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Foreword 

 
The 17th Brazilian Polymer Congress (CBPol 2023) was held between 29 October - 2 November 2023, in Joinville, Santa 

Catarina, Brazil, the “City of Flowers” and “Capital of Dance in Brazil”. This was the seventeenth of a series of conferences that 

takes place biennially in Brazil, intended to provide a forum for the presentation and discussion of the latest research and 

technology in the field of polymer science and technology. 

 

The conference, promoted by the Brazilian Polymer Association (ABPol) with the support of the Santa Catarina State 

University (UDESC), University of the Region of Joinville (Univille), Federal University of Santa Catarina (UFSC), Federal 

University of Technology – Parana (UTFPR) and Federal University of Rio Grande do Sul (UFRGS),    marked the return to in-

person format, after the difficult period that the Brazilian polymer community went through due to the COVID-19 pandemic, a 

moment that everyone was waiting for to have the opportunity to meet and celebrate. 

 

The CBPol 2023 focused on 10 technical topics, touching on the currently crucial points of circularity and innovation 

involving polymer science and technology, and highlighting the strength of the women who are part of our polymer community. 

Six plenary lectures were delivered by scientists of international prestige and representatives of the Brazilian industry, along with 

twenty-eight key lectures given by renowned Brazilian and foreign researchers, addressing topics of interest to academia, industry 

and society. Furthermore, 20 companies were exhibiting their products and making connections with new researchers and 

potential customers during the event. 

 

Around 800 delegates participated in this event, 476 of whom were undergraduate and graduate students. In this 

Proceedings you will find more than 850 scientific and technical works, in the form of short and extended abstracts, which have 

been approved and presented as oral or poster communications during the conference. The publications are in the areas of 

Polymerization reactions and polymer chemistry, Polymer physics and characterization, Polymer nanostructures and 

nanocomposites, Blends, composites and polymer networks, Processing and materials design, Rubber and Elastomers, Recycling 

and environmental issues associated with polymers, Biomedical applications of polymers, Polymers in agriculture and special 

industrial applications, and Innovation and management in polymers and education. 

 

The members of the CBPol Organizing Committee would like to express their deep appreciation to all the speakers and 

delegates for their contribution and participation, as well as the invaluable support of sponsors, Brazilian agencies (in especial 

CAPES and FAPESC) and colleagues for the successful and joyful event in Joinville. 

 

We are also grateful to all authors, reviewers and participants for the present publication. 

 

We look forward to seeing you at the 18th CBPol! 

 

 

Prof. Dr. Sérgio H. Pezzin - UDESC 

Conference Chair 

 

Prof. Dr. Palova Santos Balzer - Univille 

Conference Vice-Chair 

 

Prof. Dr. Daniela Becker – UDESC 

Scientific Coordinator  
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BRASKEM’S INNOVATION JOURNEY TO IMPLEMENT THE CIRCULAR 
ECONOMY

Fabiana Quiroga Garbin1*

1 – Circular Economy Director in South America, Braskem, Brazil
fabiana.quiroga@braskem.com

Abstract - The speaker will share Braskem's transformation journey in implementing a Carbon 
Neutral Circular Economy, highlighting the challenge of plastic waste in a linear economy, going 
through the established commitments and goals, and detailing concrete actions for the development 
of mechanical and chemical recycling for offer sustainable solutions with recycled content to its 
customers. In addition to technological and product innovations, it will present society engagement 
actions and the importance of design in packaging design to leverage circularity and reduce impacts 
on the environment.

Keywords: innovation, circular economy, plastic waste, recycling.
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DEVELOPING STRATEGIES FOR POLYMER REDESIGN AND 
RECYCLING USING REACTION PATHWAY ANALYSIS

Linda J. Broadbelt1*

1 – Department of Chemical and Biological Engineering, Northwestern University, Evanston, IL 60208, USA
broadbelt@northwestern.edu

Abstract - The current lack of sustainability of and the limited portfolio of recycling processes for 
synthetic polymers have posed serious threats to the environment. Approximately 90% of plastics 
are produced via fossil fuels, and over 150 million tonnes of plastics have been discarded in the 
ocean. Annual production of plastics is expected to reach over 1 billion tons in 2050, but the current 
manufacturing, consumption, and disposal schemes of fossil-based polymers follow an 
unsustainable framework. Using reaction pathway analysis, we are pursuing a portfolio of strategies 
for redesign and recycling of polymers for sustainability. Pyrolysis is a promising method for 
resource recovery from plastic waste that is compatible with current petrochemical infrastructure 
that thermally converts polymers in the absence of oxygen into valuable chemical feedstocks and 
monomer. To provide further insight into polymer pyrolysis, a greater understanding of the 
mechanistic and kinetic details of the underlying reaction network is needed. To handle the 
complexity of mechanistic modeling of polymer degradation, we have developed both continuum 
and kinetic Monte Carlo (kMC) models. We have applied these approaches to study the degradation 
of polystyrene, polypropylene, polyisoprene, polystyrene peroxide and binary mixtures, and we are 
able to capture diverse experimental measures, including yields of individual low molecular weight 
products, as a function of reaction conditions. In order to solve the large models that are created, 
values of the rate coefficients for O(105) reactions are typically required. The approach that we have 
developed to specify rate coefficients is hierarchical, based on a combination of literature values, 
estimation methods, and computational chemistry. Alternatively, redesign efforts focusing on 
polymers that can be reused and recycled to monomers can lead to sustainable solutions for the 
plastics waste problem. One pathway to success is to identify bioprivileged molecules, biology-
derived chemical intermediates that can be efficiently converted to a diversity of chemical products, 
including both novel molecules and drop-in replacements, and molecules emanating from them that 
can be used as monomers leading to recyclable polymers. We have developed a framework for 
molecule discovery and reaction pathway design that is automated and flexible and can be used to 
screen for bioprivileged candidates and target molecules. The application to discovery of known 
and novel monomers for poly(hydroxyurethanes) that are derived from biobased molecules and lead 
to recyclable materials will be discussed, and computational methods to evaluate the recyclability of 
different polymers will be outlined.

Keywords: polymer redesing, recycling, pyrolysis, reaction pathway analysis.
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GELS FOR ENVIRONMENTAL REMEDIATION: FROM AEROGELS TO 
NANOSPONGES

Artur J. M. Valente1*

1 – Department of Chemistry, CQC, University of Coimbra, 3004-535 Coimbra, Portugal
avalente@ci.uc.pt

Abstract - Since the industrial revolution, several industrial processes have emitted biodegradable 
and non-biodegradable organic and inorganic pollutants into air, soil, and water. Some harmful 
wastes have long resident times and remain in the environment for decades, producing imbalances 
in specific ecosystems. Anthropogenic pollution includes: municipal wastewater, which carries 
detergents, organic matter, inorganic compounds present in everyday personal care products, and 
urban runoff that contains contaminants originating from tires and engines; wastewater from 
agriculture and livestock activities, which includes pesticides, fertilizers, antibiotics, and other 
synthetic products; and industrial wastewaters, which varies depending on the origin: from 
hydrocarbons (oil refineries) to dyes (textile industry) passing by metal ions (surface treatment 
industries and mining). Several physical, chemical, and biological treatment methods have been 
studied and applied for the removal/degradation of organic/inorganic compounds from water and 
soil. However, the large majority have significant drawbacks. In the last decades, Sorption 
processes and materials have wakened great attention being straightforward in application and often 
reusable, showing good efficiency and advantageous cost effectiveness. In the last decade we have 
been developed research on the development of materials for sorption of a large variety of 
pollutants: including hydrocarbons, dyes, metal ions, antibiotics, and pesticides. Different gel 
architectures and synthetic routes can be used to ensure specificity in the adsorption of different 
pollutants. Polysaccharides (e.g., chitosan), oligosaccharides (cyclodextrins, see Fig 1) and silica 
allow the synthesis of highly versatile materials for sorption of different pollutants. Additionally, 
the synthesis of new porous organic polymers with dual function (pollutant adsorption and 
catalysis) will also be presented and discussed.

Figure 1 – Schematic representation of adsorption of pesticides by cyclodextrin nanosponges.

Keywords: gels, environmental remediation, aerogels, nanosponges.
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NATURAL FIBER AND HYBRID COMPOSITES: SCIENCE AND 
TECHNOLOGY

Sandro Campos Amico1*

1 – Department of Materials Engineering, Federal University of Rio Grande do Sul (UFRGS), Porto Alegre, RS, Brazil 
amico@ufrgs.br

Abstract - This lecture will start with a short overview of the current composites market, including 
materials, sectors, market value and share by region/country, and post-pandemic situation. This will 
be followed by basic concepts on natural fibers (types, composition, production, reinforcement 
architecture, new developments, challenges), and their use in composites (chronology, properties, 
research topics, opportunities and applications in WPC, automotive and other sectors).
The hybrid concept will then be exploited, focusing on the combination of natural fibers with other 
reinforcements, especially synthetic fibers. Previous work of the group on intermingled and 
interlaminated hybrids, and on sandwich panels will then be presented. The final remarks will 
summarize the addressed concepts and present some expected trends in this field.

Keywords: composites, hybrid composites, natural fibers, sandwich panels.
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POLYMERS AND AGRICULTURE: PRESENT AND PROMISING 
TECHNOLOGICAL FUTURE

Luiz H.C. Mattoso1*

1 – Embrapa Instrumentation, National Laboratory of Nanotechnology for Agribusiness, São Carlos, SP, Brazil
luiz.mattoso@embrapa.br

Abstract - There is enormous technological potential for growth in the development of materials 
from renewable sources, which meet the concepts of green chemistry, bioeconomy, sustainability, 
and circularity sought worldwide. This lecture will present new approaches for the development of 
polymeric materials from a renewable source for applications of high technological potential, such 
as packaging and biodegradable products, films and edible coatings for food, sensors, biosensors, 
and electronic devices, systems for the controlled release of pesticides, fertilizers, and drugs, tissue 
engineering, among others.

Fundings: FAPESP – proc. 2018/22214-6.

Keywords: polymers, agriculture, sustainability, circularity, green chemistry.
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TWO DECADES OF POLYMER NANOCOMPOSITES RESEARCH: 
FROM ACADEMIA TO INDUSTRY

Ricardo V. B. de Oliveira1*

1 – 2D Materials Pte Ltd (2DM), Singapore
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Abstract - The lecture will address Dr. Ricardo Oliveira's academic career in nanocomposites and 
nanotechnology, highlighting the importance of these fields. The challenges and opportunities for 
researchers who wish to dedicate themselves to these promising areas will be discussed. The need 
for solid training, interdisciplinary collaborations and engagement with industry will be explored. In 
addition, inspiring events will be presented in the speaker's career, ranging from the generation of 
knowledge in academia, technology transfer, the creation of companies and new businesses and 
some future projects. The speaker will emphasize the relevance of continuous investments in 
research and innovation, aiming for significant advances and practical applications of 
nanostructured materials that will drive technological evolution and its positive impact on society 
and industry.

Keywords: polymer nanocomposites, graphene, industry, innovation.
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POLYURETHANES-NIOBIUM COMPOUNDS WITH POTENTIAL 
APPLICATION FOR THE TREATMENT OF DYES

Juliana Kloss

Academic Department of Chemistry and Biology, Federal University of Technology – Paraná (UTFPR), 
Curitiba, PR, Brazil

Dyes are widely used in the pharmaceutical, printing, plastics, cosmetics, food and textile 
industries. In turn, population and industrial growth have led to an increase in waste 
generation, contributing to the contamination of water resources. In addition, the presence 
of these organic contaminants can be detected even in low concentrations, a fact that 
markedly alters the coloration of rivers and consequently prevents light from penetrating the 
aquatic environment, reducing the amount of dissolved oxygen and making the process of 
photosynthesis difficult. As a result, interest in studying and developing new systems for 
treating industrial effluents has been growing in recent decades. Polyurethane compositions 
with supported niobium compounds or polyurethane/clay/niobium stand out because they 
are not widely explored and act as heterogeneous catalysts, which are capable of oxidizing 
and transforming toxic agents into products with reduced environmental impact, since they 
offer greater specific area, giving the material greater porosity and making it easier to obtain
a system on an industrial scale, combined with a low economic cost, offering promising 
results for application in remediation processes.
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SYNTHESIS AND EVALUATION OF POLYMERIC SCALE INHIBITORS 
PREPARED BY RAFT POLYMERIZATION

Bisatto, R.1,2, Picoli, V.M.1 and Cesar L. Petzhold1*

1 – Department of Organic Chemistry, Federal University of Rio Grande do Sul (UFRGS), Porto Alegre, RS, Brazil 
petzhold@iq.ufrgs.br

2 – Research, Development, and Innovation (RD&I), Dorf Ketal Brasil LTDA, Nova Santa Rita, RS, Brazil

Abstract - This study focuses on the synthesis of polymeric scale inhibitors produced via radical 
polymerization in solution. It compares two preparation methods: the conventional approach and 
RAFT (reversible addition-fragmentation chain transfer polymerization), with the primary goal of 
developing novel block polymeric materials.The process began by selecting potential monomers, 
which were then used to create homopolymers through conventional techniques. These 
homopolymers exhibited diverse functional groups (sulfonic, carboxylic, and phosphonic) and 
molecular weights ranging from 1,000 to 43,100 Da. Static and dynamic efficiency tests yielded 
outstanding results for the sulfate condition, especially with the monomer sodium styrene sulfonate 
(NaSS), which had an average numeric molecular weight of 13,000 Da. It demonstrated exceptional 
performance in multiple scale inhibition scenarios. For RAFT polymerization conditions, initial 
experiments utilized homopolymers as a starting point. The most favorable outcomes were achieved 
using 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid as the RAFT agent and DMSO as the 
solvent, at a ratio of [CTA]/[I] = 5.0. These conditions led to conversions of up to 65% and a 
dispersity of less than 2.0. In the case of RAFT homopolymers using 2,2'-
[carbonothioylbis(thio)]bis[2-methylpropanoic acid] as RAFT agent, superior results were obtained 
in an aqueous system (sometimes combined with methanol), with conversions reaching up to 95% 
and a dispersity close to 2.0.Building upon the knowledge gained from the homopolymers (both 
conventional and RAFT-produced), new di- and ABA-triblock copolymers were synthesized with 
conversions nearing 100% and an average numeric molecular weight close to 3,500 Da. These 
materials displayed distinct anti-scale behavior dependent on their architectural composition.The 
diblock copolymer (acrylic acid / sodium styrene sulfonate) exhibited a preference for the 
dispersive inhibition mechanism, while the triblock copolymers (acrylic acid / sodium styrene 
sulfonate) and (acrylic acid / 2-acrylamido-2-methylpropane sulfonic acid) were more inclined to 
delay nucleation mechanisms.
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Abstract – In this study, we present the findings of a brief investigation into the curing process of limonene dioxide 
(LDO) using three different hardeners: phthalic anhydride (PA), 4,4’-methylenediamine (MDA), and
tetramethylenetriamine (TETA). The cured systems were characterized by measuring their glass transition temperatures 
(Tg) through differential scanning calorimetry (DSC). The observed Tg values ranged from -2 to 81 °C, indicating a 
significant variation in thermal properties among the cured systems. Furthermore, we preliminary optimized the 
epoxidation process for limonene using Oxone® and acetone.

Keywords: Epoxy resin, Bio-based epoxy, Limonene, Epoxidation, DSC
Fundings: The present work was funded by the Foundation for Research Support of the State of Rio Grande do Sul
(FAPERGS), INOVA TECHNOLOGICAL CLUSTERS Edict, process 02/2022.

Introduction
The development of bio-based epoxy resins with mechanical and thermal properties

comparable to commercial bisphenol A-based epoxies is a challenging goal pursued by researchers 
in academic and industrial fields [1]. The global need for advanced materials derived from 
renewable sources is necessary to sustain the production and advancement of such products. While 
bio-based epoxy resins are available in the market, they are predominantly used for applications that 
do not require high thermal resistance, typically up to around 100 °C. A substantial body of 
research publications and patents describe various bio-based epoxy resins. The terpene R-limonene
has promising features, particularly its availability, low toxicity, and ease of handling [2]. 
Moreover, current methods for epoxidizing limonene are relatively inexpensive and mild [2]. 
However, limonene presents challenges when applied to epoxy resins, such as its hindered chemical 
structure and the fully saturated nature of the molecule after epoxidation, making it challenging to 
achieve resins with high glass transition temperatures (Tg) [3]. One of the few examples of 
limonene being used for bio-based resin involves solvents and a complex iron catalyst [4].

In this study, our objective was to determine the Tg of a bio-based epoxy resin called 
limonene dioxide (LDO), cured with three different hardeners that have not been previously 
reported for LDO curing. Additionally, we aimed to investigate potentially more cost-effective 
conditions for synthesizing LDO using Oxone® and acetone in a Shi-type epoxidation reaction.

Experimental
Materials
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All reagents were used directly without further purification. Their structure and supplier are 
presented in Table 1. 
 

Table 1:  Materials suppliers 
Material Purity (%) Supplier 
R-Limonene 97 Local supplier 
Acetone 98 Synth 
Oxone® 98 Sigma-Aldrich 
NaHCO3 98 Sigma-Aldrich 
PA 98 Sigma-Aldrich 
MDA 97 Sigma-Aldrich 
TETA 96 Sigma-Aldrich 
 
Synthesis of limonene dioxide 

The procedure used for the epoxidation of R-limonene was based on previously described 
methods [2]. In a 250 mL round bottom flask containing NaHCO3 (51 mmol, 4,3 g), R-limonene 
with 97% purity (10 mmol, 0,14 g) in acetone (20 mL) was added and mechanical stirring (400 
rpm) was applied while the temperature was kept at 25 °C. Then, a potassium monopersulphate 
(Oxone®) solution in water is added to the system at 1 mL/min. After 4 h, agitation ceased, and 
ethyl acetate (40 mL) and water (20 mL) were added to the system. Liquid-liquid extraction was 
performed by washing the aqueous phase three times with ethyl acetate. The solvent was removed 
by evaporation under reduced pressure. LDO structure was confirmed by 1H NMR analysis 
comparing with reported spectra [2]. The conversion of R-limonene to LDO was above 99%. This is 
in accord with the base reference. 
 
Differential scanning calorimetry 

The glass transition temperature (Tg) of the LDO-Hardener systems was using a TA 
Instruments Q2000 calorimeter. Samples (~10 mg) were placed inside hermetically-sealed 
aluminum crucibles and subjected to the following thermal cycle under nitrogen atmosphere (50 mL 
min− 1): heating from -80 °C to 210 °C at 20 °C/min. 
  
Results and Discussion 
 

Initially, a set of variations on the quantities of reagents used in the base epoxidation 
protocol was employed to evaluate if lower amounts of reagents could lead to a similar conversion 
of limonene to LDO. Maximum amounts were chosen as the ones already reported, while the 
minimum amount of Oxone® and NaHCO3 was determined based on the reaction stoichiometry. It 
was observed that in every set of conditions in which the amount of NaHCO3 was the minimum, 
epoxide ring opening took place as observed by 1H Nuclear Magnetic Resonance (1H NMR) of 
signals of ROH hydrogens at ~4,7 ppm and of aldehyde at 9.6 ppm, and almost no LDO remained 
after the reaction time. A plausible explanation for this result is that epoxide ring opening quickly 
occurs under pH > 7.  

Regarding cases with the maximum amount of base, lower conversion rates were observed 
when the amounts of Oxone® and acetone were minimized. The average conversion to LDO was 
88% under these conditions. However, when acetone was minimized while the other two reagents 
were maximized, the conversion rate matched when all reagents were maximized, resulting in a 
99% conversion. This modification led to a 50% reduction in the amount of acetone used in the 
protocol (Table 2, entry 4). Additionally, we conducted a final experiment using an intermediate 
amount of base, which yielded an 82% conversion to LDO. Scaling up the conditions from entry 
four did not alter the conversion to LDO. 
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Table 2: Optimization of conditions for LDO synthesis. 

 
Entry Acetone (mL) Oxone® (mmol) NaHCO3 (mmol) Conversion to LDO (%)[a] 
1[b] 2 2.2 2.2 >01 
2 2 2.2 5.1 88 
3[b] 2 2.8 2.2 >01 
4 2 2.8 5.1 99 
5[b] 4 2.2 2.2 >01 
6 4 2.2 5.1 99 
7[b] 4 2.8 2.2 >01 
8 4 2.8 5.1 99 
9 2 2.4 3.8 82 
[a]Conversion determined by integrating limonene vinylic hydrogens and LDO epoxide ring hydrogens in 1H 
NMR. Each condition was performed in duplicate. [b]Epoxide ring opening subproducts observed in 1H 
NMR. 
 

The subsequent stage involved investigating the curing of LDO using hardeners that have 
not been previously reported in the literature. The results revealed that a combination of LDO with 
phthalic anhydride (PA) yielded a polymer with a Tg of 82°C. When 4,4’-methylenediamine (MDA) 
was employed as the hardener, the observed Tg was 61°C. Notably, the same sample was subjected 
to a temperature of 110°C for 7 days, and the Tg remained relatively high at 81°C. However, when 
the molar ratio of MDA was doubled, the Tg dropped to 23°C, indicating that the NH2 groups only 
reacted once with the oxirane groups present in LDO. In the case of tetramethylenetriamine 
(TETA), the resulting polymer displayed a Tg of -2°C (Table 3). 
 
Table 3. Curing protocols and Tg 
Hardenecer LDO: Hardener molar ratio Tg (°C) 
PA 1:1 82 
MDA 1:1 61 (81)[a] 
MDA 2:1 23 
TETA 1:1 -2 
[a]After DSC analysis, the sample was placed in a kiln at 110 °C for 7 days, and then the Tg was measured 
again by DSC. 
 

These findings offer valuable insights into the impact of various hardeners on LDO's glass 
transition temperature (Tg), contributing to the development of bio-based epoxy resins. 
Furthermore, by exploring different hardeners, we better understand how they influence the thermal 
properties of the cured LDO polymer. This knowledge is crucial for advancing the field of bio-
based materials and facilitating the design of epoxy resins with desirable characteristics.  

 
Conclusions 

A slight improvement to the epoxidation of limonene using Oxone® and acetone was 
developed, which can be helpful in processes for synthesizing LDO on an industrial scale. As for 
the Tg, we observed that using PA or MDA as hardeners were compatible with applications such as 
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adhesive, vacuum infusion, and coatings. Nonetheless, further investigations and characterizations 
are being conducted to obtain more complete data regarding LDO as a bio-based epoxy resin. These 
efforts deepen our understanding and provide a more comprehensive assessment of LDO's 
properties and potential applications. 
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Abstract 
This work aimed to develop a phosphorous-based biorefinery process for obtaining phosphorylated lignocellulosic 
fractions in a one-pot protocol from coconut fiber. Natural coconut fiber (NCF) was mixed with 85 % m/m H3PO4 at 70 
ᵒC for 1 hour to yield the modified coconut fiber (MCF), aqueous phase (AP), and coconut fiber lignin (CFL). CFL 
structure was evaluated by FTIR, 31P NMR, and P content and was compared to that of milled wood lignin (MWL). It 
was observed that CFL was phosphorylated during the pulping (0.23 % wt.). The phosphorylation of CFL was proved 
by spectroscopic analyses, which presented characteristic absorption bands or peaks related to monoester phosphate 
groups. The results show that a platform of functional materials such as biosorbents, biofuels, flame retardants, and 
biocomposites can be created through an eco-friendly, simple, fast, and novel biorefinery process.
Keywords: Agrowastes; biomass valorization; lignin valorization; phosphorylation; chemical modification.
Fundings: This work was funded by Fundação Cearense de Apoio ao Desenvolvimento Científico e Tecnológico 
(FUNCAP) under the grants numbers FUNCAP BP4-0172-00159.01.00/20 and BP5-00197-00113.01.00/22.

Introduction 
The lignocellulosic biomass has a great potential for generating valuable building blocks through 
different biorefinery processes due to its rich chemical composition, mainly by celulose, 
hemicellulose and lignin. Among the different classes of lignocellulosic biomasses, agricultural 
wastes stand out due to its huge production and underutilization. One of the main crops produced 
worldwide is coconut which had a world production of 63.68 Mt in 2021 (FAOSTAT, 2022). Brazil 
is one of the biggest producers of agroindustrial wastes in the world, being the 4th biggest world 
coconut producer with a production of 2.46 Mt in 2021 (FAOSTAT, 2022).
As resulting of such production for yielding edible products from copra, considerable amount of 
solid wastes is generated from coconut processing, such as coconut shell, coir, and mesocarp,
representing a potential source of environmental pollution. In addition, part of those residues is 
burned in industrial furnaces, representing an underutilization of the material, since it presents
elevated cellulose, hemicellulose, and lignin contents that can be properly valorized for noble 
applications.
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The valorization of the lignocellulosic fractions requires their previous isolation from the biomass 
(KANT et al., 2020). In this sense, several types of processes can be used, and the chemical ones 
such as acid hydrolysis are the most used for promoting the deconstruction of lignocellulosic 
biomass (AHMAD et al., 2019). A common approach is the utilization of concentrated or diluted 
phosphoric acid (H3PO4) as a pre-treatment step. However, the literature does not report any 
insights about the occurrence of phosphorylation in none lignocellulosic componentes, which can 
be valuable for obtaining phosphorylated lignocellulosic fractions that can be used for several 
applications. Based on this background, it is urgent the development of a biorefinery process that 
uses H3PO4 for promoting biomass fragmentation and the phosphorylation of the lignocellulosic 
fractions in a one-pot process, in order to create a phosphorous-based platform of functional 
materials with a wide range of technological applications. 
The aim of this work was to develop for the first time a phosphorous-based biorefinery process for 
promoting the isolation and phosphorylation of the lignin concomitantly from natural coconut fibers 
through a simple, fast, and sustainable methodology, evaluating its potential applications by a deep 
structural characterization.   

Experimental 
1. Materials

All the chemicals were used as received. Natural coconut fibers (NCF) were gently donated by 
Iapacoco Nordeste S/A (Paraipaba – CE, Brazil). 

2. Milled-wood lignin (MWL) extraction from NCF
MWL was extracted from NCF to serve as a standard for structural comparisons to the
phosphorylated lignin obtained in the present work. MWL was isolated according to the protocol
previously described by Guerra et al. (2004) and Holtman et al. (2006) (GUERRA et al., 2004;
HOLTMAN et al., 2006).

3. Phosphorous-based biorefinery process

NCF (ϕ = 2.0 mm) (10 g) was mixed with 100 mL of concentrated phosphoric acid (85 % w/v) in a 
beaker and the system was kept at 70 ⁰C for 1 hour under atmospheric pressure. After the end of the 
reaction, the system cooled down at room temperature. The cellulosic pulp was separated from the 
black liquor by vacuum filtration, which was exhaustively washed with distilled water (DW) at 
room temperature (≈ 23 °C) until the pH of the filtrate reached that of the DW. Then, the washed 
cellulosic pulp was oven-dried at 65 ⁰C for 24 hours, yielding the modified coconut fiber (MCF). 
The black liquor obtained in the previous step was used for isolating lignin through acid 
precipitation. Therefore, DW at 70 ⁰C was added to the black liquor in a liquor/DW ratio of 1:5 
(mL/mL). The mixture was kept resting at room temperature for 24 hours, and subsequently, 
vacuum filtered to separate the aqueous phase from the isolated lignin. The first filtrate (aqueous 
phase) was collected and stored in a refrigerator at 2 – 8 ⁰C for further characterization. The isolated 
lignin was exhaustively washed with DW at room temperature (≈ 23 °C), following the same 
procedure described for the cellulosic pulp. Lignin was oven-dried at 65 ⁰C for 24 hours, weighed, 
and stored in a glass flask. 

4. Physicochemical and structural characterization of the lignocellulosic fractions obtained from
the biorefinery process

Fourier Transform Infrared Spectroscopy (FTIR) analyses were carried out using a spectrometer 
(Perkin Elmer, FT-IR/NIR FRONTIER) using an attenuated total reflectance (ATR) accessory with 
ZnSe crystal surface. The spectra were acquired in the wavelength range from 4000 to 550 cm-1 
with a resolution of 4 cm-1 and a number of scans (NS) of 16. 
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Thermogravimetric and derivative thermogravimetric analyses (TGA and DTG) were carried out 
using Mettler-Toledo TGA/SDTA851e analyzer using 5.0 mg of sample. The measurements were 
performed from 30 to 800 ⁰C at a heating rate of 10 ⁰C min-1 under inert and oxidative atmospheres 
(N2 and synthetic air, respectively) at a flow rate of 50 mL min-1. 
The quantification of the phosphorous present in the lignin was performed by wet chemical analysis 
combined with UV-Vis spectroscopy according to the methodology described by Ure and Mutus 
(2020) (URE; MUTUS, 2020). 
The 1H-decoupled 31P NMR spectra were recorded on a Bruker AVANCE 400 MHz spectrometer, 
operating at 161.97 MHz 31P frequency, at 298 K. The experiment was performed with a spectral 
width of 464.1942 ppm; an acquisition time of 0.218 s, a number of points of 32768, and a number 
of scans of 2048. About 30 mg of lignin was dissolved in 600 μL of a freshly prepared mixture of 
anhydrous pyridine and chloroform deuterated (1.6:1, v/v). The mixture was transferred into a 5 
mm NMR tube, and 100 μL of chromium (III) acetylacetonate solution (Cr(acac)3; 5 mg/mL) was 
added to proceed with the analysis. The chemical shifts were related to the external reference of the 
phosphoric acid signal (85% in D2O), at  0.0 ppm. 
 
Results and Discussion  
1. Phosphorous content by UV-Vis quantification 
It is important to evaluate if the phosphorous-based biorefinery process was capable of inserting 
phosphate groups on coconut fiber lignin (CFL) structure since it would represent a useful platform 
for phosphorylated functional materials such as bio-based flame retardants. In this sense, the 
amount of phosphorous in CFL was compared to the native lignin (MWL) from NCF. The 
spectrophotometric quantification data of phosphorous on CFL are presented in Table 1. 

Table 1 – Phosphorous content on MWL and CFL obtained by spectrophotometric quantification. 
Sample Phosphorous concentration (% wt.) 
MWL 0.08 ± 0.005 
CFL 0.23 ± 0.02 

 
Table 1 shows that the proposed biorefinery process promoted the phosphorylation of CFL 
concomitantly to its extraction from NCF since its phosphorous content is three times higher than 
that of MWL. It is important to highlight that the low amount of phosphorous in MWL can be 
attributed to the presence of this nutrient on NCF. Therefore, as shown by Table 1 the contribution 
of phosphorous already present in NCF is minor, since MWL (native lignin) has presented a very 
low concentration of the element.   
This finding represents an alternative and one-pot methodology to obtain phosphorylated lignin for 
several applications, including bio-based flame retardants (ILLY et al., 2015; MARCIANO et al., 
2022; PRIEUR et al., 2016, 2017). For such purposes, generally, a certain type of technical lignin is 
submitted to a phosphorylation reaction, which adds an extra step in the lignin valorization chain. 
The phosphorous content reported by the aforementioned authors was significantly higher than that 
shown in Table 1. However, it is worth mentioning that in the current work, the phosphorylation of 
CFL was performed in a one-pot process and has competed with the acid hydrolysis (lignin 
extraction) of NCF. 
Considering the high acidity of the medium it is also necessary to take into account other possible 
side reactions, such as depolymerization and repolymerization of lignin, which can also contribute 
to the low phosphorous incorporation in comparison to (PRIEUR et al., 2016). 

2. Fourier infrared transform spectroscopy (FTIR) 
The grafting of phosphate groups in CFL was evaluated by analyzing their functional groups by 
FTIR and comparing them to those of protolignin (MWL). The full spectra and the fingerprint 
region of each spectrum were analyzed, to identify the appearance and/or disappearance of specific 
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absorption bands, Figure 1. The main absorption bands were assigned according to previous reports 
in the literature. 

Figure 1 – (A) Full FTIR spectra; (B) fingerprint region of MWL, CFL and H3PO4. 

              
Figure 1(A) shows a notorious decrease in the intensity of the absorption band at 3368 cm-1 that is 
related to the stretching of O – H bonds and could be attributed to the grafting of phosphate groups 
of aliphatic and phenolic hydroxyl groups present in the lignin structure. Another remarkable 
difference between MWL and CFL is the displacement of the band related to C = O stretching to 
lower frequency regions, specifically from 1729 to 1704 cm-1. This fact is indicative of the 
oxidative effect caused by the pulping process. 
Figure 1(B) also shows the appearance of a band at 1109 cm-1 in CFL, which is absent in the MWL 
spectrum, that is characteristic of P – O – R groups and indicates the grafting of phosphorous in the 
form of phosphate monoester groups as a result of the parallel reaction occurred during the pulping 
process. Similar results regarding the decrease of the band at 3368 cm-1 and the appearance of the 
band at 1109 cm-1 were also reported by Marques et al. (2021) and Prieur et al. (2016) (MARQUES 
et al., 2021; PRIEUR et al., 2016). 

3. 31P NMR 
The confirmation of the successful phosphorylation of CFL during the phosphorous-based 
biorefinery process and the elucidation of the type of phosphorous functional group grafted on its 
structure were performed by 31P HR-MAS NMR. The 31P NMR spectrum is shown in Figure 2 and 
the chemical shifts are reported considering phosphoric acid as a reference. 

Figure 2 – 31P HR-MAS spectrum of CFL. 

 

Figure 2 clearly shows the appearance of two signals at 1.0 and 1.16 ppm on 31P NMR of CFL, 
indicating that the phosphorylation reaction occurred concomitantly to the acid hydrolysis during 
the pulping process. This structural feature corroborates with those previously observed by UV-Vis 
quantification, FTIR, and 1H NMR analyses, which already suggested the grafting of phosphorous 
on CFL. 

(A) (B) 
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Furthermore, according to the literature, signals between 0 – 10 ppm on the 31P NMR spectrum are 
related to phosphate monoester (R-O-POO2H2) groups (SANNIGRAHI; INGALL, 2005). This is 
consistent with the result shown in Figure 2. This outcome was already expected since the 
phosphorylation agent used during the pulping process was phosphoric acid and the proposed 
mechanism involves a bimolecular nucleophilic substitution (SN2) on hydroxyl groups of lignin, as 
reported by (MARCIANO et al., 2022). 
The proposed mechanism can also explain the appearance of two signals, which could be related to 
the grafting of phosphate groups on phenolic and aliphatic groups. It is worth mentioning that 
Marciano et al. (2022) also reported a broad signal at 31P NMR spectra of phosphorylated acetosolv 
coconut shell lignin ranging from 0 to 5.0 ppm, which was also classified as phosphate monoester 
groups (MARCIANO et al., 2022). 

Conclusions 
The development of a sustainable, fast, simple, and one-pot biorefinery process allowed the 
obtainment, for the first time, of phosphorous-containing lignin from coconut fiber creating a wide 
platform of functional materials with several potential technological applications. Phosphorylated 
lignin was obtained in the present work and constitute an interesting building block to be explored 
in the future years for producing biosorbents, composites, bacterial cellulose, biofuels, additives, 
antioxidants, and many other bioproducts. 
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Abstract - This work investigated the curing of compounds made with 1:1 of bisphenol A diglycidyl ether (DGEBA)
and epoxidized soybean oil (ESO), cured with itaconic acid (ITA) and succinic acid (SUC), coded as EP/ITA and
EP/SUC. Complex peaks observed in DSC are mostly due to the catalyzed curing and homopolymerization. FTIR
spectra suggest that the curing follows the SN2 reaction mechanism for both compounds. Lower activation energies of
curing were verified for EP/ITA compared to the EP/SUC, mainly due to their greater reactivity with the epoxy matrix
at temperatures below the acids structures and melting points.
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Introduction
Short-chain dicarboxylic acids (DCAs), such as itaconic acid (ITA) and succinic acid (SUC), can be
produced by sustainable routes. ITA can be obtained from microorganisms and through citric acid
present in several natural resources [1], mainly through the carbohydrate fermentation promoted by
Aspergillus terreus strains [2]. Succinic acid is mainly obtained from bacterial fermentation.
Itaconic and succinic acids have the same main chain length, however, itaconic acid has a branch
characterized by C=C unsaturation at the secondary carbon.
The reported ideal COOH/Epoxy molar ratio (R) is 0.7 for the preparation of systems with high
cross-linking density [3,4]. It was reported that the increase in the chain length induces a decrease in
the glass transition temperature (Tg) and elongation at the break of cured ESO/DCA, while the
tensile strength and Young's modulus increase; this behavior is associated with the decrease of the
cross-linking density, and an increase of the density of ester bonds.
In this work, the curing kinetics of EP/ITA and EP/SUC was investigated. Suggested cross-linking
schemes were presented based on Fourier transform infrared spectroscopy (FTIR). The curing was
followed using differential scanning calorimetry (DSC) while the degradation was investigated by
thermogravimetry (TG). The kinetic modeling was performed using Friedman and Vyazovkin's
isoconversional models, which provided the curing activation energy . The degradation
activation energy of investigated systems was determined using the Kissinger-Akahira-
Sunose (KAS) and Ozawa-Flynn-Wall (OFW) models, in addition to other kinetic parameters such
as the pre-exponential factor (A) and the reaction order (n). Additionally, the DCA branching
influence on cross-linking was systematically reported using DCA molar ratios of 0.4 and 0.7.

Experimental
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Bisphenol A diglycidyl ether (DGEBA) (DER 383) with epoxide equivalent weight EEWDGEBA =
182g/eq was supplied by Olin Corporation (Brazil). Epoxidized soybean oil (Vikoflex 7170) with
epoxide equivalent weight EEWESO = 239g/eq was supplied by Arkema. The cross-linkers itaconic
acid (C5H6O4) (≥99.0%) and succinic acid (C4H6O4) (≥99.0%) were purchased from Sigma Aldrich
(United States). Isopropyl alcohol was purchased from Neon (Brazil).
The EP/DCA compounds were prepared with the ESO:DGEBA mass ratio of 1:1, the amount of
added dicarboxylic acid was evaluated based on the molar ratios . The
dicarboxylic acid was initially solubilized in isopropyl alcohol (IPA) until homogenization, then
added to ESO:DGEBA, the reagents were mixed using a magnetic stirrer at 800 rpm for 5 min at
80°C. Afterwards, the samples remained in the exhaust to evaporate the solvent for 24 hours.
Spectra were collected in the wavenumber range 4000-600 cm-1, with 16 scans and 4 cm-1

resolution, applying ATR mode. The equipment used was a Perkin Elmer Spectrum 400 (Waltham,
Massachusetts, USA) and data modeling was done in the Spectrum software.
DSC scans were computed using DSC SDT 650 from TA Instruments (USA) using a standard
closed aluminum pan under a synthetic air gas flow of 50 mL/min. The samples were heated from
25 to 400°C, using the heating rates of 10, 15, 20, and 25°C/min.

Results and Discussion
Figure 1 shows the scheme of the cross-linking reaction on the ESO network and the DGEBA
network initiated by dicarboxylic acid. The cross-linking of EP/DCA systems, i.e., the reaction
between the DCA and the epoxy oxirane groups, is a nucleophilic substitution reaction type 2 (SN2)
[5]. The oxygen of the -OH bond of the -COOH carboxylic group acts as a nucleophile on the
carbon of the C-O-C bond of the epoxy group, breaking the C-O bond and forming the cross-linked
network. The negatively charged oxygen due to the breakage of the C-O bond allows a bond with
the hydrogen that belongs to the acid molecules in the system, forming hydroxyls along the cross-
linked network.
Compared with the SUC, the ITA has one more resonance structure (three in total) due to the
unsaturated bond with the alpha carbon of the dicarboxylic acid, which contributes to the higher
nucleophilic behavior. Based on this, the compounds EP/ITA showed higher reactivity conducting
the cross-linking reaction. For both compounds, the unimolecular mechanism is not favored due to
the formation of an unstable carbonation.

Figure 1 – (1) Suggested scheme for ESO matrix curing, (2) Suggested scheme for DGEBA matrix curing.

Figure 2 displays the FTIR spectra of EP/DCA compounds collected at indicated temperatures. For
all the investigated compounds, the epoxy ring characteristic band (915cm-1) decreased with the
temperature increase, which confirms the epoxy ring-opening through the nucleophilic attack from
the DCA. The gradual increase in the hydroxyl bands (-OH) during the curing is observed at 3450
cm-1, characteristic of the ring-opening reaction, due to the nucleophilic attack on the epoxide
groups.

26



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

As the cross-linking progressed, the bands at 1190cm-1 (corresponding to C-O-C bonds of ethers
and esters vibrations) and 1732cm-1 (characteristic of the carbonyl group) gradually increased,
resulting from ester formed during curing. All compounds, i.e., (A), (B), (C), and (D), displayed
similar trends.

Figure 2: FTIR spectra of EP/SUC 0.4 (A), EP/ITA 0.4 (B), EP/SUC 0.7 (C) and EP/ITA 0.7 (D). Spectra
collected at indicated temperatures.

Figure 3 shows DSC scans for compounds cured at 10°C/min. It was observed on the first heating,
an exothermic peak associated with the epoxy's cross-linking reaction, with further kinetic modeling
and activation energy calculations. Furthermore, there is no evidence of an exothermic peak during
the second heating indicating the maximum epoxy conversion was achieved in the first heating
According to DSC scans, it is verified that the exothermic peaks are shifted to higher temperatures
upon heating rates increase.

Figure 3: DSC scans acquired using the heating rate of 10°C/min, compositions indicated.

Regarding the sigmoids plots by integration of DSC scans presented in Figure 4, EP/ITA 0.7
presented onset and end at lower temperatures, that is, T0.01: 160 °C and T0.99: 275 °C, while EP/ITA
0.4 T0.01: 164°C and T0.99: 288°C. Regarding the curing rate EP/ITA 0.7 showed Cmax: 0.1325 min-1

and ΔT: 115 °C, while EP/ITA 0.4 Cmax: 0.1350 min-1 and ΔT: 124 °C were computed, that is,
despite higher maximum curing rate, the cross-linking took place at wider temperature range. The
compound EP/SUC 0.7 showed T0.01: 180 °C and T0.99: 311 °C while EP/SUC 0.4 T0.01: 181 °C and
T0.99: 306 °C were computed. Regarding the curing rate, EP/SUC 0.7 presented higher values, being
Cmax: 0.1503 min-1 and ΔT: 130 °C, while EP/SUC 0.4 Cmax: 0.1402 min-1 and ΔT: 125 °C. Overall,
EP/SUC compounds displayed onset and end at higher temperatures, at both molar concentrations.
The excess of cross-linking agent, i.e., R = 0.7, made the cross-linking easier due to the greater
reactive groups availability, that is, EP/ITA and EP/SUC enthalpies of 299.0 J/g and 361.5 J/g were
computed. Exothermic cross-linking events follow endothermic DCA melting events, i.e., ITA Tm ≈
166°C and SUC Tm ≈ 185°C. The temperature range ΔT ≈ 20°C as computed using DSC and FTIR
are associated with the melting points of the acids used in this work, clarifying the higher reaction
kinetics observed for EP/ITA related to EP/SUC. Although the ITA shows the highest reactive than
SUC, SUC has higher Cmáx and higher enthalpy ( ), indicating the epoxy with SUC has higher
cross-linking density.
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Figure 4: Degree of curing (α) and curing rate (dα/dt) as temperature function for the investigated
compounds using the heating rate of 10°C/min.

The conversion rate of a chemical reaction is commonly written as the product of a temperature-
dependent rate constant k(T) and a conversion function f(α) characteristic of the reaction
mechanism, as shown in Eq. 1:

The conversion rate assuming a constant rate k(T) defined by Arrhenius is shown in Eq. 2:

The isoconversional model-free method assumes that the activation energy and the pre-
exponential factor are functions of the degree of curing. In this work, was determined using the
Friedman method, based on the logarithmic form of the curing rate as shown in Eq. 3:

Vyazovkin developed an advanced nonlinear procedure that performs integrations in small
conversion intervals, Δα ≈ 0.01, where is considered constant. Then, for a series of n
experiments at different heating rates, is determined for each interval as the value that
minimizes the function given by Eq. 5. Systematic errors associated with the main integrations are
then minimized by this method:

of EP/DCA compounds were plotted as a function of the curing degree (α) through the
Friedman and Vyazovkin methodologies as shown in Figure 5, these kinetic models displayed good
R2, 0.96528 to 0.99325. Related to EP/ITA compounds, increasing the molar ratio from R = 0.4 to
R = 0.7 decreased the i.e., 42.5 kJ/mol and 34.5 kJ/mol for α = 50%. EP/ITA 0.4 displayed an
increase in from α = 40%. It is supposed that this behavior is associated with epoxy
homopolymerization due to the lower availability of acid groups for the curing. In the final curing
stages, decreased in EP/ITA compounds, suggesting that the curing is controlled by diffusion.
Concerning the EP/SUC compounds, of EP/SUC 0.7 was higher than for EP/SUC 0.4 for the
range α < 55%, i.e., 65kJ/mol and 59kJ/mol at α = 50%. EP/SUC 0.4 showed a considerable
increase in from α = 55% mostly due to the epoxy homopolymerization, as also observed for
EP/ITA. At α = 70% for EP/SUC 0.4 and EP/SUC 0.7, was 98.5kJ/mol and 72.0kJ/mol
respectively; the decrease in in the final stage of curing also suggests a change in the reaction
mechanism to a diffusion-controlled reaction. Associating the kinetic modeling with the data
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computed using DSC, EP/ITA compounds displayed lower due to a higher reactivity. The
matrix of EP/ITA compounds showed a higher rate of epoxy ring consumption versus EP/SUC
systems as computed by FTIR in lower temperatures.

Figure 5: as function of the degree of curing evaluated using Friedman and Vyazovkin methods

Conclusions
EP/ITA and EP/SUC compounds were successfully produced; the evaluation of the curing were
investigated using FTIR and DSC. The results demonstrated that increasing the DCA molar ratio
results in a greater degree of cross-linking. EP/ITA 0.7 showed a higher rate of oxirane group
consumption, while EP/SUC 0.7 showed a higher maximum curing rate. The activation energy of
curing, computed using Friedman and Vyazovkin, showed that curing was more favorable for
EP/ITA, however, EP/SUC showed higher cross-linking densities. The effect of branching,
resonance structures, and the lower melting point of ITA in relation to SUC favored faster cross-
linking. It can be concluded that the applied methodology offers alternatives in the epoxies cross-
linking in order to precisely define the degree of cross-linking as well as the thermal stability for
applications in several technological sectors.
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Abstract - Renewable monomers such as succinic and glutamic acid can produce biodegradable materials for 
biomedical applications. Besides, combining these monomers polymers presenting distinct properties may be 
synthesized. In this way, microparticles were made via polycondensation exploring suspension and miniemulsion 
methods. The suspension method produced well-defined microparticles with an average size of 250 μm for both 
poly(butylene succinate) and copolymers, containing 2.5% w/w and 5% w/w of glutamic acid. The 10% w/w glutamic 
acid copolymer showed greater polydispersion, and an average size higher than 520 μm. On the other hand,
miniemulsion method produced particles with an average particle diameter smaller than 100 μm for copolymers with 
5% w/w and 10% w/w of glutamic acid. Microparticles' hydrophobicity was also determined by contact angle. Glutamic 
acid increased the biodegradability of the copolymers, more significantly in the miniemulsion system. Thus, the 
addition of glutamic acid as a functional comonomer not only preserved the polymeric microparticle formation, but also 
increased their biodegradability.
Keywords: Microparticles, glutamic acid, biodegradable, PBS, poly(butylene succinate)
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Introduction 

The biotech industry is advancing in new fermentation processes to generate multifunctionalized 
organic acids [1]. Succinic acid (SA), in particular, is noteworthy due to its potential cost-
effectiveness compared to its petrochemical counterpart. It can be obtained from glucose with a 
theoretical yield greater than 100%, It consumes CO2 during production and is a raw material for 
several chemical compounds, forming a chemical platform from a renewable source, dispensing 
with the use of oil in its manufacture [2].
Additionally, SA can be used to produce poly(butylene succinate) (PBS), which is a biodegradable 
aliphatic polyester obtained from succinic acid and 1,4-butanediol. It has favorable characteristics 
for biomedical applications, including high water resistance, good thermal and mechanical 
properties, and non-toxic degradation products. PBS is a sustainable biomaterial option [3].
In addition to succinic acid, which can be produced from renewable sources and used to make 
biodegradable PBS, glutamic acid is another functionalized acid derived from biomass that can be 
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utilized in biodegradable and biocompatible materials for various biomedical applications. Glutamic 
acid has been employed in the production of antimicrobial complexes, vaccine adjuvants, and 
materials for cancer therapy. By incorporating the -NH2 group in glutamic acid into the PBS chain, 
the material's affinity with proteins and cells can be improved, and covalent or ionic interactions 
with drugs, antibodies, or DNA can be facilitated, resulting in a more efficient release of drugs and 
genes [4-5]. 
Polymeric microparticles range in size from 1 to 1000 μm and are classified as microspheres or 
microcapsules. They find applications in biomedical and cosmetic fields and may or may not 
contain active ingredients. Functional groups on their surface can promote bioconjugation with 
biomolecules [6-7]. Spray drying, solvent evaporation, coaxial electrospray, microfluid dynamics, 
and dispersion in supercritical CO2 are some of the common methods used for their production. 
While these methods use a polymeric solution to form the particles, polymer synthesis occurs 
simultaneously in the reactor for emulsion and suspension polymerizations, eliminating a 
production step [8]. 
Dutra et al [2,9] recently developed a suspension polycondensation process for manufacturing 
microparticles in a single step. Their work demonstrated the successful production of microparticles 
of poly (butylene succinate) (PBS) through polycondensation in suspension of succinic acid and 
1,4-butanediol. This method can be applied to obtain microparticles from different polymer 
matrices, offering the potential to obtain various particles from renewable, biodegradable sources. 
To promote the development of eco-friendly materials, it is essential to explore biodegradable 
materials that produce non-toxic intermediates during the depolymerization process. The objective 
of this study is to produce biodegradable microparticles of PBS copolymer with glutamic acid, 
through the comparison of suspension and miniemulsion production processes. The miniemulsion 
approach aims to achieve smaller particle sizes, and the influence of sonication in the 
polycondensation process will be evaluated. Additionally, the biodegradability of the resulting 
particles will also be investigated. 

 
Experimental  
 
Materials 
Succinic acid (SA) was obtained from Sigma Aldrich (Rio de Janeiro, Brazil), 1,4-butanediol (1,4-
BD) was supplied by MERCK (Darmstadt, Germany), and L-glutamic acid (AG) was provided by 
Dinâmica (Indaiatuba, Brazil) both used as monomers. SPAN 80 (sorbitan monooleate) was 
obtained from FLUKA (Mexico City, Mexico), and Tween 80 was supplied by Sigma Aldrich (Rio 
de Janeiro, Brazil), both used as surfactants. Corn oil, obtained from Bunge Alimentos (Santa 
Catarina, Brazil) as a food-grade material, was used as a suspending medium in some of the 
polymerization trials. All reagents were of analytical grade and high purity and were used as 
received without further purification. 
 
Production of Poly(butylene succinate-co-glutamate) (PBS-AG) microparticles 
 
Polymeric microparticles of poly(butylene succinate-co-glutamate) (PBS-AG) were prepared using 
suspension and miniemulsion polymerization techniques. The method for suspension 
polycondensation was based on the methodology described by Dutra et al. (2019) [9], whilst the 
method for polycondensation in miniemulsion was based on the method by Alves et al. (2022) [10]. 
The main difference between the two methods was the inclusion of a sonication step in the 
miniemulsion procedure (as shown in Figure 1). 
 
The ratio of the disperse phase to continuous phase was 30:70 for all runs, and the content of 
glutamic acid varied from 2.5% to 10% w/w in relation to the total carboxylic acid content. In the 
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first step, the monomers (succinic acid, glutamic acid, and 1,4-butanediol) were dissolved in a 
solution containing 50% w/w water and the surfactant Tween 80 (1% w/w in relation to the 
monomeric phase). Meanwhile, the solution containing the surfactant (SPAN 80 10% w/w in 
relation to the disperse phase) and the continuous phase (plant oil) was prepared, and both solutions 
were stirred for approximately 20 minutes. For the miniemulsion procedure, the dispersed phase 
and the continuous phase were mixed and then homogenized using a sonicator provided by Branson 
(Branson 450, Marshall Scientific, Hampton, USA) at an amplitude of 40% (equivalent to 160 W) 
for 3 minutes. After the homogenization step, the miniemulsion was added to the reactor. For the 
suspension method, the solubilized monomers were added to a 100 ml glass reactor (EasyMax 102, 
Mettler Toledo, Ohio, USA) containing the continuous phase. In both cases, the reaction occurred 
under stirring at 900 rpm and a temperature of 160°C. The final step includes washing the material 
with acetone, performing vacuum filtration, and subsequently drying it, for the suspension 
methodology. For the miniemulsion methodology, the final step involves washing with acetone and 
centrifugation.
The resulting PBS-AG microparticles were characterized using various techniques, including, 
particle size distribution analysis, determination of hydrophobicity degree, gel permeation 
chromatography and biodegradability.

Figure 1 - Scheme showing the stages of the suspension and miniemulsion polymerization 
process

Results and Discussion 

Polymeric microparticles based on biodegradable poly(butylene succinate-co-glutamate) 
copolymers were prepared via polycondensation in suspension and miniemulsion. Glutamic acid 
was added at concentrations of 2.5%, 5%, and 10% w/w in order to produce the biodegradable
microparticles. The introduction of chemical groups into the polymer structure allows the 
modification of beads’ surface and interface properties, leading to changes in the material's 
physical, chemical, or biological properties [11].
The main objective of this study was to produce microparticles of biodegradable PBS copolymers 
with glutamic acid, which proved to be a challenging task due to the difficulty of stabilizing the 
microparticles. The particles obtained in suspension presented molar masses in the magnitude of 3 x 
10³ Da, whereas the miniemulsion particles exhibited molar masses in the magnitude of 7 x 10³ Da.
Interestingly, the molar mass of the particles produced in the suspended system did not vary 
significantly with the formation of the copolymer, as shown in Table 1. In contrast, the particles 
produced in the miniemulsion system presented higher molar masses, suggesting that the sonication 
step, which generates high energy, may have favored chain growth.
Figure 2 presents the particle size distributions of the produced microparticles. The microparticles 
produced in suspension exhibited a well-defined size distribution, with an average size of 
approximately 250 μm for both PBS and the copolymers with 2.5% and 5% of glutamic acid. 
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However, the copolymer with 10% of glutamic acid exhibited greater polydispersion, with average 
sizes of approximately 520 μm, as demonstrated in Table 1. In contrast, the miniemulsion reactions 
showed multimodal size distributions, but shifting the particles sizes towards lower values,
suggesting that particle agglomeration might be occurring during the reaction and drying process.

Figure 2 – Particle size distribution of biodegradable microparticles produced with 2.5%, 5% 
and 10% w/w of glutamic acid.

Table 1. Characterization of the produced particles.

Samples Contact 
angle [°]

Particle 
size (μm)

Molar mass Weight loss (%)

Mn
(Da) Mw (Da) Mw/

Mn 7 days 30 days

Su
sp

en
sio

n PBS-AG 2,5% 63.5 ± 5.8 226 2686 2760 1.03 6.7 ± 0.5 9.0 ± 3.6
PBS-AG 5% 56.5 ± 6.1 246 2678 2746 1.02 6.5 ± 0.5 6.7 ± 0.8
PBS-AG 10% 68.4 ± 3.6 520 2,699 2775 1.03 7.5 ± 0.9 12.8± 3.3

PBS 71.1 ± 3.4 296 2412 2318 0.9 3.3 ± 2.4 6.0 ± 1.7

M
in

i 
em

ul
sio

n

PBS-AG 2,5% 77.8 ± 5.9 125 6101 10601 1.7 28.1 ± 3.1 27.9 ± 5.0
PBS-AG 5% 65.3 ± 0.3 72 5002 7143 1.4 30.3 ± 0.5 29.2 ± 2.1
PBS-AG 10% 68.0 ± 11.6 55 6120 8288 1.3 35.4 ± 6.9 33.9 ± 1.4

PBS 63.2 ± 5.6 128 140 887 6.3 3.2 ± 1.4 5.4 ± 1.5

The hydrophobicity level of the produced microparticles were evaluated by measuring their contact 
angle with water (Table 1). The amount of glutamic acid in the copolymer was expected to affect 
the overall hydrophobicity, as PBS is a hydrophobic polymer and glutamic acid is a polar and 
hydrophilic amino acid. Thus, adding low amounts of glutamic acid, the copolymer would remain 
predominantly hydrophobic, exhibiting only a few hydrophilic areas, in which the glutamic acid 
was present. On the other hand, adding high amounts of glutamic acid, the copolymer would 
become more hydrophilic and polar, with limited hydrophobic areas. The microparticles containing 
up to 10% w/w of glutamic acid did not show a statistically significant change in contact angle in 
relation to the glutamic acid content for both suspension and miniemulsion systems. However, this 
surface phenomenon is currently being investigated in more detail to better understand the influence 
of glutamic acid on the cristalinity and degree of hydrophobicity of the material, as well as the 
possible effect of the microparticle synthesis process.
The synthesized microparticles are currently undergoing biodegradation tests in a neutrum medium 
(pH of 7.4), simulating the pH of blood. As shown in Figure 3, the presence of glutamic acid 
increased the biodegradability of the material, particularly in the miniemulsion system. Glutamic 
acid, a natural amino acid, probably promotes enzymatic degradation, leading to the breakdown of 
microparticles. Thus, the accelerated biodegradation is due to the susceptibility of glutamic acid to 
enzymatic attack, gradually eroding the microparticles. Even in the suspension system, in which the
degradation is less efficient than in the miniemulsion system, mass losses occur compared to pure 
PBS microparticles. This indicates that including glutamic acid in the copolymer increases the 
materials’ biodegradability, regardless the formulation method.
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Figure 3 –Weight loss for degradation tests in medium with pH 7.4.
*this samples was collected with 14 days.

Conclusions
The findings of this study reveal that the addition of glutamic acid as a functional comonomer 
presents minimal impact on the formation system of polymeric microparticles, enabling the 
production of particles of varying sizes. The miniemulsion process alters the particle size 
distribution, resulting in a multimodal behavior, whereas the suspension process produces well-
defined distributions. Furthermore, the miniemulsion process generates particles with a higher 
molar mass, implying that the sonication process has a favorable effect on chain growth. Thus, the 
addition of glutamic acid as a functional comonomer not only preserved the polymeric 
microparticle formation, but also increased their biodegradability.
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Abstract – Chemical modification of polysaccharides is an important route to improve, 
develop or change the properties of these biopolymers. In this work, kappa-carrageenan (KC) was 
modified (carboxymethylation, CM) and applied as a scale and corrosion inhibitor (CMKC). For the 
carboxymethylation reactions, κ-carrageenan and monochloroacetic acid were used in an alkaline 
medium (NaOH), under heating at 55 ºC and reflux. The chemical characterization of the materials 
was performed by infrared spectroscopy. The dynamic efficiency test, used to determine the 
efficiency and the minimum effective concentration (MEC) of the CMKC as a scale inhibitor, was 
performed based on the NACE standard TM31105-2005 (capillary precipitation test) using the 
Differential Scale Loop equipment (DSL 4025) from PSL Systemtechnik, Germany. The efficiency 
of CMKC as a corrosion inhibitor was determined by gravimetric mass loss test and conductimetry. 
Theoretical calculations were performed to support the experimental evidence of the inhibitor. 
Density functional theory (DFT) calculations were performed using the B3LYP-D3/6-
311+G(2df,p)//6-31+G(d,p). The results of the chemical characterization demonstrated that the 
strategy used for the carboxymethylation of KC was efficient. The appearance of the band at 1594 
cm-1 (C = O) confirms the addition of a carboxyl group to the KC molecule. Dynamic tests revealed 
that the inhibitor was effective when applied at concentrations of 100 mg/L (MEC) and 120 mg/L. 
The results indicate that the carboxyl group interacts with the fouling cation (Ca2+) and prevents the 
formation of CaCO3 scale.1,2 Corrosion tests have shown that the addition of CMKC significantly 
reduces the corrosion rate. DFT calculations suggest that the mechanism of action of the inhibitor, 
through the carboxyl group, occurs through complexation with the encrusting cations.3 Finally, the 
results indicate that the inhibitor CMKC can be an alternative for the simultaneous prevention of 
scale and corrosion formation.
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Abstract - Polyoxymethylene (POM) is an engineering polymer, known as Polyacetal or Acetal
Resin. It features elevated mechanical resistance to fatigue, which brings its advantages on several
applications, including packaging, automotive parts and industrial equipment. However, POM may
be questionable for some purposes, such as in direct contact with some cosmetic formulations, due
to the raw material used in the production process. There are two main variations of POM for
industrial uses: homopolymer and copolymer. The homopolymeric one is produced from the
polymerization of formaldehyde, a substance considered as carcinogenic by IARC (International
Agency for Research on Cancer) and by Proposition 65 from California. The copolymeric POM is
produced from 1, 3, 5-Trioxane and a cyclic ether, as Methylene Oxide, Propylene Oxide or 1,
4-Dioxane, they also present carcinogenic potential. To identify the presence of formaldehyde
extracted from POM components, the applied methodology was based in gas chromatography
coupled with mass spectrometry (GC-MS), using the derivatization agent 2,
4-Dinitrophenylhydrazine (2, 4 DNPH). A liquid lipstick stick was taken as a sample, and immersed
in isododecane (Permethyl 99A®), which acted as an extracting agent. For analysis, three sample
takings were conducted, 2 mL, 4 mL and 6 mL, besides the blank and a contaminated matrix with 2
mL of formaldehyde 37%, those were injected into GC-MS. After the runs, the chromatograms
were analyzed and it was observed that the samples with aliquots presented defined and gradual
peaks in 19.05 min and, in comparison with the contaminated sample, it was possible to detect the
presence of formaldehyde in the extracting agent. The result obtained leads to the conclusion about
the presence of free formaldehyde in the polymer sample, simulating a potential migration of the
molecule in formulation with high concentrations of isododecane or similars.
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INCORPORATION OF RENEWABLE CARBONS VIA FORMAMIDE 
REACTIVITY FOR NOVEL BIOBASED POLYMERS

Bianca C. Rocha1, Isabela H. Dourado1, Noemi S. P. Kimura1, Priscila H. Cordeiro1, Luiz H. Catalani1 and 
Leandro H. Andrade1*

1 – Department of Chemistry, University of São Paulo (USP), São Paulo, SP, Brazil
leandroh@iq.usp.br

Motivated by the great importance of polymers in our society, this work aims to develop a 
new synthetic approach to produce biobased polymers in which all their carbons come from 
renewable sources. The first step of this work proposes the exploration of formamide reactivity with
vinylic esters. Formamide (HCONH2) can be produced from carbon dioxide (CO2).1 The first step 
of this work involved the synthesis of monomers from the reaction of vinyl esters with the 
carbamoyl radical (•CONH2), under a continuous flow system, using TBADT (tetrabutylammonium 
decatungstate) as a photocatalyst.2 (Fig 1a). In the second step of this work, the monomer prepared 
from itaconic ester was polymerized with biobased diols,3 originating a new polyester with nitrogen 
in its structure (Fig 1b). For the polycondensation, a reaction sequence was proposed in which a 
thermal cyclization, esterification, and subsequent opening of the succinimide ring allowed the 
growth of the oligomer chain, leading to a highly branched polymer structure.

Figure 1: a) Synthesis of the monomers, b) Reaction of Polymerization.
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Abstract - To expand the applications of cellulose for protein/enzyme immobilization and 
biocompatible reactions such as thiol-yne click reactions, it is essential to incorporate an alkyne into 
the cellulose support. In this work, we developed a methodology for the synthesis of a derivative 
intermediate, tosyl-cellulose (MCC-Tos), through the optimization of the reaction conditions (i.e., 
time, temperature, and the anhydroglucose unit/tosyl chloride molar equivalent) using a Doehlert 
Matrix of statistical design. The degree of substitution of the tosyl groups (DStos) was quantitatively 
determined by analyzing specific bands in the infrared (IR) spectra: νsimSO2 at 
1174 cm-1 from the tosyl group and νC1-O-C5 at 1056 cm-1 from the cellulose backbone. The 
optimized product exhibited a DStos value of 0.81. MCC-Tos was subsequently reacted with 
propargylamine, and the progress of the reaction was monitored by periodic analysis of the IR
spectra. The IR spectra showed a decrease in the intensities of the bands associated with the tosyl 
groups, indicating the progress of the reaction. Equilibrium was reached after 48 h (Fig. 1A). 
Additionally, the DStos value demonstrated a decrease of approximately 50% in the initial number 
of tosyl groups (Fig. 1B). Thermogravimetric analysis (TGA/DTG) indicated a reduction in tosyl 
groups, as evidenced by an increase of about 30 °C in the thermal stability of the resulting 
aminopropargyl cellulose (MCC-PNH). The presence of alkyne groups on MCC-PNH was further 
investigated by attaching an azide-functionalized coumarin by copper(I)-catalyzed alkyne-azide 
cycloaddition (CuAAC), followed by quantification with UV spectroscopy. The degree of 
substitution for the aminopropargyl group was estimated to be 0.21. In conclusion, the synthesis of 
the alkyne-functionalized cellulose was successful, enabling opportunities for further investigation 
into the reaction conditions required for protein attachment via the thiol-yne click reaction.
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Figure 1. A) IR spectra of the cellulosic samples. B) DStos

as a function of propargyl reaction time.
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Resumo: 

A síntese de poliaminoácidos (PAAs) através de polimerização por abertura de anel (ROP) de N-
carboxianidridos (NCAs) é uma alternativa vantajosa quando sequências definidas de aminoácidos 
(AAs) não são exigidas. Através da ROP é possível obter poliaminoácidos com arquitetura tipo estrela 
projetados para oferecer uma rota barata para materiais biocompatíveis para engenharia de tecidos e 
sistema de entrega de fármacos, além de apresentar outras propriedades interessantes para diferentes 
aplicações que envolvam comportamento pseudoplástico, respostas a estímulos externos e capacidade 
de automontagem. Neste trabalho, copolímeros em bloco em forma de estrela contendo um centro de 
núcleo hidrofílico de L-lisina e um invólucro hidrofóbico de L-fenilalanina ou L-leucina foram 
sintetizados por ROP.  A estrutura química dos polímeros foi confirmada por ressonância magnética 
nuclear de 1H. Dicroísmo circular indicam que os PAAs formam estruturas secundárias dependendo do 
pH do meio e do comprimento do bloco hidrofóbico. O aminoácido hidrofóbico influência no teor das 
estruturas secundárias e no comportamento reológico dos PAAs em solução aquosa.  

Palavras-chave: poliaminoácidos, reologia, polimerização, polímeros responsivos, carboxianidridos. 
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Abstract:  

The synthesis of poly(amino acids) (PAAs) via ring-opening polymerization (ROP) of N-
carboxyanhydrides (NCAs) is a promising alternative when defined sequences of amino acids (AAs) 
are not required. Through ROP, it is possible to obtain star-shaped PAAs designed to offer a cheap 
route to biocompatible materials for tissue engineering and drug delivery systems. They also present 
other interesting properties for different applications involving responses to external stimuli, pseudo-
plasticity and self-assembly capacity. In this work, star-shaped block copolymers containing a L-lysine 
hydrophilic core center and a hydrophobic shell based on L-phenylalanine or L-leucine were 
synthesized by ROP. The chemical structure of the polymers was confirmed by 1H nuclear magnetic 
resonance. Circular dichroism indicates that PAAs form secondary structures depending on the pH of 
the medium and the hydrophobic block length. The hydrophobic amino acid influences the secondary 
structure content and the rheological behavior of the star-shaped block PAAs in an aqueous solution. 

Keywords: poly(amino acids), rheology, polymerization, responsive polymer, carboxyanhydrides. 
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Abstract - Bacterial cellulose (BC) is biosynthesized primarily by acetic acid bacteria, the most common belonging to 
the Komagataeibacter genus. Many applications of BC are related to its porous structure composed of randomly 
arranged extremely fine fibrils that can be compromised by drying and chemical modification processes. The objective 
of this study was to obtain amine-grafted BC with aminopropyltriethoxysilane without significantly compromising the 
porous structure of BC. The efficiency of grafting was confirmed by Fourier transform infrared spectroscopy by the 
presence of new bands in the region of 1600 cm-1 attributed to the NH2 groups and confirmed by X-ray photoelectron 
spectroscopy. Scanning electron microscope images showed that amine-grafted BC membranes demonstrated changes 
in porosity, but maintained the typical 3D network structure of BC. The water contact angle increased in amine-grafted 
BC due to the covalent linkage with hydrophobic aminoalkylsilane groups.

Keywords: Bacterial cellulose, Aminoalkylsilane group, Chemical modification.

Introduction 
The chemical grafting reaction of aminoalkyl groups on cellulose surfaces normally involves 3 
stages: a) hydrolysis of the silane derivative to form silanol; b) adsorption of hydrolyzed species on 
BC nanofibrils by hydrogen bonding between silanol and cellulosic OH and c) chemical 
condensation reaction leading to siloxane bridges (Si−O−Si) and grafting on the surface of BC 
nanofibrils through Si−O−C bonds. The siloxane bridges resulting from self-condensation 
contribute to the formation of a polysiloxane network on the surface of BC nanofibers [1,2]. This 
grafting reaction of aminoalkyl groups can be realized in order to intend to mimic the intrinsic 
antimicrobial properties of chitosan. Fernandes et al. [1] devolved novel grafted bacterial cellulose 
membranes using 3-aminopropyltrimethoxysilane that were lethal against S. aureus and E. coli and 
nontoxic to human adipose-derived mesenchymal stem cells with potential for biomedical 
applications. Shao et al. [3] obtained functionalized BC membranes prepared using 
aminoalkylsilane that displayed effective antibacterial and antifungal activities against E. coli, S. 
aureus, S. subtilis, and C. albicans with great potential applications in biomedical applications. BC 
can be also functionalized using aminosilane to provide better interaction with different 
biopolymers. BC can be also functionalized using aminosilane to provide better interaction with 
different biopolymers and is considered the most suitable choice for chemical grafting on the BC 
membrane due to their well-known potential for the surface modification of hydroxyl-containing 
surfaces [4]. Then aldehyde groups can be covalently bonded to cellulose by the reaction between
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the NH2 from the functionalized cellulose and the aldehyde or carboxyl groups of the cross-linkers 
by the formation of a Schiff base [5]. Hamedi et al. [6] developed a novel hydrogel composed of 
BC and schizophyllan (SPG) biopolymers. BC was first functionalized using 3-aminopropyl 
triethoxysilane to provide better interaction with SPG and glutaraldehyde was employed as a cross-
linking agent. Amine-grafted BC/SPG exhibited moderate antibacterial activity and stimulated the 
proliferation of normal human fibroblast cells. Therefore, this study proposes to obtain the amino-
functionalized BC with 3-aminopropyl triethoxysilane (APTES) without compromising its 
structure. 
 
Experimental  
BC membranes were produced using the Komagataeibacter hansenii (ATCC 23769). The cell 
activation and culture medium was in HS medium [7]. BC membranes were produced in static 
conditions for 12 d culture. These membranes were washed in NaOH at 80 °C in order to remove 
bacteria and then several times in water, until neutral pH. The wet BC membranes were autoclaved 
in distilled water at 121 °C for 20 min at 1 atm and stored at 4 °C. The chemical grafting reaction of 
aminoalkyl groups on wet BC was based on Frone et al. [5] with adaptations. Firstly, 0.5 g of 
APTES was pre-hydrolyzed in a 90/10 vol% ethanol/water mixture (50 mL) at room temperature 
for 2 h. Glacial acetic acid (99.8%) was used to adjust the silane solution to pH 4 and the solution 
was continuously stirred. After pH stabilization, a number of 20 wet BC membranes were added to 
the silane solution and stirred at RT for 2 h. The mixture was heated under reflux at 110 °C for 2 h 
to perform the chemical reaction. In the final grafting step, BC membranes (M1) were washed 
thoroughly by Soxhlet extraction with solvent (ethanol) for 10 h and grafted membranes were 
finally freeze-dried. The methodologies were optimized and adapted throughout the study, varying 
the proportion of ethanol/water, APTES, the concentration of the solution, the number of 
membranes, and the type of washing to remove residual APTES (Table 1). Methodology optimized: 
An amount of APTES was pre-hydrolyzed in a 90/10 vol% ethanol/water mixture (100 mL) at RT 
for 2 h. A number of 5 wet BC membranes were added to the silane solution and stirred at RT for 
24 h. The wet membranes were removed from the silane solution and lyophilized in order to avoid 
the collapse of the pores of the amine-grafted BC. Then, amine-grafted BC membranes were heated 
in an oven at 110 °C for 2 to promote reaction condensation. Amine-grafted BC membranes were 
washed in an ultrasonic bath in ethanol. Especially in methodology n. 6, washing was conducted in 
steps using ultrasonic baths every 10 min. In the 1st step, the membranes were immersed in 
ethanol/water (30/70%), in ethanol/water (70/30%), and in ethanol (100%). In the 2nd step, 
rehydration was performed in ethanol/water (70/30%), ethanol/water (30/70%), and distilled water 
(100%) (overnight). FTIR was used to characterize the chemical structure of the BC and the amine-
grafted BC membranes. The FTIR - Attenuated Total Reflectance (ATR) of the BC and amine-
grafted BC membranes were recorded on Spectrum One equipment (Perkin- Elmer) in the range of 
4000–600 cm−1 at a resolution of 4 cm−1. Membrane surface morphologies were analyzed by 
scanning electron microscope JEOL (model JSM-6701F). The samples were prepared by coating 
them with a layer of gold. Images of 5,000 times were obtained. XPS measurements were carried 
out with a K-Alpha spectrometer (Thermo Scientific) using Al Ka radiation (1486.6 eV) and a base 
pressure of 10-8 mBar. Thermal gravimetric analysis (TGA) was performed on a thermal analyzer 
(TA Instruments, Q50). Samples were heated from room temperature to 1000 °C at a scanning rate 
of 10 °C/min under a nitrogen atmosphere. Static water contact angles were measured using the 
sessile drop method with a goniometer (Ramé-Hart Inst. Co. model 250-F1). 
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Table 1. Variations in the methodologies used in this study. 

Method ethanol/water 
(vol%) 

APTES  
(g) 

Solution 
(mL) 

Number of 
membranes Type of Washing 

1 90/10 0.5 50 20 Soxhlet/etanol 
2 90/10 1 100 5 Ultrasonic /Ethanol 
3 10/90 1 100 5 Ultrasonic /Ethanol 
4 10/90 0.1 100 5 Ultrasonic /Ethanol 
5 10/90 0.5 100 5 Ultrasonic /Ethanol 
6 10/90 1 100 5 Ultrasonic /Ethanol and water 

 
Results and Discussion 
Fig. 1 shows the evolution of BC according to the applied methodology. The visual analysis 
demonstrated that amine-grafted BC membranes tend to collapse (M1-5). The M6 not revealed 
collapse, maintaining characteristics similar to BC.  
 

 
Figure 1. Evolution of modification methodologies and visual aspect of grafted BC membranes. 
 
Fig. 2a shows the FTIR spectra of BC and amine-grafted BC membranes. Amine-grafted BC 
membranes showed a spectrum profile similar to BC. The peak at around 3400 cm−1 is attributed to 
the −OH stretching vibration. In some spectra, the −OH peak becomes broader, attributed to the 
overlap with the NH2 stretching vibration [6,8]. An increment of the band around 2900 cm−1 can be 
associated with the CH2 vibrations of the propyl moiety of the silane moiety [1,4]. M3 (both sides) 
presented bands at 1560 cm-1 and 1480 cm-1 attributed to the bending of NH2 groups [1,4-6].  
However, FTIR should be evaluated compared with other techniques because bands close to these 
regions may be characteristic of structures of proteins (amino acids), lipids, metabolites, and some 
residual biomass of bacteria or compounds of the culture medium trapped between the fibrils of BC 
[9]. Other bands around 870-897 cm-1 appear in the spectra (M3) and can be attributed to the 
wagging of amino groups (NH2) [6]. The presence of Si−O−cellulose and −Si−O−Si−bridges that 
correspond to the condensation of the hydroxyl groups of the silane derivative with the hydroxyl 
groups of BC and of those silanols that react with themselves, respectively, are not easily identified 
by FTIR, since the typical vibrations of these moieties occur around 1150 and 1135 cm−1, and are 
overlapped by the large and intense cellulose C−O−C vibration bands (1162-1034 cm−1) [1]. M1, 
M3, and M6 were selected for further study. Table 2 shows the TGA and the corresponding 
differential thermogravimetry (DTG) profiles of BC and amine-grafted BC membranes. M1 and M3 
showed two thermal events in the range of 25-150 °C. A major degradation step was observed for 
all the samples, at 334 °C (BC), 326 °C (M1), 295 °C (M3), and 329 °C (M6). Amine-grafted BC 
(M1-5) showed a loss in thermal stability compared to BC. The residue at 1000 °C was 1.6% for 
BC and higher for amine-grafted BC (M1-5), corresponding to an increase of 92% (M3) that is 
indicative of the successful chemical grafting reaction of the BC with aminosilane considering that 
the increment in the inorganic residue is mainly due to SiO2 [1]. M6 did not present an increase in 
the inorganic residue observed at ∼1000 °C and can be associated with no successful modification. 
Therefore, M6 was selected because of its good aspect visual and to confirm the FTIR and TGA 
results. XPS analysis was performed to confirm the FTIR results (Fig. 2b). The survey spectra 
showed of BC showed two major peaks at 286.08 and 533.08 eV, corresponding to C 1s and O 1s 
adsorption, respectively, indicating that the main components in BC were C and O [10]. For M3 
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two main peaks at 285.08 eV and 531.08 eV were detected due to C 1s and O 1s adsorptions, 
respectively, and three additional news peaks, one at 399.08 eV in the N 1s region and two peaks at 
102.08 eV and 153.08 eV corresponding to the binding energies of Si 2s and 2p, respectively [3]. 
XPS results confirm the presence of APTES only on M3. 
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Figure 2. a) FTIR spectra of BC and APTES grafted BC membranes (M1-6), b) XPS survey spectra of BC 
and grafted BC membranes (M3 and M6). 
 
Table 2. Important values from TG curves of BC and grafted BC membranes. 

Membranes 
Thermogravimetric data 

Tonset °C Tmax °C Weigth lost % Residue % at 1000 °C 
BC 333.99 361.66 86.46 1.60 
M1 325.91 369.08 72.48 10.83 

M3 295.06 350.17 48.37 19.41 

M6 328.62 359.22 81.41 0.41 
 

The surface morphology of BC showed an organized 3D and porous network structure 
characteristic of freeze-dried BC (Fig. 3a) [11,12]. Therefore, for M3 (Fig. 3b) the nanofibrils are 
thicker because of the coverage with silane associated with the formation of Si−O−Si bridges [1,3]. 
M6 (Fig. 3c) presented a more homogeneous fibril profile compared to BC. The high hydrophilicity 
and porosity of the membranes determine the absorption of water droplets during the contact angle 
(CA) measurements [13]. CA measurements for BC were difficult to obtain due to the complete 
spreading of the water drop over the BC surface. In the literature, CA measurements are found 
between 30° to 48° [3,10,13]. M3 showed a CA value of about 58° due to covalent bonding with 
hydrophobic aminoalkylsilane groups. 

 

   
Figure 3. SEM surface micrographs for BC (a), M3 (b) and M6 (c). 

a b c 

a b 
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Conclusions  
Amine-grafted BC membranes were obtained using a higher concentration of distilled water without 
pH adjustment. SEM images revealed a loss in porosity that influenced the wettability of 
membranes. It was observed that membrane washing (M6) interfered with surface functionalization 
with APTES. FTIR analyses showed differences in absorption according to the side of the sample. 
This characteristic must be considered. 
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Abstract - Synthesis of thermosetting resin (ESOISO) based on isosorbide (ISO) and Epoxidized Soybean Oil (ESO)
catalyzed by aluminium triflate ((Al(OTf)3) was performed. Cross-linked ESOISO was obtained, and the curing kinetics
was followed via Fourier transform infrared spectroscopy (FTIR) and differential scanning calorimetry (DSC). The
resins ESOISO 0.07 mol% and ESOISO 0.1 mol% showed 80% conversion at 180 min, while ESOISO 0.05 mol% was
approximately 60% of conversion as verified by FTIR. The curing peak temperature (Tp) of ESOISO 0.1 mol% ranged
from 80 to 115°C, depending on the heating rate. ESOISO 0.07 mol% displayed lower activation energy (Ea) during
curing as modeled using Friedman model, showing a constant plateau within the conversion range of 0.1 < α < 0.6,
subsequently decreasing in the range α > 0.6 to 60.59 kJ/mol. Rheological experiments supported the hypothesis that the
gelation process affects the apparent viscosity evolution. Al(OTf)3 addition produced ESOISO with higher viscosity and
shear stress due to gel or cross-linking structures. These results support the evidence of Al(OTf)3 reactivity as a catalyst
for epoxidized soybean oil and isosorbide resins.
Keywords: epoxidized soybean oil, isosorbide, aluminium triflate (Al(OTf)3), curing kinetics
Funding: Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES), Conselho Nacional de
Desenvolvimento Científico e Tecnológico (CNPq), Fundação de Apoio à Pesquisa do Estado da Paraíba (FAPESQ).

Introduction
Isosorbide (ISO) is a green platform chemical that may be produced from glucose through
hydrogenation to sorbitol and two-fold dehydration via sorbitan. ISO itself provides versatile
possibilities for applications as monomeric segments in new polymers [1, 2]. Epoxidized soybean
oil (ESO), consisting of glycerol esters with three long-chain fatty acids, is a promising feedstock
for producing bio-based polyols or resins conferring to the polymer products' strong mechanical
strength, design flexibility, and solution processability [3].
ESOs can be polymerized by a cationic mechanism or Lewis acid-catalyzed ring opening photo-
polymerization. However, acids are mostly toxic and/or corrosive and generate many side reactions.
Aluminium triflate (Al(OTf)3), a Lewis acid catalyst, has been used as a catalyst in organic
synthesis for reactions such as the ring opening of epoxides in the presence of alcohols or amines.
However, challenges associated with the mechanisms and curing kinetics of these systems acquired
by non-isothermal polymerization remain in the literature [4-6].
The present work aimed to synthesize bio-based ESO resin modified with ISO using Al(OTf)3. The
exothermal curing was followed using differential scanning calorimetry (DSC), kinetics and
thermodynamic parameters were evaluated, while chemical conversion was tracked using Fourier-
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transform infrared spectroscopy (FTIR). The rheological properties of uncured resins (before the
complete curing, after 2 hours of reaction) were analyzed.
Experimental
Epoxidized soybean oil (ESO) was supplied by HOBUM. D-Isosorbide was purchased from
Thermoscientific (Germany), and Aluminium triflate or Al(OTf)3 was purchased by Sigma Aldrich
(Germany). The reaction took place in a three-necked 100 mL round-bottomed flask equipped with
a magnetic stirrer, in nitrogen-gas atmosphere, and an outlet connected to the condenser. ISO was
heated to 100°C and left stirring for 20 min under distillation. A stock solution of the catalyst in
acetone was prepared (0.021 M) to take the necessary volumes to reach the required molar
percentage: 0.05, 0.07, and 0.1 mol%. ESO and Al(OTf)3 were added to the flask and stirred under
a nitrogen atmosphere.
Differential Scanning Calorimetry (DSC) was performed uisng a DSC 8000 from PerkinElmer, over
the temperature range from 25 to 250°C at 2, 5, 10, 15, and 20°C/min under nitrogen atmosphere
(100 mL/min). Experiments were performed using specimens with 5-7 mg.
Fourier Transform Infrared Spectroscopy (FTIR) spectra were captured considering the
wavenumber range 4000-350 cm-1, 16 scans per spectrum, and 16 cm-1 resolution. The equipment
used was Bruker Tensor 27 (Germany).
The rheology test was carried out using an Anton Paar MCR-302 with a parallel plate measuring
system with a diameter of 25 mm at 60°C with 1mm of gap between the disks. The measurement
was made with a rotational movement with a shear rate of 0.1 to 100 1/s.

Results and Discussion
The infrared spectra of ESOISO are shown in Fig. 1. Accordingly, the spectra display a very intense
band at 3429 – 3464 cm−1 due to the vibration peak of hydroxyl groups (–OH). The presence of the
band at 1100 – 1200 cm−1 and 1097 cm-1 are assigned to the C–O–C stretching from ester groups.
ESO and ISO show a characteristic band at 820 – 830 cm−1, related to the epoxy ring band
absorption for ESO and furan ring vibration for ISO. It is observed that the reaction time under
60°C leads to a reduction of the bands intensities attributable to the oxirane ring in ESO (820 – 830
cm-1), no absorption changes were verified in the region of –OH stretching, and absorption increase
in the region of stretching vibrations of C–O–C ether bonds at 1097 cm-1, which indicates an
interaction of ester bonds with oxirane groups or –OH groups of ISO. This interaction began to be
noted at 60 min of reaction and increased until 180 min of reaction at 60°C [7-8].

(a) (b)
Figure 1 – (a) FTIR spectra of ESOISO, (b) decay of the relative absorbance (AEpoxy/AC=O) and degree of
conversion estimated using Beer-Lambert Law at 60°C for 180 min.

The region of the epoxy ring (820 – 830 cm-1) was deconvoluted with Gaussian−Lorentzian
functions using Fityk software, and the epoxy conversion was quantified based on the Beer-Lambert
law. The spectra were deconvoluted, the area of the epoxy ring band, and the conversion versus
time are displayed in Fig. 1b. For the compositions ESOISO 0.07 mol% and ESOISO 0.1 mol%, the
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conversion reached 80% of conversion at 180 min, while for ESOISO 0.05 mol%, with less catalyst
amount, it was approximately 60% of conversion. [8, 9].
Aliquots of the mixtures were run using the DSC to investigate the polymerization, and curing
kinetics, based on the thermodynamical analysis for directly assessing the heat energy uptake during
the reaction. DSC scans acquired under a dynamic environment of ESOISO containing different
amounts of catalyst (0, 0.05, 0.07, and 0.1 mol%) are shown in Fig. 2. An endothermic peak at a
low-temperature range (around 60°C) was first observed for all samples, ascribed to ISO melt.
Subsequently, a broad exothermic peak results from the epoxy group ring-opening.
There was no exothermic peak of ESOISO crosslinking in the DSC scans for ESOISO 0 mol%
(without catalyst). Adding Al(OTf)3 to ESOISO an exothermic peak was verified related to the
epoxy rings opening due to the functionalization of ESO with ISO and, consequently,
homopolymerization of ESO, with peak temperatures (Tp) at around 80 - 115 °C, depending on the
heating rate and catalyst content [5]. Al(OTf)3 addition shifted Tp to lower temperatures, suggesting
an increased curing rate, accelerating the curing process. Adding 0.1 mol% of Al(OTf)3 decreased
the Tp and enabled the curing to finish at the temperature range of 109.56 - 156.16 °C, depending on
the heating rate.
The heating rate also influences the curing of ESOISO. The exothermic peak was shifted to higher
temperature as the heating rate increased. This behavior is a direct consequence of the reaction
kinetics and it is assigned to the time lag effect.
Fig. 2b shows the degree of conversion versus temperature of ESOISO systems at indicated heating
rates and the sigmoidal shape for the degree of conversion versus temperature was observed for all
systems.Through the DSC thermograms, mainly for the compositions with higher catalyst content,
the heating rates of 10 and 15°C/min had similar behavior. The mechanism was not sensitive to the
heating rate at 15°C/min. Once the degree of conversion is calculated based on DSC scans, it is
possible to observe the overlap in the conversion curves at rates of 10 and 15°C/min.

(a) (b)
Figure 2 – (a) DSC scans of ESOISO 0.07 mol%, (b) degree of conversion versus temperature for ESOISO
0.1 mol%.

Thermodynamics and kinetic parameters computed from DSC are graphically displayed in Fig 3a.
Cmax increased with the heating rates and Al(OTf)3 addition, suggesting that ESOISO with higher
content of catalyst has the highest curing rate, in other words, faster curing.

The apparent activation energy (Ea) of ESOISO was evaluated using Friedman model, Eq. 1 and the
plot is displayed in Fig. 3b.

(1)

Where: α is degree of conversion, f(α) is the function of α, which depends on the mechanism; A is
the pre-exponential factor (s-1); Ea is the activation energy (J mol-1), is the heating rate (K min-1);
R is the gas constant (8.314 J mol-1 K-1) and T is the absolute temperature of reaction (K). It is
clearly observed that ESOISO presented a different energy trend according to the catalyst content.
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In the first curing stage, α < 0.2, ESOISO 0.05 mol% and ESOISO 0.1 mol% followed the same
tendency, low energy consumption was verified which increases with the degree of conversion and
increases slowly. Within the conversion range of 0.2 < α < 0.6, there is a plateau that subtly
increases with a maximum at 71.10 kJ/mol, afterward decreasing in the range α > 0.6 to 61.26
kJ/mol. ESOISO 0.07 mol% presented a decreased Ea α < 0.1, and a constant plateau within the
conversion range of 0.1 < α < 0.6, subsequently, decreasing in the range α > 0.6 to 60.59 kJ/mol.
These results confirm those obtained by DSC about the reactivity of the epoxy rings under the
catalyst presence.

(a) (b)
Figure 3 – (a) Effect of the heating rates and composition on Cmax, (b) Activation energy during ESOISO
curing. Data modeled using Friedman model.

Viscosity plots and shear stress against the shear rate were obtained for the uncured ESOISO after
180 min under 60°C with different catalyst content, as shown in Fig.4. A decrease in viscosity and
boost-up in shear stress with the rise in shear rate was observed for all samples. The relaxation
mechanism of the polymeric chains from the entanglements determines the dependence of the
viscosity on the shear rate. For uncured ESOISO (gel structure) this dependence reveals the non-
Newtonian flow, shear-thinning (n < 1), with decreasing viscosity during shear rate increase.
Similar analyses were reported in the literature for polymeric gels [10].

(a) (b)
Figure 4 – (a) Change in the viscosity versus temperature and (b) shear stress of ESOISO.

The viscosity of ESOISO 0.1 mol% and ESOISO 0.07 mol% was higher than that of ESOISO 0
mol% at the same shear rate. Adding Al(OTf)3 as catalyst led to the homopolymerization of ESO
through the ring-opening reaction of epoxidized soybean oil, producing a gel or networking (cross-
linking), depending on the degree of conversion. Consequently, it has high molecular weight (i.e.,
high viscosity). With increasing chain size, entanglement occurs by randomly coiling the polymer
chains. The lowest shear stress was observed for the ESOISO 0 mol%, which may be due to the
absence of polymerization reaction or non-functionalization of ESO with ISO ensuing short
polymer chains compared with ESOISO with catalyst. Under shear, the polymer chains of ESOISO
0 mol% without catalyst content (hence less molecular weight) are more deformed, which increases
their disentanglement. This behavior leads a less flow resistance, resulting in shear-thinning flow
behavior with decreasing viscosity values at higher shear rates.
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Conclusions
Fully sustainable ESOISO resins catalyzed by Al(OTf)3 were successfully prepared by open-ring
epoxy reactions. The curing was followed using FTIR and DSC and indicated that the curing rate of
ESOISO increased with the catalyst, efficiently accelerating the curing rate of the system. Al(OTf)3

addition produces ESOISO with higher viscosity and shear stress due to gel or cross-linking
structures. The presented results in this work provide reliable evidence of Al(OTf)3 reactivity as a
catalyst for epoxidized soybean oil and isosorbide resins.
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Abstract
The exposure of polymeric materials to UV-C radiation (200-280 nm) can result in degradation and may shorten their
useful life. The use of additives is an alternative to minimize degradative effects, but the chemical groups present in 
their structure can act to absorb radiation. In this study, the degradative effects and performance of different 
stabilization systems containing phenolic (Irganox 1010) and hydroxylamines-based stabilizers (Irgastab FS 301 FF) 
were analyzed. For this purpose, polypropylene films were exposed to UV-C radiation for 24, 48, and 96 hours (doses 
equivalent to 155, 310, and 620 J.cm-2). Degradation levels were measured regarding rheological properties, infrared 
spectroscopy (FTIR), and elongation at break. After exposure, it was shown that hydroxylamine is more efficient in 
initial exposure times, while the phenolic class is more effective for longer periods. After 96 hours, the PP starts to 
exhibit fragile behavior.
Keywords: Photodegradation; polypropylene; UV-C radiation; stabilization systems.

Introduction
UV-C radiation is a range of the electromagnetic spectrum with wavelengths between 200

and 280 nm. This range of radiation gained notoriety after proving to be an efficient method to
inactivate several microorganisms [1] and may be an alternative for disinfecting objects and 
surfaces. The most accessible source of UV-C radiation is low-pressure mercury lamps which emit 
specific wavelengths of 254 nm.

In addition to damage caused to microorganisms, ultraviolet radiation can also interact with 
polymeric materials. If any species present in the material has binding energy equal to the energy of
the incident photon, this photon will be absorbed, possibly resulting in the formation of free 
radicals, which, in turn, can trigger degradation reactions [2,3].

Polypropylene (PP) is a polymer widely used in medical and hospital settings and can be
subjected to disinfection processes and, consequently, degradation processes [4]. There are some
reports in the literature about the UV-C degradation in polypropylene, in which color changes, 
reduction of elongation at break, and formation of carbonyl groups are reported. In addition, 
chances in the crystallinity and formation of cracks on the surface are reported due to the chemi-
crystallization [5,6].

The use of stabilizing additives is a way to minimize and delay the degradation process.
Phenolic antioxidants are the most used additives for stabilization during the processing and service 
of polyolefins. Its mechanism of action involves the donation of labile hydrogen from the phenolic 
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group to stabilize a free radical. Then, its structure is modified through the internal delocalization of 
electrons, allowing the trapping of a free radical in the para-position of the phenolic group [7]. 
However, quinone groups are formed during this mechanism of action, which can absorb radiation 
in the region of UV-C wavelength. 

Hydroxylamine-based antioxidants are an alternative class of phenol-free additives that can 
act without forming quinone groups. Its mechanism of action involves the donation of the labile 
hydrogen bonded to oxygen to a free radical, forming aminoxyl radicals. Then, there is a divergence 
in the literature about the subsequent stages of action of this class of additives, but the occurrence of 
internal conversion reactions that allow the capture of free radicals is in common agreement [2,8]. 

However, few studies address the effectiveness of these additives for degradation by UV-C 
radiation. Thus, this study aimed to evaluate the performance of two classes of antioxidant 
additives, based on phenols and hydroxylamine, about the stabilization capacity of polypropylene 
when exposed to different doses of UV-C radiation. 

 
Experimental 
Materials 

The polymer used was a polypropylene homopolymer with code DP 5000 SCPV, without 
any additives, supplied by Braskem. For the stabilization system, three different types of additives 
supplied by BASF were used: Irganox 1010, a phenolic primary antioxidant, Irgafos 168, a 
secondary antioxidant phosphite-based and Irgastab FS 301 FF, a blend of Irgafos 168 and Irgastab 
FS 042, in a 1:1 ratio, being the last one a primary antioxidant and free radical scavenger based on 
hydroxylamine. For the study, four formulations were prepared, the first being composed of non-
additive polypropylene and the other three containing a 1:2 weight ratio of primary antioxidants 
about secondary antioxidants, for which the secondary antioxidant content was fixed in 1,000 ppm, 
and the primary antioxidants were varied between phenolics and hydroxylamine, maintaining the 
proportion, as shown in Table 1. 
 
Table 1 – Composition of prepared formulations (ppm) 

Sample Irganox 1010 
(AO1) 

Irgastab FS 042 
(NOH1) 

Irgafos 168 
(AO2)  

Neat PP 0 0 0 
PP + AO1/AO2 500 0 1,000 

PP + NOH1/AO2 0 500 1,000 
PP + AO1/NOH1/AO2 250 250 1,000 

 
Processing 

The samples were processed in a Haake Rheomix 600 internal mixer, with counter-rotating 
rotors, at 200°C and 100 rpm. The additives were added to the system after 30 seconds of mixing, 
with the polymer already in the molten state. The total residence time in the mixer was 2 minutes. 
Once prepared, the formulations were pressed in a hydraulic press at a temperature of 190°C and a 
pressure of 1 kgf, resulting in films approximately 180 μm thick. The films were shaped in the 
format of tensile specimens according to ASTM D1708-18. 

 
Exposure to UV-C radiation 

The prepared specimens had both sides exposed to UV-C radiation (254nm) in a chamber of 
two T5/G5 type 4 W low-pressure mercury lamps. The chamber was also composed of a ventilation 
system to remove ozone. The specimens were placed 10 cm apart from the lamps for 24, 48, and 96 
hours, resulting in nominal doses equivalent to 155, 310, and 620 J.cm-2. 
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Characterization 
The levels of degradation caused by UV-C radiation were measured in terms of rheology, 

carbonyl groups, and elongation at break. The rheological tests were carried out in a rotational 
rheometer of controlled deformation of the TA Instruments model AR-G2, in parallel plates 
geometry and steady state, with a distance between plates of 0.5 mm. Fourier Transform Infrared 
Spectroscopy (FTIR) tests were performed on Nicolet 6700 equipment, in transmission mode, with 
64 scans and a resolution of 4 cm-1. For this test, carbonyl indices (CI) were calculated from the 
ratio between the area of the band referring to the stretching of the C=O bond (between 1660 and 
1800 cm-1) and the area of the band referring to the axial deformation C-C (between 1125 and 1200 
cm-1). Finally, uniaxial tensile tests were performed in a Universal Testing Machine, model Instron 
5569, following the ASTM D1708-18 standard, with a test speed of 1mm.min-1. 
 
Results and Discussion 

Table 2 presents the viscosity values at zero shear rates (η0) obtained in the rheological tests 
in a steady state. 

 
Table 2 – Zero shear viscosity of samples for different exposure times to UV-C radiation 

Sample Zero shear viscosity (Pa.s) 
0 h 24 h 48 h 96 h 

Neat PP 1,300 280 200 90 
PP + AO1/AO2 5,200 2,300 1,400 340 

PP + NOH1/AO2 4,500 2,200 700 170 
PP + AO1/NOH1/AO2 5,000 2,100 800 200 

 
As can be seen, the exposure of the specimens to UV-C radiation reduces η0 values, which 

occurs more pronouncedly with the increase in exposure time. This fact is a consequence of photo-
oxidative degradation reactions, which mostly involve chain scission for polypropylene. It can also 
be seen that the non-irradiated samples have different values of η0 due to the thermo-oxidative 
degradation during processing in the internal mixer, in which different stabilization systems 
provided different stabilities. Relative comparison between the η0 values allows a better relationship 
of the degradative effects due to UV-C radiation. 

From this point of view, for exposure times up to 24 hours, the presence of hydroxylamine 
in the formulations provided greater retention of η0 values, indicating better stabilization of this 
additive in initial times. In comparison, for more than 24 hours, the formulation containing only the 
primary antioxidant of the phenolic type (PP + AO1/AO2) proved to be more efficient in stabilizing 
UV-C radiation. 

An explanation may be related to the mobility of the additives. The phenolic antioxidant has 
a steric hindrance, while the hydroxylamine has higher mobility, which may provide greater 
efficiency in trapping the free radicals. This behavior is reversed by increasing the exposure time 
due to the total capacity of trapping radicals from the first one being greater than the second one. 
 The carbonyl index values for the irradiated samples are presented in Table 3. 
 
Table 3 – Carbonyl index of samples for different exposure times to UV-C radiation 

Sample Carbonyl index  
0 h 24 h 48 h 96 h 

Neat PP 0.041 ± 0.002 0.085 ± 0.008 0.136 ± 0.009 0.352 ± 0.016 
PP + AO1/AO2 0.035 ± 0.001 0.061 ± 0.004 0.096 ± 0.007 0.298 ± 0.007 

PP + NOH1/AO2 0.037 ± 0.001 0.057 ± 0.006 0.107 ± 0.005 0.305 ± 0.010 
PP + AO1/NOH1/AO2 0.036 ± 0.002 0.062 ± 0.004 0.103 ± 0.008 0.310 ± 0.009 
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During the photo-oxidation process of polypropylene, occurs the formation of carbonyl 
groups, identified in wavenumbers between 1660 and 1800 cm-1, referring to ketones, carboxylic 
acids, aldehydes, esters, and lactones, also identified in other works in the literature for degradation 
of polypropylene subjected to ultraviolet radiation [6,9]. 

An increase in the carbonyl index can be seen for initial irradiation times, which increase 
more pronounced for longer exposure times, in agreement with the rheological results. The carbonyl 
groups, products of photo-oxidative reactions, act as chromophores initiating new reactions and 
accelerating the degradative process as their concentration in the material increases. In addition, it 
can be seen that the PP without additives showed higher rates for all exposure times, indicating the 
action of the additives. 

Finally, the degradative effects were compared in terms of mechanical properties. The 
property of greatest interest in this test was elongation at break. The values presented in Figure 1 are 
presented as retention results, that is, the measured value of elongation at break was divided by the 
elongation at break of the respective non-irradiated sample. Each formulation was tested using five 
specimens. 

 
Figure 1 – Retention in Elongation at break of samples in the function of the exposure time to UV-C 
radiation 

 
Exposure of samples to UV-C radiation for up to 24 hours did not affect this property under 

the test conditions used, in which all samples exceeded 300% deformation without fracture, 
resulting in retention considered to be close to 100%. The exposure of the test specimens for 48 
hours resulted in a decrease in the elongation at break, for which the retention was lower than 
21,6% for the non-additive PP and lower than 29% for the other additive formulations. However, 
the standard deviation does not allow differentiation between the samples. 

After 96 hours of exposure, the specimens start to show brittle fracture behavior, with 
relative values of retention in elongation at break lower than 2,7% for samples without additives 
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and lower than 4,5% for the samples containing additives. Again, there is no distinction between the 
samples due to the standard deviation. 

This behavior can be mainly associated with the decrease in the molecular weight of PP, 
resulting from chain breaks during the degradation process, which were evidenced by the decrease 
in viscosity at zero shear rates. Furthermore, stabilization systems containing only primary and 
secondary antioxidants were insufficient to maintain this property for times longer than 24 hours. 

 
Conclusions 
 Levels of degradation of polypropylene films subjected to UV-C radiation were evaluated 
using stabilization systems based on phenols and hydroxylamines. Degradation levels were 
observed for all exposure times analyzed under the exposure conditions, which were more 
pronounced for longer exposure times. Changes in elongation at break were only verified after 48 
hours. After 96 hours, all samples showed brittle behavior. It is possible to notice the performance 
of the stabilizing additives, but these were not enough to avoid the PP embrittlement. Finally, the 
hydroxylamine-based antioxidant was more effective for the initial exposure times, while the 
phenolic antioxidant was more effective for prolonged times. 
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Abstract – Since the 1990s, researchers have been conducting studies to enhance starch properties through chemical or 
structural modifications in its polymeric chains. Glycerin, acting as a plasticizer, is the primary modifying agent enabling 
the thermal processing of starch. As a result, it is extensively used in most publications on modified starch. Another 
commonly employed chemical compound in starch modification is citric acid, which is low-cost and non-toxic. However, 
it is important to note that the specific interactions and reaction mechanisms between starch and its polymer chains, 
particularly in the presence of citric acid, still require further exploration, as these aspects are not extensively discussed 
in current literature. Starch citrate based polymers were obtained by simple dry method and their processing steps were 
analyzed. The organoleptic observations demonstrated that there was a reaction between the native starch and the citric 
acid, with the formation of new polymeric structures, indicated by the change in color and opacity. High proportions of 
citric acid can promote reactions prior to extrusion and the residual acid can react in subsequent procedures, suggesting 
that it is possible to obtain different materials by changing processing variables.
Keywords: Starch; starch citrated; thermoplastic starch    

Introduction 

A report has been conducted on the issue stemming from the disposal of post-consumer 
plastics and their subsequent accumulation in the oceans. The findings reveal that despite 
implementing public policies over the years to raise awareness and promote recycling and 
responsible plastic consumption, the environmental, social, and economic damage has 
continued to escalate. Certain countries have introduced legislation to regulate the use of 
disposable plastic products to mitigate the problem. However, alternative approaches, such as 
using environmentally-friendly polymers, categorized as (i) green polymers and (ii) oxo-
biodegradable polymers, have proven ineffective in addressing the issue. Concerns have been 
raised regarding negative consequences associated with post-consumption. The first category 
of polymers mentioned persists in the environment due to its structural similarity to 
conventional polymers. On the other hand, the second category generates microparticles, 
which are recognized as pollutants with a significant environmental impact. Consequently, 
the use of oxo-biodegradable plastics was prohibited in European Union countries in 2019.
Thus, the call for environmental action presents an opportunity to develop innovative 
biodegradable and non-toxic (eco-friendly) materials.1; 2
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Environmentally friendly polymers can be derived from either synthetic or natural sources. 
However, synthetic biodegradable materials tend to have higher prices than conventional polymers, 
while natural polymers often possess undesirable physicochemical properties that limit their ability 
to replace traditional polymers. Therefore, extensive research is needed to explore alternative 
solutions and overcome these challenges. Among natural polymers, starch has emerged as a 
prominent option in Brazil due to the favorable conditions for cultivating various starch-rich raw 
materials. Since the 1990s, researchers have been conducting studies to enhance starch properties 
through chemical or structural modifications in its polymeric chains. Glycerin, acting as a plasticizer, 
is the primary modifying agent enabling the thermal processing of starch. As a result, it is extensively 
used in most publications on modified starch. Another commonly employed chemical compound in 
starch modification is citric acid, which is low-cost and non-toxic. However, it is important to note 
that the specific interactions and reaction mechanisms between starch and its polymer chains, 
particularly in the presence of citric acid, still require further exploration, as these aspects are not 
extensively discussed in current literature.3; 4; 5; 6 

 
In this context, investigating methodologies that can help elucidate and guide the reactions 

occurring in starch, in the presence of citric acid and glycerin under various reaction conditions is of 
great interest. Such research benefits the scientific community and holds potential value in the 
consumer market. The general objective of this work is to develop polymeric, biodegradable, low-
cost materials based on starch, in addition to contributing to the elucidation of the chemical species 
formed in the reaction medium between the modifying agents and cassava starch. Cassava starch was 
submitted the extrusion processing. The material produced was studied by organoleptic and thermal 
analysis. The main objective of this study is to develop polymeric, biodegradable, and cost-effective 
materials based on cassava starch while also contributing to the understanding of the chemical species 
formed in the reaction medium between the modifying agents and cassava starch. 

 
 

Experimental  
 

Modified starches were produced using citric acid (CA) content of 0.0%, 3.0%, and 10.0 %wt, 
while the glycerin content was set at 30 %wt relative to the native starch (NS). To prepare the samples, 
cassava starch (commercial brand, native starch) and anhydrous citric acid PA (NEON) were added 
to three polyethylene containers, according to Table 1, the proportions were defined based on the 
results of previous works by the research group. The mixtures were manually homogenized and then 
poured into aluminum trays. These trays were placed in an oven (Thoth Equipment’s, model Th-510-
100) and heated at 120.0 °C for 1 hour to facilitate drying. After drying, the samples were named AA-
00, AA-03, and AA-10. Next, 30 %wt Glycerin PA ACS (Anhydrol) was added to each mixture and 
manually homogenized using a moldable container, ensuring no direct contact with the mixture. The 
materials were poured into their respective trays and returned to the oven at 100.0 °C for 1 hour. 
These materials were identified as AAG-00, AAG-03, and AAG-10. Then, the materials were 
extruded into filaments and identified as ATPM100, ATPM103 and ATPM110. Plates of these materials 
were also produced in a hydraulic press with heating. 

Qualitative organoleptic analyzes of the filaments and thermal analysis of all products were 
carried out. Thermogravimetric analysis (TGA) was performed in an atmosphere of N2, scanning 
from room temperature to 600 °C at a rate of 10 °C/min. 
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Table 1. Mass content of precursor materials for each sample. 
CCAA  ((%)  NNS (gg))  CCA (gg))  GGlycerin  ((gg))  TTotal ((gg))  

000  70  -  30 100 
003  70 2.2 30 102 
110  70 7.8 30 108 

 
Results and Discussion  
 

Table 2 presents the characteristics observed during the analysis of the filaments. The 
tactile response, when in contact with water, average diameter, color, opacity, rigidity, and 
visual aspect were evaluated.  
Table 2. Organoleptic characteristics of the materials produced. 

SSample  AATPMM1000  AATPMM1003  AATPMM1110  
DDiameter ((mm)  3.3±0.1 3.3±0.1 2.9±0.1 

CCollor  Yellow Soft pink Dark pink 
OOpacity  Translucent opaque opaque 

HHarrddness  soft soft soft 
AAspect  Smooth Smooth Rough 

wwater sensitivity**  09 09 10 
 
*Scale from 0 to 10 where 0 is a material that does not change with washing and 10 is a material that exhibits an 
adhesive character due to moisture. 
 

 Figure 1a shows the TGA curves of the materials without CA for observation of the 
processing effect. Table 2 presents the values of the thermal events. Before extrusion, the 
curves presented thermal events separated from the components: (i) humidity; (ii) glycerin; 
(iii) starch. After extrusion, the materials showed a continuous mass loss over a wide 
temperature range during initial heating. A peak was observed close to the main event, this 
signal may be related to the degradation of glycerin bound to starch (by esterification reaction 
or by intermolecular interactions in the amorphous phase). Glycerin acts as a thermal barrier, 
hindering the diffusion of heat in the phase of greater thermal stability of starch, since the 
continuous loss after the main event is less intense than in pure starch, resulting in a greater 
residual mass at 600 °C, except for the film, which indicates glycerin exudation due to 
pressing. 

Figure 1b shows the materials with CA before and after extrusion, 4 thermal events 
were observed: from 30 to 140 °C, 140 to 250 °C, present in the materials before extrusion, 
related to (i) moisture loss and (ii) the glycerin that has less interaction with the starch chains; 
respectly, 250 to 300 °C, related to the loss of (iii) smaller molecules such as glycerine 
oligomers, smaller starch chains or chain-bound reagents (esterification or graphitization); 
(iv) 270 to 370 °C, main event of starch thermal degradation. The materials produced showed 
high levels of moisture, which can generate hydrolysis during extrusion. The highest 
proportion of CA promoted modifications before extrusion, indicated by the presence of the 
third event and less mass loss in the second event. The extrusion of the materials resulted in 
higher starting temperatures in the main event. More accentuated by the lower concentration, 
which suggests that 10% by mass represents excess CA, which can generate degradation 
reactions in addition to esterification reactions. 
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Figure 1 – TGA (right) and DTG (left) curve of processing steps without AC (a), effect of AC 
reactive extrusion (b) and effect of AC content in plates (c).

Plate production is a processing step that involves high pressure and constant temperature, the 
TGA curves are shown in Figure 1c. The plates produced showed differences when compared to their 
respective filaments, which suggest the continuation of the reaction with citric acid: the material with 
3% wt CA became more homogeneous, coupling the events in a single step with lower initial 
temperature. While the material with 10% wt presented a thermal event at high temperatures, 
approximately 440 °C. One hypothesis is the formation of a structure of greater thermal stability in 

a

b

c
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an approximate proportion of 9% wt, possibly the reticulated or branched structure. This result is 
corroborated by WEERAPOPRASIT and PRACHAYAWARAKORN (2019)7 who observed the 
thermal degradation of modified starch obtained from cassava and methacrylic acid. The authors 
observed three mass loss events in all materials associated with the release of: (i) glycerol used as a 
plasticizer, at temperatures between 170 and 180 °C; (ii) starch that suffered partial degradation 
during processing, at temperatures between 245 and 268 °C; (iii) starch not degraded by processing, 
at temperatures between 300 and 330 °C, however, the cross-linked materials showed one more event, 
around 500 °C, associated with the degradation of the co-polymer produced, which has greater 
thermal stability. 
 
Conclusions  
 

Starch citrate based polymers were obtained by simple dry method and their processing steps 
were analyzed. The organoleptic observations demonstrated that there was a reaction between the 
native starch and the citric acid, with the formation of new polymeric structures, indicated by the 
change in color and opacity. 

Chemical reactions occur preferentially by reactive extrusion, however, high proportions of 
citric acid can promote reactions prior to extrusion and the residual acid can react in subsequent 
procedures, suggesting that it is possible to obtain different materials by changing processing 
variables. New analyzes such as HPSEC and NMR should clarify the reaction processes so that they 
can be directed and facilitate the achievement of environmentally friendly polymers with more 
opportunities to replace the usual polymers. 
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Abstract – The study of self-healing materials has grown in the recent decades due to the need for materials to have a 
longer lifetime. In this work, microcapsules of poly(urea-formaldehyde) (PUF) containing 5-ethylidene-2-norbonene 
(ENB) were obtained through the in situ polymerization technique. These experiments are part of a sequential strategy of 
experimental design, in which a 24-1 fractional experimental design was performed to evaluate the influence of the effect 
of the variables of the synthesis process on the morphological characteristics of microcapsules obtained, where the output
variable analyzed was the diameter of the microcapsules and the encapsulated content. Some variables of synthesis as the 
molar ratio of monomers urea/formaldehyde (U/F), the ammonium chloride and the resorcinol were kept constant, once 
these parameters do not exert a significant effect on the results evaluated, a fact verified in previous design. From the 
responses obtained in the statistical analysis using the program Protimiza, it was possible to affirm that the agitation speed 
and poly(ethylene-alt-maleic) (EMA) content are the variables of the synthesis that should be selected to obtain a complete 
experimental design to be performed later, considering the polymerization yield. 

Keywords: self-healing; polymeric microcapsules; 24-1 factorial design, in situ polymerization

Introduction 

The products and structures are susceptible to damages due to several factors during use, where the 
material is exposed to mechanical stresses, chemical deteriorations, and others. Materials are capable 
of being damaged extending from the micro to the macro level. Inspired by the biological concept of
healing, self-repair methods refer to the ability of a material to regenerate after incurring damage, 
where the self-healing technology may mitigate damage at the molecular level [1,2].
Self-healing materials are divided between different methods that depends on their mechanism, these 
are: intrinsic, microvascular and microcapsules. The microcapsules synthesis occurs from the 
encapsulation of liquid or solid particles, where the material is involved by a shell. The development 
of polymers that are able to repair their damage autonomously and quickly is highlighted in the 
importance of safety factors and product performance [3]. 
The work of [4] reports that microcapsules between 60 and 69 μm are appropriate for self-healing 
systems and coating applications, where the wall thickness around 4 μm is adequate to resist the 
processing of microcapsules with polymer matrix, where they rupture only when the self-healing 
process is initiated. According to [5], microcapsules with satisfactory characteristics as thermal 
stability, high encapsulated content and reduced surface defects can be achieved when the 
microcapsules have an average diameter of 75 μm, thus allowing the obtaining of thicker walls. In 
this work, microcapsules with diameters around this value were obtained in the PUF/ENB 4 
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condition, where a satisfactory yield (78.79%), and a high encapsulated content (94.8%) were 
achieved. 
The work of [6] emphasizes the need for understanding the influence of synthesis variables and how 
they affect the morphological characteristics of polymeric microcapsules obtained by in situ 
polymerization. The parameters analyzed include agitation speed, pH, EMA content, U/F ratio, 
ammonium chloride content, resorcinol content, and 1-octanol droplets. In recognition of the 
importance of selecting the parameters properly, in this work, part of a sequential factorial design 
strategy to optimize the synthesis conditions of PUF filled with ENB microcapsules are synthesized 
by in situ polymerization. To select the most significant parameters on the morphology of the 
microcapsules, a 24-1 fractional experimental design was prepared.  
 
Experimental  
 
Experimental design 
 
In agreement with the literature, the variables involved in the synthesis process influence in 
morphological characteristics of the microcapsules. To evaluate the effect of these synthesis 
parameters on the different conditions of synthesis of the microcapsules, a fractional factorial design 
was elaborated, continuing the work developed by [6], aiming to optimize the synthesis conditions of 
polymeric microcapsules of PUF/ENB. The statistical analysis was performed by using the software 
Protimiza Experimental Design. The fractional factorial design matrix is shown in Table 1.  
 
Table 1 – Fractional 24-1 experimental design matrix. 

 
FRACTIONAL FACTORIAL DESIGN 24-1 

Experiments Agitation speed pH EMA 1-Octanol 
PUF/ENB 1 300 3 0.425 1 
PUF/ENB 2 300 3 0.825 3 
PUF/ENB 3 700 3 0.425 3 

PUF/ENB 4 700 3 0.825 1 
PUF/ENB 5 300 4 0.425 3 
PUF/ENB 6 300 4 0.825 1 
PUF/ENB 7 700 4 0.425 1 
PUF/ENB 8 700 4 0.825 3 
PUF/ENB 9 500 3.5 0.625 2 
PUF/ENB 10 500 3.5 0.625 2 
PUF/ENB 11 500 3.5 0.625 2 

 

The U/F ratio was kept at 1:1.9, and ammonium chloride and resorcinol were kept at 0.25 g and 0.25 
g, respectively.  
 
PUF/ENB microcapsules synthesis  
 
The synthesis of microcapsules was supported by the studies of [7,8], and were performed under 
different conditions, according to Table 1. The PUF/ENB synthesis system was prepared using a 
heating mantle, a three-neck flask, a mechanical stirrer, and a thermometer. The synthesis flowchart 
(Fig. 1) illustrates the synthesis steps. Initially, the EMA was dissolved in 25 mL of deionized water. 
Then, the urea, the ammoniun chloride and resorcinol were dissolved in 100 mL of deionized water 
and right after, the dissolved EMA was added. Then, the pH of the synthesis was adjusted according 
to the experimental condition of the design, followed by transfer to the three-neck flask, addition of 
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the dispersed phase (ENB), the 1-octanol droplets and formaldehyde (mL). Finally, the synthesis was 
performed fixing the temperature at 55 ºC for 4 hours, under mechanical agitation. Aiming to validate 
the experimental design, the experiments were also performed in three central points.

Figure 1 – Synthesis of microcapsules of PUF/ENB flowchart

Microcapsules characterization method 

The microcapsules morphology was observed using a scanning electron microscopy (Hitachi 
Tabletop Microscope – TM-3000), and the software TM3000. To obtain the normal distribution of 
the microcapsules diameter, the images were analyzed using Image J software, and for each specimen 
result, at least one hundred measurements were done. 

Results and Discussion 

SEM  images analysis

To evaluate quantitatively and qualitatively the microcapsules, measurements and editions were 
obtained through ImageJ software, with the contribution of SEM images. In aiming to observe the 
most significant microcapsules (PUF/ENB 3, 4, and 8), Fig. 2 showed the SEM images, as also the 
histogram with the normal distribution of the microcapsules. 
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Figure 2 – Morphology observations in SEM images: (a) PUF/ENB 3 microcapsules; (b) PUF/ENB 4 
microcapsules and (c) PUF/ENB 8 microcapsules  
 
In Fig. 2 it is shown microcapsules having superior characteristics, including a few residues of U/F, 
smoother walls, distribution of the mean diameter tightest, as well as symmetrical and regular spheres. 
Therefore, the SEM analyses helped in establishing the best synthesis conditions in the fractional 
design that evidently resulted in microcapsules with more uniform morphological characteristics. 
 
Average diameter of microcapsules 
 
To determinate the average diameter, one hundred measurements were made for each sample. After 
the analysis, it was observed that most of the microcapsules presented average diameter about 150 
μm. The PUF/ENB 4 and 8 samples showed an average diameter of 78.79 and 54.28 μm, respectively. 
The Fig. 3 shows the Pareto chat for the average diameter of microcapsules.  
 
Figure 3 – Pareto chart for average diameter for a confidence level of 90% [9]  
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It was observed that variables X1 and X3 (stirring and EMA content) are statistically significant for a 
90% confidence level. According to [6], it is expected that stirring rate and EMA content, a emulsifier, 
exerts significant effect on the microcapsules diameter, as well as their morphology. It is possible to 
affirm that when the agitation rate and the EMA content increase, microcapsules with smaller 
diameters are obtained, as was seen in the PUF/ENB 4 and 8 samples in Fig. 2. The increased agitation 
rate promotes the formation of microcapsules with smaller diameters [7,8,10]. And the higher EMA 
content contributes to the stability and dispersion of the emulsion, also enhancing the formation of 
the microcapsules.   
 
Conclusions  
 
From the analyzed parameters, the EMA content and stirring rate exerted more significant effects on 
the response variable, for a confidence level of 90%. Microcapsule samples with satisfactory 
properties such as particle symmetry, less U/F residue, uniform shell, tight diameter distribution, were 
found out of the central points. To obtain the optimal conditions of the synthesis process, it is 
necessary to develop the complete design with the variables that exerted significant effect in the 
fractional design.  
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Abstract:

Given the significant environmental impact caused by fossil-based polymers, it is essential to explore ways to 
minimize this impact by studying and developing products that can reduce damage to the environment. In addition to 
investigating important properties to ensure competitiveness with materials already present in the market, enabling their 
possible substitution. From this perspective, this study aims to use environmentally friendly compounds to investigate the 
modification of biodegradable polymers. Commercial cassava starch, glycerin, and different types of organic acids, Citric, 
Tartaric, and Succinic, were used to modify starch through reactive extrusion. The results obtained from structural and 
thermal characterizations suggest that starch esterification occurred, and new chemical bonds were formed between the 
chains.

Keywords: Modified starch, reaction extrusion, biodegradables polymers

Introduction:

For over 100 years, synthetic polymers have been devolved from fossil sources. These 
compounds have contributed to expanding the petrochemical industry, offering a wide range of uses 
and applications. Due to their low cost, low density, rapid processing, acceptable optical, mechanical, 
and barrier properties, as well as various functionalities, these materials have excelled in the market 
and proven extremely useful in multiple sectors. However, despite their advantages, these materials 
have caused a significant environmental impact, particularly on a large scale, creating financial 
challenges for their reuse and taking extended periods to degrade in the environment. From this 
perspective, employing and developing materials that minimize environmental harm becomes 
necessary, contributing to a more sustainable and environmentally conscious society [1].

Starch is a natural polymer and, therefore, biodegradable. Moreover, it is widely available and 
cost-effective, making it an attractive candidate for replacing fossil-based polymers. Adding
plasticizers is necessary to process starch, resulting in the formation of thermoplastic starch (TPS). 
Thermoplastic starch is considered a biodegradable material, and its production involves 
modifications in both intramolecular and intermolecular interactions. However, its mechanical 
properties are still deemed insufficient for broad applicability. As a result, extensive research has 
focused on chemically modifying this material through acid reactions using natural organic acids or 
those derived from metabolic pathways, intending to obtain a material with improved physical, 
chemical, and mechanical properties. The objective is to use these polymers in a biodegradable, 
ecological and sustainable way. Such structural modifications can alter chemical properties, aiming 
at mechanical improvement and resistance to solubility [2].
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This study aims to assess the impact of chemical reactions occurring during the extrusion 
process, in the presence of structurally different organic acids, on the properties of thermoplastic 
starch. Thermoplastic starch modified by three different acids commonly used in the food industry 
was produced, and its structural and thermal properties were evaluated. 
 

  
Experimental 
 

For the production of TPS and the respective modified starches, commercial cassava starch, 
citric acid (analytical grade), tartaric acid (analytical grade), succinic acid (analytical grade), and 
glycerin (analytical grade) from the brand Synth were used. 

The starch was dried in an oven at 120 °C for 2 hours and then transferred to a low-density 
polyethylene envelope. Mass percentages of 1%, 3%, 7%, and 15% of the organic acids were added. 
After homogenization, 30% glycerin was added. Subsequently, the formed mass was manually mixed 
until it detached from the container walls. The process was conducted separately for each type of 
organic acid and their respective concentrations. A Thermo Scientific single-screw extruder, Haake 
Polylab model, was utilized. The extruder operated at a torque of 30 rpm and temperatures of 100 °C, 
120 °C, 120 °C, and 110 °C in the four heating zones. 

FTIR analyses were conducted for the samples of modified TPS with citric acid (TPSC), 
succinic acid (TPSS), and tartaric acid (TPST). The infrared spectroscopy was performed with the 
Shimadzu IRPrestige-21 Spectrophotometer with an ATR accessory. Thirty scans were performed at 
room temperature between 4000 and 400 cm-1.  

To analyze the thermal stability of the polymers obtained, thermogravimetric curves were 
generated in synthetic air flow, varying the ambient temperature up to 600 ºC and heating rate of 10 
ºC min-1 in the DTG- 60H from Shimadzu with an average mass of 8 mg. 
 
Results and discussion  
 

The spectra show a broad and intense absorption in the range between 3292 cm-1 and 3282 
cm-1, characteristic of the -OH stretching vibrations present in the starch structure. The bands 
appearing in the spectrum around 2930 cm-1 and 2880 cm-1 are related to the axial deformations of 
the primary and tertiary -C-H bonds, respectively. For the TPSS spectra, a prominent absorption can 
be observed at 1418 cm-1, which may be associated with the coupling of angular deformation in the 
plane of the -O-H bond and the axial deformation of -C-O from the carboxylic acid derived from the 
succinic acid structure. The absorption bands between 1200 cm-1 and 1244 cm-1 and 1005 cm-1 and 
1011 cm-1 are associated with the stretching vibrations of the -C-O-C- group from unsaturated esters 
from a starch structure. 

The band appearing between 1730 cm-1 and 1690 cm-1 is associated with stretching the 
carbonyl -C=O bond from the ester present in the chemical structure of carboxylic acids and absent 
in starch. This absorption band can be shifted to lower energy regions due to intra- or intermolecular 
chemical group interactions. The relative intensity of the band with the increases within the content 
of all carboxylic acids used can be observed in Figure 01. In order to verify if this band could be 
associated with the presence of carboxylic acids on the surface due to the excess acid added, samples 
of all materials were immersed in distilled water and dried in an oven. FTIR spectra were obtained 
again, and no significant changes were observed, indicating that the additives may not function as 
crosslinking agents or plasticizers. 
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Figure 1: FTIR spectra obtained for the modified starch samples, TPSC, TPSS, and TPST. 
 

Figure 2 shows TGA curves obtained to thermoplastic starch after and before modification 
with citric acid (TPSC), succinic acid (TPSS), and tartaric acid (TPST). In general, TGA curves of 
TPS, the three modified starch, TPSS, TPST, and TPSC, present a similar profile whit a four-step 
mass loss in addition to the first stage of mass loss related to the elimination of moisture and low 
molecular weight molecules.      

 
 

 
 
 
 
 
 

 
 

 
Figure 2: TGA curves  modified starch TPSC, TPSS, TPST (respective percentages of acid) and TPS. 
 
For the modified samples TPSC,TPSS and TPST it was observed the occurrence of 5 events. 

The first and second have coupled outputs related to moisture loss as well as the output of smaller 
molecules contributing to the degradation of glycerin. 

A third event may be related to the decomposition of low molar mass chains resulting from 
the esterification and glycosidation reaction, facts that are observed in the FTIR analyses. The 
decompositions referring to the fourth and fifth event occur in a similar way to what was observed 
for the third and fourth event for the TPS sample, being related to starch degradation, as well as its 
residues.  

It was observed that the materials modified with acids with higher amounts of carboxylic 
functionalities showed lower thermal stability than the others. this fact may be linked to the fact that 
these molecules are more likely to undergo hydrolysis, reversing the polymerization reaction and 
facilitating decomposition [2] 

 
Conclusion 

 
Studies show the effectiveness of starch esterification due to evidence of possible structural 

changes. In the spectroscopy analysis in the infrared region (FTIR), it was possible to observe the 
formation of carbonyl groups, from the appearance of bands in the region close to 1700 cm-1. It can 
be suggested the occurrence of modification by chemical esterification reactions involving the 
hydroxyl groups of the starch and carboxyls of the acid. 
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As for the thermogravimetric analysis, it was possible to observe the occurrence of thermal 
events that are not seen in the starting materials, suggesting that the reactive extrusion promoted the 
formation of chemical bonds between the chains of starch, glycerin, and their respective acids. 
Structural and mechanical studies are in the testing phase and may provide more conclusive evidence 
for the processed material. 
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PRODUCTION OF GREEN POLYURETHANES

Ângela G. L. L. Andrade1*, Sérgio H. Pezzin1

1 –Department of Chemistry, Santa Catarina State University (UDESC), Joinville, SC, Brazil
angela.lechinski@gmail.com

Abstract – Aiming to the development of new synthetic routes for polyurethanes (PU) from raw materials exclusively 
from renewable sources, a 'green' synthesis of 1,8-diisocyanatooctane (DIO) was carried out from fatty acid derivatives
by a method without the use of phosgene. The three-step synthetic route started from dimethyl sebacate, with the 
preparation of decanedihydrazide and decanedioyl diazide as intermediates, under nitrogen atmosphere. FTIR and ¹H 
NMR analyses confirmed the structure of the diisocyanate, which is a promising 'green' alternative to be used in the 
production of more sustainable polyurethanes by reaction with suitable polyols from biomass.
Keywords: Isocyanate, fatty acids, renewable sources, green synthesis.

Introduction 

Polyurethanes (PU) are the result of the reaction between polyols and di- or poly-
isocyanates. Due to its chemical versatility, it is possible to adapt to many structures, by selecting 
the most suitable polyol or isocyanate for the desired purpose. Sometimes, its synthesis is carried 
out through chemical routes that do not consider its adverse consequences, using raw materials 
derived from fossil products and substances harmful to health, for example [1]. However, the search 
for potential raw materials from renewable sources that resemble or exceed the efficiency of these 
materials, mainly from the oil industry, has gained great prominence in the scientific community 
[2]. In the literature, there are numerous attempts to replace materials from the petrochemical 
industry or create new materials from renewable sources [3-4].

The preparation of isocyanates to produce PU can occur in numerous ways, although the 
most used method on an industrial scale involves the reaction between gaseous phosgene (COCl2) 
with amines or their corresponding salts [5]. The high toxicity, combined with the growing 
environmental appeal, has led to the development of new routes for the preparation of isocyanates 
without the use of phosgene. Lossen, Curtius and Hoffmann rearrangements, and the use of 
phosgene equivalents such as di and triphosgene, for example, are some of the alternative methods 
employed for its replacement. In this perspective, there are fatty acids, such as sebacic acid, which 
is a naturally occurring dicarboxylic acid, which is still little explored for obtaining isocyanates [6]. 
Studies have shown that isocyanates from fatty acids, when reacted with a suitable polyol, can 
improve the thermal properties of PU [3,7].

Therefore, in this work we propose the synthesis and characterization of an isocyanate from 
a renewable source from sebacic acid derivatives, for the production of 1,8-diisocyanatooctane
(DIO).
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Experimental  
 
Dimethyl sebacate synthesis 
Dimethyl sebacate was produced according to the procedure described by Kunkuma et al. [8]. In a 
200 mL kitassato, 15 g (74 mmol) of sebacic acid 99% (Sigma Aldrich), 2 mL of sulfuric acid 95 – 
97% (Biotec) and 100 mL of methyl alcohol 99,8% (Honeywell) were added at 65 °C for 5 hours. 
At the end of the reaction, the reaction mixture was cooled to room temperature, being extracted 
with ethyl acetate 99,5% (Reatec) (200 mL). The organic phase was successively washed with 
water (4 times of 50 ml) until neutral pH. Anhydrous sodium sulfate 99% (Dinâmica) was used for 
drying the organic phase. With the rotary evaporator, the solvent was removed. Purification was 
carried out on a silica gel column, using a mixture of hexane and ethyl acetate 99,5% (Reatec) (v/v, 
95:5) as eluent, resulting in the end dimethyl sebacate in liquid form. Final mass obtained: 16.8 g. 
Yield: 99%. 
 
Fattty acid based isocyanate synthesis 
The isocyanate synthesis route was based on the produced reported by More et al. [3], involving 
three steps to obtain 1,8-diisocyanatooctane (DIO) (Figure 1). 
 
Step 1: Synthesis of decanedihydrazide (DDH) 
In a round bottom flask were added dimethyl sebacate (32 g, 138.94 mmol), hydrazine hydrate 99% 
(Sigma Aldrich) (34.77 g, 694.74 mmol) and ethanol 96% (Honeywell) (150 mL). The reaction 
mixture was stirred at 35°C for 48 hours under a nitrogen atmosphere. At the end, the rotary 
evaporator was used to evaporate the excess of solvent, obtaining a white powdery solid. 
 
Step 2: Synthesis of decanedioyl diazide (DDD) 
In step 2, dihydrazinedecane (4 g, 17.39 mmol) was reacted in a beaker kept cooling at 0 °C with a 
solution of concentrated hydrochloric acid 37% (Reotec) (6.34 g, 173.91 mmol) and acetic acid 
98% (Cinética) (10 mL). Soon after 30 mL of dichloromethane 99,9% (Scharlau) were added. Then, 
under vigorous stirring, an aqueous solution of sodium nitrite 97% (Dinâmica) (6.48 g, 93.91 mmol 
+ 15 mL of water) was slowly dropped onto the reaction mixture. After the completion of the 
addition, the reaction mixture was kept under stirring for 30 minutes at 0 °C. In the next step, the 
organic phase was separated and washed with a 0.1 mol·L-1 aqueous solution of sodium 
hydrogencarbonate 99,7% (Dinâmica) (twice), followed by a 0.1 mol·L-1 solution of sodium 
chloride. Finally, drying was performed with anhydrous sodium sulfate. The solvent was evaporated 
with the rotary evaporator at room temperature. 
 
Step 3: Synthesis of 1,8-Diisocyanatooctane (DIO) 
In the third and last step, the previously prepared DDD (3 g, 11.60 mmol) was mixed in a round 
bottom flask with tetrahydrofuran 99% (Dinâmica) (40 mL) under a nitrogen atmosphere for 6 
hours. After completion of the reaction, the solvent was removed using a rotary evaporator. Then, 
10 mL of petroleum ether was added to the compound and passed through a silica gel column to 
purify the substance. Finally, the compound was rotary evaporated to evaporate the solvent.  
 
Characterization  
Fourier transform infrared spectroscopy (FTIR) has been performed in a Bruker INVENIO-S 
equipment. The samples were measured in transmission mode at 4 cm-1 resolution, from 450 to 
4,000 cm-1. 
Proton nuclear magnetic resonance (¹H NMR) was measured in a Bruker AVANCE III HD 
400MHz spectrometer, using deuterated chloroform (CDCl3) as a solvent. 
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Figure 1 – Synthesis route for DIO production. 
 
Results and Discussion  
 
 Initially, the characterization of the synthesized dimethyl sebacate was carried out, a 
necessary reagent for the synthesis of diisocyanate. FTIR and ¹H NMR spectra were performed and 
compared with a commercially available dimethyl sebacate standard (Sigma Aldrich). The main 
absorption bands related to the main functional groups present in the structure of the molecule were 
observed, such as -C=O and -C-O- ester bonds. The ¹H NMR spectra also allowed the identification 
of the hydrogens present in the dimethyl sebacate structure. Kunkuma et al. (2013) in their studies 
for the synthesis of dimethyl sebacate, reported the same trends observed in the FTIR and ¹H NMR 
spectra for both the synthesized and the commercially available molecule, indicating success in the 
synthesis. 

The FTIR spectra (Figure 2) show the absorption bands of the synthesized diisocyanate. In 
the initial stage of DDH formation, two absorption bands with moderate intensity are observed at 
3310 and 3291 cm-1 related to the presence of the -NH2 and -NH functional groups, while at 1629 
cm-1 there is a strong absorption typical of amide carbonyl. For the DDD formation stage, at 2135 
cm-1 the appearance of a strong band can be observed, which can be attributed to the presence of 
azide (N3) in the molecule. At 1706 cm-1 a band of strong intensity is due to the presence of the 
carboxyl that directly performs a chemical bond with the azide (-CON3). Finally, for the spectrum 
of obtaining octane 1,8-diisocyanate (DIO) at 2256 cm-1, a strong absorption relative to the 
formation of the isocyanate bond (NCO) in the molecule is observed. More et al. [3] describe 
similar results for the synthesis of DIO regarding the formation of absorption bands, corroborating 
the spectral profiles obtained. 
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Figure 2 – FTIR spectrum for the synthesized isocyanate: 1,8-diisocyanatooctane (blue), decanediol diazide 
(red) and dihydrazinedecane (black). 
 

Figure 3 shows the ¹H NMR spectrum for the synthesis of DIO performed in DMSO-d6. For 
the stage of obtaining the DDH, the chemical shift relative to hydrogen (-NH-) of the amide bond is 
observed at 8.92 ppm (s, CH2-CONHNH2). At 4.15 ppm (s, CH2-CONHNH2) shifts of the primary 
hydrogens (-NH2-) of the amide are formed. The chemical shift of 1.98 ppm (t, J = 7.75 Hz, CH2-
CO) is attributed to the neighboring hydrogens of the carboxyl present in the DDH structure. It is 
also observed the formation of a peak between 1.35 – 1.55 ppm (m, CH2-CH2CO) attributed to the 
chemical displacement of the distant hydrogens in two chemical bonds of the amide carboxyl. 
Finally, at 1.10 – 1.25 ppm (m, CH2) the formation of a peak is seen relative to the hydrogens 
internal to the chain, which consequently are further away from the -C=O- bonds of the amide, 
suffering less influence in their chemical shift values. 

Also in Figure 3, the ¹H NMR spectrum for DDD, which was carried out in CDCl3, can be 
seen. This shows at 2.26 ppm (t, J = 7.13 Hz, CH2CO) a chemical shift attributed to the neighboring 
hydrogens of the azide carboxyl. The region around 1.40 – 1.60 ppm (m, CH2-CH2CO) refers to 
hydrogens separated by two carboxyl bonds. Peaks at 1.10 – 1.30 ppm (m, CH2) are attributed to the 
main chain methylenes, which suffer less influence from the carbonyl in their chemical shifts. 

Finally, for the DIO spectrum (Figure 3), which was performed in CDCl3. It is observed at 
3.23 ppm (t, J = 6.83 Hz, CH2NCO), the appearance of a small peak related to the chemical shift 
attributed to the neighboring hydrogens to carboxyl. At 1.40 – 1.60 ppm (m, CH2-CH2CO) we have 
the chemical shift relative to the distant hydrogens in two carboxyl chemical bonds. In the region of 
1.10 – 1.30 ppm (m, CH2), we observe the formation of peaks related to the -CH2- bonds internal to 
the chain, which suffer less influence from the carboxyl in their chemical shifts. 

The patterns of ¹H NMR chemical shifts are similar to those obtained in the work developed 
by More et al. (2013) for the synthesis of new isocyanates based on fatty acids, where the authors 
synthesized DIO following a synthetic route similar to that described here.  

For the three stages of synthesis to obtain DIO, it was observed that the generated spectra 
presented coherent and characteristic chemical shifts for each of the synthesized compounds, which 
were very similar to the studied literature. Based on this, it is possible to state that the isocyanate of 
interest for this work was successfully synthesized. 
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Figure 3 – ¹H NMR spectra for the synthesized isocyanate: DDH (blue), DDD (red) and DIO (green). 
 
Conclusions  

 
The synthesis of octane 1,8-diisocyanate was successfully performed from renewable raw 

material, without the use of phosgene, by a 'green' synthesis using fatty acid via diacyl hydrazine 
intermediate. The presence of the main functional groups in the diisocyanate structure can be 
observed through FTIR spectroscopy. ¹H NMR spectra confirmed that DIO had formed. The 
synthesized diisocyanate presents itself as a promising 'green' alternative to be used in the synthesis 
of polyurethanes. 
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Abstract
In recent years, there has been an increasing trend of replacing the use of petrochemical derivatives with bio-
based alternatives. In this study, the objective was to develop entirely bio-based novolac resins from cashew 
nutshell liquid (CNSL) as alternative anticorrosive coatings for steel. CNSL and furfural were reacted using 
a solvent-free method to create the bio-based polymers. The coating preparation involved combining the 
CNSL-based novolac resin with a commercial epoxy resin (DGEBA), along with 1-methylimidazole as an 
accelerator. The resulting coatings were characterized in terms of their crosslink density, thermal stability, 
and anticorrosive properties. The results indicated that the coatings exhibited a high impedance module. 
These findings demonstrate the promising potential of the developed bio-based novolac coating as a partial 
replacement for the commercial resin used in corrosion protection applications.

Keywords: organic coating; bio-based coating; corrosion protection; CNSL; agrowaste.

Introduction
Corrosion is one of the biggest problems related to the use of metals and causes major 

problems to industries. Organic coatings are one of many strategies used to protect the metal from 
corrosion, acting as a physical barrier isolating the metal from corrosive media and extending their 
useful life [1]. In this context, epoxy resins are a class of thermosetting polymer widely used in the 
largest part of the coating market. Epoxy resins have an excellent combination of mechanical 
properties, high chemical resistance, adhesion capacity, thermal stability and easy processability
[2]. Despite all these advantages, the commercially available epoxy resins (bisphenol A diglycidyl 
ether - DGEBA) are synthesized and involve a phenolic precursor derived from petrochemical 
resources (bisphenol A - BPA) and studies have shown that BPA can cause severe risks to human 
health and the environment [3-4].

The scientific community has been prospecting different types of compounds that have 
the capability to act as precursors in the development of partially/fully biobased thermoset polymers 
that may reduce and/or replace the use of BPA with good properties. Among them, CNSL has 
attracted the attention of scientists due to its abundance in nature and rich chemical composition 
composed mainly of phenolic structure. From the vast possibilities of chemical modifications to 
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obtain new materials from CNSL, the production of phenolic resins stands out. Phenolic resins are 
obtained through the condensation reaction between phenol and formaldehyde, and CNSL is one of 
potential substitutes in the synthesis. Also, due to their excellent properties, they are widely used as 
adhesives for wood, in plastic production, insulation materials, composites and coatings [5]. In this 
context, there are works in the literature that present the use of CNSL and its constituents as an 
alternative in the production of resins for application as an organic coating [6-8] and as a substitute 
for DGEBA [6] in the production of coatings and which has shown excellent potential for this use. 

Therefore, the aim of this work was the direct use of CNSL without prior separation of 
its components, for novolac resin production to evaluate the effects caused by replacing partially 
DGEBA as anticorrosive protective coating for steel surfaces.  

 
Experimental 

The reaction from CNSL and furfural novolac resins was performed according to the 
methodology described by Srivastava et al. [9] with some modifications as shown in Fig. 1. 

 
 

Figure 1. Reaction scheme of CNSL-Fu novolac resin synthesis. 
 

Novolac-based resins coatings were prepared from a mixture of CNSL-Fu, DGEBA and 
1-methylimidazole (1-MIM), using toluene as solvent. The preparation of the novolac-based resin 
involved the solubilization of CNSL-Fu and DGEBA using toluene as co-solvent, and a certain 
amount of 1-MIM as a catalyst.  

Table 1 shows the quantity of reagents used in the preparation of novolac/epoxy 
coatings. Preparation of coatings was performed by adding varying amounts of novolac resin (20 to 
50% w/w) to the epoxy resin and 1-MIM (5% w/w in relation to DGEBA) under mechanical stirrer.  

To evaluate resin properties such as polymeric coating, carbon steel plates were coated 
with this formulation and then curing was done by controlled temperature program: 80, 100, 120 °C 
for 1 h. The coated substrates were submitted to a post curing process at 150 °C for 1h and 160 °C 
for 2h. The cured samples were conditioned at room temperature for 24 h and then were 
characterized as to their chemical resistance, density of crosslinks (ASTM D2765) [10], thermal 
stability (TGA) and anticorrosive properties. 

 
Table 1. Reagents used in the production of coatings. 

Coating Mass of 
novolac (g) 

Mass of 
DGEBA (g) 

Volume catalyst 
(μl) 

Volume toluene 
(μl) 

DGEBA/Nov20% 0,6 2,4 115,9 170 
DGEBA/Nov30% 0,9 2,1 101,4 170 
DGEBA/Nov40% 1,2 1,8 86,9 170 
DGEBA/Nov50% 1,5 1,5 72,4 170 
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Results and Discussion 
Table 2 shows the results of the chemical resistance tests presented by the thermosetting 

polymers obtained from bio-based resin (DGEBA/CNSL-Fu), when subjected to tetrahydrofuran 
(THF). 

 
Table 2. Gel content ant thermal properties of DGEBA/Nov coatings. 

Sample Name Gel content (%) Tonset Td30% CY (%) 

DGEBA/IPDA 99 359 370 7,0 
DGEBA/Nov20% 100 402 412 9,1 
DGEBA/Nov30% 97 406 417 9,1 
DGEBA/Nov40% 96 403 416 9,5 
DGEBA/Nov50% 94 403 416 8,5 

 
Table 2 shows that the insertion of novolac in the resin had significant effect on the 

chemical resistance of the polymer obtained. These results also suggest that partial replacement of 
DGEBA by novolac resin affected the formation of crosslinks between polymeric chains, despite 
the fact that novolac has reactive functional groups that can catalyze the opening of oxirane rings 
and the decrease of this valor might be a greater portion of novolac in relation to the others, was not 
crosslinked. Thus, the insertion of a phenolic molecule such as novolac structure in the epoxide 
group could confer interesting properties to the final material, such as rigidity and chemical 
resistance, due to the high amount of aromatic structures present in the final material. 

The thermal behavior was performed for cured polymers to investigate the thermal 
stability of materials under nitrogen atmospheric conditions by thermogravimetric analysis and the 
results are shown in Fig. 2.  

 

 
Figure 2. Thermal degradation profile of CNSL-Fu uncured and polymers under inert atmosphere conditions. 

 
It is possible to observe that the partial replacement of DGEBA by novolac resin causes 

an increase in thermal stability, as observed by the values of initial degradation temperature (Tonset) 
showed in Table 2. The system epoxy/novolac provided a high crosslinking density of novolac 
resin, which in turn is more stable at high temperatures compared to the uncured resin. Also, it is 
possible to notice that the insertion of novolac causes a considerable increase in the final pyrolysis 
residue at 800°C. This behavior is due to the density of the aromatic ring, which undergo 
recondensation reactions at high temperatures, forming a high amount of carbonaceous material, 
which prevents the diffusion of heat between the polymer and the environment, delaying its 
emission. This property is extremely interesting for this class of resins, as epoxy resins are highly 

76



 

Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

flammable and, therefore, the addition of bio-based novolac to these resins, in addition to increasing 
hydrophobicity, can provides flame retardancy. 

Electrochemical impedance spectroscopy (EIS) was performed to evaluate the 
anticorrosive potential of the coatings on the 1020 steel surface. The impedance measurements 
obtained after 38 days of immersion in 3,5% NaCl solution at room temperature are shown in Fig. 
3. The values of modulus of impedance obtained from the Bode diagram at the lowest frequency are 
presented in Table 3. The thicknesses of all coatings were measured in the range of 80-100 μm. 
 

 
Figure 3. Evaluation of degradation over time by Bode plot: a) start immersion; b) after 38 days immersed in 
NaCl 3.5% at room temperature. 
 
Table 3. Corrosion parameter of coatings. 

Coating Coating Resistance (ohm.cm2) 
start immersion  

Coating Resistance (ohm.cm2) 
After 38 days of immersion 

DGEBA/IPDA[11] 5,19 x 10 - 
DGEBA/20%Nov  7,98 x 108 2,21 x 107 
DGEBA/30%Nov  8,07 x 108 2,01 x 109 
DGEBA/40%Nov  1,01 x 1010 2,31 x 109 
DGEBA/50%Nov  1,85 x 1010 3,08 x 1010 

 
 
It is evident that the impedance value, represented by the coating resistance (Rc) is 

higher for the commercial coating (DGEBA/IPDA) when compared to the bio-based novolac 
coating. This behavior indicates that the insertion of novolac in the epoxy resin causes a 
considerable decrease in the capacity of the coating to act as a physical barrier. This may be due to 
the presence of the long aliphatic side chain in the cardanol molecule. However, the novolac-based 
coating exhibits comparable values to the commercial resin and still can hindering the transfer of 
charge between the metal and the solution, preventing its oxidation. This study revealed that all 
coatings presented values of Rc higher than 106, which is indicative the paint is viewed as being a 
good organic coating [12]. Therefore, such results indicate the potential of epoxy resin incorporated 
with bio-based novolac as an anticorrosive polymeric coating.  
 
Conclusions 
This study makes a noteworthy contribution to the research and advancement of sustainable 
materials by investigating the utilization of CNSL as a promising substitute for petrochemical 
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phenol in the production of novolac phenolic resins. Furthermore, the feasibility of furfural as a 
replacement for formaldehyde was explored using a straightforward approach. These discoveries 
advocate for an alternative framework in the development of bio-based resins, which holds 
significant significance in the realm of sustainable materials. 
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Abstract - The study aimed to synthesize the emollient ester octyl oleate via an enzymatic route using 
immobilized pancreatic lipase on a magnetized polymeric support composed of styrene and triethylene 
glycol dimethacrylate. The copolymer synthesis process was carried out through suspension 
polymerization with the addition of Fe2+ and Fe3+, and the lipase was immobilized using the physical 
adsorption technique. The ester syntheses were performed using an equimolar mixture of alcohol:acid as 
the substrate and 10% w/w of biocatalyst in a temperature range of 35-55 ºC. Various analyses were 
conducted to quantify enzymatic activity, resulting in values of 389.94 ± 61.27 U g-1 for the synthesis of 
ethyl oleate and 1262.53 ± 19.74 U g-1 for the hydrolysis of olive oil. The results demonstrated that the
maximum conversions of oleic acid were achieved at temperatures of 50 and 55ºC (82% and 64%, 
respectively), confirming the suitability of the copolymer used as a support and the immobilization 
method employed, as the temperature range of lipase activity was expanded.

Keywords: Magnetized copolymer; immobilization; pancreatic lipase; emollient ester.

Introduction

The demand for new technologies and environmentally sustainable industrial 
processes has driven the development of innovations employing enzymatic methods for 
the production of pharmaceuticals, food, cosmetics, among other products. It is 
estimated that by the year 2028, the global enzyme market will experience a growth of 
6.5% when compared to the 2021 market, which was valued at approximately US$ 11 
[1-3].

Enzymatic processes employing lipases as biocatalysts, enzymes belonging to the 
class of hydrolases, have become promising technological sources, as they can be used 
in a variety of application possibilities, such as esterification, transesterification, 
interesterification, and hydrolysis of oils and fats. Lipases demonstrate high efficiency, 
high selectivity and specificity, generating products with high quality and yield 
compared to conventional catalysts, in addition to the possibility of recovery and reuse 
at the end of the bioprocess when immobilized [1,4].

The use of magnetized copolymer based on styrene as a support for lipase 
immobilization has become a promising approach, as they are highly hydrophobic 
matrices, which is suitable for immobilizing this lipase. Additionally, the recovery of 
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the biocatalyst at the end of the reaction is easier, as it can be recovered through 
magnetic force, thus avoiding the need for filtration, centrifugation, or column 
separation [5-6]. 

Therefore, the present study aimed to synthesize octyl oleate via esterification 
using immobilized pancreatic lipase on magnetized poly(styrene-co-triethylene glycol 
dimethacrylate) (LPP-STY-TEGDMA-M), evaluating the influence of temperature on 
the yield of this bioprocess. 

Experimental  
 
The synthesis of the magnetized copolymer was performed using the suspension 

polymerization technique in a jacketed reactor (Fig. 1) with a capacity of 500 mL. The 
polymeric matrix consisted of two phases, organic and aqueous. The organic phase 
comprised styrene (base monomer), triethylene glycol dimethacrylate (TEGDMA) 
crosslinking agent, toluene (high-affinity solvent), and heptane (low-affinity solvent), 
while the aqueous phase consisted of a 1% solution of polyvinyl alcohol (PVA 88% 
hydrolyzed) dissolved in 400 mL of ultrapure water. Purified azobisisobutyronitrile 
(AIBN) initiator was also used, and the synthesized and modified magnetite was 
employed as described by Bento et al. (2017). 

 
Figure 1 – Experimental system used in the polymeric supports synthesis. 
 

 
 
The polymerization reaction was carried out for 6 hours, with the first two hours 

conducted under an inert atmosphere (N2) at a mechanical stirring rate of 310 rpm and 
70°C. After synthesis, the copolymer was washed, dried, and classified 
granulometrically using Tyler mesh sieves (24 - 80) in a sieve shaker. The moisture 
content of the support was also measured to ensure it was below 10%. Subsequently, 
pancreatic lipase immobilization was performed using the physical adsorption 
technique, forming the LPP-STY-TEGDMA-M complex. 

Enzymatic activities of the biocatalyst were evaluated through the synthesis of 
ethyl oleate as described by Pinto et al. (2014), quantified by linearizing the 
consumption of oleic acid, and the hydrolysis of olive oil, as proposed by Soares et al. 
(1999), quantified according to Equation 1. For the synthesis of octyl oleate, a molar 
ratio (acid/alcohol) of 1:1 and a biocatalyst concentration of 10% (w/v) were 
established. The syntheses were conducted in batch mode in agitated flasks, under 
stirring at 150 rpm and temperatures ranging from 35 to 55°C. The acid consumption 
was quantified by titration using a 0.04 mol L-1 KOH solution and phenolphthalein as an 
indicator (Equation 2).  
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(1)

                                                                                                
(2)                                                        

Where: Va is the volume of KOH used in the titration in mL, Vb is the volume of KOH 
in the blank titration, M is the concentration of KOH in mol L-1, t is the time in minutes, 
m is the mass of biocatalyst used in grams, V is the volume of KOH in mL, MM is the 
molar mass of the carboxylic acid in g mol-1, and v is the volume of the collected 
aliquot.

Results and Discussion

Characteristics of the support and enzymatic activity of the biocatalyst

The characteristics of the support and the quantification of the catalytic activity of 
the LPP-STY-TEGDMA-M biocatalyst are presented in Table 1.

Table 1: Characteristics of the polymeric support and the LPP-STY-TEGDMA-M 
biocatalyst.

Analysis Values
Esterification activity (U g-1) 389,94 ± 61,27a

Hydrolytic activity (U g-1) 1262,53 ± 19,74a

Hysteresis (emu g-1) 4,79b

Pore volume (cm³ g-1) 0,15 b

Average pore diameter (nm) 9,90 b

Surface area (m² g-1) 44,00 b

Swelling degree (%) 3,58 b

a – author own 
b - Rosa, 2019

The polymeric support synthesized in the present work (STY-TEGDMA-M) was
also studied by Rosa, 2019, who analyzed the optimal synthesis conditions and 
characterized it, highlighting some parameters, as shown in Table 1.

In a study conducted by Zou et al. (2010), where mesoporous silica was used as 
an immobilization support for pancreatic lipase, a hydrolytic activity of 975 U g-1 was 
obtained, which is lower than the activity of the LPP-STY-TEGDMA-M biocatalyst 
(1262.53 ± 19.74 U g-1) developed in this work. Thus, the suitability of the polymeric 
matrix and immobilization method used in the present study for pancreatic lipase 
immobilization can be confirmed.
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Influence of temperature on the synthesis of octyl oleate 
 

Figure 2 shows the conversion profile obtained for the synthesis of octyl oleate at 
different temperatures using pancreatic lipase immobilized in magnetized copolymer as 
the biocatalyst. 

 
Figure 2 – Conversion profile of oleic acid in the esterification reaction for the synthesis of 
octyl oleate in the temperature range of 35-55 ºC. 
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According to Figure 2, it can be observed that the highest conversions were 
obtained at temperatures of 50 and 55ºC, reaching 82% and 64% respectively. These 
results show the efficiency of the support and the method adopted, considering that the 
optimal temperature range for free pancreatic lipase is 35-45 ºC [10], indicating that the 
immobilization of this lipase on the STY-TEGDMA-M support provided greater 
stability to the enzyme, allowing its catalytic activity at higher temperatures. 

Lei et al. (2009) immobilized LPP on magnetized polymeric microspheres to 
catalyze the synthesis of hexyl acetate at 50ºC in a solvent medium and achieved 
maximum conversions of 83%. This demonstrates the high efficiency of the biocatalyst 
tested in this study, as the syntheses conducted in the current research did not involve 
the use of solvents. 

However, a decrease in conversion was observed in the synthesis conducted at 
55ºC after 24 hours of reaction. This observation may be related to a possible decrease 
in the stability of the biocatalyst when exposed for a longer period of time at this 
temperature. An alternative to overcome this obstacle would be the use of covalent 
immobilization techniques, which could result in a more stable biocatalyst at higher 
temperatures. 

 
 

Conclusions 
 
The results obtained in this study demonstrated the feasibility of using 

immobilized pancreatic lipase in magnetized copolymer for the synthesis of octyl oleate 
ester, as significant reaction yields were achieved. It is noteworthy that the use of 
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pancreatic lipase as a biocatalyst is of high interest, as its cost is more affordable 
compared to other commercially available lipases. 

Furthermore, the suitability of the support used for immobilization can be 
observed, as the synthesized biocatalyst exhibited good performance at higher 
temperatures compared to the optimal range of the free lipase. The use of covalent 
binding immobilization method is suggested to enhance the stability of the immobilized 
enzyme at higher temperatures. 
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Abstract - Among renewable polymers, poly (lactic acid) (PLA) has emerged due to its biodegradable character and
proper performance similar to the engineering resins. In this work, we investigated the effect of Aloe Vera (AV) as a
photoprotective agent for PLA, since AV has polysaccharides and anthraquinones, such as acemannan and aloin,
respectively, able to absorb and dissipate the innocuous energy generated by UV radiation. PLA/AV biocomposites
were photodegraded in an aging chamber for 112 days. Biocomposites with 10% AV displayed higher stability to
photodegradation and a 96% reduction in the content of photodegraded material as evidenced by FTIR measurements. It
is suggested that hydrogen bonds between PLA and AV contribute to the photoprotective effect. Photodegraded
PLA/AV presented reasonable thermal stability, which is supposed to be influenced by PLA crosslinking. Acquired
results point to AV as a proper candidate as a photoprotective agent for PLA, being environmentally friendly, as they
are products from a renewables source.
Keywords: PLA, Aloe Vera, Photodegradation, Thermal degradation
Fundings: CAPES – Coordenação de Aperfeiçoamento de Pessoal de Nível Superior.

Introduction
Poly(lactic acid) (PLA) is a thermoplastic and biodegradable biopolymer, which has stood out as a
substitute for petroleum-based polymers [1]. It presents a wide range of applications, due to its
ability to be processed using most polymer processing equipment [2]. PLA can be thermally
crystallized and additionally modified using additives and copolymers [3]. Nevertheless, PLA is
sensitive to ultraviolet (UV) radiation, due to its C=O chromophore group [2].
The Aloe Vera extract (AV) (inner part of the leaf) is a renewable and low-cost resource, which
appears as a viable alternative to be used as filler in PLA, reducing costs and environmental impacts,
in addition to contributing to better PLA performance, i.e., increase in mechanical strength [4],
greater biocompatibility for application in tissue engineering [5], improvement in optical properties
[6]. AV also displays antimicrobial and UV protection properties, which encourages investigations
of its contributions to polymeric compounds.
The UV power protection of AV is attributed to polysaccharides and aloin, which is due to the
harmful UV radiation (UVC, UVB, and UVA) absorption and the dissipation of innocuous thermal
energy, that is, intramolecular excited state transfer through very fast internal conversion [7].
Although AV has potential UV absorption, so far no studies have been found reporting its use in the
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photodegradation of PLA/AV biocomposites, which is a gap in the literature and technological
applications that are worth investigating.
The main objective of this work was to obtain photostable PLA biocomposites with 1, 5 and 10%
by weight of Aloe Vera; the biocomposites were extruded and the specimens injection molded. The
photodegradation exposure took place in accelerated aging chambers with radiation, humidity, and
temperature control. The chemical and thermal behavior ware investigated, were investigated using
Fourier transform infrared spectroscopy (FTIR) and thermogravimetry (TG).

Experimental
Poly(lactic acid) Biopolymer 3251, extrusion grade 2003D was purchased from NatureWorks
Ingeo™, Minnesota— USA. Freeze-dried Aloe Vera powder with an average diameter of 44.02μm
was provided by Engenharia das Essências Comercial LTDA, São Paulo, Brazil. The PLA/AV
biocomposites, with 1, 5 and 10% of AV, were prepared using a PolyLab Haake torque rheometer
(Massachusetts, EUA), with roller rotors, at 180 °C, 60 rpm, and 10 min. Afterwards, the material
was ground in a knife mill and the specimens were injection molded using an Arburg Allrounder
270C Golden Edition (Radevormwald, Germany), with temperatures in the mold, feed section,
cylinder, and nozzle of 20, 170, 180, and 185 °C, respectively. The injection and hold pressures
were 900 bar and 600 bar with an operation time of 8 s.
The exposure to photodegradation was performed with UVA340 Lightex lamps, purchased from
Elétrica Paulista, São Paulo-Brazil. The specimens were photodegraded at intervals of 0, 7, 14, 28,
56 and 112 days, using an aging chamber, model C-UV Standard from Adexim Comexim-Brazil.
The cycles between light (with temperature of 46.3±1.6 °C and humidity of 19.4% ± 1.9%) and
dark (with temperature of 36.5±1.3 °C and humidity of 37.6% ± 2.6%) of 4 h, controlled according
to ASTM G-154 [8].
Fourier Transform Infrared Spectroscopy tests were performed using a Perkin Elmer Spectrum 400
Series spectrometer (Waltham, Massachusetts, USA) in the infrared range, with wavelengths
ranging from 4000 to 650 cm−1, with the Attenuated Total Refectance (ATR) accessory, under a
spectral resolution of 16 cm−1 and 32 scans.
Thermogravimetry tests carried out using a Perkin Elmer TGA Pyris-1 equipment (Waltham, MA,
USA), samples weighing approximately 4.5 mg were tested in a platinum crucible, heated from
room temperature (~ 23 °C) to 700 °C with a heating rate of 10 °C.min−1, under an inert atmosphere
(N2) with a gas flow of 20 mL.min−1.

Results and Discussion
Figure 1 displays AV spectrum with a band at 3283 cm−1 referring to OH, which may be associated
with phenolic groups of anthraquinones, such as aloin and aloe emodin, or with the mannose
stretching. At 2929 cm−1 belonging to the C–H bonds elongation, in 1635 and 1570 cm−1 possibly
associated with C=O and C=C bonds, respectively, present in aloin and acemannan. In 1351 cm−1

due to axial deformation of C–H, at 1142 and 1010 cm−1 there are axial deformations of C=O and
C–O–C groups due to the ether bonds (ROR) of acemannan [4].
PLA spectrum shows bands at 3008–2853 cm−1 associated with the elongation of CH bond in CH2

and CH3 groups, at 1746 cm−1 due to the C=O elongation vibration of ester carbonyl group, at 1458-
1267 cm−1 related to CH bond (CH2 and CH3) of symmetric angular deformation (scissors), at 1151
cm−1 and 1058 cm−1 which are associated with C=O and C–O–C elongations, respectively, and at
874–704 cm−1 referring to the OH deformation.
PLA/AV biocomposites spectra present bands similar to PLA, without identification of sudden
variations; both have similar chemical groups, whereas bands overlapping is supposed to take place.
It is suggested that this behavior may be associated with possible interactions, such as hydrogen
bonds, of hydroxyl groups between AV and PLA carbonyl, as indicated in Fig. 1 (b, c). These
secondary bonds can help to protect PLA against UV radiation, as acemannan polysaccharide and
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aloin anthraquinone can absorb harmful UV radiation and dissipate innocuous thermal energy,
preventing photodegradation of PLA/AV biocomposites.

(a) (b) (c)
Figure 1 – FTIR spectra of PLA/AV compounds, collected before photodegradation (a), Hydrogen bonds
between PLA and Aloin (b) and PLA and acemannan (c).

As previously reported, PLA photodegradation occurs according to the Norrish II mechanism [2]. A
new peak at 1830 cm-1 referring to anhydride groups, RO=COC=OR, which is characteristic of
photodegradation and/or photo-oxidation processes in PLA, being more evident for neat PLA. AV
addition acts to decrease this band intensity, suggesting that AV can reduce the damage caused by
UV radiation in PLA/AV. AV photo-protection is supposed to be associated with the UV radiation
absorption added to the secondary interactions as indicated in Fig. 1 (b, c) [6]. Aiming at a deeper
understanding of the anhydride groups’ origin during photodegradation, deconvolution of the
absorption band at 1830 cm-1 was performed using the Fityk software. The acquired peaks for PLA
and PLA/10%AV at 0, 56, and 112 days are shown in Fig. 2.
Instability, intensity variation, and complex profile are observed for this band along with the
photodegradation for both compositions, ranging from 1809 to 1843 cm-1 for PLA, and from 1825
to 1842 cm-1 for PLA/10%AV, being more evident in PLA. It is suggested that the
photodegradation chamber moisture also contributes to its decay, as anhydride groups are
unstable/reactive with water, in addition to having two carbonyls in its structure, which are also
reactive in the UV radiation incidence.
In neat PLA, the absorption intensity, referring to the anhydride group, reaches a maximum of
0.0009, while under the addition of 10%AV its intensity is 0.0005, both at 1825 cm-1 after the
period of 56 days. Therefore the addition of 10% AV represents an intensity decrease of 45% in the
anhydride groups’ peak, which corroborates the speculations that Aloe Vera presents potential
protection in PLA/AV biocomposites against UV radiation.

(a) (b) (c)

(d) (e) (f)
Figure 2. Deconvoluted FTIR spectra – absorption band referring to the anhydride group formation due to
the PLA photodegradation. Compositions and photodegradation periods indicated.
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Eq. 1 was used to assess the degree of photodegradation, adopting the reference band, 1458 cm-1

(IR)0→t, and the photodegradation marker band, 1746 cm-1 (IC)0 →t. The bands were integrated using
Fityk software, and acquired plots are shown in Fig. 3.

(1)
Where (IC)t is the band intensity associated with the functional group of interest at time t and (IR)t is
the reference band intensity (a functional group that remains practically unchanged throughout the
investigated reaction).
For PLA, there are variations in the degree of photodegradation ranging among 16.7 %, 25.4 %,
25.5 %, and 28.6 % which are observed between 7 to 56 days, reaching 29.9 % of the degree of
photodegradation after 112 days, it is suggested that this behavior is related to the fact that
photodegradation starts in the amorphous regions of PLA, promoting the formation of caboxyl
groups, thus, acidifying the material, and inducing PLA to autocatalysis [2].
PLA/1%AV presented a degree of photodegradation of 0.5 % in 7 days and 3.9 % in 28 days,
reaching 8.9 % in 56 days and 13.2 % in 112 days of photodegradation. The biocomposite with 5 %
of AV presented a degree of photodegradation of 1.0 % in 14 days, 3.0 % in 28 days, and 4.4 % in
56 days. PLA/10%AV showed no significant decomposition during the investigated UV exposure
time, reaching only 1.10 % of photodegradation after 112 days of photodegradation.

Figure 3. Degree and rate of photodegradation computed from FTIR spectra using the Eq. 2. Compounds
indicated.

Presented data indicates that the AV addition and increased concentration provided photoprotection
to PLA. It is important to clarify that for 112 days, based on the calculations using Eq. 2, only 1%
of AV was able to reduce 55.7% of photodegradation when compared to neat PLA and that 10% of
AV could reduce the degree of photodegraded PLA by up to 96.3%.

(2)
Where, XPAV is the protective power of AV in the investigated biocomposite, XdP is the
photodegradation degree of PLA at 112 days and, XdB is the photodegradation degree of the
investigated biocomposite at 112 days.
Fig. 4 displays the weight loss plots for neat PLA (a) and PLA/10%AV biocomposite (b),
photodegraded for 0, 28, 56 and 112 days. After 28 days of photodegradation, the weight loss range
shifted to higher temperatures, going from 283 to 365 °C in 0 days to from 308 to 398 °C in 28 days
on neat PLA, and from 290 to 368 °C in 0 days to from 314 to 396 °C in 28 days on PLA/10%AV,
suggesting that photodegradation generates active sites in PLA chain able of rearrangement,
promoting the crosslinking thus increasing the thermal stability.
After 56 days, neat PLA displayed weight loss in the range from 299 to 389 °C. Suggesting that,
even after the supposed cross-linking of the macromolecular chain (28 days), UV radiation induces
PLA scission in the macromolecule. As predicted in the FTIR section (Fig. 3), indicating that
photodegradation promoted carboxylic acid formation at PLA chain ends, inducing autocatalytic
reactions and consequently breaking the macromolecular chain, which justifies the decrease in
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thermal stability for photodegraded PLA at 56 days. The same behavior is observed at 112 days of
photodegradation for PLA, where the weight loss takes place in the range from 298 to 378 °C.
PLA/10%AV thermal stability was kept almost unchanged after 28 days of photodegradation.
Weight loss events were observed in the range from 290 to 368 °C for 0 days, from 314 to 396 °C
for 28 and 56 days, and, from 314 to 389 °C for 112 days; corroborating FTIR results (Fig. 3),
where composition with the highest AV content showed better chemical stability and lower content
of photodegraded material, consequently inducing greater thermal stability.

(a) (b)
Figure 4. Weight loss plots (solid line) and DTG (dashed line). Nitrogen atmosphere. Photodegradation
times and compositions indicated.

Conclusions
PLA/AV biocomposites with 1%, 5% and 10% of Aloe Vera were produced by mixing PLA and
AV in the molten state using a torque rheometer. Hydrogen bonds between AV and PLA were
proposed based on FTIR spectra, promoting secondary interactions in PLA, where PLA/10%AV
was chemically more stable during the whole photodegradation period. 10% of AV could reduce the
degree of photodegraded PLA by up to 96%. TG thermograms showed that UV radiation promoted
an increase in thermal stability until 28 days of exposure, probably due to crosslinking, however,
longer UV exposure times decreased the decomposition temperature of PLA, without affecting
PLA/10% AV. AV addition presented satisfactory results reaching the main objective of this work,
acting as a photoprotective agent for PLA. PLA/AV biocomposites showed weight loss starting at
250 oC, therefore, being interesting for outdoor applications due to the photo-protective properties.
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Abstract - Poly(lactic acid) has been studied as an important material for biomedical applications. The aim of this 
research was to determine the optimal parameters in the synthesis of PDLLA to obtain a polymer of high molecular 
weight, so that it can be used in the development of scaffolds. The synthesis of PDLLA was carried out in three stages: 
polycondensation, depolymerization, and ring-opening polymerization of lactide, using a rotary evaporator coupled with 
a two-stage pump in the presence of nitrogen gas. As a result, it was demonstrated that carrying out the oligomerization 
reaction for 6 hours and, using stannous octoate as catalyst and 1-octanol as initiator, both at 1%, for 4 hours, a high 
molecular weight polymer can be obtained. The existence of the polymer was verified by FTIR. The yield of the 
synthesis was 18%. The molecular weight of the obtained PDLLA polymer was determinated by viscometry method, 
resulting in 117 kDa, making the resulting PDLLA useful for tissue engineering.
Keywords: PDLLA, ROP, FTIR, viscometry method, tissue engineering
Fundings: Research projects with funding for UNMSM Research Groups Year 2022 - PCONFIG 2022.

Introduction
Poly(lactic acid) (PLA) is a completely biodegradable polymer that is highly versatile, 
biocompatible, non-toxic, and has excellent mechanical properties, making it especially attractive 
for biomedical applications [1,2]. Scaffolds based on this biomaterial can guide the development of 
new bone tissue, in a context where biocompatible alternatives are currently being sought in the 
bone replacement market, since the repair of bone defects has been and continues to be one of the 
most important challenges in clinical practice and has created a high demand for bone repair 
materials [3,4].
To produce devices with high mechanical strength, it is necessary to use high molecular weight 
PLA. Generally, there are two methods that can be used to produce high molecular weight PLA of 
approximately 100 kDa: (a) azeotropic dehydration condensation, and (b) lactide ring-opening 
polymerization (ROP) [5].
The azeotropic dehydration condensation method does not use adjuvants during PLA synthesis, but 
the disadvantage of this method is that organic solvents are used in the reaction while the catalyst 
remains, such as xylene or diphenyl ether [2,6-7]. 
Ring-opening polymerization (ROP) is the most common route to achieve high molecular weight 
[5]. This process involves opening the ring of the cyclic dimer of lactide in the presence of a 
catalyst. The process consists of three steps: polycondensation, depolymerization, and ROP [8]. 
Lactide polymerization by this method requires a catalyst but results in high molecular weight PLA. 
Studies have found that the use of tin(II) produces fewer impurities during the synthesis of high 
molecular weight poly(lactic acid), resulting in the purest poly(lactic acid). For example, tin(II) 
dioctoate has high catalytic activity, low toxicity, and was approved by the FDA and is a very 
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suitable initiator [2], in addition to providing high reaction rate, high conversion rate, and high 
molecular weight, even under mild polymerization conditions [9]. 
At the laboratory level, several authors have attempted to obtain high molecular weight PLA using 
the solvent-free ROP method, and as it contrasts with the literature, it could not be achieved under 
these conditions. Boua-In et al. conducted poly(lactic acid) synthesis via ROP and achieved a 
maximum molecular weight of 50.5 kDa [10]. Pholharn et al. synthesized PLLA with molecular 
weights below 15 kDa [11]. Horváth et al. synthesized PLLA with a molecular weight of 3.8 kDa, 
concluding that exceeding a catalyst volume of 1 mass/% had a detrimental effect on molecular 
weight due to the lactide/catalyst ratio being one of the key factors for successful ROP process in 
high molecular weight PLA synthesis [12]. On the other hand, Chen et al. successfully obtained 
high molecular weight PLA via ROP, surpassing 400 kDa. However, they employed tin octoate as 
the catalyst along with N,N-dimethylformamide dimethylacetal (DMF-DMA) solvent [13]. 
It is for the reasons mentioned above that this research seeks to define the optimal parameters that 
allow the synthesis of PDLLA with a molecular weight greater than 100 kDa, which will allow for 
its use in tissue engineering. 
 
Experimental 
Materials 
DL-lactic acid (85% purity) was supplied by from Sigma-Aldrich. As for catalysts, tin(II) chloride 
dihydrate (98% purity) was purchased from HIMEDIA, and stannous octoate from Sigma-Aldrich 
was imported from Brazil. The ring-opening initiator, 1-octanol, was acquired from Sigma-Aldrich. 
A DLAB rotary evaporator was used, with a temperature range from room temperature to 180 ºC, 
with a temperature control precision for oil of ±3, and a rotation speed range from 20 to 200 rpm. A 
two-stage pump from VALUE, model VE245N and with a power of ½ HP, was coupled to this 
equipment. An SI-Analytics Typ 530 10/I Ubbelohde viscometer.  
 
Synthesis of high molecular weight PDLLA 
The synthesis of PDLLA by the ring opening method was carried out in three stages: 
polycondensation, thermal depolymerization or cracking, and ring opening polymerization (ROP). 
During the synthesis, the working pressure was 15 microns and continuous stirring was maintained 
at 100 rpm. Additionally, it was necessary to use oil in the heating bath, since temperatures higher 
than 100°C were employed, and an inert atmosphere of N2 was essential in order to provide an 
oxygen- and moisture-free environment to prevent oxidation or decomposition of the product. 
Stage 1: Polycondensation of lactic acid. 50 mL of DL-lactic acid was added to a round bottom 
flask. The dehydration reaction was carried out to remove the water content of the monomer. An 
initial temperature of 80 ºC was chosen and gradually increased to 120 ºC carefully, without 
exceeding the boiling temperature of lactic acid (122 ºC). Subsequently, the temperature was 
increased to 160 ºC to form oligomers, with reaction times of 4 and 6 hours. The reaction product 
was dissolved with 25 mL of acetone and precipitated in 150 mL of distilled water with vigorous 
stirring at 700 rpm. Then, the precipitate was recovered by vacuum filtration using Whatman 42 
filter paper and stored in a desiccator for 24 hours to eliminate moisture. 
Stage 2: Depolymerization of the oligomer. The obtained oligomer from Stage 1 was heated in a 
round-bottom flask at a temperature of 180 °C for 7 hours, with the addition of SnCl2∙2H2O 1% 
w/w as a catalyst. Then, lactide was purified by recrystallization using 30 mL of ethyl acetate at its 
boiling point (77.2 °C) as a solvent. After cooling the solution, the crystals were isolated by vacuum 
filtration and dried at 40 °C for 24 hours. 
Stage 3: Polymerization by the ring-opening method of lactide (ROP). High molecular weight 
PDLLA was obtained via ROP, using stannous octoate catalyst (1% and 2% w/w) and 1-octanol 
(1% w/w) as initiator. The lactide obtained in Stage 2, the catalyst, and the initiator were added to a 
round-bottom glass flask with a reaction temperature of 140 °C for 4 and 6 hours. After completing 
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the synthesis, the PDLLA acid obtained was dissolved in 25 mL of chloroform and precipitated in 
80 mL of methanol, then separated by vacuum filtration, and finally dried in an oven at 60 °C for 12 
hours. 
 
Characterization of PDLLA 
In order to characterize the obtained PDLLA, two analyses were performed. The first was Fourier-
transform infrared spectroscopy (FTIR), which determined if it was PDLLA, as the characteristic 
absorption peaks appeared at 3000, 1750, 1450, and 1180 cm-1. The second was the molecular 
weight determination by viscometry, using chloroform as the solvent and polymer solutions of 
different concentrations to determine the reduced viscosity, which allowed for the calculation of the 
molecular weight. 
 
Results and Discussion 
When 4 hours were used for oligomerization, the resulting consistency was watery, rather than a 
thick gel, indicating that something had gone wrong. This was confirmed when attempting to 
dissolve the oligomer in acetone and failing to obtain the desired consistency. Additionally, when 
precipitating in distilled water, no precipitate formed, confirming the hypothesis. In contrast, with 6 
hours of oligomerization, a gel-like consistency was obtained, and a compact precipitate formed 
during precipitation for recovery by vacuum filtration. However, in the third stage of synthesis, with 
a polymerization time of 6 hours, the product turned out to be very dark in color, different from 
what was expected, and this was negatively influenced by a 2% concentration of catalyst. On the 
other hand, with a shorter 4-hour oligomerization time, the product remained clear and dissolved 
well in chloroform, forming a compact precipitate in distilled water. The results at the end of each 
stage are shown in Fig 1. The synthesis yield was 18%, which means that for each 100g of DL-
lactic acid used, 18g of polymer can be synthesized.  
 

 
 

Figure 1 – PDLLA oligomer / Lactide crystals / PDLLA of high molecular weight. 
 

The optimal parameters for polymer synthesis are shown in Table 1. 
 

Table 1 – Optimal parameters for PDLLA synthesis. 
 

Stage Time (h) Temperature (°C) Catalyst-Initiator (%) 
Polycondensation (Dehydration) 1 80-120 --- 

Polycondensation (Oligomerization) 6 160 --- 
Depolymerization 7 180 1 

ROP 4 140 1-1 
 
To confirm that the produced material was PDLLA, FTIR technique was used. The FTIR spectrum 
showed characteristic absorption peaks of the obtained polymer, representing the functional groups 
that make up the internal structure of PLA, thus confirming the formation of the product. The peaks 
observed were the -CH tension of the alkane group at 3000 cm-1, the carbonyl group of the ester at 
1755 cm-1, the -CH3 of the alkane group at 1456 cm-1, and the alkoxy group of the ester at 1182, 
1130 and 1097 cm-1. Using the OPUS software, designed for processing information from the 
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BRUKER ALPHA II equipment, it was possible to compare the spectrum of PDLLA obtained with 
the standard PDLLA (CAS 26969-66-4), as shown in Fig 2.

Figure 2 – FTIR spectra of PDLLA.

There is an alternative indirect method based on rheology that can be employed to obtain reliable 
results. This method is since the viscosity of polymer solutions is strongly influenced by the 
concentration and length of polymer chains, which is represented by their molecular weight. 
Polymeric solutions were prepared at concentrations of 0.7%, 0.5%, and 0.3% using chloroform at 
25°C, and the times taken for the viscometer to traverse were recorded. Using Eq. 1, the reduced
viscosity respect to concentration was calculated. 

(1)

The data collected from the method are shown in Table 2, and graphically, in Fig 3, from which the 
value of intrinsic viscosity was obtained, which is equivalent to the reduced viscosity when 
concentration tends to 0.

Table 2 – Results related to the capillary viscometry technique.

Concentration (%) Cp (g/mol) Flow time Reduced viscosity (mol/g)
0.7 0.007 47.8 18.57
0.5 0.005 46.1 17.97
0.3 0.003 44.5 17.34

C → 0 Cp → 0 42.3

Figure 3 – Graphical determination of intrinsic viscosity of PDLLA.

Then, using the Mark-Houwink relations, which is shown in Eq. 2, and its rearranged form in Eq. 3, 
the molecular weight of the PDLLA obtained by synthesis was determined to be 117 kDa. The 
constants "K" and "a" were obtained from the Polymer Data Handbook, with K=0.0066 and α=0.67.
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(2)

(3)

Conclusions
A high molecular weight PDLLA polymer can be obtained by the lactide ring opening method 
using 6 hours for oligomerization reaction, 4 hours for polymerization, and 1% concentration of 
tin(II) octoate catalyst. A synthesis yield of 18% was achieved. Analysis of the FTIR spectrum 
confirmed the synthesis of PDLLA by the presence of characteristic peaks of the biomaterial. The 
molecular weight obtained by the synthesis was 117 kDa, making it useful for application in the 
biomedical field, such as tissue engineering.
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Abstract – Methacrylated gelatin (GelMA) is a product of the reaction between methacrylic anhydride (AM) and gelatin 
and is widely used in tissue engineering. To achieve higher degree of methacrylation (DM) during the reaction pH needs 
to be controlled. Thus, the use of a pH buffer within the isoelectric point of gelatin is essential for a good reaction yield. 
The objective of this work is to present a study on the strength of the pH buffer during the reaction of insertion of 
methacrylic groups in gelatin to find the best concentration to obtain higher DM than described in the literature. Different 
concentrations of reagents and pH buffer were evaluated, and the reaction product was analyzed by 1H NMR. The results 
showed that the carbonate buffer with a concentration of 0.6 M maintained the pH stable in the isoelectric point range 
and produced GelMA with 95% of DM. 
 
Keywords: gelatin, methacrylic anhydride, carbonate buffer, GelMA.  
 
Fundings: Fundação de Amparo à Pesquisa e Inovação do Estado de Santa Catarina (FAPESC, TO 2021TR1222). 
 
Introduction  
Photopolymerizable hydrogels such as methacrylated gelatin (GelMA) form a three-dimensional 
macromolecular network filled with water or other fluids, generating scaffolds available for cell 
culture, which are important in tissue engineering. Methacrylic anhydride (MA), a bifunctional 
molecule, is often used in the preparation of GelMA. Its anhydride function can form bonds with 
different active functional groups of gelatin, and its methacrylate function enables radical gelatin 
crosslinking [1]. The product of this functionalization is known as methacrylated gelatin (GelMA), a 
material capable of photocrosslinking and has been widely studied in tissue engineering. 
There are many methods to prepare GelMA hydrogels, the most common is the reaction between the 
hydroxyl and amine groups of gelatin with methacrylic anhydride. Primary amine and hydroxyl  
groups are mainly involved in this substitution reaction, where methacryloyl groups are introduced 
into gelatin, which is usually carried out in phosphate or carbonate buffer at 50°C [2–3], as illustrated 
in Fig. 1a. 
During the the functionalization reaction, by-products, such as methacrylic acid, reduce the pH, which 
in turn causes the gelatin amino groups to become protonated, inhibiting the reaction with methacrylic 
anhydride (MA). Thus, maintaining a stable pH can contribute to the efficiency of the gelatin reaction 
with MA owing to the greater reactivity of deprotonated amino groups, as shown in Fig. 1b, which 
demonstrates how the functional groups of gelatin undergo protonation and deprotonation depending 
on the pH of the reaction medium. 
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(a) 
 

(b) 

Source: Adapted from Krishnamoorthy et al. [4] e Lee et al.[5].  
 
Figure 1 - (a) Synthesis of methacrylated gelatin (GelMA). (b) Effect of pH on ionization of gelatin functional 
groups. 

 
Therefore, understanding the effect of the pH of the reaction medium is essential for optimizing the 
procedure to obtain a higher degree of methacrylation. 
 
Experimental  
The gelatin functionalization procedure with methacrylic anhydride was adapted from the optimized 
literature procedure [5], as briefly described in Fig. 2, with a thin film as the final product. 
 

 
Figure 2 - Schematic of the experimental procedure to produce methacrylated gelatin (GelMA) films. 
 
Before the addition of each MA aliquot, the pH was determined and later adjusted to 9.0 with 6 M 
NaOH(aq). The final product was characterized by 1H NMR spectroscopy (Bruker, Ascend 400). The 
identification of each experimental group and concentrations evaluated are presented in Table 1. 
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Table 1. Sample abbreviations and descriptions of gelatin and MA content corresponding to each evaluated 
group. 

Sample name 
Methacrylic anhydride 
content  
(mL.g-1 of gelatin) 

Gelatin content  
(% wt in water) 

GelMA-0.05 10% 0.05 mL.g-1 10% 
GelMA-0.10 10% 0.10 mL.g-1 10% 
GelMA-0.20 10% 0.20 mL.g-1 10% 
GelMA-0.05 30% 0.05 mL.g-1 30% 
GelMA-0.10 30% 0.10 mL.g-1 30% 
GelMA-0.20 30% 0.20 mL.g-1 30% 

 
 
Results and Discussion  
Fig. 3 (left) shows the overlapping of the 1H NMR spectra of gelatin and GelMA in water. There was 
a decrease in the intensity of the peak at 2.98 ppm, attributed to lysine that underwent reaction, and 
new peaks have emerged between 6.0 and 5.3 ppm associated to hydrogen atoms of the methacrylate 
groups. The relationship between the areas of lysine peaks in gelatin before and after the reaction 
allowed determination of the degree of substitution. 
 

 

 
 

 

Figure 3 - Left 1H NMR spectra of pure gelatin (black) and 10% GelMA-0.1 10% (blue) in 0.1 M carbonate 
buffer medium. Upper left corner: magnified view of the green region. On the right, (a) pH variation in relation 
to the concentration of solubilized gelatin in a solution with 0.1 M carbonate buffer, (b) pH variation as a 
function of the MA/gelatin ratio in 0.1 M carbonate buffer. 
 
The evaluation of the pH effect during the reaction occurred in two ways: 1) varying the gelatin 
content in the solution (10% and 30%, Fig. 3a) and 2) varying the MA/gelatin ratio (Fig. 3b). 
In Fig. 3a, it is observed that for both assays, after the addition of each aliquot of MA, a pH reduction 
occurred. Thus, the pH was always adjusted to 9.0 before adding the next MA aliquot. This behavior 
suggests that the buffer strength´s was not enough to stabilize the pH during the reaction. With the 
pH decrease, protonated species are occurring, that are less reactive, compromising the degree of 
substitution. 
In turn, when analyzing the effect of higher amount of MA/gelatin ratio (0.05, 0.10 and 0.2 mL.g-1) 
(Fig. 3b), significant changes at pH are observed at higher MA contend, caused by methacrylic acid 
as byproducts. 
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Thus, there was a considerable decrease at the reaction pH, which should be controlled by the strength 
of the buffer. At the highest ratio of MA/gelatin (GelMA-0.2 10%), the pH exceeded the isoelectric 
point of gelatin (pH 7–9), which can impair the efficiency of the reaction. 
In view of this, different strengths of carbonate buffer (0.10, 0.3, and 0.6 M) were evaluated. The pH 
values during the reaction are shown in Fig. 4. 
 

 
Figure 4 - Effect of carbonate buffer strength on the GelMA-0.2 30% synthesis reaction. 
  
The gelatin used in this work is derived from collagen type 2, with an isoelectric point between pH 7 
to 9. As shown in Fig. 1, a pH below 7.0 promotes the protonation of the amine groups, making them 
unavailable for the reaction, so the ideal buffer concentration is the one that keeps the amine groups 
available for nucleophilic attack by the methacrylates groups during the reaction. The 0.1 M of 
carbonate buffer, indicated by the literature, does not maintained the pH over the isoelectric point of 
the reactions with MA/gelatin contents of 0.2 mL.g-1. As shown in Fig. 4, many times the pH of the 
reaction reached values below 6.0. Similar behavior occurred in 0.3 M carbonate buffer, specially in 
prolonged reaction time.  On other hand, the 0.6 M carbonate buffer maintained the pH between 7.0 
and 8.0, allowing the deprotonation of the functional groups necessary for the nucleophilic attack, 
promoting a more efficient reaction. 
Later tests showed the efficiency of the 0.6 M carbonate buffer for lower anhydride/gelatin ratios, as 
shown in Fig. 5. In all reactions, the pH was maintained between 8.0 and 9.0. The last pH value was 
registered after the reaction neutralization. 
The DM is determined using the integrals of lysine via 1H NMR spectroscopy as described by Claaßen 
et al. [6]. The proportion of functionalization for lysine using a carbonate 0.1 M buffer was 89% while 
using a 0.6 M carbonate buffer achieved 95%. Thus, adjusting the buffer strength improved the 
efficiency of the reaction. 
 

 
Figure 5 - pH variation as a function of the MA/gelatin ratio in 0.6 M carbonate buffer. 
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Conclusions  
Preliminary studies showed that the buffer (0.1 M) commonly used in the literature is only applicable 
to reactions with low MA/gelatin ratios, producing GelMA with a lower degree of substitution. 
Tests with higher concentrations of carbonate buffer maintained the pH above the isoelectric point, 
even at high concentrations of gelatin and MA, which were significantly higher than those described 
in the literature. Thus, this study optimized the gelatin methacrylation reaction without affecting the 
stability of the functional groups required for the reaction. 
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Abstract - In the present study, poly (vinyl alcohol) (PVOH) hydrogels have been synthesized using organic acids - OA
(malic and tartaric) as a crosslinker agent. The hydrogels were characterized by Flory-Rehner theory to crosslink degree 
and migration dye time parameters. Methyl red was used as a model dye for the diffusion experiments, and the diffusion 
of dyes into hydrogel was monitored over time, using a UV-VIS analysis. The effects of OA type and time of synthesis 
on the equilibrium swelling have been investigated. With OA content and time of the synthesis, the swelling capacity 
decreases, due to the crosslink PVOH matrix, while the tartaric acid had good migration dye times compared with the 
malic acid, with more PVOH chain chemical flexibility. Flory-Rehner was applied to the crosslinking ratio of hydrogels 
to explain the mass transfer mechanism and specify swelling kinetic-chemical parameters with the water uptake. The 
swelling parameters such as equilibrium swelling capacity, and swelling rate constant, have been evaluated. The results 
obtained show that the incorporation of malic and tartaric acids is a  good option for the development of PVOH 
hydrogels and the dye released controlled showed different results in both samples, with a highlight on malic acid for 
more control dye release. Was observed also that both acids have chemical and dimensional stability for use in 
hydrogels crosslink.

Keywords: PVOH hydrogels, organic acids, Flory-Rehner theory, dye release.
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Introduction

Hydrogels are widely studied in the synthesis of novel scaffolds and controlled release systems     
[1-3]. Due to their water absorption and retention properties, however, hydrogels can suffer a 
phenomenon called migration, which is the displacement of the polymer to regions of higher solute 
concentration, swelling it [3,4]. Flory-Rehner theory is a mathematical model [1,5-7] used to 
describe the behavior of polymers in solutions, considering the interaction between the polymer and 
the solvent, and the interaction/migration of these dyes to the medium [4]. However, this migration 
may affect the efficiency of its application, and an unwanted release of dyes or degradation of the 
hydrogel may occur. 

Thus, several studies have been conducted to investigate the migration of dyes/pigments in 
PVOH hydrogels [1,4,8,9]. Another study, published in 2020 [8], investigated the incorporation of 
tomato-derived pigments into PVOH and polyol hydrogels. The results showed that the natural 
pigments extracted did not influence the biofilms’ malleability but confirmed their aesthetic impact 
in coloring the biofilm matrices regardless of the presence of polyols, and lower transparency 
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values compared with control biofilms (without vegetal pigments). However, the study of migration 
in PVOH hydrogels and the Flory-Rehner theory are important concepts for understanding the 
behavior in aqueous solutions [1,4,6,7,9]. The study of migration and diffusion of dyes in hydrogels 
has shown that migration can be controlled by several factors including dye concentration, 
immersion time, pH of the medium, and incorporation of other materials [8,9]. 

This work aims to investigate the chemical crosslinking of hydrogels by dye migration 
kinetic and its importance for the development of new materials incorporated as essential oils and 
control release systems.

Experimental 

Initially, a solution of distilled water (~494 mL) and PVOH (~26g) was solubilized at 85°C for     
40 min to make a casting solution. For the synthesis of hydrogels, the PVOH solution was mixed 
with ~114g of distilled water and 1% (w/w) of specific organic acids used in the total volume final 
solution and HCl was used (1M, 4mL) as a catalyst [10-13]. The mixture was stirred continuously 
for 20 min, 1 h, 2 h, and 3 h, following a previous method [2].

The methods used in the preparation of PVOH hydrogels are described in detail in the 
manuscript Part I: Swelling-kinetics study, and the nomenclature of the PVOH hydrogels is shown
in Table 1.

Table 1 - Nomenclature of the PVOH hydrogels and your reaction times used 

Organic acid
PVOH Hydrogels crosslinking time

20 min 1 h 2 h 3 h

Malic acid PVOH-AM (-AM) PVOH-AM1 (-AM1) PVOH-AM2 (-AM2) PVOH-AM3 (-AM3)

Tartaric acid PVOH-AT (-AT) PVOH-AT1 (-AT1) PVOH-AT2 (-AT2) PVOH-AT3 (-AT3)

1 - Flory-Rehner theory 
Theoretical evaluation of the yield of the reactions under the different cross-linking agent’s

mechanisms and catalyst/time studied were modeled using Flory-Rehner theory [2,7,14], in which 
the rate of the degree of swelling of the hydrogel chain is directly linked to the degree of chemical 
crosslinking (GX) promoted by organic acids. Flory-Rehner’s theory is described in detail with the 
swelling volume ratio (v2m) from Eq. 1.

(1)
Where Vp is the volume of the dry polymer (hydrogel); Vg (gel) is the volume in the equilibrium 
state, Vw is a volume of water inside the hydrogel; ρg is the density of the swollen hydrogel at 
equilibrium, ρw is the density of the water, mg is the mass of the swollen polymer at equilibrium and 
mw is the mass of water present in the swollen polymer. After the v2m value, the GX is calculated
using Eq. 2.

(2)
Where x1 is the Flory-Huggins solvent-polymer interaction parameter (0.49) [2], V1 is the molar 
volume of water as solvent (18 cm3 mol-1) [7] and f is the functionality of available hydroxyl groups
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[7] of the organic acids for crosslink formation, In this case: AM = 3 and AT = 4. The relationship 
between GX and v is assigned by the following Equation:

(3)
Where GX is a polymer molecular weight between crosslinked bonds (g/mol); ρp is the polymer 
density (g/cm3); v is the hydrogel crosslinking density (mol/cm3).

2 - Migration dye in hydrogels
Hydrogels were prepared and incorporated with an aqueous solution containing the dye methyl red 
(Neon®) at a concentration of 0.05 μM, following an adapted methodology [9]. The solution was 
added at the end of each synthesis reaction (5 min remaining) to the hydrogels to avoid early 
degradation and change of physical-chemical behavior. Hydrogels were placed in Erlenmeyer’s
containing 100 mL of distilled water and submitted to different controlled release times (1, 2, 3, 5, 
8, 10, and 24 h) with constant stirring of 96.5 rpm and temperature of 27.5°C using a Shaker®
incubator. Aliquots of liquid containing the dye released from the hydrogels were separated and the
evolution time of the dye concentration released was monitored using UV-VIS spectrophotometry,
with the wavelength of maximum absorbance obtained (λmax 513 nm) for accurate and reliable 
results, thus obtaining the final calibration equation (y = 0.0003e1.7733x / R2 = 0.9924) for the dye 
methyl red. After the analysis, the samples were dried in an oven at 65°C for 24h to evaluate the 
dye migration.

Results and Discussion

Fig. 1-a and 1-b show the migration-kinetics range for the PVOH hydrogels with AM, AT, and their 
reaction time variations.

Figure 1 – Migration-kinetics for hydrogels PVOH-based: Malic acid (left) and Tartaric acid (right)

The results show that the migration of dye used, increased with the synthesis time, being that 
with lower times obtained a greater chemical crosslinking for the hydrogels constituted of malic 
acid and consequently lower release. The release process occurred exponentially and was based on 
the factors approximately calculated and described in the figures above. The samples -AM and -AT 
obtained better release results (20 min/1 h reaction) when compared with the other times employed,
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the sample -AM having a slower release when compared with tartaric acid, due to the chemical 
interaction promoted by specifical functionalization from hydroxyls (-OH) [2,15]. For the AM and 
AT samples the concentration (mg/L) at 3 h had approximate values due to a faster dye release 
because of a lower degree of crosslinking promoted at the end of the 3 h reaction. 

In a more recent study, the researchers investigated the migration of dyes in hydrogels using 
models and migration theories [4,9,10]. The results indicated that dye migration was influenced by 
concentration, temperature, dye molecular size, and polymer matrix support. In addition, it was 
observed that dye migration increased with increasing temperature. 

Fig. 2 and 3 show the migration stages and crosslinking density (GX) applied for the PVOH 
hydrogels with AM and AT and their reaction time variations in crosslinked molar mass function in 
the reaction synthesis time for comparison.  

 

 
 

Figure 2 – Migration stages for PVOH-AM and PVOH-AT hydrogels in function on the time  
 

 
 

Figure 3 – Crosslinking density for PVOH-AM and PVOH-AT hydrogels 
 

The average GX obtained from the hydrogels was analyzed using the Flory-Rehner theory 
[5]. For analysis, the values were assigned to the respective swelling rate determined at 1 h for the   
-AM hydrogels and 2 h for the -AT. Also, the Flory-Rehner was applied to each time selected      
(20 min, 1, 2, and 3 h) to show the changes for each synthesis studied and show the influence of the 
synthesis time on the mass weight obtained. 

The results obtained for the hydrogels of -AM and -AT, show that the reactions with a 
shorter time, generated more chemically esterified hydrogels with average GX of 7.36x102; 
3.74x102; 5.69x102 and 1.13x104 g.mol-1 for -AM and 8.38x102; 2.62x102; 4.05x102 and 3.79x103 
g/mol for -AT hydrogels respectively. For the Flory-Rehner theory, the samples composed of malic 
acid obtained the highest average crosslinking indexes, having the maximum crosslinking value 
(g/mol) for the time of 20 min of reaction. Thus, the decrease in molar mass between the PVOH 
chemical structure and consequently an increase in the average density between the acids used 
(higher for malic acid compared to tartaric acid) formed more esterified hydrogels with higher GX 
in a shorter proposed synthesis time [15]. The increase of chemical reactivity induced by malic acid 
compared to tartaric acid is evidenced from the initial times of the chemical reaction until the 3 h of 
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reaction with the decrease of GX of all hydrogels, over the reaction time due to the reagents to 
consumption (organic acids) from the starting of the reaction. It is observed that with the increase of 
the crosslinked molar mass of the hydrogel, there is a lower release of the dye over the reaction time 
in comparison to the migration graphs. This event is shown after the synthesis has been shifted 
during the reaction and shown in the collated data for the 3 h of the reaction due to the lower degree 
of crosslinking as seen in Figure 3. 
Conclusions 
 
The dyes used were incorporated, obtaining a good dispersion in the middle of the crosslinked 
polymeric networks of the hydrogels. With the evaluation of the migration of the dye using UV-VIS 
spectroscopy, a suitable time and synthesis of 20 min up to 2 h is observed for a controlled release 
with optimization of the synthesis time. For the Flory-Rehner theory, the samples composed of 
malic acid obtained the highest average crosslinking indexes, having the maximum crosslinking 
value (g/mol) for the time of 20 min of reaction. Thus, hydrogels based on malic and tartaric acids 
can be used to immobilize higher amounts of dyes or essential oils systems and a higher proportion 
(reaction low times) of them remained mobile after the analysis time. 
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Abstract - In the present research, poly (vinyl alcohol) (PVOH) hydrogels have been synthesized using organic acids 
(citric, malic and tartaric) as a crosslinker agent. The hydrogels were characterized by water uptake analysis and 
kinetics-chemical parameters. The effect of organic acids and time of synthesis on the equilibrium swelling has been 
investigated. With organic acids (malic and tartaric) contents, the swelling capacity increases, due to a degree of 
swelling promoted, while the citric acid used causes a disintegration of the hydrogel after the swelling times are 
extended. Fick’s law was applied to the swelling ratio of hydrogels to explain the mass transfer mechanism and specify 
kinetic-swelling parameters. The swelling parameters such as equilibrium swelling capacity, and swelling rate constant, 
have been evaluated. The results obtained show that the incorporation of citric acid, due to its chemical
functionalization, did not obtain dimensional stability, contributing to the disintegration of the hydrogels after a while. 
The incorporation of malic and tartaric acids shows good kinetics for both, especially for malic acid with a rate n and k 
elevated in comparison with the tartaric acid, bringing sustainable options for the development of PVOH hydrogels with 
a release control system.

Keywords: PVOH hydrogels, organic acids, kinetic-swelling study.
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Introduction

Hydrogels are efficient to absorb large amounts of water and organic solutions, thus, the absorption 
of large amounts of aqueous solution brings a potential for applications in different fields [1]. 
PVOH is a water-soluble polymer containing a large number of hydroxyl groups because it has 
many advantages such as low cost and high chemical stability for hydrogel synthesis [1]. Chemical 
crosslinking forms chemical bonds between the polymeric chains of PVOH. Various carboxylic 
acids such as dicarboxylic, polycarboxylic and their derivatives are used as good crosslinking
agents due to their reactive sites that form a stable and high-density crosslinked network in PVOH 
through esterification reactions and different forms of intermolecular/intramolecular bonds [2,3].

One of the most important characteristics of hydrogels is their capacity for absorption and 
retention of liquids, which can be high performance or not depending on the parameters used [3,4].
One of these parameters considered is the water absorption kinetics that can be estimated and 
calculated by the linear derivation of Fick's law [1,4]. This work aims to investigate the swelling 
and the individual performance data of the hydrogel samples with different organic acids when
submitted to the swelling-kinetics test to evaluate the uptake systems.
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Experimental 

Materials

Poly(vinyl alcohol) (PVOH) (87% hydrolyzed) and citric acid (AC) were supplied from Neon®; 
Malic acid (AM) was obtained from Êxodo Científica®; tartaric acid (AT) was obtained from 
Synth® and hydrochloric acid catalyst (HCl) (37% w/w) was obtained from Química Moderna®. 
All chemicals were used as received without further purification.

Preparation and characterization of Organic acids/PVOH hydrogels

Initially, a solution of distilled water (~494 mL) and PVOH (~26g) was solubilized at 85°C for     
40 min to make a casting solution. For the synthesis of hydrogels, the PVOH solution was mixed 
with ~114g of distilled water and 1% (w/w) of specific organic acids used in the total volume final 
solution and HCl was used (1M, 4mL) as a catalyst [5-7]. The mixture was stirred continuously for
20 min, 1 h, 2 h and 3 h, following a previous method [8]. Subsequently, hydrogel aliquots were
weighed and placed in Petri dishes and dried in an oven at 65°C for 24 h and stored in a desiccator 
for 6 days for the final curing process following an adapted methodology [9]. The nomenclature of 
the PVOH hydrogels, as prepared, is presented in Table 1.

Table 1 - Nomenclature of the PVOH hydrogels and your reaction times used 

Organic acid
PVOH Hydrogels crosslinking time

20 min 1 h 2 h 3 h

Citric acid PVOH-AC (-AC) PVOH-AC1 (-AC1) PVOH-AC2 (-AC2) PVOH-AC3 (-AC3)

Malic acid PVOH-AM (-AM) PVOH-AM1 (-AM1) PVOH-AM2 (-AM2) PVOH-AM3 (-AM3)

Tartaric acid PVOH-AT (-AT) PVOH-AT1 (-AT1) PVOH-AT2 (-AT2) PVOH-AT3 (-AT3)

The kinetic profiles of swelling of the hydrogels by sample size studied were modelled using 
Fick's law, in which the rate of the degree of relaxation of the hydrogel chain is directly linked to 
the degree of chemical crosslinking promoted by organic acids. These mechanisms of water 
absorption in the three-dimensional structure of a hydrogel have been described by diffusion and 
macromolecular relaxation or only by macromolecular relaxation in the literature [1]. In Eq. 1 the 
parameters of swelling kinetics including the diffusion exponent (n) and diffusion constant (k) were 
calculated [1,4].

(1)
Where: t is time; k is the diffusion constant of the studied hydrogel and the swelling medium; n is 
the solvent diffusion exponent; Mt and Meq are the hydrogel mass at a defined swelling time and the 
equilibrium state, respectively.

Results and Discussion

Fig. 1 to 3 show the swelling-kinetics plots for the PVOH hydrogels with AC, AM and AT and their 
reaction time variations. The graphs were plotted to have the reaction kinetics defined by a linear 
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trend line, where the values of n and k were assigned for the intumescence kinetics and the solvent 
diffusion coefficient respectively. The error of the applied model was assigned to R2.  
 

 
 

Figure 1 – Swelling-kinetics for PVOH-AC hydrogels 
 
 

The PVOH-AC sample had a shorter reaction time compared to the others due to its reaction 
kinetics (n = 0.4399). The samples of hydrogels with -AC1 (n = 0.5637) and -AC2 (n = 0.5396) had 
similar reaction kinetics and percentages of swelling, besides having suffered mass disintegration in 
the same time scale. The sample -AC3 obtained more stable kinetics and consequently presented 
dimensional stability in the swelling test, due to the crosslink PVOH partial after the time synthesis 
applied (3 h), but with gradual mass loss. This behaviour is a result of a decrease in the final 
dimensional strength of the hydrogel and its disintegration due to high interaction with water 
hydrolysis, depending on the elaborate reaction kinetics and the time for hydrogel crosslinking 
[4,8]. It can be seen that the swelling ratio of a hydrogel is affected by both the concentration of 
citric acid and the final pH medium (3.5) of the solution in the swelling medium, through the 
conversion of carboxylic molecules (-COOH) into protonated acids that can result in a reduction of 
swelling [1,10]. 

In Fig. 2 it is observed that the hydrogel samples with -AM had similar reaction kinetics 
which resulted in dimensional and chemical stability, however with lower values of intumescence 
(n = 0.1344 to n = 0.1465). This behaviour is presented previously in the swelling test. It is also 
described in the literature that the pH of the solution also influences the intumescence of the 
samples and consequently in its swelling kinetics [1]. This interaction of the organic acids [3] of the 
protonated hydrogels in the aqueous conditions of acidic pH, resulted in the reduction of the 
swelling rate [1]. 

 

 
 

Figure 2 – Swelling-kinetics for PVOH-AM hydrogels 
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The samples of hydrogels with -AT (Fig. 3) had the second highest values of the kinetics of 
swelling (n = 0.2198 - 0.3170) and the sample -AT3 (n = 0.3170) that obtained this highest 
percentage due to the end of the reaction kinetics of the sample, shown by the swelling test and its 
dimensional stability by 8 h of the test. The behaviour of its swelling kinetics occurred due to the 
intumescence being dependent on the pH (3.5) obtained experimentally from the crosslinked 
hydrogels via chemical catalysis (HCl) and the presence of unreacted free -COOH group of the 
tartaric acid. This behaviour was also studied and observed by Kanmaz et al. [1].

Figure 3 – Swelling-kinetics for PVOH-AT hydrogels

Table 1 shows the values of the swelling-kinetic constants of n and k for the hydrogels, 
obtained from the graphs of log vs log (t) and were calculated from the slope and intercept of 

the lines of the previous graphs, with a value of n as 0.5 being a description of Fickian mass
transfer, and between 0.5 and 0.89 showing a non-Fickian transport mechanism [1,4]. The 
evaluation of data for the calculation of swelling kinetics was assigned in the time interval from 0.5 
to 8 h of the test.

Table 1 - Values of n and k to swelling-kinetic

Hydrogel n k Model error (%)
PVOH-AC 0.4399 1 1

PVOH-AC1 0.5637 0.4501 0.3184

PVOH-AC2 0.5396 0.4525 0.5893

PVOH-AC3 0.3768 0.4402 0.1861

PVOH-AM 0.1465 0.7160 0.1463

PVOH-AM1 0.1344 0.7537 0.0985

PVOH-AM2 0.1485 0.7219 0.1186

PVOH-AM3 0.1364 0.7575 0.1001

PVOH-AT 0.2004 0.6194 0.0733

PVOH-AT1 0.1248 0.6934 0.0340

PVOH-AT2 0.2198 0.6329 0.1572

PVOH-AT3 0.3170 0.5146 0.1360

The values of n were below 0.5 for all hydrogels which are attributed to higher kinetics of 
solvent swelling for the hydrogels studied, and the samples of PVOH-AC (n = 0.4399);         
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PVOH-AM2 (n = 0.1485) and PVOH-AT3 (n = 0.3170) obtained the highest values in their 
respective groups. This is attributed to the higher reaction kinetics for swelling of these samples and 
partially converges with the swelling data shown in other studies submitted by this group [11]. 
Kanmaz et al. [1] describe that hydrogels may have sufficient chemical mobility to allow solvent 
diffusion and this model can be expressed as Fickian mass transfer. The PVOH-AC hydrogel 
sample, by having the highest swelling kinetics, showed the highest percentage, while the other 
samples consisting of -AM2 and -AT3 due to chemical crosslinking and had dimensional stability 
and did not reach higher diffusion plateaus than -AC.  
 
Conclusions 
 
This investigated the synergistic effect of organic acids (OA) and time of synthesis on PVOH to 
obtain a good swelling hydrogel. The embedding of OA into PVOH the crosslink groups were 
addicted and the swelling capacity of the hydrogel was increased effectively. It was also found that 
the use of the malic and tartaric acids exhibited the best results for uptake properties with 
interconnected narrow bonds, which made it more attractive for water diffusion calculated by Fick’s 
law. Insertion of citric acid into the network, loading ratios caused a peak in swelling values up to 
nearly 0.5396 and n = 0.5637, respectively. Malic and tartaric acids embedded hydrogels showed a 
good response to uptake/swelling properties. Finally, it is concluded that OA incorporated in 
hydrogels can be tuned to serve as water uptake/swelling for essential oils released systems. 
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Abstract - The production of polymers based on vegetable oils is a way of preserving the environment by replacing 
non-biodegradable materials with raw materials that are more biodegradable. Vegetable oils represent a renewable and 
low-cost option. Castor oil has a homogeneous composition, with 85-95% ricinoleic acid. The reaction of castor oil with 
maleic anhydride forms castor oil maleate (MOMA). D-limonene is a natural substance that has been studied for use as 
a green monomer. This work proposes the synthesis of a new polymeric material, using limonene and castor oil with 
styrene in radical polymerization as renewable sources in the copolymer synthesis. The obtained materials were 
analyzed by infrared spectrometry (FTIR) and thermogravimetry (TG). The analysis results of the copolymers show that 
the proportion of comonomers used significantly interfere in the thermal properties of the obtained material. 
Keywords: Green Chemistry, Sustainability, Thermogravimetry, Infrared Spectrometry 
 
Introduction  

Currently there is much discussion in society about the environmental problems caused by 
the accumulation of non-biodegradable materials in the ecosystem, linked to this, the growing 
interest in green chemistry has made the replacement of renewable raw materials become an 
increasingly common habit in the chemical industry [1-4] and several studies have found the 
synthesis or production of biodegradable polymers and ways to replace them with commercial 
plastics. Therefore, the search for alternative renewable resources has become more explored, with 
this the enormous potential of vegetable oils as a raw material in obtaining plastics has been 
evidenced, since its production cost becomes lower, it has higher availability and biodegradability 
[5-8]. 

The synthesis of polymers with vegetable oils shows that the products can be used as raw 
material for several products [9-10]. The synthesis of maleinized castor oil (MOMA) has been 
extensively studied in the production of a green comonomer and, due to the presence of hydroxyl 
groups at C12 of the ricinoleate molecule and its replacement by the maleate group, a very efficient 
product can be synthesized in a radical polymerization reaction. MOMA Copolymers with styrene, 
divinylbenzene, vinyl toluene and methyl methacrylate are much discussed in the literature [11], the 
products obtained are varnishes, resins, paints and materials with excellent biocompatibility for 
medical applications. 

Limonene is a terpenoid of plant origin present in citrus fruits such as oranges and lemons. 
This substance, as well as terpenes, have already been used in the synthesis of some copolymers of 
vinylic monomers, which were prepared in the presence of free radical initiators, such as 
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azobisisobutyronitrile (AIBN) and benzoyl peroxide (BPO) [8], however, polymerizations with 
limonene, even effective, results in low conversion and low molecular weight [12-15]. 

The present work presents the synthesis and thermal and spectrometric characterization in 
the infrared region of a polymeric material, using styrene, limonene and castor oil as precursors of a 
copolymer. 
 
Experimental  
 
Synthesis of castor oil maleate (MOMA). 
 

Castor oil ≥99.5%); Maleic anhydride (≥99%); Benzoyl peroxide (≥99%) were purchased 
from SigmaAldrich. 

In a 500 mL Erlenmeyer were placed 100 mL of castor oil (0.644 mol), 63.15 g of Maleic 
Anhydride (0.644 mol) and 2.5 g of Benzoyl Peroxide (0.10% by mass). The reaction was 
maintained at a temperature of 60 °C under stirring for 2 hours. The maleinized castor oil (MOMA) 
obtained was vacuum filtered and placed in a vacuum oven at 80 °C for 4 hours in order to remove 
residual water. 

 
Copolymerization 

 
The monomers MOMA, Styrene (≥99% - SigmaAldrich) and d-Limonene (≥99.8% - 

SigmaAldrich) were copolymerized by AIBN 0.2 mol L-1 (Azobisisobutyronitrile - SigmaAldrich), 
in this work indicated in the nomenclature of the samples ending in A, or Benzoyl Peroxide (≥99% - 
SigmaAldrich), indicated with ending B, both 0.10% by mass. The amounts used for the synthesis, 
as well as the nomenclature used can be observed in table 1. 

 
Table 1 - Nomenclature and composition of samples in relation to the mass of polymers and 
copolymers. 

Nomenclature Mass ratio 
MOMA:Styrene:d-Limonene 

PS-A ou  PS-B 0:1:0 
PL-A ou  PL-B 0:2:1 
PM-A ou PM-B 1:2:0 

PLM-A ou PLM-B 1:1:1 
 

 
The monomers mixture and initiators were homogenized using a 25 Hz ultrasonic bath 

(Ultrassonique) for 3 minutes and placed in an oven at a temperature of 80 °C for 4 hours for 
synthesis. 

 
FTIR-ATR. 

 
The FTIR spectrum of the samples was performed in a PerkinElmer spectrometer, Model 

Frontier, with an accessory of total attenuated reflectance (ATR) using a crystal of zinc selenide 
(ZnSe), with accumulation of 4 scans in the range of 650 to 4000 cm-1 and resolution of 4 cm-1. 

 
Thermogravimetric Analysis (TG) 

 
The thermogravimetric curves were performed by a simultaneous thermal analyzer 

PerkinElmer, model STA6000, in a platinum crucible with 10 mg of sample, heated in a 
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temperature range between 50 and 550 ºC. The heating rate used will be 20 ºC min-1, conducted 
under a nitrogen atmosphere (N2 5.0 – White Martins) with a flow rate of 20 mL min-1. 

 
Results and Discussion  

Fig. 1 and 2 show, respectively, the FTIR spectra and thermogravimetric curves of the 
compounds obtained by synthesizing with AIBN and benzoyl peroxide used as initiator, among the 
FTIR spectra of compounds with the same composition using different initiators apparently not 
there were significant differences, spectra still under analysis, except in the case of the synthesis of 
the 3 copolymers. 

 

 
Figure 1 – FTIR spectra obtained from the reaction product of limonene with maleinized castor oil 
(MOMA and styrene, in different proportions), initiated by AIBN and benzoyl peroxide. 
 

 
Figure 2 – Thermogravimetric curves of the reaction product of limonene with maleinized castor oil 
(MOMA and styrene, in different proportions), initiated by AIBN and benzoyl peroxide. 
 

Some limonene-containing compounds had an initial mass loss of up to 20% due to 
unreacted d-limonene mass. PLM-A and PLM-B compounds had lower degradation temperatures 
than pure PS, but still above 325 °C. Thermogravimetry shows that the reactions initiated with 
benzoyl peroxide formed more thermally stable compounds, with the possible formation of 
macromolecules with relatively longer chains than those formed by initiation with AIBN, again 

117



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

with the exception of the MOMA/styrene/limonene system, whose material with the formation of an 
apparent solid. 
 
Conclusions 

Despite still being in progress, the work presented demonstrates physical-chemical 
differences of the synthesized macromolecules, however the proportions of the reagents used are 
still being stoichiometrically evaluated to obtain a product with superior mechanical and thermal 
properties, with better use of renewable comonomers d- limonene and castor oil. 
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Abstract - Polyurethane (PU) synthesis based on poly(ethylene glycol) (PEG) with isosorbide (ISO) and
pentamethylene diisocyanate (PDI) was carried out targeting PUs from renewable sources. Compounds with ISO
content between 0-70% were produced and investigated using Fourier transform infrared spectroscopy (FTIR),
differential scanning calorimetry (DSC), and thermogravimetry (TG). DSC scans displayed exotherms between 100-
200 °C, related to cross-linking. ISO addition accelerated the curing, with 91 °C for the compound with 70% ISO. FTIR
spectra confirmed the interaction between OH (ISO/PEG) and NCO (PDI) groups, with total NCO consumption (band
at 2267 cm-1). TGs presented weight loss at 146 °C, due to ISO degradation in PU/70%ISO. Curing and degradation
kinetics were modeled using Friedman (FR), Kissinger-Akahira-Sunose (KAS), and Ozawa-Flynn-Wall (OFW).
Overall, ISO accelerated the curing rate and increased the degradation activation energy, suggesting high thermal
stability for PUs with intermediate ISO contents, i.e., 30 – 50%.

Keywords: Isosorbide, poly(ethylene glycol), pentamethylene diisocyanate, biobased polyurethane, curing and
degradation kinetics
Fundings: Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES), Conselho Nacional de
Desenvolvimento Científico e Tecnológico (CNPq), Fundação de Apoio à Pesquisa do Estado da Paraíba (FAPESQ)
and Federal University of Paraíba (UFPB).

Introduction
Polyurethanes (PU) based on renewable sources such as bio-based polyols and diisocyanates are
being synthesized with the objective to replace PUs from non-renewable sources such as petroleum,
and to reduce the use of toxic isocyanates. The synthesis of bio-based PUs from alternative
resources such as glucose has been growing considerably due to its potential to modify the
mechanisms of curing and degradation, providing greater chemical and physical stability [1-4]. PUs
synthesis takes place through urethane bonds by the polymerization of flexible segments (polyether
or polyester), known as polyols, which have one or more OH groups, and rigid segments
(diisocyanates) which have two or more NCO groups. Additionally, seeking the synthesis of high-
performance PUS, poly(ethylene glycol) (PEG) can be used, as it has advantages such as good
biodegradability and excellent biocompatibility. Aiming at providing a PU with higher thermal
stability, isosorbide (ISO) addition was successfully employed [1-2], providing reticulation, curing,
and variations in the degradation mechanism.
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One of the found obstacles for PUs processing through PEG and pentamethylene diisocyanate (PDI)
synthesis is the low reactivity of the molecules responsible for cross-linking, with no curing
reactions. The three reactive groups (NCO) of PDI have great potential for chemical interaction
with OH groups on both sides of PEG and ISO molecular chain, providing urethane bonds by
forming a three-dimensional network (thermosetting polyurethane).
This work aimed at the synthesis of PUs through the polymerization of PEG and PDI with ISO
content addition between 10 and 70% of the weight. The curing was followed using DSC, and FTIR
with spectra collected at room temperature, during and after curing, while the thermal stability was
investigated by TG. Modeling of curing and degradation was performed using the Friedman (FR),
Kissinger-Akahira-Sunose (KAS), and Ozawa-Flynn-Wall (OFW) models.

Experimental
Poly(ethylene glycol) (PEG) and Isosorbide (1.4:3.6-Dianhydro-D-sorbitol) (ISO) were purchased
from Sigma-Aldrich. Pentamethylene diisocyanate (PDI) a 70 % bio-based trimer – commercially
DESMODUR® eco N 7300 was supplied by Solution Center Covestro, Germany. The reaction took
place in a 250 mL round bottom flask equipped with a magnetic stirrer in a vacuum system with an
outlet connected to a condenser. ISO was heated to 60 °C and left stirring for 20 min under
distillation. Simultaneously, PEG and PDI (1.1:NCO/1:OH) were mixed using magnetic stirring for
10 minutes at 60 °C, i.e., until complete homogenization. Afterwards, ISO was added to the system
in different ratios. The mixture was kept under magnetic stirring at 60 °C for 10 min under vacuum.
Fourier Transform Infrared Spectroscopy (FTIR) spectra were captured considering the
wavenumber range 4000-650 cm-1, 32 scans per spectrum, and 16 cm-1 resolution. The equipment
used was Perkin-Elmer Spectrum 400 FT-IR/FT-NIR Spectrometer (USA) in ATR mode.
DSC scans were acquired using the Perkin Elmer DSC 8500 (Waltham, MA, USA), with samples
of approximately 4 mg. The samples were heated in the range from -20-250 °C at a rate of
10 °C/min, cooling from 250-25 °C at a rate of 20 °C/min and second heating from 25-250 °C at the
rate of 10 °C/min, under nitrogen atmosphere (50 mL/min).
Thermogravimetric analyzes were carried out using the Perkin-Elmer Pyris 1 TGA (Waltham, MA,
USA), at the heating rates of 5, 10, 15, and 20 °C/min in the temperature range from 30-800 °C
under nitrogen atmosphere (20 ml/min). Experiments were performed using 4 mg.

Results and Discussion
Fig. 1 shows the FTIR spectra acquired at room temperature and after curing for the investigated
compounds, with ISO content ranging among 10, 30, 50 and 70%. At 30 °C, 3370 cm-1 flexible diol
segment (OH) stretching bands are observed, the bands at 2944-2867 cm-1 are asymmetric and
symmetric stretching of C-H bonds. The band at 2267 cm-1 is attributed to the NCO stretching
vibration, corresponding to PDI diisocyanate. The carbonyl group (C=O) is observed in the region
of 1687 cm-1 and the amide group III (CN) of PDI is observed in 1352 cm-1. The band at 1114-997
cm-1 is attributed to the aliphatic ether group (C-O-C), referring to ISO. After curing, bands at 3347
cm-1 are verified, which correspond to the stretching vibrations of NH groups, and at 1670 cm-1

there is the stretching of C=O bonds. These spectra indicate the urethane bonds (NHCOO)
development, which become more intense increasing the ISO content from 30% upwards, due to the
hydroxyl groups present in the diol.
The band at 3347 cm-1 of NH stretching vibration is attributed to hydrogen bonding with C=O
groups and with C-O-C groups. The disappearance of NCO bands at 2267 cm-1 of 50% and 70%
ISO evidences the occurrence of polymerization reactions between (NCO) group of PDI
diisocyanate and the flexible hydroxyl groups of polyols (OH) of PEG and ISO, promoting the
crosslinks.
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Figure 1 – FTIR spectra for PU and ISOPUs compounds collected at (a) room temperature and (b) after
curing.

DSC scans in Fig. 2 illustrate the endothermic melting peaks of PEG and ISO, the exothermic
curing peaks and the effect of the heating rates and ISO content on degree of curing (α) of ISOPUs.
Curing reactions and peak intensities are dependent on PU compositions and heating rates. In the
ISOPUs scans for the rate of 10 °C/min, in addition to two melting peaks, there are exothermic
peaks due to the curing as verified in the range from 100 to 200 °C. For the compound with 0% ISO
no exothermic peak was observed indicating that the curing was not developed during the heating.

Figure 2 – DSC scans (a) of 0% ISO at indicated heating rates and (b) at 10 °C/min, compounds indicated.
(c) Effect of the heating rate on degree of conversion (α) of investigated ISOPUs.

ISO addition provided changes in the reaction mechanisms, leading to crosslinks among the
functional groups of diisocyanate (NCO) and PEG (OH). The increase in the ISO content
contributed to the peak shifting to higher temperatures, which started to cure at T0.01 = 91 °C for
70% ISO, while for 10% ISO T0.01 = 86 °C. The real conversion (α) (Fig. 2 (b)) is presented as
function of the ISO content for the four applied heating rates. Upon ISO addition the synthesis
reaches higher values of curing conversion, i.e., 80-100% of α from 50% of ISO on. For 70% ISO α
data are close to 95-100%.
Fig. 3 (a) displays the weight loss plots and the weight loss derivative at 10 °C/min and (b) the plot
for maximum degradation rate (Dmax) versus heating rates, for all compounds. ISO addition shifted
the PU weight loss plots to the right, increasing the thermal stability, i.e., T0.01 from 245 °C (0%
ISO) to 277 °C (70% ISO) at the rate of 10 °C/min. The thermal stability for the rate 10 °C/min
follows the trend: 30% ISO > 10% ISO > 50% ISO > 70% ISO > 0% ISO. The initial weight loss of
the compounds with 50 and 70% ISO were, respectively, 151 and 146 °C. The displacement of the
degradation beginning of compounds with higher ISO contents to lower temperature values is most
due to the water evaporation events and ISO degradation, due to the ISO excess in the compounds.
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Figure 3 – (a) Weight loss and degradation rate for investigated PU and ISOPUs at 10 °C/min. N2

atmosphere. (b) Degradation rates for PU and ISOPUs as a function of the ISO content and heating rates.

PU presented 4 stages of weight loss. The first stage with 18.64% of weight loss corresponds to the
degradation of urethane bonds into polyols and diisocyanates. The second and third stages, 23.86
and 44.00% of weight loss, respectively, are associated with the decomposition of polyol stable
segments [5]. The fourth stage corresponds to 11.36% of weight loss and it is related to the
decomposition of residues into volatile compounds, occurring after 500 °C. In general, ISO addition
increased the thermal stability, and the compound with 30% ISO presents the highest initial
degradation temperature. The thermal stability of ISOPUs with 10 and 30% ISO (T0.01 = 282 °C and
T0.01 = 308 °C), is higher than that of PU and ISOPUs with 50 and 70% ISO.
Dmax increases upon increase in heating rate, ISO addition promoted a decrease in Dmax, suggesting
that at lower rates and in compositions with higher ISO content degradation occurs slowly.
Although high ISO content compounds display weight loss stages at lower temperatures than low
ISO content compounds and neat PU, the maximum degradation rate is slower.
There are two possible degradation mechanisms that describe the behavior of low stability for
ISOPUs with higher amounts of ISO (Fig. 4). The first mechanism refers to the attack of terminal
hydroxyl group of ISO to the carbonyl of urethane bond, with formation of two macroradicals. The
second mechanism occurs less frequently and is the β-elimination of the carbonate bond with bond-
breaking reactions in the molecular chain with production of two macroradicals and carbon dioxide.
The propagation reactions of degradation by attack of hydroxyl group in excess, as seen in the FTIR
spectra for 50 and 70% ISO (Fig. 1), often contribute to the degradation of PU and are terminated
when the reactive end groups are consumed [6]. Therefore, it can be considered that high amounts
of ISO reduce the thermal stability of the compounds, despite the high degree of curing for these
compounds (50 and 70% ISO) observed in Fig. 2 (c), which start to degrade at low temperatures
when compared to PU and ISOPUs with low contents of ISO.

Figure 4 – Degradation mechanism (a) attack of hydroxyl end-group and (b) β-elimination for 50 and 70%
ISO compounds.

Fig. 5 presents the Ead for all investigated compounds computed using the Friedman (FR) (a),
Kissinger-Akahira-Sunose (KAS) (b) and Ozawa-Flinn-Wall (OFW) (c) models according to Eq. 1,
2 and 3, respectively.
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(1)
(2)

(3)

In general, the three models showed similar behavior, where Ead increases with degradation. In the
range of 20 < α < 60, the Ead for 10% ISO is superior to the other compositions, with a range of
200-327 kJ/mol, indicating that at this stage 10% ISO is more thermally stable. From α > 90, a
decrease in Ead is observed for all compositions. This behavior reveals that the effect of the relative
degree of conversion on the activation energy in this step is independent of the ISO amount in PU.
For the compounds with 10 and 30% there was a considerable improvement in stability compared to
the PU without ISO, showing the highest values of Ead, while PU with 70% ISO presented the
lowest Ead values for the three models (FR, KAS and OFW). Although higher amounts of ISO show
lower thermal stability, PUs with lower contents are promising for higher degree of crosslinking, as
well as increasing thermal stability providing PU for higher performance applications.

Figure 4 – Activation Energy (Ead) during degradation at indicated compounds. Data modeled using (a) FR,
(b) KAS and (c) OFW models.

Conclusions
Polyurethanes based on isosorbide, poly(ethylene glycol) and pentamethylene diisocyanate were
synthesized. PUs curing was confirmed through FTIR spectra upon NCO bands consumption and
exothermic peaks in DSC scans. It was evidenced that the curing was accelerated upon ISO addition
while higher thermal stability was verified. Nevertheless, compounds with 50 e 70% ISO
demonstrated easier degradation.
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Abstract - The objective of this work was to synthesize hydrogels based on products derived from renewable and/or 
sustainable sources and evaluate their capacity to adsorb the cationic dye crystal violet in aqueous medium, aiming its
application in wastewater treatment of the textile industry. For this, hydrogels were synthesized from renewable source 
polyester obtained from the reaction between oligoglycerol and malic acid under acid conditions, which were
subsequently crosslinked with different amounts of citric acid, in order to study their influence on the water uptake and 
dye adsorption. All materials were characterized by spectroscopic and thermal techniques, confirming the synthesis of 
the intermediates and hydrogels. In relation to the water uptake capacity, the hydrogels showed values between 167% to 
888%, depending on the citric acid content used for crosslinking step. In terms of dye adsorption, the hydrogels were 
able to almost completely adsorb the dye from the solution, according to a pseudo-second-order mechanism, indicating 
that contact time and hydrogel structure influence the adsorption.

Keywords: bioproducts, Sustainability, Adsorption, cationic dye, Wastewater treatment textile.

Introduction
Currently, the industry accounts for 22% of the world's water consumption, and wastewater 
treatment is an ally in its recovery and reuse [1]. In this scenario, the development of new polymeric 
materials for the removal of industrial contaminants has the potential to solve this problem. 
Polymeric hydrogels are attracting attention in this area due to their high-water absorption capacity 
resulting from the galleries formed by crosslinking, and their ability to adsorb contaminants such as 
dyes and heavy metals [2,3].

In recent years, green chemistry has been in evidence, where the use of renewable reagents 
and/or derived from plant sources in the synthesis of biodegradable and eco-friendly polymers is 
becoming increasingly popular. Among these, are the polyester-based hydrogels, where various 
types of structures can be modulated from different monomers such as polyfunctional alcohols or 
carboxylic acids. These hydrogels are particularly interesting because they have many applications, 
such as in medical chemistry due to their biocompatibility, and in wastewater treatment, where they 
can also be biodegraded after disposal [4,5].

The adsorption of dyes by polyester-type bio-based hydrogels is an excellent option for the 
treatment of textile effluents, due to their ability to interact with the dye, which occurs in a way that 
the ions present on the polymer chains interact with the ions of the dye, leading to an electrostatic 
interaction [6]. In this perspective, the objective of this work is the synthesis of hydrogels based on
products derived from renewable and/or sustainable sources and evaluates their capacity to adsorb 
the cationic dye crystal violet in aqueous medium, aiming their application in effluent treatment of 
the textile industry.
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Experimental
Synthesis and characterization of poly(oligoglycerol maleate) precursor

Previously to the synthesis of poly(oligoglycerol maleate), the macromonomer oligoglycerol 
was synthesized. The reaction was carried out in a microwave reactor operating a maximum power 
of 200 W at 100 °C for 20 min under catalysis of 1 wt.% of sodium carbonate, as shown in Fig 1. 
Afterwards, the oligoglycerol obtained was reacted with malic acid and 2 mol% of tin (II) chloride
to obtain the hydrogel precursor (Fig 1). In a first moment, the reaction was conducted in an oil bath 
at 150 °C for 3 h under a nitrogen atmosphere, followed by a step of reduced pressure of 100 mbar
for 4 h. The macromonomer and precursor were characterized to determine their structures by 
hydrogen nuclear magnetic resonance (¹H NMR) and Fourier-transform infrared spectroscopy
(FTIR).

Figure 1. Scheme of the synthesis of oligoglycerol and poly(oligoglycerol maleate) precursor.

Synthesis and characterizations of hydrogels
In a round bottom flask, poly(oligoglycerol maleate) and different amounts of citric acid (10, 

15 and 20 mmol/g of precursor) were reacted using tin (II) chloride as a catalyst. The reaction was 
carried out in an oil bath heated to 150 °C for 3 h under a nitrogen atmosphere. After this period, 
the system pressure was reduced to approximately 100 mbar and the reaction was continued until 
the product vitrified. The resulting hydrogels were obtained as yellowish rigid solids, which were 
subsequently washed with deionized water and lyophilized to remove the soluble content. The 
hydrogels were structurally characterized through FTIR and in relation to their water uptake 
capacity and soluble content values. The hydrogels were nominated PMO-CA20, PMO-CA15 and 
PMO-CA10, in relation to the concentration of citric acid used.

Evaluation of crystal violet dye adsorption capacity
The crystal violet dye adsorption experiments were conducted to investigate the capacity of 

the synthesized hydrogels to remove cationic compounds from aqueous solutions. For this purpose, 
approximately 0.2 g of hydrogel were immersed in different solutions of crystal violet dye (CV) 
with a concentration of 10 ppm. At specific time intervals, the residual concentration of the dye was 
measured by ultraviolet-visible spectroscopy (UV-Vis). These measurements made it possible to 
determine the percentage of cationic dye adsorbed by the hydrogels. Furthermore, the adsorption 
kinetics was evaluated using a pseudo-second order mathematical model. (Eq. 1)

                                                   (1)

where t is contact time, Qt is the amount of dye adsorbed at time t, Qe is the amount of dye 
adsorbed at equilibrium and k2 is the pseudo-second order adsorption rate constant.

Results and Discussion
Synthesis and characterization of poly(oligoglycerol maleate) precursor
The synthesis of oligoglycerol macromonomer and the precursor were successfully conducted. The 
macromonomer was obtained with good yield and the purity of the compounds allowed their use in 
the polymerization reactions for the hydrogels preparation. Analyzing the 1H NMR spectra it is 
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possible to confirm the synthesis of the two compounds (Fig. 2).  For the oligoglycerol 
macromonomer, signals in 3.64-3.60 ppm for 1Ha, in 3.50 ppm for 2Ha,c, in 3.40 ppm for 2Ha,c. As 
for the poly(oligoglycerol maleate) precursor, there are observed signals in 4.53 ppm for H of 
terminal group derived from malic acid, in 4.49 for 1He, in 4.14-3.95 ppm and in 3.84-3.78 ppm for 
H of terminal group derived from oligoglycerol linked to malic acid, in 3.59 ppm for 6Hb, in 3.51-
3.41 ppm for H of terminal group derived from oligoglycerol, 3.46 ppm for 12Ha,c, in 3.37 ppm for 
12Ha,c, in 2.82 ppm for H of terminal group derived from malic acid and in 2.75 for 2Hd, confirming 
the synthesis. 

  
Figure 2. 1H NMR spectra for the oligoglycerol macromonomer (A) and poly(oligoglycerol 
maleate) precursor (B). 
 
Synthesis and characterizations of hydrogels 

In relation to the synthesis of hydrogels, the Fig. 3 shows the FTIR spectra for the different 
samples, which exhibit similar spectral profiles. An intense and broad band at around 3400 cm-1 is 
attributed to the stretching vibration of the -OH bond, characteristic of the presence of hydroxyl 
groups. The stretching vibration of the C=O bond can be observed at approximately 1730 cm-1, 
while the C-C bond stretching vibration is observed at 1190 cm-1. These observations suggest that 
there was a structural change in relation to the polyester, as evidenced by modifications in the band 
patterns. Furthermore, a decrease in the intensity of the hydroxyl band is observed due to 
crosslinking between the polyester chains, which is carried out through the free -OH groups present 
in the precursor structure, proving the crosslinking reactions. 

  
Figure 3. IV-ATR spectra for PMO-AC20, PMO-AC15 and PMO-AC10 hydrogels (A), and 
poly(oligoglycerol maleate) (B). 
 
 The water uptake capacity and the soluble content of the hydrogels also were evaluated, and 
the Table 1 presents the results for the different hydrogels. As the proportion of crosslinker used 

(A) 

(A) (B) 

(B) 
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increases, the water absorption content also increases, indicating that the presence of carboxylate 
ions is important for this effect. On the other hand, the soluble content also increases, since the 
excess of citric acid in the medium is higher, and the unreacted crosslinker solubilize in water 
during the washing step. 
 
Table 1. Water uptake capacity and soluble content for the PMO-AC20, PMO-AC15, and PMO-
AC10 hydrogels. 

Sample 
Crosslinker ratio 

(mmol citric acid/g 
polyester) 

Water uptake content (%) Soluble content 
(%) 

PMO-AC20 20 888.7 ± 53.7 37.8 ± 1.2 
PMO-AC15 15 615.1 ± 40.1 25.2 ± 6.1 
PMO-AC10 10  187.2 ± 57.8 17.6 ± 0.3 

 
In addition, the different hydrogels were evaluated in relation to their ability to adsorb ionic 

dyes, in order to simulate their applicability in the treatment of textile industrial effluents. For this 
purpose, each hydrogel was put into contact with solutions of the cationic crystal violet (VC) dye 
and analyzed over time using UV-Vis technique. The obtained adsorption values are presented in 
Table 2 and Fig 4a. 
 
Table 2. Percentage of VC dye adsorption at 5 h and 24 h for the PMO-AC20, PMO-AC15, and 
PMO-AC10 hydrogels. 

 
 The adsorption data indicate that almost 100% adsorption occurs in 24 h. The behavior can 
be explained by the fact that the dye is cationic and undergoes a strong interaction with the citrate 
portion present in the hydrogel. Regarding the adsorption mechanism, it is observed that the 
behavior is very similar among the different samples, where at the eighth hour of the assay, a 
plateau is reached. Furthermore, when comparing the different hydrogels, they present a similar 
performance, but the hydrogel with the best result is PMO-AC10, which has both the highest 
proportion of VC adsorption and the fastest mechanism. This may be mainly related to its low water 
uptake, with less competition within the hydrogel channels and with carboxylate ions. 

  
Figure 4. Adsorption profile of the cationic dye VC obtained from the kinetics as a function of 
contact time with the hydrogels (A) and pseudo-second order kinetic fitting for different hydrogels 
in contact with VC dye (B). 

Hydrogel Adsorption in 5 h 
(%) 

Adsorption in 24 h 
(%) 

PMO-AC20 67.0 ± 12.9 84.3 ± 10.3 
PMO-AC15 74.8 ± 9.6 90.4 ± 5.8 
PMO-AC10 86.7 ± 1.2 94.2 ± 0.6 

(A) (B) 
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Additionally, a kinetic study was performed in order to determine the mechanism of 
adsorption of the hydrogel. For this, a pseudo-second order model was employing, and the results 
are presented in Table 3 and Fig 4b. 

 
Table 3. Data obtained for pseudo-second order kinetic adjustment for PMO-AC20, PMO-AC15, 
and PMO-AC10 hydrogels and VC dye. 

Hydrogel k2 

(g mg.min-1) R² Qe theoretical 
(mg g-1) 

Qe experimental 
(mg g-1) 

PMO-AC20 0,12317 0,99994 0,83718 0,82902 
PMO-AC15 0,05750 0,99979 0,86875 0,85306 
PMO-AC10 0,09547 0,99989 0,83396 0,82328 

 
For the VC dye, the hydrogels behave according to a pseudo-second order mechanism, as 

they present R² values very close to unity and theoretical Qe values also very close to experimental 
values. In this mechanism, the limiting step is the chemical adsorption, where there are 
intermolecular forces between the dye and the hydrogel. This theory supports the proposal that the 
cationic dye interacts with the citrate portion of the hydrogel, thus forming ionic bonds between the 
species and adsorbing the dye to a greater extent. Furthermore, the contact time and chemical 
structure also influenced the adsorption process. 
 
Conclusions 
In this work, a family of sustainable hydrogels with potential applicability on the removal of the 
cationic dye crystal violet, which is commonly used in the textile industry, was efficiently 
developed. Different bio-based monomers and a natural crosslinking agent were used to obtain a 
low-cost material with high added value. The hydrogel crosslinked with 20 mmol of citric acid 
showed the highest water uptake capacity and soluble content. However, an inverse behavior to 
water absorption was observed for dye adsorption, where the hydrogel with the highest water 
absorption capacity showed the lowest dye adsorption. The hydrogel crosslinked with 10 mmol of 
citric acid was capable of adsorbing 94% of the cationic dye VC present in the solution. Regarding 
the adsorption kinetics, the determined mechanism was pseudo-second order, where the contact 
time and the chemical structure influenced the adsorption. 
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Abstract – Amino-acid based surfactants present several advantages such as possibility of using renewable resources 
and similar chemical structures to natural surfactants. These chemicals can be applied in a plenty of uses, including 
particles synthesis. This work reported the synthesis of lysine-derivative surfactants and their use in emulsion 
polymerization of styrene. Chemicals from renewable resources was employed for the synthesis of surfactants. The 
most important barrier in the proposed synthetic route is the amidation of lysine with stearic acid, which conversion was 
80%. In emulsion polymerization, monomer conversion was higher when used stearyl-lysinate sodium salt as surfactant.
The formulation with stearyl-lysinate ester presented higher difficulty to dispersion and, consequently, lower particle 
formation. Through SEC measurements, both polystyrene obtained with lysine-surfactants exhibited broader molar-
mass distribution than SDS one.
Keywords: Fatty Amides, Renewable Resources, Lysine Surfactant, Emulsion Polymerization.

Introduction 
As the demand for ecologic routes to obtain chemicals increased, one option that expanded in last 
decades is use of renewable resources, including aminoacid surfactants. This possibility was opened 
due to the similarity of the chemical structure of these surfactants with natural surfactants, in 
addition to the availability and variety of raw materials for their production [1] Aminoacids 
surfactants can be obtained via chemical and/or biochemical processes and present applications in 
agriculture, medicine, drug delivery, cosmetics, antimicrobiant agent, food industry [2-5]. Besides, 
a potential application of this sort of surfactant includes particle synthesis [6-8]. There are a reduced 
number of reports related to use of amino-acid-based surfactants in polymerization process. In order 
to reduce this lack, this work reported the use of lysine-derivative surfactants in emulsion 
polymerization of styrene.

Experimental 

Materials
Lysine monochloridrated from Dinâmica Química, stearic acid from Synth, ethanol from Química 
Moderna, hydrochloric acid from Neon, sodium hydroxide from Nuclear, sodium fluoride from 
Merck, aluminium oxide from ACROS Organics, styrene from INNOVA, sodium dodecyl sulphate
from Sigma-Aldrich, ammonium persulphate from TCI, deionized water.

Synthesis of Lysine Surfactants

2.50 g (13.687 mmol) of Lysine was esterified with ethanol and addition of hydrochloric acid in 
order to warranty reaction of aminoacid carboxylic group to protect this group. After the first 
reaction, esterified lysine was reacted with sodium hydroxide in ethanol to deprotonate the amine 
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groups and conditionate them to promote amidation with stearic acid. Amidation parameters: 
110°C, 6 hours, inert atmosphere, sodium fluoride as catalyst, aluminium oxide to absorb water 
which is amidation subproduct, based on literature [9].  After this, stearyl-lisinate ester reacted with 
sodium hydroxide ethanolic solution. Scheme with the reactions sequence is exhibited in Fig.1.  
 

 
 

Figure 1 – Synthesis of Lysine surfactants. 
 
Emulsion Polymerization 
 
Emulsion Polymerization was carried in an EasyMax 102 minireactor from Mettler Toledo. 
Formulation included deionized water, initiator, surfactant and monomer. In all formulations, 
surfactant amount was equivalent to six times the necessary to obtain solution concentration equal 
to critical micelar concentration (CMC). Furthermore, initiator quantity was 0.050 g (0.2191 mmol), 
styrene volume was 15 mL and deionized water, 60 mL. Firstly, at room temperature, it was 
prepared solution with water, initiator and surfactant. After this step, solution was fed to the 
minireactor with monomer and the mixture was stirred at 400 rpm without heating during 10 
minutes, at inert atmosphere, in order to start the dispersion. Then, minireactor was heated up to 
80°C and the reaction time, 4 hours, started to be accounted. After the reaction time, minireactor 
temperature was reduced up to 25°C to interrupt the polymerization. 
 
Characterization of lysine surfactants, lattices and polymer 
 
Conversion from L-lysine to lysine surfactants was detrermined gravimetrically. Lysine surfactants 
were characterized in their critical micellar concentrations (CMC) via K6 tensiometer, from Krüss. 
Lattices were characterized in terms of conversion via solids content measurement and mean 
particle diameter. Solids content was measured gravimetrically, according to literature [10]. Mean 
particle diameter measurements were obtained using a DLS BrookHaven Instruments 
spectrophotometer (BI) 9000. After lattices characterization, solid polymer of each used 
formulation was analyzed via SEC, using a Viscotek GPC, model VE2001, with Viscotek TDA 302 
triple detector array, Shodex pre-column (KF-G 4A) and four Shodex columns (KF806). 
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Results and Discussion 
 
In lysine-derivative surfactants synthesis, the step which was revealed as main barrier to reagents 
conversion is amidation. This reaction conversion was 80%. In all other reactions, conversion was 
higher than 95%. Table 1 shows CMC values of synthesized surfactants. It is observed that sodium 
salt surfactant presented higher CMC value than ester surfactant. This occurs due to the existing 
electrostatic work due to the ionic polarity of these molecules [11]. Thus, CMC value order is: 
stearyl-lisinate ester < Stearyl-lisinate sodium salt < Sodium Dodecyl Sulphate. 
 
Table 1 – CMC values of sodium dodecyl sulphate and synthesized lysine-derivative surfactants. 

Surfactant CMC (M) 
Sodium Dodecyl Sulphate 8.10 × 10-3 

Stearyl-lisinate ester 1.76 × 10-5 
Stearyl-lisinate sodium salt 3.10 × 10-4 

 
Solids content measures, indirectly, monomer conversion to polymer. Table 2 presents values of 
solids content of the formulations used in this report. The highest value was obtained when the 
surfactant in the formulation was sodium dodecyl sulphate. It is observed that the increase on the 
monomer conversion follows the trend of CMC values increase. Besides lower solids content, 
lattice of stearyl-lisinate ester formulation exhibited lower stability, possibly due to electrostatic 
forces in the ionic surfactant which increment emulsion stability. One detail is lower monomer 
conversion of both formulations with lysine-derivatives surfactant in comparison to sodium dodecyl 
sulphate formulation. 
 
Table 2 – Solids content and styrene conversion. 

Surfactant Solids content Conversion (%) 
Sodium Dodecyl Sulphate 18 99 

Stearyl-lisinate ester 5 27 
Stearyl-lisinate sodium salt 11 62 

 
Table 3 showed mean diameter particles distribution of the lattices. It has been noticed an inverse 
order on mean particle order. Lattice with formulation using lowest value of CMC surfactant 
presented largest particle diameter. This fact can indicate higher difficulty on particles formation 
related to a non-ionic surfactant and reduced dispersion capacity of stearyl-lisinate ester surfactant 
in comparison to stearyl-lisinate sodium salt surfactant. It was also noticed that both lysine-
derivative surfactants showed more difficulty in particles formation than sodium dodecyl sulphate. 
 
Table 3 – Mean diameter particles of the particles diameter. 

Surfactant Diameter (nm) 
Sodium Dodecyl Sulphate 64 

Stearyl-lisinate ester 707 
Stearyl-lisinate sodium salt 524 

 
SEC chromatograms (Fig. 3) demonstrated a broader molar mass distribution for polystyrene 
obtained from lattice formulation with lysine-derivative surfactants in comparison to the obtained 
from sodium dodecyl sulphate formulation. In the case of polystyrene from stearyl-lisinate sodium 
salt formulation, polydispersity index value surpassed 20. One fact that can justify reduction of 
initiator efficiency is the presence of two hydrophobic tails on lysine-derivative surfactants, which 
tends to interact with styrene and only one hydrophilic head, independently of ionic character of the 
surfactant. Thus, free radicals generated in aqueous phase tend to remain in the water. On the other 
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hand, it is more difficult to radicals penetrate in the micelle. This behavior can be evidenced by 
solids content and molecular-weight distribution curves. However, there is possibility of increase 
monomer conversion,  and reduce polydispersity index via optimization of reaction processes, 
such as surfactant and initiator content. 
 

 
Figure 2 – SEC chromatograms of resulting lattices. 
 
Table 4 – Molecular weight of resulting polymer of formulations. 

Surfactant  (Da)  (Da) PDI 
Sodium Dodecyl Sulphate 316000 767000 2.4 

Stearyl-lisinate ester 20000 104000 5.2 
Stearyl-lisinate sodium salt 19000 494000 26.4 

 
Conclusions  
 
Lysine-derivative surfactants were synthesized in a chemical route used reagents which can be 
obtained from renewable resources. After synthesis, they were employed in emulsion 
polymerization of styrene. Stearyl-lisinate sodium salt was more efficient in formulation than 
stearyl-lisinate ester. Although polymerization occurred, it is necessary improve process parameters 
in order to obtain polystyrene with higher value of  and narrower molecular weight distribution. 
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Abstract  The aim of this work was to study the influence of the synthesis of different formulations of STYRENE-
TMPTA and assess its applications as a catalyst in the glycerol acetylation reaction. To synthesize the resins and 
evaluate their structure, a factorial design was proposed, varying the percentage of crosslinker (2, 6 and 10%) and the 
crosslinker feed time (30, 150 and 270 minutes). The methodology used consisted, firstly, in synthesizing the 
copolymer particles, sulfonating them, finding the ion exchange capacity and performing catalytic tests. The resin with 
the lowest crosslinking percentage (2%) and the longest TMPTA feeding time (270 minutes) achieved the highest 
glycerol conversion (90%) and highest catalytic efficiency (206), thus demonstrating that the structure of the catalyst (a 
consequence of the formulation and procedure) affects its catalytic activity. Based on the obtained results, it is 
concluded that, despite the synthesized resin presents a low ion exchange capacity, the polymeric particles formed with 
low concentrations of TMPTA, favored the use of this resin as a catalyst in the glycerol acetylation reaction. 

Keywords: resins, TMPTA, copolymer, catalysis and catalytic efficiency  
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Introduction 
In recent decades, ion exchange resins have been applied as catalysts in various organic reactions, 
such as esterification [1], etherification [2], acetylation [3], transesterification [4], among others. 
Among the most used polymeric resins, one can mention resins formulated from styrene cross-
linked with divinylbenzene, as shown by the commercial lines such as Amberlyst and Dowex [5]. 
However, recent studies have shown that resins formulated from styrene with divinylbenzene 
present certain regions containing inaccessible sites to the reaction medium, causing a loss of 
catalytic performance of the resins [6]. On the other hand, according to the literature, resins with 
low densities of divinylbenzene present greater flexibility in their polymeric structure, favoring the 
morphology of the resin for catalytic applications [7], as this allows for a greater number of 
catalytic sites to be accessible to the reaction medium. This study consisted of an experimental 
design to investigate the influence of trimethylolpropane triacrylate (TMPTA) as a cross-linker and 
the effect of cross-linking density on the resin catalytic efficiency in the glycerol acetylation. 

Experimental 
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Catalyst synthesis
For the catalyst synthesis, the system of suspension copolymerization was carried out 
according to a procedure described in the literature [8,9], with modifications. The crosslinker was 
fed at specific reaction times. Suspension copolymerization was performed in a 
1 L jacketed glass reactor at 80 °C and 350 rpm for 6 h. The reactor was fed with a mixture 
of organic (11.5 vol%) and aqueous (88.5 vol%) phases. The aqueous phase consisted of 
a solution of polyvinyl alcohol (0.0038% w/v) in water. The solution was purged with 
nitrogen gas (15 mL min-1) for 1 h, and then the organic phase was fed into the reactor. 
The organic phase consisted of a mixture of 1 mol% benzoyl peroxide (initiator) relative to 
the monomer mixture (styrene + TMPTA), different fractions of TMPTA in the monomer 
mixture (0.02, 0.06 and 0.10), 30 vol% monomers in the organic phase, and 50% toluene in 
the solvent mixture (toluene + heptane). The cross-linker (TMPTA) was fed into the reactor 
at pre-defined times.  
After resin synthesis, the sulfonation process was carried out according to the literature [3,10]. Ten 
grams of dried resin was added to concentrated sulfuric acid (140 mL) at 57 , and the content was 
kept under stirring at 175 rpm for 1 h. Subsequently, the mixture (resin + sulfuric acid) was diluted 
in distilled water at 25 °C and filtered. The sulfonated resin was extensively washed to remove all 
residual acid and oven-dried at 50 °C to constant weight. All procedure for synthesis and 
application of catalyst, are explained in the scheme below. 

Figure 1 - Process for synthesis and application of a polymer catalyst. The glycerol acetylation was carried 
out with 4:1 of acetic acid / glycerol molar ratio, 40 g L-1 of catalyst concentration, at 90 °C under magnetic 
stirring for 6 hours. 

After the studies in the batch reactor, a fixed bed reactor was tested with the synthesized catalyst. 
The reactor dimensions are: 20 cm of length and 3 cm of diameter. The results and experimental 
conditions are detailed in Fig.3 

Catalysts characterization 
To characterize the synthesized catalysts, three analysis methods were adopted, namely: ion 
exchange capacity, swelling index and turnover number, as described in literature [9,11]. 
For ion exchange capacity, 0.5 grams of dry resin was weighed and placed in contact with nitric 
acid (8 mL, 1M) for 4 hours. Subsequently, the resins were filtered and taken to the oven until 
constant mass was obtained. After constant mass, the resins were placed in contact with 30 mL of 
NaOH solution (0.1M), remaining in contact for 24 hours. At the end of 24 hours, the NaOH 
solution was titrated with HCl solution (0.1M). The titrated volume was calculated and then the ion 
exchange capacity was found. 
For swelling index, the calculation was based on the moister mass of resin, in the end of reaction, 
divided by dry mass in the beginner of reaction. 
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The catalytic efficiency was calculated by the number of mols of consumed glycerol divided by 
amount of catalytic sites of resins (ion exchange capacity multiplied by the mass of catalyst) at a 
determined time. 
 
Results and Discussion  
After the synthesis resins, proposed analysis was performed and the resins was tested as a catalyst 
in the glycerol acetylation reaction. Results are presented in Table 1. 

Table 1 - Glycerol conversion and catalytic effciency of polymer resins. 

Resin YTMPTA TTMPTA (min) IEC (mmol g 1) XG (%) Ton (min-1) 

S1 0.10 30 0.585 86 98 
S2 0.10 150 0.540 66 90 
S3 0.10 270 0.540 63 87 
S4 0.06 30 0.418 78 173 
S5 0.06 150 0.641 72 83 
S6 0.06 270 0.537 88 181 
S7 0.02 30 0.357 64 147 
S8 0.02 150 0.413 34 84 
S9 0.02 270 0.411 90 206 

YTMPTA, cross-linker content; TTMPTA, cross-linker feed time; IEC, ion-exchange capacity. Conversions and 
turnover number calculated from glycerol content at 1 h of reaction. Reaction conditions (acetic 
acid/glycerol molar ratio of 4:1, 90 °C, and 40 g L-1 catalyst). 
 
Analyzing Table 1, it is possible to verify that experiments S1, S6 and S9 presented higher 
conversions at 1 hour of reaction. However, the calculation of catalytic efficiency shows us which 
resins provided better catalytic performances. Considering the results of catalytic efficiency, it is 
possible to verify that experiment S9 presented better catalytic performance, since it was the 
experiment with the lowest ion exchange capacity and the highest glycerol conversion (90%).  
In order to assess the behavior of catalytic efficiency on the limit crosslinker percentages (2 and 10 
%), the catalytic efficiencies along the reaction time of experiments S3 and S9 were compared, as 
shown Fig. 2. 
 

 
Figure 2 - Catalytic efficiency along the reaction time of experiments S3 and S9. 
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According to Fig.2 it is possible to verify the effect of polymeric structure on the catalytic 
efficiencies of resins, since polymer network with higher crosslinker (TMPTA) contents tend to 
present tighter structure [12], consequently reducing the accessibility to catalytic sites. Such 
behavior shows that the structure of the copolymer affects the catalytic performance of resin. 
Regarding the swelling index of the resins, around 1.32, there was no considerable variation, thus 
demonstrating that the crosslinking fraction under these conditions was not an influential factor for 
this analysis. 
In order to assess the behavior of the resins on industrial experimental condition simulation, a new 
catalyzed reaction was carried out in a tubular reactor with recycle. 
presented better catalytic performance in the batch reactor. The results are shown in Fig.3. 
 

 
Figure 3 - Glycerol acetylation with resin S9 at 90 ° in a tubular reactor with recycle. Experimental 

conditions: 46 grams of catalyst; 25 mL / min of flow rate; 425 mL of reactor volume and 3  5 mm particle 
size. 

Fig. 3 shows an expected behavior for reactions carried out in a tubular reactor. With the first pass 
of the reaction medium, the glycerol conversion, around 15 cm of bed length, reaches equilibrium 
with 27% of conversion. In the second cycle of the reaction medium (second pass), the glycerol 
conversion reaches a level around 52% of conversion considering 30 cm of bed length. In the 
interval from 30 to 45 cm (third pass), the conversion still increases gradually reaching, as in the 
first passes, a new level of conversion, around 60% of glycerol conversion.  
Considering the residence time of each step (around 17 minutes) and the glycerol conversion 
reached (27, 52 and 60 %) for each cycle, these results lead to concluded that this type of resin and 
reaction medium is viable for industrial application, since continuous equipment is attractive for 
industrial field. 
 
Conclusions  
Acidic resins were synthesized from styrene-TMPTA under different percentages and crosslinker 
feed times (TMPTA) and tested as catalysts in the glycerol acetylation reaction. A factorial design 
was carried out for the synthesis of the resins and the resin that presented the best results was the 
one formulated with the smallest fraction of crosslinker (2%) fed in the time of 270 minutes. It was 
found, according to the results presented, that the catalytic efficiency decreased with the increase in 
the crosslinking percentage, which was expected, since denser resins tend to be more rigid, 
hindering the flow of compounds (reagents and products), consequently, hindering the accessibility 
to the catalytic sites. The swelling index, in this study, did not vary significantly with the variation 
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in the percentage of TMPTA, nor with the feeding time of the crosslinker to the reactor. Catalytic 
tests were carried out in a tubular reactor and the results found were satisfactory, with 60% of 
glycerol conversion around 51 minutes of reaction time. Despite the low ion exchange capacities 
produced under the sulfonation conditions studied herein, styrene-TMPTA resins show attractive 
accessibility when applied as catalysts. 
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Abstract - The thermal degradation kinetics of two Brazilian wood species have been studied, using three different 
heating rates (5, 10 and 15 °C.min-1) under nitrogen atmosphere. Thermogravimetric analysis was performed and showed 
that Andira surinamensis (ASU) initiate its degradation at 276 °C and has its maximum degradation at 352 °C, while 
Tabeuia ocracea (TOC) presents its temperatures at 285 °C and 362 °C, respectively, showing a slightly higher thermal 
stability than ASU. Flynn-Wall-Ozawa (FWO) method were applied to evaluate the thermal degradation behavior of both 
wood species Through FWO method, ASU and TOC apparent activation energy (Ea) was determined, ranging 141-168 
kJ.mol-1 and 168-189 kJ.mol-1 respectively. The results indicated that, TOC may need more energy to degrade than ASU, 
as showed by FWO method, being a more thermally stable material.  
Keywords: Thermal degradation, FWO, kinetics, wood. 
 
Introduction 
Biomass has been one of the materials that has been receiving most attention from materials industry 
and researchers in the last few years [1–3]. One of the major reasons to this, is evolution of the global 
environmental awareness associated to the circular economy principle. Nevertheless, some biomass 
such as wood, have always played a key role on our economic model, but now the interest has grown. 
For instance, wood presents a good mechanical properties and relative low density, besides, can be a 
cheap and abundant waste from several industrial processes. Due to the large number of wood species, 
alongside with the fact of being a natural material, its properties can vary a lot, so knowing the 
properties of different species is fundamental to choose the right wood for each application [4–6]. 
With that, wood thermal properties can be a limiting depending on the desired application, so the 
understanding of the wood performance on higher temperatures as well as the thermal degradation 
behavior, is a subject of great importance [7–9]. Lignocellulosic materials have a heterogenic 
structure, mostly composed by three components: cellulose, hemicellulose, and lignin. Each one of 
them have specific characteristics and play a different role on wood properties [10,11]. 
Thermogravimetric analysis can help to understand the degradation of wood and its components, and 
with the aid of some auxiliar methodologies, such as the isoconversional method, with Flynn-Wall-
Ozawa (FWO), Kissinger-Akahira-Sunose (KAS) and Friedman being some of the most popular in 
the literature [1,7,8]. With those methods the apparent energy activation (Ea) can be determined, 
however, FWO method enable the Ea calculation for each conversion (α), differently from the other 
two methods, that calculates only a general Ea. 
Finally, the degradation kinetics of few wood species are well known and studied. However, for most 
of them, still not documented. In this work, the composition and degradation kinetics of two Brazilian 
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wood species, namely Andira surinamensis (ASU) and Tabebuia ochracea (TOC), were performed 
through termogravimetric analysis and an isoconversional method, namely FWO. 
 
Experimental  
Composition 
The composition content of tree wood samples was measured. Wood extractives were determined 
based on TAPPI T204 cm-97 standards on an ethanol/benzene 1:2 solution. The Klason lignin were 
determined according to TAPPI T222 om-02. Humidity, cellulose, and hemicellulose for instance 
were determined based on Van Soest method. 
 
Thermogravimetric Analysis 
In the present work, two Brazilian wood species will be evaluated, Andira surinamensis (ASU) and 
Tabebuia ochracea (TOC). Samples of both wood species were provided by Madeireira Bianchi, 
Garibaldi/RS. 
The samples were subjected to the thermogravimetric analysis (TGA).  TGA were performed in a 
Shimadzu TGA-50 equipment, using a nitrogen atmosphere with flow of 50 mL.min-1, starting from 
25°C up to 800°C, with three different heating rates 5, 10 and 15 °C.min-1.  
 
Degradation Kinetics 
The determination of the apparent energy activation was performed using Flynn-Wall-Ozawa (FWO) 
method, following Equation 1. 

 (1) 

Where β is the heating rate, A is the pre-exponential factor, g(α) is the function of the degree of 
conversion, R is the gas constant and Ea is the apparent activation energy. Also, there is a linear 
relationship when plotting log β vs 1/T for different β values. With the slope of the straight line, the 
apparent activation energy is calculated. 
 
Results and Discussion 
The composition of the studied woods is presented on Table 1. Those species presented an evident 
difference in its composition. Cellulose content for example is around 46.8% whereas TOC presented 
a much lower cellulose content, around 27.9 %, this can be important, because in some cases the 
cellulose content is closely related to mechanical properties of lignocellulosic materials. Lignin 
content can be another very important component and impact some important wood characteristics. 
ASU lignin content was around 32.1 % whereas TOC was 48.9%. Lignin is an amorphous biopolymer 
and have a complex structure compared to the other wood components. Due to its complexity takes 
more energy do degrade, so lignin is generally correlated with antioxidant properties [1]. 
Table 1 - Composition of Andira surinamensis (ASU) and Tabeuia ochracea (TOC) 

Sample Cellulose (%) Hemicellulose (%) Lignin (%) Extractives (%) Ashes (%) 

ASU 46.8 ± 1.4 6.9 ± 3.2 32.1 ± 2.7 1.62 ± 0.6 2.15 ± 0.4 

TOC 27.9 ± 2.9 9.7 ± 2.3 48.9 ± 0.9 4.98 ± 0.1 0.28 ± 0.0 

Thermogravimetric analysis can help to analyze the thermal stability and the thermal degradation 
behavior of wood. In Figure 1 TGA (a) and DTG (b) of Andira surinamenses samples are displayed 
and three major degradation steps can be identified. Up to 100 °C there is a mass loss that is related 
to the water content due to the hygroscopic character of the wood, it can absorb a high percent of 
water , also to the naturally chemically bonded water present in the wood [7,12]. The first degradation 
step starts around 200 °C and is attributed to some components with low molecular weight and to 
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hemicellulose, which is the component with the lower thermal stability among the principal 
components of wood [7]. To compare the thermal stability between the evaluated species, the 
temperature when 5 % of mass loss occurs (T5) were measured, for a heating rate of 10 °C.min-1. For 
Andira surinamenses, T5 was 250 °C. The temperature where the sample reach its maximum 
degradation rate (Tmax) was 351 °C. This degradation step is visible also on Fig. 1 (b) where a shoulder 
around 295 °C can be identified and is correspondent to hemicellulose [13]. A second step take places 
around 370 °C and is tightly bonded to the first step, so the hemicellulose degradation still occurring. 
Now, cellulose degradation is the main event, its thermal degradation firstly occurs in the amorphous 
phase, and the degradation get to the crystalline phase as the temperature still raises. Finally, tightly 
bonded to cellulose degradation process, from 400 °C and going to all the remaining degradation 
process, the lignin is the main degraded component. Due to its very complex structure, composed by 
benzene-propane units, being heavily cross-linked and having high molecular weight, lignin requires 
a much higher energy to degrade when compared to hemicellulose and cellulose [7,13]. From the 
above explanation. is possible to observe that the wood degradation reactions are concurrent, so at 
the same time as the extractives are degrading, hemicellulose starts its on degradation process and 
when temperature rise a few degrees cellulose degradation as well takes place, and that is the main 
reason behind the superimposed peaks observed on DTG. The variation on heating rate, from 5 until 
15 °C.min-1, shift the degradation process to higher temperature zone for a few degrees. For instance, 
the Tmax is shifted from 342 °C to 359 °C for 5 and 15 °C.min-1 heating rates, respectively. 
 

 
Figure 1 - TGA (a) and DTG (b) of Andira surinamenses samples, at 5, 10 and 15 °C.min-1 heating rate. 

Tabebuia ochracea TGA (a) and DTG (b) curves are shown in Fig. 2. The general behavior observed 
is the same as the Andira surinamenses. The first step begins around 202 °C, T5 occurs at 264 °C, and 
Tmax at 362 °C, displaying a very similar thermal stability at this point. Some aspects of wood and 
lignocellulosic materials can be responsible for its thermal stability.  

 
Figure 2 - TGA (a) and DTG (b) of Tabebuia ochracea samples, at 5, 10 and 15 °C.min-1 heating rate. 

The mass fraction ratio of its components generally has a major role in this aspect and can be 
determinant whether a material is more stable thermally than the other. When the material presents a 
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high ratio of extractives and hemicellulose, the material can degrade prior to the one that present 
lower ratio. Also, the lignin has a complex structure that demands higher energy to degrade, so, if the 
lignocellulosic material has a high fraction of lignin, it may present higher thermal stability as well 
[3,9,14]. As observed on ASU TGA, with the increase of the heating rate, there is a shift of Tmax to 
higher temperatures, ranging from 350 until 372 °C for 5 and 15 °C.min-1 respectively.  
With the TGA results, the next step was to apply Flynn-Wall-Ozawa method to determinate the 
apparent activation energy for those samples. Fig. 3 show ASU (a) and TOC (b) FWO plots. 

 
Figure 3 - FWO plot for Andira surinamenses (a) and Tabeuia ochracea (b) 

From FWO plot, the slope of every linear fit was extracted, and the apparent activation energy was 
calculated as shown on Table 1. 
Table 2 - Slope, R² and Ea for Andira surinamenses and Tabeuia ochracea 

α Andira surinamenses (ASU) Tabeuia ochracea (TOC) 
R² Ea (kJ.mol-1) Temperature (°C) R² Ea (kJ.mol-1) Temperature (°C) 

0.1 0.97 141.2 ± 22.0 276.2 0.93 168.9 ± 43.4 285.4 
0.2 0.98 154.6 ± 20.7 303.7 0.96 176.7 ± 36.8 314.2 
0.3 0.98 161.2 ± 21.2 325.5 0.98 185.7 ± 20.7 335.9 
0.4 0.98 165.4 ± 20.8 342.4 0.99 189.8 ± 9.7 350.5 
0.5 0.98 168.1 ± 21.7 355.8 1.00 186.4 ± 0.2 360.6 
0.6 0.96 137.6 ± 26.4 375.6 0,99 189.9 ± 2.9 370.3 
0.7 0.98 397.6 ± 43.9 449.8 0.05 48.1 ± 195 405.2 
0.8 0.94 261.4 ± 60.1 541.4 0.11 55.1 ± 159 511.7 

ASU wood initially presents activation apparent energy (Ea) ranging from 141 until 394 kJ.mol-1. 
Conversion (α) presents a good fitting all the way from 0.1 to 0.8. with a R² > 0.9. Above 0.6 R² 
begins a slightly decrease in the fitting. However, when α ≥ 0.7 the Ea is much higher than the 
predecessors, although R² show a good fitting, that may be related to a change in degradation 
mechanism, or it is due to lignin degradation, that takes place in that range of conversion [14,15]. 
TOC presents a very good linear fitting from a conversion of 0.1 until 0.6 and Ea ranging from 168 
up to 189, on this α range. That means that TOC need more energy do degrade than ASU, what is 
supported by the main temperatures analyzed on TGA, where TOC presented a higher T5 and Tmax, 
showing a higher thermal stability. Is possible that the lignin content may be the most important factor 
that explain that difference in thermal stability observed on TGA and the discrepancy on Ea. Since 
lignin degrade under higher temperatures, as explained in TGA curves, it can be elevating the thermal 
stability of TOC. 
 
Conclusions  
Both woods presented similar trends on the behalf of their thermal degradation steps. However, TGA 
showed a higher thermal stability for Tabeuia ochracea (TOC) with higher T5 and Tmax. Andira 
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surinamensis (ASU) presented an Ea from 141 up to 168 kJ.mol-1 and Tabeuia ochracea (TOC) 
apparent energy activation where higher, starting from 168 until 189 kJ.mol-1, for conversion (α) in 
the range from 0.1 to 0.6. These results are probably due to the specimen composition, since TOC 
presented a higher lignin content, who is generally related to thermal stability.  
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Abstract – The solid-state degradation mechanism of two Brazilian wood species have been studied. From Flynn-Wall-
Ozawa (FWO) isoconversional method, apparent activation energy was calculated and applied to the Criado method. The 
main degradation mechanism of both species was determined as being diffusion mechanism. ASU degrades under a three-
dimensional mechanism whereas TOC degrades under one-dimensional mechanism. 
 
Keywords: Thermal degradation, Master Curves, solid state degradation mechanism, kinetics, wood. 
  
Introduction 
 
Thermal degradation kinetics of biomass materials is a subject of great importance. With that, it is 
possible to make assumptions on how the material going to behave when exposed to temperature over 
time and kinetic predictions can be done around the material. Isoconversional methods, help us to 
evaluate the kinetic triplets, activation energy (Ea), pre-exponential factor (A) and reaction model 
( ). There are a great variety of isoconversional methods, such as Friedman [1], Flynn-Wall-
Ozawa (FWO) [2], Kissinger-Akahira-Sunose (KAS) [3], Starink [4], Vyazovkin [5] and many 
others. Those methods are the so-called model-free methods, because they do not rely on an explicitly 
model to determinate the kinetic triplet. 
Many authors tend to investigate the reaction mechanisms through which the material is thermally 
degraded, combining the model-free methods and the application of master plots, such as the method 
described by Criado [6]. One very common way to achieve this, is to apply an isoconversional 
method, such as FWO and with the obtained Ea values apply Criado method to determinate material 
reaction mechanism. So, combining isoconversional and a master plots methods, enables one to 
describe very technically the thermal kinetics degradation of a material, knowing all the way of kinetic 
triplet. So, Criado master plots method, is often used by many authors to determinate the degradation 
mechanism of a material such as lignocellulosic ones and can help to understand if one degrades 
under a unique or multi degradation mechanisms [6,7]. 
This approach is very well established for wooden materials, as reported by many authors [8–10]. 
Cavinato and Poletto (2021) performed the kinetic analysis using FWO method and solid-state 
reaction of three wood species. In this study, they found out that three-dimensional diffusion was the 
most prominent degradation mechanism associated to the woods.  
In this work, two Brazilian wood species, Andira surinamensis (ASU) and Tabebuia ochracea (TOC) 
solid-state reaction mechanism were determined, through master plots from Criado method. 
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Experimental  
Thermogravimetric Analysis 
In the present work, two Brazilian wood species will be evaluated, Andira surinamensis (ASU) and 
Tabebuia ochracea (TOC). Those woods were provided by Madeireira Bianchi. 
The samples were grounded and subjected to the thermogravimetric analysis (TGA).  TGA were 
performed in a Shimadzu TGA-50 equipment, using a nitrogen atmosphere with flow of 50 mL.min-

1, starting from 25 °C up to 800°C, with three different heating rates 5, 10 and 15 °C.min-1.  
  
Degradation Kinetics 
From part 1 achieved results, using Flynn-Wall-Ozawa (FWO) calculated apparent activation energy 
(heating rate of 5 °C.min-1), was possible to perform Criado method. The FWO calculations were 
performed using the Eq. 1, as follows: 

 (1) 

 
Where β is the heating rate, A is the pre-exponential factor, g(α) is the function of the degree of 
conversion, R is the gas constant and E is the apparent activation energy. Also, there is a linear 
relationship when plotting log β vs 1/T for different β values. With the slope of the straight line, the 
apparent activation energy is calculated. The three different heating rates were used as recommended 
by International Confederation of Thermal Analysis and Calorimetry (ICTAC), since with at least 
three heating rates is possible to identify non-Arrhenius temperature dependence and reduce errors. 
Through this method, is possible to determinate the main degradation kinetics mechanism. Eq. 2 is 
used to determine the reaction mechanism in a solid-state reaction process, as follows: 

   (2) 

  
where  and  is an approximation of the temperature integral. From Eq. 3 the master 
curves can be obtained. 
  (3) 

  
 Equation 4 is used to plot  vs  curves for the theoretical models. 
 

 (4) 

 
 
Results and Discussion 
 
From part 1 results, apparent activation energy (Ea) for Andira Surinamensis (ASU) and Tabebuia 
ochracea (TOC) were displayed on Figure 1. 

As seen on the previous work, from a 0.6 conversion (α), the confidence (R²) of FWO results begins 
to drop, and as can be verified at Figure 1, Ea displays a very different behavior when compared to 
0.1-0.6 α range, due to a probably change on reaction mechanism, due to that low confidence, Ea for 
conversions higher than 0.6 were not used [7].  
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Figure 1 – Theoretical curves of solid-state degradation mechanism 

From these results and following Criado method, Z(α) was calculated for Andira surinamensis (ASU) 
and Tabebuia ochracea (TOC) samples and the plots are shown in Figure 2. Is possible to observe 
that until conversion (α) of 0.5, ASU main degradation mechanism is controlled by a diffusion 
mechanism. Since the calculated Z(α) may overlap more than one model and to verify which model 
had better fit to the calculated Z(α), the error between each model and the value was calculated and 
is displayed at Figure 3 (a). Some models were removed from the visualization to have a better 
visualization of the model that presented better fitting. So, it is possible to verify that the main 
degradation mechanism for ASU is a three-dimensional (D3), since it presented the lower error 
compared to the model. Diffusion mechanism are expected degradation mechanisms for 
lignocellulosic materials, as reported by many authors [11–13]. The same behavior is observed in 
Ornaghi [7] research, when the authors have observed that six different vegetal fibers degraded under 
diffusion mechanism, at least from 0.1-0.5 conversion range. 

TOC experimental present a very similar trend to ASU sample, where diffusion is the main 
degradation mechanism. Still, TOC has a better fit to D3, until a conversion of 0.6, as that can be seen 
in Figure 3 (b). 

 

Figure 2 - Experimental curves of solid-state degradation mechanism for ASU and TOC samples 
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Diffusion degradation is generally associated to the cellulose and hemicellulose fraction of ASU and 
TOC samples. The diffusion process occurs on most between crystal lattices and can occur between 
molecules as well. For TOC sample with a predominantly observed D3 mechanism, degradation take 
place on three dimensions, possibly on a boundary between two phases, that can be for example a gas 
and solid [11,13].  

 

Figure 3 - Calculated Z(a) error for ASU and TOC, compared to the models. 

From a α of 0.6 to the limit, the reaction mechanism begins to change, and the fitting to the curves is 
poor, and that is the reason why they were not plotted, for better visualization. That behavior is 
probably related to a mix of chemical reaction and lignin degradation, who is in place at this range of 
temperatures, since for ASU 0.5 conversion is correspondent to the temperature of 355 °C. Lignin 
has a more complex structure than cellulose and hemicellulose, so its degradation mechanism is also 
more complex, besides, is possible that other components, such dense aromatic structures are 
degrading at the same time. Generally, lignin can degrade trough F-mechanism (random nucleation), 
but on lignocellulosic materials, the material components are bonded [11]. When lignin is beginning 
its degradation process, cellulose has not finished all of it, so in some conversion ranges, is possible 
that various degradation mechanism are occurring at the same time, and that is reflect on Figure 2, 
when the mechanism is changed at 0.6, and is also visible  on FWO results, when r-square for the 
same conversions starts do decay for low confidence intervals [14]. Also, lignocellulosic materials 
present a series of condensed aromatic structures, that degrades under a slow rate, and that may be 
one reason why the fitting on those conversion range are no good fitted to master curves as well. 
Finally, lignocellulosic materials are very heterogeneous, so the degradation kinetics may not follow 
exactly a model, but in general will follow a trend [7,15]. 
 
Conclusions  
 
This study demonstrates that ASU and TOC degrade mostly through diffusion processes, until 
conversion of 0.6. However, ASU will degrade over three-dimension mechanism and TOC as well. 
For conversion higher than 0.6 the degradation mechanism begins to change and is possible that 
diffusion mechanism and other mechanism, such random nucleation, can be occurring at the same 
time, while cellulose and lignin are degrading.   
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Abstract – Environmental concerns related to the utilization of petroleum-based raw materials for the production of 
polymers have prompted the development of materials derived from renewable resources. In this work, tung oil and 
itaconic acid were used for the synthesis of poly-functional monomers and polyesters. In a first step, a Diels-Alder
reaction between methyl -eleostearate and dimethyl itaconate allowed the production of trifunctional monomers. For 
the sake of comparison, a petroleum-based molecule, n-butyl methacrylate, was used instead of dimethyl itaconate to
produce a bifunctional monomer. The synthesized monomers were submitted to step-growth polymerization reactions
with either glycerol or ethylene glycol. Spectroscopic analyses of the polymers detected the disappearance of methyl 
groups characteristic signals, implying that the polymerization reactions were successful to some extent. With some 
improvements, this method could be utilized to produce novel bio-based polymers.
Keywords: tung oil; itaconic acid; Diels-Alder reaction; polyesters
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Introduction 
The wide use of petroleum-based raw materials for the synthesis of polymers have raised 
environmental concerns over the last decades, and the urge for alternatives is already a reality. In 
this context, vegetable oils became protagonists due to their versatility and abundance [1]. Tung oil
has a major fatty acid composition of -eleostearic acid (80-85%), which contains three conjugated 
carbon-carbon double bonds that can undergo free-radical and cationic polymerizations, or react 
with dienophiles in Diels-Alder click reactions to produce step-growth monomers and polymers [2-
4]. Another interesting bio-based molecule that has received attention is itaconic acid, an 
unsaturated di-carboxylic acid with a chemical structure resembling acrylic and methacrylic acids.
Progress have been made on the free and controlled radical polymerization of itaconic acid and its 
derivatives, originating materials that can be exploited in terms of drug delivery, antimicrobial 
activity, among other potential applications [5,6]. Herein, methyl -eleostearate was reacted with 
dimethyl itaconate through Diels-Alder reaction, leading to polyfunctional monomers which were 
later reacted with glycerol or ethylene glycol via step-growth polymerization. The strategy aims at 
contributing with the development of original polymers from renewable resources.

Experimental
Synthesis of polyfunctional monomers via Diels-Alder reaction
Methyl -eleostearate (ME), was synthesized and characterized as previously described [7]. The 
Diels-Alder reaction was performed by stirring methyl -eleostearate with dimethyl itaconate (DI)
or n-butyl methacrylate (BM) (25 mol %) in a three-necked round-bottom flask equipped with a 
condenser under N2 atmosphere and reflux (BP of DI = 208 °C; BP of BM = 163 °C) for 5 h. The 
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products were characterized by Proton Nuclear Magnetic Resonance Spectroscopy (1H-NMR), Gas 
Chromatography-Mass Spectrometry (GC-MS), and Fourier-Transform Infrared Spectroscopy 
(FTIR). The products were denominated DA1, for the reaction with dimethyl itaconate, and DA2, 
for the reaction with n-butyl methacrylate. 
 
Synthesis of polyesters 
Polyesters were synthesized by reacting DA1 or DA2 with glycerol or ethylene glycol, in the 
presence of 1 wt. % H2SO4. Potassium acetate and 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) were 
also used as catalysts in preliminary tests, but the reaction yields were inferior than the acid-
catalyzed polymerization, therefore only the higher yield results are shown here. Table 1 shows the 
combinations of monomers and sample names. Monomers and catalyst were added to a round 
bottom flask equipped with a distillation setup and kept under stirring for 20.5 h at 150 °C. The 
comonomers were added in stoichiometric amounts, i.e., if both monomers were tri- or bi-
functional, they were added in a 1:1 molar ratio, whereas if one of them was tri-functional and the 
other was bi-functional, they were added on a 2:3 molar ratio of tri-:bi-functional monomer. The 
final product was neutralized with pyridine, and then submitted to Soxhlet extraction with 
dichloromethane for 2 h, in case of a branched product, or precipitated in cold methanol, in case of 
a linear product. After either the extraction or precipitation, the products were dried in a vacuum 
oven at 70 °C for 24 h, and the reaction conversions were calculated by dividing the actual weight 
of the polymers by the expected weight predicted by the stoichiometry. The polymers were 
characterized by FTIR, Thermogravimetric Analysis (TGA), and Differential Scanning Calorimetry 
(DSC), and the linear polymer was also characterized by 1H-NMR spectroscopy and Gel 
Permeation Chromatography (GPC). 
 
Table 1 – Combinations of polymerization reactions and sample names. 

Monomer 1 Monomer 2 Product 
DA1 Glycerol P1 
DA1 Ethylene glycol P2 
DA2 Glycerol P3 
DA2 Ethylene glycol P4 

  
Characterization 
FTIR spectra were collected using a Thermo Nicolet iS10 FTIR spectrometer (Thermo Scientific, 
Waltham, MA, USA) with an attenuated total reflectance (ATR) accessory. The spectra were 
obtained in the 400-4000 cm-1 spectral region, with 32 scans, and 4 cm-1 resolution. The 1H-NMR 
spectra were acquired on an Agilent MR400DD2 spectrometer (Santa Clara, CA, USA) operating at 
400 MHz. All samples were dissolved in deuterated chloroform. GC-MS analyses were made on a 
Shimadzu GC–2030 gas chromatograph equipped with a mass spectrometer detector Shimadzu 
GCMS-QP2020NX (Kyoto, Japan) using a 30 m Rtx-5MS column (Restek, Bellefonte, PA, USA) 
with an internal diameter of 0.25 mm and a film thickness of 0.25 μm. Samples were dissolved in 
acetone, leading to an approximate concentration of 5% (v/v). Helium was used as the carrier gas at 
a total (column + split) flow rate of 50 mL/min. The temperature was initially kept at 70 °C for 2 
min, then increased to 300 °C at a heating rate of 15 °C/min, and finally kept at 300 °C for 13 min.  
The molecular weight distribution was determined via GPC, with a LC-20AD liquid chromatograph 
from Shimadzu (Tokyo, Japan), equipped with a SIL-20A HT autosampler, and a RID-20A 
refractive index detector, operating on THF at 40 °C with a flow rate of 1 mL/min. The column 
system comprised five Phenogel main columns (5 μm, 300 mm × 7.80 mm, 500-106 Å) and a 
Phenogel pre-column (5 μm, 50 mm × 7.80 mm), from Phenomenex (Torrance, CA, USA). The 
calibration curve was created using polystyrene standards (Sigma-Aldrich, Saint Louis, MO, USA), 
ranging from 2500 to 50000 Da. TGA tests were performed in a Q50 TGA instrument (TA 
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Instruments, New Castle, DE, USA), under air or N2 atmosphere. Approximately 10 mg of sample 
were heated in platinum pans from room temperature to 650 °C at a rate of 10 °C/min. DSC 
experiments were conducted with a Q20 DSC instrument (TA Instruments, New Castle, DE, USA). 
Around 10 mg of sample were placed in aluminum pans and cooled to -60 °C, then heated to 250
°C, cooled to -60 °C again, and heated to 250 °C one more time, at a constant rate of 10 °C/min
under N2 atmosphere.

Results and Discussion
Synthesis of polyfunctional monomers via Diels-Alder reaction
To calculate the conversion of the Diels-Alder reactions, samples were submitted to 1H-NMR 
spectroscopy, and the results are presented in Fig 1. Signals that should be present only on the 
dienophile spectra were chosen for the calculations. For DI, the signal around 6.30 ppm, 
denominated “a” (Fig 1) was selected for the calculations, whereas for BM, the signal around 5.51 
ppm, denominated “c” (Fig 1) was chosen, both related to hydrogens linked to one of the sp2

carbons. Since during the Diels-Alder reactions a π bond is converted into a σ bond, the 
corresponding 1H-NMR signals should be shifted upfield within the spectra. Therefore, whatever is 
left at the aforementioned chemical shifts represent a non-reacted dienophile. The conversion of the 
reactions was calculated by Eq. 1, where Ai is the intensity of the non-reacted dienophile signals, 
and Aj is the intensity of signals of hydrogens from methyl groups selected as a reference. The 
conversion of DI to DA1 was approximately 88%, whereas of BM to DA2 was around 55%, 
suggesting that DI, a bio-based molecule, is more reactive than the petroleum-based BM at the 
investigated conditions.

                   (1)

Figure 1 – 1H-NMR spectra of (A) ME, DI, and DA1, and (B) ME, BM, and DA2.

Fig 2 represents the GC chromatograms of ME, DA1, and DA2. Several peaks were eluted at 
different retention times, ranging from 14.3 to 20.9 min, in ME chromatogram. This result was 
expected, since tung oil is composed of a variety of fatty acid chains. Thus, ME is composed of 
methyl esters of all those fatty acids, which contain distinct molecular weights, and should have 
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different retention times on GC. Since only methyl α-eleostearate can undergo Diels-Alder reaction, 
the different fatty acid methyl esters of were still present in the Diels-Alder products, and
consequently, in their chromatograms. However, new peaks at retention times of 21.6 min for DA1, 
and 21.4 min for DA2 were observed. Their molecular weights, calculated by MS, were 450 and 
434 g/mol, respectively, which are precisely the molecular weights of the predicted Diels-Alder 
products, suggesting that the reactions were successful.

Figure 2 - GC chromatograms of ME, DA1 and DA2.

Synthesis of polyesters
A combination of different comonomers was studied, and the results are presented in Table 1. Only 
three of the four studied reactions yielded a final product at the applied conditions, being P1, P3, 
and P4. P3, however, yielded only 8% conversion, whereas P1 yielded 56%, and P4 yielded 75%.
Due to the low conversion, P3 was chosen not to be characterized. P1 was a branched solid 
polymer, while P4 was a linear polymer, having a very viscous aspect.

Figure 3 - (A) FTIR spectra of synthesized monomers and polymers; (B) 1H-NMR spectrum of P4; (C) DSC 
thermograms of synthesized polymers; (D) TGA thermograms of synthesized polymers; (E) GPC
chromatogram of P4.

FTIR spectroscopy (Fig 3A) showed that all spectra presented bands (cm-1) at around 3014, 1735, 
which correspond to sp2 C-H stretch, and C=O stretch, respectively. A peak at 1429 cm-1, related to 
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vibrations of the C-H bonds of the methyl ester group, was observed in both monomers, but was 
less intense or did not appear in the case of polymers. The polymerization reaction is a 
transesterification reaction, i.e., the methyl and butyl groups of the monomers should be replaced by 
the glycol chains. Therefore, the vanishing of the 1429 cm-1 band suggests the reaction took place 
[8]. 1H-NMR spectrum of P4 (Fig 3B) indicated that the signal at around 3.6 ppm, present in DA2 
(Fig 1B), related to the protons of methyl groups, was shifted downfield, probably due to the 
polymerization reaction replacing the methyl groups with larger chains from the glycol. This is a 
good indication that the reaction happened at some extent. The DSC thermograms (Fig 3C) showed 
a small exothermic peak around 140 °C on the first heating, but not in the second, suggesting that 
the reactions were not complete, and were finished inside the instrument. P1 presented a baseline 
change at around 0 °C, which is most likely the glass transition temperature. These results suggest 
that the reaction conditions should still be optimized in order to obtain fully polymerized products. 
The presence of a second order transition, however, is a good indicative that the reaction took place, 
even though it was not complete. TGA thermograms (Fig 3D) showed that the polymers have 
similar thermal stabilities, which is not surprising since they are chemically similar. Both polymers 
barely present any weight loss before 280 °C, which means that there is no residual solvent or 
absorbed moisture in the final product. Under air atmosphere the polymers are slightly less stable 
and are completely degraded, probably due to oxidation reactions, whereas under N2 some ashes 
remain, which is expected for products of step-growth polymerizations. GPC chromatograms of P4 
(Fig 3E) showed two distinct peaks with retention times at 46.144 min and 47.813 min, with Mw 
equal to 2218 and 1423 Da, respectively, which indicates that the reaction occurred at some extent, 
but still needs tuning to achieve more homogenous polymer chains. 
 
Conclusions  
In this work, novel bio-based polyesters derived from tung oil and itaconic acid were successfully 
polymerized. This synthesis still needs some improvements in order to achieve full conversion. 
However, the results obtained so far seem promising, and they open new possibilities of using this 
route to produce fully or partially bio-based polymers. 
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Abstract – Block copolymer sulfonation to develop amphiphilic block copolymers has attracted 
considerable attention for its potential in proton exchange membrane applications [1]. It has been 
demonstrated that charged-neutral block copolymers, such as sulfonated styrene-butadiene-styrene 
block copolymer (s-SBS), can present mechanical resistance, flexibility and higher proton 
conductivity than random ionic copolymers and homopolymers [2]. Although there are many
sulfonation techniques, for each polymer, there is an ideal reaction condition so that commonly 
observed problems such as degradation through oxidation [3], chain scission and sulfoxide 
crosslinks [4], incomplete polymer sulfonation [5], and aggregation in solution [6] could be
avoided. For this reason, it is essential to establish a sulfonation protocol for each polymer. Since 
many variables and problems are associated with this type of reaction, a 24 factorial design of the 
sulfonation process was performed on commercial SBS copolymer samples. A standard sulfonation 
procedure was adopted for the SBS styrenic domains, in which the copolymer is solubilized, the 
temperature of the solution is maintained constant, the sulfonating agent is added, and the reaction 
proceeds over time. Thus, the main variables were considered: i) temperature, ii) time, iii) 
sulfonating agent (H2SO4/Ac2O) ratio, and iv) copolymer morphology. The individual and 
interaction effects of those variables were analyzed. Samples with a sulfonation degree between 2%
and 26% were obtained, and it was observed that the linear terms (H2SO4/Ac2O ratio and time) and 
the quadratic terms ([H2SO4/Ac2O ratio]2 and [time]2) were the most relevant for sulfonation. For 
this reason, sulfonation does not increase linearly with these factors. However, there is a point at 
which sulfonation is maximum, which occurs after 60 minutes and an H2SO4/Ac2O ratio of 1:1.7. 
With this study, it was possible to verify the best conditions to obtain a certain degree of sulfonation
of SBS block copolymer. 

References 
1. J. Mays et al., Soft Matter, 2012, 8, 3036X. doi:10.1039/c2sm07223h.
2. E. Garcia, B. Jung. Membrane Journal, 2019, 29, 252-262. doi.org/10.14579/membrane_journal.2019.29.5.252
3. A. Theodoropoulos et al., Polymer 1993, 34, 18, 3905-3910. doi.org/10.1016/0032-3861(93)90518-F
4. H. Roth, Industrial and Engineering Chemistry, 1957, 49, 11, 1820-1822. doi.org/10.1021/ie50575a022
5. D. Baigl et al., Macromolecules, 2002, 35, 6, 2318–2326. doi.org/10.1021/ma011707o
6. J. Li et al., Polymer Journal, 2010, 42, 609-625. doi.org/10.1038/pj.2010.59

Fundings: This study was financed in part by the Coordenaçao de Aperfeiçoamento de Pessoal de Nível Superior -
Brasil (CAPES) - Finance Code 001. The authors would also like to thank the CNPq and FAPESP (process 
#2020/02696-6) funding agencies.

Keywords: SBS, block copolymer, Sulfonation, Factorial Design, Ionic copolymers.

154



APPLICATION OF HS-GCMS ON THE EVALUATION OF STYRENE
MIGRATION FROM COSMETIC PACKAGING BASED ON SAN AND ABS

Guilherme M. Menegasso¹, Letícia B. Cerqueira², Jonathan Dos Santos² Leandro C. Gonçalves², Fernanda G.
Henning², Desirée C. Schuck², Márcia P. P. Dos Santos²*

1 – Euvaldo Lodi Institute, Curitiba, PR, Brazil
2 – Cencoderma Institute, São José dos Pinhais, PR, Brazil

mporto@grupoboticario.com.br

Abstract - Several applications employ the use of products arised from the petrochemical industry,
such as styrene, derived from ethylbenzene. This substance can be applied in a considerable variety
of materials, like PS (Polystyrene), ABS (Acrylonitrile-Butadiene-Styrene), SAN
(Styrene-Acrylonitrile copolymer) and EPS (Expanded Polystyrene). Materials such as these are
versatile, applied in packaging for food and cosmetics, personal care products and industrial uses.
Despite the versatility of its materials, since 2016, styrene is classified by PROP65 (Proposition 65)
from the state of California as a substance that causes cancer. The IARC (International Agency for
Research on Cancer), classifies it as potentially carcinogenic, and in Europe, it is listed as a harmful
substance by REACH (Registration, Evaluation, Authorisation and Restriction of Chemicals)
regulation. Although there are no regulations for its prohibition or approval in sectors, as cosmetics,
styrene in materials is liable to migration, even though there aren’t enough evidences to concretize
this characteristic, studies indicate that cosmetic products conditioned in packaging made of styrene
are susceptible to demonstrate its presence on the composition. The presented study comes with the
purpose of understanding in practical uses this potential migration occurrence, due to all context
and positioning of some agencies. An evaluation were made on the main usages in cosmetics
packaging and included two materials for analysis, one of them is made of SAN and the other in a
blend of SAN and ABS, and for both, it was practiced the evaluation by headspace gas
chromatography coupled with mass spectrometry (HS-GCMS). The implemented method allowed
to quantify the migrated styrene. Besides the indicative of the migration, the found quantity
indicates that its usage can be considered safe, however more studies and regulatory organizations
definitions about this subject are necessary, so that the directive for industry is better established.
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Abstract - The stability of synthetic drilling fluids in the deepwater fields has been acquired from the 
development of chemical additives that promote the maintenance of rheological properties with 
variations in temperature (flat rheology systems). In this context, fatty amide was synthesized via 
condensation reaction between saturated dimer fatty acid and poly(propylene glycol) bis(2-
aminopropyl ether). The product was characterized by Fourier Transform Infrared spectroscopy 
(FTIR), and the result confirmed that the fatty amide was successfully synthesized due to the presence 
of the band of amide carbonyl group, at 1624 cm-1. The performance of the hydrophobic product was 
evaluated in a synthetic drilling fluid through electrical stability, volume of filtration under high-
temperature and high-pressure, and viscosity in the temperature range from 4 to 49ºC. The drilling 
fluid containing the fatty amide showed electrical stability values above 200 V, and a volume of 
filtrate below the required specifications by the Standard API RP 13B-2 (Table 1) [1]. In addition, 
the viscosity curves showed minimal variation in the selected temperature range (Figure 1), indicating 
that the poly(propylene glycol) derivative can attribute flat rheological properties [2] to synthetic 
drilling fluids.

Table 1. Electrical stability and Filtrate volume      Fig. 1. Viscosity curve of the Fatty amide                                             
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Abstract - Hydrophobically modified water-soluble polymers consist of hydrophilic polymer 
chains that carry a small number of alkyl chains. These alkyl groups tend to associate in aqueous 
solution forming intra and intermolecular bonds [1]. Particularly in enhanced oil recovery, 
hydrophobically modified polymers can be added to the injection water in order of thickening the 
brine that pushes the oil from the reservoir to the producing well, promoting greater displacement 
efficiency and, thus, greater oil production [2]. In this study, hydrophobically modified 
carboxymethylcellulose (CMC) with different degrees of substitution (DS) (1.0 and 1.87) was 
obtained from the reaction between the carboxylic acid groups from CMC and the amine group 
from dodecylamine (DDA), via carbodiimide coupling. Structural characterization was performed 
by Fourier transform infrared spectroscopy (FTIR) and the properties were evaluated through 
rheological measurements in brine (NaCl 3.0 mol.L-1) with polymer concentration of 1.0 g.L-1 at 25 
°C. FTIR confirmed that reaction was successfully done, by the presence of amide I (1651 cm-1)
band. Rheological measurements showed pseudoplastic behavior for all samples, i.e., there is a 
decrease in the apparent viscosity with the increase in the shear rate, due to the disruption of 
entanglements and associations and orientation of macromolecules in the flow direction. The values 
of DS led to differences of viscosity values, due to the changes of hydrophilicity of the products.
The hydrophobic derivative with lower DS (1.0) also exhibited the highest pseudoplastic behavior 
and the highest viscosity in brine because of its higher hydrophobic character compared to others, 
favoring more associations between polymer chains. These results reveal that the hydrophobically
modified CMC could be good candidates for enhanced oil recovery applications. 
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Abstract - Poly(globalide) (PGl) is a polyester that has gained significant interest in the biomedical field due to its non-
toxicity and biodegradability. Its unsaturation in the chain backbone provides a versatile tool for diverse 
functionalization reactions that can be useful for tuning its properties. Enzymatic ring-opening polymerization (e-ROP) 
of unsaturated macrolactone globalide was performed in solution. PGl was characterized in relation to molecular weight 
and distribution, chemical structure, and thermal properties and then modified via thiol-ene reaction using 2,2′-
(ethylenedioxy)diethanethiol (EDDT) as a crosslinking agent in the presence of thermal initiator azobisisobutyronitrile 
(AIBN) in solution in different molar ratios of thiol:ene. The thermal properties of the resulting crosslinked polymers 
(PGl-EDDT) of the materials were significantly changed, mainly exhibiting a decrease in crystallinity as theoretical 
crosslinking increased. In summary, PGl modification was able to change chemical characteristics and modulate the 
material's thermal properties.
Keywords: macrolactone, globalide, enzymatic ring-opening polymerization, crosslinking, thiol-ene reaction.
Fundings: Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES) and Conselho Nacional de 
Desenvolvimento Tecnológico (CNPq).

Introduction
In polymer science, upcoming challenges hinge on the discovery of novel synthetic components and 
approaches that can enhance functionalities, customize properties, reduce costs, and mitigate 
environmental impacts1. Applying biodegradable polymers in the biomedical and pharmaceutical 
fields represents a natural solution to address several challenges in modern medicine. These 
polymers can be utilized as sutures, bone screws, tissue engineering scaffolds, and drug delivery 
systems, offering potential benefits in terms of degradability and functionality2.
Ring-opening polymerization of lactones is a well-established method for producing aliphatic 
polyesters with diverse applications2. The choice of initiators and catalysts determines the 
polymerization mechanism, including cationic, anionic, coordination-insertion, organocatalytic, and 
enzymatic polymerization3. Enzyme-catalyzed polymerization reactions have gained significant 
attention due to their greener nature, specificity, efficiency, reusability, low toxicity, and mild 
reaction conditions4. Macrolactones, particularly those with more than 12 atoms, have seen 
increased demand for manufacturing hydrophobic polyesters derived from fatty acids, with 
applications in industries such as fragrances and pharmaceuticals5,6.
Polyglobalide (PGl) is an unsaturated poly(macrolactone) known for its biocompatibility and non-
toxicity. It is synthesized from globalide, a macrolactone with a double bond at the 11 or 12 
positions6. The unique features and modification potential of globalide have been explored in 
various studies for biomedical materials synthesis7. However, the semicrystalline nature and 
hydrophobicity of PGl represents challenges for its degradation in biomedical applications3,6.
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The thiol-ene "click reaction" offers a promising approach for modifying PGl due to its versatility 
and cost-effectiveness8. This ‘click’ reaction occurs under mild conditions and results in high yields 
of polymer with unharmful byproducts9. Thiol-ene polymerization and post-modification allow for 
the customization of polymer characteristics, including reduced crystallinity and increased 
hydrophilicity, while maintaining non-cytotoxic properties8. Understanding the nature of each 
process is crucial for achieving the desired application, as the range of polymer synthesis, 
modification, and properties enables the tailoring of materials for various biomedical uses. 
In that sense, the present work proposes to develop a modification process of promising polyester 
poly(globalide) using 2,2′-(ethylenedioxy)diethanethiol (EDDT) as a crosslinking agent and AIBN 
as a thermal initiator. Understanding this process is helpful to tailor PGl or other similar materials’ 
properties to fulfill specific application requirements and overcome related challenges. 
 
Experimental 
Materials 
Globalide (Gl) was kindly donated by Symrise. Toluene P.A was purchased from Dinâmica 
Química Contemporânea LTDA (Brazil). Dichloromethane P.A 99.8% (DCM), ethanol (EtOH) P.A 
99,8, methanol (MetOH) P.A 99,5 and tetrahydrofuran P.A. 99,9% (THF) were purchased from 
Neon Química (Brazil) and used as received. Novozym 435 (N435 – commercial lipase B from 
Candida antarctica immobilized on polyacrylate beads was a kind gift from Novozymes). 
Azobisisobutyronitrile 98% (AIBN) and 2,2′-(ethylenedioxy)diethanethiol (EDDT) were acquired 
from Vetec Química (Brazil). Gl and Nz435 were previously dried for 24h at 60ºC under vacuum 
and stored desiccator over silica and 4 Å molecular sieves and AIBN was recrystallized before 
reactions. 
 
Synthesis of poly(globalide) via enzymatic ring-opening polymerization 
The synthesis of PGl was carried out in a sealed glass vial in a 2:1 monomer (Gl): solvent (toluene) 
ratio. Enzyme and molecular sieves concentrations were 5 wt.% and 0.5 wt.%, respectively, in 
relation to the monomer. Monomer, solvent, enzyme, and molecular sieves were directly weighted 
in the reaction vial on an analytical precision balance. The reaction was conducted under magnetic 
stirring at 65ºC for 2h in a sand bath. These conditions were based on the previous works of the 
group that involved globalide polymerization and other similar polyesters2,4. 
Enzymes and molecular sieves were separated by filtration with the addition of dichloromethane 
(DCM), and PGl was precipitated in cold methanol. In sequence, the polymer was placed in petri 
dishes and dried overnight at 60ºC. Yield was measured gravimetrically, reaching 75%. A 
schematic representation of e-ROP of Gl is showed in Fig. 1. 

 
Figure 1:Schematic representation of PGl synthesis via e-ROP 

 

Thiol-ene crosslinking reaction of poly(globalide) with EDDT 
Crosslinking of PGl was conducted using a one-pot procedure in solution. The study aimed to 
investigate the reaction behavior by testing different thiol to ene ratios and varying the amount of 
the initiator (AIBN) in relation to the thiol. Four formulations (F1, F2, F3, and F4) were prepared 
with specific ratios and initiator concentrations. Reactants PGl, AIBN, and EDDT were weighed 
and placed in vials and in sequence THF, the reaction system was purged with nitrogen, sealed, and 

163



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

subjected to continuous magnetic stirring at 70ºC for 8 h in a sand bath. Table 1 presents the 
formulations, and Fig. 2 depicts a schematic representation of the crosslinking reaction. After 
crosslinking, the samples were purified by precipitation in cold ethanol, followed by drying at 60ºC 
for 48 h to eliminate any residual solvent or unreacted EDDT. The purified samples were then 
stored for further analysis.

Table 1 – Formulations of crosslinking of PGl via thiol-ene reactions with EDDT.
Entry PGl (mg) EDDT (mg) AIBN (mg) THF (mL)

F1 (2:1, 1%) 242 92 1 4.4
F2 (2:1, 5%) 238 93 5 4.4
F3 (1:1, 1%) 239 182 2 5.6
F4 (1:1, 5%) 243 180 10 5.6

Figure 2: Crosslinking of PGl with EDDT

Polymer characterization
Number average molecular weight (Mn), weight average molecular weight (Mw), and dispersity (Đ) 
were determined by Gel Permeation Chromatography (GPC) using THF as eluent and calibration 
against polystyrene standards. Fourier transform infrared (FT-IR/ATR) spectroscopy was performed 
to identify the chemical structure characteristics PGl and crosslinked polymers. The analysis was 
determined by Attenuated Total Reflectance (ATR) on thin solid samples Cary 600 model (Model: 
Agilent Technologies CARY 600) spectrometer with ZnSe window Transmission infrared spectra 
were recorded in a wavenumber range of 650-4000 cm-1. Thermal properties were determined by 
differential scanning calorimetry (DSC) using a Perkin-Elmer JadeDSC equipment, under inert 
atmosphere (N2, 50 mL∙min-1), from -30 to 120 °C at a heating rate of 10 °C∙min-1. Thermal history 
was removed, and the melting temperatures (Tm) were taken from the second heating runs and 
melting enthalpies (ΔHm) and areas from first heating curves. Crosslinked samples crystallinity was 
estimated using their ΔHm and ΔHm of a standard of 100% crystalline poly(ω-pentadecalactone) 
(PPDL) using Eq 1:

                                                                                                (1)
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where and are the melting enthalpies and melting temperature of 
the crosslinked polymer and homopolymer respectively 2,10.

Results and Discussion
The number (Mn) and weight (Mw) average molecular weights of PGl determined by GPC were
16,700 g·mol-1 and 44,926 g·mol-1, respectively, resulting in a dispersity Đ of 2.69.
FT-IR/ATR spectra (Fig. 3a) indicated PGl modification with the appearance of C-S-C stretch 
(1095 cm-1) present in 2,2′-(ethylenedioxy)diethanethiol (EDDT) ratifying crosslinking agent 
incorporation in the modified samples.
DSC thermograms (Fig. 3b) suggest that PGl tends to become less crystalline upon cross-linking as 
the melting peaks area decrease as thiol and initiator concentration increase. These result is in line 
with previous works that approached crosslinking of PGl7,11. The degree of crystallinity in the 
materials were estimated by Eq. 1 using the value of a PPDL sample as reference. PGl 
homopolymer displayed highest crystallinity (49.54%) confirming its semicrystalline characteristic 
(Table 2). Also, the theoretically more crosslinked sample (F4, with the highest thiol and initiator 
concentrations) presented a complete disappearance of its melting peak and, therefore its Tm could 
not be determined, indicating a completely amorphous feature as Fig. 3b shows. Regarding melting 
temperatures, neither significant variation nor pattern were observed with the peaks broadening.

Table 2 – Thermal properties determined by DSC analysis for PGl and crosslinked samples (ΔHm: melting 
enthalpy; Tm: melting temperature peak; XC: degree of crystallinity, calculated from the fusion enthalpy 
value of a PPDL 100% crystalline sample2,10.

Sample ΔHm(J/g) Tm (Cº) XC (%)
PGl 91.49 46.54 49.54
F1 62.00 47.50 33.56
F2 46.41 42.50 25.12
F3 9.53 44.24 5.16
F4 2.78 - 1.50

Figure 3: a) FTIR spectra and b) DSC thermograms of PGl and crosslinked samples using different thiol ene 
ratios and AIBN concentrations.

Conclusions
Enzymatic ring opening polymerization of globalide was carried out obtaining a polymer with Mw
and Mn of 44,926 g·mol-1 and 16,700 g·mol-1, respectively, and polydispersity Đ of 2.69. In addition, 
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thiol-ene crosslinking modification of resulting poly(macrolactone) poly(globalide) was studied in 
solution varying thiol:ene ratios and initiator concentration. PGl and crosslinked PGl were chemically 
characterized by FTIR/ATR confirming their structure change. Thermal properties of the materials were 
significantly changed mainly exhibiting a decrease in crystallinity as theoretical crosslinking increased. 
The results of this study suggest that PGl can be adjusted to meet specific requirements by introducing 
crosslinking agents into the polymer structure. 
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Abstract - Polyfarnesenes are “bottlebrush” polymers that retain three alkene moieties per
repeating unit1,2. The addition of polar groups to alkenes enables further nucleophilic substitutions, 
making these biobased, super-soft and rubberish materials versatile building blocks for several 
polymer specialties. In this work, we report the hydrochlorination3 of an oligomer (85% 1,4-cis and 
15% 3,4-enchainment, with about ten monomer units) with tosylic acid and CaCl2 in CH2Cl2/acetic 
acid medium at room temperature for 17 hours. The aliphatic region of 1H NMR spectra of the
polymers (Fig. 1) showed a higher reactivity for less hindered C10-C11 double bond. The Fig. 1b 
exhibits two broad peaks at 1.73 ppm and 1.53 ppm, assigned to C10 and C9 methylene groups.
Noteworthy, the integration area between 1.85-2.10 ppm (CH2 bound to alkene) decreased from 
11.8 to 6.7 (43%) indicating hydrochlorination of C6-C7 bond. The olefin protons are not shown in 
Fig. 1.

Figure 1. NMR spectra of original (a) and hydrochlorinated (b) polyfarnesenes.
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Abstract - Poly(N-vinylcaprolactam) (PNVCL) is a thermoresponsive, biocompatible, non-toxic 
polymer with a phase transition temperature from hydrophilic to hydrophobic state (Tpt) close to the 
physiological temperature. In this work, PNVCL homopolymers were synthesized, as well as PNVCL 
was grafted onto thermoplastic polyurethane (TPU) films using gamma radiation at doses of 5 and 20 
kGy. Fourier transform infrared spectroscopy (FTIR) and thermogravimetry (TGA) results confirmed 
PNVCL polymerization as well as the grafting of PNVCL on TPU films. The Tpt of homopolymers 
determined by cloud point method and rheological analysis was around 30ºC. PNVCL grafting 
provided thermoresponsive features to the TPU films as observed by the variation in hydrophilicity 
of film surfaces with temperature as measured by the contact angles with water. The present work 
contributed to the development of a thermoresponsive graft copolymer, with the innovation of 
grafting PNVCL on TPU films using gamma radiation.
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Abstract - Polymer/inorganic nanocomposites have received considerable attention of academic 
and industrial research as the incorporation of nanofillers within a polymer matrix often leads to 
materials with enhanced mechanical, thermal, or barrier properties, even at low inorganic contents 
[1]. However, obtaining these nanoparticles as well as stabilizing them proves to be a particularly 
challenging task, mainly via heterophase polymerization in aqueous media. In many papers in the 
literature miniemulsion polymerization have been reported as an alternative to overcome these 
drawbacks, however using specific equipment with clear limitations of scale-up to industrial end-
use, what severely limited their adoption by the main targeted applications [2]. Furthermore, this 
process frequently relies on complex interactions such as surfactant adsorption onto polymeric and 
inorganic particles, as well as on control variables which influences the surfactant-oil-water system
likewise temperature, ionic strength, and pH [3]. Data-driven and semi phenomenological modeling
such as Hansen solubility parameters (HSP) have been recently used to understand better polymer-
surfactant-nanoinorganic particle interactions [4]. In this report, a comparative evaluation involving
polymerization kinetics and component affinity assessment via HSP theory was done for 
polystyrene/barium sulfate (Sty/BaSO4) hybrid latices obtained via in-situ synthesis of both 
inorganic and polymeric nanoparticles through the sequential processing of multiple 
(mini)emulsions. As variables in this two-step radical polymerization approach, were considered:
the process intensification technique (phase inversion temperature and rotor stator mixers), the
technical-grade surfactant architecture (linear lauryl fatty and branched oxo hydrophobic tails) and
costabilizer chemical nature (hexadecane and lauryl fatty alcohol). Experimental results from the 
kinetic study (conversion and dynamic light scattering data) indicates that surfactant and 
costabilizer compatibility matters (same fatty tail shown best results) and the affinity predictions for
surfactant-costabilizer pairs via HSP theory correlate with it.
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Abstract - This study focuses on modeling the polymerization of acrylic acid considering the 
backbiting reaction. By analyzing the kinetics and properties of the resulting polymers, the aim is to 
understand the impact of this reaction during the polymerization process. The polymerization of 
acrylic acid in aqueous media is widely used in industry due to its favorable cost-effectiveness. 
However, the presence of partial charges and dipole moments in the acrylic acid molecule can 
interact with water and deviate from the usual polymerization behavior. This study specifically 
addresses the backbiting reaction that can occur during the polymerization. The modeling of the 
polymerization process was carried out, considering the characteristics of acrylic acid and the 
influence of the backbiting reaction. Utilizing kinetic modeling methods, equations were developed 
to describe the monomer consumption rate, initiator decomposition, and polymer formation. 
Through the analysis of the kinetic equations, valuable insights into the kinetics of acrylic acid 
polymerization considering the occurrence of the backbiting reaction were obtained. The kinetic 
parameters were estimated using nonlinear regression analysis, providing a better understanding of 
the polymerization process. The results revealed that the backbiting reaction significantly influences 
the kinetics and properties of the resulting polymers. This information is crucial for optimizing 
polymerization processes and assisting in the development of tailored polymeric products. In 
summary, this study focuses on the modeling of acrylic acid polymerization with a particular 
emphasis on the backbiting reaction. The utilization of kinetic modeling allows for the 
establishment of equations that accurately describe the process. The findings contribute to a deeper 
understanding of the behavior of acrylic acid polymerization, enabling improvements in industrial 
processes and the development of customized polymeric products.

         
Fig 1 – Conversion per time for backbiting model   Fig 2 –Molar weight per time for backbiting model
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Abstract – This work presents a new synthetic route to obtain a majority of a linear polyglycerol
(PG), with control of the molar mass values for the obtained products, from step-by-step 
polymerization of 3-chloropropane-1,2-diol (MCPD) in presence of a basic salt. It also explores the 
use of halogenated starting materials that are derived by chemical modification of glycerol, a raw 
material abundant and low cost, obtained from a renewable source. This work used a mild reaction 
condition, with low temperatures, avoiding the formation of toxic by-products, such as acrolein, for 
example. To achieve these goals, a methodology was developed based on the etherification reaction, 
inspired by the reaction conditions of the Williamson Synthesis, but applied to the polymerization 
of MCPD. The reaction is carried out in three steps, using K2CO3 as a catalyst, and this process was 
submitted to a patent application, for this reason, the experimental procedure cannot be presented in 
detail. The first stage was carried out in an inert atmosphere (N2) in the range of 140-160 °C, for 2-4 
h; the second step was carried out at 180-200 °C (2-4 h); and the third step, the residual products 
were removed under reduced pressure. The PG obtained was separated by solubilization in 
methanol and filtered. The purification was carried out by cooling the solution below 10 °C, 
followed by filtration and solvent removal by evaporation. The PG was characterized by 1H and 
13C{1H} NMR, FTIR, and MALDI-TOF. Which presented molar mass values around 520-580 g
mol-1 of PG, obtained as a pure product, with average yields of 92%.
Table 1 –Molar mass (Mn and Mw values) from MALDI-TOF, for polyglycerols synthesized from MCPD.

Reaction time in different conditions (h) MCPD
140-160 ºC, N2 180-200 ºC, N2 Mn Mw

8 2 568 582
6 2 540 568
4 2 506 524

Figure 1 – 1H NMR (DMSO-d6, 400 MHz) and 13C{1H} (100 MHz) representative spectra, respectively, of 
synthesized polyglycerols.
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Abstract - Optical sensors devices are often used to detect physical and/or chemical changes by
measuring the intensification or suppression of the emission process. The synergic properties from
hybrid europium ion (Eu3+) coordination compounds dispersed in a polyurethane (PU) matrix
overcome disadvantages such as low thermal stability, chemical reactivity, and energy transfer
processes. This work objective to synthesize and characterize, through structural and optical
properties, the luminescent complex hybrid [Eu(tta)3(H2O)3], where tta= tenoyltrifluracetone and
rigid polyurethane foam. The complex was added to the foam at 1:3 and 5 % (w/w) proportions.
The Eu3+ complex [Eu(tta)3(H2O)3] was prepared by adding the pre-linker Htta. The hybrid was
obtained through the reaction between the formulated polyol-polyester, 4,4' diphenylmethane
diisocyanate and [Eu(tta)3(H2O)3] complex. The material was characterized by Fourier transform
infrared spectroscopy (FTIR), UV-Vis absorption spectroscopy, and photoluminescence
measurements. In the spectra obtained by FTIR, the presence of the characteristic bands from the
PUs matrix from ν(NH) group at 3300 and 1530 cm-1, ν(CH) at 2900 cm-1 and ν(C=O) at 1750 cm-1,
revealing the successful polymer formation. The UV-Vis spectrum exhibits absorption at 260 and
330 nm confirming that the PU matrix and tta ligand act as an efficient antenna. It was found that
(f-f) transitions intensities change according to the higher complex concentration in the matrix.
Preliminary results suggest that the luminescent complex is homogenously distributed into the PU
matrix to obtain hybrid materials, which exhibit monochromatic emission in the red region of the
electromagnetic spectrum, and, therefore the study has potential for applications in the
identification and monitoring of metal ions, such as Cu2+ present in aqueous solution.
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Abstract - Eudragit S100 (ES100) is an anionic copolymer of methacrylic acid and methyl 
methacrylate (poly(methacrylic acid-co-methyl methacrylate)), which has 27-30% acidic groups in 
its structure and is marketed as a solid in the form of a white powder1. Multicomponent reactions 
have been widely used in the synthesis of new molecules, but it was only in 2011 that the first work 
was published, in which multicomponent reactions were used, both for the synthesis and 
modification of polymers2. Among these reactions, the Ugi Reaction has been used to modify 
polymers, because in this type of reaction there is no need to use a catalyst, the vast majority of 
reactions being possible at room temperature, with high economy of atoms and high yield3. In this 
work, Eudragit S 100 was modified with p-chloro-aniline, through the Ugi reaction, at room 
temperature. The reaction was carried out using formaldehyde and tert-butyl isocyanide as reagents 
and methanol as solvent, not requiring the use of an inert atmosphere. For the structural and 
physical-chemical characterization of the modified polymer, nuclear magnetic resonance (1H 
NMR), thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy (FTIR) and 
Differential Scanning Calorimetry (DSC) were used. The structural evaluation of the modified 
polymer by 1H NMR demonstrated that the spectrum presents peaks between 6.69 and 7.21 ppm, 
characteristic of aromatic compounds substituted in the para-position, confirming the formation of 
polymer containing pendant p-chloro-phenyl fragments to the polymeric chain.
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Abstract - Bacterial cellulose (BC) is considered one of the most promising polysaccharides, 
presenting a unique three-dimensional structure, nanomorphology and mechanical properties of 
great interest. Such characteristics draw the attention of the food industry to its use in packaging. 
However, due to its high hydrophilicity, its application is limited. Thus, the present work aimed to 
functionalize BC with silane groups, aiming to increase its hydrophobicity for later application in 
food packaging. The purified BC membranes were defibrillated in a colloid mill to obtain bacterial 
cellulose nanofibers (BCNF) suspended in a carboxymethylcellulose solution (0.1% w/v). BCNF 
modification occurred with acidification of the suspension with lactic acid (2 M), pH 3.0, 3.5, 4.0 
and 4.5. Then, a suspension in water of 1% (w/v) of silicon dioxide (SiO2) was added at a ratio of 
1:1 and subsequent stirring for 2 hours. Obtaining the dry functionalized cellulosic material (s-
BCNF) was obtained by lyophilization. From infrared spectra, it was possible to confirm the 
functionalization of BC/SiO2. Likewise, at pH 4.5, there was a greater interaction between the BC 
hydroxyl groups and the SiO2 silanol groups, with an increase in the intensity of the bands, in 
relation to the other treatments. The morphology of s-BCNF at pH 4.5 showed SiO2 nanoparticles 
attached to the fibers, forming microsized agglomerates. Such conformation favors BCNF 
functionalization and reduction of the hydrophilic profile of the material, as can be seen by the 
larger contact angles for s-BCNF at this pH, on average 41.4° ± 1.7, differing significantly from 
BCNF, with a contact angle of 20.6° ± 1.88. This functionalization method provides a new and 
promising way to hydrophobize BCNF from bacterial cellulose, developed from a simple method of 
surface modification and using safe materials for use in food application.
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Resulting from industrial interest, the synthesis of polyurethanes (PU) has grown in recent decades
because of its versatility. However, there are environmental implications related to its production
and the inadequate disposal of this class of material. Thus, the use of agroindustrial waste in the
composition of polymeric materials has been studied since the beginning of this century, aiming to
replace petrochemical reagents, helping to improve thermal and morphological properties besides
expanding sustainable applications in civil construction and in the process of contaminant removal,
adding value to agroindustrial waste and contributing to the reduction of environmental impacts
related to its disposal. The present research objective to prepare, characterize and compare the
properties of PU foams with different proportions of passion fruit, tamarind and pine nut shells,
replacing part of the polyol-polyester in the formulations. They were characterized through particle
size, Fourier-transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD), and the
compositions were evaluated by FTIR, XRD and Scanning electron microscopy (SEM). According
to the results obtained, an average particle size of 0.180 mm was verified for passion fruit peel,
0.920 mm for tamarind and 0.125 mm for pine nut. The FTIR analysis revealed in the compositions
the presence of groups of polyurethane foams, indicating the formation of the polymer, and the
lignocellulosic compounds present in the different shells. The XRD data showed a peak at 2θ= 21º
related to the crystalline fraction of the cellulosic, and the SEM showed the interconnected cells of
the foam. Thus, the presence of the shells in the foam formulations did not interfere in the formation
of the polymer in question, demonstrating promising future applications. Moreover, the substitution
of part of the polyol by cellulosic materials reduced the consumption of petrochemical reagents in
accordance with one of the principles of Green Chemistry.
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Abstract - Polyurethane (PU) foams make up a significant portion of the synthetic polymers 
produced worldwide, with applications mainly in civil construction1. Research indicates that 
polyurethane foams and agricultural residues of lignocellulosic composition, such as fruit waste and 
vegetable fibers, can be combined to improve the physical, mechanical and chemical properties of 
the material, promote the economy of petrochemical reagents and add value to a waste generated in 
high quantity as a by-product of the food industry2. This work aimed to prepare and characterize rigid 
polyurethane foam compositions with powdered orange peel (OP). For the synthesis of the foams, 
4,4’-diphenylmethane diisocyanate (MDI),formulated polyester-polyol and orange peel in the 
proportions of 7 % (PUCS7), 10 % (PUCS10) and 14 % (PUCS14), replacing (m/m) the polyol. Foam 
preparation was performed with a mechanical stirrer for 30 seconds at 600 RPM. The characterization 
of samples of precursor reagents, OP and PU foams was performed using Fourier transform infrared 
spectroscopy (FTIR), thermogravimetry (TGA) and scanning electron microscopy (SEM). In the 
infrared spectrum of OP samples, characteristic bands of groups present at cellulose, pectin and lignin 
were identified at 3285 cm-1 (O–H groups), 2919 cm-1 (C–H bonds in CH2 groups) and 1733 cm-1

(C=O)3. For PU and PUCS7, characteristic bands were found at 3278 cm-1 (NH), 1710 cm-1 (C=O) 
and 1593 cm-1 (NH2), showing that the urethane bonds were formed4. SEM analyses showed that the 
foam morphology was altered by the progressive addition of the OP load, increasing the organization 
of cells5. The TGA analysis revealed that the decomposition of the foams occurs in one step after the 
loss of water and that the addition of CL increased the thermal stability of the polymer4.
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Abstract - Lignin valorization constitutes a chemical platform for several segments of the chemical 
industry. The aim of this work was to evaluate the potential of acetosolv coconut fiber lignin 
(ACFL) as an additive to bisphenol A diglycidyl ether (DGEBA), curing it using an aprotic ionic 
liquid (IL) ([BMIM][PF6]) and characterize the obtained thermosetting materials. ACFL was 
obtained by mixing coconut fiber with 90 % v/v acetic acid and 2 % HCl v/v at 110 °C for 1 hour
under reflux and atmospheric pressure. ACFL was characterized by Fourier transform infrared 
spectroscopy (FTIR), thermogravimetric analysis (TGA), and nuclear magnetic resonance (1H 
NMR). The formulations were fabricated by mixing DGEBA and ACFL at different concentrations 
(0 – 50 % wt.). The curing parameters and [BMIM][PF6] concentrations were optimized by 
differential scanning calorimetry (DSC) analyses. The cured ACFL-incorporated epoxy resins were 
characterized by gel content (GC), TGA, microscale combustion calorimetry (MCC), and chemical 
resistance in different media. ACFL has undergone selective partial acetylation that favored its 
miscibility with DGEBA. DSC analyses have shown that the IL was able to catalyse the curing 
reaction, being its optimized concentration 10 % wt, since it caused a significant decrease in onset 
polymerization temperature (Tonset) and peak temperature (Tpeak). High GC values were obtained in 
different organic solvents (chloroform and methyl ethyl ketone) at high curing temperatures and 
ACFL concentration. The crescent ACFL concentration did not affect the Tonset of the thermosetting 
materials significantly, and produced thermosetting materials with high char yield (26 – 45 %) and 
limiting oxygen index (LOI) (27.9 – 35.5) values, suggesting a potential for flame retardancy. 
ACFL has increased the resistance of DGEBA to combustion and different chemical media. ACFL 
has shown great potential to be used as a bio-additive for enhancing the chemical, termal, and 
combustion properties of high-performance materials.
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The control and modification of the viscosity of polyacrylamide incorporated with hydrophobic 
monomer has proven to be of great interest in recent years due to their low cost and consequent 
feasibility for application in enhanced oil recovery1,2. Polyacrylamide copolymer hydrophobically 
modified with oligo(lactic acid) was synthesized using two methods, micellar and heterogeneous 
radical polymerization, to investigate which would provide the highest hydrophobic incorporation 
content. Synthesis of the oligo(lactic acid) macromonomer was performed by ring opening 
polymerization of the lactide. Macromonomers containing four (M4), five (M5), seven (M7) and 
eleven (M11) repetitive units, as determined using hydrogen nuclear magnetic resonance (1H 
NMR), were prepared. Micellar radical polymerization in aqueous medium was used to synthesize 
C5 and C11 copolymers with 2.5% mol content of M5 and M11. Heterogeneous radical 
polymerization was performed in methanol and water mixture (1:1) and employed to obtain the 
copolymers C4 and C7 with 2.5% mol content of M4 and M7. For C4, C5, C7 and C11, the 1H 
NMR spectra confirmed the experimental incorporation and conversion (mol 
incorporation|conversion), being: 1.48%|97% for C4, 1.02%|75% for C5, 1.63%|86% for C7 and 
0.90%|60% for C11. Through size exclusion chromatography it was observed that the molar masses 
of the copolymers were on the order of 105 g mol-1. Therefore, it is noted that the incorporation of 
the macromonomer into acrylamide is more effective when performed by the heterogeneous radical 
copolymerization method.
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Abstract – Polyurethane (PU) is obtained by the polymerization reaction between polyol and
isocyanate, that can be used in photodegradation of textile dyes. In this work, rigid PU foams were
synthesized with addition of different proportions of bentonite clay modified with niobium
pentoxide (Nb2O5), being 5, 7 and 9 wt.%, aiming at the photodegradation of the textile dye
rhodamine B in a concentration of 10 mg L-1, under the conditions: 100 mg of pre-ground foam, 300
mL of dye solution, using a mercury vapor lamp as a source of radiation. The synthesized foams
and modified clay were characterized by Fourier-transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD) and scanning electron microscopy with energy dispersive spectroscopy
(SEM-EDS). The FTIR results showed characteristic bands of urethane bonds. Fig 1 shows
crystalline peaks in the XRD, referring to the clay modified with Nb2O5 and the amorphous region
referring to PU. In the SEM-EDS images, it was possible to see the presence of Nb2O5 particles on
the bentonite clay and the dispersion of the modified clay in the PUF. The results of a
photodegradation test for samples of 5, 7 and 9 wt.% showed discoloration efficiency of 40, 45 and
60 %, respectively, after one hour of reaction. In conclusion, the system composed of PUF and
Nb2O5-modified clay was compatible with each other, without interfering in the polyurethane
polymerization process and the results were promising in the degradation of the rhodamine B dye.

Figure 1 – a) XRD, b) SEM of the PUF/Nb2O5-modified clay and c) photodegradation system.
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Abstract - Based on the increasing number of studies on new dental materials with superior 
physicochemical properties1 and considering the current interest in finding materials free of 
bisphenol A (BPA)2 and derivatives due to their potential toxicity3, the present work sought to study 
the synthesis and the properties of a new monomer free of BPA moiety, starting from easily 
accessible precursors and simple synthesis. One of the synthesized compounds was TDA (N,N'-
(thiobis(4,1-phenylene))bis(2-methylacrylamide)) at 38% overall yield, according to the synthetic 
route shown in Fig 1. 

Figure 1. Monomer synthetic route to produce TDA.

The monomer characterizations were carried out from NMR, GC-MS, and IR analyses. To evaluate 
the effect of the chemical structure of the monomer on the polymer properties, specimens of TDA 
and BisGMA (bisphenol A-glycidyl methacrylate) copolymers containing HEMA (2-hydroxyethyl 
methacrylate) were prepared and characterized in terms of mechanical properties such as flexural 
strength and microhardness. Its physicochemical properties were also studied, such as solubility, 
water absorption and degree of conversion. Both copolymers showed similarities in the analyzed 
properties. 
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Abstract – Development of sustainable materials and products has grown, especially polymers 
derived from bio-based monomers containing, at least, one C=C bond1,2. On the other hand, bio-
based monomers copolymerization via free radical polymerization normally led to their lower 
conversion due to lower reactivity ratio. In this report, copolymerization of the bio-based trans-β-
farnesene (Far), obtained from the fermentation of sugar cane, with n-butyl acrylate (Bu) was 
investigated to make bio-based materials. Latexes were prepared by semi-batch emulsion 
copolymerization of Bu with various ratios of Far (100/0, 80/20 and 50/50). The effect of Far/Bu 
ratios on the properties of the latexes and copolymers were investigated. The latexes were prepared 
using deionized water, surfactant (sodium diphenyl oxide disulfonate) and ammonium persulfate as 
initiator. No chain transfer agent was used in the polymerizations. Monomer mixture (Bu/Far) was 
added dropwise to the reactor over a period of 4 h at 85oC. Latexes were characterized in terms of 
solids content (SC), overall monomer conversion (Xg), particle diameter (Dp), coagulum 
concentration (CC), pH and viscosity (η). Copolymers were evaluated in terms of gel content and 
tensile strength (maximum tension and elongation). Table 1 shows the values obtained from the 
characterizations of the latexes and copolymers. Overall monomer conversion decreases with Far 
increase due to the lower reactivity ratio of Far. The pH mostly remained constant and the particle 
size slightly decreased with increased Far concentration. Content of the gel increased and the 
elongation of the films decreased due to possible copolymer cross-linking3. In the polymerization of 
Bu (100/0) no gel formation was observed. Finally, the resulting films showed good mechanical 
properties performance, which are comparable to that of a petroleum-based copolymer. 
 
Table 1 – Properties of the latexes and copolymers with different contents of Bu/Far (100/0, 80/20,50/50). 
Polymerizations Bu/Far 

(wt/wt) 
SC 
(%) 

Xg 
(%) 

 Dp 
(nm) 

DTP CC 
(ppm) 

pH η 
(cPs) 

Gel cont. 
(%) 

σmáx 
(MPa) 

δ 
(%) 

1 100/0 33.8 94.7 132.2 0.02 8.3 1.5 2 0 1.5 998.3 
2 80/20 32.7 91.5 136.8 0.06 10.6 1.5 1 78.3 1.8 96.8 
3 50/50 30.9 86.6 124.3 0.06 11.2 1.5 1 80.5 1.2 45.3 

Note: Theoretical solid content = 35.7%; SC = solid content; DTP = particle size distribution; σmáx = maximum stress; δ = 
elongation. 
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Abstract - Bio-based vitrimers are a group of sustainable and high-performance materials, which 
have thermostable, mechanical and thermal properties, combined with high malleability, self-healing 
capacity, reprocessability and recyclability, which emerge as an option that can help improve the 
durability of thermoset materials, reducing their environmental impact1. Eugenol is an abundant bio-
based renewable raw material with low toxicity which can improve the thermal and mechanical 
properties of polymeric materials for its rigid aromatic structure, functional diversity, and reactive 
functional groups, making it an ideal candidate for the synthesis of vitrimers2. With the objective of 
obtaining an epoxy resin based on eugenol for the development of a bio-based vitrimer, a two-stage 
approach was made: (1) eugenol-derived diene made through the Williamson ether synthesis between 
dibromoethane and the phenolic group of eugenol to produce an intermediate that contains two double 
bonds, with 90% yield; and (2) epoxidation of the allyl groups to produce a symmetrical eugenol 
diepoxide. The methodology was based on the use of Oxone® (potassium peroxymonosulfate) in a 
system composed of a mixture of acetyl acetate/acetone, chosen due to its ecological character as a 
non-chlorinated oxidizing agent and the improvement in atom economy3 (Figure 1). The product 
obtained (33,82-dimethoxy-4,7-dioxa-1,10(2)-dioxirana-3,8(1,4)-dibenzenadecaphane) was a yellow 
powder, the yield, of the reaction was 50%, and the evaluation by Nuclear magnetic resonance (NMR)
showed the formation of the epoxy ring. 1H NMR (CDCl3; δ, ppm): 6,91–6,77 (m, 6H, Ar– H), 4,24–
4,17 (d, 2H, OCH2 -CH2O), 3,77–3,72 (s, 6H, −O–CH3), 2,50–2,42 (m, 2H, O−CH2- CH2−O), 2,57–
2,52 (dd, 2H, −CH–CH2 –O), 2,78–2,62 (m, 6H, Ar–CH2 – and −CH–CH2–O). The Fourier-transform 
infrared spectroscopy FTIR spectrum confirmed the structure of the epoxy eugenol with bands in 
3400, 1374, 1259, 1165, 1064, 860cm−1.
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Figure 1. Synthesis of eugenol diepoxide 
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Abstract – Smart packaging is an important solution for the industry and final consumers, as it can
increase the shelf life of a product or act as a sensor indicative of freshness [1]. This work aims to 
synthesize nanoparticles based on bentonite and kaolinite clay minerals modified with the natural dye 
anthocyanin and poly( -caprolactone) for the production of pH-responsive starch nanocomposites 
that can be used on this application [2]. For this, the different nanoparticles were synthesized through 
an initial microwave reaction between each clay mineral with e-caprolactone, where PCL chains were 
grafted onto their surfaces in the presence of tin (II) chloride for 10 min at 150 °C and 200 W.
Subsequently, the residual monomer and the ungrafted chains were extracted with dichloromethane 
and the modified clays were recovered by centrifugation and dried. Afterwards, the dye was 
incorporated into the structures by mixing it with each modified clay in aqueous media. The mixtures
were stirred for 1 h at room temperature and after this period the excess of dye was removed by 
successive washes with water and centrifugation. Then the starch nanocomposites were prepared 
using 3% and 5% of the modified mineral clays. The samples were prepared by casting process, where 
the nanoparticles were first dispersed in a solution of starch, water and glycerol using ultrasound. The 
resulting suspensions were then heated at 85 °C for 30 min for gelatinization of the starch and then 
dispersed on glass plates for evaporation of residual water and obtention of the final nanocomposites.
The modified clay minerals and polymeric films were characterized through Fourier transform 
infrared spectroscopy, thermogravimetric analysis and in relation to colorimetric modification in 
environments that simulate food decomposition. All results indicate the modification of nanoparticles 
and showed that the films are sensitive to food degradation processes, evidencing their potential as 
smart packaging.
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Abstract - Poly(globalide) (PGL) is a biodegradable and non-toxic polymer obtained by the 
polymerization of globalide (GL). Enzymatic ring-opening polymerization (e-ROP) is a green 
approach to the synthesis of this polyester using enzymes that are considered green catalysts and 
enable milder reaction conditions. The use of different alcohols as initiators in the e-ROP allows to 
obtain polymers with an infinity of terminal groups, providing changes in the final properties of the 
polymer. Furthermore, the initiator allows molecular weight control by varying the ratio of initiator 
(I) to monomer (M). In this study, e-ROP of GL was performed in solution (toluene) using geraniol 
as initiator, and Novozymes 435 as biocatalyst. Before each reaction, the enzyme (Novozyme 435, 
immobilized lipase B from Candida antarctica) was dried at 40 °C in a vacuum oven for 24 h in the 
presence of molecular sieves. The I/M ratio was 1:20 and the e-ROP was performed under N2
atmosphere and magnetic stirring for 1 h at 65 °C. The polymer was precipitated with an excess of 
cold methanol for 24 h, vacuum filtered, and dried at 30 °C for 24 h. Polymer formation, molecular 
weight, and chemical structure assignment were determined using 1H-NMR. The characteristic peaks 
of the repeating units (2H, δ = 3.63–3.68 ppm) and for geraniol end-groups (2H, δ = 4.57–4.61 ppm) 
were identified. The reactions showed yields of around 70% and molecular weights of up to 4200 
g/mol. The results also indicate that, even with humidity control, the water content in the enzymes 
influences the chain initiation and final molecular weight of the polymer.
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Abstract - Brazil is the largest orange producer in the world, accounting for about 30% of global 
production1. Most of the oranges are used to make orange juice, which results in orange peels as a 
by-product2. The essential oil extracted from these orange peels consists mainly of (R)-(+)-
limonene (85-95%), a natural terpene that is abundant, inexpensive, and widely available3.  The 
chemical structure of (R)-(+)-limonene, with two double bonds, makes it an ideal monomer for use 
in thiol-ene polymerizations4. Miniemulsion polymerization is a highly efficient technique for 
producing polymeric nanoparticles used in several applications, including drug delivery systems5. 
In this study, thiol-ene miniemulsion photopolymerizations using limonene and a bifunctional thiol 
(2,2′-(ethylenedioxy)diethanethiol) were conducted within a UV chamber  at 40 °C and average 
luminous intensity of 3.83 mW cm-² under magnetic stirring at 150 rpm. 2,2-dimetoxi-2-
fenilacetofenone was used as photoinitiator. Polymerizations resulted in polymer particles with an 
intensity average size of 130 nm and narrow size distribution (polydispersity index - PdI ˂ 0.13) as 
determined by Dynamic Light Scattering. The weight average molar mass of these nanoparticles 
was 7300 g mol-1 (measured by Gel Permeation Chromatography) and the yield was above 90%. 
Thus, this study provides an efficient and interesting method for producing polymeric nanoparticles 
using miniemulsion photopolymerization of (R)-(+)-limonene as a renewable monomer, with 
potential application in sustained  drug delivery systems. 
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Teaching and learning are always a big issue at the university environment. To what extent do
students acquire sufficient learning experience to be able to face the challenges of the professional 
life? Are the lecturers fully involved in the teaching process to provide the students the tools to 
become capable professionals? Are both students and lecturers committed to this proposal? 
Actually, there are some gaps in the teaching-learning process that must be faced. The world has 
changed significantly but the academic procedures seem to be stuck to the past, though some good 
experiences are shown with inverted classes and active methodologies. The new generation of 
students are very fast learners but like to appeal to shortcuts in order to gain information or to solve 
academic problems. Truly, the era of Google and ChatGPT made the life much easier for all of us! 
However, when the student becomes a professional, he/she must be involved with industry 
problems, and is frequently “the” decision maker. In this situation, the work is not separated by 
disciplines like at the university. The contents are “entangled” and he/she are demanded even for 
topics that no one taught. In an industry of polymer processing, for example, he/she must be capable 
of solving problems or being innovative, creating new materials or new products. In this case, the 
“shortcuts” are not necessarily clear! Can the way of doing the job be anticipated or trained at the 
university? This is a meaningful question! This presentation describes the experience gained with 
the discipline “Structure and Properties of Polymers” over many years, which turned into a didactic 
book1, to help the learning process. The book intended to mirror the actual classes, enhancing the 
relevance of the information to the practice of the future professional. For example, when dealing 
with crystallization of polymers, less time is consumed with the (complicated) equations, and more 
emphasis is given to industrial consequences of a slow or fast crystallization process. The useful 
properties of a product can be predicted based on the type of polymer, grade, physical structure,
environmental exposure, etc., i.e., based on the theory of polymer science. Hence, the presentation 
of the theory is rather important, but must necessarily be connected to the practical use of it. 
Otherwise, it will be vanished in the vast amount of information that the students are exposed to. 
The title of this presentation contains a question mark (“How to combine theory and practice?”), 
therefore it is very far from being a definitive statement!
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ASSESSMENT OF THE RELAXATION TIME OF POLYSTYRENE UNDER 
CONTROLLED SHEAR FLOW BY RHEO-OPTICAL TECHNIQUES
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Abstract - An attempt has been made to study the relaxation characteristics of polystyrene (PS) during a controlled 
shear flow. In polymers, optical properties can be used to estimate morphological changes under flow and, for this 
reason, being a trustful tool to evaluate relaxation time. The experiments consisted of varying the shear rate imposed on 
the polymer system while collecting the light signal isothermally at distinct temperatures. Then, birefringence was 
evaluated via an own built optical sensor by measuring the transmitted light intensity with crossed polarizers. Shear 
rates between 3 and 180 s-1 were imposed. The relaxation time was directly influenced by temperature and shear rate, 
increasing for higher shear and temperatures. For all samples, the relaxation time values found with our optical 
apparatus were validated by rheometric measurements found in literature. The values in both techniques were very 
similar, showing the effectiveness of the proposed technique.

Keywords: Rheo-optical characterization; Relaxation time; Birefringence; Shear rate; Optical Microscopy;
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Introduction
The morphology of polymer mixtures during thermal processing results from different 

mechanical processes, namely phase deformation by shear and stretching stresses, relaxation, 
coalescence and, eventually, freezing [1]. All of them are highly dependent on processing 
parameters such as shear rate, in which higher levels of shear increase the level of dispersion 
resulting in more uniform morphologies and, consequently, more attractive to the market [2,3], and 
melting temperature, that strongly affects polymers’ viscosity and their relaxation’s capability. 

Relaxation time on polymers is commonly measured by DMTA, rheometry, spectroscopy or 
microscopy. Extensive fundamental studies have been published on these aspects. Liao et al. [4]
used DMTA analysis to evaluate the relaxation time differences of PMVS/LDPE blends. LDPE-rich 
blends have higher viscoelasticity and longer relaxation time than the PMVS-rich blends. Silva et 
al. [5] used scanning electron microscopy (SEM) to show the existence of one relaxation time and 
non-deformed droplets for an immiscible blend, and two relaxation times and deformed droplets for 
compatibilized ones, being the second relaxation more pronounced for higher compatibilizer 
contents. Sharma et al. [6] evaluated the influence of moisture distribution effects on the relaxation 
time and stiffness of polyamide 6, for this, a thermodynamically coupled model within the 
framework of mixture theory was developed. Zare et al. [7] develops two equations for relaxation 
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time of biopolymer nanocomposites at unlike frequency ranges. The author correlated the relaxation 
time to zero complex viscosity, yield stress, K constant and power-law index for a model 
proposition. 

Optical phenomena such as birefringence, due to optical anisotropy caused by molecular 
orientation, can be used in the evaluation of these main parameters that directly affect the 
morphology of a polymer mixture [8]. The use of optical properties to characterize polymers’ 
morphology has great advantages, such as not disturbing the system during the data acquisition 
process and for exhibiting high sensitivity and accuracy [9]. Nevertheless, these properties are still 
receiving little consideration from researchers due to the relative complexity of current detection 
systems. 

Building on this development, this work aims to use optical properties for the evaluation of 
relaxation time in polymers. In other words, the use of rheo-optical techniques by means of 
birefringence is proposed as a new tool to measure the impact of shear flow on the relaxation time 
of PS/PA6 mixtures. Different temperatures and shear flow rates were evaluated. The assembly 
used in this work consists of a polarized light optical microscope, a device to control shear and 
temperature and a home-made rheo-optical detector to measure birefringence in real-time [10]. 
 
Experimental  
Materials 

A commercial grade of a general-purpose polystyrene, PS (N2560, manufactured by Innova, 
Triunfo, Brazil), with MVR of 3.8 cm3/10 min (5.0 kg, 200 °C) was used in this work. 
 
PLOM procedure 

All measurements were performed on a polarized light optical microscope (PLOM), model 
DMRXP from Leica with a Cambridge Shearing System (CSS450), from Linkam Scientific 
Instruments. The CSS450 consists of two parallel plates with a quartz window each through which 
light is transmitted. Temperature and shear are controlled by the Linkam’s software. Objective lens 
of 5X were used to perform the analysis. 

The rheo-optical experiments were conducted at five established temperatures (°C): 180, 190, 
200, 210 and 220, with a gap of 400 μm between the CSS450 plates. Variations in the rotation 
speed of the bottom quartz window, programmed by a LabVIEW 8.6 software, were done to 
achieve shear rates between 3 and 180 s-1 to polymer samples of about 0.5 g. A water pumping 
system was used to cool down the CSS450 plates throughout all experiments.  

Samples of about 0.5 g were heated at 30 °C/min from room temperature to 230 °C and kept 
isothermally for 3 min, then cooled down to one of the five experiments’ temperatures. After that, 
the shear profile presented on Table 1 was executed and any deviation on the transmitted light 
intensity automatically collected by LabVIEW. More details of the rheo-optical system used to 
measure the transmitted light intensity can be found elsewhere [10,11].  

 
Table 1. Shear profile applied for all rheo-optical measurements. 

# 1 2 3 4 5 6 7 8 9 10 11 12 
Shear rate (s-1) 3 5 7 10 15 20 30 50 75 100 150 180 

Time (s) 60 60 60 60 60 60 60 60 60 60 60 60 
 
Results and Discussion 
Rheo-optical characterization 

The cross-polarized transmitted light intensity (IB) measured by the optical detector can be 
normalized to a dimensionless value (IB

N) set between zero and one, using the minimum intensity 
while the polarizers are crossed (IC) and the maximum intensity while parallel (IP), as defined by: 
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(1)

IB
N is related to the optical path difference (OPD) of an anisotropic material placed between 

crossed polarizers and oriented at 45° with respect to their optical axes by a simplified version of 
Malus’ law [11]:

(2)

where λ is the wavelength of the light source (taken as 550 nm for visible light) and δ is the relative 
retardation of the polarized light ray.

Fig. 1 shows curves of normalized cross-polarized transmitted light intensity (IB
N) as a 

function of shear rate for each temperature for samples of PS. Dashed lines are the quadratic 
sinusoidal fitting predicted by Eq. 2. 

Figure 1. Normalized cross-polarized transmitted light intensity (IB
N) of PS as a function of shear rate at the 

temperatures: 180 °C, 190 °C, 200 °C, 210 °C and 220 °C. Also shown the calculated curves from the 
theoretical Malus’ Law, a quadratic sinusoidal fitting for each polymer system.

The normalized cross-polarized transmitted light intensity for PS at 220 °C is considerably
lower than that measured for PS at 180 °C. The reason is the high reduction in viscosity which is 
reflected in lower orientation of the polymer chains under flow. Thus, even testing at the maximum 
practical shearing speed that the Linkam CSS450 can apply without loosen the sample out of the 
shearing plates, the first maximum at the highest evaluated temperatures is far from being reached, 
even though the quadratic sinusoidal behavior is present. For 180 °C, shear rates up to 75 s-1 are 
sufficient to achieve the half order maximum, which are values smaller than the range of 100 s-1

normally achieved in extrusion process. 
A closer look of the fitted sinusoidal curves on the experimental points reveals that the fitting 

works very well. This effect is easier to be seen after calculating the total birefringence, ∆n, shown 
in Fig. 2. Starting from the measured IB

N, the optical path difference can be calculated by 
rearranging Eq. 2. It follows that, by knowing that the microscope gap (sample’s thickness, t) is 400 
μm, birefringence for PS can be calculated applying Eq. 3:
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(3)

Figure 2. Birefringence of PS (derived from the cross-polarized transmitted light intensity curves of Fig. 1) 
as a function of shear rate at the temperatures: 180 °C, 190 °C, 200 °C, 210 °C and 220 °C.

Fig. 2 shows the calculated birefringence of PS as a function of shear rate for all temperatures. 
Because the measured cross-polarized transmitted light intensity is the result of all optical effects, 
the calculated birefringence is the total birefringence. While no shear rate is applied to the sample in 
the molten state, the polymer chains are in a random coil conformation, being optically isotropic 
and therefore no birefringence occurs (∆n = 0). When a shear rate is applied, the velocity gradient 
will orientate the random coils in the flow direction, if the chain deformation is faster than its 
relaxation. This happens above a minimum critical shear rate, when the random coils start to 
unwind, causing anisotropy in its refractive indexes and leading to a measurable birefringence. For 
pure polymers, the only type of birefringence present in these conditions is flow birefringence, as 
the result of the orientation of the polymer chains. As seen in Fig. 2, this effect increases linearly
with the logarithm of the shear rate, for the range up to 180 s-1. Here, an interesting consequence 
from the curves of Fig. 2 is the possibility to extrapolate the fitted linear curves to zero 
birefringence finding shear rate values that give information related to the stress relaxation time of 
the PS chains. With this assumption, for all experimental temperatures, the fitted linear curves from 
Fig. 2 were extrapolated until zero to evaluate the relaxation time. Fig. 3 shows the results.

Figure 3. Relaxation time (s) as a function of temperature (°C) for PS.

Fig. 3 indicates that the stress relaxation of the PS chains is in the order of 1 s at 180 °C and 
follows an increasing behavior until reaching the mark of 7.27 s at 220 °C. At this temperature, the 
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relaxation time is more than seven times bigger than the small temperature of measure, reinforcing 
the influence that temperature causes on relaxation time. 

The relaxation time spectrum obtained by our developed rheo-optical technique are in good 
agreement with former works found in the literature. West [12] obtained relaxation times in the 
order of 10 s for polystyrenes of narrow molecular weight at 227 °C with a cone-and-plate system. 
Caro et al. [13] used a laser diffraction particle size analyzer to measure the relaxation spectra for 
neat PS, neat PA6 and PS/PA6 80/20 blend at 230 °C achieving a relaxation peak at 6.6 s for the 
PS, a little low comparing to the results showed in Fig. 3, but still in the same range considering 
both works’ differences. 

 
Conclusions  

This work used birefringence signal’s changes for the evaluation of relaxation time in 
polystyrene while being sheared. The polymer (PS) was deformed under a controlled shear flow, 
while the normalized transmitted light intensity was measured with crossed polarizers by an own 
built optical sensor. Measurements of birefringence indicates the dynamic of orientation in the 
dispersed phase droplets during shear flow. The relaxation time is influenced by the shear level, 
increasing with its percentage, and increasing for higher temperatures. Decent agreement with 
available theoretical predictions was found. The entire measurement apparatus presented proved to 
be reliable and handy for a fast obtainment of the relaxation time spectrum of polymers without the 
need to face complex calculations, being, therefore, considered a useful tool in industrial processes. 
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Human skin is our most important organ and is our first protection mechanism against 
microorganisms. It is a vulnerable organ that is subject to damage to its continuity. Due to its 
importance, it is essential to ensure ideal protection for the skin when damaged, providing a 
physical barrier against bacterial contamination and promoting an adequate microenvironment that 
guarantees cell growth resulting in effective healing 1,2. Electrospun polymeric membranes are a 
class of materials that meet the characteristics of modern dressings. Electrospinning is a simple, 
easy-to-apply and low-cost technique capable of obtaining membranes formed by polymeric 
nanofibers. These membranes stand out for having a high surface to volume ratio and high porosity. 
Therefore, obtaining nanofibers containing active compounds capable of preventing infections is of 
great interest for tissue engineering 3. This work aimed to obtain bioactive dressings formed from 
polyvinyl alcohol (PVA) nanofibers through electrospinning, crosslinked with citric acid (CA) 
and/or glutaraldehyde (GLA), containing the antibiotic chloramphenicol (CLF) for the treatment of 
injuries. According to the SEM images, it can be seen that it was possible to obtain homogeneous 
nanofibers with diameters between 600 and 700 nm. DSC, XRD and FTIR analyses showed an 
increase in the crystallinity of PVA promoted by crosslinking, presenting a linear correlation with 
the increase in fusion enthalpy ΔHmelt, crystallinity also ends up influencing the release of the drug 
since the greater the crosslinking, the more rigid the structure decreasing the mobility of the drug 4. 
The release of CLF followed the Weibull model typical for matrix systems, showing an 
instantaneous release within 30 min 5. Disk diffusion assays showed antimicrobial activity against 
the strains S. aureus, S. epidermidis and P. aeruginosa, in addition to the membranes showing 
hemocompatibility, making them promising for application in dressings with anti-infective activity.
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Abstract - The great development of thermoplastic starches (TPS), for biodegradable film applications, is still limited 
due to the already known disadvantages of the material. However, retrogradation, an inevitable and often undesirable 
process, has been little explored in the field of TPS and basically depends on storage conditions. In fact, retrogradation
really limits the storage time and average life of starch-based thermoplastic materials. Thus, extruded thermoplastic 
starch samples plasticized with glycerol were characterized to identify possible structural changes due to retrogradation 
and its relationship with storage time. The rheological properties of TPS were measured in relation to storage time, and 
accompanied by other characterization techniques XRD, FTIR and DSC to verify the occurrence of retrogradation at 
different levels of ordering. Regarding storage time, the results showed the relative increase in viscosity at low shear 
rates and the increase in crystallinity, which became more evident around 10 days of storage. Furthermore, the FTIR 
signals in the 1050 – 950cm-1 range of the FTIR spectrum gradually increased over time. The ratio of signals 1022 and 
995 cm-1 were used to measure retrogradation, and showed a relative increase with storage time. Meanwhile, the results 
by DSC did not show short-range molecular ordering after 30 days of storage. Thus, in general, the rheology, XRD and 
FTIR results were consistent with the possible structural changes, with a discrete retrogradation process of the extruded 
TPS samples. These results evidenced the slight change in the behavior of the TPS after its storage, at room 
temperature, due to the formation of more orderly structure.
Keywords: Starch retrogradation, thermoplastic starch, storage time, TPS, extrusion.
Fundings: This study was financed in part by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior –
Brasil (CAPES) – Finance Code 001 – Process 88887.510940/2020-00.

Introduction
Starch is a naturally carbohydrate mainly composed of amylose and amylopectin, and is a widely 
available polysaccharide used for energy storage in plants [1]. It offers low-cost, biodegradable, 
renewable, and processable properties, making it highly attractive for applications like 
biodegradable packaging [2]. Starch-based polymers, or thermoplastic starch (TPS), are formed 
through the irreversible gelatinization of starch granules [3]. Upon cooling and storage, gelatinized 
starch undergoes retrogradation, leading to the formation of a distinct ordered structure [4].
Therefore, gelatinized starch, an amorphous state, returns to an insoluble, aggregate or crystalline 
condition [5], which is understood as a nonequilibrium, thermos-reversible and recrystallization 
process.
Starch-based polymers (TPS) have limitations compared to fossil-based plastics. TPS materials are 
hydrophilic with limited mechanical properties and thermal stability. The main limitation is 
retrogradation [6], an undesirable process and not well studied in TPS that affects the mechanical 
properties over time. It leads to film breakage, reduced elongation, and decreased optical clarity due 
to increased crystallinity [7]. Retrogradation also increases viscosity and firmness in gelatinized 
starch pastes during storage [8]
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Starch retrogradation involves two stages: short-term and long-term. Short-term retrogradation 
entails rapid crystallization of amylose, while long-term retrogradation involves slower 
crystallization of amylopectin. The branched structure of amylopectin limits chain mobility, taking 
more time for the development of an ordered structure [9]. Starch retrogradation in starch-based 
food products is influenced by internal factors (starch composition, moisture content, etc.) and 
external factors (processing and storage conditions) [4], [9], [10]. The main components react 
differently to retrogradation based on their mobility. The degree of structural reconstruction 
depends on their content (amylose:amylopectin ratio) and molecular structure (molecular size and 
chain length distribution) [11]. Amylose content has a significant impact on retrogradation in starch 
thermoplastics [12]. Environmental factors like temperature, time, and cooling rates during storage 
also affect retrogradation. These factors can induce changes in the properties of TPS films [13]. 
The measurement of short-range order in starch-based materials involves Fourier Transform 
Infrared Spectroscopy (FTIR), while X-ray diffraction (XRD) is used to assess long-range order [4], 
[10]. Relative crystallinity is employed to quantify the degree of long-range ordering [7]. Structural 
changes caused by retrogradation impact the rheological properties of starch-based thermoplastics, 
commonly studied using capillary rheometer [14], [15]. Differential Scanning Calorimetry (DSC) is 
utilized to identify first-order endothermic transitions, providing insights into short-range molecular 
ordering, such as melting and crystallization [3]. 
Retrogradation is a challenging aspect in the industrial production of thermoplastic starch (TPS). 
While significant progress has been made in studying retrogradation, particularly in starch-based 
food products involving excess of water [4], [9], there is a lack of research on starch-based 
thermoplastic materials. Consequently, a more comprehensive understanding of the effects of 
retrogradation on TPS is necessary, including its impact on both extruded TPS and final products. 
The changes that occur in TPS due to retrogradation significantly affect their rheological and 
mechanical properties, and these changes are primarily influenced by storage conditions. Thus, a 
potential trend towards the formation of ordered structures in the TPS matrix, and therefore possible 
changes in the properties of extruded TPS as a function of storage time, may influence the 
processing parameters involved in obtaining starch-based plastic products. 
In this study, TPS samples plasticized with glycerol were produced in a single screw extruder. 
Thus, the present work aims to study the effect of storage time on the retrogradation performance of 
extruded TPS. The results will help to identify the occurrence of possible changes on properties 
related to retrogradation. Rheological behavior, crystallinity, infrared spectroscopy and DSC were 
used to evaluate retrogradation during different storage periods. In this way, contribute to the study 
of the retrogradation of TPS. 
 
Experimental 
Materials – Regular native maize starch (30% amylose, 11% moisture content) and glycerol (Synth, 
99,5%). Glycerol was used as plasticizer. 
Preparation of TPS samples (Extrusion) – A mixture of starch and glycerol was fed into a single 
screw extruder (AX-Plásticos, Brasil), with a single screw of 16 mm in diameter and L/D ratio of 
26. The rotation speed used was 40 rpm. The temperature profile of the heating zones along the 
extruder barrel was 115, 125 and 120°C from the feed zone to the die. 
Characterization – To study the effect of storage time on the retrogradation process, samples were 
conditioned at 53% relative humidity (RH) and 23°C before the measurements. Extruded TPS was 
cut into particles to be characterized by capillary rheology. Cross sections of TPS extrudates were 
evaluated by XRD, FTIR and DSC. Retrogradation studies were used to monitored changes in 
properties since leaving the extruder (0 days) and during 30 days after extrusion. 
The rheological behavior was obtained using an Instron capillary rheometer, model CEAST SR20 at 
120°C. Power-law index (n) and consistency (K) were calculated. Diffractograms XRD were 
recorded in a Bruker X-ray diffractometer, model D8 Advance, equipped with a Cu source (Kα = 
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1.5418 Å). Scattered radiation was detected in the Bragg-angle (2 ) range of 5-60°. To calculate the 
degree of crystallinity, the area of the signals corresponding to the crystalline and amorphous 
phases was used. FTIR analyzes were performed on Perkin Elmer equipment, model Spectrum 100, 
using the attenuated total reflectance (ATR) accessory. The ratio of the signals at 1047/1022 and 
1022/995 were used to measure retrogradation. DSC was carried out in a Perkin Elmer DSC 8000. 
Samples were placed in aluminum pans. The analyses were performed under a nitrogen flow 
(20ml/min), from -30 to 180°C, at a heating rate of 10°C/min. 
 
Results and discussion 
Capillary rheology 
In Figure 1(a) it can be relatively observed that the longer the storage time, the higher the viscosity 
in the range of shear rates between 10-100s-1, which reveals possible structural differences and 
formation of ordered structures incorporated in the viscoelastic amorphous phase of TPS [15], due 
to retrogradation. Those ordered structures can be assumed as reinforcements in the TPS matrix, 
which cause a slight increase in viscosity in relation to storage time at low shear rates, as some 
authors have reported the present of short-range residual ordering due to the rapid retrogradation in 
starch gels during storage at 4°C [8]. However, comparatively and in relation to storage time, there 
were no significant changes in viscosity from shear rates greater than 1000s-1, due to the loss of 
those possible ordered structures throughout the test. Finally, in relation to the storage time, 
retrogradation hypothesis is also supported by the increasing results of the consistency index (K) of 
the power law as it is showed in Figure 1(b). Those results indicated differences in the behavior of 
the TPS, that involve formation of ordered structures and in greater quantity in the amorphous 
matrix of TPS when given 10 days of storage and thereafter. 
XRD 
The results of the DRX spectra (Figure 1(c)) showed that the crystalline structure of the native 
starch (A-type) was destroyed during extrusion, and subsequently the process of slow 
recrystallization occurred. Changes in TPS crystallinity over time were monitored and quantified as 
shown in Figure 1(d). Quantitatively, little considerable changes were achieved over time. 
However, after 10 days of storage, the (relatively) maximum degree of crystallinity was reached. 
An increasing of at least 8% was achieved. Some previous studies have shown that crystallinity is 
not always a measure of retrogradation over time. 
FTIR 
The FTIR technique is used to identify structural changes at a short-range molecular level [4], [10]. 
Figure 1(e) shows the FTIR spectra of native starch and TPS samples prepared and stored up to 30 
days after extrusion. Signals between 1050 and 950 cm-1 indicate the formation of hydrogen bonds 
between the starch and the plasticizer [16]. Conformation changes due to retrogradation during 
storage can be monitored by the analysis of intensity of the bands in the mentioned region [10]. In 
native starch, the peak at 1047 cm-1 represents the crystalline region of the starch, whereas the peak 
at 1022 cm-1 corresponds to the amorphous region. However, the 1047cm-1 signal disappears with 
the disruption of the starch, as seen in the FTIR spectra of the TPS due to plasticization and the 
extrusion process. The spectral band at 995 cm-1 is sensitive to water content [4]. As is showed in 
Figure 1(e), FTIR curves were normalizing to compare signals. It was found a slight increase in 
intensity of the signal after 30 days of storage. 
According to the report by Wang et al., on retrogradation, ratios of 1047/1022 and 1022/995 cm-1 
are assumed to represent organization in crystalline regions and the state of organization of the 
double helices localized inside crystallites, respectively. In that way, they were used to measure and 
evidence potential crystals formed as a result of the retrogradation process [4], [17]. There was a 
slight relative increment in the ratios 1022/995 during storage, indicating a progressive and 
intensified degree of starch reorganization, providing evidence of retrogradation occurrence, as is 
showed in Figure 1(f), while the ratios at 1047/1022 exhibited a tendency to remain constant. 
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DSC  
No obvious melting behavior could be observed in the studied temperature range for all samples 
stored up to 30 days, indicating that there were no detectable crystals using the DSC technique. It 
was possible to have weak endothermic signal to be detected. 
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Figure 1 – Characterization of TPS samples after 30 days of storage at 23°C and 53% relative humidity. (a) 
Capillary rheology curves versus shear rate (120°C, Lc/Rc=40) and (b) Rheological parameters of the 
Power-Law model; (c) XRD spectra and (d) Crystallinity from XRD spectra, (e) Comparison of normalized 
FTIR spectra in the range 1050 – 950cm-1, and (f) FTIR ratios at 1022/995 and 1047/1022, during storage. 

Conclusions 
The study involved the search for changes in the properties of extruded TPS conditioned at 53% RH 
and 23°C, specially related to the potential formation of ordered or crystalline structures in the 
amorphous matrix of TPS due to starch retrogradation. Thus, it was possible to identify, quantify, 
and evaluate the effect of storage time on TPS through comparative rheology, X-ray diffraction 
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(DRX), and Fourier-transform infrared spectroscopy (FTIR) analyses among samples during 
storage. Comparing results of low shear rate viscosities and crystallinities obtained through XRD 
showed congruence between them. After 10 days of storage, a maximum difference in rheological 
and structural behavior was observed. This was because these techniques are more sensitive to long-
range ordering. However, FTIR is more sensitive to short-range ordering. FTIR has revealed the 
occurrence and increased retrogradation with respect to storage time. In contrast, it was not possible 
to determinate features of crystalline structures by the presence of endothermic signal by DSC. This 
study has provided a contribution into TPS retrogradation, which are relevant for industrial 
production and applications of starch-based plastic materials. 
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Abstract – Polypropylene (PP) is one of the most used polymers in the world, especially in packaging. As the recycling 
of these items is still unfeasible, an alternative to favour its decomposition is to process PP with pro-degradant additive, 
which will favour its abiotic and biotic degradation. In this work, benzoin was used to obtain oxo-biodegradable PP, and 
the properties of the injection-molded PP were evaluated before and after 30 days of natural aging. It was evidenced 
that the benzoin favoured the thermo-oxidation of the PP in the processing, reducing its molar mass and increasing its 
MFI, but with little influence on its mechanical properties, evaluated by tensile and Izod impact tests. After 30 days of 
aging, it was observed that benzoin favours photooxidation, with a significant reduction of the molar mass of the 
additived PP, accompanied by a significant increase of the MFI. The losses of mechanical properties were similar for 
PP with and without additive.
Keywords: PP, thermo-oxidation, photooxidation, mechanical properties, molar mass

Introduction 
Benzoin proved to be effective as a promoter of the degradation by thermo-oxidation [1] and 
photooxidation [2] of polyethylene (PE) in previous studies, indicating that, in the future, it may be 
used in obtaining oxo-biodegradable PE. Considering that the mechanism of degradation by 
thermo-oxidation and photooxidation of PE and polypropylene (PP) are similar [3], since they are 
polyolefins, it is convenient to think that benzoin can also be used to obtain oxo-biodegradable PP, 
an alternative to solve the problem involving the accumulation of polymeric material in the 
environment, a result of the incorrect disposal, especially of packaging, which does not present 
attractive recycling. Currently, however, the pro-degradant additives are based on organic salts of 
transition metals [4], whose use could lead to a second problem: the accumulation of metals where, 
normally, their presence would not be observed. Benzoin, on the contrary, is a biodegradable and 
non-toxic substance (according to EC Regulation No. 1907/2006).
In this work, it was sought to obtain oxo-biodegradable PP from the addition of benzoin in the 
processing. Besides evaluating the acceleration of thermo-oxidation and photooxidation, the 
changes in the mechanical properties of PP with and without the additive were evaluated, before 
and after exposure to natural weathering. Injection-molded specimens were obtained, with 0, 2, 4 
and 6% of masterbatch produced in PP matrix, which was characterized by dilute solution 
viscometry, with subsequent determination of the viscosity average molar mass; determination of 
MFI, to confirm the reduction of chain size due to degradation; besides the evaluation of 
mechanical properties by Izod impact and tensile strength tests.
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Experimental  
 
Materials 
In this work, PP grade H-605, with MFI of 2.1 g/cm3 (230 ºC/2.160 kg) and density of 0.905 
g/cm3, produced by Braskem Brasil; benzoin, with purity degree higher than 99%, produced by 
Merck KGaG, were used. 
 
Benzoin masterbatch production in PP matrix (pro-degradant additive) 
The masterbatch was obtained from the mixture of PP with benzoin in a Haake thermokinetic 
mixer, model RheoDrive 7, at a temperature of 190 ºC. The initial 6 minutes were to guarantee the 
melting of the PP. After that, the benzoin mass was added, with an effective mixing time of 4 
minutes. Therefore, the total process lasted 10 minutes. A masterbatch with a mass ratio of 3:1 
(PP/benzoin) was obtained. The mixture was cut with the help of pliers into granules with 
dimensions like those of PP pellets. Fig 1 shows the produced masterbatch. 

 
Figure 1 – Benzoin masterbatch after cutting with pliers, with dimensions like PP pellets. 
 
Obtaining the injection-molded specimens 
Specimens with 0, 2, 4 and 6% (w/w) of benzoin masterbatch were produced and therefore were 
named as: PP_0%, PP_2%, PP_4% and PP_6%, respectively. All were obtained in Thermo 
Scientific Haake MiniJet II at 190 ºC, with injection pressure at 400 bar and withdrawal pressure at 
350 bar. The mixture of the masterbatch with the virgin PP was previously done in the 
thermokinetic mixer, as it is a piston type injection molding machine. Besides guaranteeing a good 
diffusion of the additive in the PP, the process simulated the usual processing in the thermoplastic 
industry, in which the material would pass through a screw for later injection. Five specimens were 
obtained for each one of the different samples to be tested for tensile strength and Izod impact. 
 
Natural weather ageing in Porto Alegre/RS 
The specimens were naturally aged in Porto Alegre/RS. The specimens were placed on a 45o 
inclined stand, specifically located in front of the State Center for Research and Remote Sensoring 
and Meteorology (UFRGS) with their phases facing north. They were evaluated before and after 30 
days of exposure. The experiment was performed from 21 November 2022 to 21 December 2022. 
(ASTM 1435-13). Fig 2 shows the specimens exposed to natural weathering on the first day. 

 
Figure 2 – PP specimens, with and without benzoin, exposed to natural weathering in Porto Alegre/RS. 
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Determination of the average viscosimetric molar mass of PP

The intrinsic viscosity ([Ƞ]) of PP in the samples was determined by dilute solution viscometry, for 
subsequent calculation of 

)
.  Solutions with concentrations of 0.7; 0.5; 0.39; 0.32; 0.27 and 0.23 

g/dL were used. The flow times of the initial solution and other dilutions were measured at a 
temperature of 135 ± 0.1oC in a Cannon-Ubbelohde viscometer for diluted solutions (no 50). From 
the flow times of the solutions and solvent (decalin) the relative (ɳrel), specific (ɳesp), and reduced 
specific (nesp.red) viscosities were determined. The intrinsic viscosity ([Ƞ]) of PP was obtained from 
the graph of nesp.red versus concentration by extrapolation of the linear regression of the curve when 
the concentration tends to zero.  Through the Mark-Howink-Sakurada equation (Eq. 1) the of 
PP was determined. The constants α and k used for the polymer-solvent were 0.8 and 1.05 x 10-4

dL/g, respectively [5] (ASTM D446 and D445).
(1)

Determination of the MFI of PP in injection-molded specimens
The melt flow indexes (MFI) of PP, with and without the additive, were obtained in a CEAST 
model 7026.000 modular plastomer. The conditions were: 230 ºC/ 2.160 kg, with 240 seconds of 
residence time (ASTM D1238).

Tensile test 
Universal equipment Instron, model 4200, was used, using a load cell of 5 kN and removal speed of 
25 mm/min (ASTM D638-10).

Izod impact test
Ceast equipment, model Impactor II, was used. The specimens were notched, and a 0.5 J hammer 
was used for impact, at room temperature (ASTM D638-10).

Results and Discussion 

The PP specimens were characterized before and after exposure to natural weathering. Fig 3 
presents the values determined by dilute solution viscometry. The at t=0 indicates that, the 
higher the content of benzoin added, the higher the rate of thermos-oxidation in processing. In 
natural aging, it was possible to observe that the higher the benzoin content, the higher the 
degradation rate, mainly induced by photooxidation (caused, in turn, by the incidence of UV 
radiation). Such results show the pro-degradation action of benzoin, which favoured the degradation 
process in a similar way to the pro-degradants based on organic salts of transition metals on 
polyolefins [6].

Figura 3 – do PP nos corpos de prova injetados, antes e após a exposição ao intemperismo natural.
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The MFI values, before and after exposure to natural weathering, are presented in Fig 4. At t=0, it 
was possible to observe that there was an increase in MFI, indicating greater ease of flow of the 
melt, possibly due to the reduction of chain size, corroborating the results obtained from , which 
strongly evidences the higher rate of thermo-oxidation for the injection-molded specimens with 
benzoin. After processing, the samples PP_4% and PP_6% presented an increase of 70% in MFI
compared to PP_0%. The same occurred after exposure to natural weathering, and it was possible to 
observe that the photooxidation was more favored with the addition of benzoin, because when 
exposed to solar radiation, the increase in MFI was 154% for PP_6% compared to PP_0%. The 
increase is also consistent with the reduction in molar mass. These results are consistent with those 
verified in other studies in which the degradation of polyolefins processed with metallic pro-
degradants and subjected to natural aging was evaluated [7].

Figure 4 – MFI of the injection-molded specimens before and after exposure to natural aging.

The results of the Izod Impact test are presented in Fig 5, and it is possible to observe that, at t=0, 
the values found were statistically similar, allowing predicting that the addition of benzoin does 
little alter this mechanical property of PP. However, due to the acceleration of the photooxidative 
degradation process, part of this property is lost in natural aging. On average, it is possible to 
observe a reduction of the mechanical resistance to impact, although, considering the experimental 
error, the values for PP_4 and PP_6% are similar to the value found for PP_0%.

Figure 5 – Impact strength of the specimens, before and after natural aging.

Fig 6 presents the results of the tensile tests. The results of the elongation at rupture of the 
specimens will be discussed. At t=0, only PP_2% presents an average deformation below 430%. 
However, considering the experimental error, all of them have similar tensile, i.e., benzoin had little 
effect on this property of PP after processing, a behaviour similar to the one observed in impact 
strength. Regarding the elongation observed in the specimens after 30 days of aging, an accentuated 
reduction was observed in all samples. However, PP_2%, PP_4%, and PP_6% presented elongation 
values, on average, 50% lower than PP_0%.  The results of this study are similar to those found in
other scientific research in which the oxo-biodegradable PP, obtained from metallic organic salts, 
also showed reduced loss of mechanical properties compared to unadditivated polymer [8].
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                                         (a)                                                                             (b)
Figure 6 – Elongation at break of the injection-molded specimens, (a) before and (b) after 30 days of aging.

Conclusions

According to the results found in this study, it was evidenced that benzoin also acts as a pro-
degradant of PP, as occurs with PE, accelerating its abiotic degradation by thermo-oxidation and 
photooxidation. The higher the concentration of the additive, the higher the thermos-oxidation rate 
in injection-molding process. Similarly, the higher the concentration of the additive, the higher the 
photooxidation rate caused by the incidence of UV radiation from sunlight during exposure to 
natural weathering.
However, despite the reduction in the molar mass and increase in the MFI of the samples, the 
mechanical properties are weakly altered due to the addition of benzoin, indicating that, when used 
as a pro-degradation additive, it will little affect the quality of the items manufactured with oxo-
biodegradable PP.
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Abstract - Bacterial cellulose (BC) is a biopolymer that has great potential to be used in plastic packaging. In this work, 
the thermal properties of BC films were added with Caesalpinia Ferrea Mart. the extract was produced and evaluated. 
The ethanolic extract was obtained from the stem bark, using the Soxhlet method for 6 hours. For BC production, 5 mL 
of the inoculum (100 mL of saline medium1, 30 g/L of glucose, 1 mL of ethanol; and 0.6 g.L-1 of the bacterium 
(Gluconacetobacter hansenii) were transferred to systems in duplicates (50 mL of the saline medium; 0.5 mL of 
ethanol; 30 g/L of glucose) containing different extract doses (0.18, 0.27 and 0.45 g/L). Thermal analyzes were 
performed using the Mettler Toledo TGA-2 equipment. These results show that increasing the concentration of this 
extract in the culture medium causes a decrease in the material’s thermal stability but does not compromise its use as 
food packaging.

Keywords: Bacterial cellulose, Caesalpinia Ferrea Mart., Thermal properties

Introduction 

Due to the growing environmental problems caused by the improper disposal of plastic 
packaging, there is a need for new polymer alternatives that are sustainable and renewable. In this 
context, there is bacterial cellulose (BC), which is a biopolymer produced extracellularly by gram-
negative bacteria and which has excellent characteristics, such as high porosity, high water retention 
capacity, high mechanical strength hydrated or not, low density, biocompatibility, and 
biodegradability [1-3]. 

The incorporation of natural additives to the bacterial cellulose matrix can change its 
physicochemical and mechanical properties and provide bioactive properties, such as antioxidant 
and/or antimicrobial [4]. Among the natural additives, there are plant extracts, such as the extract of 
Caesalpinia Ferrea Mart., popularly known as “pau ferro” or “jucá, that can be incorporated into 
the BC polymeric matrix, providing it with bioactive properties. This extract is obtained from the 
Fabaceae family tree. Several parts of this tree, such as bark, stems, and leaves, have bioactive 
properties, such as anti-fungal, anti-ulcer, and anti-inflammatory [5]. These properties are due to the 
presence of flavonoids, tannins, saponins, and steroids in their chemical composition [6]. 

The combination of bacterial cellulose with Caesalpinia Ferrea Mart. extract is a promising 
alternative for the active packaging sector and an ecologically correct and sustainable option. In this 
work, bacterial cellulose films are incorporated with Caesalpinia Ferrea Mart. extract was
developed and thermally evaluated, aiming at applications such as active packaging with bioactive 
properties.
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Experimental 
 
Materials 
 

To produce bacterial cellulose, the bacteria Gluconacetobacter hansenii, deposited in the 
Culture Bank of the Department of Antibiotics at UFPE, was used as a producer of bacterial 
cellulose. For the preparation of the culture medium and inoculum, the saline medium patented by 
SOUZA et al., 2020 [7] was used, using glucose as a carbon source in both. The extract of 
Caesalpinia Ferrea Mart. was obtained from stem bark purchased at a local market in the city of 
Serra Talhada - PE. 
 
Extraction of Caesalpinia Ferrea Mart 
 

The extract from Caesalpinia Ferrea Mart. was obtained from the Soxhlet method. The 
extraction was carried out for a period of 6 hours, using ethanol as solvent. The experiments were 
performed in duplicates. 
 
Bacterial cellulose production 
 

The inoculum was prepared using 100 mL of saline medium containing 30 g/L of glucose as 
a carbon source; 1 mL of ethanol; and 0.6 g.L-1 of the bacterium Gluconacetobacter hansenii in 
static culture for 3 days. At the end of this period, the inoculum was transferred to several static 
systems, previously sterilized in an autoclave for 15 min at 120ºC, in duplicate to start the pulp 
production process. Initially, 5 mL of inoculum were transferred to each Erlenmeyer system 
containing 50 mL of saline medium each, 0.5 mL of ethanol, and using glucose as a carbon source 
at a concentration of 30 g/L. Different amounts (0; 0.18; 0.27; and 0.45 g/L) of Caesalpinia Ferrea 
Mart. extract was added to each system. Bacterial cellulose membranes were produced over a total 
period of 20 days in static culture. After the end of this period, the membranes were washed in 
running water for 1 minute, wet weighed, and placed in an Erlenmeyer flask containing distilled 
water. After this step, the membranes were sterilized in an autoclave for 15 min at 120°C. 
Subsequently, they were dried at a temperature of 2°C. 
 
Acquisition of MIR spectra 
 

The medium infrared spectra (MIR) of the films were recorded using a Spectrum 400 FT-
IT/FT-NIR spectrometer from the Perkin Elmer brand, with an attenuated total reflection accessory 
(Attenuated Total Reflectance –ATR), in the following conditions: spectral region of 4000 to 650 
cm-1, with 4 cm-1 resolution and 32 scans. 

 
Thermogravimetric analysis 

 
The dry membranes were subjected to thermogravimetric analysis using the equipment of 

the Mettler Toledo model TGA-2 under the following conditions: temperature range from 30 to 600 
°C; heating rate of 10 to 10 °C/min under nitrogen atmosphere. The sample weights were in the 
range of 2 to 3 mg of dry bacterial cellulose. 
 
Results and Discussion 
Getting the extract 
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For the extraction of Caesalpinia Ferrea Mart. bark powder, an average mass of 20.0145 ± 
0.0125 g was used, respectively. The average yield obtained after extraction performed in duplicate 
was 18 g/L. 
 
Bacterial cellulose films 
 

Table 2 shows the average yields of the wet and dry masses as well as the percentage loss of 
water from the cellulose membranes incorporated with the Caesalpinia Ferrea Mart. extract in 
different amounts. Codes BCPF1, BCPF2, and BCPF3 refer to films produced in culture media with 
iron extract at concentrations of 0.18 g/L, 0.27 g/L, and 0.45 g/L. 

 
Table 2. Results of wet and dry mass yields of bacterial cellulose and water loss. 

System Wet mass (g) Dry mass (g) Water loss (%) 
BCPF1 12.153±0.070 0.189±0.021 98.44±0.16 
BCPF2 15.923±0.781 0.238±0.033 98.51±0.13 
BCPF3 16.372±0.067 0.254±0.019 98.45±0.11 

 
From the results, it is observed that there was an increase in the cellulose mass due to the 

increase in the concentration of the extract in the culture medium. There was water loss greater than 
98% in all situations evaluated. The films showed similar macroscopic characteristics such as 
opacity, homogeneity, thickness, and diameter. This shows that the procedure used in the 
production of bacterial cellulose was effective and reproducible. The dry films had an average 
thickness of 0.158±0.005 mm and an average diameter of 5.7 cm. 
 
Middle infrared spectrum 
 

Fig. 1 illustrates the representative spectra of bacterial cellulose films produced from 0 g/L, 
0.18 g/L, 0.27 g/L, and 0.45 g/L amounts of Caesalpinia Ferrea Mart. extract which correspond to 
BC, BCPF1, BCPF2 and BCPF3, respectively. The extract of Caesalpinia Ferrea Mart. was 
represented by the code PF.   

 
Figure 1. Representative spectra of pure bacterial cellulose (BC) and BC films produced in media containing 
different amounts of Caesalpinia Ferrea Mart extract (PF). 
 

The spectra of the bacterial cellulose films were similar, only with different intensities in the 
maximum peaks in some spectral regions, probably due to the overlapping of characteristic bands of 
the cellulose and the extract. The maximum peaks of the bands found in bacterial cellulose films are 
in accordance with the literature. The maximum peaks of the bands found were 3343; 2918; 2858; 
1738; 1631; 1160 and 1110; and 1033 cm-1 which refer to the vibrational stretching of the hydroxyl 
groups (OH), asymmetrical vibrational stretching of the methylene bridges (-CH2-), symmetrical 
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vibrational stretching of the methyl groups (-CH3-), angular deformation C-C, axial deformation of 
carbonyl group C=O, elongation of the CO and C-OH groups and elongation of the COC and C-OH 
bonds, respectively [8-9]. Regarding the representative spectrum of the Caesalpinia Ferrea Mart. 
extract, the maximum peaks were found for 3282, 2920, 1696, 1612, 1529, 1454, 1029, and 854 cm-

1, which refer to the presence of functional groups, such as ethanol, acids carboxylic and 
carbohydrates; asymmetric and symmetric elongation of ethane; elongation of the carbonyl group 
(C=O) due to the possible presence of flavonoids and lipids; C=C vibrations belonging to the 
aromatic rings of chemical compounds present in plant extracts, such as phenolic classes; C-O 
elongation and -OH deformation of tertiary alcohols; and the deformation of the C-H bonds in the 
aromatic ring of the compounds [10]. 

 
Thermogravimetric analysis 
 

Fig. 2 illustrates the thermogravimetric curves, TGA and DTG, referring to bacterial 
cellulose films incorporated with Caesalpinia Ferrea Mart. extract. in amounts of 0.18 g/L, 0.27 
g/L and 0.45 g/L which refer to the BCPF1, BCPF2 and BCPF3 systems, respectively.  

 

Figure 2. TGA and DTG thermogravimetric curves of the films obtained from the culture medium 
containing Caesalpinia Ferrea Mart. extract. 
 

From the curves, it is possible to verify the four stages of mass loss. The first stage refers to 
the evaporation of residual water in the range of 40°C to 100°C. The second and third stages refer to 
the degradation of the components of the culture medium present in the cellulose films. The fourth 
stage refers to the thermal decomposition of cellulose (Table 2), with less mass loss of 50,49 %.  

Table 2. Onset, endset and maximum temperatures of the pulp degradation and mass loss event. 

System   4rd Stage  
Tonset Tendset Tmax. (°C) Mass loss (%) 

BC 262,43 316,29 301,46 50,49 
BCPF1 244,67 316,29 301,46 71,47 
BCPF2 261,85 335,51 290,24 69,20 
BCPF3 234,27 345,59 271,75 68,35 

 
From the results, it was verified that there was a decrease in the Tonset with the increase of 

the extract concentration in the culture medium, except for the BCPF2 sample which proved to be 
thermally stable. This shows that for this composition, the insertion of the extract did not affect 
substantially the intermolecular forces present in the polymer. Regarding Tendset, there was an 
increase in this variable with the increase in the extract concentration in the culture medium. The 
Tonset and Tendset refer to the extrapolations of the beginning and end of the thermal decomposition 
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process, respectively. In relation to the maximum degradation temperature (Tmax.), it appears that 
there was a more substantial decrease for the sample with the highest concentration of extract. 

 

Conclusions  
 

From the results, it was verified that the extract was incorporated into the polymeric matrix 
of bacterial cellulose and that its insertion in greater quantity interferes with the stability of the 
material due to the decrease in intermolecular forces, except for the addition of 0.27 g/L of extract 
that did not have substantial changes in its thermal stability. In general, the decrease in thermal 
stability for some evaluated compositions is not a factor that prevents the use of this material as 
food packaging since the extract has great potential for bioactive properties. 
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Abstract – The dynamic compression properties of ballistic polycarbonate (PC) was evaluated at this paper through Split 
Hopkinson pressure bar (SHPB) tests. For that, four different high strain rates were examined. True strain-stress relations 
and the mechanical properties evolution as function of strain rate were obtained and evaluated. The experimental data 
was used to feed explicit simulations on Ansys LS-Dyna. The accomplished numerical model results were then compared 
to a particular experimental case. 

Keywords: high strain rate; split Hopkinson pressure bar; polycarbonate; explicit simulation

Introduction
The polycarbonate (PC) is a thermoplastic polymer recognized by its transparency and high impact 
resistance, been widely used on shielding application where visibility is mandatory. Since it can have 
ballistic properties, PC can be used alone, as a visible part of a riot shield or in a google eyewear, 
where its use is limited to a certain range of impact velocity; or as a part of a system, as a bullet-proof 
glass, where it is used in a multi-ply laminate along with glass [1]. The high strain rate behavior of 
PC is, therefore, of great interest for defense applications. 
Materials' compressive dynamic behavior under high strain rates are mostly studied using SHPB [2].
The SHPB apparatus comprises of three bars, with a specimen sandwiched between an incident bar 
and a transmitted bar, as exhibited in Fig.1. The strike bar travels to the end of the incident bar while 
being propelled forward by an instantaneous release of gas. The striker's collision with the incident 
bar generates an incident wave (εI). This wave is partially reflected (εR) at the interface incident 
bar/sample, while the remaining portion is transmitted up to the transmission bar (εT). 

Figure 1 - Split Hopkinson pressure bar main parts [3]

The signals are captured by strain-gauges and recorded by an oscilloscope, which transmits them to 
an amplifier system, creating results of Voltage (mV) vs. Time (ms). The specimen true stress-strain
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and strain rate-time relationships are derived from the recorded signals using the one-dimensional 
elastic wave theory [3], resulting in the following equations, Eq.1 to 3 [2-4]: 
 
                  (1)                           (2)                     (3) 

 
In this paper, the main goal is to study the dynamical behavior of ballistic polycarbonate in SHPB 
and understand the evolution of its properties with respect to the strain rate. With that, develop a 
trustable explicit numerical model. 
 
Experimental  
 
Materials 
The compact polycarbonate plate 2 m x 2 m x 0.04 m Poli 25 was acquired from Bold® company. 
This specific grade was design to have high impact resistance with application in security as shielded 
windows against impacts up to 200 m/s [5].  
 
Compressive Tests 
A SHPB, from REL Inc., MI, USA, with an oscilloscope from Pico Technology, TX, USA 
(PicoScope 5000 Series) and a signal conditioning amplifier system from Vishay Micro-
Measurements, NC, USA (2300 System) was used to execute the tests. The 7075-T6 aluminum 
incident, transmission and strike bar has Young´s Modulus of 69 GPa. All bar have 9,5 mm diameter. 
Both incident and transmission bar have 1830 mm length, while the the strike bar, 308.4 mm. SHPB 
cylindrical samples with smooth parallel surfaces were cut on water jet, 4 mm thick and 8 mm 
diameter, having a thickness/diameter ratio, H/D, of 0.50, according to 0.5<H/D<1 recommended for 
polymer materials. Table 1 resumes the parameters applied in this paper, presenting the applied 
pressure (kPa) and the respective average strain rates (ε’). 

Table 1 - Hopkinson bar's parameters. 

Samples Group Pressure (kPa) ε’ (s-1) 
ε1' 62,05 1000 
ε2' 82,74 2500 
ε3' 117,21 4500 
ε4' 144,79 5500 

 
Numerical Modelling 
Ansys LS-Dyna, which is an explicit finite element analysis software used to highly nonlinear models, 
was chosen to create the numerical modelling because of its broad platform of constitutive models 
appliable to thermoplastic polymers [6,7]. Concerning the constitutive models chosen to represent the 
dynamic behavior of the materials, the bars were all modelled using *MAT_ELASTIC (MAT01).  As 
the aluminum bars should not reach plastic deformation, the selection is sufficient. The parameters 
of the model were density ρ = 2.73 g/cm3, Elastic Modulus E = 69 GPa and Poisson’s ratio ν = 0.33. 
For the polycarbonate sample, *MAT_PLASTIC_POLYMER (MAT89) was employed. The MAT89 
is appliable to an elasto-plastic material behavior, in which the elastic and plastic zones are not as 
easily determined as it is for metals [8]. The models contemplates strain hardening and strain rate 
dependency, by the entrance of Cowper-Symonds parameters (C,P) and an empirical stress-strain 
curve [8,9]. For the sake of simplicity, only the SHPB test at ε3' was chosen to establish comparison 
between experimental and simulation results. One was chosen for its proximity to the rate impose by 
a ballistic impact [1]. Table 2 summarizes the entrance data for PC as MAT89. 
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Table 2 - PC MAT89 parameters 

 ρ (g/cm³) ν E (MPa) 
Quasi-Static compressive properties 1,20 0,32 1.450 

 C P 
Cowper-Symonds parameter 89.025 3,89 

   
Load Curve average of experimental PC ε3’ stress-strain curve 

 
Cowper-Symonds parameters can easily be calculated by linearization of the function relating yield 
stress (σy) and strain rate (ε’), Eq. 4 [8,9]. 

 (4) 

where σ is the yield stress of the material,  is the quasi-static yield stress, B and n are the strain 
hardening constant, εplastic is strain at plastic region, C and P are the strain rate sensitivity constants 
and ε’, the strain rate. 
 
Results and Discussion  
 
Experimental Results 
Fig.2(a) shows PC dynamic true stress-strain plots, along with a 0,5 s-1 quasi-static compressive true 
stress-strain plot (dashed line), tested at a INSTRON 5969 universal machine. The quasi-static test 
was executed to obtain properties to feed the numerical modelling, serving in this plot only as 
reference. Fig.2(b) and Fig.2(c) presents the dynamical properties as a function of strain rate. 

 
Figure 2 - Experimental results at SHPB (a) true stress-strain curves; properties as function of strain 
rate (b) Young's Modulus (MPa) and Yield/Maximum Stress (MPa) and (c) Maximum Deformation 

(mm/mm) and Toughness (J) 

  One can note that, although it exists a considerable strain hardening, specially from ε1' to ε3', the 
material strain rate sensitivity is considerably low (which was observable by the large Cowper-
Symonds ‘C’ value). Fig.2(b) shows no significant variation in the Yield/Maximum Stress and a 
sectorized increase in the Young’s Modulus, where only from ε2' to ε3' a statistical substantial 
escalation was detected. Fig.2(c) shows the correlation between the PC maximum deformation and 
its tenacity, which presents an almost linear evolution, with a slight asymptotic form between the two 
higher strain rates. 
 
Numerical Modelling Results 
A full 3D split Hopkinson pressure bar of solid elements was modeled at Ansys LS-Dyna. All 
experimental parameters were preserved (diameter and lengths of the bars and sample). Mostly 
hexahedral elements were employed to enhance the mesh aspect ratio. As the sample undergoes large 
deformation, the so call under-integrated elements (*SECTION_SOLID; ELFORM=1) were chosen 
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as best choice [10]. Consequently, it is most likely to occur hourglass deformation as error source, 
which is an non-physical behavior of solid elements. Thus, an hourglass control was imposed 
(*CONTROL_HOURGLASS; hourglass type IHQ=2, with hourglass coefficient QM=0.1). Fig.3 is 
an image of the model, where it can be seen incident bar, the sample and transmission bar, the impact 
oriented at Y-axis. 
 

 
Figure 3 - Split Hopkinson pressure bar model. 

Boundary conditions were employed to the three bars, restricting dislocation and momentum at any 
direction other than the impact direction. All the contacts interfaces (strike bar/incident bar; incident 
bar/specimen and specimen/transmission bar) were defined applying 
*CONTACT_SURFACE_TO_SURFACE frictionless (i.e. neglecting all forces other than the ones 
at Y-axis). To remain as close as possible to the experimental event, the only initial condition imposed 
was the strike bar velocity, replicating the ones input on the experimental events (Vsb = 25.75 m/s). 
Before interpreting the results, as a good simulation practice, the model is post-processed [10]. It 
must be observed, at this stage, the hourglass/internal energy relation, which must have a maximum 
of 10%. Fig.4 is a plotting of internal energy and hourglass energy of the PC sample, showing that 
the hourglass energy is quite lower than 10% of the internal energy. This means that the interference 
on the system energy by an unphysical, although exist, is in an acceptable scope. 

 

 
Figure 4 - Post-processing plots Internal vs Hourglass Energies. 

After ensured the model correctness, the results can be studied. Fig.5 shows a 4500 s-1 SHPB test 
experimental vs numerical comparison, while Fig.5(a) is the Strain Rate vs Time and Fig.5(b) is the 
True Stress-Strain. One can note, in Fig.5(a), that the simulation’s achieved rate is considerably close 
to that obtained in the tests, although less intense and with shorter duration. Nonetheless, the contrast 
between empirical and numerical is reasonable approximated. Fig.5(b) delivers the comparison 
between experimental and numerical procedure. It is valid to point out that many polymers show a 
more brittle response at higher strains rates, as seen for PC at the SHPB experimental results. The 
MAT 89 constitutive model, however, predicts that. Hence, the stress-strain curve is permitted to 
have sections steeper (i.e. stiffer) than the inserted [9]. So, the quasi-static modulus is conformed to 
the high strain rate one and the elastic region is achieved with greater precision. 
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Figure 5 - Experimental vs simulation comparison (a) Strain Rate vs Time, (b) True Stress-Strain 

Differences were detected on the plastic region, displaying lightly higher values of stress and 
appreciably lower value of maximum deformation. As the PC has noticeably large deformation, it 
must be included on the numerical model some control parameters to avoid simulation errors. One 
common case is the “Negative Volume in Solid Element”, which occurs when the element 
deformation is so high that the element gets extremely distorted, returning a negative volume (which 
is physically unfeasible) [8,10]. In large scale, this leads the simulation to be interrupted. To avoid it, 
a series of control parameters are inserted on the model to stiff the solid elements that composes the 
thermoplastic, preventing it from reach negative volume, yet interfering in the result. From that, it is 
perfectly reasonable that the simulation shows a conservative result in terms of 
deformation/toughness and one can affirm that MAT89 constitutive model is accurate. 
 
Conclusions  
The PC samples were tested at SHPB and presented extensive strain hardening, but limited strain rate 
sensitivity as function of strain rate. Thus, the main mechanism of energy absorption to PC under 
high strain rate compression is deformation. A numerical model was built in LS-Dyna using the 
empirical properties. The numerical simulations used the MAT 89, with rate dependency represented 
using the Cowper-Symonds model. Overall, the numerical simulations provided an accurate 
prediction of the behavior observed in the actual testing. 
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Abstract
This study aimed at identifying the most suitable combination of epoxy and hardener for filament winding composite 
manufacturing. The curing behavior of formulations prepared with a combination of epoxy resins (called E1 and E2) and
hardeners (called H1 and H2) were investigated by non-isothermal differential scanning calorimeter analysis, rheometry,
and Fourier-transform infrared (FTIR) spectroscopy. Post-cured formulations were also characterized using thermal 
(DMA, TGA) and mechanical (tensile strength) analyses. The E2 resin formulations showed higher glass transition 
temperature, higher storage modulus, and thermal stability. In addition, the viscosity of E1 and E2 at 60 ºC were similar. 
Higher storage modulus results were found for the E2H1 sample, although both E2H1 and E2H2 showed similar glass 
transition temperatures. In all, the E2H1 formulation showed the most suitable overall performance.

Keywords: Epoxy, rheology, thermal analysis, glass transition temperature.
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Introduction
Epoxy resins are thermosetting polymers usually obtained by reacting epichlorohydrin with 
bisphenol, and characterized by two or more epoxy groups per molecule through which the 
crosslinking reaction (curing) takes place. The final polymer properties depend on the hardener, the 
curing conditions, and the degree of conversion achieved [1]. The hardener determines the mechanism 
of the curing reaction and consequently influences the curing kinetics, the processing cycle (viscosity 
as a function of time), and the gelation and properties of the cured material [2, 3]. Examples of 
hardeners for epoxy resins are: amines, amides, anhydrides, imidazoles, boron trifluoride complexes, 
phenols, and metallic oxides [4,5].
Due to their excellent thermal and mechanical properties, epoxy resins stand out due to their various 
applications such as: coatings, paints, and composite materials. Several processes work with epoxy 
for manufacturing composite materials [1], including filament winding, where performance, material 
qualification, and product consistency are paramount requirements for aerospace components, pipes, 
tubes etc. Many thermosets applied in composites are cured using complex cure cycles to optimize 
the tradeoff between processing time and final product properties. Thus, understanding the
viscoelastic properties of a thermoset resin is essential. It is also vital to monitor viscosity, gel 
temperature, onset and peak curing temperature, degree of curing, and glass transition temperature to 
optimize the manufacturing [6].
This study aimed at identifying the most suitable combination of epoxy and hardener for filament 
winding composite manufacturing. The curing behavior of formulations prepared with a combination 
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of epoxy resins (called E1 and E2) and hardeners (called H1 and H2) were investigated , along with 
various analyses of the cured resin systems. 
 
Experimental 
Materials 
Two diglycidyl ether of bisphenol A (DGEBA)-based epoxy resins, called E1 and E2, with viscosity 
at 25 ºC (ISO 3219) of 1300-1500 and 7000-10000 mPa.s, respectively, and two anhydride-based 
hardeners, called H1 and H2, with viscosity at 25 ºC (ISO 3219) of 90-100 and 150-300 mPa.s, 
respectively, were studied. All materials were donated by Olin Corporation. 
 
Methods 
Four different formulations were produced with the available materials, named E1H1, E1H2, E2H1, 
and E2H2. For example, E1H1 sample was prepared with epoxy E1 and hardener H1.The 
epoxy:hardener ratio was 1:1. Samples for DSC and rheometry were prepared by mixing epoxy and 
hardener just prior to the analysis. The other samples were prepared by casting the mixture into a 
silicon mold, and curing in an oven for 24 h at 60 °C, followed by post-curing for 1-2 h at 90 °C and 
4-6 h at 140 ºC as per the manufacturer datasheet. 
Rheological analysis (Anton Par rheometer, MCR 101) was carried out at 60 °C in the shear-rate of 
1 Hz.s-1, at a rotation speed of 60 rpm (ASTM D2983), with a cone-plate geometry. In the rheological 
analysis, the viscosity at 60 °C was measured and the gel time was taken as that corresponding to the 
change in slope of the two linear parts of the curve. Fourier-transform infrared spectroscopy (FTIR) 
was performed using the ATR technique in a Perkin Elmer, Spectrum 1000 in the 450-4000 cm-1 
range. For each sample (neat resins, neat hardeners, and post-cured formulations), 32 scans were 
recorded with a resolution of 4 cm-1. Differential scanning calorimetry (DSC) analysis was conducted  
in a TA Instruments Q20 calorimeter under a nitrogen atmosphere with a flow-rate of 50 mL.min-1.  
Each formulation (~10 mg) was subjected to the following cycle: heating from room temperature to 
200 ºC (to measure enthalpy of curing), cooling to 25 ºC, and heating to 200 ºC (to measure the Tg of 
the cured sample). All heating and cooling rates were of 10 ºC.min-1. Dynamic-mechanical analysis 
(DMA) was performed in a TA Instruments TA2980 equipment using dual cantilever mode, 
dimensions of (35 × 12.6 × 4) mm, with a frequency of 1 Hz and 4.4 μm (linear viscoelastic region) 
of amplitude, using a heating rate of 1 ºC.min-1, from room temperature to 250 °C. Thermogravimetric 
analysis (TGA) was performed in a TA Instruments Q50 equipment on the post-cured samples  
(~10 mg), under nitrogen gas flow (50 mL.min-1), at a heating rate of 10 ºC.min-1, from room 
temperature to 900 ºC.  
 
Results and Discussion 
Fig. 1 shows the FTIR results for neat resins, hardeners and post-cured formulations. In Fig. 1A, in 
both resins (E1 and E2), it is possible to verify the presence of oxirane groups (915 cm-1), the ether 
group (1185 cm-1), alkane group (between 2960–2850 cm-1), and C=C bonds in aromatic rings  
(1600 and 830 cm-1). It is also possible to verify for the hardeners bands of different intensities within 
1730-1780 cm-1 referring to the C=O group, as well as in the 1300-900 cm-1 region referring to the 
C-O group. 
Fig. 1B presents the FTIR spectra of the post-cured formulations. The non-appearance of band  
915 cm-1 indicates complete cure. The attenuation of the C=O band of the carboxylic groups (1720-
1700 cm-1) indicates that the crosslinking reactions occurred, as well as the band at 1180 cm-1 of the 
C-O bonds in the chain [7,8]. 
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Figure 1. FTIR spectra of  neat resins and hardeners (A)and the post-cured formulations (B). 

 
Table 1 summarizes the data from DSC relative to peak temperature (Tpeak), enthalpy of curing (ΔH), 
and the glass transition temperature (Tg). In all formulations, an exothermic peak was found around 
143 °C, indicating similar crosslinking reactions [8]. However, the enthalpy varied, with the highest 
value (219 J/g) found for the E1H2 sample, indicating a greater release of energy in the curing 
reaction. This agrees with the FTIR results, which presented a weaker band in the region of the 
oxirene group (915 cm-1). The Tg results from the second heating scan occurred within 90-110 °C. 
The E2H2 formulation showed higher Tg (110 °C), indicating greater mobility resistance of the 
polymeric chains in the rubbery state [9]. 
 

Table 1. DSC, DMA and TGA results for the studied formulations. 

Sample 
Tpeak 
(°C) 

(DSC) 

ΔH 
(J/g) 

(DSC) 

T  (°C) Tpeak (°C) 
(loss 

modulus) 

E’g 
@50 °C 
(MPa) 

E’r 
@140 °C 

(MPa) 

E’’ 
@25 °C 
(MPa) 

T10% (°C) 
(TGA) DSC DMA (tan 

delta) 
E1H1 143 167 90 105 67 1190 1.6 118 320 
E1H2 143 219 100 106 67 1307 4.2 118 390 
E1H1 143 205 95 119 88 1506 4.8 145 350 
E2H2 142 186 110 119 77 939 2.5 73 380 

 
The Tg was also determined from the the tan delta data of the DMA analysis, and it is shown in  
Table 1 along with the storage modulus in the glassy (E'g) and in the rubbery (E’r) region, and the loss 
modulus (E'') at 25 ºC. The E2H1 formulation obtained higher E' in the glassy and rubbery regions, 
indicating greater crosslinking, constituting a three-dimensional network, and higher Tg. Some 
difference in the Tg results from DSC and DMA analyses is seen because each analysis is sensitive 
to a specific region, and the DSC analysis has a lower sensitivity in the glassy region, compared with 
DMA, making DMA more accurate for Tg determination. 
From TGA analyses of the post-cured formulations, similar mass loss behavior can be observed, and 
the onset of thermal decomposition occurred at ~250 °C, with mass losses ranging from 3% to 5% 
for all samples. Degradation occurs in one step, with the maximum weight loss temperature at  
~ 420 ºC. However, the temperature for 10% mass loss (T10%), shown in Table 1, varied for the 
samples. The H2 hardener, compared to H1, increased the thermal stability of the formulations, and 
the E1H2 sample presented better thermal stability based on the T10%. 
Fig. 2 displays viscosity curves over time. The resin system E2H2 exhibits a more pronounced 
viscosity increase, while the E1H2 and E2H1 systems show similar behavior, and E1H1 took longer 
to show a significant increase. The initial viscosity rise is associated with chain size and growth. Due 
to its higher molar mass, the E2 resin displays greater viscosity changes in the early stages [4].The 
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viscosity increase after a specific temperature is associated with the early crosslinking stages 
(formation of the three-dimensional network). All resins showed overall similar behavior, and the 
lowest viscosity was found for E1H1 formulation.  
The estimated gel time was 120, 110, 109, and 90 min for E1H1, E1H2, E2H1, E2H2 systems, 
respectively. The longer the gel time, the longer the processing window at this temperature. 

 
Figure 2. Curing progression in terms of viscosity vs time for the studied formulations at 60 ºC. 

 
Fig. 3 shows the tensile strength and modulus results for the studied formulations. For the tensile 
strength, the highest mean value was found for the E2H2, and the lowest for the E1H1 sample, while 
E1H2 and E2H1 showed similar results. As for modulus, the E2H1 and E2H2 showed higher mean 
values, with a significant difference found for the E2H1 sample only. 
 

 
Figure 3. Tensile strength and modulus for the studied formulations. 

 
Conclusions 
DGEBA epoxy resin formulations with anhydride-based hardeners were characterized targetting 
filament winding composite manufacturing. For all systems, the consumption of the oxirane ring band 
(915 cm-1) was observed during curing. The highest curing enthalpy was found for the E1H2 
formulation, while the exothermic peak temperature was similar for all samples (143 °C). Thermal 
stability was improved with the H2 hardener. The E2H1 formulation exhibited higher loss modulus 
temperature (Tpeak at 88 °C) compared to other formulations (67 - 77 °C), and the tan delta Tg was 
higher for the E2 epoxy formulations (119 °C).  
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Additionally, viscosity at the processing temperature (60 °C) was slightly lower for the E1 resin. In 
DMA analysis, the E2H1 and E2H2 samples exhibited similar glass transition temperatures, but 
significant modulus differences were observed between the E2 resin formulations. The E1H1 sample 
showed the lowest tensile strength (~35 MPa), while the E2H1 and E2H2 samples showed slightly 
higher modulus (~3.5 GPa). Despite its higher viscosity at room temperature, the E2 resin performed 
similarly to other formulations at the processing temperature, demonstrating higher glass transition 
temperature, storage modulus, and thermal stability. In all, the E2H1 formulation was chosen as the 
best overall performance for the intended application. 
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Abstract - Biopolymer coatings are considered a potentially effective technology for preserving food, 
most commonly fresh food, as it regulates respiratory rates and reduces moisture loss. It is already 
possible to see some fruits using coatings to improve post-harvest quality, however few commercial 
alternatives for this product are found, opening the possibility of testing some materials for this 
purpose. In this perspective, this study aimed to produce and characterize biopolymeric coatings of 
1% (w/v) of chitosan (Cs), 2% (w/v) of commercially modified starch (MSc) and 1% (w/v) of sodium 
alginate (SA) through optical morphology, visual stability, rheological parameters, and wettability 
profile. The gelatinized MSc granules showed a spherical shape with variations in size, confirming 
that the gelatinization time and temperature were insufficient to cause granule rupture. On the other 
hand, the Cs coating showed homogeneity in its solution, with good solubility in the solvent used, the 
same was observed for the SA. The data corroborate the stability profile of the samples. The Cs and 
SA coatings remained stable throughout the observed period, difference of the MSc, that presented 
phase separation. The rheological profile of the polymeric solutions shows that there is a difference 
in the modulus of storage (G') and energy loss (G'') as a function of the shear stress of the MSc, being 
lower in relation to the others. As well as the viscosity that presents a Newtonian behavior, unlike the 
solutions of SA and Cs, having a pseudoplastic behavior. All coatings were hydrophilic, which 
indicates good interaction between the polymeric suspensions and most food surfaces. The results 
indicate that it is possible to apply biopolymer coatings for food preservation associated with 
characteristics that suit the food application.
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Abstract - Phenolic foams, commonly found in floral arrangements, are made from phenolic resin 
with free phenol content between 5 and 8%, which makes this material sterile, an advantage for the 
preservation of flowers. However, phenol is a highly toxic substance, and if the disposal of the 
residue is inadequate, there is the possibility of an aquatic contamination that can affect the local 
biota. In view of this, the objective of this work is to characterize and evaluate the toxicity of 
phenolic foam used in floral arrangements. The sample was characterized using thermogravimetric 
analysis (TGA), Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy 
(SEM). To evaluate the toxicity, tests were conducted on D. magna, with vacuum filtered leachate 
from the macerated foam at an initial concentration of 50 g.L-1 with dilutions of 40, 30, 20 and 10 
g.L-1 and readout in 24 and 48h. Regarding the results obtained in the characterization of the foam 
(Fig 1), absorbance peaks were observed at 3500 to 3300, 1610 and 1010 cm-1 referring to the 
vibration of the O-H bond, C=C of the benzene ring and hydroxymethyl, respectively, the open 
cells of the foam, besides the high degradation at 535ºC indicating the decomposition of the main 
chain by the breakdown of the methylene bridge, data that are in agreement with those found in the 
literature. Regarding the toxicity test, the acute exposure provided an EC50 value of 15.43 ± 2.69
g.L-1. Further tests on lettuce seeds are in progress, as well as the quantification of free phenol by 
gas chromatography (GC). In view of the studies already conducted it can be concluded that floral 
foam presents toxicity and may be a cumulative risk that surrounds the population invisibly.

Figure 1 – FTIR spectrum (A), SEM image (B) and thermogravimetric analysis (C) of the phenolic foam.
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Abstract – Plasticized poly vinyl chloride (pPVC) is a popular polymer used in the coated fabric industry
because it is a cost-effective and versatile approach to get an imitation leather look with superior thermal, 
mechanical and chemical resistance. However, achieving good compatibility between the plasticizer and 
PVC, which is affected by the polymer gelation grade (GG) attained during the PVC film production, is one 
of the important criteria to achieving the aforesaid properties. To quantify this GG, there are different kind of 
methods including rheological, thermal, optical, and mechanical measurements, and their results can be 
combined to produce a reliable concept of when the gelation is complete.  Poor GG results in low mechanical 
performance, low chemical resistance and significant plasticizer migration, all of which have an impact on 
the overall performance of the coated fabrics. This study aims to determine the GG of pPVC formulas used 
in the coated textile sector, and the consequences on the plastisol procesability and final product 
performance. Two kinds of plasticizers (DOTP and DPHP) were used in the formulations, and pPVC films
were produced under varied conditions (temperatures and heating times), determined by using parallel 
rheometry on plastisol. These films were characterized by differential scanning calorimetry, mechanical 
tensile resistance, and plasticizer migration quantification that was performed using high-performance liquid 
chromatography (HPLC). The results allowed to identify that DOTP films have a wider temperature range of 
gelation (150 °C – 180 °C) compared to DPHP formulations (>145°C). This can be a significant parameter 
as lower temperatures are easier to adjust in processing and lead to better GG.

Fig 1. Experimental procedure
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Abstract - The search for the use of raw materials from renewable sources and the use of 
biodegradable products is a reality today, as they are alternatives for reducing environmental 
impact. Among the materials with such characteristics is poly (lactic acid), also known as PLA, a 
polymer biodegradable. It is made from using lactic acid and which can be synthesized from the
fermentation of sustainable resources1. With properties similar to petroleum-based polymers, PLA 
has applications in the medical, textile and packaging industries, being also very promising in 3D 
printing2. However, one of PLA’s limitations is thermal degradation and consequent effect on the 
processability of the polymer, this limitation being the object of study in several researches3. One of 
the hypotheses for reducing thermal degradation of PLA is the use of an additive based on 
resveratrol, which is a natural polyphenol found in grape skin. With antioxidant properties, 
resveratrol can aid in PLA thermal stability, improving its processability and mechanical properties.
This study aims to evaluate the addition of resveratrol to PLA at concentrations of 1, 3, 5 and 10% 
(w/w) and its effect on processability, thermal and mechanical properties in the PLA. Analytical 
characterization of the samples by melt index there was a gradual increase and at the 10% 
concentration it increased 4 times when compared to pure PLA. Regarding the thermal properties, 
in the Thermogravimetry (TGA), the initial degradation temperature is 330 °C for pure PLA and 
329 °C for the 10% additive. In the Differential Scanning Calorimetry (DSC), the Tg had an 
increase of only 1 °C and the Tm and crystallinity decreased. Hardness test evaluated the 
mechanical properties, with a slight increase. In the analysis of infrared by Fourier transform 
(FTIR) there was an increase in the intensity of the bands.
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Abstract – Thermoplastic polymers are extremely important due to their versatility and wide range of applications. In 
this study, two commonly used thermoplastics, PP and ABS, are selected for their excellent chemical resistance, 
lightweight, and remarkable remolding capabilities. The materials underwent standard tensile tests and indentation tests 
using hemispherical indenter and flat specimens controlled for thickness and roughness. The tests aim the determination 
of elasticity modulus, hardening parameters, ultimate stress, yield stress and indentation resistance of each polymer. 
Keywords: Thermoplastic polymers, Mechanical properties, PP, ABS.

Introduction 

Thermoplastic polymers are widely employed by several industrial applications due to their unique 
properties and versatility. It is a type of polymer that can be melted and re-molded multiple times 
without any significant degradation in its properties. This feature makes them an ideal choice for 
various industrial applications, including packaging, automotive, medical, and construction [1,2] 
[1,2]. 
 The viscoelasticity of a thermoplastic polymer is defined as the phenomenon whereby there 
is a viscous behavior as a liquid superimposed on an elastic behavior as a solid. The elastic fraction 
of deformation occurs due to variations in the angle and distance of bonds between atoms, both in the 
main chain and in the side groups. The plastic fraction occurs due to friction between the main 
polymeric chains and side groups [2]. In addition to the influence of temperature, the loading rate 
also has a major influence on tensile tests on polymers. The lower the applied loading rate, the greater 
the observed plasticity due to the time the polymer chains have to organize themselves, and this is 
also related to viscosity.  

Furthermore, as the degree of crystallinity grows, the modulus of elasticity, yield strength and 
hardness increase, this effect can be seen by comparing the stress-strain behavior of Polyethylene 
(PE) of different densities [3]. As for Polypropylene (PP), in the same way as for PE, the modulus of 
elasticity increases linearly with the increase in density and crystallinity of the material. Therefore, 
any variation in the procedure for its preparation and processing or post-treatment, such as slow 
cooling or subsequent heat treatment, which provides an increase in density and crystallinity, will 
also increase the modulus of elasticity and rigidity[4–6]. A similar behavior is expected from the 
Acrylonitrile Butadiene Styrene (ABS). 
 In order to better understand the behavior of these materials in compression, in this work, the 
behaviors of thermoplastic polymers were analyzed with the aid of the indentation test, this test 
commonly analyses the hardness of material in different types of scales, it is a common technique 
used to evaluate the mechanical properties of polymers. In this method, a small indenter is pressed 
into the surface of the material, and the resulting deformation is measured provide important 
information on the mechanical behavior of polymers, including their hardness, elastic modulus and 
viscoelastic properties [7,8] .  

230



 

Proceedings of the 17th Brazilian Polymer Conference (17° CBPOL), October 29 - November 02, 2023, Joinville - SC, Brazil 

 Recent studies have focused on the development and application of indentation testing for 
polymers. Researchers have used nanoindentation to study the mechanical behavior of thin polymer 
films and coatings[9,10]. This technique allows for precise measurements of mechanical properties 
at small scales and can provide valuable insights into the structure-property relationships of 
polymers[11]. 
 Herein, an assessment of PP and ABS tensile monotonic and compression behaviors is 
presented. Tests are carried out using standard specimens carefully controlled for dimension and 
surface finish. Monotonic tests are executed at two displacement rates (2 mm/min and 5 mm/min) 
and their results are used for the identification of the material’s ultimate stress, elastic modulus and 
yield stress. The indentation tests are executed and their results showed compressive strength of the 
studied materials.  
 
Experimental 
 
The methodology employed in this study involves five main steps for the analysis of thermoplastic 
polymer samples: 
 
Specimen evaluation and quality control 
Specimens were prepared following ASTM D638 guidelines. Before indentation testing, the 
specimens were polished and controlled for a specific thickness, flatness, and surface roughness. 
 
Mounting setup 
Tests were conducted using a servo-hydraulic system with a load-cell capacity of 5 kN. The 
specimens were mounted in a flat clamp system with diamond-shaped grooves to ensure optimal 
restraining. The contact pressure and distance between clamps were standardized to maintain the 
same usable section in all specimens, and the room temperature was carefully monitored. 
 
Monotonic tensile tests 
Four monotonic tensile tests were performed for each type of material, two for each displacement 
rates (2 mm/min and 5 mm/min). A clip gauge extensometer was used up to 10% strain, and the test 
continued up to 30% strain, considering the observed loss of stiffness without rupture. Data collected 
during the tests included axial displacement, axial force, axial deformation and time. 
 
Indentation tests: 
Indentation tests were conducted using the Zwick/Roell ZHU 250 Universal Hardness Machine with 
a 5mm tungsten carbide spherical indenter. Two specimens for each material were tested in loading 
ranges of 100N to 400N, resulting in a total of eight specimens. The diameter and depth of indentation 
marks were measured using confocal laser scanning microscopy. The indentation marks have been 
made at the clamping zone of untested tensile specimens. 
 
Microscopic analysis 
Microscopic analysis was performed using confocal laser scanning microscopy (Olympus LEXT 
OLS4100) to observe the indentation marks and gather additional data on the materials' responses to 
indentation. 
 
Microscopic inspection 
An Olympus LEXT OLS4100 confocal laser microscope was used to create a three-dimensional 
profile of marks on a specimen surface after each test. The microscope's software was used to measure 
the diameter, depth and volume of the damage marks, and the markings' characteristics were assessed 
based on intensity, color, or height spectra. The indentation data provided values into the stress-strain 
behavior of polymeric materials under compression, using loads ranging from 100 N to 400 N with a 
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5mm diameter indenter. These experimental conditions helped identify unique characteristics 
indicating the nature of materials in the inelastic phase.  

To start this analysis, with the data obtained from the measurements made in the confocal 
microscope, the stress and strain values were calculated [12]. For the stress, the calculation of the 
maximum stress was used Eq.(1): 

 (1) 

 
where  corresponds to the radius of the indentation measured in the microscope confocal. The non-
dimensional strain can be expressed mathematically, as follows, 

 (2) 

 
The non-dimensional strain in Johnson's expression is determined using Tabor's classical equation 
for the indentation strain, Eq.(2). In a more recent study, Bhat et al. [12] proposed a new definition 
for the indentation strain, given by: 

 (3) 

 
where  represents the total depth of indentation and a is the contact radius.  
 
Results and Discussion  
 
Monotonic tensile tests The comparison between displacement rates in tensile tests for PP and ABS 
provides valuable information about the mechanical behavior of these polymers, considering their 
degree of crystallinity and how the displacement rate influences their mechanical properties and are 
presented in Figure 1: 

 
Figure 1- PP and ABS properties measured at displacement rates of 2 mm/min and 5 mm/min. 

 
 The comparison between PP and ABS polymers reveals that their mechanical properties are 
influenced by the degree of crystallinity. PP exhibits higher stiffness and greater deformation at 
failure due to its higher crystallinity, while ABS shows higher yield strength and resistance to plastic 
deformation despite its lower crystallinity. Both polymers display similar ultimate stress behavior, 
suggesting that other factors may contribute to this mechanical property. These findings emphasize 
the importance of considering the displacement rate during the development and selection of 
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polymeric materials to ensure optimal performance for specific project requirements in various 
applications. 
 
Indentation tests and microscopic inspectionThe indentation test data consists of an indentation 
performed on a polymeric material (ABS and PP) using a tungsten carbide indenter with 5 mm. The 
contact relationship is considered as a sphere-on-plane contact. The data obtained includes the load 
applied (in Newtons), the depth of the indentation mark (in micrometers), the average of the x and y 
diameters (in micrometers) and the hardness of the material. Fig. 2 shows that increasing the load 
from 100 N to 200 N doubles the indentation depth, for ABS and PP. Beyond 200 N, these incremental 
decreases. This increase in indentation depth in PP, as well as in ABS, is due to inelastic deformation 
caused by the greater force applied by the indenter. However, the relationship between load and 
indentation depth is not strictly linear, and non-linear behavior can occur due to factors such as strain 
hardening or strain rate effects. These polymers also exhibit viscoelastic properties, which can affect 
the measured indentation depth, influenced by factors such as relaxation time and creep behavior. 
 
 

 
Figure 2 -Indentation depth versus applied load. 

 
Figure 3 - Relationship between compressive stress 
and strain. 

The compression behavior of ABS and PP polymers differs significantly. ABS exhibits a 
linear stress-strain relationship with stress values ranging from 115 to 132 MPa, while PP shows a 
quadratic stress-strain relationship with stress values varying between 50 and 60 MPa. These 
dissimilar behaviors can be attributed to the viscoelastic properties of the materials, indicating a 
predominant elastic response for ABS and a more significant influence of viscous properties for PP. 
The viscoelastic behavior is influenced by factors such as molecular structure, chain branching, cross-
linking density, and degree of crystallinity, which are crucial for understanding and predicting the 
mechanical performance of these polymers in various industrial applications. 

 
Conclusions  
 
This study investigated the mechanical properties of two widely used thermoplastic polymers, ABS 
and PP, through tensile and indentation tests. Both polymers showed an increase in elastic modulus 
with higher displacement rates, indicating their ability to withstand greater tensile loads. PP exhibited 
slightly higher elastic modulus values than ABS, attributed to its higher crystallinity. Despite ABS 
having higher yield stress values due to better resistance to plastic deformation, PP maintained 
acceptable strength levels, making it promising for diverse applications. In terms of strain at failure, 
polypropylene displayed higher deformation capacity at both displacement rates, typical of 
semicrystalline materials. Both polymers exhibited similar ultimate stress values before failure, 
suggesting comparable strengths. Indentation tests revealed distinct viscoelastic properties, with ABS 
displaying a linear stress-strain relationship and PP showing a quadratic relationship, reflecting 
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different elastic and viscous influences. This analysis provides valuable insights into the mechanical 
characteristics of ABS and PP, aiding their effective utilization in engineering and manufacturing 
applications. 
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Abstract - Failures in packaging coding, due to the lack of adhesion between the printing inks and the outer surface of 
the packaging, occur frequently and cause economic and environmental impacts throughout the production chain. In this 
study, the evaluation of the factors that influence the adhesion of three types of Ink Jet inks on the surface of multilayer 
packaging with mixture of low-density polyethylene from petrochemical origin (pLDPE) and green LDPE from sugar 
cane (gLDPE) on the outer layer treated and untreated by corona discharge was carried out. The samples were 
characterized by DSC, FTIR/ATR, XPS, contact angle, surface tension, and AFM. Among the evaluated factors, it was 
verified that the corona discharge treatment did not cause significant alterations on the surface morphology and chemical 
structure of the packaging with mixtures of pLDPE and gLDPE in the outer layer, and this problem was recurrent, causing 
failure in the coding and environmental and economics impacts due to returned packaging. An alternative to solve coding 
failures caused by corona discharge and its impacts is to improve operating conditions or use laser printing.
Keywords: Packaging coding, ink adhesion, multilayer films, laser printing.

Introduction
The National Health Surveillance Agency (ANVISA) supervises the labeling of products in Brazil 
and determines whether they are suitable for consumption, such definition is based on regulations 
that indicate requirements for a product to circulate legally in the market. Among the requirements is 
the obligation to present the manufacturing and expiration date legible to the consumer on the 
packaging [1, 2, 3]. To encode the manufacturing and expiration date, continuous inkjet printing (CIJ)
technology is used, which is considered the most widespread in the world [4]. In this context, it is 
important that the manufacturing and expiration date printed with CIJ technology are durable, for this 
it is necessary to know the substrate of the packaging and the ink used in the coding [5].
The packaging most used for food are the multilayer packaging that have a greater protection barrier 
promoted by the combination of different polymers [6]. Among the materials used, PET is one of the 
most used in packaging production, due to the ease of adhesion of inks on its surface, as it has high 
surface tension [7, 8]. 
Due to the growing demand for more sustainable packaging, many companies have replaced 
polyethylene terephthalate (PET) packaging by others made of high-density polyethylene (HDPE) in 
the inner layer and a mixture of pLDPE and gLDPE in the outer layer [9]. However, mixtures of 
pLDPE and gLDPE have lower surface tension when compared to PET and require surface treatment 
to improve the adhesion of inks used in coding [10]. One of the treatments used for this is corona 
discharge [11]. Failures in packaging coding can be due to several factors, such as chemical 
incompatibility between the ink and the polymer surface, inefficient corona treatment, surface dirt 
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(dust particles, oils, greases, etc.), among others. These failures can cause significant economic and 
environmental impacts and are often identified only by end consumers. Aiming to contribute to the 
minimization of the economic and environmental impacts caused by failures in packaging coding, 
this work evaluated the main factors that can influence the adhesion of printing inks in multilayer 
packaging for animal feed, composed of HDPE (in the inner layer) and a mixture of pLDPE and 
gLDPE (in the outer layer). 
 
Experimental  
 
In this study, the factors that could affect the adhesion of inkjet inks on multilayer packaging 
composed of HDPE in the inner layer and of mixture of pLDPE and gLDPE in the outer layer were 
investigated, and it was found that the most likely factor for failures in packaging coding was corona 
discharge treatment, which was investigated in this work. 
The polymeric films of the packaging were produced with HDPE resins HD5000N and LDPE 
TX8079 resins mixed with green LDPE resin SEB853/72, produced by Braskem. According to the 
manufacturer, the composition of the LDPE mixture varies greatly, being 40 to 80% of pLDPE resin 
TX8079 (petrochemical) and 15 to 40% of gLDPE resin SEB853/72 (green). The packaging samples 
were provided by an animal feed packaging company. 
The surface of the outer layer (mixture of pLDPE and gLDPE) of packaging untreated and treated by 
corona discharge were coded with Linx ink 1014, Linx ink 3203 and Linx ink 1063 using a Linx 
Inkjet printer. The adhesion quality of the paints was evaluated by the tape peel test, using a 3M 810 
Scotch Magic Tape, which was applied under the surface and then peeled off. The result obtained 
was classified according to the FINAT FTM21 standard, based on the degree of ink removal from the 
surface of the samples. 
To evaluate the effectiveness of corona discharge, the external surface of the packaging (mixtures of 
pLDPE and gLDPE) treated and untreated were characterized by: 
- X-Ray Induced Photoelectron Spectroscopy (XPS): it was used to evaluate the chemical groups on 
the surface, using an X-ray spectrometer, model Scienta-Omicron ESCA, equipped with a 
monochromator. The analysis was carried out in an ultra-high vacuum environment, with pressure in 
the range of 10-8 Torr, using Al Kα X-ray source, with energy of 1486.6 eV (hν) and power of 65 W. 
- Atomic Force Microscopy (AFM): it was used to evaluate the surface morphology and average 
roughness of samples using a Shimadzu model SPM-9700 equipment, operating in intermittent 
contact mode. Images of 10 μm x 10 μm were obtained and 15 average roughness measurements 
were performed in each sample. 
- Contact angle and surface tension: a Ramé-Hart model 590 goniometer was used to measure the 
contact angles with deionized water (polar component) and diiodomethane (dispersive component) 
and using the DROP Image Advanced software, the surface tension of the samples was calculated. 
For the measurements, 10 drops of 5 μL of each liquid were deposited on the surface and 10 contact 
angle measurements were performed on each drop, totaling 60 measurements, with an interval of 1 s 
between each measurement. Surface tension was also determined using pens with surfactant liquids 
(from 30 to 56 dynes/cm), according to ISO 8296 (2003). 
 
Results and Discussion  
Evaluation of the adhesion of the inks on the packaging surface   
Fig. 1 and 2 show the images of the packaging surfaces, treated and untread by corona discharge, 
respectively, which were coded with the three inks, before and after the adhesion test (tape peel test) 
and the respective tapes torn off. It can be seen by visual inspection that the coding are well adhered 
and visible on the surface of the packaging, however, after the adhesion test, the ink applied to the 
surface of the material was removed, that is, it remained on the tape when it was removed. Visually, 
it can be verified that removal was greater than 60%, that is, almost complete, classifying it as grade 

236



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

5. Comparing the samples, a small reduction in coding failures after stripping was observed, however 
this reduction was not enough to change the degree of removal. Under these conditions, the packaging 
cannot be sold, as it is in violation of Law 8137/1990 of the Federal Senate [2] and Resolution 
259/2002 of ANVISA [3]. 
 

 
Figure 11:  Coding of packaging without corona treatment, (a) ink 1063, (c) ink 1014 and (e) ink 3203, all 
before applying the tape; and (b) ink 1063, (d) ink 1014 and (f) ink 3203, all accompanied by their respective 
tapes removed 
 

 
Figure 2: Coding of packaging with corona treatment, (a) ink 1063, (c) ink 1014 and (e) ink 3203, all before 
applying the tape; and (b) ink 1063, (d) ink 1014 and (f) ink 3203, all accompanied by their respective tapes 
removed 
 
Evaluation of chemical groups on the packaging surface   
Table 1 shows the atomic concentrations of C, O and N obtained by XPS of the samples surface 
treated and untreated by corona discharge. 
 
Table 1: Atomic concentration of surface packaging treated and untread by corona discharge 

                            Atomic concentration (%) 
Sample C O N 
Treated 88.9 8.56 8.90 

Untreated 86.8 14.9 8.90 
 
The sample treated by corona discharge showed a slight decrease in the atomic concentration of 
carbon, of 2.4%, while the atomic concentration of oxygen increased by 74% and of nitrogen did not 
change. The increase in oxygen concentration was not sufficient to promote the adhesion of inks to 
the polymer surface, as observed by the tape adhesion test. Other authors observed an increase of up 
to 397% in oxygen concentration after surface treatment of LDPE films by corona discharge [11]. 
 
Evaluation of the morphology and roughness of the packaging surface 
Fig. 3 shows AFM images and average roughness of the samples surface untreated and treated by 
corona discharge. 
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Figure 3: AFM Images and average roughness of the samples surface (a) treated and (b) untreated by corona 
discharge. 

 
It is observed that the untreated sample had a smooth surface, with some small imperfections arising 
from the stages of the industrial process of packaging manufacturing (extrusion, lamination, and 
movement of films). After corona treatment, a slight increase in average surface roughness of ~12% 
was observed. The corona treatment breaks chemical bonds on the surface of the material, promoting 
the formation of pores, indentations and roughness, which contribute to the mechanical anchoring of 
the ink and its adhesion to the surface. Thus, it appears that the corona discharge did not cause 
significant changes on the surface of the samples to promote adhesion. Other authors observed an 
increase of 378% in roughness after treating LDPE samples by plasma [12]. 
 
Evaluation of wettability and surface tension of packaging 
Table 2 shows the contact angle and surface tension of the samples treated and untread by corona 
discharge. 
 
Table 2: Contact angle and surface tension of the samples treated and untread by corona discharge 

Sample Water contact 
angle  (°) 

Diiodomethane 
contact angle (°) 

Surface tension 
(dinas/cm) 

Untreated 99.6 ± 0.2 63.2º ± 0.3 29.9 ± 0.6 
Treated 91.8 ± 2.5 57.8º ± 4.3 31.9 ± 3.7 

 
After corona treatment, the samples showed a slight decrease in the contact angle with water, which 
may have occurred due to surface oxidation observed by XPS. However, the surface remained 
hydrophobic, as the contact angles remained close to 90°. There was no significant change in the 
surface tension obtained through measurements of the contact angle of the samples after corona 
treatment and this result is confirmed by the test with pens with different surface-active liquids, which 
indicated a surface tension of 30 dynes/cm for the sample without corona treatment and of 34 
dynes/cm for the treated sample. According to the manufacturer of the inks analyzed in this study, 
for good adhesion of the inks, the surface tension on the substrate must be greater than 35 dynes/cm, 
which was not achieved by the corona treatment in the operating conditions employed by the industry. 
 
Conclusions 
Among the possible factors that may influence the quality of adhesion of the three inks tested on the 
surface of packaging composed of mixtures of pLDPE and gLDPE on the outer layer, it was verified 
that the corona discharge treatment contributed to the failures in the coding of the packaging, as 
evidenced by the analyzes carried out. To solve this problem, it is necessary to evaluate and adjust 
the corona discharge operating conditions for the packaging evaluated in this study. However, every 
time packaging materials are replaced, these procedures must be carried out by the company. Another 
alternative would be to carry out the coding using a laser printer, which does not require corona 
treatment and can also be used for other types of polymeric substrates, preventing the problem from 
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recurring in the future, thus minimizing the economic and environmental impacts caused by the return 
and disposal of packaging with coding failures. 
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Abstract: Agar is a hydrocolloid extracted from red marine algae, agarophytes, consisting of a heterogeneous mixture 
of two polysaccharides, agarose and agaropectin. It is a linear galactan, hydrophilic colloid which has ability to form 
reversible gels simply by cooling a hot aqueous solution. It is composed of alternating 1,3-linked D-galactose and 1,4-
linked 3,6 anhydro-L-galactose units. In this work, agar was studied by physical and chemical analysis. The gelling 
temperature of agar samples were around 38 °C. The samples were characterized by X-ray diffraction (XRD), 
thermogravimetric analysis (TGA) and infrared spectroscopy (FTIR). The XRD showed that the gels presented 
amorphous behavior. The FTIR spectrum showed the presence of characteristic bands for polysaccharide. The main 
objective of this work was the investigation of this biopolymer, a versatile polysaccharide with application in areas such 
as biology and chemistry.
Keywords: polysaccharide; agar; X-ray diffraction; gelling temperature.

Introduction 
In the development of new materials, the use of natural polymers, as a renewable source, has gained 
space [1]. The great advantage of using natural polymers, in addition to being non-toxic and 
hydrophilic, there is no need for organic solvents for their solubilization, consequently, they are 
very attractive due to their biodegradability and biocompatibility [2,3]. Some polysaccharides and 
their derivatives have gained attention due to the sustainability in which they are applied 
industrially. Agar-agar is a hydrocolloid with a repeating structure of alternating 1,3-linked β-d-
galactopyranose and 1,4-linked 3,6-anhydro-α-l-galactopyranose; it also contains sulfate, methoxyl 
and pyruvate esters (Fig. 1) [11]. Agars are widely employed in many fields, including the food 
business, dentistry, bacteriology, and biotechnology. In order to predict the high product of agar in 
each application, it is necessary to better understand the diversity of its commercial goods and its 
physical and chemical properties. This biopolymer is extracted from seaweed and is used in 
industries such as food, medicine and cosmetics [13].

Figure 1 – Molecular structure of agar-agar
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Agar has great versatility, in addition to serving as a culture medium, it can be mixed with clays, 
metallic nanoparticles and nanocellulose, improving the chemical, physical and mechanical 
properties of the materials developed as for example in dye decontamination [8,9]. The composition 
and structure of the agar is directly interconnected with growth conditions and extraction 
procedures, mention is made of the relationship between high and low levels of sulfate of 3,6-
anhydrous-α-l-galactose, which originate a low-quality agar [10]. Therefore to verify these 
characteristics, there is a need for characterization to increase the added value of the material and 
indicate some trends. Therefore, the main objective of this work was to study the physicalchemical 
properties of agar in order to elucidate the relationship between the biological properties and the 
macromolecular structure of this biopolymer, with the purpose of being used in mixtures with other 
biopolymers and being application in different fields.  
 
Experimental 
Preparation of the polysaccharide solution 
Agar solution (Sigma-Aldrich) was prepared at a concentration of 1% at a temperature of 90°C in 
the first hour, and after that it was maintained stirring for 23 hours. 
 
Characterization 
An elemental analyzer model VARIO MACRO CHNS in a combustion temperature of 1150◦C was 
used to determine and quantify the elemental composition of the agar. The chemical composition of 
the agar samples was performed on a Perkin Elmer spectrum 1000 FTIR spectrometer, being 
analyzed in the spectral range of 4000 – 400 cm-1. At this frequency, infrared radiation, when 
absorbed, is converted into molecular vibration energy, making it possible to identify the functional 
groups present in the structure of the material. The crystalline/amorphous structures of the 
biopolymer were analyzed in a Bruker D8 X-ray diffractometer (XRD) with CuK , radiation 
source, at 40 kV and operating at a wavelength of 1.542Å. The thermal degradation behavior of the 
biopolymer was analyzed using a TA instruments thermogravimetric analyzer (TGA), model TGA 
Q50, series 0050-0390. The analysis was performed in the range of 50 to 800°C with a heating rate 
of 20°C/min. 
 
Results and Discussion  
  
CHNS analysis 
Aiming to analyze the chemical composition of the agar, elemental analysis measurements were 
performed. The elemental composition of the agar was carbon (38.14%), hydrogen (7.22%) and 
nitrogen (2.02%) and súlfur (0,87%). The results presented showed a small percentage of sulfur, 
characteristic of the structural formation of agaropectin 
 
FTIR spectroscopy 
The FTIR spectrum for agar is shown in Fig. 2. The band at 3291 cm−1 is associated with OH 
groups, the absorbance 
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Figura 2. FTIR ágar

Characteristic agarose absorption bands were observed at 3368 cm-1 (-OH stretching of the 
hydroxyl group), and 928 cm-1 (3,6-anhydrous-L-galactopyranose C-O-C bridge vibration) [4]. The 
peaks at 1149 and 1041cm-1 were attributed to C–C and C–O stretching vibrations in the pyranose 
ring, respectively [12]. Furthermore, the agar bands at 1627 cm-1 (C = O stretching peak) [5], 928 
cm-1 (C-O-C bend of 3,6-anhydro-L-galactopyranose), 1149 cm-1 (S = O of sulfate esters) 
absorption indicated by agaropectin. [4]. The bands at 773 cm−1 and 889cm−1, correspond to the 
presence of 3,6-anhydrogalactose-2-sulfate and galactose-4-sulfate, respectively [6].

X-ray diffraction (XRD)
The agar is a semicrystalline polysaccharide. The Figure 3 shows X ray diffraction patterns
obtained for the agar. The scan for agar powder shows peaks at 2θ ~ 14.0°, ~19.0°, and ~27.0°. The 
first peak was observed around at 2θ ~14.0° narrower and with lower intensity. The second peak at 
2θ ~ 19.0° is wider and more intense, evidencing the semicrystalline behavior of agar. In addition to 
being shown a third shoulder of low intensity and higher angle at ~27.0° [14].
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Figure 3 - X-ray diffraction profile of agar powder.

Thermal stability analysis

The TGA was performed to evaluate the thermal stability of the biopolymer. Fig.4 shows the agar 
TG-DTG curves. The Tonset around 262 ◦C relate the beginning of degradation of the polymerics
chains. The degradation profile of the DTG curve shows that the agar presented three stages of 
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decomposition, the first stage around 40 to 130°C evidence the hydrophilicity of the polysaccharide, 
referring to the evaporation of water [6]. The second and third stages around 282°C and 325°C, 
respectively, refer to the degradation of the polymeric chain [7].  
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Figura 4 – TGA and DTG curves. 
 
Conclusions  
Experimental data show that agar is a very versatile material, usually applied in biology, but can be 
applied in scientific work in chemistry. The FTIR tests showed -OH stretching of the hydroxyl 
group, S = O of sulfate esters, glycosidic linkage, 3,6-anhydrogalactose-2-sulfate, galactose-4-
sulfate and vibration of the - C-O-C bridge 3,6 anhydrous -L-galactopyranose that are characteristic 
of this polysaccharide XRD test shows a high degree of crystallinity indicated by a peak at 19.1°ϴ 
and a slight shoulder at 13.9°ϴ. The thermal stability showed that this polysaccharide has a good 
thermal stability, which makes it a biopolymer applicable in various areas. 
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Abstract
Polyester (PET) and high modulus polyethylene fibers (HMPE) are currently the most common fibers used in the 
manufacture of ropes for offshore operation. Several studies have been carried out in an analytical, experimental, and 
numerical field, addressing diverse conditions related to traction, fatigue, creep, and environmental and exposition 
conditions that can influence the behavior. This work presents data referring to an experimental study of resistance to 
rupture in semi-finished products of PET and HMPE fibers subjected to different exposure times of ultraviolet radiation. 
Experimental procedure includes ultraviolet exposure, with subsequent rupture testing based on ISO 2062. The results 
showed that degradation by UV exposure occurs in a monotonic way for PET while HMPE presents some stability. Future 
studies can be carried out with longer times for complement the data, or even new similar studies at lower levels as 
multifilaments, or at higher construction levels as subropes.

Keywords: Experimental characterization, Polymeric fibers, Ultraviolet degradation, Strength at break, Offshore 
mooring.

Introduction
In the 1990s, Del Vecchio proposed the used of polymeric fiber mooring systems [1]. This 

represented a significant change in technique, moving away from steel catenaries and adopting Taut-
Leg systems with synthetic fibers. With advances in the offshore industry, polymeric fibers have 
become a widely used material, rather than an alternative one [2-5]. As a result, these materials are 
extensively studied using analytical, numerical, and experimental approaches [6-9].

Synthetic ropes are commonly used for anchoring, mooring, towing and other marine 
applications. Polyester ropes dominate the market due to their low cost, simple processability, easy 
blending with other fibers, and recyclability. However, high-modulus polyethylene (HMPE) has 
shown promising results on terms of evolution towards ultra-deep waters.

Numerous studies aim to experimentally investigate polymeric fibers, such as polyester, 
HMPE, aramid, polyamide, liquid crystal Polymer, etc. These studies address various tests, such as 
monotonic loads, fatigue cycles, abrasion, impact, among others [10-13]. The current study aims to 
experimentally analyze the effect of ultraviolet radiation on synthetic polymeric polyester fibers and 
HMPE intended for offshore use, in the tensile strength test.
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Experimental 
Materials 

The materials tested are semi-finished products (SFP), made out of polyester (PET) and high 
modulus polyethylene (HMPE). 

The characteristics of the SFP samples for polyester are: 19 multifilaments with a linear 
density of 2200 dtex were used. Each multifilament with 192 strands. Its coding is polyester SFS5202 
2200dtex/192f. And for high modulus polyethylene they are: 7 multifilaments with a linear density 
of 1760 dtex were used. Each multifilament has 480 strands. Described by the manufacturer as high 
modulus polyethylene JX99 1600D/480f. The results of the Test Report referring to both 
multifilaments materials are shown in Table 1. 
 
Table 1 – Test Report results for multifilament of base of the semi-finished product. 

 PET HMPE 

 Technical 
standard 

Testing 
Results 

Technical 
standard 

Testing 
Results 

Linear density / dtex 2240 2261.9 1777 1769 
Force at break / N ≥180 188.5 ≥551.1 597.9 

Elongation at break / % 14.0 13.9 ≤4.0 3.5 
Tenacity / cN/dtex ≥8.2 8.3 ≥31 33.8 

 
The semi-finished products (SFP) made from polyester SFS5202 and high modulus 

polyethylene JX99 are specifically designed for use in the offshore industry. While cost is a critical 
consideration for these materials, it is also important to compare their performance and characteristics 
quantitatively. 

According to literature [8-9,12] and the presented certificate of analysis, polyester typically 
exhibits elongation at break values between 12 and 15 percent, whereas high modulus polyethylene 
usually has values lower than 4%. This lower elongation in HMPE fibers produces shorter platform 
displacement for offshore mooring. In addition, high modulus polyethylene has higher rupture values 
and lower linear density, resulting in linear tenacity values (strength to linear density ratio) up to four 
times higher than that of polyester. 

High modulus polyethylene has another important characteristic, its buoyancy, due to its 
density being lower than that of water. Given that mooring systems are being used in increasingly 
deeper waters, high modulus polyethylene is promising for mooring systems in ultra-deep waters. 
 
Ultraviolet Exposure 

The UV exposure was conducted at the Polytechnic Institute, Rio de Janeiro State University 
in Nova Friburgo. The experiment used an ultraviolet lamp, No. UVA-340 Q-Lab, which emits 
radiation with a wavelength of 340 nm. Fig 1 shows the device used to hold the samples and their 
length. Areas outside the analysis region were covered with aluminum foil to block UVA (ultraviolet 
A) radiation. The Fig 1 also depicts the UV exposure process, where the distance between the lamp 
and the samples was 150 mm. The study involved exposure times of 0, 14, 28, 42, 56, 70, and 84 
days. The samples were rotated at half of the exposure time to ensure uniform exposure. 
 

 
Figure 1 – Support detail and UV exposure. 
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Mechanical Characterization 
The mechanical characterization is done through linear density tests, rupture tests and 

obtaining linear tenacity, was conducted at the Policab Stress Analysis Laboratory, Federal University 
of Rio Grande. The titer test procedure (linear density) is standardized by ASTM D1577 [14] and 
complies ISO 139 [15]. Linear density testing was performed for 10 samples without UV exposure. 
Linear density is not changed by exposure (due to the law of conservation of mass), so it would not 
be necessary to perform an exposure and then take the mass readings by length. The basic details are 
given below: 

 10 standard samples with a length of 1000 mm; 
 Weighing each sample on precision balance, 9 minutes of stabilization; 
 Application of statistical criteria for possible exclusion of outliers. 

Although the material is a semi-finished product and does not have a specific standard norm 
for breaking, it is considered the standard for yarns and multifilaments. The rupture test procedure is 
standardized by ISO 2062 [16] and ISO 139 standard [15]. The length of 2500 mm was chosen to 
ease the handling of the sample and especially for clamping the samples in the grips of the equipment. 
The useful test length is 250 mm. The basic details are given below: 

 5 samples with a length of 2500 mm, for each sample group; 
 Torsion of 60 turns/meter in each sample; 
 Test performance with force and elongation recording in the Instron 8801 equipment, 

with tested useful length of 250 mm, and constant extension rate of 250 mm/min; 
 Application of statistical criteria for possible exclusion of outliers. 

Linear tenacity is a dependant result on both the linear density test and the Yarn Breaking 
Load test. With the results, the ratio of breaking strength in Newtons by linear density in tex can 
provide the linear tenacity of the SFP. 
 
Results and Discussion 

For the linear density results, are presented the results for the mass per length for both 
polyester (PET) and high modulus polyethylene (HMPE) in Table 2. The results presented linear 
density average for polyester at 3647 ± 12 tex and for high modulus polyethylene 1220 ± 3 tex. 
 
Table 2 – Linear density of SFP polymers. 

PET / g/m HMPE / g/m 
3.630 3.623 1.223 1.226 
3.658 3.660 1.218 1.220 
3.649 3.646 1.219 1.217 
3.658 3.643 1.219 1.217 
3.650 3.655 1.221 1.223 

Average 3.647 Average 1.220 
SD 0.012 SD 0.003 

 
The breaking test results for polyester samples are presented in summarized form in Table 3, 

which compiles the average and standard deviation data for each group. Similarly, the results for 
HMPE samples are presented in Table 4. 
 
Table 3 – Average and Standard Deviation mechanical properties at break of PET. 

UV days Force / N Elongation / mm Strain / % 
0 2911 ± 226 129 ± 20 52 ± 8 
14 2737 ± 83 106 ± 3 43 ± 1 
28 2481 ± 155 100 ± 5 40 ± 2 
42 2288 ± 149 92 ± 6 37 ± 3 
56 2159 ± 39 84 ± 2 34 ± 1 
70 1978 ± 32 80 ± 4 32 ± 2 
84 1797 ± 25 74 ± 1 30 ± 1 
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Table 4 – Average and Standard Deviation mechanical properties at break of HMPE.
UV days Force / N Elongation / mm Strain / %

0 3474 ± 346 52 ± 3 21 ± 1
14 3407 ± 233 60 ± 14 24 ± 6
28 3210 ± 242 58 ± 6 23 ± 2
42 3391 ± 229 56 ± 6 23 ± 3
56 3224 ± 299 53 ± 4 21 ± 2
70 2922 ± 369 48 ± 3 19 ± 1
84 3146 ± 194 55 ± 8 22 ± 3

The results are depicted in Fig 2 for PET and in Fig 3 for HMPE.

Figure 2 – PET: Force vs. UV exposition and Strain vs. UV exposition.

Figure 3 – HMPE: Force vs. UV exposition and Strain vs. UV exposition.

As mentioned before, the linear tenacity values are determined through the mathematical 
procedure in a ratio of the rupture value in Newtons divided by the linear density value in tex. For 
this linear tenacity value reference, the break value without UV exposure is considered, Table 5.

Table 5 – Linear tenacity results.
Material Force at break / N Linear Density / tex Linear Tenacity / N/tex

PET 2911 ± 226 3647 ± 12 0.80 ± 0.06
HMPE 3474 ± 346 1220 ± 3 2.85 ± 0.29
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Conclusions 
The results reveal significant differences between two polymers, high modulus polyethylene 

(HMPE) and polyester (PET), concerning ultraviolet (UV) exposure. As the UV exposure time 
increases, polyester exhibits a reduction in both breaking value and strain value, whereas high 
modulus polyethylene does not show a statistically significant reduction. 

Even though HMPE's highest rupture value is obtained without UV exposure, the material 
shows a certain level of stability to ultraviolet exposure. If we consider the standard deviations, the 
values remain approximately constant within a certain range, unlike polyester's behavior, which 
shows a monotonic decrease. The plot of rupture force versus exposure time provides evidence to 
support this conclusion, resulting in a reduction slope of 13.26 N/day for PET submitted to 340 nm 
UV radiation and a strain reduction slope of 0.26 %/day. Therefore, the UV simultaneously reduces 
the strength and tenacity of polyester. 

Still regarding the results, it is noteworthy that each rupture has a set of data acquired in terms 
of force and elongation. It is possible to plot the rupture graph of each UV exposure for verify if 
constitutive behavior change as the UV exposure time increases. 
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Abstract - This study focuses on the development of sustainable packaging technologies as an alternative to fossil-based 
packaging materials. Specifically, biodegradable active packaging made from natural polymeric sources and natural 
antioxidants, such as lycopene, were investigated. The objective of this research was to analyze the water sorption 
isotherms of these active biodegradable packages. Water sorption isotherms describe the relationship between water 
activity and the equilibrium moisture content of the material. The packages were subjected to different temperature and 
relative humidity conditions until reaching a constant weight to obtain the water sorption isotherms. The experimental 
data was fitted to the Guggenheim-Anderson-de Boer (GAB) mathematical model, which provided accurate estimations 
of the monolayer moisture content as temperature increased. The results demonstrated a general increase in the monolayer 
moisture content with rising temperature. These findings are crucial for understanding the behavior of active 
biodegradable packaging in relation to moisture and contribute to the development of more effective packaging solutions 
for preserving product quality. Furthermore, the utilization of biodegradable packaging derived from natural sources and 
natural antioxidants presents a promising alternative to mitigate the environmental and resource-related challenges 
associated with conventional packaging materials. This study emphasizes the significance of biodegradable materials and 
water sorption studies in advancing sustainable packaging technologies. By reducing the negative environmental impact 
of traditional packaging materials, these research efforts contribute to the development of efficient and environmentally 
friendly packaging solutions. As part of the ongoing commitment to promoting sustainable practices, scientists continue 
to explore innovative solutions that can replace fossil-based packaging materials with more eco-friendly alternatives.

Keywords: Biodegradable packaging; Active packaging; Water sorption isotherm. 

Introduction 
Petrochemical-based packaging is widely used in the food industry but raises environmental concerns 
due to waste generation and its low degradation rate. To address this issue, biodegradable packaging 
made from natural polymers such as starch is being studied as a more sustainable alternative [1].
However, starch has limitations in its mechanical and moisture barrier properties. Researchers are 
investigating packaging made from cassava starch with the addition of lycopene to improve these 
properties and make them suitable for food applications [2].
In the food industry, the technique of water sorption isotherm analysis is widely employed to assess 
the water adsorption capacity of packaging materials. Water adsorption refers to the material's ability 
to attract and retain water molecules on its surface, which can have a significant impact on the quality 
and shelf life of packaged food. The water sorption isotherms describe the relationship between water 
activity and equilibrium moisture content of the material at a constant temperature and are graphically 
represented within a range of relative humidity [3].
These isotherms provide crucial information about the interaction between the packaging and ambient 
humidity, enabling proper selection of materials that prevent issues such as moisture migration, food 
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deterioration, and growth of undesirable microorganisms [4]. Understanding the water adsorption 
capacity of the packaging is essential to ensure the quality, safety, and durability of food over time.
Therefore, the aim of this study was to investigate the water sorption isotherms in packaging made 
from cassava starch with tomato peel (lycopene), in order to better understand their thermodynamic 
properties and evaluate their effectiveness in the preservation and protection of food.

Experimental 
This study aimed to determine the water sorption isotherms of packaging materials. The samples were 
subjected to a drying process in a vacuum oven for 24 hours at 60 ºC. After drying, the samples were 
carefully distributed in glass containers with airtight lids, containing saturated solutions of specific 
salts such as magnesium chloride (MgCl2), potassium carbonate (K2CO3), magnesium nitrate 
(Mg(NO3)2), sodium chloride (NaCl), potassium chloride (KCl), and potassium sulfate (K2SO4). 
These saline solutions were strategically selected to cover a wide range of water activity at each 
studied temperature. The containers were placed in an air-circulating oven of the D.O.B brand, at 
different temperatures: 5 ºC, 15 ºC, and 25 ºC, representing the cooling and ambient temperature 
conditions of food. During this period, periodic weighings were performed using high-precision 
analytical balances with an accuracy of 0.001 g until the samples reached a constant weight, indicating 
equilibrium with the environment. These weighings allowed determining the adsorbed moisture 
content of the packaging materials. The obtained results provided valuable information about the 
water sorption properties of the packaging materials under different temperature and water activity 
conditions, contributing to the development of more efficient and suitable packaging for food 
preservation [4] and [5].

Results and Discussion 

Sorption isotherm

After analyzing the results, it was found that the GAB model was the most suitable for describing the 
sorption isotherms at different temperatures (5°C, 15°C, and 25°C) and for the different packaging 
materials studied. Figure 1 - a, b, and c shows the second-order polynomial sorption curves of the 
GAB model, which were fitted to the experimental data for the three mentioned temperatures.

Figure 1 - Graphical representation of sorption isotherms at three different temperatures: a) 25°C, b) 15°C, 
and c) 5°C.
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The curves presented follow the classification of Type II, according to the categorization by Brunauer 
et. al. [6]. This type of behavior is common in food products with a high protein content, as mentioned 
by Goula et. al. [7]. In the multilayer sorption region, there is a gradual and slow increase in the 
equilibrium moisture content for all packaging samples at water activities below 0.6, followed by a 
rapid and steep increase at water activities above 0.7. In this region, water molecules are weakly 
bound to the product matrix, making them available for chemical and microbiological reactions. 
Furthermore, it is observed that the equilibrium moisture content (Xeq) of the packaging increases 
with increasing water activity while maintaining a constant temperature. However, for a given 
temperature, the equilibrium moisture content slightly decreases with an increase in lycopene 
concentration in the polymeric matrix. This effect can be attributed to the lower affinity of water for 
antioxidant films, likely due to a reduction in the number of active sites available for water binding 
and the formation of stronger bonds between starch and the chemical structure of lycopene. 
 
Conclusions 
In conclusion, the obtained results demonstrated that the GAB (Guggenheim-Anderson-de Boer) 
model was the most suitable for describing the experimental data of the isotherm. This model 
accurately represented the three temperature ranges studied and the different packaging formulations. 
Furthermore, it was observed that the monolayer moisture content (Xm) generally increased with 
increasing temperature. This indicates that as the temperature rises, the packaging's ability to retain 
moisture also increases. 
These findings are important for understanding the behavior of the packaging in relation to moisture 
and provide valuable insights for the development of more efficient packaging for moisture-sensitive 
products. In the future, these findings can be applied to improve packaging and develop appropriate 
storage strategies to ensure the quality and durability of products. 
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Abstract.
Fluororoelastomers (FKM) are materials employed as seals in the chemistry and oil and gas industries under harsh 
working conditions. The most common FKM types are 1 and 2, but distinguishing between them is not a simple task. 
The main difference between types 1 and 2 is that type 2 contains tetrafluoroethylene, which increases its thermal and 
chemical strength. Thermogravimetric analysis is an ideal method for determining the thermal stability of polymers; 
thus, in this study, several FKM formulations were analyzed using two distinct methodologies and the results were 
compared. The identification of the two types was better performed with the method in which an isothermal temperature 
was applied at 455 °C in comparison with the temperature ramp method.

Keywords: FKM, thermogravimetry, pyrolysis, fluoroelastomer, characterization.
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Introduction
Fluororoelastomers (FKM) are a class of materials with high thermal and chemical strength that are 
indicated to be applied in hard operational environments. Due its high cost, FKM is used in the oil 
and gas industry in applications where common elastomers would fail [1].
Fluoroelastomers are vinylidene fluoride (VDF) copolymers, where the other monomers are added 
to contribute to the achievement of specific requirements for the material's end application. In this 
context, five FKM types are classified in ASTM D1418 [2] according to their monomeric 
composition.
The most widely used FKM are types 1 and 2. FKM type 1 is a vinylidene fluoride (VDF) and 
hexafluoropropylene (HFP) copolymer. HFP units contribute to FKM flexibility, and, in the case of 
FKM 1 and 2, at least 20% mol of HFP must be added to assure that an amorphous polymer will be 
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obtained [3,4]. The FKM type 2 is a terpolymer of VDF, HFP, and tetrafluoroethylene (TFE), so 
this type has the thermal and chemical strength improved by TFE unit addition. 
In terms of distinguishing FKM types 1 and 2 using standard characterization techniques, the 
complexity of this goal increases significantly in the case of a cured rubber compound due to its 
insolubility and interference caused by fillers and other compounds added. On the other hand, from 
a practical standpoint, identifying the elastomer contained in a formulation is far more important 
than identifying it as a raw elastomer, because all useful products are elastomer compositions. 
As the main difference between FKM types 1 and 2 is the TFE units, and thermal stability is a key 
property to differentiate them, the purpose of this study is to explore pyrolysis experiments and 
thermogravimetric analysis for the identification of FKM types 1 and 2. The comparison of the two 
test protocols and the influence of formulation were discussed. 
 
Experimental  
Materials 
FKM Type 1 (DHP-201NC) and FKM Type 2 (DHP-356F) elastomers were used. The formulated 
compositions are shown in Table 1.  
 
Table 1. FKM types 1 (T1) and 2 (T2) formulations 

Compounds 
T1 F1 T1 F2 T2 F1 T2 F2 

phr % phr % phr % phr % 

Raw FKM Type 1* 100 75.2 100 75.2 - - - - 

Raw FKM Type 2* - - - - 100 79.4 100 79.4 

MgO 3 2.2 3 2.2 3 2.4 3 2.4 

Ca(OH)2 - - - - 3 2.4 3 2.4 

Carbon Black N900 30 22.6 15 11.3 20 15.8 10 7.9 

BaSO4 - - 15 11.3 - - 10 7.9 
* The cure system was inserted by the manufacturer 
 
Pyrolysis Experiment  
Pyrolysis was carried out in triplicate using a fixed-bed reactor inserted in a vertical oven (Figure 1) 
with a temperature controller of a maximum capacity of 550 °C.  
 

 
Figure 1. Pyrolysis System and fixed bed reactor (LABTAM-UERJ) 

 
Stainless steel reactors were used with holders for the samples. A condenser was attached to the 
bottom of the reactor, below the oven, to collect the pyrolytic oil. The experiments were carried out 
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under a constant flow of 50 mL.min-1 of nitrogen, for 25 min at 455 °C. The amount of sample used 
was 1 g of raw FKM and 2.5 g of formulated composites. After the pyrolysis, both solid residue and 
pyrolytic oil were weighed. The gas mass was calculated as the difference of the mass balance. 
 
Thermogravimetric analysis  
Thermogravimetric analysis was performed on TA Instruments Thermal Analysis TGA Q500 
equipment under a nitrogen atmosphere. The nitrogen flows in the balance and in the sample were, 
respectively, 40 and 60 mL/min. Two test protocols were used, as described below: 

A- Temperature scan test protocol: a heating ramp from room temperature to 650 °C, heating 
rate of 10 °C/min.  

B-  Isothermal test protocol: a fast-heating ramp (200°C/min) from room temperature to 455 °C 
and an isothermal at 455°C for 60 min. 

For each sample, five replicates of 5.0  0.5 mg were analyzed. The equipment software (Universal 
V4.5A) was used to calculate mass loss, temperature, and time at the maximum point of the 
derivative and residue amount. 
 
 
Results and Discussion  
Table 2 shows the mass balance results of the pyrolysis carried out at 455°C.  It can be noticed that 
all samples of FKM type 2 showed solid residue significantly higher than type 1, despite the fact 
that the amount of filler and inorganic compounds added in FKM type 2 formulations was smaller 
than that added in FKM type 1 samples. So, it’s very probable that this difference is due to the TFE 
units, which did not degrade at pyrolysis temperature. 
 
 

Table 2. Mass balance of raw and formulated FKM types 1 (T1) and 2 (T2) samples 

Residue 
Type 1 Type 2 

Raw T1 F1 T1 F2 Raw T2 F1 T2 F2 

Solid (%) 26.5 ± 1.7 45.0 ± 0.9 46.9 ± 1.3 52.5 ± 0.9 66.9 ± 0.5 67.6 ± 1.5 

Liquid (%) 73.5 ± 2.0  51.3 ± 0.8  49.5 ± 0.7  45.9 ± 1.5  31.4 ± 1.1  31.3 ± 0.4  

Gas (%) 0 3.7 ± 0.6 3.6 ± 0.6 1.6 ± 1.1 1.7 ± 0.6 1.5 ± 1.3 
 
 
The thermal stability is commonly associated with the degradation temperature, calculated as the 
maximum point of the derivative curve obtained in thermogravimetric analysis using a temperature 
scan (test protocol A). An alternative test protocol B, applying an isothermal at a temperature just 
below the degradation temperature, can also be used to compare samples with different thermal 
stabilities. Figure 2 shows the typical curve results of an isothermal analysis (test protocol B). The 
mass loss observed in an isothermal condition shows a maximum point at derivative curve, which 
also can be associated with the degradation kinetics and, which in turn, is related to comonomer 
structure and the formulation used. The more stable the FKM sample is, the longer will be the 
observed time at the maximum point of the derivative curve. 
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Figure 2. TGA curves of isothermal analysis of a FKM type 2 composition sample (test protocol B) 

 
As the thermal stability is impacted both by the macromolecular structure and the formulation used, 
it is ideally required that the variability of formulations does not influence it to the extent that it 
masks the effect of comonomer type. In this way, the greater the influence of the comonomer over 
the formulation, the more accurate the methodology will be for differentiating the types of FKM. 
Figure 3 shows the comparison of FKM formulations related to the degradation temperature and 
derivative maximum, obtained, respectively, by test protocols A and B.  
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Figure 3. Degradation temperature obtained from temperature scan analysis [A] and Derivative maximum 
from isothermal analysis [B]. 
 
As expected, the degradation temperature values shown in Figure 3A reveal that FKM type 2 is 
more thermal stable than FKM type 1. In addition, composites were more stable than neat-FKMs, 
with FKM type 2 composites exhibiting greater thermal resistance than type 1 composites. 
However, considering the measurement uncertainty, the distinction of FKM types was best achieved 
using test protocol B (Figure 3B), since the differences between the two types are less influenced by 
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the deviation of the results. It is worthy to note that, as shown in Figure 3B, protocol B is not 
applicable in the case of raw rubbers since the temperature of 455 °C exceeds the degradation 
temperature of these materials (437–444 °C).. 
 
 
Conclusions  
Regarding the differentiation by thermogravimetry of types 1 and 2 of FKM rubber formulations, 
the test protocol in which a constant temperature is applied, just below the degradation 
temperatures, proved to be suitable. The protocol using an isothermal seems to be more accurate 
and less sensitive to formulation changes when compared to one using temperature scan. 
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Abstract – In this work, a Split Hopkinson Pressure Bar compression test (SHPB) was conducted on a ballistic vest 
sample, and the results obtained by processing the data acquired from the bar's strain gauges were compared with the 
results obtained from the analysis of Direct Image Correlation (DIC-2D) of images captured during the test by a high-
speed Phantom TMX-7510 camera. The results obtained by the DIC technique allowed for an analysis of the deformation 
wave propagation across the entire surface area of the tested sample, as well as the determination of the deformation wave 
propagation velocity in the sample and the identification of regions within the samples that exhibited different responses 
to the deformation wave passage. The use of the DIC-2D technique during SHPB tests can validate the results obtained 
from the bar's strain gauges and provide additional information for the study of the behavior of the tested samples under 
high deformation rates. For the tested sample, the discrepancies between the results of the two methods were shown to be 
significative.

Keywords: SHPB, DIC, Ballistic Armor.

Introduction

Materials used in ballistic applications can be studied using laboratory tests that simulate 
events with high deformation rates (similar to ballistic impacts) under more controlled and 
reproducible conditions. One example of a test in this context is the Hopkinson bar compression test.

The Split Hopkinson Pressure Bar (SHPB) investigates the dynamic-mechanical properties of 
samples submitted to high strain rates, ranging from 102 s-1 to 104 s-1. The Hopkinson bar test consists
of a boosting a strike bar, using a gas propulsion system, toward to the free end of an incident bar, 
causing a compressive deformation wave that travels along the incident bar and reaches the sample 
on the other extreme of the bar. Part of the wave is reflected and part travel along the transmission 
bar [1]. The test utilizes the data provided from strain gauges glued to the incident and transmission 
bars to calculate the forces and deformation that a sample is subject to during the test, this processing 
of the data considers many simplifying hypotheses, such as the unidirectional propagation of the 
deformation wave and parallelism of the faces of the samples. The test does not differentiate between 
parts and segments of the sample. When testing a multilayered composite armor, for example, to 
obtain information related to each layer, a technic such as Direct Image Correlation (DIC) must be 
employed.

This technique involves recording with a high-speed camera capable of observing the 
movement of the deformation wave front and analyzing its effects across the entire surface of the 
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sample and in different layers or materials that make up the sample. It compares subsequent images 
to calculate deformations and deformation rates. 
 
Experimental  
 
Sample preparation 
 

The investigated material was a ballistic vest of Ultra-High Molecular Weight Polyethylene 
(UHMWPE) fiber from the brand 4GATE (imported material for use in the Brazilian Army). The test 
samples were extracted from the rigid plates used in the vest. The extraction was done using a water 
jet cutter, with cutting parameters set to obtain a cylindrical sample with a final diameter of 
approximately 16mm. After cutting, the sample was kept inside a climatic chamber at a temperature 
of 40°C and 10% humidity for 5 days. 
 
Split Hopkinson Pressure Bar compression test (SHPB) 
 

Dynamic compression tests were conducted using a compression Hopkinson bar provided by 
the American company REL Inc. The data from the strain gauges were amplified using a Vishay 
Micro-Measurements signal conditioner and amplifier (2300 System), and the data were recorded by 
a Pico Technology oscilloscope (PicoScope 5000 Series). The impacting, incident, and transmitted 
bars used were made of maraging steel C-350, with a Young's modulus of 200 GPa. The incident and 
transmitted bars were 2 meters long and had a diameter of 19.05 mm, while the impacting bar was 
203.2 mm long and had a diameter of 19.05 mm. 
 
Direct Image Correlation (DIC) 
 

The preparation of the sample surfaces for DIC involved applying thin layers of gray primer 
to the entire surface of the samples. Subsequently, a black ink pen with a 0.3 mm diameter tip, 
specifically the PIGMA MICRON 003 model, was used. The high-speed camera used in the tests was 
the monochromatic Phantom TMX 7510 provided by Vision Research. The camera was manually 
triggered and positioned transversely to the bar, aiming at the sample position. Images were captured 
using a Canon 100mm macro lens at a frame rate of 875,000 fps. The GOM Correlate software from 
Zeiss was used to analyze the images. The analysis focused on obtaining values for the deformation 
rate and the velocity of the deformation wave front in the sample. 
 
Results and Discussion  
 
SHPB compression test  
 
 The sample size shown in Table 1, in addition to the data collected by the strain gauges, are 
parameters used to calculate the strain gauge results given in Table 2. 

Table 1 - Size of the tested sample and the pressure parameter for the test 
Sample Length (mm) Thickness (mm) Pressure (psi) 
4GATE 17.45 17.1 12 

Table 2 - Strain gauge results for the tested samples 

Sample  
(mm/mm) 

 
(J/m3) 

 
(MPa) 

  
(mm/mm/s) 

4GATE 9.3 % 4.8 81.1 1201  
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 These results are primarily used for characterization and performance comparison between 
samples. 
 
4GATE sample results 
 

A notable difference between both techniques is that the strain gauge data necessarily 
considers the whole extension of the sample, while the DIC analysis was performed for the 
first half (F), second half (S) and the whole extension of the sample separately, as shown in 
Figure 1. 
 

 
Figure 1 –Image of the 4GATE sample denoting the regions of interest of the sample, F stands for first half 

of the sample and S for second half of the sample. 
 

 
Figure 2 – DIC and strain gauges results for the 4GATE sample. Strain (a) and strain rate (b) per time. 

 
The total strain data quantified with the aid of the extensometer and described by the camera 

are similar up to approximately 40 μs (shown by the red and orange lines on Fig 2a). Beyond this 
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value, the DIC analysis starts to show progressively smaller deformation values for the entire sample. 
It can be said that the error accumulates over time because, starting from 40 μs, the difference between 
the deformation values obtained by the extensometer and the values obtained by the camera is 10.8%, 
and at 80 μs, the error increases to 24.1%. It is expected that compression will be much more 
pronounced in the regions of the sample that are first subject to the impact, this effect can be seen 
comparing the green and blue lines on Fig 2a, where the first half of the sample is subject to a 
maximum deformation of 0.086 and the second half of the sample to 0.056, representing a difference 
of 53.6%. 

Furthermore, upon analyzing the Fig 2b, a higher peak of deformation is observed in the initial 
part of the sample, reaching 3140 , while the second half of the sample was subject to lower peak 
deformation rate of 1931 , and the effect of considering the sample as a whole also evened out the 
higher deformation rate of the first half of the sample and resulted in a peak deformation rate of 1939 

. From this information, it can be inferred that the region closest to the impact undergoes most of 
the total deformation of the sample.  

The strain gauges perform an indirect measurement of the properties of the sample based on 
the incident, reflected, and transmitted deformation waves that propagate through the bar, which may 
lead to deviations if the simplifying assumptions required for the test are not met [2]. The strain gauge 
data reaches a peak deformation rate of 1531 , representing only 48.7% of the actual peak 
deformation rate that the initial part of the sample is subject to. The geometry of the sample did not 
fully satisfy these assumptions, as it did not have perfect parallelism between its two flat faces, which 
caused the given deviations. Nevertheless, the strain gauge result is more in line with the peak 
deformation rate calculated for the whole sample via DIC, where it represents 78.9% of the value.  

The DIC analysis obtains its data directly from the sample and can provide the “true” 
deformation and deformation rate for the whole sample or for specific regions of interest, which can 
be more accurate than the strain gauge data, if done correctly [3]. From these results the strain gauge 
data underestimates the peak deformation rates for the samples when compared to the DIC data. On 
the other hand, even though the peak deformation rates are underestimated in the strain gauge data, 
the deformation rate is consistently higher for the strain gauge data throughout the time, which leads 
to the higher maximum deformation of the sample, as stated for Fig 2a. 

 
 

Deformation wave velocity 
 

The propagation velocity of the deformation wave was determined by analyzing the 
deformation wave front and its average advancement in the sample as a function of the test time. In 
Fig 3, the advancement of the deformation front (shown in red) can be observed. The calculation of 
the propagation velocity used the highlighted intervals in the images, along with the measurement of 
the wave advancement distance, using the Eq. 1. 

 
                                                                                                                             (1) 
 

 
Figure 3 – The advancement of the deformation wave front for the 4GATE sample is as follows: (a) 0 s, (b) 

5,8 μs, (c) 11,6 μs, e (d) 17,4 μs. 
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Due to a slight misalignment in the parallelism of the cylindrical faces of the sample caused 
by the cutting process to obtain the specimen, it is observed that the wave propagation is not perfectly 
perpendicular to the axis of the sample. The analysis of the deformation wave front velocity data is 
shown in Fig 4. 

 
Figure 4 - Speed of the deformation wave in the UHMWPE sample (4GATE). 

 
An average velocity of 886 ± 20 m/s was obtained for the wave propagating through the 

4GATE sample, representing the wave velocity through the composite layers. It is interesting to note 
that the 4GATE is a Type III ballistic vest, which means that the armor protects against 7.62 mm 
ammunitions at 838 m/s, according to NIJ 0101.04. Therefore, the SHPB impose the same velocity 
of a rifle ammunition and the DIC technique was able to observe its propagation through the sample. 
 
Conclusions  
 

The results obtained by the DIC technique allowed for an analysis of the deformation wave 
propagation across the entire surface area of the tested sample, as well as the determination of the 
deformation wave propagation velocity in the sample and the identification of regions within the 
samples that exhibited different responses to the passage of the deformation wave. 

As a direct measurement technique, the use of the DIC-2D analysis during SHPB tests can 
validate the results obtained from the strain gauges and indicate if the characteristics of the sample 
are in line with the simplifying assumptions used to process the data from the strain gauges. For the 
tested sample, the results between the two methods indicate that the discrepancies between the data 
is significative.  

The limitations of using the technique are related to the high cost of the high-speed cameras 
capable of achieving around 1 million fps or more with enough resolution to analyze the whole surface 
of the sample, and to the additional sample preparation steps for the surface of the sample. 
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Abstract - The use of rigid packaging is present in several moments of life and, therefore, there is a need for packaging 
with specific characteristics for each use, such as the need for non-stick packaging to assist in the complete use of 
products. In this work, the surface modification of three substrates (metal, glass and polymer) was evaluated in order to 
reduce the adhesion of polar and non-polar liquid media. Five surface modifying agents based on organosilanes and 
fluoropolymer were used to obtain non-stick surfaces. Samples were analyzed for wettability and adherence properties. 
Significant increase in hydrophobicity was observed with the application of the modifiers Resysil 263, Resysil 902 and 
Resyfluor 2308 forming non-adherent surfaces in relation to water. It was observed that the use of coatings on 
substrates increased their oleophobicity, reaching higher values of contact angles.

Keywords: Non-stick, organosilanes, fluoropolymer, wettability, hydrophobic.

Introduction 
The packaging market grows daily, as these are present in products used in everyday life, 

whether ceramic, metallic or polymeric. Packaging has always been present in humanity and has 
helped in the development of commerce and cities, its main function is to protect and enable the 
transport and storage of the product [1,2]. Currently, packaging has acquired new functions such as 
self-sales, so the visual aspects of packaging are becoming more important in manufacturing.

However, concerns with the aesthetic and functional characteristics of the product also 
influence the financial aspect, in high viscosity products, such as sunscreens, nail polishes and 
bases, mechanisms with lids or suction pumps are used to facilitate the removal of the product, the 
which increases the cost of packaging. Thus, if the material used in the packaging assists in 
removing the entire product contained in the container, it becomes possible to discard some of these 
mechanisms and, thus, reduce the cost of the final product. In addition, the residues of products that 
remain inside the packaging make it difficult to completely clean and subsequently recycle [3].

Surface modification is the process of altering the physical, chemical or biological 
characteristics of the surface, which may be roughness, wettability, surface energy and 
biocompatibility characteristics that, when altered, can help in the removal of the product [4].

A surface modification consolidated and present in everyday life are the frying pans/pans 
with non-stick coating of polytetrafluoroethylene (PTFE), known by its widely spread trade name 
Teflon®. This polymer has characteristics arising from its molecular structure formed by fluorine 
linked to a long carbon chain, which result in low adhesion of food to the material, facilitating the 
subsequent cleaning of the utensil [5].

Surface modifications can be applied in different ways, with the sol-gel method presented by 
Carneiro, Ferreira and Houmard (2018) [6] and Sacilotto (2015) [7] being quite widespread. In this 
method, hydrolysis and condensation reactions form a colloidal suspension of solid particles in a 
fluid that is deposited on the surface of interest by methods such as dip-coating, where the substrate 
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is immersed vertically in the solution and then dried to obtain of the desired properties. Kehrwald 
(2009) [8] used a simpler method for deposition, where the organosilanes to be used were mixed 
with water and then poured over the desired surface, after the water present had evaporated, the 
samples were cured in an oven. Another method used by researchers is vaporization, where the 
organosilane is kept in liquid condition in a container that will be covered with the surface to be 
covered, in which case both are isolated from the environment and will go to the oven, generating 
steam from the organosilane that will adhere the surface of interest [9]. 

Adhesion is the permanent union of two bodies through the contact of their surfaces, this 
phenomenon can occur by different mechanisms such as: thermodynamic, electrostatic, diffusion 
and mechanical. The mechanical adhesion mechanism occurs due to surface roughness such as 
pores and grooves that make breaking difficult. Thermodynamic adhesion is related to surface 
molecular forces, thus being linked to surface free energy [8]. 

Several studies [7,8,10-12] point to the use of organosilanes to produce superhydrophobic 
and non-stick surfaces. Kehrwald (2009) [8], studied the behavior of the polymeric coating based on 
fluorosilane and identified that the presence of CFx groups in the structure made the material 
hydrophobic and oleophobic. Sacilotto (2015) [7] obtained hydrophobic films based on 
vinyltriethoxysilane silane (VTES) on AISI 204 stainless steel sheets, which helped to protect the 
metal against corrosion. Cellulose/nanocellulose fibers have been the subject of studies to transform 
the material into a hydrophobic one, given that they are biodegradable and can be used to separate 
oil and water in oil spills at sea [10-12]. 

In more recent studies Jianliang, et al (2022) [13] used organosilanes to modify the seaweed 
Enteromorpha so that it became hydrophobic and maintained the oleophilic characteristic, being 
able to absorb oil spills in the ocean. Meanwhile, Usman et al (2020) [14] during a study analyzed 
the use of organosilanes for the modification of ceramic membranes used in the recovery of oil in 
waters arising from the extraction of oil and natural gas. 

Thus, the present work aims to evaluate the surface alteration of metallic, ceramic and 
polymeric substrates using different coatings based on organosilanes and fluoropolymers being 
applied through the immersion method. 

 
Experimental 
Materials 

Surface modifiers based on organosilanes and fluoropolymers have been used to change 
adhesion on metallic, polymeric and ceramic substrates. The modifiers Resysil 263 (organosilane), 
Resysil 902 (organosilane), Resyfluor 2308 (fluoropolymer), Resysil 2003 (fluoropolymer + 
organosilane) were provided by the company PG Química and the organosilane GPTMS (3-0 n-
789-Glycidoxypropyltrimethoxysilane) was purchased from company Sigma-Aldrich (Merk). As a 
substrate, sandblasted AISI 1020 steel plates, glass and poly(methyl methacrylate) – PMMA, 
commercial and popular name for acrylic, were used for the deposition of surface modifying agents. 
The plates used are 70 mm X 50 mm in size. As substances for the adherence and contact angle 
tests, water and multipurpose apolar lubricating oil from King were used. According to the 
manufacturer, the oil has the following characteristics: density from 0.850 to 0.860 g/cmᶟ, kinematic 
viscosity at 40 ⁰C from 9 to 11 Cst and main application as a multipurpose lubricant. Composition 
based on petroleum derivatives. 
 
Methods 

In this work, the application method of surface modifiers by immersion was used. However, 
before application, all plates were cleaned with acetone to avoid possible contaminants. Initially, the 
GPTMS modifying agent was first hydrolyzed. 96 mL of 48° alcohol in 250 mL beaker was added, 
then 4 mL of the modifying agent was added. Under stirring, the pH of the solution was adjusted to 
4.0 by adding acetic acid. The solution was kept at rest for 24 h [7]. To avoid oxidation of the AISI 
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1020 steel substrate, the plates were covered with Acrilex primer. Afterwards, the plates of all 
substrates were immersed in the GPTMS solution and other modifying agents for 2 min and then 
taken to an oven for 3 hours at 150°C for drying and curing of the modifying agents. The modifiers 
Resysil 902, Resysil 263, Resyfluor 2308, Resysil 2003 are commercialized ready for use, not being 
necessary to make any modification of composition for application. 
 
Characterizations 

The wettability on a surface can be analyzed through the contact angle formed between the 
drop of fluid and the surface of the analyzed material, depending on the angle formed it is possible 
to determine whether the material is hydrophilic/oleophilic or hydrophobic/oleophobic [6,7,11,15]. 
This characteristic is verified with the contact angle technique, where the characteristics of the 
deposition of a drop on the surface of the material are observed at times 0 and after 5 min of the 
application of drops of water and lubricating oil on the plates. The drops were deposited using a 
dropper, for greater uniformity, and the images were obtained through photos taken at 20 cm from 
the analyzed sample. Using the Surftens software, the contact angle was analyzed to determine the 
wettability of the material. 

The verification of the adhesion of liquids (water and oil) on the plates was analyzed using 
the method developed by the authors, in which the plate to be tested is at an angle of 60° with a 
straight surface. At the top of the plate, a drop of the sample to be tested is placed with the aid of a 
dropper (the mass varies with the variation in the density of the liquid), and at the lower end of the 
plate in contact with the surface, the amount of sample collected is collected. it ran over the surface 
in 5 s and it is checked whether all the sample deposited at the top is contained at the end of the 
process, as described in Eq. 1. For this test, water and lubricating oil were used as samples. Eq. 2 
was used to verify the occurrence of increase or reduction in adhesion compared to plates without 
coating. Fig 1 presents specifications of the method assembly and the equations used. 

 
Figure 1 – Illustration of the scheme used for the adherence test. Source: From the Authors, 2022. 
 
Results and Discussion 

Fig 2 shows the photographic images and the contact angle using water as a liquid medium. 
It is observed that all surfaces after coating with the different modifying agents suffered an increase 
in the contact angle when compared to the uncoated surface. When the angle was greater than 90°, 
the liquid tends not to wet the surface of the solid, and the material is considered hydrophobic. If the 
angle is less than 90°, the liquid is considered to wet the solid and the material is considered 
hydrophilic. If the angle is 0°, there is complete wettability. However, only samples coated with 
Resysil 902 on glass and acrylic plates, Resysil 263 on acrylic plates and Resyfluor 2308 on metal 
plates, reached angles greater than 90° and remained above 5 min after drop deposition, configuring 
hydrophobic surfaces with greater stability. The magnitude of the contact angle is not independent 
of time, as it can change in seconds or minutes, depending on the liquid used and the nature of the 
solid. 

On the glass plates, only the surface coated with the agent Resysil 902 remained 
hydrophobic, with a contact angle of 97.1° at t=0 and 91.2° at t=5. On acrylic, two modifying 
agents deposited generated hydrophobic surfaces, namely Resysil 263, with 92.5° at t=0 and 91.6° 
at t=5, and also Resysil 902, with 94.7° at t=0 and 94.3° at t=5. For metallic plates, hydrophobicity 
was achieved with the Resyfluor 2308 coating, where the value of the angle at t=0 was 98.7° and at 
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t=5 97.6°, these being the highest contact angle values found during rehearsals. Thus, the best 
modifying agent for water analysis was Resyfluor 2308 on the metal sample.

Figure 2 - Photographic images and measurements of 
the contact angle for the different substrates with and 
without modification, using water as the means of 
analysis. Source: From the Authors, 2022.

Figure 3 - Photographic images and measurements of 
the contact angle for the different substrates with and 
without modification, using oil as the means of 
analysis. Source: From the Authors, 2022.

The contact angle of the samples tested with lubricating oil increased for the coated surfaces, 
however the values obtained remained below 90° as can be seen in Fig 3. According to Polak 
(2010) [16], the term oleophobicity is broader, and no strict definition can be found in the literature, 
as oils tend to spread over surfaces, therefore, they have a much smaller contact angle than those 
found with water. A surface with high oleophobicity needs a structure that contains micro and nano-
roughness, making production difficult [17].

It is observed that after coating there was an increase in the contact angle for all samples, 
except for the GPTMS coating which, after 5 min, on the acrylic and AISI 1020 steel plates, had a 
lower contact angle than the uncoated plate. This result indicates that these coatings present an 
increase in the oleophobic behavior of the materials.

Tables 1 and 2 present the results for the analysis of water and oil adherence on the surface 
of the substrates before and after application of the modifying agents. The weight of a drop of water 
is equivalent to 0.050 g, while that of a drop of lubricating oil weighs 0.016 g, this difference is a 
result of the difference in the density of liquids. The measurement of adherence used the variation 
of the initial and final weight of the drop, as previously mentioned.

In the test with water, all the boards tested showed a reduction in the adherence of the liquid 
to its surface when it was covered by some modifying agent (Table 1). On glass plates there were 
adhesion reductions of up to 76.9%, on acrylic 94.4% and on metal up to 100%. For glass and 
acrylic plates, the best coating was Resysil 902, while for metal, the best agent was Resyfluor 2308.

     

Observing the data in Table 2, on boards where the adhesion of lubricating oil was tested, it 
is noted that in some cases there was a reduction in adhesion, while in others there was an increase, 
with increases of up to 66.7% and reductions of up to 50 ,0%. The agents Resysil 2003 and 
Resyfluor 2308 generated a greater reduction in the adhesion of oil on the glass, in acrylic the 
improvement occurred with Resysil 2003 and GPTMS and in metal with the agent Resyfluor 2308.
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For the metal plates, the modifying agent that resulted in the decrease in the adhesion of 
both oil and water was Resyfluor 2308, but in the other plates, the agents that caused the decrease in 
adhesion were different for each of the tested samples. 
    
Conclusions 
This study showed the possibility of modifying hydrophobic and oleophobic surfaces through 
treatment with modifying agents based on organosilanes and fluoropolymers, with results of a 
contact angle of 98.7° on metallic plates with the agent Resyfluor 2308 for water. When treated 
with oil, an increase in the oleophobicity of the plates coated with modifying agents was observed, 
reaching angles greater than those of the uncoated plates, with values of up to 58.8° in the acrylic 
plates with Resysil 2003. Furthermore, it was possible to demonstrate the relationship between the 
contact angle, adhesion and surface roughness of the material, proving that, with the increase in 
roughness, there is an increase in the contact angle and a decrease in adhesion, generating more 
hydrophobic and repellent surfaces (reduction in adhesion). 
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Abstract - Residues leftover from cellulose and paper production are mostly burned to generate energy, despite having 
potential to be transformed into high-value products. The purpose of this study was to produce and characterize rigid 
polyurethane (PU) foams derived from Kraft lignin polyols using different contents of acid catalyst (H2SO4). The 
liquefaction process (polyol production) was carried out using a commercial lignin powder from black liquor. This 
process followed optimized parameters from a previous study of the group, and the catalyst contents employed were 
0%, 3%, and 6% in relation to the amount of lignin. The PU foams rose by free expansion and later subjected to 
dynamic-mechanical analysis (DMA). The results indicated that the addition of the acid catalyst yielded PU foams with 
more fine, uniform and solid cell structure.

Keywords: DMA; Kraft lignin liquefaction; lignin-based polyol; bio-based polyurethane foam.
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Introduction
The worldwide production of pulp and paper from cellulose generates around 50-60 million 

tons of lignin per year in the form of a black liquor [1]. Lignin has a highly branched and aromatic 
structure rich in various reactive functional groups, enabling the production of advanced products 
through its chemical or thermochemical conversion. However, the majority of black liquor (over 
95%) is primarily used as fuel for energy production. Therefore, it is essential to develop efficient 
strategies for converting lignin into high-value-added products, which can benefit the entire wood 
production chain.

There have been recent studies on the liquefaction of residual lignin or lignin obtained from 
the black liquor to synthesize bio-based polyols [2]. In the liquefaction process, the use of an acid 
catalyst plays a crucial role in facilitating the depolymerization and conversion of the lignin
complex structure into smaller molecules that can be further reacted to form polyols [3]. Indeed, the 
acid catalyst enhances the overall efficiency and yield of the liquefaction process. It can also enable
the utilization of lignin for the production of polyurethane foams [4], although this still demands
further studies, especially on the effect of the acid content in relation to the other compounds.

To understand the properties of the foam produced from lignin, and its suitability for 
specific applications, dynamic-mechanical analysis can be used. This technique can provide 
valuable insight into key properties of these foams including glass transition temperature, storage 
modulus, loss modulus, and damping properties, which can be used to optimize formulations, tailor 
the properties, and ensure quality and suitability in various applications.
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Thus, the objective of this study is to perform the dynamic-mechanical characterization of 
polyurethane (PU) foams produced from Kraft lignin polyols obtained from liquefaction using 
different contents of acid catalyst (sulfuric acid).

Experimental
The liquefaction procedure (production of polyols) was carried out based on a previous 

study by the group [5] on a Kraft lignin powder, precipitated through the Lignoboost® method from 
the black liquor of Suzano S/A company. In brief, 120 g of polyethylene glycol (PEG-400), 30 g of 
PA glycerin used as a solvent, and different contents (0%, 3%, and 6% in relation to the lignin) of 
sulfuric acid (H2SO4), used as a catalyst, were put in a round-bottomed volumetric flask (500 mL).
This flask was connected to a condenser and the mixture was magnetically stirred under reflux and 
heating using a mantle until it reached 160 °C, which took about 1 h. Then, 15 g of Kraft lignin was 
added and the mixture refluxed for another hour under the same conditions. The resulting polyol 
was cooled to room temperature (~20 °C) with a water bath.

The rigid PU foams were produced by free expansion. Kraft lignin polyol was preheated to 
60 °C and chain extender and surfactant were added to it, which were then mechanically stirred at 
1000 rpm for 60 s and left to degas for 2 min. Next, a pre-polymer of 4,4'-diphenylmethane 
diisocyanate (p-MDI), for an NCO/OH ratio of 1.2 was added along with the catalyst, and manually 
mixed for further 20 s. Immediately afterwards, the mixture was poured into an open wooden 
mould, previously lined with brown paper. After complete expansion, the final foams were cured in 
an oven at 60 °C for 2 h and post-cured at 25 °C for 20 days. The whole procedure after polyol 
heating was described in a recent study of the research group [6].

The dynamic mechanical analysis (DMA) of the foams was carried out to obtain storage 
modulus (E'), Cole-Cole curves, using a 2980 equipment (TA 
Instruments) operating under compression. The analysis was carried out using cylindrical samples 
(15 mm diameter × 10 mm height) and an inert N2 atmosphere, with a frequency of 1 Hz, 10% 
strain, 1 N preload, and heating from -50 °C to 100 °C at a heating rate of 3 °C.min-1.

Results and Discussion
data as a function of the temperature are given in 

Fig. 1A–C. The main results are also compiled in Table 1. The Log E' curves are similar to previous 
studies on PU foams obtained using single cantilever or compression [7] modes. There are three 
distinct stages in the E' curves, a glassy region followed by a glass transition region and then a 
rubbery region. Below the glassy region (-50 to -45 °C), there is a glass transition region (-45 to 0 
°C) where the storage modulus gradually decreases, while in the range of (0-100 °C) presents a 
rubbery phase is almost constant. The PU components are highly immobile and tightly packed in 
the glassy region (frozen phase), resulting in a higher storage modulus. As the temperature 
increases, their mobility increases and the packed configuration is lost, decreasing the storage 
modulus [8,9].

The foams prepared with acid catalyst (LPF3% and LPF6%) exhibited higher levels of 
storage modulus (E') compared to the foam without catalyst (LPF0%) in the temperature range from 
-40 °C to -20 °C. The acid-catalyzed liquefaction process facilitates the breakdown of lignin into 
smaller molecules potentially resulting in polyols with higher molecular weights and/or enhanced 
crosslinking, leading to a stiffer foam [10]. However, the LPF0% foam showed a higher storage 
modulus than the catalysed foams due to unreacted components which may contribute to its higher 
stiffness. The catalysed foams (LPF3% and LPF6%) may have undergone more extensive 
depolymerization reactions due to the use of acid, resulting in inferior storage modulus.
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Figure 1 - DMA curves for the studied PU foams: storage modulus (A), loss modulus (B) (C).

Table 1 - Values of storage modulus (E') related to the different regions of behavior.
Glassy region range
(-50/-45 °C) [MPa]

Glass transition region 
range (45/0 °C) [MPa]

Rubbery region range
(70/100 °C) [MPa]

LPF0% 14.30 9.37 0.20
LPF3% 19.90 4.10 1.90
LPF6% 20.41 1.80 0.18

In all cases, there was a prominent peak in the storage modulus curve between -50 °C and 20 
°C, indicating a significant (glass) transition or relaxation process in this temperature range [11].
The specific effects of the acid catalyst on these transitions still require further investigation and 
analysis.

Regarding the loss modulus (E''), LPF3% stood out, displaying higher values than the other 
foams throughout the entire range (-50 °C to 100 °C). This can be attributed to the formation of 
polyols with a higher degree of branching or a greater number of reactive functional groups. These 
characteristics contribute to increased intermolecular interactions and enhanced energy dissipation 
in the foam, resulting in higher loss modulus values. However, LPF6% only surpassed LPF0% in 
the -50 °C to -10 °C range, perhaps because the acid catalyst at high concentration (6%) led to 
excessive crosslinking or increased rigidity of the foam, limiting its ability to dissipate energy and 
resulting in lower loss modulus values compared to LPF3%. Similar to storage modulus, the loss 
modulus curve of the foams produced with acid-catalyzed polyols exhibited a prominent peak 
within -50 °C and 20 °C. In contrast, the foam without catalyst showed nearly constant values in 
this range. This suggests that the LPF0% foam may have a different structural arrangement or a 
lower degree of crosslinking. As for the tan delta results, LPF3% and LPF6% foams exhibited two 
prominent peaks around 10-20 °C and 70-80 °C, while LPF0% showed a single large peak at 70-80
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°C. These peaks indicate temperature regions where significant energy dissipation or relaxation 
processes occur, as explained before. This again suggests that the liquefaction in the absence of the 
acid catalyst may result in a different foam structure with a distinct relaxation behavior, perhaps a
lower degree of crosslinking or a different arrangement of polymer chains, leading to a single 
dominant relaxation process.

Conclusions
The use of an acid catalyst during the liquefaction process of lignin influenced the dynamic-

mechanical behavior of the resulting PU foams. The acid catalyst enhanced the storage modulus and 
loss modulus within certain temperature ranges, suggesting changes in the foam mechanical 
behavior. The observed peaks in storage modulus, loss modulus, and tan curves suggest specific 
temperature regions structural transitions or relaxation processes occur. These findings provide 
insight for optimizing the formulation and performance of lignin-based polyurethane foams.
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Abstract – Membrane technology uses poly(vinyl alcohol) (PVA) due to its sustainable reputation, even though its 
hydrophilicity is challenging for water treatment. The control of PVA solubility occurs via crosslink through an 
esterification reaction, usually accelerated by heat treatment. Thus, crosslink parameters are relevant factors in
membrane properties. In this sense, this work aimed to investigate the effect of time and temperature on the crosslink of 
PVA membranes with citric acid. For this, an experimental design determined the factors’ combinations, and the 
crosslinked membranes were then characterized using differential scanning calorimetry. The results showed the 
crosslink conditions influenced the crystallinity and temperatures of glass transition and fusion, even without statistical
significance. Moreover, the crosslink reduced chain mobility and time was the experimental parameter that most 
impacted the membrane crystallinity. Overall, the study indicated significant aspects of the crosslinking effect on PVA 
properties and conveyed contributions for further investigation.
Keywords: PVA, citric acid; esterification; differential scanning calorimetry; crystallinity.  
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Introduction
Poly(vinyl alcohol) (PVA) is a synthetic polymer obtained from the hydrolysis of poly(vinyl 
acetate), with application in food packaging [4,5], membrane technology [6,7], and biomedical [8-
10] fields. As a membrane, PVA has excellent chemical resistance and good mechanical and 
thermal properties, renowned for its easy processing, flexibility, transparency, and anti-fouling 
characteristics [1, 2]. However, the intense water solubility limits its application in aqueous media, 
requiring hydrophilicity control through crosslink methods [3, 4].
Crosslink is an established method to create a polymer network by linking chains [5, 6]. In the case 
of PVA, the reaction occurs on the hydroxyl groups from the polymer backbone, thus consuming 
them and reducing the interaction sites that promote hydrophilicity [6, 7]. Additionally, the mobility 
restrictions imposed interfere with the crystallinity and swelling, besides mechanical, chemical, and 
thermal properties [2, 6, 8]. The control of crosslink parameters can tune the impact on PVA 
properties [6, 9], finding a balance between reducing the water solubility without losing flexibility,
selectivity, and permeate production [2, 4, 10]. Crosslink reactions using carboxyl acids (especially 
citric acid) are preferred since they are considered green crosslinkers due to the properties of non-
toxicity, biodegradability, and availability [6]. The reaction occurs through esterification, in which 
the carboxyl groups react with PVA hydroxyl groups under temperature [6]. Thus, the 
comprehension of crosslink parameters on the thermal properties can contribute to membrane 
optimization for specific separation processes.
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In this sense, the present work aimed to evaluate the effect of time and temperature on the thermal 
properties of a PVA-based membrane crosslinked with citric acid. For this purpose, the membranes 
were crosslinked accordingly to an experimental design and characterized using differential 
scanning calorimetry (DSC), and the crystallinity (Xc) and glass transition (Tg) and fusion (Tf) 
temperatures were statistically analyzed to evaluate which factors had statistical significance on the 
membrane properties. 
 
Experimental 
Reagents 
Poly(vinyl alcohol) (PVA, hydrolysis > 99%, MW 85,000–124,000 kDa) was achieved from 
Sigma-Aldrich – Brazil, anhydrous citric acid (2-hydroxypropane-1,2,3-tricarboxylic acid, ≥ 99.5%) 
from Cinética Ltda – Brazil, glycerol (propane-1,2,3-triol, ≥ 99.5%) from Vetec Química Fina Ltda 
– Brazil, and silver nitrate (≥99.0%) from Merck – Germany. 
Preparation of the poly(vinyl alcohol) membranes 
For the membranes’ preparation, 0.32 g of anhydrous citric acid, and 1.6 g of glycerol were 
incorporated into 32 mL of PVA 10% m/v (pre-dissolved in distilled water at 80°C for 24 h). After 
mixing for 30 min at 50 °C, 8 mL of silver nanoparticles (AgNPs), green synthesized following the 
procedure published elsewhere [11]) was incorporated to this solution. The membrane composition 
was optimized in preliminary experiments. After bubbles removal (ultrasonic bath for 30 min), the 
solution was spread on a glass sheet with a glass blade producing a wet film of ~1.0 mm. The 
membrane dried at room temperature (23±2 °C) for ~24 h, and then the crosslink occurred in an 
oven (model AGSEDT, DeLeo, Brazil) following the conditions of time and temperature 
determined by the experimental design.  
Experimental design of experiments for the membrane crosslink 
The time and temperature of crosslink are relevant for the esterification reaction of PVA and citric 
acid, and its combined effect is worthy of investigation [12]. For this, a central composite rotational 
design (CCRD) of experiments used time and temperature as factors. The initial condition of the 
esterification reaction (called centre point, ‘0,0’) was carried out at 60 min and 130 °C (pre-
optimized by a 23 experimental design in previous works [13]). Higher and lower axial points 
corresponded to 30 and 90 min for time and 120 and 140 °C for temperature, plus four points at a 
distance  = √2 from the centre for quadratic effects analysis [14]. The thermal data collected from 
DSC thermograms were analyzed statistically using Statistica 10 software [14]. Table 1 shows the 
design of experiments and the coding for each membrane (“M” + “time”_“temperature”).  
 
Table 1 Design of experiments using the time (factor x1) and temperature (factor x2) for the crosslink of a 
PVA-based membrane.  

x1 x2 Time (min) Temperature (°C) Membrane 
+1 +1 90 140 M90_140 
+1 ‒1 90 120 M90_120 
‒1 +1 30 140 M30_140 
‒1 ‒1 30 120 M30_120 
‒√2 0 18 130 M18_130 
+√2 0 102 130 M102_130 

0 ‒√2 60 116 M60_116 
0 +√2 60 144 M60_144 
0 0 60 130 M60_130 

 
Differential scanning calorimetry analysis 
DSC analyses were performed in a DSC-60 (Shimadzu – Japan) using ~10 mg of each sample in 
aluminum pans, with a heating rate of 10 °C min-1 under a nitrogen atmosphere (50 mL min-1), from 
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room temperature (~23±2 °C) until 225 °C. Thermal events were obtained from the results of the 
first run to avoid interfering with the effect of the crosslinking temperature on the esterification 
reaction. Crystallinity (Xc, %) was calculated using Eq. 1 [15], where ΔHf is the sample fusion 
enthalpy (J g-1) normalized by PVA content in the membrane (95.9%), and ΔHf, 100% is the 
theoretical fusion enthalpy of PVA hypothetically 100 % crystalline (162 J g-1 [16]). 
     Xc = (ΔHf / ΔHf, 100%) · 100     (1) 
 
Results and Discussion 
Thermal characterization using differential scanning calorimetry  
The results of the thermal characterization of the membranes crosslinked accordingly to the 
experimental design are presented in Figure 1 and Table 2. Tg varied from 42.1 to 62.6 °C, while for 
pure PVA these values were between 74.0–86.0 °C [17, 18]. The overall reduction of Tg on the 
crosslinked membranes compared to pure PVA can be associated with the plasticizing effect of 
glycerol on unreacted PVA, which facilitates the chain mobility by reducing the cohesive attraction 
forces [19, 20]. Among the membranes, the higher temperatures tended to reduce Tg due to the 
inhibited chain movement caused by crosslinks [19]; a similar effect was also observed in mild 
temperatures combined with extended time. It was not possible to differentiate the fusion of 
crystalline phase and crosslinked regions of the membrane [21]; thus, Tf and ΔHf refer to both 
membrane components. Nataraj et al. (2020) [22] attributed the increase in molecular weight of 
crosslinked PVA to the requirement of more thermal energy to melt, reflecting on more elevated Tf. 
However, the diverse crosslink conditions had not a relevant impact on the fusion temperature, 
varying from 201.7 °C (M18_130) to 215.9 °C (M90_120). In contrast, mild temperatures for an 
extended time and higher crosslink temperatures manifested increased crystallinity. Shi et al. (2015) 
reported a similar thermal behavior, but measured the crystallinity with X-ray diffractometry [23], 
and Zeng et al. (2023) related the reduction in crystallinity with high crosslink degree due to the 
limitation on available hydroxyl groups for hydrogen bondings [3]. In addition, the higher 
crystallinity of the membranes (in comparison with pure PVA, 35% [17]) can be related to the 
presence of AgNPs that act as points of nucleation for the crystalline regions [24]. 
 

 
Figure 1 DSC thermograms of the membranes crosslinked according to the experimental design. Conditions: 
10 mg of sample, nitrogen atmosphere (50 mL min-1), heating rate of 10 °C min-1 from room temperature 
(23±2 °C) until 225 °C. 
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Table 2 Thermal events of the crosslinked membranes obtained from DSC thermograms: Tg = temperature of 
glass transition, Tf = temperature of fusion, ΔHf = variation of fusion enthalpy, and Xc = crystallinity.

Membrane Tg (°C) Tf (°C) ΔHf (J g-1) Xc (%)
M90_140 42.1 204.4 75.5 46.4
M90_120 53.7 215.9 83.9 51.6
M30_140 44.6 208.9 83.9 51.6
M30_120 45.8 205.2 80.7 49.7
M18_130 46.2 201.7 56.4 34.7

M102_130 49.6 210.4 81.5 50.1
M60_116 45.1 204.4 75.4 46.3
M60_144 62.6 210.3 75.3 46.3
M60_130 60.9 209.2 75.2 46.2

Statistical analyses of the thermal data from the crosslinked membranes
Surprisingly, none of the factors or combination of factors had a significant effect on the thermal 
behavior of the crosslinked membranes, considering a 95% confidence interval (p = 0.05) for the 
ANOVA analysis of variance. Specifically, the variations of factors (time and temperature) were 
not enough to produce modification statistically relevant to the thermal characteristics of the 
crosslinked membranes. Nonetheless, it is possible to observe some trends when the surface 
responses are analyzed (Figure 2).

Figure 2 Response surfaces obtained using the software Statistica 10 for the effect of time and temperature 
of crosslink on the thermal characteristic of the membranes: (A) temperature of glass transition (Tg), (B)
temperature of fusion (Tf), and (C) crystallinity (Xc). 

Figure 2A shows that mild temperatures during medium crosslinking times affected the polymer
mobility, which can be associated with more crosslinks among PVA chains [19]. Conversely, Tf
increased more intensively when the membrane was crosslinked for a longer time (Figure 2B),
meaning that more energy was required to melt organized regions of the membrane, crosslinked or 
crystallized. This behavior was observed in Figure 2C, pointing out the membrane had more time to 
accommodate unreacted chains and form crystalline regions. A similar tendency was observed by 
Miraftab et al. (2015), in which PVA thermally treated increased the crystallinity from 46 to 54 % 
when the crosslink time changed from 30 min to 8 h [25]. Overall, it is visible that the time and 
temperature of the esterification reaction have varied effects on Tg, Tf, and Xc, enabling the tuning of 
PVA thermal properties through its crosslink.

Conclusions
In general, DSC results and the analysis using surface responses graphs showed that the crosslink
influenced the polymer chain mobility and, consequently, the membrane crystallinity. The factors 
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analyzed (time and temperature of crosslink) were not statistically relevant for the thermal events, 
even though some trends could be observed. The time seemed to have influenced the membrane 
crystallinity by providing time for the chain’s accommodation, which also affected membrane 
fusion. The Tg, on the other hand, suffered the most impact on mild conditions of time and 
temperature, which can be attributed to better esterification and consequently limiting PVA chain 
mobility. In conclusion, the data set contributed to understanding the crosslink conditions of PVA 
with citric acid and pointed topics for further investigation.  
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Abstract - Yerba mate extract at different concentrations (1%, 10% and 20%) was incorporated into a potato starch-
based matrix. In order to enhance the barrier properties of the films, malic acid was added as a comparative. The 
samples were evaluated for moisture absorption parameters in saturated solutions of sodium chloride (75%) and 
potassium sulfate (98%), revealing a decrease in the moisture absorption rate and water content in the films containing
malic acid. The addition of yerba mate extract also seemed to improve the barrier properties of the starch films, as well 
as increase their contact angle, indicating a decrease in hydrophilicity.
Keywords: Starch films; potato starch; yerba mate; malic acid; moisture absorption; wettability

Introduction
The growing concern for the environment preservation has driven a great interest in replacing 
synthetic polymers with biodegradable materials. In this sense, starch has become an interesting 
alternative for the polymeric films production, due to its high availability, low cost, renewability 
and edible characteristics [1]. However, the high solubility of starch in water, important for its 
biodegradability, leads to insufficient barrier properties [2]. Polycarboxylic acids, such as malic 
acid, are used as additives to crosslink the starch matrix, aiming to improve its stability against 
water permeability [3].
The incorporation of extract of yerba mate (Ilex paraguariensis), a plant of great importance to the 
economy of the southern states of Brazil, was studied as a modifier of the polymeric matrix. The 
average consumption of processed yerba mate in Rio Grande do Sul state is around 70,000 tons per 
year and its waste has not found viable alternatives for reuse yet [4-5]. 
Therefore, this work proposes to study the incorporation of yerba mate extract in potato starch 
films, as well as to evaluate the malic acid addition in order to improve its physical properties. 

Experimental
Materials
Potato starch was supplied by Federal Institute of Rio Grande do Sul (IFRS). Glycerol P.A./ACS 
(NEON) was used as plasticizer and malic acid (DL) P.A. (Êxodo Científica) was used as 
crosslinking agent. Yerba mate (Ilex paraguariensis) extract was simulated using commercial yerba
mate purchased at a local market in Porto Alegre, Brazil. 

Preparation of the yerba mate extract
The yerba mate extract was prepared by infusing 3 g of sifted yerba mate in 100 g of distilled water 
at an initial temperature of 80 °C, under agitation [6-7]. After 5 minutes, the liquid was filtered and 
cooled to room temperature.
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Preparation of the potato starch films 
The polymeric matrix was developed by mixing 5 g of potato starch (PS) in glycerol (1 g) and 
distilled water (94 g). For samples containing yerba mate extract (YM), a fraction of distilled water 
was replaced by the desired concentration of extract (1 g, 10 g and 20 g). The systems were 
homogenized under constant agitation at 100 °C until complete starch gelatinization. Subsequently, 
about 30 g of each filmogenic solution was poured into individual polymeric plates. After casting, 
the solutions were oven-dried at 30 °C for ~24 h under ventilation in order to form polymeric films. 
The same method was followed to prepare samples containing 0.5% malic acid (MA) (wt/vol), with 
a proportional decrease in the distilled water fraction. The samples produced are described in Table 
1. 
 
Table 1 – Composition of potato starch (PS) films with yerba mate extract (YM), with and without malic 
acid (MA). 
 
Film specimen Composition 
PS 100% potato starch 
PS1YM Potato starch + 1% yerba mate extract 
PS10YM Potato starch + 10% yerba mate extract 
PS20YM Potato starch + 20% yerba mate extract 
MA 100% potato starch + 0.5% malic acid 
MA1YM Potato starch + 1% yerba mate extract + 0.5% malic acid 
MA10YM Potato starch + 10% yerba mate extract + 0.5% malic acid 
MA20YM Potato starch + 20% yerba mate extract + 0.5% malic acid 
 
Characterization 
The moisture absorption of the films was evaluated by exposing five samples of each formulation to 
sodium chloride and potassium sulfate saturated solutions in order to simulate environments with 
75% and 98% relative humidities, respectively. The solutions were prepared based on the E 104-02 
standard and the film specimens were weighted as a function of time. The data obtained was fitted 
according to a mathematical model suggested by Peleg [8] (Eq. 1). 
 

M(t) = M0 + (t/(k1 + k2t))      (1) 
 

Where M(t) is the moisture at the time t (h), M0 is the initial moisture content, k1 is the rate constant 
of Peleg [h/(g water/g solids)] and k2 is the Peleg capacity constant (g solids/g water). 
The surface wettability was determined according to ASTM D 7334-08 standard, considering the 
contact angle formed between a droplet of water and the films surface. The angles were measured 
after 3 s and 180 s and an average of six measurements for each sample was considered. The 
contact angle was determined by Surftens software. 
 
Results and Discussion 
Due to their hydrophilic nature, starch-based films tend to absorb high amounts of water under 
elevated relative humidity (RH) conditions [9]. Therefore, the moisture absorption kinetics of the 
film specimens were studied under 75% RH (sodium chloride solution) and 98% RH (potassium 
sulfate solution). The measured data was mathematically fitted to the Peleg’s equation (Eq. 1) to 
obtain information about the water interaction with the film components. The Peleg’s parameters 
are shown in Table 2.  
As k1 is inversely proportional to mass transfer, it can be seen that the films containing malic acid 
tend to absorb moisture more slowly, even in a saturated environment at 98% RH. Whereas the 
parameter k2, which is inversely proportional to the amount of absorbed moisture, suggests that the 
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reference specimen, PS, absorbed overall more water and also more rapidly. At a relative humidity 
of 75%, films with malic acid showed higher values of k1 and k2, demonstrating an increased 
stability against water permeability. Values of r² close to 1 indicate that the mathematical model 
was reliable to predict the moisture content of the films.

Table 2 – Peleg constants (k1 and k2) related to the absorption kinetics of films.

Film
specimen

NaCl (75%) K2SO4 (98%)
k1 k2 r² k1 k2 r²

PS 0,0129 0,0136 0,9939 0,0214 0,0141 0,9994
PS1YM 0,0193 0,0257 0,9961 0,0261 0,0148 0,9974
PS10YM 0,0163 0,0222 0,9955 0,0180 0,0156 0,9999
PS20YM 0,0233 0,0186 0,9997 0,0239 0,0133 0,9996
MA 0,0288 0,0220 0,9931 0,0273 0,0145 0,9999
MA1YM 0,0330 0,0379 0,9978 0,0369 0,0140 1,0000
MA10YM 0,0407 0,0344 0,9979 0,0345 0,0116 1,0000
MA20YM 0,0255 0,0334 0,9972 0,0282 0,0149 0,9938

Fig. 1 represents the percentage of moisture absorption in starch-based films with increasing levels 
of yerba mate extract in their formulation, with and without malic acid as an additive. Initially, a 
high absorption rate is observed; however, this tendency slows down in subsequent measurements.

Figure 1 – Moisture kinetics related to exposure time in (a) 75% RH, films without malic acid; (b) 75% 
RH, films with malic acid; (c) 98% RH, films without malic acid; (d) 98% RH, films with malic acid. Lines 
represent the Peleg's model.
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The comparison between the curves shows a significant increase in moisture absorption in 
specimens exposed to 98% RH (Fig. 1-c and Fig. 1-d). Over the period of 6 hours, an increase of 
more than 50% of their initial mass was seen. Under these conditions, no considerable differences 
were observed in the moisture content of different formulations. In the same way, the constant 
related to water absorption capacity (k2) also showed similar values for all compositions, which was 
lower than those found in the 75% RH environment (Table 2). 
However, for 75% RH (Fig. 1-a and Fig. 1-b), the addition of malic acid significantly decreased the 
moisture absorption capacity of the films, as shown in Fig. 1-b and predicted by Table 2. This is an 
expected result, as the crosslinks from malic acid are capable of interconnecting starch molecules 
through covalent bonding, increasing their molecular weight and improving their physical 
properties [3, 10-11]. 
It is important to highlight that the incorporation of yerba mate extract also appeared to contribute 
to lower moisture content values, as can be seen in Fig. 1-a and Fig 1-b. In this case, the increase in 
extract concentration (1-20%) did not seem to influence this behavior, indicating that a 
concentration of 1% of the extract was already sufficient to modify the barrier properties of the 
starch matrix. Yerba mate contains a high content of phenolic compounds, which are miscible with 
the amylose in potato starch, enabling the formation of hydrogen bonds between starch and water. 
The covalent interactions between polysaccharides and phenolic compounds can limit the 
availability of hydrogen groups to form hydrophilic bonds with water, leading to a decrease in the 
films' affinity for moisture [6]. 
To evaluate the hydrophilicity of the material, contact angle measurements were performed between 
a water droplet and the surface of each system. Table 3 shows the variations in the measured contact 
angle for each formulation. For all evaluated samples, the contact angles reached their maximum 
values at the beginning of the test (3 s) and decreased with increasing time (180 s). In particular, the 
specimens containing malic acid exhibited a higher contact angle kinetics (CA) compared to those 
without the additive. 
 
Table 3 – Contact angle kinetics for potato starch (PS) films with yerba mate extract (YM), with and 
without malic acid (MA), measured after 3 s and 180 s of contact. 
 
Film specimen 3 s 180 s CA 
PS 65,80° ± 2,46 57,56° ± 4,02 8,24° 
PS1YM 62,67° ± 0,89 53,78° ± 2,02 8,89° 
PS10YM 74,72° ± 2,10 68,67° ± 3,99 6,05° 
PS20YM 76,33° ± 1,45 69,10° ± 1,19 7,23° 
MA 45,69° ± 0,75 36,50° ± 1,71 9,19° 
MA1YM 44,00° ± 1,49 34,68° ± 3,65 9,32° 
MA10YM 54,97° ± 2,35 38,27° ± 2,02 16,70° 
MA20YM 67,74° ± 2,69 53,52° ± 2,88 14,22° 
 
A proportional increase in the contact angle was observed with the addition of yerba mate extract. 
The films formulated with malic acid showed remarkably lower values, indicating a higher 
hydrophilic character. This can be explained by the relationship between the surface roughness of 
the material and its hydrophobicity. A rough morphology can increase the fraction of trapped air on 
the material surface, resulting in an increased contact angle by reducing the contact area between 
the water droplet and the surface [12]. On the other hand, malic acid provides a smoother texture to 
the films. 
Images of the sample surfaces after 3 seconds of contact with the water droplet can be seen in Fig. 
2. It is noticeable that the droplet has a spherical shape on the films without the presence of malic 
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acid (Fig. 2-a and Fig. 2-b), while the samples with malic acid spread more easily on the polymeric 
surface (Fig. 2-c and Fig. 2-d). 
 

 
Figure 2 – Drop of water deposited on the surface of: (a) PS; (b) PS20YM; (c) MA; (d) MA20YM. 
 
Conclusions 
Starch-based films were successfully produced by casting using potato starch matrix and different 
levels of yerba mate extract. The addition of malic acid was responsible for reducing the mass 
transfer kinetics of the samples and decreasing their moisture absorption, suggesting an 
improvement in their barrier properties. The incorporation of yerba mate extract also resulted in a 
decrease in water absorption and reduced hydrophilicity of the films. However, the contact angle of 
the samples with malic acid was significantly lower compared to the specimens without this 
additive. This could be attributed to the reduction in surface roughness of the material, which 
facilitates water spreading on its surface. 
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Abstract
This study aimed to measure and understanding the reaction behavior of jute fibres at different intervals with furfuryl 
alcohol (FA). The furfurylation process occurred by the addition of FA and maleic anhydride (MA), used as a catalyst.
The samples were prepared by the hydrolysis method consisted of inserting 200 mL of FA and 30 g of jute fibre into a 
closed flask. Then, the samples were washed with acetone at an interval of 1, 7, 14 and 28 days, respectively and were 
investigated by Fourier-transform infrared (FTIR) spectroscopy and scanning electron microscopy (SEM). The SEM 
micrographs reveal that the degradation of the surface the fibre increased of the more period of contact with the FA.
Thus, this study aimed to measure and understand the reaction behavior of jute fibres at different intervals with AF, for 
further evaluation of the potential in the manufacture of prepregs.

Keywords: natural fibres; surface degradation; hydrolysis.

Introduction 
Prepreg denotes a type of material that is a combination of fibre strands such as carbon, glass or 
aramid with a resin formulation that is usually thermosetting or thermoplastic. These materials show 
excellent performance in terms of mechanical properties and are widely used in the manufacture of 
composite materials, mainly for purposes where a high percentage of fibre is required, for naturally 
higher mechanical performance. However, these types of materials are generally manufactured 
using raw materials of non-renewable origin and do not present an idea of sustainability. In some 
exceptions, such as Evopreg® and EcoRein®, which use natural fibre, but still require the use of 
non-renewable epoxy resin [1, 2].
Thus, in recent years, there is a growing interest of studies that include the development of materials 
that apply renewable compositions, such as natural fibres and resins extracted from bio-based 
sources [2]. Lignocellulosics materials such as sisal, coconut, banana, curaua and jute fibres used as 
reinforcement in composites is related to its low cost, lower density than syntetic fibres, in addition 
to being widely available in the national territory [3, 4].
Similarly, the use and development of resins of renewable origin, such as furfuryl alcohol (FA), 
derived from sugarcane bagasse, have been widely studied due to its high thermal performance, 
good mechanical and chemical properties for use as a matrix in reinforced composites [5, 6]. 
However, the polycondensation reaction of furfuryl alcohol (PFA) is extremely exothermic and an 
excess of water is released during the reaction which may induce hydrolysis of the lignocellulosic 
material [7, 8].
Nevertheless, it is necessary to understand the effect of these parameters on the combination of 
natural fibres, such as jute fibre, and AF for further evaluation of the potential in the manufacture of 
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prepregs. Thus, this study aimed to measure and understand the reaction behavior of jute fibres at 
different intervals with AF. 
 
Experimental  
Materials 
Jute fabrics (areal density of 239 g.m−2) were purchased from Castanhal textile company 
(Para/Brazil). The high-purity (98 wt%) furfuryl alcohol (FA) was acquired from Sigma Aldrich 
and maleic anhydride (MA) was acquired from Sigma Aldrich. 
 
Methods  
The furfurylation process occurred by the addition of FA and maleic anhydride (MA), used as a 
catalyst, at a concentration of 1.5 wt% in relation to the FA weight. Before the hydrolysis process 
the jute fibre was washed with acetone to verify possible modification on the surface of the fibre 
and analyzed by Fourier-transform infrared (FTIR) spectroscopy was performed using attenuated 
total reflection (ATR) technique in a Perkin Elmer, Spectrum 1000 in the 500-4000 cm-1 range with 
32 scans were recorded at a scan interval of 4 cm-1. The acetone was chosen due to no reaction with 
the lignocellulosic materials and good solubility in FA. In order to verify the hydrolysis process, a 
solution of ~200 mL of FA and ~30 g of jute fibre was inserted into a closed flask. Then, the 
samples were washed with acetone at an interval of 1, 7, 14, 21 and 28 days, respectively and 
analyzes by FTIR. The surface of the fibres was analyzed by scanning electron microscopy (SEM) 
in MA10 equipment (Zeiss Evo brand, Oberkochen/Germany) operating at 3 kV. For each day, the 
hydroxyl index was measured by a ratio between the values of ~3500 cm-1 (OH) and ~1350 cm-1 
(conjugated C-H), this peak was chosen regarding the no alteration of the hydrolysis process. Fig. 1 
shows the experimental methodology of preparation of the jute fibre impregnation with the FA. 
 

 
Figure 1. Scheme of experimental methodology. 

 
Results and Discussion  
Fig. 2 shows the FTIR results for jute fibre with acetone and jute fibres in different intervals of 7, 
14, and 28 days. All the samples of jute fibre presented similarly shaped FTIR spectra. It is possible 
to verify the broad peak at ~3300 cm−1 can be associated with O-H groups that is in the surface of 
the fibre. A ~2.50 times increase in hydroxyl content can also be noticed. Probably this is associated 
to the homolytic scission in the ether bond type (1-4) of the holocellulose present in the fibre, 
caused by the residual water from the natural polymerization process of the furfuryl alcohol in the 
presence of the catalyst [9]. Some studies point out that the hydrolysis process in natural fibre may 
impair the interfacial adhesion between the matrix and the fibre, weakening the transmission of 
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tension to support mechanical loads [10, 11]. For use as prepregs this can be detrimental, 
compromising the shelf life of the product. 

 
Figure 2. FTIR spectra of jute fibre at intervals of 7, 14, 21 and 28 days. 

 
The Fig. 3 shows the SEM micrographs for jute fibre with acetone and jute fibres at different 
intervals of days. In Fig. 3-A is presents the jute fibre washed with acetone and is possible to verify 
no degradation on the surface of the fibre, indicating no reaction with the lignocellulosic materials. 
In contrast, Fig. 3-B show the jute fibre at the interval of 1 day in contact with FA and it was 
possible to verify some alteration on the surface. As shown in Fig. 3-C and 3-D, most areas of jute 
fibres surfaces exhibit some degraded regions caused by the hydrolyzes reaction in -interval of 7 
and 14 days, respectively. It can be seen greater exposure of cellulose fibrils at the 28 days of 
reaction, the surface of the fibre appearance a higher degradation, as depicted in Fig. 3-E, due to 
more time of the contact of the FA with the fibre and the presence of reaction with OH groups at the 
surface of the fibre. This degradation areas indicates that the hydrolyzes reaction by the PFA causes 
breaking down cellulose generating hydroxyl groups. 
 

 
Figure 3. SEM micrographs of jute fibre with acetone (A), jute fibre at interval of 1 day (B), 7 days (C), 14 

days (D) and 28 days (E), respectively. 
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Conclusions  
It was possible to see that the furfuryl alcohol hydrolyzed the lignocellulosic material, as expected, 
mainly in the ether bonds present in the halocellulose. The microscopies proved a severe interfacial 
degradation to the fibre, mainly due to the acid character of the resin. However, some alterations in 
the resin and fibre formulation will be made in further studies, as for example: changing the pH of 
the resin to reduce the hydrolytic process. Thermal treatment of the fibres to reduce the percentage 
of holocellulose, susceptible to hydrolysis. 
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Abstract
High-performance polymeric fibers have been used in the recent decades for offshore mooring, such as polyester (PET), 
which is used due to its low cost, high strength, ease of processing, and recyclability. The application in the offshore 
branch promove a series of studies with the PET fibers, whether analytical, experimental, or numerical studies, and with 
different load, exposure and environmental conditions. This work experimentally studies the breaking behavior of 
different polyester fibers that go through a hydrolysis process at different temperatures. Methodology applied is hydrolysis 
with sea water in an appropriate tank, followed by rupture tests for varied withdrawal. As a result, it is evident that the 
hydrolysis process decreases the strength performance of all PETs. For some temperature groups, it shows a gradual 
decrease in strength with increasing hydrolysis time. As future study, more data should be collected to capture behavior 
and represent it by mathematical models.

Keywords: Mechanical characterization, Synthetic yarns, Hydrolysis reaction, Sea water, Tensile test.

Introduction
In recent decades, the offshore sector has advanced into deeper waters, even replacing 

traditional systems in steel ropes and catenaries, and adopting an approach with ropes made of high 
tenacity polymeric materials [1].

The challenges in the offshore area led to the development of the use of polymeric synthetic 
fibers in anchoring systems. From the point of view of materials, there is a wide variety of options 
for synthetic polymeric fibers to be used: polyester, polyethylene, high modulus polyethylene 
(HMPE), aramid, polyamide, polyethylene, liquid crystal polymer (LCP), among others. In the 
present work, attention was given to polyester, polyethylene terephthalate (PET) [2].

Considering mooring ropes, the structures operate in severe environments: sea water, 
bioencrustation, wind action, wave and tidal movements, which can lead to significant changes in 
their mechanical properties. This context is an incentive for several research activities related to 
offshore branch, whether in samples of ropes, sub-ropes or multifilaments, or even in numerical or 
experimental analytical approaches [3-6].

One of the main aging phenomena that occurs in some polymers in service in the oil field is 
hydrolysis [7], in which the polymer chains are broken when in contact with water, resulting in a 

286



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

rapid decrease in molecular weight and subsequent deterioration of some properties, such as 
mechanical properties, especially tensile strength [8-11]. 

The objective of this work is to evaluate samples of polyester multifilament supplied by three 
different manufacturers, in terms of performance at break by hydrolysis process in different 
temperatures, 60°C, 65°C and 70°C, during around 100 days of exposure. 
 
Experimental 
Materials 

Three polyester fibers from different manufacturers were used, and all these fibers are used 
specifically for making cores for offshore mooring ropes. The names of the manufactures cannot be 
disclosed, so they are called polyester A, B and C. Polyester A and Polyester B has a linear density 
indication of 2200 dtex, and Polyester C has a linear density of 3300 dtex. 
 
Hydrolysis test 

The hydrolysis process is carried out on the polyester samples in a temperature- and level-
controlled tank. It is noteworthy, through the specific application of the fibers for the offshore sector, 
that the hydrolysis was carried out with water collected from the sea, this is not saline water 
reproduced in the laboratory, but authentically seawater. 

The hydrolysis test was performed with different temperatures: 60°C, 65°C and 70°C. For the 
three polyesters, the withdrawal times were slightly different, but the total time of hydrolysis test is 
close to 100 days. The hydrolysis tank is shown in Fig 1, and withdrawal times for each polyester are 
given in Table 1. 
 
 
 
 

 
Figure 1 – Hydrolysis tank. 
 
 
 

Table 1 – Hydrolysis withdrawal times for each 
temperature condition. 

For 60°C For 65°C For 70°C 
0 0 0 

14 19 19 
28 33 26 
42 47 33 
56 61 40 
70 82 47 
84 96 54 
98  61 

  68 
  82 
  89 
  103 

Note: Withdrawal times are not exactly the same 
because of technical difficulties, related to the operation 
of the tank and also to sample quantities. 
 

Yarn Breaking Load 
After the immersion time (hydrolysis), 20 samples for each group were broken in a rupture 

test, to acquire the Yarn Breaking Load (YBL), following the ISO 2062 [12] procedure. The 
specimens were twisted at a rate of 60 turns per meter for homogenization before the rupture, and 
then the test followed with recording of force and elongation in the Instron 3365 test equipment where 
the extension rate was set at 250 ± 5 mm/min. The length of the samples is 1000 ± 2 mm for clamping 
the samples in the grips of the equipment, the useful test length being 500 mm. 

Rupture test procedure is performed in standard atmosphere described in ISO139 [13]. 
 
Results and Discussion 

As a first result to be considered, the YBL test was performed on samples without exposure 
hydrolysis condition. The results are presented in Table 2. 
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Table 2 – Reference data for fibers (without hydrolysis). 

Polyester A Polyester B Polyester C 
Linear 
density 
[dtex] 

Breaking 
strenght 

[N] 

Strain 
[%] 

Linear 
density 
[dtex] 

Breaking 
strenght 

[N] 

Strain 
[%] 

Linear 
density 
[dtex] 

Breaking 
strenght 

[N] 

Strain 
[%] 

2200 173.77 15.58 2200 174.44 16.40 3300 261.15 13.58 
 

Tables 3, 4 and 5 show the rupture results for the polyester samples analyzed in the hydrolysis 
process. 
 
Table 3 – YBL results for hydrolysis at 60°C. 

 PET A PET B PET C 
days Force [N] Dimensionless [%] Force [N] Dimensionless [%] Force [N] Dimensionless [%] 

0 173,77 100,00 174,44 100,00 261,15 100,00 
14 165,53 95,26 172,70 99,00 256,73 98,31 
28 159,83 91,98 169,32 97,07 248,30 95,08 
42 156,72 90,19 167,19 95,85 241,93 92,64 
56 160,63 92,44 165,54 94,90 248,45 95,14 
70 158,50 91,21 165,63 94,95 244,32 93,56 
84 157,39 90,58 169,53 97,18 242,27 92,77 
98 159,11 91,56 164,43 94,26 242,48 92,85 

 
Table 4 – YBL results for hydrolysis at 65°C. 

 PET A PET B PET C 
days Force [N] Dimensionless [%] Force [N] Dimensionless [%] Force [N] Dimensionless [%] 

0 173,77 100,00 174,44 100,00 261,15 100,00 
19 166,58 95,86 173,60 99,52 257,41 98,57 
33 162,27 93,38 163,98 94,01 254,88 97,60 
47 154,80 89,08 158,84 91,06 250,86 96,06 
61 152,03 87,49 155,86 89,35 251,03 96,13 
82 147,44 84,85 151,24 86,70 246,57 94,42 
96 146,45 84,28 147,00 84,27 239,17 91,58 

 
Table 5 – YBL results for hydrolysis at 70°C. 

 PET A PET B PET C 
days Force [N] Dimensionless [%] Force [N] Dimensionless [%] Force [N] Dimensionless [%] 

0 173,77 100,00 174,44 100,00 261,15 100,00 
19 162,66 93,61 170,78 97,90 245,05 93,83 
26 165,85 95,44 173,55 99,49 248,73 95,24 
33 164,02 94,39 171,08 98,07 247,06 94,60 
40 161,98 93,22 167,32 95,92 248,64 95,21 
47 165,59 95,29 171,28 98,19 246,60 94,43 
54 162,58 93,56 166,41 95,40 247,94 94,94 
61 161,18 92,76 171,71 98,44 246,63 94,44 
68 160,69 92,48 166,85 95,65 244,56 93,65 
82 163,28 93,96 167,94 96,28 244,01 93,43 
89 160,65 92,45 170,28 97,62 249,62 95,58 

103 164,90 94,90 166,36 95,37 244,02 93,44 
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Figures 2, 3 and 4 show the data presented in Tables 3, 4 and 5, graphically, for better 
evaluation.

Figure 2 – Dimensionless rupture versus hydrolysis time, 60°C.

Figure 3 – Dimensionless rupture versus hydrolysis time, 65°C.

Figure 4 – Dimensionless rupture versus hydrolysis time, 70°C.
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As can be seen from the curves, the hydrolysis process reduces the tensile strength property 

for all polyesters and groups tested. It is also noted that for 70°C there is a more abrupt drop in the 
resistance values for the first withdrawal when compared to the other temperature groups, however 
in the continuation of the withdrawals, 70°C presents more stabilized values, while in 60°C and 65 °C 
there is a decreasing tendency as time in hydrolysis evolves. Thus, in the 60°C and 65°C groups, the 
drop by hydrolysis occurs gradually with longer hydrolysis times, giving a characteristic to the 
gradual decay curve within the range tested. 

It is observed for PET A and PET B samples, at 60°C and 70°C temperatures, the curves 
showed a more stable behavior; while at 65°C, the property values drop, showing the lowest values 
of breaking strength. For PET C, a more homogeneous behavior can be observed in the whole 
hydrolysis conditions analyzed. 
 
Conclusions 

The mechanical degradation caused by hydrolysis in polyester multifilaments is notorious. 
The performance related to materials from different manufactures was not a determining factor, no 
manufacturer stood out for its resistance to the hydrolysis process. 

In addition, data grouping presents different behaviors for temperature groups and also 
hydrolysis times. The continuation of the study should be done considering longer hydrolysis times 
with regular withdrawals and other temperature groups, both higher and lower. Perhaps a more 
complete database will enable the use of mathematical modeling to describe phenomena such as 
Krigeage surfaces, Arrhenius equation, among other techniques. 
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Abstract – Superabsorbent polymers (PSAs) have been employed in a wide range of applications due to their
absorption and retention capacity, which is of interest for the processing of iron ore, since most of the transported ores 
occurs in the presence of water and this excess free water generates several productivity, quality and even safety 
problems for the iron ore processing chain. This work aimed to evaluate the effects of using a superabsorbent polymer 
commercially used in contact with an iron ore containing phosphorus. Evaluation of the granulometric characteristics 
indicated that the presence of PSA causes an increase in the size of iron ore particles. As for the chemical characteristics 
before and after PSA treatment, no significant changes were observed in the parameters.

Keywords: superabsorbent polymer, iron ore, granulometry, moisture.

Introduction 
Superabsorbent polymers (PSA's) have been investigated as an alternative for application in 

the processing of iron ore, with the aim of reducing the moisture content presented by iron ore.[1] 

Most of the ores transported, mainly the iron ore fines (IOF), are not shipped dry. These products 

contain water due to the stages of ore processing and/or rain and inclement weather during the 

transport and storage of this material. [2] The excess moisture of the iron ore compromises the 

quality of the product, being undesirable even for the customer, since it hinders the subsequent 

processes in the steel industry. Thus, the control of the moisture content in the ore proves to be an 

important factor, both in terms of the volume of ore to be transported as well as the operability of 

the process, which is directly impacted by excess water. [3] An alternative that has been recently 

studied and applied is the use of superabsorbent polymers (PSAs). These polymers, used in the form 

of gel, have as their main characteristic the absorption and retention of large amounts of water 

and/or aqueous solution in up to a thousand times their own mass. They are hydrophilic, partially 

cross-linked, high-molecular-weight materials capable of absorbing several hundred times their own 
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mass of water and expanding in size, but preserving the individual identity of the particles. [4] The 

opportunity then arises to evaluate the effects of a superabsorbent polymer on the granulometric 

distribution  of iron ore and also to evaluate possible chemical changes that the ore could undergo 

after the polymer dosage.  

 
Experimental 

The tests carried out in this work focused the behavior of a superabsorbent polymer in contact with 
a sample of iron ore,  by evaluating the granulometric distribution of the mixture, possible 
chemical changes after the interaction between the superabsorbent polymer and the ores and the 
ability of the polymer to act in the reduction of the humidity of the iron ore. The materials used in 
this work for the production were:  
 

 Iron Ore Concentration Phosphor (IOCP) 
 Commercial superabsorbent polymer KURISAT KE-0806 

 
The iron ore sample was prepared according to ISO 3082:2017 - Iron ores — Sampling and Sample 
Preparation procedures, being separated and weighed up to 2.5kg of each sample, considering the 
determination of moisture according to ISO 3087:2011 - Iron ores — Determination of the  
Moisture Content of a lot, where the sample presented humidity of 9.7%. Subsequently that sample 
was homogenized with as spoon for five minutes. 
 
Polymer Dosage 
 
The polymer dosage in the sample was performed with the aid of a glass dropper.  To define the 
amount of drops for each test, the polymer was weighed and the mass, in grams, converted to drops. 
The range of polymer/sample ratio used in the bench test was the same as suggested by the 
manufacturer, 0.27kg/ton, and the necessary weighings were performed until the proportion for 
samples of 2.5 kg was reached.  After the polymer was measured, a new homogenization was 
performed by continuously stirring the mixture of iron ore and superabsorbent polymer in all 
directions for 5 minutes. 
 
Sample size determination 
 
The determination of the sample size was performed based on ISO 4701:2019 - Iron ores and direct 
reduced iron — Determination of Size Distribution by sieving. Sieves of size 12.5mm, 9.5mm, 
6.3mm, 3.35mm, 2mm, 1mm, 0.500mm, 0.300mm, 0.212mm, 0.150mm were used for this analysis.  
 
Chemical Analysis 
 
Ore characterizations were performed by Chemical Analysis (XRF), based on ISO 9516-1:2003 - 
Iron ores — Determination of various elements by X-ray fluorescence spectrometry and ISO 
11536:2015 - Iron ores - Determination of Loss On Ignition - Gravimetric method. 
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Results and Discussion  

The samples were analyzed by X-ray Fluorescence (XRF) before polymer dosage, as shown in 
Table 1. The Size Distribution Analysis – Before Dosing is presented in Table 2. 
 
 

Elements IOCP (%) 
Fe 61.73 
SiO2 6.78 
Al2O3 1.52 
Mn 0.50 
P 0.058 
CaO 0.02 
MgO 0.07 
TiO2 0.10 
LOI 2.5 
H2O 9.7 

 
Table 1: Chemical Analysis (XRF) of the Iron 
Ore after dosing. 

Sieve (mm) IOCP (g) 
 12.5  0 
 9.5  3.3 
 6.3  12.8 
 3.35  28.7 
 2.0  41.3 
 1.0  53 
 0.5  60.9 
 0.3  66.6 
 0.212  71.5 
 0.150  77.6 

 
Table 2: Size Distribution of the Iron Ore after 
dosing. 

 

 
To evaluate the effect of the polymer on the IOCP sample, acceptable deviations according to 

ABNT NBR ISO 11535:2011 were applied for each chemical parameter analyzed.  These 

acceptable deviations were applied in the analysis of the samples without polymer addition, 

generating a content range for each parameter. Subsequently, the analyses of the samples were 

made with the addition of the polymers, within this range, indicating that the polymers did not 

affect the chemical results analyzed. From these considerations, it was not possible to assert the 

influence of the addition of polymers in the parameters, since no clearly defined behavior for all 

parameters outside the range was observed. 

 

Comparison between the chemical analyses before and after the addition of the polymer (Figure 1) 

indicated differences in composition greater than those accepted in reproducibility of analyses. A 

priori, from such random behavior it was not possible to infer any kind of correlation. The 

granulometric distribution before the polymer dosage is shown in Figure 2.  Some difficulties were 

experienced during sieving, as the material collapsed into the finest sieves. Blinding of sieves from 

the 1mm mesh was observed when the particle size analysis of the sample with an initial humidity 
was performed after polymer dosage. This blinding was overcome by drying the sample. As yet we 

do not know the effect of the drying temperature (105º C) on the polymer.   
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Figure 1: Chemical analyses before and after the addition of the superabsorbent polymer to IOCP ore

It is possible to observe that the average grain size is smaller before the polymer dosage. When the 

sample presents 9.7% of humidity, upon treatment with the superabsorbent polymer, an increase in 

particle size is observed, demonstrating the efficiency of the polymer in order to increase the 

agglomeration of iron ore particles. Finally, after the sample dries, it is possible to observe a 

superior behavior in relation to the effect of the polymer in relation to the agglomeration of the 

particles and consequently, in the average particle size.

Figure 2: Effects of the polymer on the sample size distribution.
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Conclusions 
 
The comparison between the chemical analyses before and after the addition of the polymer indicate 

differences in results in the elements greater than those accepted in reproducibility of analyses. A 

priori, the behavior is random, and it is not possible to determine any kind of correlation.  Thus, we 

can conclude that the use of the superabsorbent polymer does not directly interfere in the chemical 

composition of the polymer. Regarding the effects of the polymer on the distribution of sample 

sizes, it is possible to observe that the polymer affects the agglomeration of the particles, as 

expected, generating an increase in the size of the samples, especially after drying the material. 

These encouraging results support further studies with the use of PSA in order to improve the 

processing of iron ore, by reducing its moisture content and contributing to the increase of 

productivity, quality and safety in the processes related to this material. 
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Abstract – The incorporation of additives to polymers needs to be well evaluated, since, in general, it changes the 
matrix properties. The pro-degradant additives also accelerate the thermo-oxidation of polyolefins, therefore, this 
degradation is already observed in the processing, when the polymer is subjected to high temperatures, in addition to 
shear stress.  In this work, the mechanical and optical properties of LDPE injection-molded specimens with benzoin 
were evaluated using a masterbatch in an HDPE matrix to compensate for the reduction of molar mass caused by 
thermo-oxidation and possible loss of properties. The MFI of the samples indicated that the use of HDPE causes some 
compensation in the chain size. Statistically, the Izod impact and tensile test results indicated that adding HDPE 
minimizes the impact of the loss of mechanical properties. The colorimetry, however, indicated that the benzoin acts in 
the oxidation of the LDPE, causing their yellowing.
Keywords: polyethylene, oxo-biodegradable, mechanical properties, yellowing, thermo-oxidation.

Introduction 

The accumulation of polymeric waste, mainly from single-use packaging, is an environmental 
problem observed all over the world. The use of pro-degradant additives to obtain oxo-
biodegradable polymers is a reality in facing this problem. Such additives are characterized by 
favouring the abiotic degradation of polyolefins, accelerating the thermo-oxidation and 
photooxidation of these macromolecules so that, subsequently, the oxygenated fragments can be 
used as nutrients by microorganisms [1].
Benzoin, a biodegradable organic compound free of transition metals, proved to be a promising pro-
degradation additive in previous studies since it accelerated the thermo-oxidation [2] and 
photooxidation [3] of HDPE/LDPE films. However, thermo-oxidation was observed already during 
the processing of the films, when the polymer was exposed to temperatures that exceeded its 
melting point, easily reaching 200 ºC.
In this work, LDPE (low density polyethylene) injection-molded specimens with benzoin were 
studied. However, to compensate for the reduction of the molar mass and possible loss of 
mechanical and optical properties (yellowing) due to the thermo-oxidation accelerated by benzoin 
in the processing, the additive was incorporated from a masterbatch produced in a matrix of HDPE 
(high density polyethylene), known for its greater thermal stability, if compared to other 
polyethylenes (PE). Injection-molded specimens were produced with 0, 2, 4 and 6% of the 
masterbatch, which was characterized by MFI (melt flow index), to assess possible changes in the 
polymer chain sizes of the compound; colorimetry, to assess changes in colour and gloss, which 
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may be associated with the thermo-oxidation suffered during processing; Izod impact and tensile 
tests to assess changes in mechanical properties. 
 
Experimental  
 
Materials 
In this work, LDPE grade EB-853, with MFI of 2.7 g/10 min (190 ºC/ 2.160 kg) and density of 
0.923 g/cm3; and HDPE grade HE-150, with MFI of 1.0 g/10 min (190 ºC/ 2.160 kg) and density of 
0.948 g/cm3, both manufactured by Braskem Brazil, were used. Benzoin, with a purity grade of 
over 99%, is produced by Merck KGaG. 
 
Benzoin masterbatch production in HDPE matrix (pro-degradation additive) 
The masterbatch was obtained from the mixture of HDPE with benzoin in a Haake thermokinetic 
mixer, model RheoDrive 7, at a temperature of 160 ºC. The first 6 minutes were to guarantee the 
melting of the HDPE. After that, the benzoin mass was added, with an effective mixing time of 4 
minutes. Therefore, the total process lasted 10 minutes. A masterbatch with a mass ratio of 3:1 
(HDPE/benzoin) was obtained. The mixture was cut with the help of pliers into granules with 
dimensions like those of LDPE pellets. Fig 1 shows the produced masterbatch. 

 
Figure 1 – Benzoin masterbatch after cutting with pliers, with dimensions like LDPE pellets. 
 
Obtaining the injection-molded specimens 
The samples were obtained in a Thermo Scientific Haake MiniJet II injection molding machine at 
145 ºC, with injection pressure set at 600 bar and set back pressure at 400 bar. The samples, with 0, 
2, 4, and 6% (w/w) of masterbatch of the pro-degradation additive, were named PE_0%, PE_2%, 
PE_4%, and PE_6%, respectively. Because it is a piston type injection molder, the mixture of 
LDPE with the masterbatch was previously performed in the thermokinetic mixer, for 6 minutes 
and at a temperature of 160 ºC. In addition to ensure a good diffusion of the additive in the LDPE, a 
way to establish similar conditions to those observed in industrial processes was sought, in which 
the material would pass through a screw for subsequent injection. Five specimens were obtained for 
tensile and Izod impact tests for each of the additive concentrations. The specimens are presented in 
Fig 2. 
 

 

 

Figure 2 – Injection-molded specimens: (a) PE_0%, (b) PE_2%, (c) PE_4% and (d) PE_6%. 

 

(a) 
 
 

(b) 
 
 

(c) 
 
 

(d) 
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Determination of the melt flow index (MFI) of the injected specimens
The tests to determine the melt flow index (MFI) of the different samples, with and without the 
additive, were performed in CEAST modular plastomer, model 7026.000, according to ASTM 
D1238 standard procedures. The conditions used were 190 ºC/ 2.160 kg, with a residence time of 
240 seconds.

Colorimetric test
The colorimetric test was performed using the CIE L*a*b System. In addition, the brightness was 
also determined. A BYK - Gardner instrument, model Spectro-guide 45/0 gloss/ Spectro-guide 
sphere gloss was used. In the CIE L*a*b system, it is stated that “L” is the luminance axis, which 
refers to the human perception of luminosity (on a scale from 0 to 100, where 0 is absolutely black 
and 100 is white); “a” is the axis that goes from green to red, with negative values tending to 
maximum green and positive values tending to maximum red; and “b” is the axis that goes from 
blue to yellow, with negative values tending to blue and positive values tending to yellow.

Tensile test 
The tensile tests were performed in a universal equipment Instron, model 4200, following the 
procedure of ASTM D638-10, using a load cell of 5 kN and a retraction speed of 10 mm/min.

Izod Impact Test
Izod impact test was determined in Ceast equipment, model Impactor II, according to procedures 
described in ASTM D256-10. The specimens were notched, and a 0.5 J hammer was used for 
impact at room temperature.

Results and Discussion 

To evaluate the thermo-oxidative degradation of macromolecules, the MFI of PE was determined in 
the injection-molded specimens, whose values are presented in Fig 3. Evaluating the results, it is 
possible to observe an increase of approximately 20% among the additivated samples, if compared 
to PE_0%, suggesting that the benzoin promoted the thermo-oxidation of the PE with consequent 
reduction of the chains, facilitating the melt flow [2, 4]. However, the MFI value remained with 
statistically similar values for samples PE_2%, PE_4%, and PE_6%, indicating that the reduction in 
the average chain size was compensated by the addition of HDPE.

Figura 3 –MFI of PE in the injection-molded spicemens with 0, 2, 4 and 6% masterbatch.

Subsequently, to evaluate the thermo-oxidation degradation suffered by the samples, a colorimetric
test was performed, whose results are presented in Table 1. It is possible to observe that there is a 
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progressive increase in the value of "b", indicating a possible formation of polymeric oxygenated 
fragments (containing carbonyl) and unsaturated, responsible for the yellowing of the PE [5]. The 
data obtained confirm the increase in the rate of LDPE thermo-oxidation in the processing with 
benzoin. The addition of HDPE, however, left the samples with a whiter tone (L factor), which was 
confirmed by the increase in the opacity of the samples (Gloss), which was expected, since the 
HDPE presents high crystallinity, making the thick samples more matte.

Table 1 – L*a*b and Gloss values of the PE samples obtained by colorimetric test.
Sample L A b Gloss

PE_0% 69.13 ± 0.94 0.10 ± 0.03 -1.84 ± 0.03 11.78 ± 3.20
PE_2% 67.62 ± 0.80 -1.02 ± 0.09 0.92 ± 0.19 1.68 ± 0.09
PE_4% 70.11 ± 0.77 -2.20 ± 0.20 1.77 ± 0.29 1.72 ± 0.28
PE_6% 74.02 ± 0.92 -2.69 ± 0.23 1.73 ± 0.43 2.24 ± 0.73

The results obtained in the Izod impact tests are shown in Fig 4. It can be observed that there was a 
reduction of approximately 8% in the strength of samples PE_4% and PE_6%, but this is not 
significant, showing that the addition of HDPE had a possible positive influence on the samples. 
The maintenance of the mechanical properties, according to Ojeda and collaborators [6], is a 
premise for pro-degradant additives. Thus, the masterbatch of the pro-degradant with HDPE 
polymer matrix is an alternative to prevent the loss of impact strength of the samples due to thermo-
oxidation of LDPE.

Figure 4 – Impact strength of injection-molded specimens submitted to the Izod Impact test.

Finally, Fig. 5 shows the elongation at the break of injection-molded specimens with benzoin. It can 
be observed that the additive may have influenced the results. It was expected that the increasing 
concentration of benzoin in the samples would lead to a reduction of the strain at the break due to 
the higher rate of thermos-oxidation of LDPE caused by the processing. But the results showed an 
increase in tensile strength around 10% for PE_2% and 20% for PE_4% and PE_6% compared to 
PE_0%. This was possibly due to the addition of HDPE, as it is known that, compared to LDPE, it 
has better mechanical properties [7].

Figure 5 – Elongation at break of injection-molded specimens submitted to the tensile test.
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Conclusions  
 
Benzoin promoted LDPE thermo-oxidation, as demonstrated by the increase of MFI and the 
increase of the "b" value index, in the colorimetric test. However, the addition of the organic 
compound in HDPE matrix compensated, in parts, the degradation suffered by LDPE by thermo-
oxidation and, therefore, the specimens injected with increasing concentrations of the pro-degradant 
masterbatch showed similar MFI values. 
The addition of the additive in a matrix of HDPE maintained or even improved the mechanical 
properties of LDPE, proven by the results of Izod impact and tensile tests. The addition of the 
Masterbatch produced in this work compensates for the thermo-oxidation of LDPE 
macromolecules. However, the polymer is still oxo-biodegradable, being the addition of benzoin in 
HDPE matrix masterbatch as an alternative to reduce the loss of properties by thermo-oxidation in 
processing, either by extrusion or injection. 
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Abstract – Polylactic acid (PLA) is a promising biopolymer that can be synthesized from first-and 
second-generation raw materials, such as corn straw and bagasse [1]. Characteristics such as 
biocompatibility, recyclability and non-toxicity make it attractive as a material for biomedical and 
medicinal applications. However, the high price, the fragility of the mechanical properties and its low 
temperature of thermal deformation limit its wider applications in the industrial field and, therefore, 
many efforts have been dedicated to the improvement of its mechanical and thermal properties [2].
In parallel, grapes are one of the most cultivated, demanded, and valued fruits globally. Utilizing by-
products from grape production can address ecological and economic issues. One approach to the use 
of these materials is the use of fractions recovered from the waste to be used as natural additives for 
polymers [3]. The antioxidant activity is considered one of the most remarkable bioactivities of the 
phenolic compound of grape pomace, this is dependent on the number of hydroxyl groups present in 
the molecule [4]. These antioxidant compounds are intended for use in polymers to interrupt the 
radical degradative reaction of the chains [3]. This study aims to evaluate the application of wine 
production by-products as natural additives for PLA, optimizing processing and improving thermal 
properties while maintaining biodegradability and mechanical properties. The expectation of the 
results is successful polyphenol extraction and a significant polyphenol presence. The tests should 
prove the efficiency of the natural oxidative potential of the polyphenols obtained from the grape 
pomace in the thermal properties, with no substantial improvement in mechanical properties. 
Degradation tests should show increased weight loss over time in samples with grape seed extract 
(GSE).
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Abstract - Pectins are widely used hydrocolloids due to their ability to form gels under specific conditions, which 
directly depend on their structural characteristics, mainly their degree of methyl-esterification (DM). Commercially 
available pectins are extracted from citrus peel and apple pomace. However, these materials originate only high DM 
(HM) pectins, requiring additional chemical treatments to produce low DM (LM) pectins. Furthermore, the growing 
demand for this hydrocolloid has made it necessary to search for new sources of pectins with good gelling properties. In 
this work, naturally occurring LM pectins were extracted from grape pomace using 0.5% ammonium oxalate at 25°C/4h 
(CSPC) and 100°C/2h (CSPH). Pectins were structurally characterized and showed a GalA content >65%, meeting 
commercial requirements, and DM < 18%. Both formed gels by adding Ca2+ and showed good stability over time, 
maintaining their viscoelastic properties for 60 days.

Keywords: LM pectins; grape pomace; pectin gels; gel stability; oscillatory rheology

Introduction 
Pectins are one of the main biopolymers in plant cell walls, varying in quantity and structure 

depending on the species, plant tissue and developmental stage [1]. Structurally, pectins are the 
most complex of plant cell wall polysaccharides and correspond to a group of biopolymers, 
classified as homogalacturonan (HG), ramnogalacturonan I (RG I) and ramnogalacturonan II (RG 
II), with HG, followed by RG I, being the most common and abundant in plant tissues [1, 2, 3, 4]. 

HG comprise the smooth domain of pectins and are linear structures formed by repetitive 
residues of →4(α-D-GalA)1→, in which carboxyl group at C-6 may be free or methyl-esterified. 
Acetyl groups may also be present, attached at the O-2 and/or O-3 positions. The presence of 
methyl and acetyl groups strongly influences the physicochemical properties of pectins [1, 3, 4]. 

RG-I and RG-II constitute the hairy domains of pectins. RG I is formed by the repetition of 
the →4(α-D-GalA)1→2(α-L-Rha)1→ dyad, in which the rhamnose units may contain arabinan, 
galactan and/or arabinogalactan side chains of variable lengths attached at O-4. RG-II is the most 
complex pectic domain, composed of a short, partially methyl-esterified HG main chain substituted
by 5 different types of complex side chains O-2- or O-3 linked, containing up to 13 different types 
of monosaccharides, including unusual monosaccharides. [1, 3, 4]. 

Pectins attract great industrial interest due to their physicochemical properties, especially by
forming gels under specific conditions [2, 3]. Its gelation mechanism is closely related to the degree 
of methyl-esterification (DM); when more than 50% of the GalA units are methyl-esterified, pectin 
is classified as HM and form gels at low pH (< 3.5) at high concentration of soluble solids (>55%). 
When less than 50% of the GalA units are methyl-esterified, pectin is classified as LM and forms 
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gels by adding divalent ions. However, the gelation process is not so simple and the formation and 
quality of the formed gel also depends on other factors, such as molar mass, distribution of 
carboxyl/methyl-ester groups and presence of acetyl groups. Thus, pectins with differences in 
structural parameters can form gels with different properties or even not be able to gel [2, 3]. 

The main sources of industrially extracted pectins for commercial use are citrus peel and 
apple pomace, both residues from the juice industry, and both produce HM pectins. For commercial 
production of LM pectins, it is necessary to undergo HM pectins to additional de-esterification 
processes. Therefore, LM pectins are more valuable and search for plant sources of naturally LM 
pectins can be of great interest to the pectin industry [1, 2].  

Grape pomace is the residue from wine production and is one of the possible non-
conventional sources of pectins. Grapes are one of the most cultivated fruit species worldwide, with 
a world production of more than 70 million tons in 2021 [5]. Around 80% of all the grapes 
produced are used for winemaking [6]. For wine production, grapes are pressed and the pomace 
remains as waste, which corresponds to about 20% of the fruit mass [7]. It represents around 11 
million tons of grape pomace produced worldwide per year [8], which means that grape pomace is a 
widely available raw material, distributed in different regions of the world. 

In this work, grape pomace was investigated as a possible source of naturally LM pectins and 
the ability of forming gels by addition of Ca2+, as well the properties of the gels formed were 
evaluated.  

 
Experimental  
Plant material 
Chardonnay grape pomace (CGP) was kindly provided by Vinícola Araucária, in São José dos 
Pinhais, Parana, Brazil. The whole fruits were pressed to obtain the juice for production of white 
wine and the CGP, composed of skins, seeds and stalks, was immediately collected after pressing. 
CGP was then frozen, lyophilized, milled and sieved (1 mm × 1 mm). The dried and powdered CGP 
was then treated with boiling ethanol (1:10 w/v) under reflux for 20 min. The resulting alcohol 
insoluble residue (AIR) was dried at room temperature and used for extraction of pectins. 
 
Pectin extraction 
Extractions were performed in duplicate using 0.5% (w/v) ammonium oxalate (pH 6.43) under two 
different conditions: at 25 ºC for 4 h under mechanical stirring, yielding the fraction CSPC, and at 
100 ºC for 2 h under reflux, yielding the fraction CSPH. In both extractions the solvent was 
employed at a solid-liquid ratio of 1:25 g/ml. After the extraction, each extract was centrifuged, 
filtered and dialyzed against distilled water until the presence of oxalate not be detected by 
addiction of AgNO3. Then, the extracts were concentrated to 50% of initial volume by rotative 
evaporation and so pectins were precipitated by addition of ethanol 2:1 (v/v). After refrigeration for 
4 ºC overnight, pectins were recovered by filtration, washed with ethanol and lyophilized. 
 
Monosaccharide composition 
The monosaccharide composition was determined by gas-chromatography of alditol acetates, as 
described by [9]. 
 
High pressure size exclusion cromatography 
HPSEC analyses and the calculus of average molar mass were performed as described by [9]. 
 
Acetyl content 
The acetyl content was determined by Hestrin method [10], using galactose pentaacetate as 
standard, and the degree of acetylation (DA) was calculated as described by [9].  
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Fourier-transform infrared  
The Fourier-transform infrared (FT-IR) spectra of pectic fractions were collected at the absorbance 
mode in the frequency range of 4000–400 cm−1 using a Vertex 70 spectrophotometer (Bruker, 
Germany), at 4 cm−1 resolution and 32 scans. Spectroscopic grade KBr powder was used and discs 
were prepared using a 99:1 salt/sample proportion. The degree of methyl-esterification was 
calculated as the ratio between the integration area of the methyl-esterified band (1749 cm−1) and 
the sum of the areas of methyl-esterified (1749 cm−1) and non-esterified (1630 cm−1) bands.  
 
Rheological analysis of pectin gels 
Pectins were dissolved in deionized water at the desired concentration (0.5 – 2% w/v), poured into a 
dialysis cellulose membrane (cut-off 1 KDa) and placed against 1 M CaCl2 solution at 4 ºC for 24 h. 
The gel formed was recovered from the dialysis membrane and a gel disk of 20 mm (diameter) × 5 
mm (height) was employed for rheological analysis. The rheological characterization of gels was 
performed using a Thermo Scientific HAAKE MARS II rheometer (Haake GmbH, Germany) 
coupled to a HAAKE K15 thermostatic water bath, a HAAKE DC5 heating control and HAAKE 
UTMC unit. Data were collected and analyzed using the software RheoWin 4. Graphs were 
generated using the software GraphPad Prism. The gels were characterized by oscillatory 
experiments, that were carried out at 25 ºC using a P20 TiL parallel plate geometry. First, stress 
sweeps were performed under a range of 0.01–10 Pa at constant frequency of 1 Hz, in order to 
determine the viscoelastic region of samples. Thereafter, frequency sweeps were performed 
applying a frequency range of 0.01–100 Hz, under shear stress within the linear viscoelastic region, 
previously determined. To assess the stability of the gels over time, after the rheological analysis on 
the day the gels were prepared, the disks were stored in 1M CaCl2 solution at 4ºC and the analyzes 
were repeated after 15, 30 and 60 days. 
 
Results and Discussion  

Table 1 presents a comparative data concerning the chemical composition and some structural 
parameters of CSPC and CSPH. 
 
Table 1 Comparison of yield, composition and structural characteristics of CSP and CSPH  

  CSPC CSPH 
 Yield (%) 2.2 ± 0.4  6.9 ± 0.8 

M
on

os
ac

ch
ar

id
e 

co
m

po
si

tio
n 

(%
)  Rha 3.0 ± 0.2 1.5 ± 0.1 

Fuc 0.4 ± 0.3 0.1 ± 0.0 
Ara 12.8 ± 0.8 6.8 ± 0.0 
Xyl 1.9 ± 0.0 0.5 ± 0.0 
Man 2.5 ± 0.0 0.8 ± 0.0 
Gal 8.9 ± 0.4 4.0 ± 0.0 
Glc 4.5 ± 0.1 2.9 ± 0.0 

GalA 65.7 ± 0.7 83.4 ± 2.3 
 DM 9.3 ± 0.6 17.7 ± 0.7 
 Acetyl content (%)  2.1 ± 0.4  2.2 ± 0.03 
 DA (%) 15.4 ± 0.4 10.8 ± 0.2 
 HG (%) 62.7 81.9 
 RG-I (%) 27.7 13.8 
 (Ara+Gal)/Rha 7.2 7.2 
 Mw (g/mol) 9.777×104 (±0.6%) 5.077×105 (±0.6%) 
 dn/dc 0.129 0.146 
 Polydispersity (Mn/Mw) 6.874±0.113 32.859±0.691 
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The extraction conditions applied extraction tested affected the yield, since hot extraction 
resulted in yield of 6.9%, more than three times higher than cold extraction.  

Regarding the GalA content, both pectins had >65%, complying with commercial 
requirements, but the GalA content was notably higher in CSPH (83.4%). It results in a higher HG 
ratio in CSPH (81.9%) compared to CSPC (62.7%). As a result, CSPC was richer in neutral sugars, 
mainly arabinose and galactose. 

Although they are very different in relation to the proportion of HG and RG-I that compose 
their structures, CSPC and CSPH presented exactly the same ratio (Ara+Gal)/Rha, which acts as an 
indicator of the average size of the branches in the RG-I domain . For both, the average length of 
the side chains was 7.2 residues. 

CSPC and CSPH was both characterized as naturally LM pectins, with DM of 9.3% and 
17.7%, respectively. Both pectins presented low acetyl content, of 2.1 and 2.2%, which is a 
desirable parameter, since acetyl content above 3.5% tends to hinder the gelation of pectins [11].  

The average molar mass of CSPC was 9.777×104 g/mol, about 5 times smaller than the average 
molar mass of CSPH, 5.077×105 g/mol, suggesting that higher temperatures are more prone to breaking 
bonds and interactions between larger biopolymers in the plant cell wall and solubilizing them upon 
extraction. However, CSPC showed a polydispersion value almost 5 times lower than CSPH, suggesting a 
structurally more homogeneous pectin. 

 
 

 
Figure 1– Gel formation of CSPC and CSPH at different concentrations (A), viscoelastic response at 0.1 Hz 
of gels at different concentrations (B) and time stability of gels over 60 days at 2% (m/v) and 0.1 Hz (C).  
 

Fig. 1-A shows that there was satisfactory gel formation at all concentrations tested, except 
for CSPC at a concentration of 0.5%, where microgel formation was observed [12].  

The graph shown in Fig 1-B shows the dependence of the viscoelastic properties of the gels 
on the pectin concentration used. The results show that the increase in pectin concentration leads to 
an increase in elastic (G') and viscous (G") modulus, characterizing the formation of stronger and 
more consistent gels. Although the two pectins showed great structural differences, the viscoelastic 
behavior of the gels was very similar. 

At Fig 1-C, the graph shows the viscoelastic properties of gels prepared at 2% (m/v) of 
pectins stored and evaluated over 60 days. The graph shows that the gels prepared with the two 
pectins were stable for 60 days, maintaining the values of G' and G" throughout the analysis time. 
The formation of stable gels is a desirable characteristic for pectins, since that this property is 
related to the shelf life of products made with this biopolymer. 

 
 

Conclusions  
Naturally LM pectins can be obtained from Chardonnay grape pomace by extraction using 
ammonium oxalate solution under different conditions. These pectins have structural parameters 
comparable to commercial pectins, particularly with GalA content > 65%. Although CSPH showed 
more favorable structural parameters, such as high GalA content, low neutral sugar content and 
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higher molar mass, CSPC showed lower polydispersion. Both pectins were able to form gels in the 
presence of Ca2+ and showed similar viscoelastic properties and good stability for 60 days of 
storage. The results obtained suggest that Chardonnay grape pomace can be a good industrial source 
of naturally LM pectins.
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Abstract – Polyethylene (PE) waxes are used in the production of expandable polystyrene (EPS) as nucleating agents, 
directly influencing the formation of the cellular structure formation of expanded polystyrene foam. The performance of 
the material in its final application depends on the homogeneity of the expanded bead cells. The characteristics of each 
wax affect nucleation in different ways, which can lead to collapsed, heterogeneous or porous beads, indicating poor 
cell nucleation. This work aims to understand how the chemical and physicochemical characteristics of PE waxes 
influence the nucleation process during EPS expansion. These evaluations were carried out by DSC analyzes and pilot 
line tests. PE waxes with around 2,000 g mol-1 molar weight and narrow polydispersity index showed better results as 
nucleating agents for EPS.
Keywords: polyethylene waxes, expandable polystyrene, differential scanning calorimetry, nucleating agents, thermal 
behavior

Introduction 

Polyolefin waxes are ethylene oligomers formed as by-products in ethylene polymerization 
processes with molecular weight below 10,000 g mol-1. The accumulation of polyethylene waxes in 
the reaction system is undesirable and therefore needs to be removed. In addition, olefinic waxes 
can also be obtained through direct monomer synthesis or thermal degradation of polyolefins.[1]
The properties of polyethylene waxes change according with process parameters such as amount of 
hydrogen, amount of comonomer or type of catalyst. These characteristics change according to the 
wax application. They can be used in fertilizers production, textile and electrotechnical industry, 
plastics processing and thermoplastic foams production.[2-4]
Thermal properties of waxes are crucial in determining their application as they are related to the 
need for modifications to improve their performance. The modifications commonly made involve 
both chemical and physical modifications, the most common of which is oxidation reaction. One of 
the most used methods to determine the thermal properties of materials is Differential Scanning 
Calorimetry (DSC). Through this analysis it is possible to quickly determine thermal transitions of 
the material.[5,6]
Polyethylene waxes are used as nucleating agents in EPS production. EPS is a lightweight, closed-
cell, rigid foam plastic material produced from polystyrene. The most common uses are for 
packaging and construction.[7] The most important step in manufacturing EPS is to create the 
correct foam structure, which are homogeneously distributed and with similar cell size. Nucleating 
and blowing agents play the main role to control cell formation sites. The performance of the 
expanded material in its final application depends on the homogeneity of the expanded bead cells. 
The characteristics of each wax affect nucleation in different ways, which can lead to collapsed, 
heterogeneous or porous beads when poor nucleation occurs.[8] This work aims to understand how 
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the chemical and physicochemical characteristics of PE waxes influence the nucleation process 
during EPS expansion. These evaluations were carried out by DSC analysis and processing tests 
(expansion and molding) of EPS produced in a pilot line.  
 
Experimental  
 
Polyethylene waxes 
Polyethylene waxes from different sources were tested in this work. Waxes’ physical and chemical 
properties are shown in Table 1, according to each supplier information. 
 

Table 1 - Physical and chemical characteristics of waxes. 

Wax Mw 
(g mol-1) 

Viscosity 
(cP) ASTM 

D3236 

Drop Melting Point 
(°C) ASTM 
D127/D3954 

 (g cm3) 
ISO 1183 

Penetration 25 °C 
(10-1 mm) ASTM 

D1321 
Wax 1 2,000 49-55 126 0,97 0,5 
Wax 2 2,000 35-55 125 - 1 
Wax 3 2,300 40-80 125-130 0,97 - 
Wax 4 2,000 80 126 0,97 - 
Wax 5 1,000 < 600 120-130 - 1 
Wax 6 1,000 12-15 113 0,96 1 
Wax 7 1,100 13 117 - 1 
Wax 8 1,000 450 112 0,92 - 
Wax 9 - 370-475 112-117 0,93-0,95 1 

 
Thermal behavior - Differential scanning calorimetry DSC 
Differential scanning calorimetry was carried out on a DSC25 TA Instruments thermal analyzer in 
nitrogen atmosphere and operating at a gas flow rate of 50 mL/min. Samples were heated from 
20 °C to 100 °C at a heating rate of 10 °C min-1 and cooled at the same rate, after which the cycle 
was repeated. Thermal properties such as melting and crystallization temperatures, and enthalpies 
were determined from the second scan. 
 
Nucleating agents – Pilot line EPS production and expansion 
Expandable polystyrene beads were obtained by extruding polystyrene (GPPS – general purpose 
polystyrene) with expansion agent impregnation in the melt. Polystyrene matrix, nucleating agent 
PE wax and other additives are mixed in a co-rotating twin-screw extruder before pentane injection 
in a pressure-controlled system. After that, the melt passes through a series of static mixers before 
an underwater micropelletizing cutting system to obtain the EPS beads. 
EPS beads were dried, added surface additive to improve posterior processing and let rest for some 
days. After maturation, EPS granules were expanded in an Erlenbach expander with wet steam 
pressure to evaluate the nucleation efficiency. 
 
Results and Discussion  
 
Thermal behavior - Differential scanning calorimetry DSC 
Thermal behavior of the waxes was analyzed by DSC and transition temperatures are summarized 
in Table 2 and Table 3. Thermograms with melting endotherms e crystallization exotherms are 
presented in Figure 1 and Figure 2.  
Through thermograms it is possible to observe that higher molecular weight waxes showed melting 
endotherms at higher temperatures. Waxes with narrow polydispersity indexes presented narrow 
thermal transitions. Melting and crystallization temperatures follow closely the molecular weights 
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of the waxes, with lower molecular weight waxes melting sooner and crystallizing at lower 
temperatures. Broad thermograms observed for some waxes can be attributed to the increased 
heterogeneity in this wax in terms of chain length, branching frequency and therefore defects in the 
crystal structure. 
DSC thermograms curves for second heating cycle and second cooling were interpreted and 
obtained reviewed data were compared among studied waxes.  To better understand waxes 
behavior, results were separated in two groups. One of them including waxes with molecular weight 
around 1,000 g mol-1 and the other containing waxes with molecular weight around 2,000 g mol-1. 
 
Table 2 - Thermal behavior from waxes with molecular weight around 2,000 g mol-1 for second heating 
cycle. 

Waxes Temperature onset 
(°C) 

Peak Temperature 
(°C) 

Peak width at half heignt 
(°C) 

Enthalpy 
(J/g) 

Wax 1 119,08 124,48 5,35 205,63 

Wax 2 119,14 123,27 4,41 130,56 

Wax 3 116,88 124,04 6,2 220,70 
bimodal 

Wax 4 117,91 124,35 6,49 238,19 
bimodal 

Wax 5 104,17 111,87 10,92 244,51 
bimodal 

 
 

 
 
Figure 1 – Thermogram for second heating 
cycle from waxes with molecular weight around 
2,000 g mol-1.  

 
 
Figure 2 – Thermogram for second cooling 
cycle from waxes with molecular weight around 
2,000 g mol-1. 

 
Through second heating thermograms shown in Figure 1, it is possible to observe the width 
variation for melting peak at lower temperatures, trending bimodal profiles, more pronounced 
according to the increase of waxes polydispersity index. Broad molecular weight distribution leads 
to non-uniform nucleation, causing defects in bead and impairing its mechanical properties. Among 
the studied waxes, Wax 1 and Wax 2 presented more similar thermal behavior with narrower peaks, 
proving their narrow polydispersity index. Exothermic process related to waxes crystallization 
follow melting behavior, as shown in Figure 2. Wax 1 and Wax 2 presented narrow crystallization 
peaks and absence of bimodal profile.  
Thermal characteristics for waxes with 1,000 g mol-1 molecular weight are presented in Table 3. 
These waxes showed thermal behavior more distant from each other. Wide transitions peaks and 
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bimodal profiles became more pronounced in these waxes. Wax 1 was used as standard and 
compared as desirable behavior. 
 
Table 3 - Thermal behavior waxes with molecular weight around 1,000 g mol-1 for second heating cycle. 

 Waxes Onset 
temperature (°C) 

Peak temperature 
(°C) 

Peak width at half 
height (°C) 

Enthalpy 
(J/g) 

Wax 1 119,08 124,48 5,35 205,63 

Wax 6 104,16 111,87 10,92 244,28 
bimodal 

Wax 7 80,97 100,76 / 112,66 25,89 230,39 
bimodal 

Wax 8 100,01 106,43 / 110,01 12,94 118,52 
bimodal 

Wax 9 107,01 112,3 6,41 145,5 
bimodal 

 
Thermograms for second heating and second cooling cycle are shown in Figure 3 and Figure 4. For 
both graphs, thermal behavior stayed the same. Waxes showed different range for melting and 
crystallization transitions, although all of them presented bimodal profiles. DSC analyzes proved 
that studied waxes with lower molecular weight own thermal behavior distant for Wax 1 when it 
comes to temperature range and profile. And these characteristics lead to different conduct as 
nucleating agent.   

 
Figure 3 – Thermogram for second heating 
cycle from waxes with molecular weight around 
1,000 g mol-1. 
 

 
Figure 4 – Thermogram for second cooling 
cycle from waxes with molecular weight around 
1,000 g mol-1. 

Nucleating agents – Pilot line test producing EPS 
 
In order to better understand how the results referring to the thermal behavior affect the nucleation 
properties, tests in a pilot line were carried out. EPS was produced using studied waxes and 
analyzed about the expansion process. Table 4 presents the comparative data for the analyzes and 
waxes behavior. Wax 2 which has molecular weight of 2,000 g mol-1 and narrow polydispersity 
index showed excellent performance. However, Wax 5 which has molecular weight around 
2,300 g mol-1, a slight increase compared to Wax 1, showed a deviation in the maximum peak of 
crystallization and, consequently, the nucleating action of the wax. 
 
Table 4 – Comparative results from DSC analyzes and pilot line tests. 

Waxes Pilot line results 

DSC results 

Profile Tc (°C) 
Peak width at 

half height 
(°C) 

Wax 1 Standard wax Low polydispersity index  111 4,7 
Wax 2 Similar to Wax 1 Low polydispersity index 111 3,5 
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Wax 3 Shiny beads Bimodal profile (High polydispersity 
index) 111 5,5 

Wax 4 Shiny and 
heterogeneous beads 

Wide molecular weight distribution, 
bimodal profile 112 5,7 

Wax 5 
Collapsed beads, bad 
nucleation and high 

density 

Narrow molecular weight 
distribution, although bimodal 

profile 
113 4,3 

Wax 6 Couldn’t expand Wide molecular weight distribution 103 9,1 
Wax 7 High density High polydispersity index  100 16,7 

Wax 8 Shiny and 
heterogeneous beads 

Narrow molecular weight 
distribution, although bimodal 

profile  
98 2,9 

Wax 9 Shiny and collapsed 
beads 

Narrow molecular weight 
distribution, although bimodal 

profile  
101 3,6 

 
 
Conclusions 
Comparing DSC thermograms and pilot line tests, it is possible to observe a better performance 
trend for waxes that have a maximum crystallization peak temperature between 110 and 112 °C. 
Furthermore, waxes with narrow molar weight distribution (polydispersity index) presented better 
bead nucleation performance. Molecular weight also directly affects waxes behavior. Using the 
same expansion conditions for every sample, Wax 2 was the only to achieve similar performance 
from the standard Wax 1. Both presents same molecular weight (2000 g mol-1) and narrow 
polydispersity index.  
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Abstract - Epoxy resin is often used as matrix in glass fiber-reinforced composite materials for coating and pipeline
fabrication in the presence of a large variety of fluids. The simultaneous action of an aggressive fluid and mechanical
stresses in polymeric materials generates a phenomenon called environmental stress cracking (ESC), which is associated
with the appearance and development of microcracks in the structure of the material. As there are few studies in the
literature that investigate environmental stress cracking in epoxy resin and glass fiber composites, the purpose of this work 
is to evaluate the development of environmental stress cracking (ESC) in epoxy resin, under static and dynamic conditions, 
in contact with agressive fluids. For this, the mechanical behavior in the presence of NaCl solution (5 wt.%) and NaOH
solution (5 wt.%) was investigated through tensile tests. Fatigue tests were also carried out with 70% and 90%of the
maximum yield stress of the resin in order to evaluate its behavior in dynamic conditions. The static results showed that 
the mechanical behavior of the epoxy resin is affected by the alkaline environment (NaOH) and by exposure to the saline
environment (NaCl). FTIR analysis suggest a slight change in 915 cm-1, in the spectra of the samplesto which aggressive 
fluid was applied. The fracture surface analysis using SEM did not show significant differences among the studied
materials.

Keywords: epoxy, pipelines, stress cracking, aggressive fluids

Introduction
Composite materials have been frequently used in applications exposed to environmental,
mechanical, and chemical factors, which can induce damage to the material [1]. Some of this damage
can be difficult to detect or repair (for example microcracks and delamination) and can result in a
shorter material life. The damage caused to the material may be the result of a phenomenon known
as environmental stress cracking (ESC) [2]. The term environmental stress cracking is generally used
to describe product cracking resulting from contact with certain types of fluids accepted by the
polymer. It is a phenomenon not yet completely understood, but it happens when there is a
simultaneous action of a surface-active agent (liquid or steam) and mechanical stress (external or
internal) [3]. Thus, this work will contribute to the study of the mechanical behavior of epoxy resin,
which is used as a matrix in composites reinforced with glass fiber, used in coatings and pipelines in
the oil and gas industry, under conditions of environmental stress cracking (ESC) under static and
dynamic conditions.

Experimental

Materials

The epoxy system employed was a mixture of 100:32 parts per hundred (ppc) of Araldite LY 1564
from Huntsman and curing agent Aradur 3489 from Huntsman. In order to study the development of 
the stress cracking phenomenon in the epoxy resin, the samples were subjected to three different types
of conditioning: ambient, aqueous NaCl solution (5 wt.%) and aqueous NaOH solution (5 wt.%),
according to previous studies in literature [4].
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Methods 
 
For the preparation of the specimens, epoxy resin plates were made using a metallic mold. The plates 
were prepared by mechanical mixing between Araldite LY 1564 Resin and Aradur 3489 (100:32). 
Subsequently, the mixture was subjected to degassing process and the curing process was carried out 
at room temperature and for 24 hours according to the resin manufacturer's instructions. After the 
plates were produced, the specimens were cut to the dimensions established by Standard ASTM D638. 

 
Study of Stress Cracking for Epoxy Resin in static tests 

 
Static tests of resistance to environmental stress cracking (ESC) were conducted in a tensile testing 
machine, and with an ambient temperature of 22°C, according to ASTM D 638. According to previous 
studies, the strain rate interferes with the ESC behavior of the polymer. Therefore, a strain rate of 5 
mm/min was chosen. Tests were performed with and without fluid. The fluids were applied to one of 
the surfaces of the specimen with the aid of a moistened cotton swab, from the moment the tensioning 
began. With the test it is possible to obtain information regarding the mechanical properties of the 
tested polymer in the absence and presence of ESC agents. For each ESC agent tested, 6 specimens 
were used. 

 
Fatigue Behavior of epoxy resin 

 
Stress   and strain levels are below the proportional limits of the material where strains and stresses are 
relatively elastic. The method was used from procedure A, fatigue testing tension in accordance   with 
ASTM D7791, Standard Test Method for Uniaxial Fatigue Properties of Plastics. 

 
Scanning Electron Microscopy (SEM) 

 
Scanning electron microscopy (SEM) analysis were carried out to investigate the fracture surface of 
the samples before and after the phenomenon of environmental stress cracking, in order to understand 
the emergence and development of cracks in the simultaneous presence of stress and aggressive fluid. 
Microscopic analyzes will be performed in a Hitachi scanning electron microscope (SEM), model     
Hitachi     Tabletop     Microscope     TM -3000. 
 
Fourier-Transform infrared (FTIR) spectroscopy 

 
FTIR analysis was carried out to investigate alterations in epoxy resin which was in contact with 
aggressive fluid under environmental stress cracking conditions. The spectrometer used for analysis 
was a Fourier transform infrared spectrometer model Frontier by PerkinElmer. 

 
Results and Discussion 

 
Stress Cracking in Static Conditions 

 
The results presented in this first stage of the work confirmed what the literature had pointed out in 
previous studies [4]. The epoxy resin is considerably attacked by the action of the NaOH solution and 
even more so by the action of the NaCl solution under static conditions. According to the results 
presented in Table 1, The maximum tension of the epoxy resin without the fluid is 50,3 MPa, reducing 
to 48,3 MPa in the presence of NaOH and to 42,4 in the presence of NaCl. The results of the tensile 
test are shown in Fig 1. 
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Table 1 - Mechanical Behavior - Environmental Stress Cracking (ESC). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 

 
Figure 1 - Stress Cracking of Epoxy Resin (a) 5% NaOH and (b) 5% NaCl. 

 

Fatigue behavior of epoxy resin 
 
The test showed the behavior of the resin up to approximately 100.000 cycles for 90% of the 
maximum yield stress in relation to the values obtained in the static test and 125.000 cycles for 70% 
of the maximum reference yield stress. The S-N curve is described in Fig 2. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2 - Fatigue behavior of the epoxy resin. (a) 70% of maximum stress, (b) 90% of maximum stress. 
 

  (MPa) 

No fluid 50,3 ± 1,6 
ESC NaOH 48,3 ± 0,7 
ESC NaCl 42,4 ± 3,1 
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FTIR analysis 
 
The FTIR spectroscopy analysis of the material evaluated possible chemical alterations in the samples 
and the functional groups present in the epoxy resin used, before and after environmental stress 
cracking (ESC), Fig 3. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 3 - FTIR spectra of samples without environmental stress cracking (ESC) and with ESC. 

The range between 2965 and 2873 - 2870 cm-1 is related to the C-H elongation of aromatic and 
aliphatic CH2 and CH. The characteristic peak at 1608 cm-1 is attributed to the C=C elongation of 
aromatic rings. At 1509 cm-1 the peak is related to the ether group with stretching (epoxy resin) 
between the rings [5]. The characteristic peak at 831 cm-1 is attributed to C-O-C elongation of the 
oxirane group [5]. At 915 cm-1, a slight alteration is observed in the spectra of the samples submitted 
to ESC in the presence of NaCl, indicating that there are chemical alterations as compared to the 
unmodified epoxy. 

 
Scanning Electron Microscopy (SEM) 
The results obtained in the scanning electron microscopy analysis compare the fracture surfaces of 
the samples with and without ESC, Fig 4. As observed in a), b) and c) the analysis of the fracture 
surface by SEM did not show significant differences between the epoxy resin with and without fluid. 
 
 

 
 
 

 
 
 
 
 
 
Figure 4 - Scanning electron microscopy (a) Epoxy resin fracture surface without the presence of the 
aggressive fluid. (b) Fracture surface of epoxy resin in the presence of NaOH and (c) Fracture surface of epoxy 
resin in the presence of NaCl. 
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Conclusions 

 
As stated in the literature, there are indications that the two fluids investigated are fluids that are 
aggressive to epoxy resin, due to changes in the mechanical behavior of the resin in the presence of 
both NaOH and NaCl, in static conditions. Initial fatigue results were inconclusive as the trial was 
stopped. The phenomenon will be more deeply understood with development of the following steps, 
which involve more fatigue tests of the material and investigation of ESC in glass fiber-epoxy 
composites. 
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Abstract – In order to avoid the possibility of cross contamination 1, the UV-C light became a tool
to sterilize, disinfect, and clean surfaces at hospitals in Brazil 2. However, even though UV-C light 
has a well-known germicide activity, it also has enough energy to break chemical bonds in wood,
paper, and polymers such as polypropylene. In this work, the polypropylene was irradiated with 
UV-C light (245 nm) in different times, using a chamber developed by the group. The ozone 
produced during this process was removed using a fan. The extent of photodegradation was 
investigated by FTIR, water contact angle, SEM and rheology using frequency sweep and, time 
sweep. The methyl index (MI) was more efficient in monitoring the early stages of 
photodegradation compared to the classical carbonyl index (CI) 3. Rheology data indicated that 
from 24 hours onwards a continuous reduction in molar mass is observed with increasing exposure 
time. However, from 384 hours, an increase in this property is observed, which may lead to the 
hypothesis of crosslinking or branching. The time sweep mode were performed to verify this result.
These results show that understanding degradation on UV-C sterilised surfaces is of paramount 
importance and, in this context, monitoring it even at early stages is essential to understand the 
extent of photooxidation.
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Abstract

PVC-coated fabrics are frequently used in marine upholstery applications since they are a cost-
effective and a versatile way to get an imitation leather look with outstanding durability to outdoor
environments [1]. However, due to the rigid nature of PVC, the use of plasticizers for this kind of 
flexible application is required, as these substances could migrate and compromise the integrity of 
the finished product. A typical PVC-coated fabric construction includes PVC-based skin, foam and 
adhesive layers applied to a polyester textile, followed by a thin layer of a topcoat system that offers 
further resistance properties and unique haptics to the surface (Fig 1) [2].

Figure 1. PVC-based synthetic leather construction and topcoat failure

The COVID-19 pandemic forced consumers to acquire harsher cleaning habits. Thus, PVC-leather 
producers had to adapt their top-coating systems within a short time to fulfill these new requirements.
However, some of these modifications resulted in a lower outdoor resistance and affected the 
appearance of some products only a few months after installation. To determine the root cause of this 
failure, several topcoat system configurations were characterized using DSC, FTIR, surface energy 
and HPLC. All samples were exposed to UV radiation, high temperature, and salt fog conditions to 
imitate real marine environments. FTIR analyses of the damaged layer revealed a shift in the carbonyl 
band to lower wavenumbers, as well as the evolution of signals that matched the plasticizer's 
vibrational profile. Also, the Tg values of the affected film were lower when compared to a reference 
topcoat, suggesting a plasticization phenomenon. Assessment of all assembled product configurations 
allowed us to discover adhesion issues across layers as confirmed by surface energy measurements 
and HPLC plasticizer migration quantification [3]. All these findings served as the foundation to 
enhance the resistance of topcoat systems for future product developments.
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ANTHOCYANIN EXTRACT COVALENTLY INCORPORATING 
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PACKAGING.

Amanda F. Bambinetti1, Ismael C. Bellettini1 and Patrícia B. Brondani1

1 – Department of Nanoscience, Advanced Processes, and Materials, Federal University of Santa Catarina (UFSC), 
Blumenau, SC, Brazil amanda_bambinetti@hotmail.com

Abstract – Intelligent packaging has become a focus of extensive research due to its high efficiency 
in the food industry. In the search for new technology, freshness, pH, and temperature indicators are 
incorporated into packaging as a new concept to alert consumers about the condition of the food¹. In 
this sense, packaging composed of films containing anthocyanins can be an interesting option. 
Anthocyanins are natural compounds found in fruits and vegetables that have the ability to change 
color in different pH environments. In several studies, only polymeric films performing a coating 
with anthocyanin are presented, that is, a mixture of anthocyanin extract on the surface of the 
polymeric film¹. The objective of this study is covalently incorporate anthocyanins derived from 
raspberries into a polymeric film for use in the development of intelligent food packaging. The 
covalent bond could enhance the stability of the anthocyanin expanding the utility of the film. The 
extraction of anthocyanins was performed using purple-colored raspberries, an extracting solvent 
(15:85 HCl/ethanol) at a temperature of 50°C in an ultrasonic bath². A polymeric film of Ethyl 
Hydroxyethyl Cellulose (EHEC) polymer cross-linked with glyoxal was produced and the surface 
of this film was incorporated with the crude anthocyanin extract in acetone, 
dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyridine (DMAP). The covalently incorporated 
anthocyanin EHEC film was evaluated by Fourier-transform infrared spectroscopy (FTIR) the 
anthocyanin-EHEC film proved to be pH-responsive and the colored response was reversible. The 
characterization of polymeric film incorporating covalently anthocyanin was performed by FTIR 
analysis, where it was observed the appearance of a band was observed at 1733 cm-1 referring to 
C=O, when compared to the polimeric film without anthocyanins. The film was also analyzed by 
UV-VIS, which showed maximum absorption at 530 nm, indicating the incorporation of cyanindin-
3-glucosíde anthocyanin at polymeric film³.
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A TECHNIQUE TO INVESTIGATE NON-UNIFORM OXIDATION DURING 
RUBBER AGING
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Abstract - Rubbers are polymeric materials based on elastomers with certain crosslinking levels in 
their entangled chains. These characteristic structures give specific mechanical properties. 
Therefore, during service or aging of the rubber in the presence of oxygen and elevated 
temperatures, these properties are deteriorated by oxidation (crosslinking and chain scission 
reactions). However, in determined conditions, these reactions can occur at different rates along the 
material cross-section, especially crosslinking, which promotes the rubber molecular structure 
stiffness. This phenomenon is known as the DLO (Diffusion-Limited Oxidation) effect and affects 
the mechanical rubber behavior and its properties during aging. Considering this effect, indentation 
tests can be realized along the cross-section of rubbers to investigate non-uniform aging in 
determined conditions. As a result, surface stiffness mapping was obtained and expressed in terms
of a relation between force and displacement at each point along the cross-section. Based on this, it 
is possible to monitor the increase in stiffness and, from there, estimate the behavior of the 
evolution of the reticulation density along the cross-section of the rubber. With this support 
technique, it is possible to investigate and qualitatively predict the operating conditions to which 
known materials will be subject to different oxidation rates (DLO effect). Furthermore, it is possible
to define which polymers and blends are subject to the DLO effect under specified conditions.

Keywords: Rubber. Non-Uniform Oxidation. DLO effect. Indentation modulus profile.
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BENDING TEST OF PLA/CARBON FIBER ELEMENTS PRODUCED BY 
FDM.
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The polylactic acid (PLA), it’s a thermoplastic produced based on renewable sources of raw 
materials, like beet, corn, and similar ones, being easily recycled. The PLA/Carbon fiber its PLA 
with addition of a dispersed phase, carbon fiber, so, carbon fiber it’s the reinforcement of PLA 
being able to change a few properties of polylactic acid, making it harder and increasing the 
resistance. Therefore, with the purpose of better understanding the material features and infer 
possibilities of practical applications and them viabilities, there were made three points bending 
tests with 30 test bodies (TB) using the universal test machine with a few tweaks. The TB were
made of by additive manufacturing, through FDM (Fused deposition modeling), via a 3D (three 
dimensional) printer model Ender 3 Pro, changing the elements infill begging the process with 20% 
of infill and doubling up the value until 80% of infill is achieved, the same way with the layer 
height, initiating with 0,15mm and doubling up the value.  After the tests were performed, it was 
noticed that the carbon fiber promotes changes in the mechanical properties of the material (PLA). 
While the bending resistance of PLA is given by 70 MPa, PLA/Carbon Fiber has about 89 MPa, 
although we note greater flexural rigidity of PLA/Carbon Fiber compared to conventional, we 
realize that the reinforcement delays the sudden fracture of the material. As for the viability of the
material, we must analyze the printing process, extruder nozzles with diameters smaller than 0.6mm 
suffer from obstruction of the hole, making it difficult to flow the filament to the heated table. Thus, 
PLA/carbon fiber, has potential for small-scale structural applications, apart from tight tolerance 
operations.

Keywords: Bending test, PLA, Carbon fiber, 3D printing.
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Abstract - Lignin, a complex heterogenous structure, is formed by phenylpropane units1. Due to its 
wide availability, high-energy density and intrinsic aromatic-based structure, lignin exhibits great 
potential for the production of fuels, value-added chemicals, and functional materials. There are 
several methods for lignin extraction, although each method significantly affects the structural and 
chemical properties of lignin. Alkaline hydrolyses are common methods used for biomass 
delignification, promoting the solubilization of lignin and hemicellulose2,. In this study, the concept 
of biorefinery was employed to valorize residues from the banana plant. Lignin from pseudostem was 
isolated from two different alkaline methods. All lignin samples were prepared and characterized 
from black liquor obtained through pulping processes. The findings demonstrate that pretreatment 
of biomass (acid and hydrothermal) has a favorable effect on lignin extraction. However, the
high quantity of extractives in the pseudostem negatively affects lignin extraction in the 
absence of pretreatment. All lignin fractions exhibit band at 1600, 1517, and 1461 cm⁻¹, 
characteristic of lignin, as well as a distinct absorbance around 830 cm⁻¹, corresponding to p-
hydroxyphenyl structures. Comparatively, lignin fractions obtained from both pulping 
processes with hydrothermal pretreatment showed a lower molecular weight average (Mw)
than those processes with acid pretreatment. Additionally, elemental analysis demonstrates 
that the soda process is more effective for lignin extraction, with higher content of carbon and 
oxygen when compared to the lignin from Kraft process. In conclusion, lignin fractions 
extracted from pulping processes without pretreatment exhibited higher impurities, hindering 
accurate characterization. Lignin fractions extracted with hydrothermal pretreatment 
exhibited lower lignin condensation during the pulping process. For better comprehension 
and the potential applications of this kind of lignin, we will study the removal of extractives 
from biomass, and then repeat the steps of lignin extraction adjusting the temperature and 
quantity of reagents used.
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Abstract - The objective of this study is to present an analysis of the fill pattern of a unique 
geometry arranged in four different ways on the printing bed. The pattern used is the lightning 
pattern, a more recent option available in the Ultimaker Cura 5.0 software. The test specimens were 
fabricated using PLA material with two different fill densities, 10% and 40%, and a tensile test was 
conducted following the ASTM D638 standard. The purpose was to evaluate whether there are 
differences in strength between the fill densities and the angles of arrangement on the printing bed, 
as well as to investigate potential material savings. Currently, there is a scarcity of studies on the 
lightning fill pattern. Therefore, this research allows for the examination of the tensile strength of 
each test specimen at angles of 0°, 45°, 90°, and 135° in additive manufacturing, across the same 
geometry. The methodology involved dividing the prints among each fill pattern for production, 
optimizing the process. After manufacturing the test specimens, they underwent tensile tests, which 
demonstrated that the is a real difference between the use of on fill pattern or another. Moreover, 
the lightning pattern resulted in material savings, exhibited greater strength compared to the cross 
pattern, and had a resistance very close to that of the triangle pattern. 
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Abstract - Epoxy resin is one of the most common thermosetting resins and is used in aerospace and 
automotive industries due to its high performance such as high tensile strength, high stiffness, and 
chemical resistance [1,2,3]. To use epoxy resin in a wide variety of applications, it is also necessary 
to make use of the hardener, which when added to the epoxy resin has the purpose of cross-linking 
with the reactive groups to result in a cured polymer. The present study aims to determine the curing 
cycle of epoxy resin by viscosity analysis and differential scanning calorimetry (DSC) using two 
types of hardeners, Aradur HY 951 and Aradur 2963, and the same ratio epoxy/hardener (88/12). The 
viscosity was performed on a Brookfield digital viscometer (DV2T) coupled a thermosel system 
that’s provide control of sample temperature. The analysis was carried out with a temperature 
variation of 10 °C ranging from 30 °C to 70 °C. DSC analyses were performed using TA Instruments 
equipment (Q2000 model) from 0 oC to 150 oC (rate 10 oC/min). Tensile specimens were prepared 
using the chosen curing condition and tensile tests were performed on MTS equipment (Criterion 45).
For the two curing agents used it was observed exponential growth of the curve was at the temperature 
of 70 ºC and by the variation of tan δ of these curves it is possible to obtain the gel time, which is the 
time required for the solidification of the material to occur and for the reaction to become irreversible 
[4]. It was possible to conclude the gel time at 70 °C for the two hardeners used, with this result it 
was defined that the process of making the samples should cure the resin at a controlled temperature 
for 24 h at 25 °C and then finish it for 1 h at 70 °C in an oven to obtain the total cure of the material.
The Aradur HY 951 hardener made it possible to reach the mechanical properties according to the 
manufacturer's datasheet.
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Abstract – This research proposes a theoretical/experimental investigation, with inverse problems, for the thermal 
characterization of parts printed using the Fused Deposition Modeling (FDM) process, using conductive ABS polymer 
as the raw material. The experimental data was obtained by heat transfer conducted through a resistance between the 
plates. The temperature values were measured using an infrared thermographic camera. The mathematical model 
proposed for solving the direct problem was transient heat conduction. On the other hand, the inverse problem of heat 
transfer by conduction was formulated aiming to use stochastic methods, which seek to estimate a set of parameters 
considered optimal through an objective function. A routine was developed to estimate the specific heat for each of the 
filling patterns and validated using a material with known properties. As the FDM process is anisotropic, meaning that 
the thermal properties vary according to the established process parameters, it is of fundamental importance that these 
methods are well understood and utilized, as they replace traditional methods that use heat transducers.

Keywords: FDM process, thermal characterization, inverse problems, infrared thermography.

Introduction
Additive manufacturing (AM) can be defined as a manufacturing process consisting of adding 
material in successive flat layers. This technology is ideal for manufacturing items with complex 
forms that could not be created using a conventional machining process. One of the available AM 
technologies is the fused deposition modelling (FDM) process. One of the FDM processes is the 3D 
printing, used to create 3D components from data obtained directly from the geometrical model 
generated in a CAD system. This process begins by electronically ''slicing'' the 3D model of the
item in the CAD to obtain 2D curves (XY orientation) that will define where material must be 
added in each layer (Z orientation) [1].
However, recently, researchers have been exploring the capability of FDM to produce conductive 
polymers, opening new possibilities for applications in flexible electronics, sensors, medical 
devices, and many other fields. Conductive polymers are organic materials that exhibit electrical 
properties like metals or semiconductors. They have a special molecular structure in which the 
conduction of electric charges is enabled by the presence of conjugated bonds or functional groups 
capable of carrying electrons. These properties make conductive polymers highly attractive for 
device manufacturing flexible electronics, as they can be printed in different shapes and sizes, 
enabling the creation of electronic circuits on flexible and lightweight materials. These 
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characteristics pave the way for the development of customized electronic devices such as flexible 
sensors, integrated circuits, and even implantable medical devices. Printing conductive polymers 
using the FDM process also presents significant challenges. The proper selection of materials and 
printing parameters is crucial to achieve consistent conductivity properties and satisfactory 
performance. Additionally, the development of new formulations of conductive polymers 
compatible with the FDM process is necessary, taking into consideration changes in mechanical [1], 
physical, electrical, and thermal properties [2-3].
This research proposes a theoretical/experimental investigation, with inverse problems, for the 
thermal characterization (specific heat) of parts printed using the Fused Deposition Modeling 
(FDM) process, using conductive ABS polymer as the raw material. Understanding the progress 
and obstacles in this field is crucial to further propel the development of innovative and functional 
electronic devices manufactured through 3D printing.
Transient heat transfer
The proposed problem consists of a pair of plates manufactured by the Fused Deposition Modeling 
(FDM) process and using conductive ABS as the raw material, along with a heater, forming a 
sandwich-type configuration (plate-heater-plate). The assembly is heated with a thermal flux (q′′), 
supplied by a heater, until it reaches a steady-state condition (Fig. 1).

Figure 1 – A schematic representation of the experiment
The following assumptions were considered: perfect thermal contact between the heater and the 
plate assembly, constant properties, negligible heat source within the plates, heat exchange through 
natural convection on the external surfaces, ambient temperature (T∞), and constant heat transfer 
coefficient (h).
The average temperature of the plate as a function of time during heating, for the direct problem, is 
given by Eq. 1 and Eq. 2.

(1)

(2)
Where A1 is the cross-sectional area of the plate, A2 is the area of the plate in contact with the air, V
is the volume of the plate, Tini is the initial average temperature of the plate, and Cpabs is the specific 
heat of the conductive ABS material. The measurement of temperature T as a function of time, as 
described, was carried out using an infrared thermographic camera, model FLIR_A645_SC.
Inverse problems (IP)
Inverse Problems (IP) appear in various branches of engineering, physics, chemistry, and 
mathematics and have been the subject of study by several researchers [3]. They are typically used 
to estimate parameters that govern the physical behavior of a problem based on experimental 
measurements, which may come with inherent errors that affect the accuracy of the solution. This 
work is based on the study of heat transfer in a conductive ABS plate, heated by a thermal flux (q′′). 
The objective is to analyze the correlation between the thermal parameters involved in the problem, 
such as heat flux (q′′), mass density (ρabs), and specific heat (Cpabs), through a sensitivity analysis 
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that indicates which parameters can be estimated simultaneously. The centered finite difference 
method (Eq. 3) was used for this purpose.

(3)

Furthermore, the value of Cpabs (for each filling pattern) will be estimated from experimental data 
using the methods of Differential Evolution (DE), Firefly algorithm (FA), and Hybrid 
(Firefly/Luus-Jaakola (FLJ)) [4].
In order to estimate the Cpabs parameter was adopted as the objective function, given by (Eq. 4):

(4)

Where Nd is the number of experimental data points, Tmi(Cpabs) is the average temperature obtained 
from the direct problem using the estimated value for Cpabs and is the experimentally obtained 
average temperature.
Experimental 
The conductive ABS plate, manufactured for each filling pattern, was produced with dimensions of 
40 x 40 x 1.2 mm and the following printing parameters: orientation = flat (CP position parallel to 
the print bed), extruder diameter = 0.40 mm, layer height = 0.20 mm, number of top and bottom 
layers = 1, number of perimeter lines = 2, raster (internal and external) filling patterns: rectilinear, 
grid, triangular, wiggle, fast and fullhoneycomb. The infill percentage was set to 100%. The 
extruder temperature was 235°C, print bed temperature was 60°C, extruder travel speed was 2000 
mm/min, filament diameter was 1.75 mm, and density was 1.04 g/cm3.
Results and Discussion
A computational routine was developed to analyze the results obtained experimentally and using the 
methods described above. Validation was performed using a material with well-known 
characteristics (Aluminum). The average specific heat calculated by the routine was 914.022196 
J/(Kg.°K), while the value indicated in the main datasheets was 903 J/(Kg.°K). Thus, the error 
between the value estimated by the routine and the actual value was 1.206%.
Sensitivity Analysis
A sensitivity analysis was conducted on the discussed parameters to evaluate if there is correlation 
between them. Small absolute values of the sensitivity coefficients indicate that large variations in 
the parameters, Pi, have little influence on the values of Ti.
The Fig. 2 presents a graph with the sensitivity analysis conducted for the rectilinear filling pattern. 
It can be observed that the curves corresponding to ρabs and Cpabs are overlapped and tend towards 
zero after t=400s. This indicates a linear dependence between them, where it is not possible to 
estimate them simultaneously. On the other hand, the coefficient related to q”, appears to be 
linearly independent of the other two parameters, indicating that it can be estimated simultaneously 
with either of the two parameters.

Figure 2 – Sensitivity Analysis
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Estimation of specific heat using the differential evolution method. 
In this method, the analyses were performed using a population of 5 and 10 individuals. A total of 
46 combinations were tested, varying the disturbance factor F with values of 0.2, 1.0, and 1.2, and 
the number of generations with values of 10, 30, 40, and 50. From these 46 combinations, the 
maximum, minimum, and two values around the mean were also extracted to present the histogram 
of the results according to the parameters inserted in each of the graphs. All the histograms were 
related to the rectilinear filling pattern. From the performed analyses, the lowest average value was 
1445.9969 J/(Kg.°K), the highest was 1454.4533 J/(Kg.°K), and the mean was 1449.1383 
J/(Kg.°K). The average standard deviation was 1.1990. With the extreme values and two around the 
mean, a histogram of the value distribution was generated with 100 repetitions (Fig. 3a, 3b, 3c, 3d). 
 

 
Fig. 3a: P=5, ger.=10, F=0.2 e CR=0.1 

 
Fig. 3b: P=5, ger.=30, F=0.2 e CR=0.7 

 
Fig. 3c: P=5, ger.=40, F=0.2 e CR=0.2 

 
Fig. 3d: P=10, ger.=10, F=1.2 e CR=0.3 

Estimation of specific heat using the Firefly method 
The parameters adopted by this method were: number of fireflies = 100, precision: 1E-06, 
absorption coefficient, γ = 0.01, and attractiveness rate, α = 1. The maximum number of repetitions 
was set at 1000. The estimation routine for Cp will be processed until a convergence value is 
reached with the established precision or the maximum number of repetitions. With these 
parameters, the calculated specific heat value was 1448.6726 J/(Kg.°K), and the standard deviation 
was 0.2162 (values achieved after 468 iterations) - Fig. 4a,4b and 4c. 

 
Fig. 4a: Initial population of fireflies  

 
Fig. 4b: Final population of fireflies 

 

 
Fig. 4c: Fireflies histogram of the 

final population 
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Estimate of specific heat by the hybrid method (Firefly and Luus-Jaakola) 
The hybrid method initially used the firefly method to determine the best candidate, and then this 
best candidate was exported to be processed by the Luus-Jaakola method. For this method, the same 
parameters as the firefly method (initial estimate) were used, and for Luus-Jaakola, the parameters 
were: Contraction coefficient = 0.1, number of internal iterations = 100, and number of external 
iterations = 15. With these parameters, the calculated value of specific heat was 1448.6724 
J/(Kg·°K). 
Compilation of results for all filling patterns 
Table 1 compiles the values of specific heat calculated for the filling patterns: rectilinear, grid, 
triangular, wiggle, full honeycomb, and fast honeycomb. The values were estimated using the 
Differential evolution, Firefly, and hybrid (Firefly/Luus-Jaakola) methods. 
 

Table 1 – Estimated specific heat values for each of the methods 

Patterns Differential 
Evolution 

Firefly 
algorithm 

Hybrid 
(Firefly/Luus-

Jaakola) 

Average 
value 

Full honeycomb 1075.6820 1062.4691 1062.4694 1066.8735 
Fast honeycomb 1138.5148 1131.4974 1131.4975 1133.8366 
Grid 1214.9022 1206.0495 1206.0497 1209.0005 
Triangular 1287.1276 1284.2150 1284.2757 1285.2061 
Wiggle 1419.5689 1419.0071 1419.0070 1419.1943 
Rectilinear 1449.1383 1448.6726 1448.6724 1448.8278 

 
It can be observed, according to Table 01, that the specific heat values for each of the infill patterns 
are different. Among the various reasons, we can point out: 
Porosity distribution: Porosity can vary in FDM-printed parts, even though the infill percentage in 
these experiments was 100%. Different infill patterns can result in different levels of porosity in the 
final part. The presence of porosity affects the material's ability to store and conduct heat, which 
can lead to variations in specific heat. 
Layer orientation: In the FDM process, parts are built in successive layers. The orientation of the 
layers can affect the thermal properties of the part. The layer orientation was kept constant; 
however, the alignment of the raster depends heavily on the infill pattern. 
Variation in crystal structure: During the 3D printing process, the rapid cooling of the material can 
affect the crystal structure of conductive ABS. Different infill patterns can result in different 
cooling rates in different regions of the part, resulting in variations in the crystal structure. The 
crystal structure can affect the thermal properties of the material, including specific heat. 
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Abstract – The development of new materials is a way of filling gaps linked to certain functions to 
which a finished product will be applied. When talking about biomaterial applications, 
biocompatibility and biofunctionality are some of the fundamental properties, considering the final 
application. With this focus in mind, different materials can be developed so that the final properties 
of a product are satisfactory. Polyvinylidene fluoride (PVDF) is a polymer that can be used as a 
biomaterial due to its piezoelectric behavior and biocompatibility, among other properties, as can also 
be observed in the hydroxyapatite (HAp) case, making possible the use of this materials in different
bioapplications as 3D printing. In the present study, two types of PVDF (PVDF1015/1001 and 
PVDF6008/0001) in 10% for each sample, HAp (1%) and commercial biocompatible light-cured 
resin were analysed with a view to using the formed composite as a product for bone regeneration.
Shore A hardness, Fourier Transform Infrared Spectroscopy (FTIR) and X-Ray Diffraction (XRD) 
analysis were carried out to observe the behaviour of these materials when three different 
temperatures (25°C, 45°C and 60°C) are applied during the PVDF solubilization process in a solution 
containing solvent (Dimethylacetamide – DMAc), nanometric HAp and the commercial resin. After 
the analyses, it was possible to verify significant hardness increasing related to temperature changes 
and HAp presence. A greater intensity of acrylate groups due to the increase in temperature and a 
decrease on the PVDF betha-phase formation was also observed due to the increase in temperature. 
These results make it possible to observe more suitable conditions when mixing PVDF and HAp in 
commercial light-curing acrylic resin. More studies are being carried out to better understand this 
parameter in the properties of the proposed composite.
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ABSTRACT  

 
Recently, the world has faced numerous microbial infections and a viral pandemic, resulting in 
significant losses and fatalities. In this context, there has been a growing focus on the development of 
novel materials capable of combating these potentially pathogenic microorganisms. Nanocomposite 
materials, comprising a polymer matrix and nanoscale inorganic fillers, have garnered considerable 
attention for biomedical applications, particularly for the creation of antimicrobial device. Silver-based 
semiconductors have shown potential as promising materials with high biocidal activity. Thus, the 
mixture of (bio)polymers with semiconductors seems to be an interesting alternative for the reduction 
of possible cross-contamination of various pathogens. This property can be significantly improved if 
the semiconductor particles are more exposed on the surface, which can be achieved by plasma 
modification. In this study, semiconductor-based polymer composites were subjected to oxygen 
plasma treatment to improve of antimicrobial properties. The chemical modifications induced by 
plasma treatment were analyzed through contact angle measurement, Fourier-transform infrared 
spectroscopy (FTIR-ATR), and X-ray photoelectron spectroscopy (XPS). The morphological 
modifications on the surface of the films caused by plasma exposure were analyzed by atomic force 
microscopy (AFM) and scanning electron microscopy (SEM). Finally, the antimicrobial activity of the 
nanocomposite was confirmed. Moreover, it was verified that the plasma treatment acts as a 
potentiator of the antimicrobial effect by exposing the particles on the surface. 
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Abstract - This study focuses on evaluating the mechanical response and failure mechanisms 
occurring in a composite ballistic plate made of ultra-high molecular weight polyethylene 
(UHMWPE) during dynamic compression testing. The material under evaluation is the rigid plate 
of the bulletproof vest used by the Brazilian Army, designed to withstand Level III impacts 
according to the NIJ 01.01.06 standard when used in conjunction with the complete set (rigid + 
flexible). In the literature, one way to characterize a material under high strain rates, similar to 
ballistic impact, is through the compression Hopkinson bar test, which provides the mechanical 
properties of the material (Strain, Maximum Compression Stress, Toughness). Therefore, in order to 
characterize the mechanical behavior of this rigid plate under different dynamic conditions, a 
compression Hopkinson bar test was conducted at two different strain rates, ε1' = 647±49 and ε2' = 
791±46 (mm/mm/s). Additionally, in order to investigate the fracture mechanisms occurring during 
the test and compare them with non-impacted samples, scanning electron microscopy (SEM) 
images were obtained. Analysis of the Compression Stress (MPa) vs. Strain (mm/mm) curves from 
the dynamic compression tests revealed variations in the mechanical properties of the composite 
with increasing strain rate, which is a common behavior in polymer composites. For the higher 
strain rate ε2', the values of Maximum Stress, Toughness, and Maximum Strain of the material 
increased, particularly in terms of maximum stress and toughness, which increased by 188% and 
247% respectively. SEM analysis showed that the "as received" samples, obtained by waterjet 
cutting, already exhibited some defects in their structure, such as sheared end fibers, surface 
undulations, and delamination. In the case of samples subjected to a high strain rate, the 
micrographs revealed the appearance of new failure modes, such as matrix rupture, defibrillation, 
and fiber splitting.
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Abstract – Offshore mooring systems have evolved since the first propositions to replace steel 
catenaries with Taut-leg systems made with synthetic fibers [1]. Although polyester is main fiber, 
others have gained prominence such as high modulus polyethylene, polypropylene, polyamide, 
aramid. Among these, polyamide stands for its high elongation values, and for ability to absorb 
dynamic parcels. These characteristics, associated with wave mechanics, enable moorings in shallow 
waters, such as FOWT [2]. Although it is possible to approach theoretical, analytical, experimental, 
and numerical studies, the experimental knowledge of the material is important, as the observational 
can provide understanding of the behavior of the material even to subsidize other approaches. In 
addition, several mechanical tests can be contemplated, rupture, creep, fatigue, abrasion, impact. The 
aim this work is the experimental evaluation of abrasion in polyamide multifilaments, for 5 different 
soaking conditions and for 3 load groups. The methodology follows with the initial characterization 
of the fiber in terms of rupture [3] and linear density [4], and with the abrasion test following ASTM 
[5] and CI [6] standards. As a result, the initial characterization of the fiber is obtained, and for the 
abrasion data, a curve of the number of cycles that resisted in abrasion is plotted to compare each 
load link and immersion time. By analyzing the results obtained, it is evident that the increase in load 
to perform the Yarn-on-Yarn test decreases the number of cycles resistant to abrasion. The immersion 
time of polyamide multifilaments in water increases the number of cycles in abrasion test. This 
increase is observed in all loads with greater impact on smaller ones. Therefore, the immersion 
condition provides an improvement in the abrasion behavior, as future studies it is necessary to 
observe the effect of water absorption for other groups and other fibers used for mooring offshore 
structures.
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Abstract – Polymeric fibers for mooring revolutionized the offshore area [1]. The rise of polyester 
also provided the study and application of other fibers, including high modulus polyethylene (HMPE), 
that has a tenacity up to four times greater than polyester, has a lower specific mass and linear density 
than polyester, and is buoyant in water. The elongation at break of the HMPE close to 3% stands out, 
which may allow advance in installation depths. Some studies have been carried out around its use in 
MODU systems (Mobile Offshore Drilling Units) and experimental investigations of mechanical tests 
on high modulus polyethylene [2, 3]. On the other hand, HMPE has lower creep performance than 
when compared to polyester [4]. Although there are studies in this area, there is still much to be done 
in the characterization of the creep of HMPE studies. Therefore, the objective of this work is to 
evaluate the creep behavior of HMPE multifilaments in two temperature ranges: ambient temperature 
(22ºC) and oceanic temperatures (15ºC). The methodology includes an initial characterization of the 
fiber in terms of linear density [5] and rupture [6], and subsequent creep test [7] for 50% of the Yarn 
Break Load (YBL). The results of the initial characterization yield linear density, breaking value, 
elongation at break and linear tenacity, observing compliance with the norm that the HMPE fiber 
must have a linear tenacity greater than 2.5 N/tex. Creep result is observed that the decrease in 
temperature “locks” the creep mechanism causing the curve to have another characteristic of longer 
duration in creep before rupture, but with a maximum elongation value close to the group with the 
highest temperature. A continuation of the study should be proposed for other fibers e.g. polyester 
and polyamide, and also advancing to deep water temperatures (4°C).
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The advance of industrial poultry farming has led to a significant increase in the amount of waste 
generated, such as feathers, eggshells, carcasses, blood, and wastewater [1]. Globally, it is estimated 
that more than 8.5 million tons of feathers are produced annually as a byproduct of this activity [2]. 
However, poultry feathers are composed of approximately 91% keratin protein [3]. From economic 
and environmental points of view and considering the composition of poultry feathers, the 
development of efficient processes for the extraction of keratin is highly desirable. This work 
presents an alternative for the extraction of low molar mass keratin from chicken feather meal, an 
industrial byproduct rich in poultry feathers. The keratin was obtained by an alkaline extraction 
process at a temperature of 15 °C, NaOH concentration of 2 M, and extraction time of 90 min, 
resulting in an extraction yield of 20%. After keratin milling, the samples were analyzed by 
Dynamic Light Scattering (DLS), being possible to observe the presence of particles with diameters 
ranging from 5 to 200 nm. According to the literature, β-keratin (the main conformation of the 
keratin protein in poultry feathers) has a molar mass of approximately 10 g mol-1 [4]. The results of 
Gel Permeation Chromatography (GPC) analysis showed that β-keratin from feather meal had a 
molar mass of approximately 9 g mol-1. Scanning Electron Microscopy (SEM) analysis revealed the 
existence of particles with diameters ranging from 5 to 15 nm, corroborating DLS results. Keratin
particles of low molar mass in the nanometer size range were successfully extracted from feather
meal. This study represents an important advance for the poultry industry, providing an alternative 
reuse of poultry feathers and the extraction of keratin from feather meal.
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Abstract –Fuel Cells equipped with Proton Exchange Membranes (PEM have received increasing 
attention as one of the most promising alternatives to mitigate the dependency on fossil fuels, 
mainly in the automotive industry.).. Typically PEMs are based on sulfonated perfluorinated
polymers (Nafion type) which combine hydrophilic and hydrophobic domains granting high proton 
conductivity and stability in the fuel cells aqueous media. Nonetheless, some features of these 
membranes including high costs, complex production technology, generation of toxic fluorine 
radicals and reduced performance above 80oC still limit their use on a larger scale1,2.  In face of 
these disadvantages many researches have proposed the synthesis of new PEMs, using, for example, 
different components in order to match all the required properties for application in fuel cells3. 
Herein is described the evaluation of novel multicomponent PEMs based on non-fluorinated
hydrocarbon monomers. For that, a new membrane class was synthesized by radical 
copolymerization in aqueous media, using monomers with proton conductive groups such as 2-
acrylamide-2-methyl-1-propanesufonic acid (AMPS), crosslinking sites such as 2-hydroxyethyl 
acrylamide (HEA), and hydrophobic domains – N-isopropylacrylamide (NIPAM). The membranes 
were obtained by crosslinking the copolymers with glutaraldehyde and evaluated for their 
conductivity, oxidative stability, dynamic mechanical properties (DMA) and performance in fuel 
cells. The produced membranes showed conductivity values comparable to those of commercial 
Nafion® membranes. While the presence of sulfonated groups were important to ensure a high
conductivity, the presence of crosslinking sites and hydrophobic moieties were crucial for the 
stability of the membranes in the Fuel Cell environment. Among the tested samples the one with 
that best combined such properties, the membrane MHAN-2/1.6G-60C containing 48.8 % HEA, 5% 
AMPS and 46.2% NIPAM which showed the best performance in the Fuel Cell tests.
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Abstract - Thermal responsive materials can be used in different areas of science, including
biomedicine, sensors, catalysts, and textiles. Copolymer of polysaccharide and poly-
isopropylacrylamide (PNIPAM) has been reported to self- assembling into nanoparticle and show 
pH and thermal responsiveness [1-3]. In this work we used galactomannan (GM) extract from seeds
from Delonix regia and its carboxymethylated derivative (GMCM) to form copolymers with 
PNIPAM. The GM carboxymethylation reaction was carried out with monochloroacetic, acid in 
basic medium, with degree of carboxymethylation of 0.35 (GMCM-1) and 0.60 (GMCM-1).
Copolymers of GM and GMCM were synthesized via radical copolymerization of N-
isopropylacrylamide (NIPAM) monomers (CP-GM; CP-GMCM-1; CP-GMCM-2). The synthesis of 
the copolymers was confirmed by FT-IR and 1H NMR. The % of PNIPAM increases with 
increasing of charge in the galactomannan chain. Copolymers showed critical association 
concentration (CAC) at 25 and 50 °C. The increase of charge in CP-GMCM leads to an increase of 
CAC in comparison with non-charged galactomannan (GM). The increase in charge do not affect 
the transition temperature of the copolymers, where a sharp decrease in particle size is observed at 
35 C for all copolymers. The nanoparticles showed sizes of 219, 341 and 356 nm at 37 °C for CP-
GMCM-1, CP-GMCM-2, and CP-GM, respectively. Thus, CP-GMCM-1 is the most suitable 
material for the incorporation of drugs, as it has a nanoparticle size of less than 300 nm.
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Abstract - Supercritical CO2-assisted impregnation is a process that enables to load molecules into 
a polymer. CO2 is a transfer agent that can solubilize the molecules and carry them in the polymer 
when it is above its critical point (Tc= 31,1 °C; PC= 73,8 bar). After depressurizing the system, 
functional polymers are recovered free of solvent, making this process adequate for developing food 
packages. This process is efficient for impregnating poly(L-lactic acid) (PLLA), which is a 
biodegradable polymer used in the food industry [1]. The objective of this project it to develop a 
film with antioxidant activity that can protect the food from photodegradation [2]. The green 
propolis extract has been selected for its efficient antioxidant actions and its high polyphenolic 
content [3] to increase the food shelf life. In this project, we applied a design of experiment to 
investigate the influence of temperature (35 to 60 °C) and pressure (10 to 30 MPa) on the 
impregnation yield of green propolis in PLLA. The interaction between the extract and PLLA is 
observed by Fourier Transform Infrared spectroscopy. Differential Scanning Calorimetry and 
Scanning Electron Microscopy aims to probe the extract's influence on the PLLA microstructure.
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Abstract 

Enzymes are considered as alternatives to conventional chemical catalysts due to their high 
specificity. However, their free usage is limited by susceptibility to inactivation from various 
factors during application and storage. The immobilization of enzymes on solid supports has 
emerged as a promising strategy to enhance their operational stability. In this context, the utilization 
of recycled Poly(ethyl benzene-1,4-dicarboxylate) - PET fibers as a support for enzyme 
immobilization is of great interest, due to its low degradability, cost competitiveness, ease of 
processing, and favorable mechanical properties. This study focused on the manufacturing of PET 
fibers through the electrospinning process at different concentrations (10%, 20%, and 30% w/w) 
using trifluoroacetic acid (TFA) as a solvent. Moreover, the influence of operational parameters 
such as volumetric flow rate, applied voltage, and distance between the collector and needle was 
analyzed regarding the morphology and diameter of the fibers. The morphology and diameter were 
examined through Scanning Electron Microscopy (SEM), while Fourier Transform Infrared 
Spectroscopy (FTIR) was employed to investigate the chemical properties, and uniaxial tensile tests 
were conducted to evaluate the mechanical properties. The analysis of chemical composition, 
morphology, and diameter distribution of the fibers revealed their potential for applications in 
enzyme immobilization and PET recycling.
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Abstract – Synthetic ropes are used for offshore anchoring, mooring, towing and other marine 
applications. Del Vecchio [1] implemented polyester fibers in a Taut-Leg system to replace steel 
catenaries. Polyester is still the main fiber for offshore mooring systems [2]. As offshore mooring 
ropes are subjected to heavy loads and adverse conditions, it is necessary to study as much as 
possible about the best mechanical performance of ropes/multifilaments. Considering that, this 
abstract addresses the study of the mechanical behavior of a polyester multifilament, as the main 
fiber characterization test, the tensile strength test, for different speeds (extension rate). The 
material is a polyester multifilament, manufactured in Europe, with a linear density of 3300 dtex. 
Breaking tests were carried out based on the standard norm for Yarn Break Load [3], varying for 8 
different speeds: 0.5mm/min; 1mm/min; 10mm/min; 50mm/min; 100mm/min; 150mm/min; 
200mm/min; 250mm/min. For each group, 20 samples were broken, with the useful length of the 
specimen being 500 mm, and a twist of 60 turns/meter is applied. The test was conditioned during 
its performance with temperature and humidity according ISO139 [4]. With the data acquired, it is 
possible to create tables and graphs with the average data that express the values of rupture and 
deformation for each condition, Fig 1. In addition, the behavior of force by deformation for each 
group can be plotted to verify whether the different velocities modify the constitutive behavior of 
the material. The results achieved indicate that there is a velocity range that optimizes the rupture 
force (approximately 50~100mm/min) and that all tested velocities do not significantly modify the 
stress-strain constitutive behavior. As a future study, should be proposed to increase the database 
for other speeds, and complementing it for other fibers.

Figure 1 - Average Load and Strain results.
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Abstract – The development of acrylonitrile copolymers for electrospinning applications requires a 
comprehensive understanding of their mechanical behavior to determine the most suitable 
applications [1]. Acid comonomers have the potential to influence the mechanical properties of 
nanofibrous membranes made from polyacrylonitrile (PAN), making it important to investigate 
their stiffness and fracture profile. This study aims to evaluate the mechanical behavior of 
nanofibrous membranes made from poly(acrylonitrile-co-methacrylic acid) (PANCMAA) with 
different comonomer content. PANCMAA membranes were synthesized using an aqueous 
suspension method [2], with two variations: PANCMAA1, which has a lower acid content, and 
PANCMAA2, which features a higher acid content. The mechanical properties of the PAN and 
PANCMAA membranes were evaluated through stress-strain analysis, while the fracture profile 
was examined using scanning electron microscopy (SEM) at a magnification of 1000x in fractured 
membranes after stress-strain. Tensile tests revealed that the Young's modulus of the membranes 
demonstrated a specific threshold of acid comonomer content. Beyond this threshold, the stiffness 
of the membranes increased, thereby enhancing their mechanical resistance. Moreover, the addition 
of acid comonomer led to a decrease in the elongation at breaking stress. SEM micrographs 
depicted aligned fibers in the axial direction across all samples, with no discernible differences 
among the various membranes. 
 
Keywords: Copolymers, mechanical properties, stiffness, methacrylic acid, acrylonitrile 
 
References 
1. Bigogno RG, Dias ML, Manhães MBN, Sanchez Rodriguez RJ (2022) Integrated Treatment of Mining Dam 
Wastewater with Quaternized Chitosan and PAN/HPMC/AgNo3 Nanostructured Hydrophylic Membranes. J Polym 
Environ 30:1228–1243. https://doi.org/10.1007/s10924-021-02273-5 
2. Bajaj P, Paliwal DK, Gupta AK (1993) Acrylonitrile–acrylic acids copolymers. I. Synthesis and characterization. J 
Appl Polym Sci 49:823–833. https://doi.org/https://doi.org/10.1002/app.1993.070490508 
 
Fundings: Authors acknowledge the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES), 
Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq) (Grant 307364/2018-6), FAPERJ (Grants E-
26/202.538/2019 and SEI-260003/000311/2023) and Project nº 022019 Nanotechnology Research Networks Program 
in the State of Rio de Janeiro (grant E-26/010.000979/2019) for financial support. 

360



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

PHYSICOCHEMICAL PROPERTIES OF CHITOSAN-BASED FILMS 
INCORPORATED WITH INVERTASE ENZYME

Joyce F. G. Motta1*, Alex F. Almeida2, Glêndara A. S. Martins2 and Soraia V. Borges1

1 – Department of Food Science, Universidade Federal de Lavras – UFLA, Lavras, MG, Brasil
joycefgmotta@hotmail.com

2 – Laboratory of Kinetics and Process Modeling, Universidade Federal do Tocantins – UFT, Palmas, TO, Brasil

Abstract – Invertase has been used in bulk candy to prevent crystallization during storage. Due to 
possible reactions with the ingredients and minimization of the enzymatic effect, it is interesting to 
develop active packages containing this enzyme. Research on the use of biopolymers for the 
production of active packaging has increased considerably due to the lower negative impact that these 
materials cause on the environment, such as chitosan (Negm et al., 2020; Aranaz et al., 2021).  Thus, 
this study aimed to produce films based on chitosan incorporated with the invertase enzyme (0, 1 e 
10%) and characterize them in terms of thickness using a micrometer, opacity in a spectrophotometer 
and solubility using a gravimetric method. Part of the chitosan polymeric solution had its pH adjusted 
to 5 with 10 M NaOH (optimum pH for invertase enzymatic activity), the other part did not, and the 
films were produced by the casting method (Santos et al., 2021). The films that presented greater 
thickness (p<0.05) were those that had pH adjustment in their composition, possibly due to the 10 M 
NaOH having hindered the evaporation of the solvent. Among the films with pH adjustment, the 
incorporation of invertase was not enough to interfere with its thickness. As for opacity, the films, in 
general, were not very opaque and both the pH adjustment and the insertion of the invertase enzyme 
were not enough to interfere with this property. Regarding the solubility test, the films that did not 
have pH adjustment were less soluble than those that had adjustment, due to the fact that NaOH is a 
very soluble base. Regarding the different concentrations of the invertase enzyme, there was no 
significant difference in solubility. In conclusion, only the pH adjustment was able to influence these 
characteristics analyzed in this package.
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With technological advances focused on sustainability, the use of biodegradable polymers has been 
valid to reduce the environmental impact caused by plastics derived from petroleum, a fossil and 
non-renewable source. Another attractive factor to the environmental theme is the use of waste such 
as chicken eggshell as filler in biodegradable polymers, which are still expensive. Parameters 
involving the processing of polymers are factors that influence the characteristics of the final 
product and the manufacturing industry is always looking for better properties. The objective of this 
work was to evaluate the rheological characteristics of the composite poly(lactic acid) (PLA) and 
chicken eggshell in different contents by torque rheometry. The composites were processed in an 
internal mixer under different temperatures and rotation speeds and later characterized by torque 
rheometry to obtain the rheological parameters. The index of dependence of temperature with 
viscosity for PLA and the index of pseudoplasticity was verified for all studied systems. The results 
indicated that pure PLA has a lower pseudoplasticity index than the other compositions. It was 
observed that the higher the rotor speed, the higher the final processing temperature. Among the 
compositions studied, the composite with 5% eggshell stood out due to the rapid stabilization of 
torque and temperature during processing. The incorporation of eggshell powder increased the 
viscosity of the PLA matrix.
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Abstract - A rheo-optical detector system was used to evaluate the shear-induced non-isothermal 
crystallization of PA6 diluted in a polypropylene (PP) matrix. A Cambridge Shearing System 
CSS450 from Linkam Scientific Instruments was fitted to a polarized light optical microscope from 
Leica, model DMRXP, to impart controlled shear and varying temperature to the samples. Photos of 
the optical morphology and interference colors were obtained with an AxioVision system accoupled 
to the system. The thermal transformations during non-isothermal analysis were measured with a 
specially built quantitative optical plate, set in the analyzer slot of the microscope. The experiments 
consisted of shearing the polymer system while collecting the cross-polarized transmitted light 
intensity response by a LabVIEW software. Shear rates up to 180 s-1 were applied to all samples. 
Data above 100 s-1 are difficult to get because the polymer melt tends to come out of the shearing 
glass plates. Quiescent crystallization was obtained with a DSC, used as reference technique and 
with the rheo-optical system. Next the dynamic crystallization of PA6 during shear flow was 
studied. Under shear-induced non-isothermal condition the crystallization degree of dispersed PA6 
phase in a PP molten matrix is affected increasing with the increase of the shear rate. Even 
moderate shear rates are capable to affect the morphology of the crystallized PA6 dispersed phase. 
These results suggest that the moving molten polymer matrix can transfer the stress to the dispersed 
phase, deforming them and consequently partially orienting the PA6 chains, leading to a 
crystallization morphology which is spherulitic when no external shear is present, and as shear 
increases another population of PA6 crystals of a fibrillar type is formed. Their preferential 
orientation along the flow direction increases the birefringence, measured as cross-polarized 
transmitted light intensity. 
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Abstract - The current production of wood panels depends mainly on formaldehyde-based 
adhesives or have formaldehyde and other volatile components in their formulation. These resins 
are produced from non-renewable resources, and there are some ongoing environmental issues with
possible risks to human health due to the emission of organic solvents. The objective of this
research was to produce an adhesive, extracted in an acidic medium, from the swim bladder of gó 
hake (Macrodon ancylodon), for use in wood substrate, for non-structural use and internal use in 
building works and the furniture industry. The bladders were solubilized in an acidic medium to 
produce the natural adhesive and later applied to glue plywood samples. Shear strength tests were 
carried out in the glue line, according to ASTM D2339, NBR ISO 12466- 1:2012 and EN 314-1: 
1993 standards. The two ways of extracting the natural adhesive reached an average shear strength 
of 1, 10 and 1,11 MPa higher than the reference adhesive, traditional Cascola contact adhesive, and 
equal stress values in relation to joints bonded with polyvinyl acetate (PVA) adhesive.
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This work shows the development of starch/chitosan biofilms (SCB) using 4-hydroxychalcone 

(4-OH-Chal) for the treatment of skin diseases caused by fungi and/or bacteria. This chalcone is 

reported in the literature as good antifungal, antimicrobial, antiviral and antiproliferative agent.1

Polysaccharides have consolidated antifungal and antiviral activities.2 Biofilms were developed with 

80% polysaccharides (72.5% starch and 7.5% chitosan) and 20% glycerol (w/w). 3,4 The methodology 

used in the development of biofilms was adapted from the work of Shi et al. (2013), starch films were 

prepared in the proportion of 5% solid concentration (w/V).5 Starch was gelatinized in distilled water 

for a temperature of 100°C, adding an anhydrous alcoholic solution of 4-OH-Chal, to achieve good 

dispersion of the active principle. The characterization of the biofilms was carried out by means of 

an infrared spectroscopic analysis, where it is evident that the 4-OH-Chal were added to the film, due 

to the broadening of bands in the spectrum region between 1651 and 1467 cm-1. The 4-OH-Chal was 

submitted to thermal analysis up to 100°C for 30 minutes, and later characterized by Nuclear 

Magnetic Resonance (1H NMR and 13C NMR). In the spectra, we can identify important signals, such 

as the unsaturation doublets between the α and β carbons in 1H NMR and the carbonyl signal at 190 

ppm in 13C NMR. Furthermore, the melting point was determined and is in agreement with the 

literature (186 -188°C). These spectroscopic and physical data indicate that 4-OH-Chal was not 

degraded due to the high temperature of biofilm synthesis.
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The latest technologies require materials with more robust and diversified properties, which are 
usually not found in conventional materials, so hybrid structures formed by the dispersion of 
inorganic fillers in polymeric matrices may be an alternative. Poly(ethylene vinyl acetate) (EVA), can 
also be used as a building block for polymeric hybrid composites. In this sense, the objective of this 
work was to study hybrid EVA/clay systems modified with niobium pentoxide (Nb2O5), using the 
low-field nuclear magnetic resonance (TD-NMR) and X-ray diffraction (XRD) technique. The 
bentonite clay was modified with niobium pentoxide (Nb2O5) as described by E. Lacerda et al 2020[1], 
then the compositions were prepared using an intensive homogenizer, at EVA/clay-Nb2O5 in the 
proportions of 3, 5 and 7 % (m/m), at 3600 rpm for 15s, followed by injection molding, using the 
following parameters: temperatures between 160 and 180°C and pressure of 300 bar. During injection 
processing, it was possible to observe that the addition of the inorganic fillers made the material more 
viscous, making it necessary to change the injection pressure to 250 bar and the temperatures between 
188 and 227°C. The compositions were analyzed by X-ray diffraction and low-field nuclear magnetic 
resonance. The XRD results for the compositions showed peaks for EVA (21.1° and 23.3°), bentonite 
clay (7°) and Nb2O5 (23° and 29°). The degree of crystallinity calculated for the compositions 
showed changes, being proportional to the increase in the fraction of inorganic filler added. Through 
the analysis of the longitudinal relaxation curves, obtained by TD-NMR, it was possible to investigate 
the importance and the effect of the addition of the modified clay in the polymeric matrix, and this 
study of hybrid systems is promising for future applications in the treatment of contaminants in water 
bodies.

a) b) c)

Figure 1 - a) EVA/Nb2O5-modified clay compositions, b) TD-NMR and c) XRD of the EVA/Nb2O5-modified clay.
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Bacterial cellulose (BC) is a polymer that has a three-dimensional structure formed by pure 
cellulose nanofibers, synthesized by some bacteria and organized as a coherent network. Its 
biodegradability, biocompatibility and mechanical properties have aroused interest for use in 
various applications, such as food packaging, regenerative system, sensor base, cosmetics, filter 
media, fabric and leather substitute. However, BC presents challenges to be overcome, with the 
hydrophilicity and porosity of BC being some of the most relevant, as they hinder the application in 
several segments. Thus, the objective of the study is to evaluate the effect of treatment with 
atmospheric air plasma jet on the wettability of BC. The CB used was provided by the startup 
DuMeio – Inovação Sustentável, being used dry. The plasma jet was generated from a dielectric 
barrier discharge in atmospheric air with laminar flow rate of 2.0 NL/min, voltage frequency of 8.0 
kHz, providing a voltage pulse with a width of 100 s, interspersed by zero voltage intervals and 
voltage amplitude around 15 kV. The distance between the reactor outlet and the sample was 4 mm, 
varying the time of exposure of the sample to the plasma jet in 0, 10, 20, 30, 40, 50, 60 and 70 
seconds. The results were promising to improve the hydrophobicity of the material, with 70 seconds 
of treatment the contact angle increased from 58.0 ± 0.4 and 43.5 ± 0.3 in the untreated sample to 
93.1 ± 0.7 and 68.9 ± 0.5 after 0 and 15 seconds of surface contact with the water drop, 
respectively. This change suggests that the treatment may have acted on the OH groups of BC, 
modifying the affinity with water on the surface of the samples without changing the appearance 
characteristics.
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Abstract – The PMMA is a polymer of the methacrylate class that presents greater possibilities for 
technological applications. Some of the most important characteristics of PMMA are transparency 
and ability to reflect light, being widely used in panels, signs and automotive applications. In this 
work we investigated the effects of the degradation caused by exposure of PMMA to a solvent
(brake fluid) and increasing of temperature. Samples were exposed to fluid contamination and 
subjected to heating in a circulating air oven at 50°C for 1 hour. Fractography analysis of the 
samples were performed by optical and scanning electron microscopy (SEM). We observed that the
increase in temperature intensified the signs of Environmental Stress Cracking (ESC), promoting
nucleation of cracks (crazing), in addition to degradation (opacity) of the surface exposed to the 
solvent and temperature at 50°C for 1 hour, demonstrating the fragility and susceptibility to 
degradation of PMMA in contact with brake fluid and temperature variation.

Fig 1 – Fractography analyzed samples. Cracks detected on the surface of samples after test (a). Macro 
aspect of fracture surface (b) and fractography analyzed by SEM (c).
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Abstract - Poly N-vinylcaprolactam (PNVCL) is a thermoresponsive material of great interest in 
medical applications due to its biocompatibility. This work presents a study of methodologies for the 
synthesis of Poly N-vinylcaprolactam (PNVCL), with and without a chain transfer agent (CTA), as 
well as the evaluation of the thermoresponsive behavior of the polymer through different techniques: 
cloud point, relaxometry and differential scanning calorimetry. Infrared spectroscopy (FTIR) and 
nuclear magnetic resonance (NMR) analyses confirmed the polymerizations. Molecular masses 
determined by viscometry were 170,000 g·mol-1 for PNVCL and 73,000 g·mol-1 for the PNVCL 
synthetized with CTA (PNVCL-COOH). The phase transition temperatures found by DSC were 24 
and 30.5 ºC, for PNVCL-COOH and PNVCL, respectively. The cloud point of solutions occurred 
between 32 and 33 ºC for both polymers. In the relaxometry analysis, the hydrophilic/hydrophobic 
phase transition of polymers was indicated between 31 and 33 °C, related to the change in the mobility 
of water molecules in the system. Relaxometry is a non-destructive technique that represents an 
important alternative tool for evaluating the behavior of smart polymers.
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Abstract - The pollution caused by plastics has been increasing every day, especially in marine 
environments. Once discarded in the environment and exposed to natural processes such as UV 
radiation degradation and physical fragmentation, plastic can break down into smaller particles 
(<5mm), defined as microplastics (MPs). Based on the above, studies investigating the effect of MP 
photodegradation using accelerated artificial aging and its effects on morphological and 
physicochemical properties are essential for a better understanding of the dynamics of these 
pollutants in the environment. Polyethylene terephthalate (PET) microplastics were irradiated in a 
UV-B accelerated aging chamber, where 10g of MPs were placed on 4 petri dishes 30 cm distance
from the lamps during 1h, 4h, 6h, and 8h exposure times. Scanning electron microscopy (SEM) was 
used to obtain photomicrographs of the surface physical structure of the PETs before and after 
aging, at various magnifications. In addition, Energy-Dispersive X-ray Spectroscopy (EDS) 
analysis allowed a qualitative estimation of the MPs chemical composition. X-ray diffraction 
(XRD) analysis was performed to determine the degree of crystallinity in the adsorbent materials. 
The results of the SEM and EDS characterization revealed few morphological alterations on the 
material's surface, with the appearance of small pores only in the MPs exposed to longer irradiation 
times. Through the XRD technique, a reduction in the degree of crystallinity (%): PET in natura
(28.97), PET-1h (18.32), PET-4h (17.37), PET-6h (20.34) and PET-8h (16.86) was observed, likely
due to the alteration in the chemical structure of the photodegraded MPs. It can be concluded that 
PET MPs, when subjected to photodegradation processes, change their chemical structure, which 
can impact the dynamics of this plastic in the aquatic environment.
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Abstract – Responsive polymers are a category of intelligent materials that exhibit the ability to 
react to external stimuli, such as changes in pH and temperature [1]. Among these, poly(N-
isopropylacrylamide) (PNIPAm) stands out as one of the extensively studied temperature-
responsive polymers. Specifically, thermoresponsive polymers undergo conformational changes at a 
specific temperature. In the case of PNIPAm, the polymeric chains change from extended to 
collapsed conformation ( coil-to-globule transition) around 32 °C [2], being a viable option for 
different applications. Our study focuses on the synthesis and characterization of PNIPAm. Free-
radical polymerization was employed as the method for polymer formation, in which synthesis 
parameters, such as temperature, reaction time, presence of accelerator, and solvent quantity, were 
varied to produce two distinct polymers with unique characteristics. The confirmation of polymer 
formation was carried out through Nuclear Magnetic Resonance (NMR) and Fourier-transform 
infrared spectroscopy (FTIR). In both cases, the products were obtained with good yields 
(exceeding 75%). Size-exclusion chromatography (SEC) was used to determine the molecular 
weight and polydispersity, revealing that one of the synthesis methods yielded a more polydisperse 
polymer. To investigate the thermoresponsive behavior, the polymers were subjected to a heating-
cooling cycle and studied through dynamic light scattering (DLS) and turbidimetric measurements. 
Notably, temperature values of 31.5 °C and 33.5 °C were identified during turbidimetry. In 
summary, in this study, the PNIPAm was successfully synthesized, characterized and is suitable for 
applications that depend on polymer transition.
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Peripheral nerve injuries affect the quality of life of people worldwide and despite advances in 
materials development in this area, nerve repair remains a challenge. Nowadays some nerve 
conduits are available for clinical use and appear as an alternative to the autograft. Nevertheless, 
they still need to be optimized concerning the degradation time and microstructure, for better 
functional nerve response. In order to overcome these challenges, conductive conduits made from 
electrospun nanofibers are an interesting alternative. The electrospun nanofibers displays several 
important properties in this application, such as high surface area, porosity, and structural 
flexibility. Furthermore, they may have some similarity to the hierarchical structures of natural 
biological tissues, because they can be manufactured with different geometries. The use of different 
biodegradable polymers associated with conductive nanofillers makes it possible to obtain conduits 
with an adequate degradation profile and electrical conductivity, in order to enhance nerve 
regeneration.  Moreover, aligned fibers can guide physical cell growth and can promote superior 
cell maturation compared to randomly distributed fibers. In this context, this work proposes to 
analyze the development of aligned electrospun nerve conduits with electrical activity, in order to 
provide electrical stimulation and guide axon growth, facilitating nerve regeneration and functional 
recovery. In this context, the development of electrospun mats with aligned nanofibers based on 
biodegradable and bioabsorbable polymers containing conductive nanofillers such as carbon 
nanotubes (NTC) and intrinsically conductive polymers (PICs) will be discussed. Thus, morphology 
and mechanical performances, hydrolytic degradation, and cytotoxicity will be outlined in order to 
develop nerve conduits.
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Abstract – The development of biomaterials of polymers derived from macrolactones has gained 
attention due to their suitable and tunable properties, such as biocompatibility and biodegradability1-

3. Besides, green synthesis approaches, such as enzymatic catalysis, enable to obtain polyesters with 
high molecular weight via ring-opening polymerization. However, the application of these polymers 
to design biomedical devices still faces drawbacks, such as poor bioresorbability and high 
hydrophobicity. In this sense, the copolymerization and further functionalization of macrolactones 
via click chemistry allow designing functional biomaterials with improved properties favoring 
specific interactions with biological systems. Thus, this work involves the synthesis and 
functionalization of the copolymer poly(globalide-co-ω-pentadecalactone) via enzymatic ring-
opening polymerization (e-ROP), aiming to design biomaterials suitable for applications in tissue 
engineering for bone regeneration. Results evidence that it is possible to tune the copolymer 
properties by varying the monomer ratios and that the increase of the PDL content led to an increase 
in molecular weight, dispersity, melting temperature, and crystallinity. In sequence, the 
conformation of the copolymers via electrospinning resulted in homogeneous fibers and the formed 
scaffolds proved to be non-toxic and improved cell growth of osteoblasts and mineralization. 
Finally, the functionalization with cysteine via a thiol-ene click reaction and the conjugation with 
collagen via EDC/NHS chemistry hugely reduced polymer crystallinity and turned the surfaces of 
the designed scaffolds hydrophilic. Tests with pre-osteoblast cells revealed an increase of up to 85% 
in cell viability for the PGlPDL-collagen scaffolds and also increased in 75% the mineralization 
compared to the raw fibers.   

References
1. C. L. Savin; C. Peptu; M. Popa.; J. Mosnáček,. Biomacromolecules 2018, 19, 3331–3342. 

https://doi.org/10.1021/acs.biomac.8b00634. 
2. J. Zhang; H. Shi; D. Wu; Z. Xing; A. Zhang; Y. Yang; Q. Li. Process Biochem. 2014, 49, 797–806. 

https://doi.org/10.1016/j.procbio.2014.02.006. 
3. Z. Jiang; H. Azim; R. A. Gross; M. L. Focarete; M. Scandola. Biomacromolecules 2007, 8, 2262–2269. 

https://doi.org/10.1021/bm070138a. 

Fundings: The authors would like to thank the financial support provided by Coordenação de Aperfeiçoamento de 
Pessoal de Nível Superior (CAPES), Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq) and 
FAPERJ (Fundação Carlos Chagas Filho de Amparo à Pesquisa do Estado do Rio de Janeiro). 

Keywords: E-ROP, Polyester, Scaffolds, Bioconjugation  

373



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil
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Abstract - Biodegradable polymers extracted from natural sources such as hemicellulose have been extensively sought 
to replace synthetic plastics. The polymeric films of hemicellulose had low mechanical properties, limiting their
applications as materials. However, some strategies can be used to improve the mechanical properties, for example, 
blending with other biodegradable polymers. Therefore, this study developed polymer blends of polylactic acid (PLA)
and hemicellulose extracted from jute fiber. To prepare the blends, the hemicellulose was solubilized at 5, 15, and 
25% (w/w), concerning PLA weight, in distilled water, and 10% (w/w) of citric acid was added. Then, the PLA was 
solubilized in chloroform, blended with hemicellulose solutions, and molded into films using solvent casting. The blends' 
mechanical performance was studied using tensile tests and dynamic mechanical analysis (DMA). Tensile properties
show the blends are improved tensile strength compared to the pure PLA and hemicellulose film. However, the elongation 
at the break of the blends was substantially smaller than pure PLA. The hemicellulose content decreased the elastic and 
storage modulus of the films. From these results, it can be concluded that the PLA blending improved the mechanical 
properties of hemicellulose film.

Keywords: polymer blends, dynamical and mechanical properties, hemicellulose, polylactic acid.

Introduction 
Studies of biomass polymers gained interest in development-friendly plastics in the last few 

years. The packaging industry has developed new materials from renewable sources with a short 
degradation period, such as hemicellulose. Hemicellulose is a polysaccharide found in plant cell walls 
that can be extracted using light alkaline treatments [1].  One of the main advantages of hemicellulose 
processing is its ability to form flexible films, making it attractive as an ecologically correct material 
in several applications [2]. However, some characteristics, such as low mechanical properties and 
sensitivity to humidity, can limit its broad applicability in the industry [2]. 

PLA is currently one of the most widely studied sustainable polymers that exhibit
biodegradability and good thermal and mechanical properties. Glass transition temperatures between 
~60 °C, tensile strength ranging from 15~150 MPa, and an elastic modulus 2.7 GPa are strongly 
affected by molecular weight (Mw) [3]. Therefore, due to these characteristics, blending
hemicellulose into a semicrystalline and thermoplastic polymer, such as PLA, can be an option to 
improve its properties.

Although, due to the hydrophilic character of hemicellulose and the hydrophobic portion of 
PLA, an incompatibility between the polymers is expected. Thus, it becomes necessary to incorporate 
plasticizers and/or compatibilizers to facilitate the interaction between the polymers. For example, 
citric acid has been used as a compatibilizer for polysaccharides, as the carboxyl groups of its 
structure interact with the hydroxyl groups of hemicellulose, resulting in an esterification reaction 
that can improve compatibility with other polymers [4]. In this study, the solvent casting technique 
prepared PLA/hemicellulose polymeric films using citric acid as a compatibilizer. And then, the 
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influence of hemicellulose content at 5, 15, and 25% (w/w) blended with PLA on mechanical 
properties using tensile and dynamic mechanical tests were studied. 

 
Experimental  
Materials 

The jute fibers (Corchorus capsularis) were provided by Sisalsul Industry and Commerce 
LTDA for hemicellulose extraction. The polylactic acid pellets provided by NatureWorks are semi-
crystalline, with a melting temperature of 145 °C and a glass transition temperature of 55 °C.  

 
Obtaining the hemicellulose 

The hemicellulose extraction methodology was adapted from [1]. About 10 g of raw jute 
fibers were soaked in 200 mL of distilled water at 25 oC for 1 h to remove impurities from the fibers 
and facilitate hemicellulose extraction. Then, the fibers were added to 200 mL KOH 10% (w/v) 
solution under mechanical stirring at a constant 50 rpm and orbital shaking 250 rpm for 3 h at 25 oC. 
The liquor was filtrated, and the pH was adjusted to 4.8 using acetic acid. After 24 h, the solution 
was centrifuged at 4000 rpm for 5 min. A 250 mL glacial acetic acid and ethanol 1:10 (v/v) were 
added to the liquor to precipitate the hemicellulose. Subsequently, the resulting solution was 
filtered, and the hemicellulose portion was washed with distilled water (200 mL) three times and 
dried at room temperature for 24 h. 

 
Obtaining the blends of films  

The films were obtained by solvent casting technique [5]. First, PLA was solubilized at a 
concentration of 10% (m/v) with chloroform and hemicellulose in distilled water at a proportion of 
33% (m/v) under constant magnetic stirring for approximately 2 h, and molded into a glass plate 
of 15 x 15 cm. To prepare the blends films, the hemicellulose (5, 15, and 25% w/w) was first 
solubilized in distilled water at a concentration of 33% (w/v) with magnetic stirring at 35 °C and 
incorporated citric acid (CA) (10% w/w) to the solution for 1 h at 85 °C. Then, PLA pellets (90, 
88, and 70% w/w) were dissolved to 10% (w/v) of chloroform with magnetic stirring for 2 h. After 
completely dissolved polymers, the solutions were mixed with 5% (w/w) of glycerol under constant 
magnetic stirring for 2 h. Finally, the solution was casting a glass plate and dried at room 
temperature until the complete evaporation of the solvent for 24 h to remove the film from the glass 
plate. The sample codes were identified as 5HEMI/90PLA, 15HEMI/80PLA, and 25HEMI/70PLA, 
where the first number refers to the proportion of hemicellulose (abbreviation: HEMI), and the 
following number to the percentage of PLA. 

 
Blends characterization  

Uniaxial tensile test followed the ASTM D882-91 standard method for tensile tests on 
polymeric films. The test was performed in MTS 810 Material Test System machine, coupled to a 
2.5 kN load cell and a 5 mm/min speed at room temperature. Three specimens with dimensions 
100 x 15 x 0.30 mm were analyzed for each film composition. Statistical analysis was performed 
using SPSS 20.0 to compare the mechanical test results. Dunnett’s test considered all blends 
compared to the neat hemicellulose film. 

Film samples dimensions of 10 × 5 x 0.30 mm were also evaluated Dynamic Mechanical 
Thermal Analysis by using a NETZSCH DMA model 242 E Artemis equipment, from 20 °C to 
120 °C at a heating rate of 3 °C/min and a frequency of 1 Hz. 

 
Results and Discussion  

Tensile Stress-strain and DMA curves results are shown in Fig. 1. The tensile test provided 
Tensile strength (MPa), elongation (%), and Elastic modulus results; and the dynamic mechanical 
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analysis provided information regarding the storage modulus (E’) and damping (tan δ) for neat PLA, 
neat hemicellulose and blends films, detailed in number in Table 1.

Tensile strength, % elongation at break, and elastic modulus of neat PLA were 13.4 MPa, 
80%, and 1026.0 MPa, respectively, which agrees with the PLA fragility and results of previous 
studies produced by solvent casting technique [6]. A neat film of hemicellulose was essentially brittle,
showing 12.2 MPa, 1.2%, and 13.7 MPa, respectively. The poor mechanical properties of 
hemicellulose films are due to their low molecular weight and low degree of polymerization [7].

Figure 1 – Stress-strain curves of (a) neat hemicellulose, (b) neat PLA (c) blends films; DMA curves for d) 
neat hemicellulose, e) neat PLA, and f) blends films.
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For the blends, the tensile strength of 5HEMI/90PLA and 15HEMI/80PLA has improved by 
approximately 40% compared to the neat PLA and 54% to the neat hemicellulose film (Table 1). This 
behavior can be attributed to the incorporation of citric acid in the blends, which resulted in the 
esterification reaction of the hemicellulose [2], which led to better compatibility between the 
polymers, slightly affecting the tensile strength. However, for the highest amount of hemicellulose 
content, 25% (w/w), the tensile strength decreases by approximately 46% compared to the blends. 
The decrease in tensile properties has also been reported in blends of PLA and other polysaccharides, 
in which higher starch levels resulted in a lower tensile strength [8,9]. A gradual decrease in the % 
elongation and elastic modulus can also be observed as the hemicellulose content increases. For 
example, the % elongation of neat hemicellulose was 99% lower than neat PLA. 

Regarding the hemicellulose content in the blends, the elongation at break was 59.1, 46.8, 
and 20.7% for the films with 5, 15, and 25 wt%, respectively, indicating a flexibility drop in the 
blends. The hemicellulose film is less rigid, with a lower modulus of elasticity of 13.7 MPa. The 
blend 5HEMI/90PLA showed the highest modulus of elasticity of approximately 1032 MPa, while 
neat PLA is 1026 MPa. The blends' elasticity modulus decreases with the hemicellulose and CA 
addition. The CA can increase the flexibility of the PLA chains [8,9]. The statistical evaluation 
(Dunnett’s test) of the mechanical properties showed no significant difference in tensile strength 
between neat hemicellulose and the blends. Besides, the hemicellulose influenced a decrease in % 
elongation and Elastic modulus, demonstrating a substantial difference between the neat 
hemicellulose and the blend films.  

 
Table 1 – Mechanical properties of neat PLA, hemicellulose, and blends. 

Blend films Tensile  
strength  
(MPa) 

%  
Elongation 

Elastic 
modulus 
(MPa) 

E′30°C 
(MPa) 

E′50°C 
(MPa) 

Tan 
δ 

peak 

Tg  
(°C) 

Neat PLA 13.4 ± 3.6 152.6 ± 6.4 1026.0 ± 28.8 2829.7 2180.8 0.20 67.1 

Neat 
hemicellulose 

12.2 ± 1.7 1.2 ± 0.3 13.7 ± 0.7 428.5 412.1 0.18 - 

5HEMI/90PLA 18.9 ± 6.2 59.1 ± 5.9* 1032.0 ± 
104.5* 

1303.4 513.7 0.20 59.8 

15HEMI/80PLA 18.70 ± 
1.2 

46.8 ± 7.4* 880.6 ± 94.7* 1195.0 429.1 0.17 56.4 

25HEMI/70PLA 10.2 ± 
10.2 

20.7 ± 3.31* 615.6 ± 66.5* 1228.3 416.9 0.18 48.10 

*Significant difference between the neat film of hemicellulose and blend films by Dunnett’s test. 
 
Fig 1 is shown the storage modulus (E’) and tan δ of neat PLA, neat hemicellulose, and the 

blends as a function of temperature. Table 1 shows the values referring to the storage module defined 
in the 30-50°C temperature range and the tan δ peaks corresponding to the glass transition 
temperature. Neat hemicellulose showed a low storage modulus at 30 °C of 428.5 MPa, and a rapid 
decrease occurs at ~70 °C. The δ tan peak is related to identifying the Tg of polymers. Observing the 
Tg of hemicellulose is impossible because it occurs between 150~220°C [10]. The neat PLA and the 
blend curves exhibit an amorphous characteristic typical of the drop in storage modulus at the glass 
transition temperature. Three different regions can be observed, the glassy region (~40 °C), the glass 
transition region (between 45 and 80 °C), and the rubbery plateau (~80 °C).  

From the tan δ curves, neat PLA exhibited a glass transition (Tg) at 67.1 °C, and showed a 
high E' at 30 °C of 2829.7 MPa with a sharp drop at 50 °C of 2180.8 MPa. The intensity of the tan δ 
peak can indicate the compatibility of the blend’s polymers. The sample 5HEMI/90PLA did not 
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exhibit peak value variation for tan δ compared to pure PLA. As for the 25HEMI/70PLA, the peak 
value for tan δ decreased by 10%. This result may infer partial compatibility between the polymers 
because Tg decreased to 59.8, 56.4, and 48.10 °C for hemicellulose contents in 5, 15, and 25wt%, 
respectively [11]. 

Adding hemicellulose decreases the storage modulus in the glassy and rubbery regions 
compared to the pure PLA film with increasing temperature. The storage modulus is an indication of 
the elastic response of a material. Therefore, blend films become approximately 57% less rigid at 
30 °C. At 50 °C, the storage modulus for 5HEMI/90PLA increased by approximately 46% compared 
to neat hemicellulose film. For higher hemicellulose content in the blends, there was no significant 
difference in the value of the storage modulus, probably due to the effect of adding citric acid, which 
increased the mobility of the PLA chain resulting in poor interfacial adhesion of hemicellulose to 
PLA. This behavior is also reported in blends of PLA/starch and decreases a Tg [12]. 
 
Conclusions 

This study aimed to investigate the influence of hemicellulose content on the mechanical 
properties of hemicellulose/PLA blends. The tensile strength of blends was higher than the neat PLA 
and hemicellulose, indicating improved mechanical properties. However, the hemicellulose addition 
decreased the % Elongation and the Elastic modulus compared to neat PLA. Also, the blends' storage 
modulus and glass transition temperature decreased with hemicellulose content, increased by the 
flexibility of the PLA chains. These results encourage further investigations into the use of 
hemicellulose in blends. 
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Abstract - The development of sophisticated and high performance wireless devices caused 
enormous electromagnetic (EM) pollution, since the emitted EM wave (EMW) by these 
devices can negatively affect the operation of other sensitive electronic equipments, as well 
as on human health [1]. Therefore, several works have been focused on the development of 
lightweight microwave absorbing (MWA) materials. In this context, polymer composites 
loaded with dielectric (nanocarbon materials, conducting polymers) [2] have been 
extensively studied due to their easy processability, flexibility, cost effective production, 
corrosion resistance and low weight. Another requirement for attaining good MWA 
performance is the use of hollow/porous structure [3-4]. 
Thus, the present work focuses on the evaluation of MWA properties of structures 
constituted by multilayered structures including honeycomb sandwiched by two layers 
constituted by polymeric conducting composite. The honeycomb was built using the 
additive manufacture technology and poly(lactic acid). The MWA properties were evaluated 
in the X- and Ku-band frequency range. The best combination of minimum reflection loss 
and broad frequency bandwidth with EM attenuation higher than 90% was achieved by 
using multi-layered structure with the less conductive layer at the top of the stacked 
structure and the higher conducting layer at the bottom. 
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Abstract – Polyurethanes (PU) stand as some of the most versatile polymers available, thanks to 
their highly adaptable structure that depends on the composition of their monomers. The synthesis 
of polyurethanes typically involves step reactions between alcohols (-OH) and isocyanates (-NCO) 
groups. Achieving specific physical-mechanical properties often necessitates using chain extenders 
(CEs), which are low molecular weight diols or diamides. CEs play a crucial role in influencing 
phase separation and the formation of segmented phases while also reducing solubility between 
flexible phases formed by high molar mass diols and rigid phases formed by isocyanates. This 
research sheds light on various aspects of phase separation effects and the physical-mechanical 
properties of polyurethanes synthesized through different methods, including reactive extrusion, 
casting, and solution processes. We will showcase practical examples of how CEs can be 
strategically employed to engineer polyurethane materials with customizable properties for various
applications, including transparent materials, waterborne polyurethanes, and more [1-6].
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Abstract – Waste dumped by industries is rich in heavy metals that have properties highly harmful to living beings.
Carbon quantum dots (QDs) appear as a good proposal as detection materials and can be immobilized on hosts like β-
cyclodextrins, which provide stability, support, and maintain their luminescent properties. In this communication, we
describe the manufacture of an adsorbent composed of β-cyclodextrins functionalized with carbon quantum dots applied
in the adsorption and immediate detection via fluorescence of Cd, Cu, Ni, and Pb species. The experimental design was
constructed to achieve the best adsorption conditions, this results the best system to observe changes in the fluorescence
of the material after interaction with the metal species. It was possible to perceive the greater adsorption capacity of the
materials containing QDs, which was favorable to the detection process. The material detected and adsorbed 96% of Ni,
95% of Cu, 86% of Cd, and 87% of Pb.
Keywords: Supramacromolecules, quantum dots, bifunctional compounds, detection, adsorption, metals
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Introduction
The waste dumped by industries is rich in organic and inorganic pollutants [1], among which, it is
possible to mention heavy metals that have toxic properties and are highly harmful to living beings.
Species of most concern include Arsenic (As), Lead (Pb), Copper (Cu), Cadmium (Cd), Chromium
(Cr), Nickel (Ni), and Mercury (Hg). These species come from dyes, fertilizers, pesticides, bleaching 
agents, and some alloys [2]. The adsorption process becomes the most advantageous because it does
not have by-products; the adsorbent material has a high rate of reuse and reapplication; it has 
profitable operating conditions and high efficiency. Adsorption has a notorious space in the literature 
because it offers flexibility in the application system. Besides, many materialsand mediums can be 
tested for different compounds. The detection of potentially toxic metals has great potential for
monitoring the environment and surroundings of industrial facilities, assessingthe influence of these 
contaminations, and quantifying, characterizing, and removing these metals from aquatic 
environments [3]. So, it becomes interesting to develop methods and probes for immediate and real-
time detection of these metals, making it possible to save cost and work. To optimize the adsorption 
capacity, selectivity, and removal of heavy metals from water, several adsorbents are being reported 
in the literature. In this current scenario, more materials need to be proposed for adsorption processes
and simultaneous detection of these species. Carbon quantumdots (QDs) appear as a good proposal
as detection materials, a current generation of carbonaceous
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materials sizing from 0 to 10 nanometers, well-defined structures, and photoluminescent properties. 
The assembly of quantum dots in other materials is explored in the literature mainly in sensing 
applications that require greater stability for these materials. QDs can be immobilized on binders that 
provide stability, support, and maintain their luminescent properties [4]. For this, QDs functionalized 
in β-cyclodextrin can be an attractive material because cyclodextrins are well-known hosts of a range 
of materials in their cavities, it presents adsorbent properties, thus forming a stable and efficient 
composite for adsorption and detection of metallic species. In this research, we describe the 
manufacture of an adsorbent composed of β-cyclodextrins functionalized with carbon quantum dots 
applied in the adsorption and immediate detection via fluorescence of Cd, Cu, Ni, and Pb ions. The 
entire experimental design was constructed to obtain the best study conditions through detailed graphs 
of the response surface, in addition to studies on selectivity and counter-ion effects were evaluated, 
demonstrating a more complete study on the adsorption of heavy metals and the influence that the 
concentration of these metals can affect the fluorescence properties of the detector produced. 

 
Experimental 
Polyethylene glycol (PEG-400) (5 mL) was dissolved in deionized water (45 mL) in a beaker. The 
solution was transferred into a 150 mL Teflon-lined stainless-steel autoclave and heated at 120 ºC for 
24 h and then cooled to room temperature. The obtained solution was subjected to dialysis (24 h, 
changing the deionized water every 4 h). Finally, a yellow aqueous solution containing C-dots was 
obtained and named QDs. Crosslinked β-CD was obtained by reacting Citric Acid (CA) with β-CD 
pure, named β-CD(P) according to the esterification-polycondensation method using KH2PO4 as a 
catalyst. CA (0.5 g), β-CD (1 g), KH2PO4 (0.25 g) and 25 mL of deionized water were mixed in a 
round bottom flask and stirred in a water bath. The mixture was transferred to a Petri dish and 
heated in a drying oven (100 °C) for 4 h. After cooling, the raw product was purified by soaking and 
washing with deionized water several times, then suction filtered and vacuum dried at 50 °C 
overnight, this material was named β-CD(C). For the preparation of the material called β-CD-g- QDs, 
the same process was reproduced by replacing the solvent, deionized water, with the quantum dot 
solution. The synthesis process of both materials was summarized in Fig. 1. 

 

 
Fig. 1. Representative scheme of the preparation of the fluorescent adsorbents. 

 
The effect of some parameters on the adsorption of Cd, Cu, Ni, and Pb on CD/QDs was investigated 
using a central composite design (CCDR), 23 x 2 with 3 central points and 6 axial points, totaling 31 
experiments. Three independent variables were evaluated: contact time between adsorbent and 
adsorbate (1‒24 h), adsorbent dosage (1‒20 mg), and medium pH (2‒5). The variables and levels 
used in the factorial design are presented in Table 1. To determine the maximum and minimum values 
for each variable in the factorial design, the following aspects were taken into consideration: i. 
Adsorption time: The adsorption time was determined based on preliminary kinetic tests; ii. 
Adsorbent dose: The adsorbent dose was determined by considering the maximum value that would 
not have an adverse effect on the adsorption capacity of the material; and ii. pH range: The pH range 
was chosen to be below the precipitation pH of metallic salts used in the research. This decision was 
made to prevent the formation of insoluble precipitates that could interfere with the adsorption 
process. 
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Table 1. Variables and levels in factorial design to evaluate the adsorption of Cd, Cu, Ni, and Pb species on

CD/QDs hydrogels.

-1.68 -1 0 1 1.68
Contact time (h) 2.8 6.7 12.5 18.2 22.2
Adsorbent (mg) 1.5 5 10.0 15.0 18.4

pH 2.3 2.7 3.5 4.3 4.8

Results and Discussion
Here we present an extensive study about a fluorescent adsorbent material. From β-CD produced a
supramolecular adsorbent that, when combined with PEG-400 quantum dots, acquired modulable
fluorescent properties in the presence of different metallic species. This material was tested to adsorb
and detect Cd, Cu, Ni, and Pb species. For this process, the factorial design helped to findthe 
optimal adsorption condition for the material towards all the mentioned species and to evaluate the 
change in fluorescence of the adsorbent in systems containing metals. The quantum dots were
characterized by Transmission Electron Microscopy and Fluorescence Emission techniques, and the
β-CD(P), β-CD(C) materials, and the β-CD-g-QDs adsorbent were largely characterized by
morphological analysis. (SEM), chemical analysis (FTIR, EDS, DLS), thermal analysis (TG), and
spectroscopic analysis (UV-VIS, Fluorescence). In this abstract, we will bring a brief overview of the 
results that were obtained through this research. To understand the chemical composition of the
prepared samples, we performed the FTIR spectra of the formation of quantum dots from PEG-400,
as can be seen in Fig. 2(A) some major changes can be cited as an increase in the intensity of the band 
at 3435 cm-1 which may be related to the increase in O‒H groups, as these tend to reach the surface 
during the passivation of CDs [5]. At 2866 cm-1, the band related to the stretching of the C‒H bond 
showed a reduction in intensity that can be related to a more structured and tensioned chemical bond, 
as reported by Mohamed et al. [6]. This trend is due to the high pressure and temperature synthesis 
process made for the passivation of PEG-400. After obtaining the quantum dots, they were 
incorporated into the β-CD during the crosslinking process, as described in the experimental section. 
The β-CD(C) spectrum in Fig. 2(B) showed the appearance of the band at 1718 cm-1, referring to the 
carbonyl band formed by crosslinking process with CA. The β-CD-g- QDs spectrum, exhibited the
characteristic bands of QDs and β-CD; however, changes were observed in the bands related to 
stretching of O‒H and C‒O bonds. The grafting of the QDs in the β-CD increased the amount of 
oxygen-containing groups, which explain these changes.

Fig. 2. FTIR spectra of (A) QDs formation and (B) β-CD(P), β-CD(C) and (C) β-CD-g-QDs.

Other altered characteristics of the β-CD(C) for the β-CD-g-QDs material were observed such as
increased porosity and morphological alteration where the β-CD-g-QDs material has cavities on its
surface and a non-uniform morphology. In addition, properties such as Zeta potential and swelling
capacity were studied for a better understanding of the adsorptive process. The adsorption tests
followed the factorial design and indicated that the optimum adsorption condition, that is, for all
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metals, were pH 4.3 and contact time of 15.8 h, respectively (see Fig. 3). Experiments evaluating 
solid-liquid ratio and counterion effect were performed separately. To explain some properties of 
compounds the adsorption kinetics processes and isotherms were evaluated and the models that best 
fit the results were the pseudo-second order kinetics and the Langmuir-Freundlich adsorption model 
for the isotherms. Based on these models, a chemisorption relationship between the adsorbent and the 
adsorbate occurred. 

 

Fig. 3. Statistical data obtained for the best overall condition of adsorption of all studied species onto β-CD- 
g-QDs adsorbent (A) Pareto charts of standardized effects, (B) Surfaces responses plots for the effect of 
adsorbent dosage and contact time, (C) pH and contact time and (D) pH and adsorbent dosage. 

 
After obtaining the optimal interaction conditions between the β-CD-g-QDs material and the metallic 
species, detection studies were done. Among the conventionally used basic characterizations, the 
absorption characteristics are analyzed for the identification of electronic transition bands with the 
aid of UV-visible absorbance spectroscopy, emission spectra, and PL excitation, as these are the basic 
parameters necessary for optical detection in carbon-based nanomaterials. The absolute/relative 
quantum yield was measured using an integration sphere/comparing the fluorescence intensity with 
another sample with known quantum yield, for this material the obtained quantum yield was 0.009 
φF. The fluorescence decay of the sample was well fitted with a bi-exponential decay law with 
fluorescence lifetimes of 2 and 6.9 ns. Regarding the detection of species, the material was placed in 
contact with different concentrations of metallic species, as can be seen in Fig. 4. It is possible to 
notice that there is a suppression of the fluorescence of the β-CD-g-QDs adsorbent proportionally to 
the increase in the concentration of metals. Fluorescence quenching is the decrease in the quantum 
yield of fluorescence from a fluorophore, induced by a variety of molecular interactions with 
quencher molecules [5]. There are two types of extinction processes: static extinction and collisional 
extinction. In static quenching, the complex is formed through interactions between fluorescent 
molecules (QDs) and quencher molecules (analytes). Fluorescent molecule (QD) and quencher 
molecule form a complex by strong coupling reaction, where it is possible to notice the suppression 
of the material's fluorescence. 
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Fig. 4: Fluorescence intensity of a solution derived from β-CD-g-QDs materials after contact with different
concentrations of Ni, Cu, Cd, and Pb.

In addition to this expanded abstract of the observed results, it is possible to note, also through Fig.
4 that there is a greater detection capacity, in the form of fluorescence suppression, of some metals to 
the detriment of others. The detection capacity followed the order Ni > Cu > Cd > Pb, which was the 
same observed in the adsorption capacity of the material β-CD-g-QDs. This result indicates that the 
greater the interaction of the species with the adsorbent, the better the detection efficiency. Several 
aspects of the adsorbent/adsorbate interaction were evaluated and explained these results, such as the
ionic radius of metals, species charge, porosity of the material, among others.

Conclusions
Supramacromolecules of β-CD-g-QDs were successfully prepared. The materials demonstrate
distinct morphological, chemical, and optical properties. The β-CD-g-QDs material showed higher
adsorption than the β-CD(C) and both were better suited to the Langmuir-Freundlich isothermal
model. The QDs optimized the adsorption capacity of the polymer and conferred fluorescence
capacity that allowed the detection of different concentrations of the tested metals, where detection
was higher in the following order Ni > Cu > Cd > Pb.
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Abstract - Cellulose nanofibers are promising materials in the development of polymeric foams, because they act as 
heterogeneous nucleation sites for the growth of cells during foaming. In this research, we studied the incorporation of 
cellulose nanoparticles in poly(ethylene-co-vinyl acetate)-EVA foams. The foams were produced with different fiber 
contents. The main results indicate that with the addition of only 1% of cellulose nanofibers, cell density significantly 
reduces when compared with the pure EVA foams. On the other hand, by increasing the cellulose content, the 
agglomeration of nanofibers also increases, which results in heterogeneous cell sizes and bimodal foam formation. 

Keywords: foams, EVA, nucleation, cellulose, bimodal foam

Introduction 
The insertion of fillers in polymeric foams is generally associated with reducing the cost of 

the final artifact, as well as modifying some specific property, such as, for example, increased 
stiffness, increased thermal stability, greater cell nucleation (smaller cells and in greater amount), 
facilitate the opening of pores, act as a flame retardant or change some surface characteristic in the 
polymeric wall, in the contour of the cells [1-2]. Currently, the fillers most used in the formulation 
of polymeric foams consist of inorganic materials, but, recently, the use of organic materials, such 
as vegetable fibers, has aroused interest due to the fact that they are less abrasive and lighter when 
compared to inorganic materials [2].

Cell nucleation is a term for a process that induces the formation of a bubble in the polymer 
matrix. Considering a polymer melt already completely saturated with a blowing agent, with a 
phase change, either by temperature or pressure induction, the system becomes supersaturated. 
Therefore, the gassed polymer solution tends to form small bubbles in order to re-establish a steady 
state of low energy. The theory of classical cell nucleation in polymeric materials classifies cell 
nucleation into two types: homogeneous nucleation and heterogeneous nucleation [3-6].

In homogeneous nucleation, with the phase change, the spontaneous formation of small air 
bubbles occurs randomly within the polymeric matrix, and when a bubble reaches a critical size, the 
other bubbles, of smaller size, tend to migrate to this region, coalescing and propagating the growth 
of this unit. The existence of small voids in the polymeric matrix is also attributed, which favor the 
migration of gas from the expanding agent to this region.

In heterogeneous nucleation, it is suggested that the gas is dispersed in a heterogeneous 
environment, with at least two distinct phases. Among the heterogeneous elements attributed to this 
theory, the use of fillers, different polymer matrices and also crystals (in the case of semi-crystalline 
polymers) stand out. During cell formation, the gas tends to migrate to the region of lower energy. 
In a heterogeneous system with charges, the lowest energy region is preferably found in the charge 
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interface region, that is, in the contact area of the polymer with the charge. The manipulation of this 
interface region, either by content or by the size of the filler, can impact the variation in the cellular 
morphology of the foam in formation [6,7]. 

Changing cell morphology has a great impact on their properties. Cell size and density 
directly influence the physical and mechanical properties of polymeric foams. In general, 
microcellular foams (cell size 1-300 μm) have superior mechanical properties (compression), 
greater rigidity, greater wear resistance and superior thermal and acoustic properties, while 
conventional foams (cell size >300 μm) have greater resilience, physical-mechanical structure with 
greater flexibility and greater capacity for cushioning and absorbing impacts [8]. 

In this way, the manipulation of the shape and size of the cells, in order to combine 
microcellular and conventional cells in a foam, with a bimodal cellular structure, has been a great 
challenge from the technological point of view. According to Qiu et al., (2020) [9] it is more 
difficult to produce and stabilize the morphology of foams with a bimodal cell structure when 
compared to foams with a uniform cell structure. The use of a bimodal structure of cells allows the 
combination of superior mechanical properties, high resistance to abrasion with impact cushioning 
capacity, an ideal condition for use in footwear. 

 
Experimental 
Materials 
The EVA copolymer (trade name EVATENO 3019 PE) was provided by Braskem S.A. It contains 
19% vinyl acetate and a density of 0.940 g/cm3, a MFR (190 °C/2.16 Kg) of 2.5 g/10 min and a 
melting temperature of 86 °C. The chemical blowing agent azodicarbonamide (ACA), activated 
with zinc oxide (ZnO), was supplied by Inbra Industria Química Ltda. Dicumyl peroxide, grade 
DCP 40 SAP, was supplied by Retilox Química Especial Ltda. The vegetal oil-based lubricant 
(trade name OLVEX 51) was supplied by SGS Polímeros. The silicon-based surfactant (trade name 
NIAX L-595) was supplied by Momentive Performance Materials, Inc. The microcrystalline 
cellulose (MC) grade Sigmacell type 20 mm (cod. S3504) was supplied by Sigma Aldrich S.A. 
 
Methods 
Production of Nanocellulose by Mechanical Grinding. Ultrafine grinding of MC was performed 
using a Masscolloider Masuko Sangyo, model MKCA6 – 2J wheel mill. Milling was performed in a 
suspension containing water and 3% MC. The equipment was coupled to a recirculating pump and 
the milling time was 4 h at a speed of 2000 rpm. After grinding, the cellulose suspension was 
centrifuged using a centrifuge Novatecnica, NT820 model, at a speed of 5000 rpm for 30 min. The 
phases were separated and the solid/water relation was measured and stabilized at a solids ratio for 
all samples of approximately 20% cellulose. 
 
Preparation of Foams 
The incorporation of the suspensions 20% of cellulose nanofibers (CN) in the EVA was carried out 
in a mixing chamber (torque rheometer) at a temperature of 120 °C with a rotor speed of 100 rpm 
during 600s. The cellulose was added to the EVA at concentrations of 1%, 2% and 3%. Dispersant 
additives were added to the cellulose suspension with high solids content, 1 g oil (Olvex 51), 1 g of 
n-heptane and 1 g of surfactant (Niax Silicone L-595) to facilitate dispersion during the 
incorporation of nanocellulose. The content of the additives was kept constant regardless of the 
cellulose content added to the polymer and the cellulose suspension was added dropwise during the 
processing period. Thereafter, the material was pressed into a 1 mm plate using a thermal press 
SCHULZ at 120 8C for 2 min. The plates were placed in a thermal oven with vacuum at 60 °C for 
24 h to promote the oil migration to the composite surface. 

Additives to produce the EVA foams were added to the composite in the same torque 
rheometer at 120 °C, with 100 rpm during 250s. The content of the additives was kept constant for 
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all formulations: azodicarbonamide (3 parts hundred resin – phr); dicumyl peroxide (2 phr) and zinc 
oxide (0.5 phr). After the mixing, the material was molded into a preform, by using a heat press at 
120 °C for 2 min. The expansion of EVA foams was carried out in a thermal press at 170 °C at 
constant pressure, by using a method in which the sample is compressed by a period of 10 min with 
7.000 kgf of closing force, and the expansion of the foam occurs when the mold is opened.

Characterizations
Cellulose was evaluated by transmission electron microscopy (TEM) using a Jeol Jem 2010
equipment. Uranyl acetate was used as contrast and the analysis was applied at a voltage of 120 kV.
The morphology of the fractured surface of the foams was evaluated by scanning electron 
microscopy (SEM) using a Tescan Mira3 equipment. All samples were previously coated with Au.
The observation area in all foams was analyzed in cross section (horizontal direction) of the 
expanded sample. The software used to measure the cell size was ImageJ. The cell population
density per unit volume of the foamed composites (Nf) was determined from the SEM micrographs 
using eqs. (1) and (2).

                                                       (1)

                                                (2)

Where Vf is the void fraction (%), qf is the density of the foam (g cm-3), qp is the unfoamed polymer density 
(g cm-3), Nf is the cell density (cell cm-3), A is the area of the micrograph (cm2), M is the magnification 
factor for micrograph, n is the number of bubbles in the SEM micrograph (cells). The cell size was measured 
by the Ferret diameter

Results and Discussion
Figure 1 shows the TEM micrographs after the mechanical defibrillation of nanocellulose. NC
presented dimensions of approximately 50 nm referring to the nanoscale thickness after the 
mechanical defibrillation.

Figure 1. TEM micrograph of CN.

Figure 2 show the SEM images of the cross-sections and the cells size distribution graphs of 
the EVA foams and reinforced EVA foams with different contents of NC. All foams exhibited 
predominantly closed-cell morphologies. With the insertion of nanocellulose, all samples decreased 
in cell size and increased in cell density when compared with non-reinforced EVA foams, mostly
because nanocellulose acts as a nucleating agent.

Doroudiani and Kortschot [10] and Lee et al.[11] relate that different cell morphologies can 
be obtained depending on the type, size, shape, distribution and concentration of the nucleating 
agent used in the composition of polymeric foams. In addition, depending on the obtained 
morphology, different properties can be attributed to the foams. The cell density (number of cells 
per unit area) is affected by the content and by the size/diameter of the filler. In general, fillers act 
as nucleation sites for the formation of cells. However, the existence of micropores or voids in the 
polymer-filler interface cause the migration of gas generated from the blowing agent to these 
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regions, and consequently cells spread and grow. With the reduction in fiber size, there is an 
increase in the contact area of fibers with the polymeric matrix, which can lead to the formation of a 
larger amount of nucleation sites for the formation of cells, considering an equal filler content. 
According to Chen et al.,[12] larger particles contain more trapped air (greater contact area 
considering a single fiber) and promote the formation of larger cells. By decreasing the particle size 
and keeping the content constant, there is a greater concentration of smaller fibers, resulting in the 
formation of a larger number of cells, and thus an increase in cell density.  

However, considering the data shown in Figure 2, by increasing the CN content, the 
presence of large cells increases, and on the contour of these large cells the presence of a large 
amount of small cells is observed. Foams with the presence of two different groups of cells, that is, 
of two sizes, is discussed by Duan et al.[12] and are defined as bimodal foams. 

As previously discussed, cellulose nanofibers act as nucleating agents for the formation of 
cells. However, during the incorporation of the fibers into the polymeric matrix, the agglomeration 
and aggregation of these cellulose fibers can occur, and this phenomenon can promote the 
formation of larger cells. A larger interface (contact area between the fiber and polymeric matrix) 
favors the formation of large cells, since the gas from the blowing agent tends to migrate to the least 
resistant region and propagate their growth from this point. Thus, with the dimorphism on the size 
between nanometric and micrometric agglomerated particles, the formation of a bimodal foam is 
favored. By increasing the cellulose fiber content, the probability of obtaining agglomerated 
particles is higher, as well as the probability of obtaining a bimodal foam.  
 

 
Figure 2: SEM micrographs of EVA foams and EVA foam reinforced with NC. 

 
Figure 3 shows the variation of the arrangement of the CN in the EVA foams. An 

individualized nanofiber is observed in Figure 3(a), and agglomerated fibers are shown in Figure 
3(b). 

 
Figure 3: SEM micrograph of an EVA reinforced foam, with (a) an individualized fiber and (b) an 

agglomerated fiber. 
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Conclusions 
The incorporation of cellulose nanofibers in EVA foams modifies the morphology of cells during 
the foam expansion process, because the fillers act as nucleating agents. The gas from the blowing 
agent, during the decomposition, tends to migrate to the lowest possible energy region located at the 
fiber polymer interface. The most efficient nucleation, observed by the cell size uniformity, was 
observed with 1% of NC. By increasing the content of NC, nanofibers agglomerate, affecting in the 
formation of heterogeneous cell sizes, with the presence of bimodal cell foams. Morphologically, 
compared with the EVA foams without NC, all reinforced foams showed a lower cell size and a 
higher cell density, that is, the number of cells per unit area.  
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Abstract - The active starch biofilms reinforced with nanosilica (S/SiO2) were prepared in four samples of different
concentrations (0, 2, 4 and 6 wt% of nano-SiO2/starch) through the casting method. The thickness increased from 20%
to 50% in the biofilms, as the reinforcement was added. The tensile strength was elevated up to 54%. Towards the
modulus of elasticity, higher results were observed in the reinforced samples with concentrations of 2% and 6% of
nanosilica in comparison to the control films. The reinforced biofilms showed poorer plasticizing properties, as the ones
with 2% and 4% of nano-SiO2 did not differentiate statistically from the control and as the sample with 6% presented
lower results. The water vapor permeability indicated that the biofilms with 2% and 4% of reinforcement became more
permeable, as their average permeability rose expressively in relation to the control sample. The transmittance was
lower at the reinforced films, mainly at the visible and infrared regions. At last, the Fourier transform infrared test
indicated strong intermolecular interactions occurred between the starch and the nanosilica.
Keywords: active films, nanosilica, starch biofilms, sustainability, biopolymers

1. Introduction
Food packages made from plastic are of big importance to the food industry, since they are

versatile, cheap, very moldable and a great chemical and biological barrier; they also have good
mechanical properties for this purpose [1]. Thus, the usage of food plastic packages was widespread
in the food sector and throughout the world [2]. Consequently, the excessive usage of food plastic
packages led to bigger and bigger impacts: daily generation of tons of non-recyclable and of low
degradation trash, shortage of places destined to the correct garbage disposal, microplastic
formation and chemical pollution of soils; besides that, conventional plastics are made from
components of fossil origin, which is another factor to be avoided [2-4].

On the other hand, starch biofilms are a sustainable option to be used as food packages. The
main component of these films, the starch, presents high availability in nature, elevated rate of
renovation, low-cost and great properties of forming films [6,7]. However, starch biofilms also
present disadvantages: fragility, high solubility in water and inferior mechanical properties [5]. To
bypass some of the cited problems, the objective of this research was to synthesize starch biofilms
reinforced with nanosilica at the concentrations (mnanosilica/100 gstarch) of 2%, 4% and 6% of
nanosilica (S/SiO2 2%, S/SiO2 4% and S/SiO2 6% respectively), and to analyze their mechanical
and optical properties. Improvements were verified in comparison to the control film (S).

2. Experimental
Materials: The materials used in the preparation of the biofilms were: nanosilica AEROSIL ® 200
F, CAS [112945-52-5, 7631-86,-9], corn products; glycerol, CAS [56-81-5]; soluble starch, CAS
[9005-84-9]; distilled water.
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Preparation of the biofilms: The preparation of the biofilms occurred through the casting method
and the quantities of each material used was shown in Table 1 [5]. Firstly, the water was heated up
to 40 °C and the nanosilica was dispersed in it for 1 min with Ultra-Turrax (model T25, IKA ® -
Staufen, Germany) at 7000 rpm. Then, the glycerol and the starch were carefully added in the
mixture, being agitated for 5 min at 7000 rpm. After, the solution was heated under stirring (3000
rpm) until it reached 80 °C. Maintaining this temperature, the solution was dispersed more intensely
for 15 min at 10000 rpm to get a better homogeneity. The solution was taken off the heating and
agitated for 5 min at 7000 rpm. To eliminate bubbles, the film solution was placed in the ultrasound
(model Q335D, Quimis Ltda. - SP, Diadema, St. Gema 292) for 15 min. The solution was then
separated in portions of 60 g on petri plates (140 mm diameter) and dried for 24 h at 40 °C in a
forced air circulation oven (Ethik Technology, Vargem Grande Paulista/SP, Brazil) for 24 h at 40 °C
to form the films. All the samples followed the described process. The only difference was towards
the control sample (S), which did not require the nanosilica dispersion step.

Table 1: Quantities of the materials used for each sample
Components S S/SiO2 2% S/SiO2 4% S/SiO2 6%

Starch (g) 35,0 35,0 35,0 35,0
Glycerol (g) 10,5 10,5 10,5 10,5

Nanosilica (g) - 0,7 1,4 2,1
Water (g) 700 700 700 700

Characterization
The thickness of the biofilms was determined following the ISO 4593 (1993). They were

conditioned at 25 °C and 75% RH (relative humidity) at the acclimatizing camera (Pharma 1300,
Weiss Technik ® - Reiskirchen, Germany). The measurements were done with a digital micrometer
(Mitutoyo Co, Kawasaki-Shi, Japan).

The mechanical tests followed the method ASTM D882 (2012). The specimens were cut on
the precision guillotine (RDS-100-C, ChemInstruments, OH, USA) and the tests were done with the
universal test machine (Instron, 5966-E2, Norwood, USA).

The water vapor permeability (WVP) tests were based on the method ASTM E96/E96
(2016). The biofilms were conditioned in an air-conditioned chamber Pharma 1300 (Weiss Technik,
Reiskirchen, Germany). It was used the precision scale (Mettler Toledo ®, Columbus, Ohio, EUA).
To obtain the results of WVTR (water vapor transmission rate) and WVP, the Eq. 1 and Eq. 2 were
used respectively. The T regarded the average thickness (10-6 m) of the film; Ps was the saturated
pressure (23,756 mmHg at 25 °C); the RH was the relative humidity (75%).=                                                                                                                 (1)

= ××                                                                                                                                (2)
The optical properties were determined by the norm ASTM E1348 (2015) with the

spectrophotometer (model Cary 60, Agilent Technologies, Santa Clara, California, USA).
The Fourier transform infrared analysis was realized with the spectrometer (PerkinElmer

Spectrum, PerkinElmer ®, version 10.4.00, Waltham, Massachusetts, USA).
The statistical analysis was done through the Analysis of Variance (ANOVA), by the Tukey

test at a confidence level of 95% (p<0,05). The PAST program (version 3.26, 2019) was used.
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3. Results and Discussion
Thickness and mechanical properties

As showed in Table 2, the thickness increased from 20% to 50% (p<0,05). The control
sample (S) presented the lowest thickness (126,7 ± 18,1 m), while the sample with 4% of
reinforcement presented the highest average (168,4 ± 21,2 m). The significant increase of this
parameter was due to the addition of the nanosilica: an hygroscopic and hydrophilic material [4]

The addition of nano-SiO2 changed (p<0,05) the TS, tensile strength, of the biofilms
analyzed (Table 2). The growth of the strength reached up to 54% and the sample S/SiO2 2%
showed the bigger increase (7,2 ± 0,5 MPa). The higher resistance to traction of the reinforced
biofilms, compared to the control sample (5,0 ± 0,4 MPa), was related to the intermolecular
interactions between the nanoparticles of SiO2 and the polymeric matrix formed by the starch.
These interactions possibly occurred by hydrogen bonds, which permitted the better distribution of
physical stress through the film structure [8]. However, the increase of the TS did not happen
linearly as the nano-reinforcements were added: 6,1 ± 0,4 MPa and 6,7 ± 0,4 MPa were the results
obtained from the S/SiO2 4% and S/SiO2 6% respectively.

The results of S (42,7 ± 3,2 %), S/SiO2 2% and S/SiO2 4% towards the EAB (elongation at
break) did not differ statistically (p<0,05) from each other (Table 2). It was noticeable a significant
decrease in the EAB of the sample S/SiO2 6% (29,0 ± 8,8 %). Therefore, the expected role of
plasticizer of the nano-reinforcement was not observed [8]. These results could be related to the
insufficient dispersal of the nano-SiO2, which troubled the intermolecular interactions between the
polymeric chains and their rearrangement as the mechanical stress was developed [8].

Finally, the modulus of elasticity (ME) was an important parameter to determine the
stiffness of the biopolymers (Table 2). The control sample (S) resulted in 189,3 ± 25,3 MPa and the
S/SiO2 4% did not differ statistically from this interval (p<0,05). Regarding the films reinforced
with 2% and 6%, it was observed the significant increase of the ME (405,9 ± 64,9 MPa and 316,0
± 28,4 MPa) compared to the not reinforced biofilms. Therefore, it was concluded that the addition
of nano-SiO2 led to higher modulus of elasticity, but in a non-linear pattern.

Table 2: Thickness, TS, EAB and ME of each sample of the biofilms.
Sample Thickness ( m) TS (MPa) EAB (%) ME (MPa)

S 126,7 ± 18,1 b 5,0 ± 0,4 c 42,7 ± 3,2 a 189,3 ± 25,3 b

S/SiO2 2% 155,7 ± 29,0 a 7,2 ± 0,5 a 43,6 ± 10,3 a 405,9 ± 64,9 a

S/SiO2 4% 168,4 ± 21,2 a 6,1 ± 0,4 b 47,5 ± 12,6 a 256,9 ± 42,0 bc

S/SiO2 6% 135,9 ± 22,1 a 6,7 ± 0,4 ab 29,0 ± 8,8 b 316,0 ± 28,4 c

The data was obtained for the average of the mechanical results of 5 repetitions more or less their standard deviation.
The same index in the same column indicates that the difference is not statistically significant (p<0,05).

Water vapor permeability
The results towards the WVP and WVTR (water vapor transmission rate) were showed in

Table 3. The control sample (1,7 ± 0,3 g mm m-2 day-1 mmHg-1) did not have a different result
(p<0,05) from the sample reinforced with 6% of nanosilica. The biofilms S/SiO2 2% and S/SiO2 4%
(4,9 ± 0,8 g mm m-2 day-1 mmHg-1 and 4,5 ± 0,3 g mm m-2 day-1 mmHg-1 respectively) presented an
increase compared to S and to S/SiO2 6%. This phenomenon was possibly due to the
non-establishment of stronger interactions between the matrix and the nano-reinforcement: an
opposite situation reported on other researches, who highlighted the decrease of WVP as the films
were increasingly reinforced [8]. These weaker formation of bonds and interactions might have
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favored the accumulation of water, as the nano-SiO2 has a hydrophilic nature [8]. Thus, the addition
of nanosilica increased the permeability to water vapor of the starch biofilms studied.

Table 3: Results of WVP and WVTR of the samples.

Sample WVP (g mm m-2 day-1mmHg-1) WVTR (g day-1 m-2)

S 1,7 ± 0,3 b 226,5 ± 29,0 b

S/SiO2 2% 4,9 ± 0,8 a 482,5 ± 95,5 a

S/SiO2 4% 4,5 ± 0,3 a 436,4 ± 34,1 a

S/SiO2 6% 1,8 ± 0,3 b 185,2 ± 19,7 b

The data was obtained for the average of the mechanical results of 5 repetitions more or less their standard deviation.
The same index in the same column indicates that the difference is not statistically significant (p<0,05).

Optical properties
The spectroscopic scanning analysis of the biofilms occurred on the interval of 200-800 nm

(Fig. 1a). The films showed a similar light transmission initially (200-230 nm). However, the
sample S/SiO2 2% had lower results of transmittance compared to the cited biofilms, mainly after
315 nm. The sample S/SiO2 6% indicated a decrease (p<0,05) of light transmission at transmittance
above 230 nm. These results implied that the addition of nano-SiO2 caused lower light transmission
through the films, mostly at the visible region and infrared region: this result represented the
potential to delay food deterioration, as the lipid oxidation rate would be reduced [8].

Fourier transform infrared spectroscopy (FT-IR)
The resulting graphic of the FT-IR was presented in Fig. 1(b). The peaks from 3283 cm-1 to

3271 cm-1 and from 2929 cm-1 to 2931 cm-1 were typically from the stretching of the groups O-H
and C-H of the starch’s polysaccharide chains [8, 9]. The lower intensity of the first band of S/SiO2
6% could indicate that the intermolecular interactions (hydrogen bonds) between the polymeric
chains and the reinforcement were established in a stronger way, when compared to the sample
reinforced with 2% and 4% of SiO2. The nano-SiO2 showed stretching peaks at 1076 cm-1 and at
760 cm-1 of the Si-O-Si formations [8]. The higher transmittance, from 1076 cm-1 to 997 cm-1, could
be attributed to the stretching of the groups C-O and C-C, besides the deformation of pyranose rings
(typical hexagonal rings of saccharides) [8]. Therefore, it was possible to highlight important
intermolecular interactions between the components of the biofilms, such as the hydrogen bonds, as
well as the expected functional groups of the substances used in the research.

(a) (b)

Figure 1: The resulting graphics of the spectroscopic analysis (a) and of the FT-IR (b).
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4. Conclusions
The study indicated advantages and disadvantages towards the addition of nanosilica as a

reinforcement of starch biofilms destined to be used as food packages. The reinforcement of the
films led to higher values of TS, which improved their capacity of resistance to traction up to 54%,
when the control film and the S/SiO2 2% were compared. The modulus of elasticity of the biofilms
also presented higher results in the reinforced samples S/SiO2 2% and S/SiO2 6% (405,9 ± 64,9
MPa and 316,0 ± 28,4 MPa in order) in comparison to S (189,3 ± 25,3 MPa). Regarding the optical
properties, it was observed lower light transmission in the biofilms with nano-SiO2, mainly in the
S/SiO2 6% sample: this was an improvement towards a film that could delay lipid oxidation of
foods and, as a consequence, its deterioration. On the other hand, the EAB presented lower results,
as S/SiO2 6% (29,0 ± 8,8 %) was compared to the other samples; thus, the addition did not show the
plasticizing properties of the nanosilica. The WVP tests indicated that the biofilms had their
permeability increased with the addition of the nano-SiO2, as the samples with 2% and 4% (4,9 ±
0,8 g mm m-2 day-1 mmHg-1 and 4,5 ± 0,3 g mm m-2 day-1 mmHg-1 respectively) presented higher
results compared to the control films (1,7 ± 0,3 g mm m-2 day-1 mmHg-1). Furthermore, the thickness
increased as the reinforcement was incorporated and the FT-IR indicated intermolecular interactions
between the reinforcement and the matrix of the biofilms.

Acknowledgements
This research was possible thanks to the infrastructure and resources of Cetea (Ital) and to

the research scholarship promoted by the CNPq (Conselho Nacional de Desenvolvimento Científico
e Tecnológico).

References
1. L. P. Viégas, Master. Master’s thesis, Universidade Estadual do Norte Fluminense Darcy
Ribeiro, 2016.
2. A. L. L. Fortuna, Graduated. Dissertation, Universidade Federal do Rio de Janeiro, 2020.
3. C. Silva; G. Santos; L. Silva. A. REGET 2013, 2236-1170.
http://dx.doi.org/10.5902/223611708248.
4. Y. Liu; Z. Cai; L. Sheng; M. Ma; Q. Xu. A. Carbohydrate Polymers 2019, 0144-8617.
https://doi.org/10.1016/j.carbpol.2019.02.079.
5. L. M. Júnior; C. R. Fozzatti; E. Jamróz; R. P. Vieira; R. M. V. Alves. A. Materials 2022,
3881. https://doi.org/10.3390/ma15113881.
6. J. F. Da Silva, Graduated. Dissertation, Universidade Tecnológica Federal do Paraná, 2015.
7. P. Sappakul; J. Miltz; K. Sonneveld; S. W. Bigger. A. Concise Reviews and Hypotheses in
Food Science 2003, 1365-2621. https://doi.org/10.1111/j.1365-2621.2003.tb05687.x.
8. X. Hou; Z. Xue; Y. Xia; Y. Qin; G. Zhang; H. Liu; K. Li. A. International Journal of
Biological Macromolecules 2018, 0141-8130. https://doi.org/10.1016/j.ijbiomac.2018.09.109.
9. E. Sholichah; B. Purwono; P. Nugroho. A. IOP Publishing 2017, 1755-1315.
https://doi.org/10.1088/1755-1315/101/1/012018.

Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

395



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

DEVELOPMENT OF NANOCOMPOSITES BASED ON CASSAVA STARCH 
FOR THE PRODUCTION OF BIO-PACKAGING MATERIALS
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Abstract This study focuses on the development of films using cassava starch as the main component, aiming to
replace traditional polymer-based packaging materials. Various additives, including glycerol, Kaolinite (Kal), 
Halloysite Nanotubes (HNT), and Layered Double Hydroxides (LDH), were incorporated into the starch-glycerol 
matrix to improve the properties of the films. The thermal stability, water vapor permeability, and degradation behavior 
of the films were investigated. Results showed that the addition of Kal and HNT led to reduced water vapor 
permeability, indicating improved barrier properties. However, the inclusion of LDH did not significantly enhance the 
barrier performance. Thermal analysis revealed the temperature range of degradation for each sample was very similar. 
These findings demonstrate the potential of using cassava starch-based films with suitable additives as sustainable 
alternatives for food packaging, offering enhanced barrier properties and thermal stability. Further optimization of the 
film composition and processing conditions is necessary to maximize their performance and commercial viability.

Keywords: Starch-based materials, thermal stability, water vapor permeability.

Introduction
The widespread use of polymers in the protection and preservation of food, cosmetics, 

medications, and chemicals has raised concerns due to their low biodegradability. This has led to 
the accumulation of non-degradable waste in landfills and the release of microplastics, posing risks 
to human health and the environment. To address this issue, the development of biodegradable 
materials as alternatives to traditional polymers has gained significant attention. While synthetic 
polymers like polylactic acid (PLA), polyvinyl alcohol (PVA), polycaprolactone (PCL), 
poly(butylene succinate-co-adipate) (PBSA), and poly(butylene adipate-co-terephthalate) (PBAT) 
have been extensively studied, natural polymers such as proteins, polysaccharides, and lipids have 
also emerged as promising candidates [1].

Starch-based materials have attracted considerable interest as biodegradable alternatives due 
to their abundance, renewability, low cost, and biocompatibility [2]. Starch, the primary 
carbohydrate in human diets and found in various plant sources, consists of long glucose chains 
(amylose and amylopectin) with varying properties depending on the source. However, pure starch 
films have limitations in terms of mechanical and barrier properties when compared to traditional 
polymers like polyethylene. To overcome these limitations, the incorporation of clays such as 
halloysite nanotubes (HNTs), kaolinite (Kal) and layered double hydroxides (LDH) has been 
explored [3].

However, achieving proper dispersion of clays in starch-based polymers remains 
challenging due to their cohesive structure [4]. The objective of this study is to evaluate the final 
properties of starch-based nanocomposite films reinforced with clays in order to develop a material 
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with satisfactory performance as a food packaging material, able to replace traditional oil-based 
polymers packaging. 

 
Experimental 
Materials 

• Commercially available cassava starch in powder form. 
• Glycerol, commercially available from Nuclear. 
• Halloysite nanotubes, commercially available from Sigma Aldrich. 
• Kaolinite, commercially available from Sigma Aldrich. 
• Layered double hydroxides, commercially available from Kisuma Chemicals. 
• Citric acid (CA), commercially available from Nuclear. 
 

Method 
The cassava starch-based films were prepared using the casting method. The film-forming 

solutions were heated from 30 to 95°C and maintained at 95°C for 10 minutes. Then, the clay 
particles were added to the solution, and cooled to 50°C with the assistance of a mechanical stirrer 
to aid in dispersion. After 60 minutes, the film-forming solution was poured onto Teflon plates and 
dried in a circulating air oven with air renewal at 40°C for 24 hours.  

The content applied and the sample codes of the starch-based films are specified in Table 1. 
 

Table 1 – Samples concentrations  
Samples Starch 

(%) 
Glycerol 

(%) 
CA 
(%) 

HNT 
(%) 

Kal 
(%) 

LDH 
(%) 

Starch-Glycerol 80 20 - - - - 
Starch-Glycerol-HNT 77 20 1 2 - - 
Starch-Glycerol-Kal 77 20 1 - 2 - 

Starch-Glycerol-LDH 77 20 1 - - 2 
 
Prior to analysis, the films were stored in desiccators under controlled conditions with 

magnesium nitrate to maintain a relative humidity of 57% and a temperature of 30°C, creating an 
artificial environment that ensures stable moisture conditions for the films. 

 
Characterization 
 The thermal stability of the films were investigated using thermogravimetric analysis (TGA) 
using a Perkin Elmer instrument (model TG 4000), in order to determining the degradation steps 
and final weight after 750 °C (residue) and also the maximum degradation temperature (DTG). 
Approximately 6 mg samples of the films were heated from 30°C to 800°C at a heating rate of 
20°C.min-1 under a nitrogen atmosphere. 

The water vapor permeability of the films was tested according to ASTM E96/00 standard, 
with some adaptations. The analysis were performed in triplicate using test specimens with a 
diameter of 60 mm and an average thickness obtained from four measurements. The samples were 
conditioned at 64% relative humidity for 48 hours prior to the analysis. 
 In the experimental setup, the film was positioned at the opening of the permeation cell and 
fixed using silicone grease. The interior of the cell was filled with a saturated solution of 
Magnesium Chloride, and the prepared capsule will be placed in a desiccator containing a saturated 
solution of Sodium Nitrite. Weighings were performed successively every 12 hours for a period of 7 
days. The mass gain (m) was plotted against time (t), and the slope of the linear regression line was 
determined to obtain the angular coefficient. The water vapor permeability rate (WVP) was 
calculated using Equation 1: 
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Results and Discussion 
Thermal Stability

The results obtained from the TGA data are presented in Figure 1 and compiled in Table 2 
provided valuable insights into the degradation behavior of the films at different temperature 
ranges. Initially, a mass loss was observed in all samples up to 200 °C, which was attributed to the 
evaporation of surface and inner moisture, commonly known as free water. 
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Figure 1 - Thermogravimetry analysis

Between 200 and 480 °C, the starch-based polymer exhibited degradation, as indicated by
the recorded DTG values. Interestingly, a slight decrease in degradation temperature was observed 
in samples containing HNT or Kal, suggesting that the presence of these components may have an 
impact on the degradation process.

During the third degradation phase, occurring between 480 and 700 °C, a thermal event was 
observed due to dihydroxylation of the hydroxyl groups (-OH) from the clay particles or other 
components present in the film samples. Previous studies have reported a similar phenomenon in 
the temperature range of 500 to 700 °C, corresponding to the dehydroxylation of clay sheets [5].
Further investigation is required to determine the exact mechanisms behind this phenomenon.

Table 2 – TGA data of Starch-Glycerol samples
Samples/Weight Loss 

(%)
First Step   
30-200 °C

Second Step   
200-480 °C

Third Step   
480-750 °C

Residue 
< 750 °C

DTG
(°C)

Starch-Glycerol 12.4 75.5 10.8 1.3 341
Starch-Glycerol-HNT 12.1 73.7 10.1 4.1 330
Starch-Glycerol-Kal 14.1 70.9 8.9 6.1 336
Starch-Glycerol-LDH 12.4 75.5 10.0 2.1 340

Eq.1
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At temperatures above 680 °C, the samples of starch-glycerol and starch-glycerol-LDH 
showed no significant weight changes. In contrast, samples containing HNT or Kal reached a near 
plateau around 750 °C. Consequently, the residue measurement was performed at 750 °C. The 
absence of any clay component resulted in an expected residue of 1.3%. However, the addition of 
LDH led to an increase of 0.8% in undegraded matter. Remarkably, the presence of HNT and Kal 
seemed to disrupt the third degradation phase, with a rapid decomposition around 580-620 °C 
transitioning to a steady decrease in mass, ultimately resulting in higher amounts of residue. 

 
Water Vapor Permeability 
The water vapor permeability (WVP) values provide important information about the barrier 

properties of the film samples and it presented in Figure 2. A lower WVP value indicates that the 
film has a lower permeability to water vapor, which is desirable for packaging materials aiming to 
maintain the freshness and quality of food products. 

 

 
Figure 2 - Water Vapor Permeability of the Films 

 
Comparing the WVP values of the different samples, we can observe that the Starch-

Glycerol-Kal sample has the lowest WVP value of 4.84E-06, indicating a relatively better barrier 
performance compared to the other samples. This suggests that the incorporation of Kaolinite (Kal) 
into the starch-glycerol matrix improves the resistance to water vapor transmission. 

On the other hand, the Starch-Glycerol-HNT sample also exhibits a relatively lower WVP 
value of 5.14E-06, indicating that the inclusion of Halloysite Nanotubes (HNT) in the film 
composition contributes to the reduction of water vapor permeability. However, it is worth noting 
that the Starch-Glycerol-Kal sample shows a slightly lower WVP value, suggesting a potentially 
superior barrier performance. 

The Starch-Glycerol and Starch-Glycerol-LDH samples have higher WVP values of 7.01E-06 
and 8.80E-06, respectively, indicating relatively higher permeability to water vapor compared to the 
other samples. This suggests that the addition of Layered Double Hydroxides (LDH) in the Starch-
Glycerol-LDH sample did not significantly improve the barrier properties in terms of water vapor 
transmission. In a similar study by Schmidt et al. [6], a WVP value of 5.81E-07 was reported for a 
comparable Starch-Glycerol composition, potentially attributed to variations in chain distribution 
and the final polymer network, resulting in lower values by incorporating a fatty acid to increase 
hydrophobicity. 
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Conclusions  
These findings highlight the complex thermal behavior of the starch-based polymer films 

and emphasize the influence of various components, such as HNT, Kal, and LDH, on the 
degradation process. The results suggest that the addition of these components can significantly 
impact the thermal stability and residue formation of the films. 

Also, the results indicate the potential of incorporating clays such as Kaolinite and 
Halloysite Nanotubes in starch-glycerol-based films to enhance their barrier properties and reduce 
water vapor permeability. Further research and optimization of the film composition and processing 
conditions could lead to even better barrier performance, making these materials viable alternatives 
to traditional polymer-based packaging materials. 
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Abstract – Infected wounds can progress to chronic, causing great concern and costs for treatment. Electrospun 
membranes in union with photodynamic therapy can provide satisfactory and less invasive results, causing less 
suffering to the patient. Also, facilitators for drug delivery such as Pluronic® F127 can be triggered, further increasing 
positive results to the treatment. Therefore, this work aims to obtain electrospun membranes from crosslinked polyvinyl 
alcohol and Pluronic® F127, with the addition of erythrosine B and methylene blue for photoantimicrobial activity. The 
methods of characterization of the material were scanning electron microscopy, emission of phosphorescence and 
amicrobial activity with evaluating the adhesion and proliferation of Staphylococcus aureus. The fibers had an average 
of 250 nm and showed the formation of reactive species The study of adhesion and proliferation demonstrated that 
when illuminated the membranes cause the death of the microorganisms with more satisfactory results for methylene 
blue. The fiber characteristic is lost when the membrane is placed in solution, but the results are Important being able to 
accredit the material for medical application in wounds.
Keywords: Electrospinning, Photodynamic Inactivation, Methylene Blue, Erythrosine B, Citric Acid.

Introduction 
Untreated wounds can become a public health problem when bacterial infection leads to 

non-healing, suffering to the patient, hospitalization and more severe complications. Nanomaterials 
come as an alternative for drug delivery and holiday protection [1]. Among the nanomaterials, 
electrospun membranes (EM) provide satisfactory results by simulating the structure of the 
extracellular matrix and provide breathability, high surface area and gas exchange, promoting tissue 
regeneration of the skin [2]

Electrospinning is based on the use of electrostatic forces for the spinning of ultrafine fibers 
of different polymers, as in the case of polyvinyl alcohol (PVA). In the medical field, PVA is used 
as a biomaterial because it presents biocompatibility, bioadhesives, and swelling and for not present
toxicity and carcinogenic characteristics [3]. 

A inserção de agentes antimicrobiano podem ser utilizadas para resultados mais satisfatórios 
frente a microrganismos. Photodynamic therapy (PDT) is highly selective chemotherapy with the 
use of biocompatible photosensitizers (PS) that do not cause microbial resistance and are suitable 
for the treatment of wound infections [4]. 

PS delivery can be improved for improved infection control results with the insertion of 
Pluronic®. Pluronic® F-127 (F127) It is a triblock, non-ionic amphiphilic copolymer that tends to 

401



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

self-assemble in micelles, forming a support network of active drugs. It presents promising results 
when applied in a drug delivery system by providing the system with improvements in 
biopharmaceutical, pharmacodynamic and pharmacokinetic properties [5]. 

Therefore, this work aims to use the electrospinning methodology to obtain EM based on 
crosslinked PVA with the addition of F127 and methylene blue (MB) and erythrosine B (Ery) 
photosensitizers to formulate nanofibers with photosensitive characteristics to fight wound 
infections. 
Experimental  

Initially, the mass of PVA (Mw 186 KDa) fixed at 8% m/v with GH and 87-88% was 
solubilized in a bath with continuous agitation at 80°C for approximately 8 hours. After the 
dissolution of PVA, 10% citric acid (CA) crosslinking mass was added to the PVA mass and left 
under agitation at room temperature. Thin films of F127 were prepared following the methodology 
proposed by Da Silva et al. [6]. For this, 1% (m/v) of F127 and 0.8% of erythrosine B (Ery) or 
methylene blue (MB) were dissolved in ethanol and rotated at 50°C until the formation of a solid 
film and left in a desiccator for 24 hours. Finally, the aqueous solution of PVA/CA was poured into 
the F127 film and stirred in a bath at 40°C until complete miscebilization. 

The PVA solution was spun from optimal conditions already reported by Rwei & Huang [7] 
(2012). The solution was placed in a plastic syringe and connected to a metal needle with a straight 
tip. As wiring parameters were used voltage of 20 kV, flow of 0.5 mL/h and collection system with 
rotation of 325 cm/s, ambient temperature of 26°C ± 4°C and relative humidity of 45 %. The fibers 
were deposited in an aluminum foil covered over the collector. At the end of the process, the 
electrospun matrices were placed on glass plates and taken to the oven at 100°C for the cross-
linking reaction to occur. 

The surface morphology of the polymer matrices was evaluated by scanning electron 
microscopy. The equipment used was the FEI brand of the QUANTA 250 series line. To make the 
samples electrically conductive they were metalized with gold up to a thickness of 30 nm. The 
images were obtained by applying an electron acceleration voltage ranging from 12 to 20 kV at 
different magnifications. 

Fluorescence emission spectra were recorded on a PicoQuant FluoTime 300 Fluorescence 
Lifetime Spectrometer using a 1 cm path-length quartz cuvette at room temperature. Fluorescence 
lifetimes (τF) and phosphorescence decay curves at 1270 nm were recorded on a PicoQuant 
FluoTime 300 Fluorescence Lifetime Spectrometer. Fluorescence lifetimes (τF) were recorded using 
a time-correlated single-photon counting setup (TCSPC). The decays were analyzed using 
PicoQuant FluoFit Global Fluorescence Decay Analysis Software. Phosphorescence decay curves at 
1270 nm were recorded in the equipment with a near-infrared photomultiplier tube (NIR PMT) 
Hamamatsu, model H10330B. Photo-irradiations were done using a picosecond pulsed diode laser 
(LDH-P-635 driven by PDL 800-B, 635 nm, 80 MHz repetition rate, 72 ps pulse width, PicoQuant 
GmbH). 

The bactericidal and non-stick properties of electrospun membranes containing MB, Ery 
EryMB and pure were evaluated as previously described by Facchi et al.[8] with some changes. The 
bacterial culture S. aureus (ATCC® 25923) as well as the Mueller-Hinton solution at 1.0×107 CFU 
mL-1 (500 μL) were sown in membranes previously packed in a 48-well culture plate. The 
experiment was carried out in duplicate, where one of the plates after sowing was illuminated for 15 
minutes with a white LED. After 24 h, the supernatants were aspirated and the samples containing 
the adhered bacteria were fixed. Subsequently, the membranes containing the bacteria were 
processed n serial dehydration with ethanol for 10 min each before being subjected to a reduced-
pressure oven (25 °C, 8h) until moments before SEM imaging  
Results and Discussion  

The morphology of the membranes electrospun with or without the addition of FS was 
evaluated by SEM and can be observed in Figure 1. The formation of homogeneous fibers occurs 
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with the presence of few beads for all the solutions studied. The average diameter of the membranes 
is PVA/F127/CA 212±35 nm, PVA/F127/CA/Ery 289±47 nm, PVA/F127/CA/MB 251±73 nm and 
PVA/F127/CA/EryMB 248±41 nm.  

 

  

  
 

(a) (b) 

(c) (d) 

 
Figure 1. Morphology of electrospun matrices for (a) PVA/F127/CA, (b) PVA/F127/CA/Ery, (c) 

PVA/F127/AC/MB and (d) PVA/F127/AC/EryBM. 
The detection of 1O2 can be performed by the physical method of emission of 

phosphorescence at 1270 nm from the transition 1 3
g g(0) (0) [9]. For all membranes studied 

can be observed in Figure 2 the formation of 1O2, highlighting the membrane containing Ery. Ery 
when compared to MB already has a quantum yield of singlet oxygen ( 1

Δ 2Φ O ) with a value of 0.62 
[10] against 0.22 [11] in water. The FS used in this study and immobilized in nanofibers have not 
yet been reported 1

2O  using this technique.  It can also be observed that contrary to what was 
expected there was no synergistic effect of the joining of the two PS.  
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Figure 2. Emission of singlet oxygen phosphorescence to electrospun membranes containing MB, Ery and 

EryMB – 0.8% w/v. 
The adhesion (ADE) and proliferation (PROF) of microorganisms with S. aureus in the dark 

and illuminated to the studied membranes are shown in Figure 3. For PVA/F127/CA control (Figure 
3 (a) and (e)) a large ADE of microorganisms with intrigue structure and large PROF is observed 
even with the incidence of light, indicating that the pure material is a growth vector for the 
microorganism. The same factor was observed for the membrane with the addition of Ery without 
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illumination Figure 3(b). With illumination (Figure 3(f)), the incidence of microorganisms was 
greatly decreased in both PROF and ADE characters. For the addition of AM, the ADE and PROF 
of the microorganisms were almost non-existent already in the dark Figure 3(c). For the same 
material after illumination is no longer denoted any microorganism with integrated structure. The 
EryMB membrane (Figure 3(d)), also provides ADE and PROF of the microorganism without 
illumination. However, when compared to the control of pure PVA, ADE and PROF are less 
expressive. This fact can be attributed to the presence of MB in the fibers since the results 
demonstrate its antimicrobial activity in the dark. With the lighting, the Figure 3(h) the ADE and 
PROF are drastically reduced. A synergistic effect of PS was also not observed, these data 
following the phosphorescence results for 1O2 (Figure 2). Given these data, the anti-stick/anti-
adhesive power of the studied materials can attest, it can be classified with antimicrobial power as 
follows: F127/CA/Eri < F127/CA/EryMB < F127/CA/MB. Still, it is worth mentioning that the 
reduction of microorganisms comes from the generation of 1O2 by all materials when illuminated, 
causing photodynamic inactivation of these. 

  

  

  

  

(e) (a) 

(b

(c) 

(f) 

(g) 

(d) (h) 

 
Figure 3. ADE and PROF of the S. Aureus for(a) and (e) PVA/F127/CA, (b) and  (f) PVA/F127/CA/Ery, (c) 
and (g) PVA/F127/CA/MB e (d) e (h) PVA/F127/CA/EryMB, where (a)-(d) are controls in the dark and (e)-

(h) illuminated for 15 minutes. 
A fact observed in the microscopies of Figure 3 For all electrospun membranes is the loss of 

fibrous characteristics after immersion in solution. Contrary to what is reported by 10% mass of AC 
was not sufficient for crosslinking at the temperature used and molar mass of PVA used in this 
work. The temperature chosen for crosslinking took into account the decomposition temperatures of 
MB and Ery already reported in the literature by Salimi & Roosta [12]. Another bridge that should 
be investigated is the interaction of the competitive type between PS and the CA and with the PVA 
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groupings. Therefore, new approaches should be employed to maintain the fibers with the greater 
mass addition of the crosslinker and new temperatures. 
Conclusions  

The results presented are satisfactory in the antimicrobial power by photodynamic 
inactivation of the material even with the disruption of the fibers. The maintenance of the 
photophysical properties of the FS employed and the formation of reactive species should be 
emphasized. The property of inhibition in the dark by MB brings advantages in the application of 
dressings since they offer extra protection. Therefore, MB is considered the best PS to be used in 
union with PVA. 
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Abstract - This study investigates the impact of carbon dots (C-Dots), a type of fluorescent carbon nanoparticle, used 
as filler, on the optical and mechanical properties of Polyvinyl alcohol (PVA) polymer matrix. The C-Dots were 
synthesized by a simple and cost-effective hydrothermal method and characterized using spectroscopic techniques. The 
C-Dots were then incorporated into PVA polymer at different concentrations via solution casting method. The optical 
properties of the resulting PVA/C-Dots films were analyzed using UV-Vis spectroscopy, and the mechanical properties 
were assessed using tensile strength and Young's modulus measurements. The results demonstrate that the incorporation 
of C-Dots into PVA polymer leads to a significant improvement in both the optical and mechanical properties. 
Specifically, the PVA/C-Dots films exhibit enhanced optical absorption in the ultraviolet region, and a fluorescent 
emission in visible light. Also, an increased tensile strength and Young's modulus were observed, indicating improved 
mechanical stability. The study provides valuable insights into the potential applications of PVA-C-Dots polymer for 
various optical and mechanical devices.

Keywords: Carbon Dots; PVA polymer, Optical Properties; Mechanical Properties.

Funding: CNPq.

Introduction:

Polyvinyl alcohol (PVA) is a widely used polymer due to its excellent mechanical and chemical 
properties, as well as its biodegradability. However, to further expand its applications, it is 
necessary to enhance its properties. One potential approach to achieve this is through the use of 
carbon dots (C-Dots) as fillers [1-2]. C-Dots are a type of fluorescent carbon nanoparticle with 
unique optical and chemical characteristics, which have been extensively investigated for their 
potential in various applications such as bioimaging, sensing, and optoelectronics. 
In recent years, there has been growing interest in exploring the use of C-Dots as fillers in polymer 
matrices to enhance mainly their mechanical properties. In this study, we investigate the impact of 
the C-Dots incorporation on the optical and mechanical properties of PVA polymer [3]. The C-Dots 
were synthesized by a simple and cost-effective hydrothermal method, using ammonium citrate and 
succinic acid as precursors. Finally, they are incorporated into PVA polymer at different 
concentrations via solution casting method. The optical and mechanical properties of the resulting 
PVA/C-Dots films were analyzed using UV-Vis spectroscopy, tensile strength, and Young's 
modulus measurements.

Experimental:
Synthesis of C-dots
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The C-Dots were synthesized using the hydrothermal method. A stainless-steel Teflon-lined 
hydrothermal autoclave was used, into which a 1:1 molar ratio of succinic acid (0.51 g) and 
ammonium citrate (0.98 g) were added along with 30 mL of deionized water and allowed to react 
for 8 hours. After the reaction was complete, the resulting mixture was dried in a vacuum drying 
oven to yield a dark-brown powder, which was named CSA 1-1. 
 
Preparation of Composites 
 
The PVA composites were prepared via solution casting, using water as the solvent. To achieve the 
desired concentrations of C-Dots in the final composite (2.5%, 5.0%, and 7.5%), and a pure PVA 
matrix, an appropriate amount of the C-Dots dispersion was added to a PVA solution with the same 
solvent. The resulting samples were named PVA, PVA 2.5%, PVA 5.0%, and PVA 7.5%, 
depending on their C-Dots content. 
After mixing the solutions for 2 hours, they were poured onto a Teflon® plate and left for slow 
evaporation of the solvent for 18 hours. The resulting films were then further dried under vacuum 
for 8 hours. 
 
 
Instrumental Analysis  
 
The optical properties of the carbon dots were evaluated using UV-Vis and fluorescence 
spectroscopy. Specifically, the UV-Vis absorption spectra were measured on a Shimadzu UV-2550 
spectrometer, with suspensions of the C-Dots being placed in quartz cuvettes with a pathlength of 
1.0 cm. Similarly, fluorescence spectra were recorded on a Varian Cary Eclipse Fluorescence 
spectrometer using quartz cuvettes with an optical path of 1.0 cm. 
The mechanical properties of the samples were evaluated using tensile testing, which was 
conducted using an EMIC-DL500 miniature material tester equipped with a 1000 N load cell and a 
cross head speed of 2 mm/min. The length between the gaps was set to 60 mm, and three samples 
were tested for each material.  
 
Results and Discussion: 
Figure 1 shows the results of fluorescence and UV-Vis spectroscopy for the obtained C-Dots and 
photographed under 365 nm UV lamp. 

 

 
Figure 1: a) Intensity for different wavelengths and absorption in UV-vis for the C-dot used in the 

polymer. b) Photographs under 365 nm UV lamp. 
 
The UV-VIS absorption spectra of the CSA 1-1 sample exhibit absorption bands with a maximum 
at around 320 nm. These bands are attributed to n → π* of C=O transitions originating from various 
functional groups. Photoluminescence spectra of the sample were obtained using different 
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excitation wavelengths, revealing a prominent and broad fluorescence emission peak ranging from 
approximately 300 nm to 600 nm. Additionally, a weaker broad emission peak was observed in the 
700 nm to 900 nm range. Importantly, the position of the primary peak varied depending on the 
excitation wavelength used.

Figure 2 shows luminescent composite films derived from C-Dots and PVA that emitted single 
white light at different concentrations under the excitement.

a) b)
Figure 2 – Polymeric films under UV light (365 nm): (a) PVA pure e (b) PVA 5.0%.

The optical properties of all films were assessed by measuring their UV-Visible absorption and 
transmittance. The aim was to investigate the films' ability to block ultraviolet light, comparing both 
the pure polymer and the prepared compounds. Figure 3 presents a summary of the results obtained 
for the absorbance and transmittance:

a)                 b)

Figure 3 - UV–Visible absorbance(a) and transmittance (b) spectra of PVA and composite films.

The UV-blocking percentage of UV-A, UV-B, UV-C and visible light transmittance was calculated 
using the following equation [4]:
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where, a and b are the limits of the UVA, UVB and UVC spectrum range. In this study we 
calculated using the range (230-280 nm) for the UVC, (280-315 nm) for the UVB, (315-400 nm) for 
UVA and (400-800 nm) for the visible light. For the visible light, only the ‘light transmittance’ is 
calculated and not the blocking percentage. Table 1 summarize the results:   

Sample B_UVC % B_UVB % B_UVA % T_Visible 
% 

PVA 71.4 68.6 57.7 57.5 
PVA 2.5% 79.7 75.3 64.8 57.8 
PVA 5% 85.1 82.2 73.2 50.1 

PVA 7.5% 82.2 79.9 72.1 50.6 
Table 1: Blocking percentages of different ranges of UV radiation for PVA and PVA composites 
prepared with C-Dots. 
 
The findings of the study suggest that the addition of C-Dots into PVA polymer can lead to a 
significant improvement in the ability of PVA films to block UV light. According to the data 
presented in Table 1, the optimal concentration for achieving superior optical performance was 
found to be 5%, which resulted in blocking 85.1% of UV-C, 82.2% of UV-B, and 73.2% of UV-A 
light. As the concentration of C-Dots in the PVA matrix was increased, the transmittance of visible 
light decreased from 57.5% to 50.1%. The incorporation of C-Dots into the PVA polymer matrix 
can enhance the light absorption in the UV region. This is due to the unique optical properties of C-
Dots, including strong light absorption and tunable photoluminescence. Incorporating C-Dots into 
the PVA matrix can enable the absorption, scattering, and emission of light in different wavelengths, 
leading to improved optical properties of the composite material. These characteristics can be fine-
tuned to create a UV filter polymer with PVA-C-Dots.  

 

To evaluate the mechanical properties of composites, the Stress-Strain curves were obtained for the 
different concentrations of the C-dot on the polymer and show Figure 4:  

 

Figure 4 - Tensile curves for PVA and composites with different C-Dots contents. 
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Sample Resistance to 

traction 
(MPa) 

Modulus of 
elasticity 

(MPa) 

       Deformation (%) 

PVA 12.23 0.1680 276.8 
PVA 2.5% 8.138 0.6126 91.64 
PVA 5.0% 16.30 1.406 193.7 
PVA 7.5% 11.18 0.3851 133.2 

Table 2: Mechanical properties of PVA/C-Dots composites. 
 
The data in Table 2 shows that the mechanical properties of the polymer matrix are significantly 
improved at concentration of 5%. The incorporation of C-Dots into the PVA matrix can enhance the 
mechanical properties of the composite material by creating a strong interfacial bonding between 
the filler and matrix, resulting in increased load transfer efficiency and interfacial adhesion. The 
high surface area of the C-Dots can also effectively distribute the applied stress throughout the 
matrix and resist deformation. Furthermore, the small size of the C-Dots can improve the mobility 
of the polymer chains and enhance the packing density of the nanocomposites, leading to further 
improvements in mechanical properties. These findings demonstrate the potential of PVA-C-dot 
nanocomposites as high-performance materials in various applications. 
 
Conclusions: 
   In summary, this study aimed to create a nanocomposite material by combining C-Dots and PVA 
polymer through a simple casting process using water as the solvent. The focus was to investigate 
how the addition of C-Dots as a filler would affect the optical and mechanical properties of the 
PVA matrix. The results indicated that the incorporation of 5% of C-Dots showed the most 
significant enhancement in both the optical absorbance in the UV region and the tensile strength 
and elastic modulus of the PVA-C-Dots films. 
 
Finally, the study demonstrated that the incorporation of C-Dots into the PVA polymer matrix can 
be an effective way to enhance its properties, with potential applications in fields such as 
optoelectronics, sensors, and packaging. 
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Abstract – The present study examines the effects of graphene and glass fiber (GF) additions on the mechanical and 
rheological properties of a CP442XP PP copolymer. Graphene concentrations of 0.125 % and 1 % by mass were used, 
and 10 % GF was added to both mixtures. Test specimens were prepared using extrusion and injection molding 
processes, followed by mechanical and rheological testing according to ASTM standards. Results demonstrated that 
graphene increased tensile rupture elongation in mixtures without GF, with the 1 % graphene sample showing the 
highest improvement. The addition of GF led to increased Young's modulus in tensile and flexural tests, while graphene 
enhanced tenacity in non-GF samples. However, GF caused a significant reduction in elongation, with graphene 
presence influencing tensile toughness and Young's modulus in GF-containing samples. The addition of GF generally 
increased material viscosity. In conclusion, incorporating graphene and GF into the PP copolymer can have varied 
effects on mechanical and rheological properties, providing insights into potential applications and processing 
requirements for these composites.

Keywords: Graphene, Glass Fiber, Polypropylene Copolymer, Mechanical Properties, Rheological Properties.

Introduction
The unique properties of graphene, one of which is its large surface area at the nanoscale, have 
attracted significant attention across various fields, revealing a wide range of potential applications. 
One such promising area is in polymer matrix nanocomposites, where the addition of graphene can 
enhance properties such as heat conduction, mechanical strength, and fluidity in the molten state [1-
5]. Polypropylene (PP), a widely used thermoplastic in industries such as automotive, piping, and 
packaging, faces limitations in terms of its thermal and mechanical properties, which restricts its 
application as an engineering material [2,4]. However, by incorporating a small amount of graphene 
particles into polymer matrices like PP, the material's mechanical and thermal properties can be 
improved [4]. Graphene exhibits exceptional mechanical, thermal, and electrical properties, 
including an elastic modulus of approximately 1100 GPa. Graphene nanoplatelets (GNPs) are 
multi-layered graphite nanocrystals held together by van der Waals forces [2]. Despite their 
multiple layers, they have the desired properties of graphene and are less expensive to produce 
compared to single-layer graphene. [1].

The percentage and geometry of graphene can significantly impact the thermal [1-3, 5], mechanical 
[2-6], and rheological [4] properties of the resulting nanocomposite. It's worth highlighting that the 
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rheological properties and crystallinity are particularly significant in processes such as component 
injection.  

Glass fibers (GF) are a commonly used material, since they can quite efficiently reinforce most 
polymeric matrices due to their high stiffness and strength, their outstanding fatigue performance, 
and low cost. However, the GF presence leads to an undesirable increase in density, decreased melt 
flow, increased brittleness, and reduced processability. One strategy to further enhance the 
properties of the PP composites, or counterbalance some of the above-mentioned disadvantages of 
GF fillers, is the use of a filler mixture where two or more reinforcements are used in combination 
[1, 7]. 

The present study aims to investigate the effect of graphene and glass fiber on the mechanical and 
rheological properties of a polypropylene copolymer. The findings of this study could provide 
valuable insights into developing high-performance composites with tailored properties suitable for 
specific applications. 
 
Experimental 
The PP used in this study is a copolymer, CP442XP produced by Braskem. The graphene used is 
the UGZ 4003, they are nanoplatelets with a thickness between 10 and 20 layers, produced by UCS 
Graphene. The GF used on the materials is from Owens Corning Fiberglass. The PP was then 
processed with graphene loadings of 0.125 % (PP0125GNP) and 1 % (PP1GNP) by mass. In a 
sequence, those materials were given a fiber load of 10 % GF. Three samples with graphene mixed 
with GF are (PP10GF, PP0125GNP10GF and PP1GNP10GF). The Graphene mixture process 
occurred in a twin screw, where the screws have a diameter of 20 mm and an L/D ratio of 46. The 
model of the twin-screw extruder is COR 20-32-LAB, and the temperature profile used in the 
extrusion process was 100 °C, 160 °C, 170 °C, 174 °C, 180 °C, 180 °C, 185 °C, 190 °C, and -a 
screw rotation speed set to 200 rpm. The mixtures were extruded and cut into pellets with a 
diameter of 3 mm and length of 4 mm. The glass fiber mixture was conducted in a single screw 
extruder SEIBT model ES 35FR with a profile temperature of 170°C, 180°C and 190°C, and screw 
rotation speed of 70 rpm. The material was then extruded and manually cut in pellets with diameter 
a 3 mm and length 40 mm. 
 
The mixtures were injected to obtain specimens for mechanical testing. The injection occurred in an 
LHS 150-80 injector, with a temperature profile of 170 °C, 180 °C and 190 °C, at a pressure of 94 
MPa. Tensile and flexural test samples were produced. Those tests were performed on an EMIC DL 
2000 universal testing machine with a 200 kgf load cell and a maximum speed of 50 mm/min 
following ASTM D638 and D790 standards, respectively. To determine the tenacity modulus of 
each sample, the area under the stress-strain curve was calculated using the tensile testing machine 
output data. This method allowed us to quantify the material's ability to withstand deformation and 
absorb energy before failure [8]. 
To measure the viscosity at each shear rate, capillary rheology was performed. The test was carried 
using a Ceast SR 20 equipment with a capillaries of size 20/1 mm for the samples with no GF, and 
40/2 mm for samples with GF, at a temperature of 190 °C. The shear rates used in the test were 10, 
30, 50, 100, 300, 500 and 1000 s-1. The sample was loaded into the capillary, and the flow was 
allowed to stabilize before the measurements were taken. The shear rate was then increased 
incrementally, and the viscosity recorded. 
 
Results and Discussion 
The mechanical properties obtained on the tensile tests and flexure tests are presented in Table 1. 
Tensile strength exhibited minor variations across the samples with no graphene. Materials with GF 
presented an increase of around 10% in tensile strength compared to the samples with no GF among 
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other properties that also changed, providing a more comprehensive understanding of the materials' 
behavior. Tensile rupture elongation, which indicates a material's ability to stretch before breaking, 
showed significant improvement with the addition of graphene. The PP1GNP sample, containing 1 
% graphene, displayed the highest elongation, more than double that of the pure PP sample. 
However, the addition of 10 % GF in subsequent samples led to a drastic reduction in elongation 
values. 
The tensile Young's modulus, which reflects a material's stiffness in response to tensile, exhibited a 
slight increase with the addition of 1 % graphene (PP1GNP) compared to the pure PP sample. The 
incorporation of 10 % GF resulted in a more pronounced increase in tensile Young's modulus for all 
three GF samples, highlighting the reinforcing effect of glass fiber. 
Flexural strength and flexural Young's modulus, which characterize a material's resistance to 
bending and stiffness during bending, respectively, demonstrated improvement with the addition of 
graphene and GF. The samples containing both graphene and GF (PP0125GNP10GF and 
PP1GNP10GF) exhibited the highest values for flexural strength and flexural Young's modulus, in 
comparison with the PP10GF sample, suggesting a synergistic effect between graphene and glass 
fiber on the mechanical performance of the polypropylene copolymer. 
 
Table 1 – Table of mechanical properties of the tested mixtures. 

Sample 
Tensile 
Strength 
(MPa) 

Tensile Rupture 
Elongation (%) 

Tensile Young's 
Modulus (MPa) 

Flexural 
Strength 
(MPa) 

Flexural Young's 
Modulus (MPa) 

PP 20.76 ±0.16 197.8 ±99.1 503.5 ±11.9 22.15 ±0.55 893.1 ±55.2 
PP0125GNP 22.27 ±0.41 362.8 ±188.3 508.6 ±16.1 25.78 ±0.93 934.0 ±52.6 

PP1GNP 21.16 ±0.68 557.9 ±186.4 529.6 ±11.6 25.15 ±0.70 889.5 ±79.5 
PP10GF 24.18 ±0.62 58.44 ±22.5 658.4 ±34.18 30.79 ±0.43 1451 ±19.7 

PP0125GNP10GF 25.98 ±0.44 20.40 ±1.4 788.0 ±19.28 28.03 ±0.32 1602 ±48.5 
PP1GNP10GF 25.55 ±0.38 17.41 ±9.8 712.3 ±127.5 29.14 ±0.92 1552 ±31.2 

 
The area under the deformation curve was used to calculate the tensile toughness, which represents 
the material's ability to withstand deformation and absorb energy before failure. The results showed 
that the addition of graphene, led to a significant increase in tensile toughness The PP0125GNP and 
PP1GNP samples exhibited mean tensile toughness values of 63.21 N.mm.mm-² and 96.96 
N.mm.mm-², respectively. This result, combined with the elongation data, demonstrates that 
graphene may be capable of enhancing the amount of energy a material, in this case a copolymer, 
can absorb during deformation. This behavior deviates from the findings reported in previous 
studies [3, 5, 9, 11]. However, Liu, et al. 2021, used a three-layer graphene in conjunction with 
isotactic polypropylene and observed similar behavior. The authors justified that graphene 
nanosheets can serve as stress transfer and reinforcement agents when the composites are exposed 
to external forces. The remarkable elongation at break observed in the PP/graphene composites 
suggests effective stress transfer at the interfaces, which may be attributed to the two-dimensional 
structure and favorable dispersibility of graphene in PP in that work. As the composite is subjected 
to external forces, the macromolecular chains of the matrix and graphene nanosheets align along the 
force direction. Since crack propagation direction is roughly perpendicular to this alignment, 
graphene nanosheets can bridge the crack ends, effectively inhibiting crack propagation [6]. In 
contrast, the presence of GF in the composites resulted in a reduction in tenacity, as the stiffening 
effect of the fibers restricted the mobility of the polymer chains and thus reduced the material's 
ability to withstand deformation and absorb energy before failure [1, 7, 9, 10]. The PP10GF sample 
showed a mean tensile toughness of 11.17 N.mm.mm-². The PP0125GNP10GF and PP1GNP10GF 
samples exhibited mean tensile toughness values of 4.38 N.mm.mm-² and 4.90 N.mm.mm-², 
respectively. In this case, graphene addition showed a restraining effect in conjunction with the 
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glass fiber, in comparison with the sample without graphene (PP10GF). These findings provide 
valuable insights into the potential applications and processing requirements for graphene-based 
composites in engineering and industrial contexts.
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Figure 1 – Tensile Toughness plot of the samples. Samples without glass fiber (a) and with glass 
fiber (b).

The rheological properties of the samples, presented as Viscosity Rabinovich (Pa.s) versus shear 
rate (s-1), were evaluated using capillary rheology, with the results presented in Figure 2. At most
shear rates tested, the addition of GF led to a significant increase in viscosity for all samples. The 
viscosity of the molten state can be increased by the presence of GF, which creates a network of 
fibers within the material. This network hinders the flow of the material and increases its resistance 
to deformation [7]. The samples with graphene still exhibited a higher viscosity than the unmodified 
PP, but the increase in viscosity was less pronounced compared to the samples with GF. At higher 
shear rates, the viscosity of all samples, including those with GF, drops slightly. Although the 
presence of particles in a molten flow typically increases viscosity, in this particular study, it was 
found that the incorporation of graphene particles did not significantly alter the polymer's viscosity
[4].

10 100 1000
10

100

1000

Vi
sc

os
ity

 R
ab

in
ov

ic
h 

[P
a*

s]

SRap [1/s]

PP
PP0125GNP
PP1GNP
PP10GF
PP0125GNP10GF
PP1GNP10GF

Figure 2 – Plot of capillary rheology for each sample.
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Conclusions 
The study reveals that adding graphene and glass fiber to a polypropylene copolymer significantly 
impacts its mechanical properties. Graphene enhances tensile rupture elongation, while glass fiber 
increases Young's modulus, flexural strength, and flexural Young's modulus. These findings offer 
valuable insights for tailoring polypropylene copolymer properties to suit specific applications and 
processing requirements. Additionally, the incorporation of graphene can also increase the tenacity 
modulus of the polypropylene copolymer. Moreover, rheological analysis revealed that small 
amounts of graphene slightly increase viscosity of the material in its molten state, while glass fiber 
was observed to have a more pronounced increase in the viscosity of the material. These findings 
offer valuable insights into how graphene and glass fiber can affect the material behavior in 
processes like injection molding, but further optimization is necessary for specific industrial 
applications. 
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Abstract – This research aimed to modify kaolin nanoparticles with oregano essential oil (OEO) for application in 
poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV) in the production of active packaging with antimicrobial properties. 
The halloysite (Hal) and kaolinite (Kaol) were modified with OEO by sonication process and characterized. The best 
result was obtained with Hal modified with OEO, with 45% OEO incorporation efficiency and low OEO evaporation 
rates at 25°C. The nanocomposite films were produced by melt processing. The nanocomposite produced with modified 
Hal with addition of OEO presented the lowest oxygen permeability and allowed a controlled OEO release, resulting in 
an antibacterial activity against the E. coli close to the satisfactory value required by JIS Z 2801:2000, being promising 
for application in active packaging.
Keywords: Organic modification. Biodegradable polymers. Polymer nanocomposites. Antibacterial activity. Active 
packaging.
Fundings: Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq - Processes 435650/2018-1 and 
313599/2018-1) and Coordenação de Aperfeiçoamento de Pessoal de Nível Superior/Fundação de Amparo à Pesquisa e 
Inovação do Estado de Santa Catarina (CAPES/FAPESC).

Introduction 
Active food packaging contains active components that aim to maintain food quality and extend its
shelf life. Among the active compounds, essential oil has stood out for being able to present 
molecules with antimicrobial and antioxidant properties[1-2]. However, its high volatilization 
makes its application in food packaging difficult.
Clay minerals can act as nanocarriers, trapping the active compounds in its lumen or basal spacing, 
thus avoiding their volatilization and providing a controlled release[1-3]. In addition, clay minerals
present high surface area and can act as reinforcing fillers, improving the thermal and barrier 
properties of the polymeric matrix [2-4]. In this case, the formation of the PHBV nanocomposites
might improve its properties and has been considered as an alternative to increase the 
competitiveness of PHBV regarding conventional materials [2,4]. In this study, Hal and Kaol were 
modified with OEO and compared according to their physicochemical characteristics. PHBV 
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nanocomposites were also prepared and evaluated by their thermal, oxygen barrier, and 
antimicrobial properties, aiming their application in active food packaging.  
 
Experimental  
Organic modification of clay mineral 
Hal and Kaol were modified with OEO by an adapted sonication process [3]. The mixture (1:10 
clay:OEO mass ratio) was sonicated (Elma S40H, Elmasonic) for 30 min in an ice bath. The 
resulting dispersion was vacuumed for 30 min at room temperature and then subjected to 
atmospheric pressure for 10 min. This procedure was repeated twice to increase loading efficiency. 
The modified clay mineral was centrifugated at 7000 rpm for 5 min and dried for 4 d at room 
temperature in a desiccator. 
 
Characterization of the nanoparticles 
The SEM analysis was carried out using a field emission scanning electron microscope (FEG/SEM 
Mira3 LMU) at 20 kV acceleration. Thermogravimetric analyses (TGA) were carried out using 
PerkinElmer TGA 8000 from 30 to 900 °C at a heating rate of 20 °C min-1 under argon atmosphere 
(20 mL min-1). The incorporation efficiency (IE) was calculated as the percentual mass difference 
between the theoretical and volatilized oil up to 240 °C. For evaporation tests, 60 mg of each 
sample were weighed in Petri dishes in duplicate. The changes in mass were monitored for 11 d at 
25 °C (a suitable temperature for fungal growth) and 32 h at 37 °C (a suitable temperature for 
bacterial growth).  
 
Melt processing and films production 
PHBV nanocomposite films were prepared by melt processing using a Roller-Rotors R600, 
Rheomix 6002C mixer [2]. The PHBV and raw Hal were previously dried at 80 °C for 6 h. The 
processing was performed at 170 °C or 165 °C for the compositions without and with oil, 
respectively, at 100 rpm for 6 min. The materials (Table 2) were milled in a knife mill (SL-32, 
Solab Equipamentos) and compression molded in an electrically heated hydraulic press (SL-11, 
Solab Equipamentos) at 1 ton and 190 °C for 2 min.  

Table 1: Composition of the films. 
Samples PHBV (g) Hal (g) OEO (g) Hal:OEO (g) 
PHBV 50.0 - - - 

PHBV/OEO 46.0 - 4.0 - 
PHBV/Hal/OEO 44.5 1.5 4.0 - 
PHBV/Hal:OEO 47.3 - - 2.7a 

PHBV/Hal:OEO/OEO 44.5 - 2.8b 2.7 
a Equivalent amount of 1.5 g of clay mineral (3 wt%), considering 45% of incorporation of OEO. 
b Added to a total of 4.0 g of OEO in the mixture (8 wt%). 
 
Characterization of the nanocomposites 
Thermal stability of the nanocomposites was evaluated by TGA as previously described. The 
oxygen permeability analyses were carried out at 23 °C with 100 cm3 min-1 oxygen flow, according 
to ASTM D1434 in an L100-5000 Systech Illinois equipment. The release rate of OEO was 
analyzed using 3% (v/v) acetic acid as food simulant solution. The samples (150 mg) were 
immersed in 30 mL of simulant and stirred at 100 rpm and 25 °C for 72 h in a MK1210 – TR orbital 
shaker. The OEO release (%) was determined by UV-Vis spectrophotometry in a Shimadzu UV-Vis 
1800 at 272 nm. The antibacterial activity of the films was evaluated according to the JIS Z 
2801:2000 [5], against the Gram-negative bacteria Escherichia coli (E. coli ATCC 25922). The 
antibacterial activity was calculated according to Eq (1), where R is the value of antibacterial 
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activity (%), A is the mean of bacterial counts in the control sample after 24 h (inoculum) (CFU mL-

1), and B is the mean of bacterial counts of the test sample after 24 h (CFU mL-1).
(1)

Results and Discussion
Characterization of the nanoparticles modified with OEO
Hal:OEO and Kaol:OEO showed a high incorporation efficiency (45% and 43%, respectively). The 
sonication process might increase the dispersion of particles through cavitation, which is auxiliary 
in the process of the deagglomeration of nanoparticles and consequently the increase of the specific 
area [6]. Furthermore, the application of vacuum might allow the diffusion of molecules from the 
more concentrated medium (OEO) to the less concentrated one (lumen of clay nanoparticles)[7]. 
The tubular structure of raw Hal (Fig 1 (a)) was maintained after modification and the diameter 
increased from 85 – 113 nm to 87 – 169 nm (Fig 1 (b)). This increase suggests the adsorption of 
OEO both on the external surface and in the lumen of the clay mineral promoted by the 
modification process used [7]. The raw Kaol (Fig 1 (c)) exhibited a laminar structure in a pseudo-
hexagonal shape, with stacked plates interacting by strong secondary interactions [8]. For 
Kaol:OEO (Fig 1 (d)), the OEO did not cause significant changes on the surface of Kaol. 

Figure 1: SEM images of (a) Hal, (b) Hal:OEO, (c) Kaol, and (d) Kaol:OEO.

The evaporation of OEO in the free form at 25 °C and 37 °C (Fig 2) was approximately 50% higher 
than in the adsorbed form. The effects at 37 °C (Fig 2 (b)) were similar for both clays. However, the 
Hal:OEO showed better OEO retention at 25 ºC (Fig 2 (a)) probably due to the greater interaction 
of the oil with the surface of Hal and immobilized at the lumen of Hal. Therefore, Hal:OEO sample 
was selected to be incorporated into the PHBV matrix.

Characterization of the nanocomposites
All nanocomposites showed similar thermal properties (Fig 3(a)), with a first mass loss up to 
240 °C referred to the volatilization of OEO and a second mass loss at 270 °C – 320 °C, associated 
with the degradation of PHBV.
The release of OEO from the films in a simulating medium was gradual (Fig 3 (b)), with a faster 
release exhibited by PHBV/OEO. The slower release was achieved by nanocomposites containing 
Hal modified with OEO (PHBV/Hal:OEO e PHBV/Hal:OEO/OEO), where the higher proportion of 
OEO might be immobilized in the surface and trapped within the lumen of the Hal. Furthermore, 
the organophilic characteristic of Hal might have improved clay mineral dispersion in the matrix, 
thus inhibiting the diffusion of OEO from the polymer to the medium. These results were 
corroborated by the Korsmeyer-Peppas kinetic model, with higher release rates (k) for PHBV/OEO 
and PHBV/Hal/OEO (5.98 and 5.34, respectively) compared to 4.24 and 4.02 for PHBV/Hal:OEO 
and PHBV/Hal:OEO/OEO, respectively. The diffusion exponent (n) was lower than 0.5, indicating 
that the OEO release occurred predominantly by Fickian diffusion, where the polymer chain 
relaxation time is longer than the OEO diffusion [9].
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Figure 2:Evaporation profile of OEO incorporated in Hal and Kaol and in free form at (a) 25 °C for 11 d 
and (b) 37 °C for 32 h. 

 
 
Figure 3: (a) TGA and DTG curve of the PHBV nanocomposite e (b) Release of OEO from PHBV 
compositions in 3% acetic acid (v/v) at 25°C (experimental data – dashed lines) and predicted concentration 
of OEO released by Korsmeyer-Peppas model (lines). 

 
 
Oxygen is responsible for nutrient deterioration, oxidation, changes in color and flavor, and also 
contributes to microbial growth during food storage and handling [10]. Therefore, packaging 
production with an adequate oxygen barrier may help to improve the quality and extend the shelf 
life of the products. The improvement in the barrier property in PHBV compositions (Table 2) 
might be related to the distribution of polar OEO within the free volume of the polymer, thus 
hindering the diffusion of non-polar O2 molecules. For PHBV nanocomposites, the tortuous path 
created by clay minerals contributes to the improvement in the barrier property of the material [2].  
The antimicrobial activity against E. coli was also evaluated (Table 2). The PHBV/OEO showed a 
satisfactory reduction of 99.8%, and this inhibition was greater for PHBV/Hal/OEO. These results 
might be related to the diffusion of the oil to the medium with a slight delay caused by the 
crystallinity of PHBV and the presence of Hal. The PHBV/Hal:OEO composition did not show a 
significant reduction in bacterial count. Besides the reduced amount of OEO in this composition, all 
OEO content was entrapped in the clay mineral, which caused a delay in its diffusion to the 
medium.  
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Table 2: Oxygen permeability and antimicrobial activity, calculated by direct contact assay against E. coli, 
on PHBV films containing OEO. 

Sample O2 permeability 
mL mm m-2 day-1 

Antibacterial activity (E. coli) 
After inoculation 

(CFU mL-1) 
After de 24 h 
(CFU mL-1) R (%) 

Reference* 860.6 ± 0.0 1.6 × 104 5.5 × 107 - 
PHBV/OEO 111.1 ± 4.8 - 1.3 × 105 99,8 

PHBV/Hal/OEO 349.2 ± 27.5 - 9.0 × 10-1 100,0 
PHBV/Hal:OEO 232.4 ± 15.2 - 9.0 × 106 83,6 

PHBV/Hal:OEO/OEO 127.6 ± 4.6 - 8.3 × 105 98,5 
*Control film of PHBV without antimicrobial agent. 
 
Conclusions  
The best OEO incorporation result was obtained by Hal:OEO (45%), with the OEO adsorbed on the 
outer surface of the material. In addition, the Hal:OEO showed higher retention of the incorporated 
oil. When incorporated into the PHBV matrix, Hal:OEO contributed to a higher oxygen barrier 
property. The clay modification with OEO provided a greater organophilic characteristic that 
resulted in a better interaction with the polymer and, consequently, an improved dispersion. The 
composition in which the modified Hal was used with the addition of free OEO during processing 
(PHBV/Hal:OEO/OEO) was the most promising one, exhibiting a slow and gradual release of the 
oil in a food simulant medium. Furthermore, this composition showed a bacterial inhibition close to 
a value considered satisfactory. Therefore, an adjustment in the free oil content would allow a faster 
and greater release in the period of the first 24 h. As it contains OEO immobilized in its structure, 
this effect could be prolonged, thus increasing the shelf life of the product. 
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Summary - This study had as a goal to produce a catalyst composite polymeric heterogeneous in the form of an airgel of 
cellulose nanofibers coated with graphite sulfonated. the graffiti he was rusty by TIME and sulphonate per three 
sulfonation methodologies, using _ respectively i) 4-benzenediazonium sulfonate ii) acid sulfuric acid, and iii) sodium 
dodecylbenzenesulfonate. To the suspension of cellulose nanofibers, he added graphite sulfonated, a proportion of 50% 
in the dough, and the mixture was submitted to the lyophilization process, resulting in the catalyst in the form of an airgel. 
The efficiency of the graphite sulfonation step _ was evaluated through analysis of FTIR, RAMAN, exchange capacity
ionic and zeta potential. You aerogels were characterized by SEM, TGA, and viscosimetric molar mass. It was possible 
to obtain grade materials _ a satisfactory form of sulfonation, which, when incorporated into the nanofibers, resulted in 
aerogels with characteristics suitable for applications in Law Suit catalytic.
Keywords: Cellulose nanofiber, graphite _ sulfonate, airgel, composite, catalyst heterogeneous.

Introduction
The cellulose nanofibers _ they are bottom materials _ cost, easy to functionalize, have high 
availability, biocompatibility, renewability, biodegradability, high rigidity, good resistance 
mechanical, thermal, and tensile, and low density. In the form of airgel – a solid and highly porous –
nanocellulose has the characteristics of discharge expected _ surface area, good flexibility, high 
porosity, low conductivity thermal and liquid sorption _ in big quantities [1]. In that sense, one 
hypothesis raised is that if we deposit other components at the surface of these fibers in the form of 
airgel, we hope to obtain a material with properties like the nanocellulose airgel, mainly regarding 
sorption and high _ porosity, mainly at the case of catalysts heterogeneous, because they are 
characteristics that can speed up the reactions involved. In addition, Furthermore, this material can to 
present characteristics of nanofibers that result in good resistance thermal, mechanical, and tensile 
necessary to withstand the temperatures and pressures involved in some processes, like biodiesel 
production reactions by _ catalysis acidic heterogeneous, by example. The main advantage of 
heterogeneous catalysts is to facilitate the separation and the possibility of reuse, and specifically in 
the production of biodiesel, it has the advantage of recovering glycerin free of ions. Disadvantages 
include the frequent need to activate active sites, which can sometimes be leached or covered by 
organic deposition, and the need for high temperatures and oil/alcohol ratios [2]. Compared with 
homogeneous acid catalysts, heterogeneous acid catalysts have mild reaction conditions and lower 
corrosivity and toxicity. The limitations involved are high-temperature requirements, longer reaction 
times and higher catalyst loading. In esterification and transesterification processes, the large pore 
structure combined with the high or moderate density of active sites helps the catalyst to resist mass 
transfer from the carbon chains of triglycerides and is also important to achieve high reaction rates 
[3]. The mechanism of action of Brönsted -Lowry solid acid catalysts – a species capable of donating 
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a proton – is the protonation of the carbonyl of fatty reagents, formation of carbocations, and increased 
susceptibility to the nucleophilic attack of alcohol. In this sense, it is known that these properties are 
found in the sulfonic groups of sulfonated materials, which in many cases are produced in the form 
of sulfonated activated carbons but can also be produced by the sulfonation routes of graphite. Thus, 
this work presents results of the production and characterization of a heterogeneous acid catalyst, 
combining the properties of cellulose nanofibers with those of sulfonated graphite, to obtain a material 
with acidic sites and high surface area, which has potential for applications in catalyzed 
heterogeneous reactions by acids, and which, therefore, have potential for application in esterification 
and transesterification reactions for biodiesel production. Its main expected advantages are 
biocompatibility and the greater contact surface, due to the use of airgel as support, high activity, 
stability, and the possibility of reusing the product. 
 
Experimental 
TIME-mediated oxidation of graphite 
The oxidation of graphite (from the company Nacional graphite) was mediated by the free radical 
2,2,6,6-Tetramethylpiperidine 1-oxila (TEMPO). TEMPO and sodium bromide (NaBr) were added 
to 100 mL of water containing 1g of graphite in the ratio Graphite:NaBr: TEMPO = 1.0:0.5:0.1 
(w/w/w). An aqueous solution of sodium hypochlorite (NaClO) (NaClO Graphite = 1:1, w/w) was 
added to start graphite oxidation and the obtained mixture was stirred for 4 h at room temperature. 
The pH of the system was maintained between 10 and 11 by careful addition of 2M NaOH solution. 
Oxidation was stopped by the addition of 0.5 mL of ethanol, which resulted in the total consumption 
of NaClO. At the end of the reaction, the oxidized graphite (GO) was initially separated by 
centrifugation. Finally, the material was subjected to dialysis against water for 3 days and subsequent 
sonication for 5 min. The suspensions obtained were adjusted to 1.5% solids [4]. In the subsequent 
sulfonation steps, the processes were carried out with samples of pure graphite (GP) and oxidized 
graphite (GO). 
 
Sulfonation of graphite samples with sulfanilic acid 
In this procedure, 15g of sulphanilic acid was dispersed in 300 mL of 1M HCl. The temperature of 
the solution was maintained at 5°C with continuous stirring. Subsequently, 90 mL of 1M NaNO2 was 
added dropwise. After adding all the NaNO2, a clear solution was obtained and the mixture was stirred 
for another 1 h, maintaining the temperature. Then, the mixture was allowed to stand and the white 
precipitate of 4-benzenediazonium sulfonate (4-BDS) formed was filtered and washed to remove 
impurities. The precipitate was mixed with 200 ml of aqueous solution containing the graphite 
samples (1.5% concentration, i.e. 3 g of GP or GO) and 60 ml of ethanol, and the temperature was 
maintained between 3 and 5 °C. Then 100 mL of 30 wt% H3PO 2 was added and stirred for 30 min. 
Then, another 50 mL of H3PO2 was added and left to stir for another 1 h. The resulting sulfonated 
graphite samples were filtered, washed, and dried in an oven for 12 h [5]. The resulting samples in 
this step were named GP - sulphanilic acid and GO - sulphanilic acid. 
 
Sulfonation of graphite samples with sulfuric acid 
Sulfonation was performed by direct reaction with concentrated sulfuric acid (98%) at a solid /liquid 
ratio of 1:10 (w/w), a temperature of 160ºC (in an oil bath), and a reaction time of 2 h. After the end 
of the reaction time, the graphite samples were centrifuged to reduce the acidity to pH 6.0, to ensure 
that all remaining sulfuric acid was removed and that the acidity of the material resulted from the 
incorporation of sulfonic groups. Subsequently, the samples were dried in an oven at 105 °C for 12 
hours [6]. The resulting samples in this step were named GP - sulfuric acid and GO - sulfuric acid. 
 
Sulfonation of graphite samples with sodium dodecylbenzenesulfonate (SDBS) 

422



Proceedings of the 17th Congress Brasileiro de Polimeros (17th CBPol ), October 29 to November 2 , 2023, Joinville-SC, 
Brazil 

The graphite sample (2 g) was dispersed in a 500 mL beaker containing 100 mL of water. To this 
solution was added 100 mL of 0.1 M SDBS solution and the mixture was stirred for 3 days at room 
temperature. Then, the samples were filtered and washed several times with water until reaching pH 
6. Finally, they were left to dry in an oven at 60 °C [7]. The resulting samples in this step were named 
GP – SDBS and GO – SDBS. 
 
Characterization of graphite samples 
The occurrence of oxidation and sulfonation processes was evaluated by Fourier Transform 
Spectroscopy (FTIR) (Shimadzu, IR PRESTIGE-21), in the infrared region, between 4000 and 500 
cm-1, Raman Spectroscopy (LabRAM HR Evolution, HORIBA) with 532 nm excitation laser, reading 
of 3 accumulations of the spectrum in the region from 1000 to 3500 cm-1, Ion Exchange Capacity 
(ITC) and Zeta Potential (Litesizer, 500), at a temperature of 25 ± 1 °C and dissolution of 0.01 g/ mL 
of the sample in aqueous medium. 
 
Preparation of graphite-cellulose nanofiber airgel composites 
nanofiber (CNF) suspensions (supplied by SUZANO) were used as received, which had a 
concentration of 3.0% by weight. The aerogels were prepared with the addition of 50% by weight of 
graphite samples in relation to the dry weight of CNF. In 20 g of CNF suspension, 0.3 g of graphite 
samples were added, under mechanical agitation, until complete homogeneous dispersion of the 
graphite samples in the mixture. Finally, the mixtures were subjected to the lyophilization process to 
obtain aerogels [8]. 
 
Characterization of aerogels 
airgel samples were characterized for morphology by Scanning Electron Microscopy (SEM) (Tescan, 
VEGA 3 LMU), for thermal stability by Thermogravimetric Analysis (TGA) (Shimadzu, DTG-60H) 
at a heating rate of 10 ° C/min and 50  mL/min airflow from 25 ° to 700 °C. Additionally, the integrity 
of the cellulose structure was evaluated by determining its viscosimetric molar mass obtained through 
flow measurements in an Ostwald. 
 
Results and discussion 
Characterization of graphite samples 
Through the FTIR spectra (not shown here), the occurrence of oxidation of the samples was verified, 
evidenced by the appearance of polar groups such as hydroxyl with a band around 3450 cm-1, carboxyl 
with a peak around 1650 cm-1 and CO with a peak around 1100 cm-1. The insertion of sulfonic groups 
in all samples was verified by the appearance of peaks in the region from 1280 to 1080 cm-1 referring 
to the asymmetric elongation of the SO3- groups, by the peak at 1080 cm -1 referring to the symmetrical 
elongation of the SO3- groups and, also, by the increase in the intensity of the band at 3400 cm -1 

referring to the hydroxyls present in the SO3H group. Specifically in the samples with SDBS insertion, 
an increase in peaks was observed in the region from 3000 to 2800 cm -1, referring to the stretching 
of the CH groups that make up the SDBS molecule. Thus, it can be successfully affirmed that there 
was oxidation and later sulfonation of the graphite, with a gain of sulfonic groups. 
From the results presented in Table 1, it is possible to verify the modification performed in the 
graphite samples with the insertion of oxidized and sulfonic groups and corroborate the insertion of 
chemical modifications on the GP surface observed in the FTIR analysis. The results of the Zeta 
Potential analysis showed the changes in the electric charge environment. An increase in the negative 
charge of the samples was observed, mainly, for functionalization using SDBS, demonstrating that 
this composite was the most stable in suspension, being less prone to flocculation or sediment. By the 
CTI analysis, it was noticed that the greatest increase in the total acidity content was observed in the 
sulfonation process with sulphanilic acid, which increased the SO 3 H content by 0.38 mmol/g for GO 
– sulphanilic acid and 0, 21 mmol/g for GP – sulfanilic acid, such increase is due to the incorporation 
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of sulfonic groups to the initial sample. The Raman spectra (not shown here) showed a less intense 
signal in the D band and more intense in the G band for all tested samples; this is due to the high 
degree of crystallinity of the rhombohedral structure of powdered graphite used as raw material in 
this study. Due to the intensity of the D and G peaks, a peak ID/IG ratio value of 0.1546 was obtained 
for the GP sample. This value decreased by 0.1388 in the GO sample, and this reduction is a 
consequence of the decrease in the G band and the increase in the intensities of the D band, which 
indicate an increase in the disorder of the graphite structure due to oxidation. In some sulphonated 
samples, the reduction in ID/IG was more pronounced in the GP samples than in the GO samples. 
For the values of the degree of disorganization of the sulfonated GO samples, it was noted that after 
going through the functionalization, they had a small increase in the qualitative degree of disorder of 
the structure, thus indicating the existence of the sulfonation process, without, however, resulting in 
the loss of symmetry of the carbonic chain, considerably [9]. 
 
Table 1 - Zeta Potential data, Raman D/G peak intensities ratio, total acidity, and group content sulfonic 
obtained by the CTI tests, for the GP, GO and their respective samples sulfonated. 

Sample Zeta Potential 
( mV ) 

D/G Total acidity SO3H (mmol /g) 

GP -27.2532 ± 0.39 0.1546 0.02 - 
GO -27.7875 ± 0.63 0.1388 0.04 - 
GP - sulphanilic acid -28.8264 ± 0.98 0.1331 0.23 0.21 
GO - sulphanilic acid -20.4396 ± 0.37 0.1546 0.42 0.38 
GP - sulfuric acid -31.6529 ± 0.23 0.0561 0.05 0.03 
GO - sulfuric acid -25.6278 ± 1.54 0.1171 0.11 0.07 
GP – SDBS -54.7977 ± 0.84 0.0852 0.05 0.03 
GO - SDBS -58.6732 ± 0.31 0.1116 0.08 0.04 

 
Characterization of aerogels 
From the thermograms _ obtained by TGA (not shown here), it is observed that pure CNF has two 
stages of degradation, the first with a T onset of 286 °C for the decomposition of polysaccharides and 
a second with a T onset of 396 °C for the decomposition of structures carbonic resulting from the 
decomposition of the first phase. For the modified CNF samples, it is observed that with the 
incorporation of groups sulfonics, such as analogs sulfonated with acid sulphanilic acid _ sulfuric 
acid and SDBS, there was one small alteration in the decomposition temperatures of the first stage, 
attributed to the presence of groups sulfonics that reduce The CNF stability, however, for the second 
stage, there was an increase in the degradation temperatures starting from T, attributed to the presence 
of graphite. the biggest stability increase _ reached 428 °C for the GO sample - acid sulphanilic.  
 

 

424



Proceedings of the 17th Congress Brasileiro de Polimeros (17th CBPol ), October 29 to November 2 , 2023, Joinville-SC, 
Brazil 

Figure 1 – SEM images of airgel samples: (A) CNF, (B) CNF with GP - sulphanilic acid, (C) CNF with GP 
- sulfuric acid, (D) CNF with GP - SDBS, (E) CNF with GO - acid sulphanilic, (F)CNF with GO - acid sulfuric 
and (G)CNF with GO – SDBS. Magnification 5000X. 
 
He is the nanofiber network is evidently typical of CNF and which results in one structure porous. 
Adding samples _ GP and GO sulphonates apparently, no affects the fibers, however, it is possible to 
observe that the particles are distributed among the fibers. This distribution was Apparently uniform 
per all the structures of aerogels, and they seem to have generated more airgel structures open and 
with pores larger, which can result in bigger permeation of reagents in application cases _ of these 
materials as catalysts. 
The integrity of cellulose nanofibers _ was evaluated per viscosimetry measures, evaluating the 
viscosimetric molar mass of the cellulose that composes your aerogels. The viscosimetric molar mass 
(Mv) of CNF was 79,580 g.mol -1 with a degree of polymerization (DP) of 941. Samples containing 
graphite sulfonated presented a reduction us DP and Mv values. The reduction value corresponds to 
a smaller nanofiber mass _ at a mixture composed of _ around 66.6%, which leads to a decrease in 
cellulose molecules _ at the solution and consequently _ _ smaller viscosity. So, we can conclude that 
the presence of groups of sulfonics not significantly affected the structure of cellulose nanofibers. _ 
 
Conclusions 
It was possible to functionalize the graphite by oxidation and sulfonation with different routes. It was 
verified that the degree of sulfonation depended on the modifier used, obtaining the highest degree 
of sulfonation for the samples with sulphanilic acid. Also, it was possible to produce composite 
aerogels from the mixture of samples of CNF and sulfonated graphite, obtaining a structure with 
preservation of the structure of cellulose and CNF, with thermal stability for application as catalysts 
in reactions catalyzed by acids, as is the case of reactions of esterification and transesterification for 
biodiesel production, highlighting the high temperature of functionalized graphitic stability of 
sulphanilic acid, which reached 428 °C. 
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Abstract – Cotton is one of the most used fibers in the textile sector and, as a natural fiber, it is susceptible to the 
proliferation of microorganisms. The encapsulation of essential oils as antimicrobial agents in natural polymers such as 
chitosan and its incorporation into a cotton matrix is a promising approach for obtaining a functional fabric. With the 
aim of promoting the superficial oxidation of cellulose and improving its interaction with nucleophilic groups of 
chitosan, a system using laccase and TEMPO was employed. FTIR and TEM analyses confirmed the successful 
encapsulation of the essential oil into spherical and nanosized chitosan particles. FTIR characterization confirmed the 
oxidation of cellulose to some extent. The functionalization of the oxidized fabric exhibited better results with 
nanoparticle concentrations of 25% and 35%. The FEG-SEM analysis showed that the impregnation of the 
nanoparticles in the fabric fibers was successful. 
Keywords: Laccase, TEMPO, Biooxidation, Antimicrobial property, Functional cotton fabric

Introduction 
Natural fibers, such as cotton, have high applicability in the textile industry due to their many 
advantages such as low cost, biodegradability, versatility, and breathability [1, 2]. However, the 
porosity and hydrophilicity of these fibers create an environment suitable for the proliferation of 
microorganisms [3, 4]. Thus, with the aim of increasing the competitiveness of cotton in the market, 
several chemical treatments have been used to improve pre-existing properties, as well as to assign 
new functionalities to these products [3, 5].
Chitosan is one of the polymers satisfactorily used in the functionalization of cotton due to the 
presence of reactive amino and hydroxyl groups. [6-8]. Some active agents can be as well applied in 
the surface modification to confer interesting properties, such as essential oils – natural substances 
obtained from aromatic plants which have several biological properties [9]. The most effective 
treatment methods use chitosan to encapsulate the essential oil, thus controlling its volatilization 
and release and extending its bioavailability [9, 10].
Among the methods that can be used to modify cotton with chitosan nanoparticles, the formation of 
covalent bonds gives the material more stability [6, 11]. One of the most common routes is the 
surface oxidation of the CH2OH groups of cellulose to carboxylic acids or aldehydes [12, 13].
However, oxidation methodologies can be quite drastic, and a good strategy to overcome this 
problem is the use of enzymes, such as laccases, known to oxidize cellulose-based materials [12].
Thus, the aim of this work is to biooxidize cellulose of cotton fabric by using different laccases and 
post-treatments to obtain a more efficient process and incorporate the synthesized chitosan 
nanocapsules containing eucalyptus essential oil. Finally, it is intended to study the properties of the 
materials obtained after the optimization of all processes.
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Experimental  
Synthesis of nanoparticles 
Chitosan nanoparticles containing eucalyptus essential oil (EEO-NPs) were prepared through a two-
step process: oil-in-water emulsification followed by ionic gelation, which was adapted from 
Hosseini et al. (2013) [14]. For oil-in-water emulsification, the aqueous phase was prepared with a 
chitosan solution (1% w/v) in acetic acid (1% v/v) and Tween 80 as surfactant; the oil phase was 
prepared by dissolving the essential oil in ethanol. The latter was slowly added to the aqueous phase 
during homogenization at 13,000 rpm in the Ultra-Turrax® IKA disperser to form an oil-in-water 
emulsion. A sodium tripolyphosphate (TPP) solution (0,4% w/v) was added dropwise to the 
emulsion in the ionic gelation step for the formation of NPs. The obtained EEO-NPs were collected 
by centrifugation, washed with deionized water, and freeze-dried. 
 
Cotton biooxidation 
The Biooxidation process was carried out by the reaction between the laccase enzyme and mediator, 
followed by a post-treatment with NaOH to potentiate the oxidation. To study the best condition of 
the process, four different laccases – immobilized or not – and two mediators were tested: TEMPO 
(2,2',6,6'-tetramethylpiperidine-N-oxyl) and ABTS (2,2-azinobis (3-ethylbenzothiazoline-6-sulfonic 
acid). 
 
Cotton functionalization 
Previously oxidized fabrics were impregnated with chitosan nanocapsules (EEO-NPs) through a 
methodology adapted from Liu et al. (2001) [15] and Specos et al. (2010) [16]. This methodology 
consists of immersing the samples in 25 mL of a dispersion containing the EEO-NPs at 
concentrations (w/v) 5%, 15%, 25%, and 35%, with constant stirring for 2 h. Then, the fabric was 
immersed in 25 mL of deionized water with agitation for 24 h. The samples were dried to obtain the 
modified cotton fabric. 
 
Characterizations 
The EEO-NPs were characterized by Fourier transform infrared spectroscopy (FTIR) and 
transmission electron microscopy (TEM) to evaluate the chemical structure and morphology, and 
by encapsulation efficiency [14].  The functionalized fabric was characterized by FTIR and 
scanning electron microscopy (FEG-SEM) analyses. In addition, dyeing tests were carried out with 
acid orange 7 dye to determine the concentration of nanocapsules that led to the most effective 
impregnation.  
 
Results and Discussion  
Synthesis of nanoparticles  
Fig. 1(a) presents a comparison between the FTIR spectra of eucalyptus essential oil (EEO), pure 
chitosan (CHI), and EEO-NPs. The EEO spectrum presented two characteristic bands: between 
1440 and 1460 cm-1, associated with the stretching vibration of the C=C bond of the olefinic 
groups, and at 3484 cm-1, corresponding to the stretching of the O-H components of EEO. The latter 
is most likely overlaid by the asymmetric chitosan band between 3500 and 2600 cm-1. Furthermore, 
a band at 2900 cm-1 can be seen when comparing CHI and EEO-NPs spectra, with an overlap of N-
H and O-H bands. This could be the result of the intense band related to the stretching of the 
methylene group of eucalyptus essential oil [17, 18]. Through Fig. 1 (b, c) it can be observed that 
the EEO-NPs obtained have a spherical shape and follow the expected structure for a nanocapsule: 
the outer layers of the wall formed by chitosan, and the inner layer containing the essential oil. In 
addition, the obtained particles showed a nanometric size, smaller than 20 nm.  
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Figure 1. Characterization of chitosan nanoparticles containing eucalyptus essential oils: (a) Comparative 
FTIR spectra: eucalyptus essential oil (EEO), pure chitosan (CHI) and chitosan nanoparticles containing the 
essential oil (EEO-NPs); (b) and  (c) TEM image of EEO-NPs

Encapsulation efficiency
The nanoparticles were synthesized with chitosan:essential oil ratio of 1:0.4 (w/w). At this 
concentration, the encapsulation efficiency was 61.18%, a much higher percentage compared to the 
literature, whose efficiency was 8.53 ± 0.94 at the same concentration [14]. 

Cotton biooxidation
The best result in terms of the percentage of oxidation was obtained using laccase from Pleurotus 
ostreatus and TEMPO as mediator. FTIR analysis indicated some changes in the spectrum that 
confirmed the successful oxidation (Fig. 2), as the appearance of two bands at 1725 cm-1 e 1550 cm-

1 attributed to the carbonyl group that indicates the oxidation of the hydroxyl groups of the cellulose 
to carboxylic acid groups [12, 13].

Figure 2. Comparative FTIR spectra between the control and the oxidized sample.
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Cotton functionalization
In order to perform the quantification of the impregnation of the nanoparticles into cotton fabric, an 
acid dye test (Fig. 3(a, b, c, d, e)). The dyeing test aimed to identify the presence of chitosan in the 
material by the interaction of the dye with the amine group (NH2) of chitosan. Therefore, the more 
intense the fabric color, the more chitosan nanoparticles are present and, consequently, the more 
efficient the impregnation process was. It can be observed in Fig. 3 that the samples impregnated
with the 25% and 35% solutions presented the strongest staining. The scanning electron microscopy 
(FEG-SEM) analysis (Fig. 3(f)) was also performed. FEG-SEM images of the fabric impregnated 
with nanoparticles (15%) indicate that the impregnation process was successful, being possible to 
notice the presence of nanoparticles in the cotton fibers surface.

Figure 3. Dyeing test results with different concentrations of nanoparticles: (a) 5%, (b) 15%, (c) 25%, (d) 
35% and (e) control; and (e) FEG-SEM image in which it is possible to observe small clusters of 
nanoparticles in the cotton fibers surface.

Conclusions
Chitosan nanoparticles containing essential oil were successfully synthesized, obtaining as a 
spherical shaped particles with nanometric size, and excellent encapsulation efficiency. Among the 
variations of the biooxidation methodology employed, the optimized condition was obtained with 
the laccase from Pleurotus ostreatus using TEMPO as a mediator. The functionalization of oxidized 
cotton with nanoparticles containing essential oil showed the highest incorporation tax applying the 
nanoparticles dispersions at concentrations of 25% and 35% and, as can be seen in the image 
obtained by the SEM-FEG analysis, the impregnation of the nanoparticles in the cotton fabrics was 
successful.
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Abstract – In the present study, filaments for the PLA-MWCNT-TiO2 system were produced and characterized in order 
to develop formulations with bactericidal properties. However, in this first stage, morphological characterizations were 
performed using electron microscopy with EDS, thermal characterization using DSC, and mechanical characterization 
using tensile testing to evaluate the effect of the fillers on the PLA matrix. There was no significant effect of TiO2 and 
MWCNT fillers on the crystallinity of the extruded filaments. Regarding the cooling crystallization in DSC, it was 
observed that MWCNTs significantly increased ΔHc and crystallinity compared to pure extruded PLA. The pure 
extruded PLA with elongational flow exhibited higher tensile strength than the commercially available pure PLA 
filament, likely due to the greater molecular orientation promoted by the elongational flow. EDS analysis revealed that 
the concentration of TiO2 on the surface of the produced filaments is higher than in the core. This characteristic can be 
important when aiming for a bactericidal effect.
Keywords:Polylactic acid,, 3D printing, titanium dioxide, carbon nanotube, extrusion.
Fundings: Coordination for the Improvement of Higher Education Personnel (CAPES).

Introduction 
Additive manufacturing, also known as 3D printing, is a manufacturing technology that has gained 
increasing prominence in recent years. It allows the creation of three-dimensional objects from 
digital models using a variety of materials, including polymers, metals, ceramics, and even 
biological tissues. This technology began in the 1980s with stereolithography, a process that uses a 
laser to solidify (photopolymerize) liquid resins in successive layers. Since then, 3D printing has 
evolved with the emergence of new techniques and materials, expanding its possibilities. Its 
applications range from producing prototype parts for industry and engineering to creating 
decorative objects, jewelry, and medical prosthetics and orthotics, as well as mass production of 
automotive and aircraft components [1,2].
Polylactic acid (PLA) is one of the most used polymer filaments in 3D printing. Under suitable 
conditions of temperature, light, oxygen, humidity, nutrients, and microorganisms, it undergoes 
biodegradation. It is produced from renewable sources such as corn and sugarcane starch, making it 
a more sustainable material compared to others like Acrylonitrile Butadiene Styrene (ABS) 
terpolymer. However, in the field of 3D printing, PLA is widely used not only for its biodegradable 
nature but also for its ease of printing and excellent visual quality. Additionally, it is an excellent 
material for 3D printing in the medical field, allowing the production of biocompatible and 
biodegradable parts, thereby reducing the risk of rejection in the human body [2,3].
Titanium dioxide (TiO2) is a chemical compound widely used as a white pigment. Due to its 
photocatalytic effect, it has also been employed in the development of polymers with bactericidal 
properties. Carbon nanotubes can be considered one of the most promising materials for producing 
polymer matrix nanocomposites due to their properties, such as high mechanical strength, electrical 
conductivity, and thermal conductivity. Hybrid polymer systems incorporating TiO2 and carbon 
nanotubes have been utilized in studies aiming to achieve microbicidal properties [4,5].
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The present work corresponds to the first stage of the project and aims to characterize the thermal, 
mechanical, and morphological properties of 3D printing filaments produced through extrusion with 
elongational flow using the PLA-TiO2-MWCNT system. 

 
Experimental  
Extrusion of filaments 
For the extrusion of the filaments in this study, the following materials were used: Natural-colored 
PLA filament provided by 3DLab©, produced with PLA from NatureWorks©; Titanium dioxide 
powder with a particle size fraction of 50-500 nm; Multi-walled carbon nanotubes (MWCNT) 
supplied by the company Nanocyl© under the trade name NC7000, average diameter: 9.5 nm. The 
PLA in the form of commercial filaments from 3Dlab was cut using a BGM granulator. Prior to the 
extrusion of the formulations, the materials were dried in an oven at 60°C for 24 hours. The 
polymer and particle pre-mixture was manually performed by tumbling. The extrusion process took 
place using a homemade single-screw mini-extruder with three temperature zones. To aid in the 
dispersion of nanoparticles, 5 pairs of elongational flow rings were used in the matrix. Each pair 
consisted of a ring with a 2mm channel diameter followed by another ring with a 4mm channel 
diameter. The screw rotation was set to 20 rpm. The temperature profile was 180°C, 200°C, and 
200°C for the feeding, compression/metering, and elongational matrix zones, respectively. The 
produced filaments for each composition had approximate diameters of 1.75mm. Table 1 presents 
the compositions of the produced filaments. 
 
Table 1- Compositions of the produced filaments. 
Composition nomenclature PLA (% m/m) TiO2 NTC 
Pure PLA  100% - - 
Extruded pure PLA  100% - - 
PLA/0.5 NTC 99.5% - 0.5% 
PLA/1.0 NTC 99.0% - 1.0% 
PLA/2.5 TiO2 97.5% 2.5% - 
PLA/5.0 TiO2 95.0% 5.0% - 
PLA/2.5 TiO2/0.5 NTC 97.0% 2.5% 0.5% 
PLA/4.0 TiO2/1.0 NTC 95.0% 4.0% 1.0% 
 
The term "pure PLA" refers to the pure polymer in the form of commercial filament as received 
from 3DLab. This commercial filament was used as a reference in various characterizations.  
Field Emission Gun (FEG) and Energy Dispersive Spectroscopy (EDS) 
The filaments were cut using blades, and the surfaces of the cross-sections were characterized. The 
samples were metallized with gold and then analyzed using a FEG Tescan/Mira 3 Scanning 
Electron Microscope (SEM) with Energy-Dispersive X-ray Spectroscopy (EDS). The FEG SEM 
with EDS microanalysis was used to analyze the dispersion/location of the particles in the matrix, 
allowing for the determination of the percentage of each particle in the extruded filament. 
Differential Scanning Calorimetry (DSC) 
The thermal characterization using Differential Scanning Calorimetry (DSC) was conducted 
following ASTM D3418 standard. A Shimadzu DSC 60 instrument was used, and the analyses were 
performed under a nitrogen atmosphere. The initial test temperature was set at 30°C, with heating 
up to 220°C at a rate of 10°C/min, followed by an isothermal hold of 3 minutes. After this time, the 
sample was cooled down to 50°C at a rate of 5°C/min, with an isothermal hold of 3 minutes, and the 
same thermal cycle was repeated. This methodology was applied to all filament compositions in 
duplicate. The crystallinity of PLA in the formulations was calculated using the following 
expression: Xm(%)=[(ΔHm-ΔHcc)/f*ΔHm∞]*100. Xm (%) is the percentage of crystallinity, ΔHm 
is the fusion enthalpy obtained from the DSC analysis, ΔHcc is the cold crystallization enthalpy 
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obtained, f is the mass fraction of PLA in the mixture, and ΔHm∞ is the standard enthalpy for 100% 
crystalline PLA, which is tabulated as 93.6 J/g. [6]. 
Tensile test 
The tensile test was performed using a Shimadzu Autograph AGS universal testing machine with a 
10 kN load cell. Ten samples measuring 15 cm in length were tested for each filament composition. 
The gauge length between the grips was set to 5 cm, and the test speed was set to 5 mm/min. 
 
Results and Discussion  
Field Emission Gun (FEG) and Energy Dispersive Spectroscopy (EDS) 
Both the filaments and the powder particles were subjected to FEG and EDS analysis. Fig. 1 shows 
the images of the MWCNT and TiO2 particles. 
 
Figure 1 - FEG of the particles: a) and b) MWCNT; c) and d) TiO2 

 
 
By analyzing the images, it was possible to observe the morphology and confirm the nanoscale size 
of the MWCNT and TiO2 particles. Fig. 2 presents the images obtained for each filament 
composition. 
 
Figure 2 - FEG of the filaments: a) Pure PLA; b) Extruded pure PLA; c) PLA/0.5 MWCNT; d) 
PLA/1.0 MWCNT; e) PLA/2.5 TiO2; f) PLA/5.0 TiO2; g) PLA/2.5 TiO2/0.5 MWCNT; h) PLA/4.0 
TiO2/1.0 MWCNT. 

 
 
From the images, it was possible to visualize the cross-sectional surface of the filaments. It can be 
observed that the surface of pure PLA differs the most from the others, appearing flatter and free 
from heterogeneities, as seen in the other images. No particle clusters were observed in filaments 
with additives. However, they are present on the surfaces. Confirmation was done through EDS 
analysis. Table 2 presents the amount of TiO2 obtained via EDS in the center and on the surface of 
filaments containing this particle. 
 
Table 2 - Mass % of TiO2 obtained via EDS in the filaments 
Filament composition TiO2 surface content (%) TiO2 center content (%) 
PLA/2.5 TiO2 1.31 2.66 
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PLA/5.0 TiO2 3.59 5.30 
PLA/2.5TiO2/0,5 NTC 0.17 2.56 
PLA/4.0 TiO2/1.0 NTC 0.36 3.77 
 
It can be observed that the distribution of titanium in the filament is not homogeneous. For both 
filaments, the amount of Ti in the center is lower than at the edge. The % of Ti at the edge is 
consistent with the filament composition. The other detected chemical elements were carbon and 
oxygen. However, carbon is present in both the PLA and MWCNT chemical structures. Therefore, 
it is not possible to precisely measure the % of carbon from the MWCNT using this technique. 
Another important factor to consider is the dispersion of particles in the PLA matrix during the 
extrusion process, with the presence of controlled extensional flow. Goes (2022) observed better 
dispersion of MWCNT in the polymer matrix during extrusion with elongational flow, as well as a 
reduction in the size of MWCNT clusters. [7]. 
Differential Scanning Calorimetry (DSC) 
The values of Cold Crystallization Temperature (Tcc), Cold Crystallization Enthalpy (ΔHcc), 
Melting Temperature (Tm), Melting Enthalpy (ΔHm), Crystallization Temperature from Melt (Tc), 
Crystallization Enthalpy on Cooling (ΔHc), and Crystallinity of the extruded filaments (Xm) are 
presented in Table 3. 
 
Table 3 – DSC data for the compositions. 

Compositions Tcc(°C) 
ΔHcc  
(J/g) 

Tm 
(°C) 

ΔHm 
(J/g) 

Tc 
(°C) 

ΔHc 
(J/g) Xm(%) 

Pure PLA  100.1 -13.8 181.1 40.0 107.6 -2.7 28.0 ± 0.5 
Extruded pure PLA  99.2 -21.5 178.3 43.5 103.3 -9.7 23.5 ± 3.8 
PLA/0.5 NTC 95.8 -21.2 178.4 47.7 102.9 -28.1 28.2 ± 4.5 
PLA/1.0 NTC 95.2 -21.2 177.5 47.8 103.7 -28.8 28.1 ± 0.4 
PLA/2.5 TiO2 95.6 -16.4 178.9 41.7 102.8 -28.6 26.3 ± 4.9 
PLA/5.0 TiO2 100.6 -28.2 178.1 51.8 102.8 -18.9 23.9 ± 4.6 
PLA/2.5 TiO2/0.5 NTC 94.8 -15.2 178.3 42.7 102.5 -23.8 28.5 ± 3.8 
PLA/4.0 TiO2/1.0 NTC 96.4 -23.9 178.4 49.1 106.4 -32.9 25.5 ± 0.6 
 
It was observed that the pure PLA (commercial filament without re-extrusion) showed higher 
values of Tcc, Tm, and Tc compared to the extruded pure PLA. The addition of MWCNT or TiO2 
resulted in a decrease in Tcc compared to the extruded pure PLA but did not increase ΔHcc. The 
extruded pure PLA exhibited a decrease in crystallinity compared to the pure PLA. However, 
considering the margin of error, there was no significant effect of the fillers on the crystallinity of 
the extruded filaments. For the cooling crystallization in DSC, it was observed that MWCNT 
significantly increased ΔHc and crystallinity compared to the extruded pure PLA. Literature values 
for the crystallinity of PLA range from 20-45%, with the values strongly dependent on the cooling 
rates in DSC and processing conditions. The obtained crystallinity values fall within this range. 
Tensile test 
The results obtained in this mechanical test, ultimate tensile strength and elongation at break, are 
presented in Table 4 
 
Table 4 – Tensile test data of the filaments compositions. 
Composition σ máx (MPa) ε máx (%) 
Pure PLA  57.0 ± 1.62 6.1 ± 0.70 
Extruded pure PLA  63.5 ± 2.88 4.5 ± 0.43 
PLA/0.5 NTC 57.39 ± 3.31 4.41 ± 0.48 
PLA/1.0 NTC 55.05 ± 3.45 5.19 ± 0.95 
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PLA/2.5 TiO2 51.19 ± 3.13 5.55 ± 0.93 
PLA/5.0 TiO2 61.26 ± 3.62 3.71 ± 0.40 
PLA/2.5 TiO2/0.5 NTC 54.07 ± 4.13 4.38 ± 0.23 
PLA/4.0 TiO2/1.0 NTC 51.81 ± 0.99 4.53 ± 0.65 
 
Based on the obtained data, a statistical test using the Tukey Method was conducted, identifying 
outliers and result clusters. The extruded pure PLA with elongational flow exhibited an increase in 
the ultimate tensile strength (σ max) compared to the pure PLA (commercial filament as received). 
This effect is likely attributed to the molecular orientation due to elongational flow, as its 
crystallinity is slightly lower. Therefore, for the pure materials, the extrusion process contributed to 
increase tensile strength of PLA. There was a decrease in the tensile strength of the other 
compositions with the addition of fillers. The addition of MWCNT indeed weakened the material, 
but the added quantity did not show statistical significance. The addition of TiO2 did not follow a 
linear pattern in terms of increased tensile strength, as the lower quantity decreased the ultimate 
tensile strength, while the higher quantity increased it. Statistically, the extruded pure PLA and the 
composition with the highest quantity of TiO2 are equivalent in terms of tensile strength. For the 
hybrid compositions, no statistical differences were observed among the results. The maximum 
deformation (ε max) did not show statistical differences in any of the compositions. The elastic 
modulus was not calculated due to the unavailability of an extensometer in the testing equipment. 
 
Conclusions  
It was observed that the TiO2 content on the surface of the filaments is higher than in the center. 
This characteristic is beneficial when aiming to develop filaments with bactericidal effects. The 
next step of the study is to investigate the microbicidal activity of the loaded filaments. There was 
no significant effect of the fillers on the crystallinity of the extruded filaments. Regarding the cold 
crystallization in DSC, it can be observed that MWCNT significantly increased ΔHc and 
crystallinity compared to the extruded pure PLA. The extruded pure PLA with elongational flow 
exhibited higher tensile strength than the commercially obtained pure PLA filament, likely due to 
the increased molecular orientation promoted by the elongational flow used. 
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Abstract - Polyester synthetic fiber (PET) is considerably interesting to be functionalized due to its properties such as
high resistance, low shrinkage, and roughness, that’s a low-cost material with less need for maintenance. However, PET
has a hydrophobic nature that causes several processing difficulties and is flammable. One way to improve the PET
properties is by performing covalent surface modification. The lipases can hydrolyze the PET ester groups, improving
their hydrophilicity in a mild process, and leaving reactive sites on the surface. Chitosan nanoparticles (ChiNps) are
attractive candidates to be combined with modified PET due to their biological properties. In this sense, we proposed
the study of several lipases to perform the superficial hydrolysis of PET with subsequent impregnation of ChiNps to the
fiber. The new materials are expected to have properties, such as antimicrobial action, ultraviolet protection, and flame
retardancy, in an eco-friendly process.

Keywords: Polyester, Enzymatic hydrolysis, Biocatalysis, Nanotechnology, Textile Materials.
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Introduction
PET is composed of poly(ethylene terephthalate) and is one of the most popular and widely

produced fibers, therefore it is an interesting material to incorporate functions. In addition, it
requires low maintenance, has high durability, low cost, and excellent physical properties, such as
high resistance to wear or stretching, low shrinkage, and roughness. [1-3]. In general, conventional
textiles are functionalized by manipulating the surface characteristics of the fiber, this can be
performed by electrostatic interaction or by covalent bond formation.

One way to generate the most stable covalent bond on PET surface is to hydrolyze the ester
groups. The most usual way to modify PET is an alkaline treatment, which affects directly the fiber
strength. Other disadvantages would be the high amount of sodium hydroxide and high operating
temperature. Enzymatic hydrolysis of synthetic fibers to improve some of their undesired
properties, such as hydrophobicity, low dyeability, and insufficient washability, is of high interest,
as it leads to a reduction in the use of hazardous chemicals, energy consumption, and production
cost, resulting in an ecologically friendly methodology. Studies showed that PET ester groups can
be hydrolyzed by lipases [1-3, 6-8]. Under ideal conditions, the enzymatic treatment of polyester
using a lipase can lead to the hydrolysis of surface ester groups transforming them into carboxyl
groups (-COOH) and/or hydroxyl groups (-OH). Subsequently, the formed -COOH groups can be
reacted with nucleophilic functional groups for further modification [1-3].

The surface modification can be combined with nanotechnology and such processes have
already resulted in products with all the advantages and characteristics of nanomaterials, being able
to acquire antimicrobial action, thermoregulatory effect, ultraviolet (UV) protection, electrical
conductivity, and flame retardancy, among others, but without compromising the comfort,
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flexibility, and durability of the substrates. This way, a wide range of uses for these materials is
generated for areas such as fashion, sports, health, military, and agriculture [4-6].

Among several materials, chitosan is an example of a polysaccharide that has been
satisfactorily used in such processes. Based on its biological potential, several reports already
confirm that these nanoparticles (ChiNps) can confer antimicrobial activity on textiles, improve
dyeing processes, and increase the strength and durability of fabrics. Other studies also point to a
positive effect concerning UV protection and flame-retardant properties [4-6].

The most adopted strategy for synthesizing ChiNps is ionic gelation with a sodium
tripolyphosphate (TPP) crosslinker. It is a simple and controllable technique, which can be
performed in mild environmental conditions, has low residual toxicity, and is free of organic
solvents [7.8].

After hydrolyzing the PET surface applying lipases and reducing the hydrophobic properties
of this fiber ChiNps can be covalently incorporated into PET simply by immersing the fabrics in a
solution containing the nanoparticles [7]. It was also found that it is possible to enhance the
impregnation of ChiNps by the incidence of UV radiation that causes dehydroxylation and
dehydrogenation on the chitosan surface, generating free radicals in its nitrogen and oxygen atoms,
making them available for the coupling of more nanoparticles [8].

Although the superficial degradation of PET through the action of some lipases is known, as
well as the reaction of impregnation of chitosan to the fiber, the combination of biocatalysis and the
covalent impregnation of ChiNps was not already performed. Besides that, a complete study with
several lipases taking into account a complete optimization of the hydrolysis step was not found for
the modification of PET. Based on these highlights, this project proposes a study of PET hydrolysis
catalyzed by nineteen lipases for the development of a new methodology for obtaining modified
PET, followed by the reaction with ChiNps producing a functionalized PET. The proposed process
would reduce production costs and environmental pollution associated with conventional textile
processes.

Experimental
Chemicals

100% polyester fabric has been used to evaluate the effect of enzyme treatment. The
following textile auxiliary products were used: the emulsifying agent Coloremulg EMG 441, the
dispersing agent Colorsperse DI650 and the dye Brilliant Blue Colorpes S-EBL 200%, both from
Color Química and Apolo's Orange Triacet RN Acid dye.

Tris (hydroxymethyl) amino methane (0.05 mol L-1, pH 7.0, Vetec, TRIS) and acetate (0,1
mol L-1, pH 5,0) were used as a buffer. The pH was adjusted using 1 mol L-1 HCl, 1 mol L-1

CH3COOH or 0,1 mol L-1 NaOH. Chitosan from Sigma-Aldrich with medium molar mass was used
to synthesize the nanoparticles. The 0.1% TPP solution was prepared using the commercial reagent
Dinâmica with a molar mass of 367.86 g mol-1 in distilled water.

Enzymes
Eighteen commercial enzymes were available for carrying out the project, namely: Lipase

from Rhizomucor miehei (immobilized in Duolite-type ion exchange resin, Lipozyme RM-IM),
Lipase from Candida antarctica B (in solution, Lipozyme CAL-B L), Lipase from Aspergillus
oryzae (in solution, Lipolase 100L), Lipase PS (Amano) from Burkholderia cepacia (immobilized
on ceramics, PS-C), Lipase from Candida antarctica B (immobilized on acrylic resin, Novozyme
435), Lipase from Candida antarctica B (immobilized on ion exchange resin, Lipozyme 435),
Lipase from Thermomyces Ianuginosus (immobilized on silica, Lipolase 100T), Lipase from
Candida rugosa type VII (lyophilized), Lipase PS (Amano) from Burkholderia cepacia
(immobilized on diatomite, PS-D), Lipase from Porcine pancreas type II (lyophilized), Lipase A
(Amano) from Aspergillus niger (lyophilized), Lipase PS (Amano) from Burkholderia cepacia (
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immobilized on silica), Lipase from Rhizomucor miehei (in solution, Novozyme 388), Lipase from
Thermomyces Ianuginosus (sol-gel), Lipase from Thermomyces Ianuginosus (lyophilized), Lipase
F-AP15 (Amano) from Rhizopus oryzae (lyophilized), Lipase M (Amano) from Mucor javanicus
(lyophilized) and Lipase PS (Amano) from Burkholderia cepacia (lyophilized, PS-SD).

Lipase enzyme treatment
At first, the fabrics were subjected to washing to eliminate the presence of impurities. PET

was immersed in 2.0 gpl emulsifying and dispersing agents at 95°C and treated for 40 min to liquor
ratio (LR) of 1:20 [1] using a dyeing machine (TEXCONTROL IR DYER TC 2200).

Each fabric sample was cut into 4x4 cm dimensions and weighed ~0.3 g. Depending on pH
(6.0, 7.0, and 8.0), temperature (25, 40, and 60°C), amount of enzyme (15, 30, and 45 mg), and
treatment time (45, 60 and 90 min), the PET was treated with lipases in Tris buffer solution. All the
lipase treatments were performed at 150 rpm using a shaking bath (Shaker SL-22). To ensure the
reproducibility of the results, the reactions were done in duplicate. In addition, the procedure was
also performed once without PET sample to make a control solution that will be called blank [1-3].

The lipase-treated samples were thoroughly washed with water and dried at room
temperature (r.t). Then, an aliquot of 8 mL of the treatment bath was inactivated with 20 mL of
ethanol in a beaker and 4 drops of phenolphthalein were added. Later, the solution was titrated with
NaOH. The volume used in the titration was recorded to calculate the enzymatic activity of lipase
enzyme on PET, using Eq. (1).

Enzymatic activity (mL⁄g) = (Vs − Vb) ⁄Wf × 100 (1)

where Vs and Vb are volumes of NaOH consumed in mL for the sample treated and blank titration,
respectively. Wf is the weight of the PET sample treated.

The mass loss was measured based on the percent ratio of PET weight before and after
treatment. To check the carboxyl and hydroxyl groups on the surface of PET, each sample was dyed
using 0.5% (owf) disperse dye and 1 g/L dispersing agent in a shaking bath (150 rpm for 20 min at
60 °C). After this period, the analysis of the dyebath of each sample was performed in UV-Vis
(Shimadzu UV-1800, UVProbe 2.42) and the results were obtained in terms of absorbance (λ= 800
to 200 nm) for comparison. The enzymatic activity and absorbance values   found were used to
determine the best enzyme and the best reaction condition [1-3].

ChiNps synthesis
The ChiNps were synthesized via ionic gelation method [7,8]. 1% m/v chitosan solution in

acetate buffer pH 5 was stirred for at least 60 min, the solution was centrifuged at 2500 rpm and
then vacuum filtered. Then, 0.1% TPP solution was added dropwise to the chitosan solution in a LR
3:1 Chitosan:TPP (v/v) under stirring at r.t. After this, homogenization by Ultra-Turrax® IKA (T 18
DI with dispersion element S 18 N) was performed at 13000 rpm for 10 min in an ice bath. The
chitosan nanoparticles prepared were kept in solution under refrigeration at approximately 4°C.

ChiNps incorporation
After the surface modification of the fiber, ChiNps was impregnated by immersing the PET

in a solution containing the nanoparticles. The fabric sample was cut into 1x1 cm dimensions and
weighed ~0.06 g. Then, 20% (w/w) of ChiNps solution:PET was produced in acetate buffer. The
incorporation was performed at 150 rpm using a shaking bath (120 min at 60°C). At the end of the
treatment, the samples were washed with 20 mL of distilled water at r.t for 24 h [7,8].

UV light exposure
To increase the incorporation tax of ChiNps, previously impregnated PET samples were

placed in beakers containing 18 mL of acetate buffer solution and left under UV radiation (λ= 254
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nm) in a UV cabin. Samples were produced with exposure times varied at 480, 360, 240, 120, and
60 min to assess the best condition to increase impregnation. Subsequently, in each beaker, 2 mL of
ChiNps in solution was added and the incorporation procedure in the shaking bath was repeated,
followed by washing [8].

Characterization of ChiNps incorporation
The incorporation of ChiNps into PET was confirmed through dye yield using acid dye.

Each sample of PET incorporated with ChiNps was dyed using the shaking bath (150 rpm for 30
min at 30°C) in a solution of 100 μL of 1:100 orange acid dye solution in 50 mL of distilled water,
with pH adjusted to pH 3 with HCl. After this period, the analysis of the dyebath of each sample
was performed in UV-Vis (Shimadzu UV-1800, UVProbe 2.42) and the results were obtained in
terms of absorbance (λ= 800 to 200 nm) for comparison [1,5-6].

Results and discussion
The eighteen commercial lipases, immobilized or not, were tested. But only the lipases that

showed higher activity were highlighted in Fig 1, which describes the values of enzymatic
activities, accompanied by the percentage of mass loss. One should note that the enzymatic activity
values coincide with those found in the literature, which range from 0.1 to 0.6 mL/g [1-3].

Figure 1 - Graphs of enzymatic activity and mass loss

In the literature, the mass loss value found in PET modified by alkaline hydrolysis is 18.5%,
while the one modified by lipases is 0.35%, which also coincides with those obtained in the tests
(Fig 1) [1-3]. After the preliminary tests applying titration, the result was confirmed by the disperse
dyeing assay, by measuring the remaining dye in the solution using UV-Vis spectrophotometry.
Lipase A (Amano) of Aspergillus niger (lyophilized) was selected because of its considerable
activity, low mass loss, and absorbance value in disperse dyeing assay. After the selection of the
lipase, the other parameters were evaluated (pH, temperature, and reaction time) and the best
condition for the PET hydrolysis was found at pH 7, 40°C, and 90 min.

The incorporation of ChiNps, was performed directly in acetate buffer pH 5, in the presence
of urea as cross-link agent, or after the exposition to UV (254 nm) light. The results were evaluated
by the acid dyeing assay, visually, and by the measured absorbance values [5-9]. Assuming that
after incorporating ChiNps into PET, the NH2 groups become available on the fabric surface and are
capable of electrostatically binding to an acid dye, the more intense the sample staining, the more
ChiNps were incorporated (Fig 2). In this sense, it is possible to notice that UV light exposure
increased the incorporation tax, dependent on exposure time, which varied at 480, 360, 240, 120,
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and 60 min. Preliminarily, the best condition to increase impregnation is applying one round of
direct impregnation in pH 5, 120 min at 60°C, followed by 480 min UV light exposure, and a
second round of impregnation under the same conditions. It's important to notice that, performing
the same optimized condition without UV light exposure, leads to low tax of impregnation,
meaning that UV light plays an important role in the process.

Figure 2 - Acid dyeing test for the modified PET samples.

(a)PET sample (b) ChiNps modified PET sample (c) ChiNps modified PET sample with 480 min UV
exposure.

Conclusions
The change in the PET surface by the action of lipases proved to be an efficient alternative

compared to traditional processes. The Lipase A (Amano) from Aspergillus niger (lyophilized)
successfully hydrolyzed PET fiber in a mild condition (pH 7, 40°C, and 90 min). The low mass loss
indicates no effects on fiber strength. The incorporation methodology applying one round of direct
impregnation in pH 5, followed by UV exposure, and a second round of impregnation showed the
best results so far. The acid dyeing assay confirmed the excellent results in ChiNps incorporation on
PET fibers. But other characterizations will also be carried out to evaluate characteristics such as
the morphology of synthesized ChiNps, and changes in the hydrophobicity on the PET surface. The
antimicrobial activity, flame retardancy, and UV protection will be studied using the AATCC
methods for the textile industry.
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This abstract discusses an innovative project carried out by the partnership between Gerdau 
Graphene and ISI Advanced Materials, which aims to explore the properties of graphene in low 
density polyethylene (LDPE) tubular films for packaging applications. In this project two types of 
graphene were used: particles smaller than 30 μm and larger than 80 μm. The effects of the 
particle’s sizes on the films' mechanical properties and processing parameters were verified.
Graphene is an extremely thin and strong carbon material with outstanding mechanical and 
electrical properties [1]. Its incorporation into polymeric matrices, such as LDPE, offers the 
possibility of significantly improving the characteristics of tubular films used in packaging [2]. The 
results indicated that the addition of graphene in LDPE films provided improvements in mechanical 
properties, such as tensile strength and stiffness. Graphene with 30 μm particles showed a more 
pronounced increase in tensile strength compared to 80 μm. Also, it was observed that the 80 μm
graphene films required lower electric current during processing compared to the 30 μm. This 
suggests that the larger particle size graphene may promote higher energy efficiency during the 
production of the films, which may be associated with the lubricity effect [3]. Based on the 
promising results of this project, it is possible to envision a future use of LDPE films with graphene 
in packaging. These films could offer improved mechanical properties such as strength and 
stiffness, as well as reduced energy consumption during the manufacturing process.
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Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is a bio-based and a biodegradable polymer, 
a material that has gained interest as one of the solutions for environmental problems arising from the 
accumulation of plastics. However, some of its characteristics end up limiting the expansion of its 
use. This project aims to develop a biodegradable polymeric nanocomposite, PHBV/graphene oxide 
(GO) system, through the melt mixing technique using a twin-screw extruder, since it is one of the 
most utilized methods in industry. Therefore, seeking to improve the mechanical performance, 
thermal stability and better processability, without losing the biodegradable properties of the
nanocomposites. GO was synthesized through the Hummers methodology using a bench reactor [1]. 
The deposition of the nanoparticles in PHBV followed the solid-solid deposition (SSD) technique [2] 
to produce masterbatches, with 2 wt% of GO. The final content of GO for the nanocomposites 
obtained by extrusion were 0.1 wt%, 0.3 wt% and 0.5 wt%. Differential Scanning Calorimetry (DSC), 
during heating, did not show significant changes in the melting peak for neat PHBV and 
nanocomposites. The crystallization temperature increased in approximately 12% for a content of 0.5 
wt%, possible due to nucleating agent of GO. So, the polymer chains in contact with the GO sheets 
are capable of organize themselves at higher temperatures. In mechanical impact tests, the 
nanocomposites with 0.1 wt% of GO showed a 25.5 % increase in impact strength, indicating a high 
level of dispersion as well as good interaction between the filler and the polymeric matrix. This result 
was also observed by Field Emission Gun Scanning Electron (FEG-SEM), with the fracture surface 
being rougher when compared to neat PHBV. Thus, it is possible to infer that the incorporation of 
GO to PHBV maintained the crystal organization, allowing it to occur at higher temperatures, and 
increased the mechanical performance.
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Abstract – Direct liquid-phase exfoliation (LPE) of graphite has emerged as an alternative method 
for producing graphene. LPE offers several advantages over oxidation methods, such as low cost, 
simplicity, high yield, and scalable industrial graphene production, striking a balance between 
quality and cost [1-3]. A fast route for obtaining few-layer graphene using the LPE of graphite 
powder will be presented. This innovative approach utilizes a naturally derived surfactant called 
cardanol. Initially, the graphite flakes were pre-exfoliated through tip ultrasonication for 10, 20, and 
30 minutes in a system containing an aqueous solution of 20% ethanol and variations of surfactant 
concentration (2.4 x 10-4 and 4.8 x 10-4 mol.L-1). Subsequently, the stable dispersion of the 
exfoliated graphite was heated at 40 °C with constant stirring and underwent pressurization into the 
CO2 cell, operating at 150 bar for 30 minutes. Afterward, the reaction cell was depressurized, and
the gray-colored suspensions were collected. The concentration of dispersed exfoliated graphite was 
assessed by UV-vis. Morphological and structural characterizations were investigated using TEM-
SAED, AFM, XRD and RAMAN. Promising results were achieved by employing a cardanol 
specific concentration of 2.4 x 10-4 mol.L-1. The resulting graphene exhibits excellent structural 
quality, low defect density, and small stacking, with an average size below 15 nm. Notably, the 
sample treated with pressurized fluid and 20 minutes of ultrasonication demonstrates a significant 
percentage of graphene stacking smaller than 5 nm, aligning with the typology known as few-layer 
graphene. This technological advancement has the potential to transform cost-effective materials 
into high-value products, with a particular focus on applications in polymer composites and 
advanced materials.

References 

1. Z. Li et al., ACS Nano 2020, 14, 10976–10985. https://doi.org/10.1021/acsnano.0c03916.
2. Z. Sun, Q. Fan, M. Zhang, S. Liu, H. Tao, J. Texter, Advanced Science 2019, 6, 1901084. 

https://doi.org/10.1002/advs.201901084.
3. S. Lund et al., Carbon 2021, 174, 123–131, https://doi.org/10.1016/j.carbon.2020.11.094.

Keywords: Graphene production; Few-layer graphene; Liquid-phase exfoliation; Advanced materials.

443



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

INTERVENTIVE CONSERVATION OF RIGID POLYURETHANE FOAM BY
MEANS OF TITANIUM DIOXIDE-BASED NANOCOATING

Diana B. D. Simões1*, Raquel S. Mauler1 and Tales S. Daitx1*

1 – Institute of Chemistry, Federal University of Rio Grande do Sul (UFRGS), Porto Alegre, RS, Brazil 
diana.bulcao@ufrgs.br, tales.daitx@ufrgs.br

Abstract - Polyurethane (PUR) rigid foams have been used since the 20th century as a material for
art and design. However, as its deterioration processes occurs in around 20-30 years depending on 
the environment in which they are exposed, it is of interest in the cultural heritage field the 
development of methods and materials to aid its conservation.  Since the main PUR deterioration 
agents are temperature, relative humidity (RH) and ultraviolet radiation (UV), the objective of this 
work is to develop a nanocoating based on titanium dioxide (TiO2) modified with different 
organosilanes, in order to protect and consolidate the PUR samples without altering its sensorial 
characteristics [1, 2]. For this, TiO2 nanoparticles were modified using different proportions of 3-
aminopropyl(triethoxisilane) (APTES) and n-octyl(triethoxysilane) (OTES) (100/0, 75/25, 50/50, 
25/75 and 0/100 APTES/OTES) [3]. The reagents were stirred and heating under toluene reflux 
during 24 h. After the period, the samples were centrifuged and oven-dried at 65°C to constant weight. 
The nanoparticles were characterized by Fourier-transform infrared spectroscopy (FTIR) and 
thermogravimetric analysis (TGA), confirming the insertion of organic groups on the surface of the 
TiO2. After the modification steps, the nanoparticles were applied on the PUR samples. For this, each 
nanoparticle was dispersed in ethanol with a concentration of 5% (w/v) and the solutions poured on 
the samples, followed by air-dry for 48 h. The PUR samples were then submitted to a climatic 
chamber at 50% RH, 75-90°C and UV radiation for 3 weeks, in order to simulate extreme degradation 
conditions. After treatment, the samples were evaluated through FTIR, TGA, dynamic-mechanical 
analysis (DMA) and scanning electronic microscopy (SEM). The results indicated that the coatings 
have a positive effect on the conservation of the samples, where the levels of degradation compared 
to the uncoated sample were minimized.
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Abstract - Silica nanoparticles (SNPs) are extremely important and represent growing interest in 
several science fields. The original synthesis route was developed by Stöber et al in 1968. However, 
the search for methodology modifications to obtain particles with different sizes and functionalities 
is common and varies with the desired application. Given that, this work aims to test three different 
silica nanoparticles synthesis methodologies, to obtain a size range that will be applied in a core-shell 
structure with a terpolymer. For that, the following methodologies were used: classic Stöber method, 
Moon et al method and modified Stöber method, as described in Table 1. DLS analyses demonstrated 
that the obtained particles presented, respectively, medium approximate sizes: 160 nm, 650 nm and 
134 nm. Also, was possible to verify that the SNPs tended to agglomerate more in aqueous media in 
comparison with alcoholic media. In brief, is possible to conclude that both Stöber methods (original 
and modified) were efficient, providing smaller size ranges, that are appropriate for the future 
synthesis of different core-shell structures. 
 
Table 1 – Silica nanoparticles (SNPs) synthesis methodologies 
 

Methodology H2O  
(mL) 

Etanol  
(mL) 

NH4OH  
(mL) 

TEOS  
(mL) 

Temperature  
(°C) 

Time 
(Minutes) 

Traditional Stöber  40 160 6 0,6  27 270 
Moon et al 3.2 20 2 2 35 240 

Modified Stöber  1 30 2 5 24 180 
(sonication) 
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Abstract – We report on the development of hybrid organic-inorganic photopolymerizable 
nanocomposites based on soybean oil resins with embedded metal/metal oxide nanoparticles to 
produce 3D prints with self-decontaminating surfaces by MSLA (Masked Stereolithography 
Apparatus) technology. Approaches that exploit the synergistic effects of nanoparticles and 
polymers have the potential to create new technologies and functional active materials [1]. Printable 
nanocomposites of silver nanoparticles, with emphasis on antibacterial mechanisms, have already 
been reported by our group [2] and, in this work, focused on viral decontamination, we report the 
development of a self-decontaminating material based on copper nanoparticles (CuNP) and copper 
oxide nanoparticles (CuONP). The contamination through contact with contaminated surfaces 
(fomites) has been presented as a secondary route of the viruses spread with a high level of 
transmissibility [3]. As nanostructured materials and their antiviral mechanisms show effectiveness 
in surface treatments for a significant group of viruses [4], the production of these 
photopolymerizable nanocomposites for 3D printing aims to inhibit virus propagation.
Nanostructured materials with self-decontaminating properties can act in an active-passive manner 
for viral inactivation [5]. Allying bioinspiration, these materials allow the exploration of different 
hierarchical structures by 3D printing technology through active-passive mechanisms [6]. Here the 
active phase of the nanocomposites, CuNP and CuONP, were synthesized by two methodologies:
chemical reduction via L-ascorbic acid and mechanochemistry and presented average sizes of 
18.3 nm and 8.3 nm respectively. The nanocomposites were characterized by UV-vis, FTIR, DRX, 
SEM, TGA, and DSC.  Antiviral tests were performed in collaboration with FIOCRUZ-PE, initially 
with a model virus (Zika), in an NB-2 biosafety level environment. The nanocomposites show good 
formation, stabilization, and uniform distribution of the nanoparticles in the polymeric phase, with 
good interface adhesion between the two components. Through the antiviral activity tests, it was 
verified that the nanocomposites were able to inactivate the analyzed virus.

References
1. P. D. Rakowska et al. Commun Mater. 2021, 2, 53. https://doi.org/10.1038/s43246-021-00153-y
2. N. Barrera et al. PLoS One, 2018, 13 https://doi.org/10.1371/journal.pone.0200918
3. E. Toledo et al. PLoS ONE, 2022, 17, 8. https://doi.org/10.1371/journal.pone.0272307
4. A. Bhatti; R. K. Delong ACS Pharmacol. Transl. Sci. 2023, 6, 2. https://doi.org/10.1021/acsptsci.2c00195
5. A. P. Mouritz et al. Nano Select 2021, 2, 2061. https://doi.org/10.1002/nano.202100078
6. P. A. Santa-Cruz et al. in Proceedings of XX Brazil MRS Meeting, Foz do Iguaçu, 2022.

Fundings: This work was supported by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES) 
RIMA Project - Edital Capes 09/2020 and CNPq Brazilian Agencies.

Keywords: photopolymerizable nanocomposites; self-decontaminating; copper nanoparticles; 3D printing; antiviral
activity.

446



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

PLASMA-FUNCTIONALIZED CARBON NANOTUBES FOR THE 
ADSORPTION OF RHODAMINE-B IN WATER

Julya F. Lima*, Mirlene P. Vitorino, Teresa T. Steffen, Luis C. Fontana, Alexandre T. Paulino and Daniela 
Becker.

Center for Technological Sciences, UDESC, Joinville, Santa Catarina, Brazil.
julyaflima1@gmail.com*

Abstract – Water pollution is a serious problem that can be mitigated by treatments using adsorbent 
solid materials. Efficient adsorption processes occur via physical-chemical interactions between
adsorbent material surfaces and pollutants [1]. Carbon nanotubes (CNT) can be used as adsorbents 
for the adsorption of dyes in water, including Rhodamine-B (RhB), since their properties agree with 
those required in adsorption studies, i.e., high surface area and adsorption capacity [2]. In this work,
CNT and urea were solid-mixed and then treated in a capacitively coupled plasma reactor, powered 
by radiofrequency. The plasma parameters were established according with a previous work [3], so 
samples were treated by 30 minutes at 35 W, using ultrapure argon gas. After the CNT surface
modification on plasma, the samples were filtered with the aim of removing unreacted urea. CNT 
and functionalized CNT were characterized by Fourier-transform infrared (FTIR) spectroscopy, 
thermogravimetric analysis (TGA), X-ray photoelectron spectroscopy (XPS), Brunauer-Emmett-
Teller (BET) analysis and point of zero charge (pHPZC). The CNT surface was modified after 
plasma-treatment in presence of urea. Experimental results revealed that the urea- functionalized 
CNT has pHPZC 6.2. As the pH value of RhB in aqueous solution is 4.0, the surface charge of the
functionalized CNT in this medium would be positive, adsorbing anionic RhB species [4]. Overall,
this work indicates that the urea-functionalized CNT can be used as adsorbent of RhB in water. 
Future assats of adsorption will be performed for confirming the best conditions for the adsorption 
of RhB on the functionalized CNT surface.
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Abstract – Cellulose nanofibrils (CNF)-based porous materials from sugarcane bagasse for water
remediation have recently received attention due to their high specific surface area, ultralow density,
and cellulose intrinsic properties (renewability, low cost, and biodegradability)1. Although aerogels
based on this biopolymers have reached comparable or, in some cases, superior adsorption capacity,
when compared with commercial adsorbents, the aerogel reuse still needs to be clarified. In this
context, the present work shows a reusability study (adsorption/desorption) of aerogel comprising
CNF and natural rubber latex (NRL) in a malachite green dye (MGD) solution. The CNF and
CNF/NRL aerogels were obtained through an ice-templating approach2. The reusability study
consisted of several adsorption/desorption cycles with different initial concentrations (0.5-5 mg L-

1) of MGD. The reuse performance was evaluated by considering the MGD removal (%) and
adsorption capacity (mg g-1). The CNF/NRL and CNF aerogels presented efficient adsorption of
MGD, about 89 to 92 % of MGD removal and 375 to 424 mg g-1 of adsorption capacity,
respectively. Regarding adsorption mechanisms, the adsorption data were analyzed considering
pseudo 1st and 2nd order. Pseudo-2nd presented a high correlation coefficient of R2 (0.99), indicating
a chemisorption process, possibly promoted by carboxyl and phospholipids groups of CNF and
NRL, respectively. Aerogels also presented reuse properties, and MGD removal remained
practically constant over the cycles, ranging from 80 to 94 %. These results confirm the potential of
these CNF-based renewable, cost-effective, and promising porous materials for water remediation.
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SYNTHESIS AND CHARACTERIZATION OF GELATIN AND STARCH
NANOPARTICLES FOR INTELLIGENT MICROGELS PREPARATION
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1 – Institute of Chemistry, Federal University of Rio Grande do Sul (UFRGS), Porto Alegre, RS, Brazil 
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Nanoparticles based on corn starch polymers (SNPs) and type-B gelatin (GNPs) were synthesized
to produce, in the future, intelligent microgels. The SNPs were prepared by nanoprecipitation 
technique,¹ using absolute ethanol as non-solvent and a polymeric solution consisting of 2% (w/v) 
starch in 0,5 M KOH. The polymeric solution/absolute ethanol ratio was fixed at 1:20 (v/v), and 
different starch types were evaluated (Table 1). The GNPs were synthesized by the two-step 
desolvation method using acetone,² with and without the incorporation of synthesized polypyrrole 
nanospheres, crosslinked with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) or 
glutaraldehyde. Dynamic light scattering (DLS) analyses showed the impact of surfactant and starch 
type on the formation of SNPs (Table 1), and the different GNPs crosslinking protocols resulted in
samples with modulated diameters ranging between 280 - 600 nm. Scanning electron microscopy 
images revealed the SNPs. Further studies are being conducted to synthesize intelligent microgels 
(responsiveness to pH, temperature, and electric stimuli) based on the nanoparticles produced. 
Table 1 – Typical SNPs sample parameters and the average diameters determined by DLS.
Sample Corn starch type

(H, R and W)
Tween 80 % (v/v)
(TW 1, 3 and 5%)

Mean diameter (Dh/nm) Polydispersity Index

SNP-H High amylose 0 439,7 ± 18,1 0,076 ± 0,023

SNP-H-TW1% High amylose 1 282,1 ± 1,9 0,219 ± 0,006

SNP-H-TW3% High amylose 3 192,6 ± 1,0 0,303 ± 0,010

SNP-H-TW5% High amylose 5 208,8 ± 2,3 0,117 ± 0,035

SNP-R Regular 0 655,5 ± 2.2 0,128 ± 0,023

SNP-R-TW1% Regular 1 414,1 ± 19,1 0,196 ± 0,040

SNP-W-TW1% Waxy 1 331,6 ± 3,1 0,031 ± 0,026
* Mean values (n= 3) ± standard deviation. The waxy starch did not form SNPs in the absence of surfactant.
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SYNTHESIS OF ELECTROSPUN POLYSTYRENE MEMBRANES COATED 
WITH GRAPHENE OXIDE AND POLYPYRROLE: STUDY OF THE 

REMOVAL OF ERIOCHROME BLACK T FROM AQUEOUS MEDIA
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4 - Department of Physics, Federal University of Pernambuco (UFPE), Recife, PE, Brazil

Abstract – The presence of dyes in industries’ wastewater reveals the inefficiency of the technologies 
used in the treatment of effluents and the need for new methodologies to mitigate environmental 
impacts. Given this perspective, this work consists of synthesizing polystyrene (PS) membranes 
through electrospinning and coating it with functionalized graphene oxide (GOf) and polypyrrole 
(PPy) and the evaluation of this composite membrane on the removal of eriochrome black T (EBT)
dye. The obtained membranes were characterized by scanning electron microscopy (SEM) and
Fourier-Transform infrared (FTIR). From the SEM images we observed that the fibers presented a 
homogeneous appearance, without beads and ruptures, as well as the incorporation of GOf and PPy
on the PS fibers surface. Through FTIR spectra it was observed the functional groups characteristic 
of PS, GOf, and PPy. A first evaluation of the removal of EBT was carried out. Then, we evaluated 
the effect of pH on the removal and the removal kinetics. In regards to pH, we verified that the dye 
removal increases as pH decreases. As for the kinetics, we realized that the time to remove 
approximately 75% of the dye was obtained after a period of 4 hours. Finally, we conclude that our 
PS/GOf/PPy composite membranes appears promising on the removal of dye from aqueous media.
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are compared. In indentation tests, indentation diameter and depth are evaluated, to analyze 
compression strength. It will then be possible to assess the effectiveness of filler in improving 
mechanical performance. 

 
 
Experimental  
Materials 

Epoxy resin AR260 was mixed with hardener triethylenetetramine (TETA) HY 951 at a 
mass ratio of 100:13. The resin was degassed for five minutes and cured at room temperature for 24 
hours. Post-curing followed, for 3 hours at a temperature of 100°C. The two types of specimens 
(Fig. 1) are made by casting in a silicon mold.  

 

 
 

Figure 1 – Specimen types. 
 
 The fillers are manufactured by STREM Chemicals. Graphene platelets have a thickness of 
6-8 nm. Multiwalled Carbon nanotubes, with a diameter of 140 nm and a length of 7 μm, have been 
used. The composites’ fabrication followed standard procedure: the filler(CNT or GNP, at 
concentration 0.5% or 1%) was mechanically stirred into the resin at 13000 rpm for 30 minutes in 
an ice bath. After that, the mixture underwent a sonication process (60% amplitude, pulses on/off, 
60 s/60 s) to improve dispersion. The curing process followed, under the same conditions as the 
pure epoxy resin specimens. All specimens were later polished to control flatness and thickness 
(5.00±0.05 mm). 
 
Tensile tests 
 The tensile tests are performed using a MTS Landmark Servohydraulic Test Systems 
according to ASTM D638 – 14, using Type I specimens[5]. The tests are controlled for 
displacement, and three displacement rates are adopted (0.5, 1.0 and 2.0 mm/min). A clip gauge 
extensometer is used to acquire the axial strain data.  
 
Indentation tests 

The indentation tests are performed using the Zwick/Roell ZHU 250 Universal Hardness 
Machine, with a 5 mm diameter spherical tungsten carbide indenter. The goal is to evaluate and 
compare the plastic deformation behavior of the materials when under compressive stress. Normal 
forces of 600 N, 700N, 800 N, and 900 N are applied. The diameter and depth of the indentation 
marks are measured using confocal laser scanning microscopy (CLSM).  

 
Results and Discussion  
Tensile Tests 
 Elasticity modulus, yield stress, ultimate stress, and strain at failure are displayed in Fig. 2. 
Displacement rates had little influence on yield stress and elasticity modulus for most 
configurations. Failure likely occurs due to slip and detachment between matrix and filler. It 
induces stress concentration, which, allied to the loss of structural integrity, results in sudden and 
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quick failure. Breton et al. [6] reached a similar conclusion for multi-walled CNTs at higher 
volumetric percentages of filler. Hence, it can be concluded that CNT and GNP increased the 
polymer’s brittleness.  

Elasticity modulus improved for some configurations, especially at higher displacement 
rates. The error bars, particularly for the 1% CNT configuration, indicated material’s behavior 
under tensile stress varied depending on specimen properties, which may change due to filler 
dispersion and orientation. It evidences the influence of the manufacturing process on mechanical 
performance.  
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Figure 2 – Strain at failure, elasticity modulus, yield stress and ultimate stress for the 

different composite configurations and displacement rates. 
 

Indentation Tests 
 Depth and diameter measurements were taken from 2D profiles. Bartier [7] indicates 
indentation marks grow in three stages: elastic, contained plastic and uncontained plastic. Upon 
establishing contact, the indenter applies the load. It initially creates an elastic deformation field 
beneath the free surface. As the stress increases, yielding starts. Plastic deformation is observed, 
first under the surface, and then expanding outward [8].  

At the loading conditions analyzed, no visible crack formation has been observed. Low et al. 
[9] observed a similar behavior for pure epoxy resin under compressive stress. It can be inferred 
then that the fillers did not reduce the critical load for crack initiation. The indentation diameter for 
both carbon nanostructures remained similar to the one observed in the reference configuration.  

Fig. 3 presents the mean value of the indentation depth for the different configurations. The 
0,5% GNP specimens followed pure epoxy resin plastic deformation behavior. At 1%, the material 
presents a reduction of about 9% in stiffness. It is possible that the GNP might be suppressing the 
polymer's viscoelastic recovery, observed in the pure epoxy resin specimens.   

At 0.5% concentration, CNT has shown a decrease in mechanical performance (approx.-
26%). At 1% CNT, however, the CNT nearly matched the behavior of pure epoxy resin. 
Measurements presented high dispersion for the 0.5% CNT configuration due to the influence of 
local properties. This effect is reduced at a 1% filler concentration.   

  
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 3 – Indentation depth. 
 

The presence of filler also affected the morphology of the 2D profiles for all polymer 
configurations. The presence of the carbon nanostructures lessened pile-up. This phenomenon 
results from a difference in elasticity caused by the hardening of the deformed material when 
compared to the material in the indent’s immediate vicinity. When the load is removed, the border 
tends to recover more than the plastically deformed center [10]. It is possible to assume the filler 
would reduce this effect by deforming elastically instead of allowing the residual stresses to 
dissipate into the matrix.    
 
Conclusions 

This study evaluated the mechanical properties of epoxy resin composites. Five 
configurations of epoxy and carbon nanostructures (pure epoxy resin, 0.5% GNP, 1.0% GNP, 0.5% 
CNT, and 1.0% CNT) underwent tensile and indentation tests. From the tensile tests, elasticity 
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modulus, strain at failure, ultimate stress, and yield stress are measured. The presence of filler 
caused no meaningful improvement in the polymer’s mechanical performance under tensile stress. 
From the indentation tests, GNP and CNT presented different effects on indentation depth. GNP’s 
effect on plastic deformation was negligible. The addition of 0.5% CNT led to slightly worse 
mechanical resistance. However, at 1% CNT behaved similarly to the reference configuration. As 
for profile morphology, the nanofillers seemed to have inhibited material pile-up. Another set of 
tests, for all material configurations, is to be performed to confirm these findings. 
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TERMOPLASTIC STARCH NANOCOMPOSITES REINFORCED WITH 
NANOFIBRILLATED CELLULOSE: PLASTICIZATION WITH 
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Abstract –In this work, it was described the preparation of thermoplastic starch (TPS) reinforced 
with nano-fibrillated cellulose (NFC), being plasticized with glycerol and as a process plasticizer 
the residual water of the semidried suspension of NFC. The materials were prepared with corn 
starch and glycerol in the proportion of 70:30 and eucalyptus NFC. Different concentrations 0%, 
2.5%, 5% and 10% of NFC were employed, and the mixtures, along with the suspension and the
other components were dried in order to control the residual water content to 15%. The composites 
were prepared in a single screw extruder (16mm, L/D26) with temperature profile from feeding to 
matrix of 115°C, 120°C and 110°C. The extruded composites were hot pressed to 2mm thick films.
Mechanical tension tests were performed with samples conditioned in 53% relative humidity for at 
least one week. To evaluate the presence of fiber agglomerates, it was performed optical 
microscopy of thin films with approximately 0.5 mm of thickness. Water content was performed by 
thermogravimetry (TGA). The results showed that a higher amount of NFC resulted in a higher 
young's modulus, indicating that the material is more resistant to deformation. The tensile modulus 
for the composites with 0%, 2.5%, 5%, 10% was respectively of 38.08, 52.35, 84.18 and 122.14
MPa and water absorption at 53% relative humidity for the composites of 0% and 10% was 2.25% 
and 0.91%, and in 2.5%, 5% and 7.5% lost water in 2.20%, 1.21% and 5.06%. The process in the 
presence of 15% residual water showed homogeneous materials with no sign of degradation due to 
overheating and the mechanical properties showed the effect of fiber reinforcement. The presence 
of residual water also decreases the melt viscosity and allows processing at lower temperatures.
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Abstract: The electrospinning technique allows the development of nanofibers with high surface area, porosity
and flexibility. Poly(vinylidene fluoride) (PVDF) is a fluoropolymer that has a piezoelectric effect, interesting for 
technological applications. Reduced graphene oxide (rGO) is a derivative of graphene and can be obtained from 
the thermal or chemical reduction of graphene oxide. Thus, PVDF nanofibers with rGO were produced for 
application in gas sensors. For this, a solution of pure PVDF and PVDF with 6% rGO were prepared to analyze 
the influence of rGO on the sensor response. The membranes were morphologically characterized by scanning 
electron microscopy (SEM) and as an ammonia gas sensor, resulting in graphs of current (I) measurements by time 
(t) in the presence of the gas. Through the results obtained, it was determined that the rGO allowed greater 
sensitivity in the detection of ammonia gas than in pure PVDF nanofibers, proving to be a good additive for this 
application.
Key words: polymeric nanofibers, reduced graphene oxide, electrospinning, gas sensor.

Introduction
With the advancement of the areas of nanoscience and nanotechnology over the years, the 
search for the development of nanomaterials with improved properties has been growing, and 
with that the interest in the use of techniques that allow their production. In this sense, 
electrospinning stands out for being a simple and versatile technique capable of producing 
fibers with varied composition, morphology, and diameters ranging from nanometers to 
micrometers [1]. Electrospun nanofibers have wide applications in technological, 
environmental, and biomedical areas, due to their high surface area to low volume ratio, 
porosity, flexibility, mechanical performance, processing simplicity, and relatively low cost [2]. 
Among the materials that can be used to produce fibers, polymeric materials stand out due to 
their low development cost, easy preparation, and relatively simple functionalization properties 
[3]. The poly(vinylidene fluoride) (PVDF) is a semi-crystalline thermoplastic polymer, soluble 
in organic solvents, with thermal stability, mechanical, chemical, and aging resistance, and good 
processability, in addition to being light and flexible [4]. Reduced graphene oxide (rGO) is a 
graphene derivative and can be obtained from the thermal or chemical reduction of graphene 
oxide (GO). rGO is used in gas sensors because the absorption of the gas molecule induces a 
change in the electrical conductance of graphene, so it can detect some molecules present in the 
environment, including ammonia [5]. In this work, PVDF nanofibers with rGO were produced 
for application in gas sensors. For this, solutions of pure PVDF and PVDF with 6% were 
prepared. After the nanofibers were prepared using the electrospinning technique, the 
membranes were analyzed by scanning electron microscopy (SEM) and as a gas sensor, so the 
response of the sensor in the presence of ammonia gas was observed through the variation of 
the electric current in the gas for a certain time.
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Experimental 
Materials 
In this work, poly(vinylidene fluoride) (PVDF) with a molar mass of 534,000 g/mol, from the 
brand Arkema Kynar, was used. As a solvent, we used dimethylformamide (DMF) (99.8%), 
sold by Synth. As an additive, reduced graphene oxide (rGO) was used, synthesized by the 
group of Professor Luiz Carlos da Silva Filho from the São Paulo State University (Unesp), 
campus in Bauru – SP. 
Methods 
Two samples were prepared, one of pure PVDF and one of PVDF varying the concentration of 
the rgo additive in 6%. PVDF solutions in DMF were prepared at a concentration of 15% (m/m), 
and the solutions were under magnetic stirring for 2 h at 70 °C, as seen in Fig 1. The rGO 
solution were prepared at concentrations of 6%, remaining in an ultrasonic bath for 2 h. After 
the solution preparation time, the rGO solution were mixed with the PVDF solution, remaining 
under magnetic stirring for 30 min at room temperature (25 ºC). 

 
Figure 1: PVDF solution under magnetic stirring (Carvalho, 2022). 

 
After preparing the solutions, the nanofibers were produced using the electrospinning 
technique. Electrospinning involves an electrohydrodynamic process, during which a drop of 
liquid is electrified to generate a jet, followed by stretching and elongation to generate fibers 
[6]. As can be seen in Fig 2, for this process to occur it is necessary to have a polymeric solution, 
which is a mixture of a polymer and a solvent, placed in a syringe equipped with a needle, 
which must be connected to a high voltage source, which varies from 0 to 30 kV, and a collector 
that is responsible for collecting the nanofibers. 

 
Figure 2: Electrospinning system [6]. 

 
Thus, PVDF and rGO/PVDF solution were placed in a 5 mL syringe equipped with a metallic 
needle measuring 1.60x40 mm (16G) in diameter. The syringe was inserted into the infusion 
pump, then the needle was connected to the high-voltage source, with a positive charge output 
and the metallic rotary collector being grounded at the negative output, thus generating a field 
between the tip of the needle and the collector, due to the applied potential difference, which 
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was maintained at 10 kV. The distance between the needle and the collector was 15 cm, the 
flow rate was 0.3 mL/h and the collector was rotated at 400 rpm. Thus, the solutions were 
ejected from the needle towards the rotating collector. 
For analysis as a gas sensor, the nanofibers deposited on the interdigitated gold electrodes (IDE) 
were placed in the sample holder in Fig 3, thus a nitrogen flow was applied for a time of 2 min, 
and ammonia gas for 1 min, 5 exposure cycles were performed interspersing gas exposure. 
Thus, it was possible to analyze the influence of the organ on the sensitivity of the nanofibers 
in detecting the presence of ammonia gas. 
 

 
Figure 3: Sample holder for EDIs and realization of electrical and gas measurements. (Carvalho, 

2022). 
Results and Discussion 
From the SEM images shown in Fig 4, it is observed that the nanofibers have good morphology 
and there is the presence of beads as the concentration of rGO increases, this is because rGO 
tends to form aggregates due to Van der Waals forces [7], causing the material to accumulate at 
these points. But with the additive the fibers became thinner, this is observed in the graphs of 
the variation of diameters, and for the pure polymer, the average diameter is 326 nm, and with 
the additive the average diameter decreases to 175 nm with 6% rGO, this is due to the increase 
in the ionic conductivity of the solution with the addition of rGO, resulting in greater mobility 
of the ions in the solution, thus, with the application of an external electric field the charges are 
oriented allowing the drop to undergo greater stretching or mechanical stretching during the 
electrospinning process, favoring the formation of fibers with reduced diameter [8]. 

 

 
Figure 4: SEM images of nanofibers from a) pure PVDF and b) PVDF with 6% rGO.  
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It is observed from the graphs in Fig 5 that the nanofibers containing rGO provided gas 
detection responses in all exposure cycles and this was not observed for the nanofibers 
containing only pure PVDF, this because the absorption of the gas molecule induces a change 
in the electrical conductance of graphene [5]. 

 
Figure 5: Gas measurements for samples a) pure PVDF and b) PVDF with 6% rGO. 

Futhermore, it is observed in Fig 6 that the nanofibers containing rGO allowed a faster gas detection (10 
s) than the pure PVDF nanofibers (15 s). The time of 40 s observed in the nanofibers with organ after 
the gas exposure time (180 s or 2 min) refers to the time that nitrogen took to clean the membrane surface 
for the next exposure cycle to occur. 

 
Figure 6: Graphs displaying the ammonia gas detection time for nanofibers of c) pure PVDF and d) 

PVDF with 6% rGO. 
 
Conclusions 
We can conclude that it is possible to produce PVDF nanofibers with the rGO additive. The 
rGO allowed the formation of thinner fibers. For gas sensor applications, rGO proved to be an 
efficient additive for ammonia gas detection, exhibiting higher current variation values and 
faster detection. 
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Abstract - The high aspect ratio and surface reactivity of cellulose nanocrystals (NCC) make its 
application quite versatile as a reinforcement particle, due to the potential to chemically modify its 
surface. Considering this context and the abundance of plant fibers from Brazilian agribusiness, the 
objective of this work was to develop NCC extraction strategies from a lignocellulosic source abundant in 
Santa Catarina, banana tree fiber, and functionalize its surface with -
methacryloxypropyltrimethoxysilane (MPS) and evaluate its compatibility with methacrylate polymers, 
commonly used in dental materials. Thus, the NCC were extracted under different conditions according to 
a 23 factorial design with a central point to establish the optimized conditions. Nanocomposites containing 
0.5 and 2.0% of NCC in methacrylate polymer indicate a significant increase in microhardness and elastic 
modulus, as a result of the compatibilization caused by MPS. 

Keywords: cellulose nanocrystals (NCC), dental, nanocomposite, methacryloxypropyltrimethoxysilane 
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Introduction  

Dental caries is one of the most common bacterial infections, which promotes 
demineralization and consequent loss of dental tissue that is replaced by dental 
composites, also called resins. The composite consists of a polymer matrix based on 
hydrophobic methacrylate monomers, inorganic fillers as reinforcement and a coupling 
agent such as an organosilane to link the two phases. 

In turn, cellulose nanocrystals (NCC) have a needle shape, high crystallinity, 
abundance of hydroxyl groups along the surface that confer a hydrophilic character to 
the nanoparticle. The surface reactivity makes it possible to functionalize the NCC with 
different molecules, making the nanoparticle compatible with different polymer 
matrices, acting as a reinforcing structure [1, 2]. 

Plant fibers are an important source of NCC. In this context, the cultivation of 
banana trees is a highlight within Brazilian production, and the high production also 
causes a high generation of waste due to the commercial use of the fruit alone. From 
this residue it is possible to extract nanocrystals and nanofibers with application in the 
personal care, cosmetics, paints, composites, medical care industry, among others [3]. 
Fig 1 illustrates the extraction process of the crystalline region of cellulose by acid 
hydrolysis. 
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Figure 1 – Scheme representing the extraction of crystalline nanocellulose by acid 

hydrolysis. 
 

Unlike conventional composites, nanocomposites have a low filler content that is 
well dispersed in the matrix, not requiring the incorporation of a large amount, and with 
the addition of approximately 5% good mechanical properties are already obtained 
[4,5]. 

Faced with the abundance of lignocellulosic raw material in Brazil, combined 
with the need to increase and added value of agribusiness waste, this project proposes 
the extraction of cellulose nanocrystals from banana fiber and its functionalization with 
MPS in order to make nanoparticles compatible with the polymer matrices used in 
dental restoration materials. 
 
 
Experimental  
 
 The NCC were extracted from the banana pseudostem using different conditions 
of sulfuric acid concentration, temperature and time, according to a 23 factorial design 
with a central point to establish the optimized conditions, aiming at higher extraction 
yield and crystallinity. The NCC were characterized according to their morphological 
appearance (FEG, Jeol, DSM940A, and TEM, Jeol, JEM2100), crystallinity by X-ray 
diffractometry (DRX, Shimadzu, XRD-600) and thermal stability by thermogravimetric 
analysis (TG, TGA 449C, Netzsch, under synthetic air flow atmosphere and 10oC.min-

1). NCC functionalized with MPS were characterized by X-ray photoelectron 
spectroscopy (XPS), TG and infrared spectroscopy (FTIR, Bruker, Invenio-S) by ATR. 
 The nanocomposites were prepared by dispersing 0.5 and 2.0 wt% of 
functionalized (RNCCMPS0.5 and RNCCMPS2.0) and non-functionalized (RNCC0.5 
and RNCC2.0) NCC in a polymeric matrix composed of BisGMA resins (bisphenol A-
glycidyl methacrylate) and TEGDMA (triethyleneglycol) (50/50 wt%) containing 0.6% 
of camphorquinone, 1.2 wt% of ethyl-4-dimethylaminobenzoate and 0.05 wt% of butyl 
hydroxytoluene. Specimens were prepared by light curing the resin for 50s/face with a 
curing light (Schuster LED, max = 468 nm). The composites were characterized in 
terms of flexural strength and modulus of elasticity (EMIC DL50, 20x2x2 mm), Vickers 
microhardness (Shimadzu HMV-2T) and degree of conversion (FTIR). 
 
 
Results and Discussion  
 
 The result obtained from the factorial design indicates a strong interaction 
between sulfuric acid concentration and temperature on the NCC extraction yield. Thus, 
the extraction of NCC performed with 55% sulfuric acid, 45ºC and for 75 minutes 
generated nanocrystals with higher yield (45%), in the form of rods and nanometric 
dimensions (122 ± 26 nm by 4 ± 1 nm, with a ratio of aspect of 31 ± 8), as shown in the 
micrograph shown in Fig 2. 
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Figure 2 - TEM micrographs of NCC extracted from banana fiber and stained with 2% 

m/v phosphotungic acid. 

 
 Spectroscopic data (FTIR, Fig.3) indicate the presence of a signal associated 
with the C-O-S bond at 811 cm-1, suggesting the insertion of sulfate groups by sulfuric 
acid during the hydrolysis process. Hydrolysis also caused a reduction in the thermal 
stability of cellulose, whose degradation peak temperature decreased from 361oC 
(bleached fiber) to 317oC after acid hydrolysis and generation of NCC. The NCC 
obtained showed 86% of crystallinity, a result similar to other authors [5]. 

 
Figure 3: FTIR spectra of cellulose after bleaching and NCC. 

 
 The chemical modification of NCC by the insertion of MPS groups was 
confirmed by the increase of the sample residue above 700oC, after TG analysis under 
synthetic air flow. There was an increase in residue from 7.21% to 18.4%, caused by the 
presence of silicon atoms that did not generate volatile by-products during the analysis. 
Atomic composition data obtained by XPS indicate an increase in the content of silicon 
atoms from 2.0 to 8.9% after functionalization with MPS. 
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 The nanocomposites showed a statistically similar degree of conversion to each 
other, with values ranging from 27.7 to 31.9%. On the other hand, the dispersion of 
0.5% NCC-MPS caused an increase in the contact angle of the sample surface from 
63.2 (polymer only) to 73.5%, indicating a change in the polarity of the composite due 
to the presence of the nanoparticle modified. 
 Fig 4 presents the Vickers microhardness results of the nanocomposites. The 
different letters between the groups indicate a statistically significant difference 
(ANOVA, p<0.05) between the groups, with the RNCCMPS0.5 and RNCCMPS2.0 
groups presenting higher values, suggesting that the functionalization of the NCC 
surface with MPS contributed to the increase in microhardness due to the formation of a 
covalent bond between the nanofiller and the polymeric matrix, mediated by the MPS 
molecule. 

On the other hand, the addition of NCC to the polymer matrix caused a reduction 
in the flexural strength of the nanocomposites (Fig 5a) and consequently an increase in 
the modulus of elasticity (Fig 5b). 

 
Figure 4 - Vickers microhardness of polymerized resin (BisGMA and TEGDMA 
copolymer) and nanocomposites containing NCC, n=3. Different letters indicate 
statistically significant difference between groups (ANOVA, p<0.05). 
 

The flexural strength of the nanocomposites decreased when compared to the 
unfilled copolymer (Fig 5a). This behavior may also be associated to a tendency of the 
NCC agglomerates due to hydrogen interactions from the remaining hydroxyl groups on 
their surface. The mechanical properties are influenced by the particle size distribution, 
but also by how these filler particles are dispersed in the polymer structure [6]. This can 
be observed by the group containing 2.0% of NCC which presented lower flexural 
strength compared to the group containing 0.5% NCC, likely due to NCC 
agglomeration at higher levels [5, 6]. 
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Figure 5 - Flexural strength (left) and modulus of elasticity (right) of polymerized resin 
(copolymer of BisGMA and TEGDMA) and nanocomposites containing NCC, n=5. 
Different letters indicate statistically significant difference between groups (ANOVA, 
p<0.05). 
 

Nanocomposites prepared with NCC functionalized with MPS show an increase 
in elastic modulus, increase of 38% for RNCCMPS0.5 and approximately 32% for 
RNCCMPS2.0 compared to the control group (Resin), which suggests better interfacial 
adhesion between the nanocrystals and the matrix. Therefore, the incorporation of 
functionalized NCC at low concentrations, such as 0.5%, may reflect significant 
increases in the modulus of elasticity. In this case, the advantage of functionalized 
composites over non-functionalized ones resides in the covalent bonds formed between 
the nanoparticles and the polymeric matrix. 

 
Conclusions  
 

It is possible to extract NCC from banana pseudostem with adequate yield. The 
chemical modification of the surface of NCC by MPS mediated the formation of 
covalent bonds between the surface of the nanoparticle and the polymeric matrix, 
increasing the microhardness of the nanocomposites and the modulus of elasticity, 
acting as a reinforcement nanofiller. 
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Abstract - The use of polymers by society has grown constantly, as these polymers are mostly artificial and take years 
to degrade in the environment, causing various environmental impacts. Research on natural polymers has become 
prominent in the scientific community to alleviate this situation. In addition to being obtained from renewable energy 
sources, natural polymers are polymers that degrade more quickly in nature. An example of a natural polymer is 
hemicellulose, among the most abundant biopolymers in nature. Hemicellulose is extracted from plant fibers, and 
because it is a biodegradable material, interest in using it has increased. Among the possible applications for 
hemicellulose, we can mention its use as a flexible conductive substrate due to its low cost, low density, flexibility, and 
the possibility of recycling. Therefore, this work aims to develop conductive hemicellulose films with silver 
nanoparticles and thus evaluate their potential use as a conductive flexible substrate. First, the hemicellulose was 
extracted from the jute fiber with KOH 10% w/v. Then polymeric films of pure hemicellulose and nanocomposites of 
hemicellulose with different silver nanoparticles (AgNPs) content (0.25 to 5 wt%) were manufactured using the water 
casting technique. After. the films were characterized using TGA (Thermogravimetry), DSC (Differential Scanning 
Calorimetry), FTIR (Spectroscopy in the Infrared Region with Fourier Transform), benchtop multimeter, and hot plate. 
The hemicellulose and silver nanoparticle films showed thermal stability at 170°C and thermal degradation at 262°C. 
Hemicellulose films with 5.0 wt% AgNPs showed the best conductivity result at room temperature. By increasing the 
temperature, all films showed a lower conductivity. It can be concluded that the hemicellulose films showed good 
characteristics to be used as a conductive flexible substrate in sensors, and the films with 5.0 wt% AgNPs were the ones 
that presented the best performance for such use.

Keywords: conductive flexible substrate, hemicellulose, films, temperature sensor.

Introduction

Technological advances and the demand for electronic sensors in the most diverse areas and 
applications, such as humidity, pressure, voltage, vibration, movement, temperature, energy, pH,
and chemical compounds sensors [1], have stimulated the development of flexible conductive 
components that can be obtained from environmental friendly materials and that are produced in 
large scale and at low cost.

In this sense, the high demand for raw materials for producing these conductive components 
inevitably lead to severe environmental problems. To minimize negative environmental impacts, 
increase economic viability, and meet energy efficiency requirements, natural polymers are being 
increasingly explored as candidates to replace some conventional materials in the manufacture of 
these devices.
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These polymers occur widely in nature or are extracted from plants or animals. Among the 
various existing natural polymers, hemicellulose can be highlighted. It can be extracted from plant 
fibers or lignocellulosic fibers, which are made up of three main components (percentage by 
weight): cellulose (40-60%), hemicellulose (20-40%), and lignin (10-25%) [2], depending on the 
source. 

Hemicellulose polymers are branched, totally amorphous, partially soluble in water, and 
hygroscopic [3]. Because it is a biodegradable material and renewable source, there has been an 
increase in interest in using hemicellulose for a variety of applications. Despite having these good 
qualities, hemicellulose is still little studied compared to other natural polymers, such as cellulose. 

Therefore, this research proposes an innovative and simplified study of using hemicellulose 
as a flexible substrate for application as a sensor. The main objective is to know the electrical 
behavior of substrates based on hemicellulose aggregated with silver nanoparticles, thus evaluating 
the viable possibilities for its application in manufacturing flexible temperature sensors. 

 
Experimental  
 
Hemicellulose Extraction and Obtaining Films 

 
The hemicellulose extraction procedures were performed according to [4]. About 10 g of fibers 
were immersed in 200 mL of distilled water for 1 h and filtered. The fibers were added to the 10% 
KOH solution (w/v), remaining under orbital agitation at 250 rpm and mechanical agitation at 50 
rpm for 3 h. They were then filtered, and the liquor obtained had its pH adjusted to 4.8 using acetic 
acid. After 24 h, the liquor was centrifuged for 5 min at 4000 rpm. A solution (1:10 acetic acid and 
ethanol) was added to the liquor to precipitate the hemicellulose. The resulting solution was filtered, 
and a portion of hemicellulose was obtained. Afterward, a film was produced using the "water 
casting" technique, in which the material was molded using water as a solvent. For this, the 
hemicellulose was solubilized in distilled water at a concentration of 33% (w/v) under magnetic 
stirring for 2 h at 35°C. Afterward, the solution was centrifuged at 4000 rpm for 10 min and poured 
onto a glass plate (30 x 40 cm), allowing the film to dry at 25°C. Different concentrations of AgNPs 
(0.25, 0.50, 1, and 5 wt%) were incorporated to prepare conductive flexible substrates from the 
hemicellulose. Then, the solution was under magnetic stirring for 10 min at 25°C. And finally, the 
solution was deposited on a glass plate (15 x 15 cm), until drying at room temperature and film 
formation. 
 
Characterization of Nanocomposites 
 

Thermogravimetry (TGA) and Differential Scanning Calorimetry (DSC) tests were carried 
out for hemicellulose films and their nanocomposites in a simultaneous thermal analyzer 
TGA/DSC, model SDT Q600 (TA Instruments), in an alumina crucible, under N2 atmosphere with 
a flow of 50 mL/min, at a heating rate of 10°C/min, starting at room temperature up to 950°C. 

Fourier Transform Infrared Spectroscopy (FTIR) was performed for hemicellulose films and 
their nanocomposites using a Thermo Scientific Nicolet iS10 spectrometer with the transmittance 
accessory. Spectra were collected in the 400 to 4000 cm-1 range, with a resolution of 4 cm-1 and 64 
scans. 

An ET-1649-Minipa digital multimeter and a heating plate were used to obtain the 
conductivity of these films. By varying the temperature, the electrical voltage and electrical current 
were measured. The electrical conductivity was calculated using the 1st and 2nd Ohm's Law, 
following Equations [1], [2] and [3]. 

 UU= .I   [1]         R= .L/A   [2]   =1/  [3] 
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Where: U = Electric voltage in V, R= Electric resistance in , I= Electric current in A, = 
Resistivity in .m, L = conductor length in m, A= conductor cross-sectional area in m2, = 
Conductivity in / .

Results and Discussion 

Fig 1 presents the FTIR spectra for the hemicellulose and nanocomposite films. Absorption 
bands are attributed to functional groups of hemicellulose cell wall components. A more intense 
stretching band is observed at approximately 3302 cm-1, referring to the hydroxyl groups (OH) 
present in the hemicellulose in the residual water in the sample [5]. At 2915 cm-1 there is a band 
corresponding to the stretching vibration of the CH group, symmetrical and asymmetrical in 
hemicellulose components [6]. The short band at 1664 cm-1 is associated with absorbed moisture. 
The band at 1533 cm-1 represents vibrations of CH and OH groups in hemicellulose. At 1410 cm-1, 
the C-H ester band refers to partial acetylation of hydroxyl groups in hemicellulose [7]. And a band 
at 1045 cm-1 is due to the elongation of side groups (C-OH) and glycosidic bonds (C-O-C) of 
hemicellulose [7].

Figure 1- FTIR spectrum of Hemicellulose films and their nanocomposites.

Fig 2 illustrates the thermal characterization of hemicellulose and nanocomposite films by 
TG and DSC. In Figure 2(a) it is observed that there are four weight loss stages. The first peak, of 
lesser intensity, which occurred at 48°C, is the beginning of hemicellulose moisture loss, with 
dehydration and cleavage of its side chains, and belongs to the first weight loss stage. The second 
degradation peak occurred at 216°C and the third one at 263°C. The third peak showed a higher 
intensity of degradation compared to the second peak. Both peaks belong to the second stage,
referring to hemicellulose degradation. The fourth peak occurred at 442°C and the fifth at 810°C 
and referred, respectively, to portions of lignin and residues of the KOH solution with its possible 
conversion into oxide. The thermal degradation of lignin occurs in the temperature range between 
225ºC and 450ºC [8]. The thermal stability shown was an average of 170°C. And hemicellulose 
residue content was 8.4%.
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As shown in Fig 2(b), four main thermal events were detected for Hemicellulose films and 
nanocomposites. The first is endothermic and has low energy, occurring around 50°C and is related 
to moisture loss; a second endothermic event is related to the glass transition temperature (Tg) of 
the hemicellulose, occurring at 191ºC; the third event is exothermic, at 262°C and corresponds to 
the degradation of hemicellulose [9]; and in the fourth event, the occurrence of broad and poorly 
defined endothermic undulations is observed, without characterizing peaks, attributed to the 
degradation of the cellulosic portion present in the samples. Other events, such as an endothermic 
peak at 758°C, can also be observed, which may be related to lignin pyrolysis. And another 
exotherm at 803°C refers to the residual potassium oxides in the extraction solution.

Figure 2 - (a) TG and DTG (dotted curves), and (b) DSC curves of hemicellulose films and their 
nanocomposites.

Table 1 shows the electrical resistance and conductivity values for hemicellulose and 
nanocomposite films. From the values found for electric current and voltage, Eq. 1, 2, and 3 
calculate the electrical resistance values, resistivity, and, consequently, its conductivity.

Table 1 - Electrical resistance and conductivity results for hemicellulose and hemicellulose films with 0.25, 
0.50, 1.0, and 5.0 wt% of silver nanoparticles (AgNPs).

HEMICELLULOSE HEMICELLULOSE+
0.25%AgNP

HEMICELLULOSE+
0.50%AgNP

HEMICELLULOSE+
1%AgNP

HEMICELLULOSE+
5%AgNP

Tempe
rature 
(°C)

Electrical 
resistance 

(Ohm)

Conducti
vity(S/m)

Electrical 
resistance 

(Ohm)

Conducti
vity(S/m)

Electrical 
resistance 

(Ohm)

Conducti
vity(S/m)

Electrical 
resistance 

(Ohm)

Conducti
vity(S/m)

Electrical 
resistance 

(Ohm)

Conducti
vity(S/m)

25 183.68 0.16 164.37 0.17 125.95 0.23 92.42 0.31 84.43 0.34
30 194.94 0.15 169.21 0.17 113.47 0.25 107.02 0.27 104.28 0.27
35 224.63 0.13 205.31 0.14 171.30 0.17 121.14 0.23 115.34 0.25
40 389.09 0.07 360 0.08 285.93 0.10 111.27 0.25 122.43 0.23
45 1251.67 0.02 412.5 0.07 303.82 0.09 156.87 0.18 138.05 0.21
50 1007.14 0.03 200 0.14 331.33 0.08 207.14 0.14 208.78 0.14

It is observed that the samples with 0.25% of silver nanoparticles showed conductivities 
lower or similar to those of the hemicellulose film. It can be inferred that in these situations there 
was not a good dispersion of the nanoparticles in the hemicellulose polymeric matrix, so this makes 
conduction by means of electrons more difficult.

As expected, the results showed that at room temperature (25ºC), the higher the percentage 
of AgNPs in the nanocomposite composition, the greater the resulting electrical conductivity since a 
greater amount of conductive nanoparticles is dispersed in the film, facilitating the conduction of 

(a) (b)
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electrons. In the Hemicellulose+5%AgNP sample, a lower electrical resistance and, consequently, a 
higher conductivity (0.34 S/m) was observed compared to the other samples. It can be inferred that 
the amount of silver nanoparticles was sufficient to disperse well in the matrix and conduct 
electrons. Noble metals like silver are generally good candidates as conductive agents due to their 
excellent conductivities [10]. 

By increasing the temperature of the samples, it is observed that there is a decrease in the 
conductivity value. It may be related to the disorderly movement of electrons. For example, when 
there is disorderly movement between the electrical charges present in a conductor, this 
disorganization of movement happens without creating an electric field within that conductor, 
causing its free electrons to develop a disordered movement [11], thus not presenting good 
conductivity. 
 
Conclusions  
 

In the present work, we verified good thermal stability for hemicellulose films and their 
nanocomposites. When producing hemicellulose films with different percentages of silver 
nanoparticles (AgNPs), it was verified that the samples with the highest nanoparticles content 
induced a significant increase in the electrical conductivity of the film. A probable hypothesis for 
the results obtained is that these nanoparticles were well dispersed in the hemicellulose matrix, with 
5.0 wt% being the most appropriate for use as a sensor. It was also verified that the higher the 
temperature to which the films were submitted, the lower the electrical conductivity values found. 
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Abstract - Currently, one of the most viable synthesis routes to obtain graphene is the chemical exfoliation, followed by
reduction of the product obtained, allowing the production of a larger amount of reduced graphene oxide (rGO). The
reduction step is essential in this process, because it allows the partial elimination of oxygenated functional groups
inserted in the material and thus recover its conductive properties. The results obtained by the electrical conductivity
test showed that the rGO is a conductive material, but the GO (insulating material) also expressed electrical
conductivity, being even higher than the rGO. It is known that this factor is linked to the solubility of these materials in
water, GO being soluble, allows the uniform measurement of its conductivity, unlike the rGO, whose removal of
functional groups prevents the formation of chemical bonds between this material and the water used, negatively
affecting the evaluation of the product obtained.

Keywords: Reduced graphene oxide; Chemical exfoliation; Conductive inks.

Introduction

The discovery of graphene and its properties was a milestone in materials science, given its
great emerging potential [1] cited by [2]. As cited, the properties of this material brought with it the
wide interest of researchers, since, a high surface area, high intrinsic mobility, high Young's
modulus and good thermal and electrical conductivity, are properties obtained by using graphene
[3]. Obtaining graphene in the laboratory is something that has been studied hard by experts, several
synthesis routes have been developed, but producing it in large quantities is still a problem.
Chemical exfoliation allows the conversion of graphite into GO, by incorporating oxygenated
functional groups between its chains, pulling them apart. Through this method, larger quantities of
rGO can be obtained after the reduction of the material [4].

The addition of the functional groups in the structure of GO, makes this material an
electrical insulator [5]; [6]; cited by [7]. In view of this, its conductivity can be improved by
removing these groups, through a procedure called chemical reduction [8]; [9]; [10]; [11] cited by
[7]. In another perspective, thermal reduction, besides being much faster than chemical reduction,
also ensures the partial removal of oxygenated groups and the possibility of applying rGO in
scenarios that target the electrical properties of graphene, by allowing it to be obtained in dry
powder form [12]; [13] cited by [14]. The synthesis parameters directly affect the properties of the
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material, one of them being the particle size of the graphite used, impacting the surface area and
electrical conductivity of the synthesized rGO [4]. It is important to highlight that there is a great
challenge in the characterization of the electrical conductivity of graphene in solution (conductive
inks). Thus, in addition to focusing on the synthesis of graphene in the laboratory, this work aims to
analyze the electrical conductivity of graphene in aqueous solution to solve challenges related to
this method in future works. It is not clear in the literature the best way to determine the electrical
conductivity of conductive inks, since their composition can also influence this characterization.

Conductive paints are based on the incorporation of a conductive component in the solution
that constitutes the respective paint, in view of this, the search for new formulations tends to
increasingly move the market. Finally, this paper aims to study and report the synthesis process
used to obtain rGO, assigning it to a possible application in a conductive paint, as well as to identify
the challenges encountered during the evaluation of the electrical conductivity of the material in
solution.

Experimental

To start the oxidation of graphite, 192.6 ml sulfuric acid (H2SO4) and 21.4 ml phosphoric
acid (H3PO4) were added to a large beaker. In view of the high exothermic character of the
following reactions, the solution needs to be exposed to an ice bath in order to control the
temperature and avoid further problems. The next step was to add 1.2 g of graphite powder, always
aiming to use a material with the smallest possible granulometry, which was then left in magnetic
stirring for 30 minutes.

After 30 minutes, 8.6 g of potassium permanganate (KMnO4) were added and the solution
was then gradually heated up to 40 °C, so, upon reaching thermal equilibrium, the solution was left
in magnetic stirring for a period of 6 hours. Fig 1 represents the solution and its greenish coloration,
after the addition of potassium permanganate. Soon after this period, 500 ml of distilled water was
added in order to finish the reaction, avoid the formation of MnO2 and consume the residual
potassium permanganate. Next, 30 ml of hydrogen peroxide (H2O2) was added, and then the
solution was stirred for a period of 1 hour. After this period, 400 ml of hydrochloric acid (HCl) was
added to the solution and then the solution was stirred for 1.5 hours. At the end of this step, the
solution was left to stand for 15 hours for decantation.
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Figure 1 - Solution after the addition of KMnO4

After 15 hours and with successful decantation, the liquid phase was discarded. With the
resulting product, the sample was washed via centrifugation in order to neutralize the pH of the
solution. Four washes were performed, using 1 L of deionized water for each of the samples. Table
1 describes the washing procedure in detail. After the washes, the obtained GO was placed in petri
dishes, covered with aluminum foil and left in an oven at 90 °C to dry.

Table 1 -Washing specifications

Lavagem Tempo (min) Rotação (rpm) PH

1 10 5500 1

2 10 5500 1

3 10 5500 3

4 10 5500 5

The next step is based on the reduction of GO to obtain rGO. To perform the thermal
reduction procedure, a porcelain mortar embedded in a heating mantle was used. The temperature
chosen for the process was 260 °C and as a result, rGO was obtained, a black colored powder and
even smaller granulometry than GO [15].

Results and Discussion

Through scanning electron microscopy (SEM), performed on the obtained rGO sample, it
was verified that individual sheets of graphene were obtained, as shown in Figure 2. The regions
that present wrinkling are present due to the thermal reduction step, an abrupt process that can lead
to other structural defects in the material if not well controlled.

Figure 2 - SEM image of rGO sample at 20 K X magnification

X-ray diffraction (XRD) showed that both GO and rGO were satisfactorily obtained. Figure
3 and Figure 4 represent the XRD results for GO and rGO respectively. It is evident the
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displacement and the reduction of the characteristic peak intensity when we relate the two images,
these variations occur due to the reduction of the interplanar distance, ensuring the effectiveness of
the reduction process [16].

Figure 3 - XRD results for GO

Figure 4 - XRD results for rGO

Two samples were produced, the first containing GO and water and the second, rGO and
water, in order to test the conductivity of both solutes. The electrical conductivity tests performed
using a conductivimeter, indicated that the conductivity of rGO was theoretically lower than that of
GO, 277.20 (μS/cm) and 876.80 (μS/cm), respectively. Therefore, as GO has more oxygenated
functional groups than rGO, and is consequently soluble in water, the conductivity meter detector
was not able to calculate the conductivity of rGO as it was insoluble in aqueous medium and
remained in suspension during the analysis.

Conclusions

In view of the SEM results obtained, it can be inferred that, despite being wrinkled,
individual sheets of graphene were obtained. The interplanar separation and rapprochement was
verified via XRD, proving the addition and later partial removal of functional groups. On the other
hand, the electrical conductivity tests indicated results out of the expected standard, and although
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rGO is a conductive material and very promising in terms of its applicability in this field, the
outcome of the work entails the need to find the best method to analyze the conductivity of the
materials produced in this work.
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Abstract – Piezoresistive sensors, which transform a mechanical traction effort into an electrical signal, with a change 
in the electrical resistivity of the sensor, have been studied for their ability to monitor various activities and health 
problems of the human body, and an ideal traction sensor can monitor activities such as the movement of joints in 
different parts of the body. In this work, electrospun membranes were produced with aligned fibers of Thermoplastic 
Polyurethane (TPU) with different weight concentrations of carbon nanotubes (CNT) through the electrospinning 
process. The produced membranes were analyzed by Scanning Electron Microscopy (SEM), electrical conductivity and 
tensile test. With the membranes produced, piezoresistive traction sensors were obtained, which were tested on the 
finger to monitor human movement. Through the SEM it was noticed that there was an alignment of the fibers with the 
electrospinning parameters used and despite the noise in the sensor, it was possible to observe an increase of the 
electrical resistivity of the sensor when bending the finger.
Keywords: Piezoresistive sensors, electrospinning, thermoplastic polyurethane, carbon nanotubes.

Introduction
Currently, there is a growing interest in employing wearable and highly flexible sensors in the 

fields of human health, robotics, prosthetics, electronic skins, among others. These sensors can be 
used for monitoring movement and human health, being placed on clothes, helmets, accessories and 
directly on the skin to detect different important physiological parameters, without influencing daily 
life or restricting the user's movements, informing him at all times that there is an abnormal 
condition [1]. Several types of wearable sensors with excellent detection performance, highly 
flexible and good response reproducibility are being developed with different structures and 
transduction mechanism [2, 3]. Among these devices, piezoresistive sensors, which transform the 
mechanical stimulus into an electrical signal, changing the electrical resistivity of the sensor, have 
been widely used because of their simple detection mechanism, ease of construction and simple 
structure. Among the piezoresistive sensors, the traction sensors have been widely used for
monitoring human movement. However, it remains a challenge to simultaneously achieve high 
sensitivity, wide detection range, excellent mechanical stability, fast response/recovery for 
prolonged use during monitoring [3]. Wearable sensors can be obtained from conductive polymeric 
composites constituted by conductive fillers, dispersed in a polymeric matrix [4]. In order to obtain 
a wearable sensor with high performance and high sensitivity of response, it is necessary that the 
materials and the manufacturing process are properly selected. As a conductive filler in composites 
for wearable sensors, a good alternative would be carbon nanotubes (MWCNT), because they have 
a high aspect ratio (ratio between length and diameter), high modulus of elasticity, high tensile 
strength [5], enabling a good sensitivity and response reproducibility for the sensor. As a polymeric 
matrix in conductive polymeric composites for application in wearable sensors, a good alternative 
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would be thermoplastic polyurethane (TPU), because it presents an elastic behavior, having a good 
shape memory with small mechanical hysteresis. An interesting process for obtaining materials for 
application in wearable traction sensors is the electrospinning process. In this process, fibrous 
membranes with a three-dimensional porous structure and high surface area are obtained, giving the 
sensor good flexibility and extensibility, and good response sensitivity, due to the greater contact of 
conductive additives, the aligned fibers give the membranes greater tensile strength [6]. In view of 
the great importance of using wearable sensors in monitoring human movement and the challenges 
of obtaining a sensor with good flexibility and at the same time having durability and good response 
sensitivity, in this work electrospun membranes were developed with aligned fibers of a TPU 
polymeric matrix with conductive fillers of carbon nanotubes (MWCNTs) for application in 
wearable traction sensors for monitoring human movement. 
 
Experimental 
 
Materials 
 The Thermoplastic Polyurethane (TPU) used in the work is based on ether (Elastollan 1180 
A10) and based on diphenylmethane diisocyanate (MDI), manufactured by Basf. The Carbon 
Nanotubes (NTC) (NC7000) used to obtain the electrospun membranes are manufactured by the 
company Nanocyl. The solvents that will be used are Tetrahydrofuran (THF) and 
Dimethylformamide (DMF), manufactured by Sigma Aldrich, which will be used as supplied. 
 
Electrospinning of TPU/MWCNT mats 
  To obtain the electrospun mats, TPU (10 wt.%) was dissolved in 10 mL of DMF:THF [1:1] 
under stirring until the polymer was completely dissolved for approximately 1 hour. Subsequently, 
different weight fractions (wt.%) of  MWCNT, 0,25, 0,5, 0,75 and 1,0 wt.% were incorporated at 
room temperature and the dispersion was carried out in the solution through an Ultrasonic 
Processors VCX 500 Disperser, at temperature of  20 °C and amplitude of 35%, for 8 minutes. An 
adequate amount of the solution was added to a 5mL syringe with a needle of internal diameter of 
0.8mm. The solution was pumped through an infusion pump at a flow rate of 2 mL h-1. The fibers 
were collected in a fixed collector (120 mm diameter) consisting of an aluminum plate covered with 
aluminum foil. The electric field was generated from a high voltage power supply (INSTOR), 
capable of generating a voltage of 0 - 30 kV. The positive pole was connected to the syringe needle 
and the negative pole to the collector. The electrospun mats were obtained using electrical voltages 
of 21 kV for membranes with 0.25, 0.5, 0,75 and 1,0 wt.% of MWCNT. The distance used between 
the needle and the collector was 25 cm and the solution feed rate was 2 ml/h.The process was 
carried out with the rotating collector at a speed of 2.300 r.p.m. to obtain membranes with aligned 
fibers. 
 
Development of wearable sensory device 
  To obtain the piezoresistive traction sensor, samples of electrospun membranes produced 
with dimensions of approximately 60x10 mm were prepared and copper tapes with silver ink were 
attached to the tips of these samples, with a distance of 30 mm between them. To monitor human 
movements, this sensor was placed on the finger to measure the difference in electrical resistivity of 
the sensor when the finger was bent.  

The obtained traction sensors were mounted on finger joints to monitor human movement. 
The sensor electrodes were connected to an electrometer (Keithley 6517A), and by bending the 
fingers, the electrical resistivity variation as a function of time was calculated. 
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Characterizations 
Scanning Electron Microscopy (SEM) was performed on samples of electrospun 

TPU/MWCNT membranes, with different concentrations of nanocharges, in a JEOL microscope, 
model JSM-6390LV. This analysis was carried out to evaluate the morphology of the samples, 
verify the dispersion and distribution of conductive additives in the polymeric matrix. 

The electrical conductivities of the TPU/MWCNT electrospun mats, with low conductivities 
from 10-17 to 10-7, were obtained by the 2 probe method. Analyzes were performed according to 
ASTM D-257 on circular specimens of 90 mm of diameter, using a Keithley 6517A electrometer 
connected to a Keithley 8009 testing device. 

Tensile tests were carried out on electrospun membranes to verify the influence of 
conductive additives on the tensile strength of the produced membranes. The tests were carried out 
in a dynamic-mechanical analysis equipment model Q-800, from TA Instruments, equipped with 
the sample holder for film traction, from the Materials Laboratory (LABMAT) of the Federal 
University of Santa Catarina. 3 samples were prepared, with a size of 10 x 70 mm, using a force rate 
of 0.05 N.min-1, until the samples rupture, preload of 0.001 N, at room temperature. 

 
Results and Discussion 

The SEM micrographs obtained for the electrospun membranes with the aligned TPU/NTC 
fibers in Fig. 1. From the micrographs obtained, it can be observed that the fibers are aligned in a 
preferred orientation and the they did not show agglomerates or defects, indicating that the 
electrospinning parameters used provided a good morphology, with a good uniformity of the fibers 
to the membranes and the speed of the rotating collector of 2.300 r.p.m. was enough for fiber 
alignment to occur.  

 
   

 

Figure 1 - SEM micrographs and histogram with the distribution of fiber diameters of TPU membranes 
obtained with different concentrations of MWCNTs. a) TPU/0,25MWCNT, b) TPU/0,5MWCNT, c) 
TPU/0,75MWCNT, d) TPU/1,0MWCNT.  
 

Table 1 presents the electrical conductivity values obtained for the aligned TPU/MWCNT 
electrospun membranes with different MWCNT mass fractions. It can be seen that there was an 
increase in the electrical conductivity of the TPU/MWCNT electrospray membranes in relation to 
the pure TPU electrospun membrane. As expected, there was also an increase in the electrical 
conductivity of the membranes with the increase in the mass fractions of the MWCNT, indicating 
that the MWCNTs act as conductive fillers, due to the formation of conductive paths with the 
contact of the MWCNTs in the fibers. Only for the weight concentration of 1.0 wt.% of MWCNT 
that there was no increase in electrical conductivity in relation to the other membranes, probably 
due to the MWCNT agglomeration. 

 
 
 
 
 
 
 

a 
b 

c b d 
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Table 1 - Electrical conductivity values for TPU/MWCNT electrospun mats with different concentrations 
of MWCNTs. 

Fig. 2 shows the stress versus strain curves obtained for the aligned electrospun membranes 
of pure TPU and TPU/MWCNT with 0,25, 0,5, 0,75 and 1,0 wt.%, with the samples being pulled 
parallel to the orientation of the fibers. From the stress versus strain curves, it can be seen that there 
was an increase in the tensile strength of the membranes with the increase in the mass fraction of 
MWCNT, indicating that the conductive nanocharge increased the mechanical resistance of the 
membranes, and they withstood a greater stress than the than pure TPU before rupture occurs. 
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Figure 2 - Stress x strain curve for electrospun pure TPU and TPU/MWCNT membranes with 0,25, 0,5, 
0,75 and 1,0 wt.% aligned, pulled parallel to the fiber orientation. 
 

To monitor human movement, the obtained wearable sensors were placed under the glove to 
monitor finger movement. The response of the TPU/MWCNT wearable sensor with different 
concentrations of MWCNT, showing the variation of the electrical resistivity of the sensor when 
bending and stretching the finger and the sensor mounted under the glove to monitor the movement 
of the finger are represented by Fig. 3. There was an increase in the electrical resistivity of the 
sensor due to the removal of the MWCNT charges when bending the finger, despite the small 
variation in electrical resistivity, but the response was very noisy. 

 
 
 
 
 
 
 

Samples Electrical conductivity (S cm-1) 

TPU (5.12 ± 0.02)x10-13 

TPU/0,25MWCNT (8.45 ± 1.02)x10-13 

TPU/0,5MWCNT (1.24 ± 0.02)x10-12 

TPU/0,75MWCNT (6.86 ± 9.70)x10-8 

TPU/1,0MWCNT (4.39 ± 2.9)x10-13 
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Figure 3 – Response of TPU/MWCNT sensors with different MWCNT fractions when monitoring finger 
movement – a) TPU/0,25MWCNT, b) TPU/0,5MWCNT, c) TPU/0,75MWCNT, d) TPU/1,0MWCNT. 
 
Conclusions 

It can be concluded that there was an increase in electrical conductivity of the 
TPU/MWCNT electrospun membranes with the addition of MWCNT. Moreorver, there was an 
increase in the tensile strength of the electrospun TPU/MWCNT membranes in relation to the pure 
TPU membrane. The wearable sensor obtained by electrospinning TPU/MWCNT membranes 
showed a response when tested on the finger, with variation in electrical resistivity, but the response 
showed a lot of noise. Further experiments must to be performed in order to improve the quality of 
the response.  
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Abstract - The COVID-19 pandemic has significantly increased the demand for non-pharmacological measures, 
including the use of face masks to reduce the spread of the virus. However, the high consumption of face masks has 
resulted in a large volume of waste, posing a risk to the environment and public health. To address this problem, it is 
necessary to develop new filtering media that meet the basic functionalities of face masks. The inclusion of new 
functionalities in the membranes applied to face masks can further improve their efficacy in disease transmission 
prevention and reduce the environmental impact after disposal. This work aims to develop composite polymeric 
nanofibers of polylactic acid (PLA) with zinc oxide nanoparticles (nZnO) to produce functional, biodegradable, and 
antiviral face masks. The electrospinning technique allows producing micro and nanofibers, with the need to control the 
process parameters and the methodology used for the dispersion and distribution of nZnO in a 10% polymeric solution 
in organic solvents, and the incorporation of loads in mass ratios of 1% and 2%. Dispersion methods were evaluated, 
with the use of a tip sonicator proving to be the most efficient. The polymeric solutions, with and without nZnO, were 
subjected to electrospinning under constant parameters. The obtained membranes were characterized by scanning 
electron microscopy (SEM) for morphological analysis and fiber diameter distribution, thermal stability, and contact 
angle. Preliminary results showed that the addition of zinc oxide nanoparticles significantly affected the morphology, 
leading to a trend of decreasing fiber diameter and decreasing defects in the membranes. The hydrophobicity of the 
membrane was maintained with the addition of nZnO, while the thermal stability was reduced due to the presence of the 
nanoparticles.

Keywords: electrospinning; face masks; zinc oxide nanoparticles; polylactic acid.

Introduction 

Despite exponential human development, humans remain vulnerable to external agents, particularly 
infectious diseases that afflict communities worldwide. The recent COVID-19 pandemic has 
highlighted the need for non-pharmacological measures to effectively combat airborne transmission 
of diseases. Universal mask-wearing has proven to be an effective strategy in reducing disease 
spread, including the transmission of the SARS-CoV-2 virus [1]. However, the increased 
consumption of facial masks has led to improper disposal and the generation of substantial waste, 
posing environmental concerns and the potential for disease transmission through contaminated 
biological waste. The American Chemical Society estimates that approximately 129 billion masks 
are consumed worldwide each month during the COVID-19 pandemic [2-3]. To address this issue, 
the development of disposable masks with functionalities beyond standard technical requirements, 
such as particle retention and breathability, is of great interest. The focus is on incorporating 
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biodegradable materials along with additives and/or fillers to achieve functionalities such as 
antiviral, antibacterial, and self-cleaning properties. Biopolymers such as chitosan, cellulose, 
gelatin, and starch, as well as synthetic polymers like poly(lactic acid) (PLA), are among the raw 
materials used to ensure biodegradability in polymeric matrices for facial masks [1]. PLA, a 
synthetic biopolymer derived from corn starch, sugarcane, or other plant sources, is particularly 
noteworthy. It can be processed using various production techniques, including extrusion, injection 
molding, and electrospinning. Electrospinning is particularly attractive for producing micro and 
nanofibers by randomly depositing fibers from a polymer solution under an electric field between a 
metallic needle and a collector. This makes PLA a versatile material for the production of face 
masks [4].Incorporating nanomaterials into PLA-based masks offers additional multifunctionalities. 
The focus is on antimicrobial and/or antiviral properties. Among the nanoparticles evaluated, silver 
oxide, titanium dioxide, and zinc oxide (ZnO) have shown promising results. ZnO stands out as a 
highly promising material for medical applications due to its antibacterial, antifungal, and antiviral 
properties. It has demonstrated effectiveness against common pathogens such as Staphylococcus
aureus and Escherichia coli. Recent studies have also shown its antiviral activity, including against 
the SARS-CoV-2 virus, with low cytotoxicity to the human body [5]. This study aims to understand 
the interactions between the polymer matrix (PLA) and zinc oxide nanoparticles (ZnO) in the 
production of electrospun membranes for potential use in multifunctional face masks.

Experimental 

To prepare the PLA polymer solutions, 0.8233 g of polymer granules were weighed to achieve a 
polymer concentration of 10%wt in 6 ml of a mixture of DCE and DMF in a volume ratio of 3:1, 
respectively. The solutions were uniformly dissolved under magnetic stirring and heated at 
approximately 50 °C for 12 hours. This process was performed for subsequent electrospinning and 
collection of pure PLA control samples. To incorporate the nanoparticles and obtain solutions 
containing nZnO, different mass fractions of 1% and 2%wt relative to the mass of PLA were used. 
The nanoparticles were incorporated after 12 hours of magnetic stirring at 50 °C, following 
dispersion procedures. Two methodologies were employed to evaluate the effectiveness of 
dispersion: i) ultrasound bath, ii) dispersion using an ultrasound probe, as indicated in Figure 1(a), 
for subsequent electrospinning procedures.

Figure 1 – Experimental procedure for obtaining PLA/ZnO membranes, dispersion methods (a), and 
electrospinning process (b).
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The PLA, PLA/1%ZnO, and PLA/2%ZnO solutions obtained were transferred to 5 mL glass 
syringes, and the electrospinning process was subsequently performed. The electrospinning 
parameters described in Figure 2(b) were kept constant throughout the experimental procedures, 
while the ambient parameters of temperature and humidity were monitored. The electrospinning 
process lasted approximately 2 hours. The obtained samples were subjected to morphological 
analysis of the fibers through transmission electron microscopy (TEM), thermogravimetric analysis 
(TGA), and contact angle measurement. 

Results and Discussion 

Preliminary SEM results, Figure 2, indicate that the use of the ultrasonic probe as a dispersion 
method is more efficient compared to the ultrasonic bath, due to the low incidence of defects in the 
membrane fibers.This difference can be attributed to the intensity and application of ultrasonic 
energy. In the case of the ultrasonic bath, the ultrasonic energy is applied gently and uniformly 
throughout the liquid, which may not be sufficient to fully disperse the nanoparticles, especially 
when they are agglomerated. This can result in inadequate dispersion and the presence of defects in 
the fibers during the electrospinning process (Figure 2 (b)). On the other hand, the use of the 
ultrasonic probe provides more targeted and intense ultrasonic energy at a specific point in the 
solution. This allows for more effective dispersion of the nanoparticles, even when they are 
agglomerated, resulting in a significant reduction in fiber defects (Figure 2(c)). Additionally, the 
ultrasonic probe can deliver ultrasonic energy at higher frequencies and with greater amplitude, 
contributing to a more efficient dispersion of the nanoparticles. These combined factors result in 
better outcomes in obtaining fibers with a more uniform morphology and lower incidence of 
defects. Therefore, based on the preliminary results, the utilization of the ultrasonic probe as a 
dispersion method for ZnO nanoparticles has proven to be more suitable for attaining membranes 
with superior fiber quality and reduced defects. Consequently, for the subsequent research 
endeavors, solely the ultrasonic dispersion method will be employed.

Figure 2 – SEM micrographs of electrospun PLA membranes (a), and PLA/ZnO dispersed in ultrasonic 
bath (b) and ultrasonic probe (c).

Furthermore, the presence of nanoparticles can not only cause morphological changes but also 
decrease the thermal stability of the polymer due to catalyzed hydrolysis mechanisms. Studies have 
reported that ZnO has the ability to bind to the terminal groups of the PLA chemical structure, 
which can catalyze polymer hydrolysis processes, resulting in a reduction in molecular weight and, 
consequently, a decrease in thermal stability [6]. The results of TGA for the membranes support 
these findings. The analysis of thermogravimetric (TGA) and derivative thermogravimetric 
(DTGA) curves, as shown in Figure 2, reveals a reduction in thermal stability with the incorporation 
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of nanoparticles. However, it is important to note that in their potential application in facial masks, 
the maximum usage temperature does not exceed 40°C, ensuring the stability of the system under 
usage conditions. The incorporation of ZnO nanoparticles causes a significant reduction in the 
thermal stability of PLA. The degradation temperature of pure PLA is approximately 325°C. 
However, with the addition of 2% ZnO nanoparticles, the degradation temperature decreases to 
300°C, and with 1% ZnO nanoparticles, the degradation temperature is further reduced to 275°C.

Figure 2 – Análise termogravimétrica (TGA) de membranas de PLA e PLA/ZnO.
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The contact angle test demonstrates that the hydrophobic nature of the PLA membranes is 
maintained after the incorporation of nZnO, as shown in Figure 12. The red line on the graph 
represents the angle value of 90°, indicating that the material exhibits hydrophobic characteristics 
above this value, while below this value, the material exhibits hydrophilic characteristics, showing 
an affinity for polar liquids.

Figure 3 – Contact angle test on electrospun membrane.
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The hydrophobic nature of the membrane can be attributed to its morphology, which consists of 
micro and nanofibers, resulting in a surface roughness that enhances hydrophobicity. Generally, 
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electrospinning can produce membranes with a fibrous and porous structure, which can increase the 
specific surface area. 
 
Conclusions  
 
Electrospinning is a highly promising technique for the production of polymeric membranes with 
unique properties, such as high permeability, large surface area, and flexibility. Through this 
technique, it is possible to obtain microfibers with a uniform morphology and a low incidence of 
defects, as demonstrated by Scanning Electron Microscopy (SEM) analysis. The results obtained 
indicate that the incorporation of nanoparticles requires a more intense process, such as the use of 
ultrasonic energy, to ensure proper dispersion of the particles in the polymer solution. Additionally, 
the produced membranes exhibit a hydrophobic character, which is desirable for mask applications. 
The presence of nanoparticles can negatively affect the thermal stability, lowering the material's 
degradation temperature. 
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Abstract – The present work evaluated the influence of the addition of graphene nanoplatelets (NGPs) in two 
photosensitive resins for 3D printing, commercially available, especially on their mechanical properties, in order to 
develop composites for 3D prototyping for the field of Dentistry. The concentration of NGPs used was 0.250 wt%. The 
specimens were printed using 3D printing, which uses digital light processing technology. The addition of graphene 
considerably increased the compressive strength of the resins in relation to the pure resins, especially in the PRIZMA 
PROV_NPG resin, where an increasing of about 50% was observed. However, the values of the modulus of elasticity of 
the pure resins were higher, being considered more rigid materials compared to the resins with the addition of NPGs, 
which are more flexible, and consequently deformed considerably more in relation to the pure resins. 

 
Keywords: Resins, graphene nanoplatelets, dentistry, 3D printing. 

 
Introduction 
Research involving nanocomposites has shown constant growth due to the wide application of these 
nanomaterials in several areas, also present in the dental area. In general, graphene is among the most 
investigated nanomaterials today, because it has the potential to improve or modify the 
characteristics and properties of other materials [1,2]. 
One of the most used polymeric materials in dental practice is polymethylmethacrylate (PMMA), 
with several applications, with the aim of replacing lost teeth and hard and soft tissues, presenting a 
good cost-benefit ratio, versatility, acceptable aesthetics, in addition to allowing ease of handling and 
repair [3,4,5]. Polymethylmethacrylate is a polymer obtained by a polymerization reaction, however, 
during this polymerization reaction, there is no total conversion of monomers into polymers. Residual 
monomers, when in contact with the oral cavity, can lead to biodegradation of the material, giving 
rise to biological responses such as irritation, hypersensitivity and even allergic reactions. In addition, 
the presence of residual monomers can affect the mechanical properties of the material, which can 
increase the possibility of failure [4, 6]. 
3D printing is an increasingly evident reality in dentistry, allowing dentists to diagnose and treat faster 
and more accurately through three-dimensional planning. This manufacture method involves the 
production of structures layer by layer of resin giving rise to materials printed materials, which have 
several dental applications, whether for the production of dental models, surgical guides, orthodontic 
and bite guides, bruxism plates and even the manufacture of dental prostheses [7-10]. 
In an attempt to improve the characteristics and properties of polymethylmethacrylate, studies have 
incorporated nanoplatelets in different forms and concentrations in resins, including graphene and 
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its derivatives, which have emerged as a new class of nanomaterials, and may be an alternative to 
improve the properties of composites to PMMA base [3, 9-11]. Graphene-based materials have 
become popular in dentistry due to their excellent properties, such as conductivity, large surface area, 
low bulk density and ease of chemical modification [5,11]. 
The aim of this work was to evaluate the influence of the addition of graphene nanoplatelets (NPGs) 
on the mechanical properties of two 3D printing resins in order to develop 3D prototyping polymeric 
composites for dental application. 

 
Experimental 
Samples preparation 
For the development of the composites, 0.250 wt% of graphene nanoplatelets UGZ-1004, from 
UCSGRAPHENE company, were incorporated into the photosensitive resins Prizma 3D Bio Splint 
and Prizma 3D Bio Prov, from dOne 3D company, by the probe sonification method with temperature 
control. A Sonics Vibra-Cell sonifier was used with an amplitude of 40% for 15 minutes in an ice 
bath. The samples were put into a closed place so as not to be exposed to external light sources. 
The samples were printed on a printer model Flashforge 3D Printer, from the company dOne 3D, 
which uses stereolithography technology of digital light processing, after printing they were placed 
in a vat with isopropyl alcohol P.A., where according to the manufacturer's recommendation of the 
two resins, the samples were immersed for 3 to 5 minutes in isopropyl alcohol to remove the resin on 
the surface. It is important to emphasize that the printing parameters were not changed after the 
addition of the nanoplatelets, they remained constant for the production of pure resin samples and 
samples with graphene addition. The dried samples were submitted to the post-cure process in a 72W 
UV chamber purchased from the company dOne 3D, being cured by ultraviolet light for 10-20 minutes 
according to the manufacturer for the Prizma 3D Bio Prov resin, the Prizma 3D Bio Splint resin 
requires a post-curing time of 10-15 minutes. Table 1 shows some differences in the characteristics 
of the two resins used in the present study. 
 
Table 1 - Differences in the characteristics of the two resins 

Resin Characteristics 

Prizma 3D Bio Prov 

Resin curable by UVA/UVB light, developed for 3D 
printing of teeth and temporary crowns. 
Provides a 3D print with excellent definition, high 
resolution and low shrinkage. 
It can be used in DLP and SLA printers with a 
wavelength between 385 and 405 nm. 
It has A1 color. 

Prizma 3D Bio Splint 

Resin curable by UVA/UVB light, indicated for 3D 
printing of retainers and myorelaxing plates. 
It is a transparent 3D printing material, can be used in 
DLP / SLA printers and provides a 3D printing with 
high strength and hardness. 

 
Mechanical tests 
Compressive strength: this test was carried out on eight specimens with dimensions of 12.7 mm in 
diameter x 25.4 mm, in accordance with ASTM D695-15 standards, using a universal testing machine 
EMIC DL 2000 from the Polymer Laboratory of University of Caxias do Sul (UCS). 
Young's modulus for compression: was used as an indicator of the rigidity of the material when 
flexed, the test was carried out in accordance with the ASTM D695-15 standard, using a load cell of 
100 kgf and a speed of 1.5 mm/min-1, using a universal testing machine EMIC DL 2000. Five 
specimens were used, with dimensions of 127 x 12.7 x 2.9 mm (according to standard ASTM D695-
15), which remained for 48 h in a closed environment at a temperature of 23 °C (± 2 °C) and humidity 
of 50% (± 10%). All tests were performed in the Polymer Laboratory (LPOL) at the University of 
Caxias do Sul (UCS). 
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Results and Discussion 
Compressive Strength 
Fig. 1 shows the average compressive strength values of pure resins and resins with NPGs added. 

 
Figure 1- Graph of the compressive strength of pure resins and resins with 0.250 wt% NPGs addition. 

The addition of graphene considerably increased the compressive strength values of the material in 
relation to pure resins, since the sample that presented the highest compressive strength was Prizma 
Prov_NPG around 110 MPa, while for the pure resin sample Prizma Prov this value was around 55 
MPa. An increase in compressive strength was also obtained in the Prizma Splint resin when graphene 
was added, since the strength was around 70 MPa, whereas for the pure resin this value was 60 MPa. 
The restorative materials used in dentistry must have a minimum capacity to withstand masticatory 
resistance, especially for patients who have parafunctional habits, such as bruxism, who require 
greater occlusal needs, and may suffer material breakage during use, if they do not present certain 
resistance. In this way, this essay provides important information to dentists in the selection of dental 
materials, assisting in planning and more complex treatments. 

 
Young's modulus for compression 
According to Fig. 2, the sample that presented the highest Young's modulus for compression was the 
Prizma Splint around 1300 MPa, followed by the Prizma Prov sample around 1100 MPa. It can be 
observed that the pure resin samples showed a higher Young's modulus for compression in relation to 
the resins with the addition of nanoplatelets, since they presented values of 1000 MPa for the Prizma 
Prov_NPG resin and around 900 MPa for Prizma Splint_NPG. 
A high Young's modulus for compression means a greater resistance of the material to deformation, 
that is, greater ease for the material to return to its original state when the load being applied is 
removed, characterizing itself as an elastic material. 
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Figure 2- Graphic of the Young's modulus for compression of pure resins and resins with the addition of 
0.250 wt% NPGs. 

 
 

Deformation maximum for compression 
The deformation maximum for compression of pure resins and resins with the addition of NPGs is 
shown in Fig. 3. 

 
Figure 3- Graph of deformation maximum for compression of pure resins and resins with the addition of 
0.250 wt% NPGs. 

 
The two samples with the addition of graphene Prizma Prov_NPG and Prizma Splint_NPG showed 
significantly higher values in relation to the pure resins, around 12 mm and 10 mm respectively, while 
the pure resin samples Prizma Prov and Prizma Splint had values around 2 mm, which means a better 
resistance to deformation of the resins with the addition of the nanoload in relation to the pure resins. 
The increase in the values of deformation maximum test for compression of the resins with the 
addition of graphene is due to the low modulus of elasticity of the material presented above. 
In general, dental materials, especially restorative materials, should not undergo permanent 
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deformation during use. In some cases, such as prostheses, it is necessary to use materials that are 
more rigid and difficult to deform. In other cases, such as restorative materials, ideally, the material 
should not be too rigid, so that the restorative material is more likely to deform as the tooth deforms. 

 
Conclusions 
This work evalluated the effect of graphene incorporation in two commercial photosensitive resins 
for 3D printing and the results obtained showed that the addition of the nanoplatelets promoted several 
changes in the mechanical properties. 
A significant increase in the mechanical property of resistance to compression with the addition of 
0.250 wt% graphene in relation to pure resins. However, the modulus of elasticity decreased with 
the addition of the nanoplatelets, making the resins less rigid. Furthermore, the maximum 
compressive strain of the resins increased when NPGs were added, corroborating the decrease in the 
modulus of elasticity. 
The results obtained so far indicate that more investigations need to be done to develop 
nanocomposites for 3D printing with competitive costs and performance in the market. 
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Abstract – The flexible food packaging industry is constantly growing and, as a result, numerous research studies are 
being conducted to develop new materials and combinations that meet the industry’s demands. The incorporation of 
different nanocarriers, such as clay and graphene, enables the production of materials with superior properties for use in
flexible packaging. Therefore, the objective of this study was to evaluate the addition of clay and graphene nanocarriers 
in high-density linear polyethylene (HDPE) films and the properties of the resulting materials. The parameters of
crystallinity, oxygen permeability, and tensile strength were analyzed. The 30B clay and UCSGraphene graphene samples 
showed the highest degree of crystallinity at 59%, with a mass concentration of 2.5% for both. Regarding permeability, 
the 30B clay sample with a mass concentration of 5% showed a higher value than pure polyethylene, while the other 
samples exhibited lower values. The sample with a mass concentration of 1% UCSGraphene showed the most significant
reduction, reaching around 69%. With respect to tensile strength, the samples with clay showed superior performance to 
those with graphene.

Keywords: Food packaging; nanoclay; graphene nanoplatelets; flexible packaging.

Introduction
Food packaging is a fundamental element in preserving the quality and safety of food during storage 
and transportation [1]. Various polymers are used in packaging, with high-density polyethylene 
(HDPE) and low-density polyethylene (LDPE) being the most common. HDPE is commonly used 
for applications that require greater mechanical strength. Technological advancements have brought
new opportunities to improve the properties of packaging, including the addition of clay and graphene 
nanocarriers. These materials are considered nanomaterials due to their reduced dimensions, with 
structures on a nanoscale, which give them unique properties [2]. Clay is a mineral found abundantly 
in nature that can be used in various applications, including food packaging. The incorporation of 
clay nanocarriers into packaging can improve its mechanical properties, such as tensile and tear 
strength, as well as provide a more effective barrier against gases, moisture, and light [4]. Graphene 
is a material composed of a single layer of carbon atoms, with a nanoscale structure that imparts it 
with unique properties. These include high thermal and electrical conductivity and high mechanical 
strength, all while being a lightweight and flexible material. The addition of graphene nanoplatelets 
to composites can improve their mechanical properties, increasing their tensile and compression 
strength, as well as provide similar barrier effects to the ones previously described [5]. Therefore, the 
use of clay and graphene nanoloads in food packaging can bring significant benefits, such as 
improving the quality and safety of food, as well as reducing waste and losses [2].
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Experimental
To carry out this work, the following materials were used: high-density polyethylene (Braskem, 
Brazil), montmorillonite clay of the Cloisite® 20A and Cloisite® 30B types (Southern Clay Products, 
USA), polybond® 3029 compatibilizing agent (Addivant, USA), and graphene nanoplatelets from 
Strem Chemicals (USA) and UCSGraphene (Brazil). Polyethylene films with the addition of 
nanoloads were produced according to the formulations presented in Table 1. The twin-screw 
extrusion process was utilized, with a pelletizer attached to the end part of the process to form 
homogenized pellets that were subsequently processed by single-screw blow extrusion to form 
polymeric films of different compositions. Fig. 1 shows the visual aspect of the developed samples.

Table 1 – Composition and identification of the developed film samples.

Samples HDPE
(%)

Cloisite® 20A
(%)

Cloisite® 30B
(%)

Polybond
® 3029

(%)

Strem
Chemicals

(%)

UCSGraphene
(%)

PE 100 - - - - -
PE-20A_5 95 5 - - - -

PE-20A_2.5 97.5 2.5 - - - -
PE-20A_1 99 1 - - - -
PE-30B_5 93 - 5 2 - -

PE-30B _2.5 95.5 - 2.5 2 - -
PE-30B _1 97 - 1 2 - -

PE-NPG-S_2.5 97.5 - - - 2.5 -
PE-NPG-S_1 99 - - - 1 -

PE-NPG-U_2.5 97.5 - - - - 2.5
PE-NPG-U_1 99 - - - - 1

Figure 1 - Samples of (a) polyethylene film, (b) PE-20A_1, (c) PE-20A_2.5, (d) PE-20A_5, (e) PE-30B_1, (f) 
PE-30B_2.5, (g) PE-30B_5, (h) PE-NPG-S_1, (i) PE-NPG-S_2.5, (j) PE-NPG-U_1, and (k) PE-NPG-U_2.5.

The differential scanning calorimetry (DSC) analysis was conducted at the Polymer 
Laboratory (USC, Brazil) using the DSC-60 Shimadzu equipment, with approximately 10 mg of 
sample and a heating rate of 10 °C.min-1, utilizing a N2 flow rate of 50 mL.min-1, and temperature 
variation of 23 to 250 °C, following ASTM D3418-21. Two heating runs and one cooling run were 
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performed. The crystallinity index of the samples was calculated using Eq. 1, where Xc is the 
crystallinity, ΔHc is the measured melting enthalpy, % load is the percentage of nanoloads present in 
the sample, and ΔHm is the melting enthalpy of HDPE, considered as 293 J.g-1 as per Bortoncello 
(2021). 

                                                    (1) 

 
Barrier property analyses were carried out using an L100-5000 instrument according to 

ASTM F1927-07. Measurements were conducted at a temperature of 23 °C and oxygen flow rate of 
100 cm3. The oxygen permeability coefficient (P’O2) was calculated using Eq. 2, where P’O2 is the 
permeability coefficient, PO2 is the oxygen permeation (cm3 m-2 day-1), and l is the thickness of the 
sample (m).  

                                                                (2) 

Tensile strength tests were performed using an EMIC DL2000 universal testing machine 
with a testing speed of 50 mm/min. Both the barrier properties and tensile strength analyses were 
carried out in quintuplicate. 
 
Results and Discussion 
Table 2 shows the results of the DSC analysis for the developed samples. 
 

Table 2 - Data and values obtained by calculating the crystallinity index for the samples for the first and 
second peak. 

Sample  Enthalpy 
(J.g-1) 

XC1 
(%) 

Enthalpy 
(J.g-1) 

XC2 
(%) 

PE  154 52 165 56 
PE-20A_1  150 52 158 54 

PE-20A_2.5  141 49 154 54 
PE-20A_5  139 50 158 57 
PE-30B_1  146 50 154 53 

PE-30B_2.5  150 52 168 59 
PE-30B_5  139 50 160 57 

PE-NPG-S_1  151 52 160 55 
PE-NPG-S_2.5  148 52 164 57 
PE-NPG-U_1  142 49 168 58 

PE-NPG-U_2.5  149 52 170 59 
 
The crystallinity values ranged from 53 to 59%, with the PE-NPG-U_2.5 sample having the highest 
value and PE-30B_1 having the lowest. The PE-30B_2.5 clay-added film showed higher crystallinity 
values compared to pure PE and 20A clay. Similarly, UCSGraphene had higher crystallinity values 
than pure PE. Sample PE-NPG-U_2.5 had the highest melting enthalpy value, while PE-20A_2.5 and 
PE-30B_1 had the lowest values. Regarding the clays, samples with 20A clay performed better in 
terms of melting enthalpy; in comparison with the graphenes, however, UCSGraphene showed better 
results. The oxygen permeability calculation was performed according to the values obtained for 
oxygen permeation in the polymer films, and the results are presented in Table 3. 
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Table 3 - Values obtained for oxygen permeability of the samples are presented in Table 3.

Sample P'O2*1010

(mL.cm.cm-2.s-1.cmHg-1)
PE 86.84 ± 1.99

PE-20A_1 59.76 ± 1.75
PE-20A_2.5 54.12 ± 3.39
PE-20A_5 70.38 ± 5.36
PE-30B_1 53.07 ± 3.99

PE-30B_2.5 42.16 ± 3.63
PE-30B_5 89.20 ± 2.58

PE-NPG-S_1 49.67 ± 2.72
PE-NPG-S_2.5 35.93 ± 4.78
PE-NPG-U_1 27.19 ± 1.88

PE-NPG-U_2.5 60.45 ± 4.55

All the developed film samples exhibited better oxygen barrier properties than pure PE films, 
indicating that the incorporation of nanoloads leads to the formation of a more tortuous path, resulting 
in lower O2 gas permeability. The sample with 1% by weight of UCSGraphene showed the lowest
oxygen permeability values, indicating the best barrier performance. However, no clear pattern was 
observed for the concentrations of the employed loads. 
The results obtained from the tensile strength analyses are shown in Figure 2.

Figure 2 - Tensile strength of PE, PE-20A, PE-30B, PE-NPG-S and PE-NPG-U samples, with their 
respective concentration variations.

The tensile strength results were similar among the different types of clay used in the polyethylene 
films, with values of 25.5 MPa for PE-20A_2.5, 25.8 MPa for PE-30B_1, and 23.2 MPa for PE-
30B_2.5. Both 20A and 30B clays showed slightly lower tensile strength compared to the pure PE 
sample. The tensile strength values of the graphene films were similar, with PE-NPG-S_1 presenting 
the highest value (22.3 MPa) and PE-NPG-U_1 the lowest (18.3 MPa). The sample with clay showed 
a superior performance compared to graphene due to better interaction between the phases of the 
composite.
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Conclusions 
According to the evaluation of the films developed with polyethylene and clay or graphene 
nanoplatelets, the PE-30B_1 sample exhibited the best mechanical properties in terms of tensile 
strength, while the PE-NPG-U_1 sample stood out in terms of permeability. In general, clay-
incorporated films presented better mechanical properties, while the incorporation of graphene 
nanoplatelets showed better permeability and crystallinity properties. 
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Abstract – MDF is a medium-density fiber panel, made from wood fiber agglutination with synthetic resins with joint 
application of temperature and pressure, is primarily intended for the furniture industry. Concerns about sustainability 
and the search for more environmentally sound alternatives have led to a growing demand for sustainable building and 
decoration materials, including natural fibers from the Amazon. Among them are the fiber of the acai fruit and copper 
nanoparticles. Copper is an antimicrobial agent that helps prevent the proliferation of microorganisms and increases the 
resistance of the panel to moisture and wear. The use of acai fiber in its production reduces the need to cut trees for the
production of panels, reducing the environmental impact, the natural resins that exist in wood are not enough to
aggregate in the manufacture of these plates, so it is necessary to add some bonding element. The adhesive used in the 
production of these medium density fiberboard (MDF) plates was a mixture of bi-component resin components and 
nanoparticles in the proportions (0,1%, 0,4%, 0,6%, and 0,8%), respectively, where 0.6% was the most effective in both 
physical and mechanical tests.

Keywords: Acai, nanocomposites, copper, natural fiber, MDF.

Introduction 
Non-biodegradable synthetic materials have a major environmental impact and an alternative is the 
use of environmentally friendly materials such as biodegradables. The medium density fiberboard 
(MDF) is an example of biodegradable materials, as the material comes from reforestation wood, 
such as eucalyptus [1]. 
The MDF particulate panel is a medium-density wooden sheet, made from an agglutination of 
wooden fibers with synthetic resins and joint temperature and pressure applications. For the 
production of fibers, the wood is cut into small pieces that are subsequently crushed by equipment 
called defibrillators [2]. The MDF is mainly intended for the furniture and civil industries such as 
thin floors, footplates, door pads, divisories and beams. MDF can be reused as it is a material from 
biodegradable waste. This is a practice that generates a number of social, economic and ecological 
advantages for the development of Brazil.
Adding metal nanoparticles such as Ag, TiO2, ZnO and Cu to polymeric materials can improve 
mechanical, electrical, magnetic and virucidal properties [4]. The addition of metal nanoparticles to 
particulate panels is a solution for improving mechanical and virucidal properties. 
Some studies have already addressed the production of particulate panels (ecopaineals) in which 
lignocellulose particles and nanoparticles have been used. Y. Liu et al. [5] produced particulate 
panels with waste wood particles and TiO2 nanoparticles and montmorylonite clay and 
formaldehyde urea as cluster resin. In this study they investigated the influence of processing on the 
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mechanical properties of particulate panels. In the work of Rangavar and Hoseiny [6] it investigates 
the effect of adding copper nanoparticles to a urea-formaldehyde resin on the physical and 
mechanical properties of clustered panels made from tamareira waste (tamareira is a type of fruitful 
palm, very important in the history and culture of the Middle East). Another study conducted by 
Taghiyari and Bibalan [7] showed the effect of the size of copper nanoparticles mixed with urea-
formaldehyde resin and ammonia chloride and rest álamo (large-size tree, call populus spp) spheres 
on the production of particulate panels. They studied the physical and mechanical properties and 
permeability. 
The article was intended to present a study on the ecopainels produced from the fiber of the acai 
fruit and copper nanoparticles (nanoCu). In this study the mechanical properties were obtained by 
three-point flexion test and physical properties. 
 
Materials and Methods 
 
Obtaining and preparation of the fibers 
The waste fiber of acai berries collected was collected from the agro-industrial in Belém in the state 
of Pará, Brazil. The natural fibers were washed with de-ionized water and dried in a 60 °C 
greenhouse to a moisture of 8% and then grind and sift with 8 mm mesh. 
 
Mixed resin + nanoparticles 
The preparation of the resin was carried out with the mixture of components of the bi-component 
resin and copper nanoparticles (Hongwu International Group, China) in the proportions (0,1%, 
0,4%, 0,6%, and 0,8%) by weight. The image obtained by scanning electron microscopy (MEV-
EDS) (Jeol-IT500 HR, Jeol, Japan) shows the size and chemical composition of 80nm nanoparticles 
(Fig 1). For the preparation of the mixtures, the resin and the catalyst were weighed in the 
proportion of 1 part of polyol (alcohol containing multiple hydroxyl groups) to 1 portion of the 
polymer based on mammon oil in the ratio of 15% of the dry mass of the waste in relation to the dry 
massa of the residue (85%). 
 
Mixture of resin with fibers 
The compressed air homogenization process consists of the application of polyurethane resin and 
copper nanoparticles to the fibers, using air-compressed devices. This methodology is the 
simulation of an industrial process of mixing resin with lignocellulose fibers. After application, the 
homogeneous distribution and adhesion of the fibers with the resin will be checked, for the 
conformation process, the organic compound isocyanate was not used. 
 

 
 

Figure 1. MEV-EDS of nanoparticles used for the production of ecopanels (nanocomposites). 
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Pressure and conditioning 
At this stage, the mattress was pressed in a heated hydraulic press with a pressure of 5 MPa and a 
temperature of 100 °C. The produced panels remained for 72 hours in the process of stabilizing and 
cutting the test bodies. 
Mechanical characterization 
For this test it was carried out by three-point static flexion using a universal test machine. The 
samples showed dimensions 270 x 50 mm and the test was carried out at a test speed of 7 mm/min 
according to the standard [5]. 
 
Absorption of water 
This physical property was determined based on technical standards of NBR 9778 (2009). As the 
fibers were weighed and dried to the constant mass, determining a water absorption by the equation 
%A = (MO – MF/MO) x 100, where %A corresponds to the moisture absorptions percentage, MO 
is the initial mass before drying, MF is the final mass after drying; D = CP density in kg/m³. 
 
Density 
This property was determined on panel test bodies (50 x 50 mm) using a scale (Modelo, Toledo, 
Brasil). D = (M/V) X 100,000; D = CP mass in g; V = CP volume in mm³ according to the standard 
[5]. 
 
Results and Discussion  
The results showed the mechanical and physical behaviors of acai ecopainels (without 
nanoparticles) and the eco panels produced by adding copper nanoparticle (ecopainel-0,1%nanoCu), 
(ecopainel-0,4%nano Cu), (ecopainel-0,6%NanoCu) and (ecopainel-0.8%nano CU). 
The results of three mechanical flexion tests for the reference ecopainel (without nanoparticles) and 
with nanoparticle (ecopainel/nanoCu) were obtained after 10 days of production. The reference 
panel (no nanoparticles) showed a breakdown module (MOR) and total specific energy (EE) close 
to the do (ecopainel-0,6%nanoCu). Ecopainels with amounts of 0.1, 0.4 and 0.8% in weight of 
nanoCu presented lower MOR and EE than the reference ecopainel as shown in the (Figura 2a). 
These results show that the use of copper nanoparticles led to a better and faster heat transfer from 
one face to the core of the plates during the hot-pressing process [6], and this affected resin 
polymerization (harp healing) by increasing MOR and EE [7]. Ecopainel nanocomposites with 
amounts of 0.1, 0.4 and 0.8% in weight of nanoCu presented lower MOR and EE than pure 
ecopainel and nanocomposite (ecopaineel-0,6%nanoCu). It is likely that NanoCu particles have a 
negative effect on the bonds between wood and resin particles resulting in a reduction in MOR and 
EE [8]. It is noted that the MOR and EE were smaller for the ecopainel-0,8%nanoCu this behavior 
was due to this amount of nanoparticles that reduced molecular mobility and thus reducing the 
elasticity of the material [5]. 
It is noted that the reference ecopainel presented a higher elastic modulus (MOE) and limit of 
proportionality (LOP) than the nano composites. Ecopainel-0,1%nanoCu and ecopainell-
0,6%NanoCu presented near and larger elastic MOE and LOP than the ecopaineel-0.4%nano Cu 
and ecoopainelle-0,8%naneCu (Fig 2b). One study conducted [8] showed that adding copper 
nanoparticles to MD plates resulted in increases in MOR and LOP values. Copper nanoparticles can 
improve adhesion between wood particles and resin, strengthening the structure of the material and 
increasing its mechanical strength [8]. 
 
 
 
 

499



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

 
 

Figure 2. Mechanical properties (a) (MOR and EE) and (b) (LOP and MOR) obtained from mechanical 
flexion testing. 

 
By Fig 3a it is observed that the water absorption was greater for the ecopanels with the nanoCu 
(ecopainel-nanoCu) compared to the reference ecopainel. This behavior shows a negative effect of 
copper nanoparticles [7] as the hydroxyl group of water adsorbs onto the surface of the copper nano 
particles [10]. The ecopainels ecopainel-1%nanoCu and Ecopaineel-6%namoCu showed lower 
water absorption than the ecopainels ecopainenel-4%natoCu and ecopainedel-8%nadoCu. The 
amount of 1 and 6% of nanoCu has shown better distribution in the resin and which has caused a 
twisted pathway layer for water transport, and thus resulted in a reduction in water diffusiveness 
[9]. On the other hand, the ecopainels ecopainel-4%nanoCu and Ecopaineel-8%NanoCu may have 
shown clumping of copper nanoparticles in the pores and increasing water absorption [10]. It is also 
observed by Fig 3a that the ecopainels with copper presented a higher density than the reference 
density. The quantity of nanoparticles dispersed from the resin caused the increased density. From 
Fig 3b it is observed that all ecopainels-nanoCu exhibited moisture and swelling higher than the 
reference ecopanel. Copper nanoparticles can react with oxygen to form copper oxide and then react 
to water which increases the moisture and swelling of the ecopainels-nanoCu relative to the 
reference ecopainel [11]. 
 

 
Figure 3. Physical properties of the ecopanel and its nanocomposites and (MOE and LOP). 
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Conclusions 
 
With the results obtained with the physical and mechanical tests with the MDF of acai fiber and 
copper nanoparticles and a research in the literature on MDF nanoparticles, it is observed that the 
eco-acai panel with copper nano-particles is a viable option, since the echo panel with the 
composition of 0.6% of copper Nanoparticles comes to equal with the conventional, recalling that 
the places from which the fibers were harvested, is widely discarded in the State of Pará - PA, thus 
reducing the disposal in sanitary landfills and generating a sustainable process. 
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Abstract - This study aimed to evaluate the antioxidant performance of biodegradable starch films loaded with tannic 
acid (TA) and hydrotalcite (HT) nanoparticles for active packaging applications. The films were produced via continuous 
solution casting (CSC) from film-forming solutions (FFS) obtained as per two mixing protocols (Pre-M and Post-M), so 
the effect of component interactions on the antioxidant activity of films was assessed. The results showed that
starch/TA/HT films with better antioxidant performance were achieved with Post-M (EC50 = 2 g/L) rather than with Pre-
M. The HT nanoparticles reduced the antioxidant activity of the starch/TA films most likely due to acid-base reaction 
between HT and TA or adsorption of TA molecules on the HT particle surface. This study reveals the potential of CSC 
for the staged production of antioxidant, multifunctional starch films for several food packaging applications. 
Keywords: Antioxidant packaging, nanotechnology, mixing protocol, DPPH.
Fundings: PIBITI/CNPq/UFSCar/Nº 164260/2022-6.

Introduction
The recent decades have witnessed deep research into biodegradable films made up from natural 
polymers with the aim to replace non-biodegradable synthetic plastics [1]. Among biopolymers, 
starch have received special attention due to its abundance, excellent filmogenic capacity, low cost,
and fast biodegradation [1-2].
Incorporation of bioactive agents in starch films is a trend in research whether for applications as
multifunctional edible films, coatings, and flexible packaging [3]. In this context, tannic acid (TA) 
has attracted much attention as a component of biodegradable films due to its low cost, antioxidant
capacity and broad antimicrobial activity [4]. TA is a plant-derived compound widely found in nature 
likewise starch. However, starch films are brittle, consequently their application becomes limited.
The drawback of starch films has been overcome with the use of plasticizers, typically glycerol, but 
this leads to a reduction in their mechanical strength, also reducing their feasibility compared to 
conventional petroleum-based plastics [5].
A possible strategy to counterbalance the plasticizer effect in starch films is the formation of 
nanocomposites, once nanofillers can significantly reinforce a polymer matrix when included at low 
contents [5,6]. In the scope of this study, the nanofiller to be studied is hydrotalcite (HT), a layered
double hydroxide (LDH) with formula (Mg6Al2CO3(OH)16·4H2O). HT is the most abundant LDH in 
nature, is edible, relatively simple to synthesize, and has been attracting interest for nanotechnologies, 
not only due to its reinforcing effect, but also due to its flame-retardant characteristics, possibility of 
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intercalation with organic molecules and biomineralization [7]. Prior to assess the mechanical 
reinforcement in starch/TA/HT nanocomposite films, it is utmost importance to evaluate whether HT 
nanoparticles can influence on the antioxidant capacity imparted by TA.  
The present study was aimed at evaluating the influence of HT nanoparticles on the antioxidant 
performance of starch/TA films intended for biodegradable, antioxidant packaging applications. To 
assess the effect of component interactions (HT and TA structures are illustrated in Figs. 1A and 1B), 
the film-forming solutions (FFS) were prepared as per two different mixing protocols. Films were 
produced by continuous solution casting at 12 cm min-1 to extend the perspective of developing active 
starch packaging at a pilot-scale [8]. The antioxidant capacity of films was assessed by the classical 
diphenyl picryl hydrazyl (DPPH) free radical (Fig. 1C) scavenging assay. 
 
Experimental 
Materials 
Food-grade cassava starch was purchased at a local market in São Carlos (SP). Tannic acid (TA) was 
purchased from Sigma-Aldrich (USA). Hydrotalcite (HT) (PURAL® MG 61 HT) with average 
particle diameter of 150 ± 63 nm was kindly donated by Sasol – Germany GmbH [9]. Glycerol (CAS 
No. 56-81-5) with purity of 99.5 % was used as a plasticizer. All solutions were prepared with 
ultrapure water obtained from a Milli-Q system. 
 
Film-forming solution (FFS) preparation 
Two different mixing procedures regarding the production of the starch/HT/TA films by CSC were 
evaluated in this study, namely, Pre-mixing (Pre-M) and Post-mixing (Post-M). In the Pre-M method, 
HT and TA were added to ultrapure water and sonicated at 70% amplitude (Branson 450 sonifier, 
pitch horn 1 /2″ tip diameter) for 10 min. This ensuing dispersion was added to an aqueous 
starch/glycerol suspension (30 wt.%) and further mechanically stirred at 1000 rpm under heating at 
75 - 85°C for 30 min until starch was completely gelatinized. The Post-M method was carried out by 
first gelatinizing starch likewise followed by the addition of the HT/TA dispersion which obtained in 
a similar manner as that of Pre-M. All FFS were homogenized mechanically at 500 rpm for 30 min 
before the CSC process. The HT, TA, and glycerol contents used herein were 5 wt%, 1 wt%, and 22.5 
wt.%, respectively, on a starch mass basis.  
 
Continuous solution casting (CSC) 
The starch/HT/TA films were prepared by CSC in a KTF B labcoater machine (Werner Mathis AG, 
Switzerland). In brief, the FFS were poured onto the moving substrate in the coating device, where a 
wet layer with a thickness of 1.2 mm was formed using a B-type doctor blade. The wet layer was 
dried through conveyance at speed of 12 cm min−1 by an IR pre-dryer with 42% emission potency 
and consecutive through two air circulating ovens equilibrated at 120 °C [8,9]. Dried films were then 
collected at the oven outlet and stored in plastic bags prior to use. 
 
Determination of antioxidant activity 
The antioxidant capacity was determined for each film using the standard DPPH free radical 
scavenging method, as reported elsewhere [10,11]. 
 
Results and Discussion 
The results of the DPPH tests for the starch/HT/TA films obtained by the Pre-M and Post-M methods 
are illustrated in Fig. 1D e 1E. Comparing the 5% HT-loaded films, it can be seen that the larger 
antioxidant activity was achieved with Post-M (Fig. 1D) rather than with Pre-M (Fig. 1E). This 
becomes clear when 2g/L of Post-M film concentration is analyzed, at which the DPPH absorbance 
reduced by 34 % over the same concentration related to the Pre-M film. This trend is also verified in 
starch/TA films without HT (0% HT). Also taking the 2 g/L concentration as a reference, the Post-M 

503



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

method resulted in films capable of reducing the DPPH absorbance at a higher extent than those 
obtained by Pre-M.
The difference observed between Post-M and Pre-M regarding the antioxidant performance of films 
could be ascribed to the fact that TA is not exposed to the starch gelatinization step in the Post-M 
method, whereas the prolonged heating needed to gelatinize starch may also have oxidized TA at 
some extent during the Pre-M method [4].
In addition, it is observed that the addition of HT nanoparticles reduced the antioxidant activity of the 
starch/TA films. This fact may have occurred due to a possible acid-base reaction between HT and 
TA. It is also possible that some TA molecules adsorbed on the HT particle surface or, less likely, 
were intercalated within the HT galleries, reducing the antioxidant performance of the starch/HT/TA 
films. Probe of such mechanisms is in progress.

Figure 1: (A) Crystalline structure of HT [12] (B) Molecular structure of TA [13] (C) Molecular structure of 
DPPH [14]; DPPH absorbance variation as a function of starch/TA/HT film concentration (g/L). Films were 
produced following the (D) Post-mixing and (E) Pre-mixing methods. Pure DPPH absorbance (A = 0.668) was 
added as a reference for null antioxidant activity.

Overall, it was found that the starch/HT/TA films produced by CSC had a good antioxidant capacity, 
suggesting that TA did not lose its bioactive properties due to the processing at 120 °C. TA is 
considered an effective antioxidant due to its sterically hindered polyphenolic structure, as illustrated 
in Fig. 1B, that reacts directly with DPPH or any other free radical in a similar manner to primary 
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antioxidants used in polymers (Irganox® and so on). An important parameter obtained from the 
DPPH scavenging test is the Ec50 (sample concentration capable of reducing the initial DPPH 
absorbance by 50%). According to Figs. 1D-E, the EC50 was reached only with the Post-M 
starch/HT/TA films at 2 g/L approximately. 
 
Conclusions 
Eco-friendly starch/TA films loaded with HT nanoparticles were successfully produced on a pre-pilot 
scale by CSC. The mixing protocol used to prepare the FFS plays a role in the final antioxidant 
performance of films. Ideally, the maximum antioxidant capacity can be reached by adding TA or 
any other antioxidant as the final FFS component. Overall, this study highlights the potential of CSC 
for the staged production of multifunctional films containing antioxidant properties for various 
applications. The starch/TA/HT films developed herein can be used as monolayers or coatings in 
flexible paper packaging. 
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Abstract - In the present study, immiscible polymeric systems based on high density polyethylene (HDPE) and post-
consumer polyamide 11 (PA11) from offshore platforms were produced and their properties were evaluated. 
HDPE/PA11 (80/20, wt.%) blend containing 1.5 wt.% of polyethylene grafted with maleic anhydride (HDPE-g-MA)
were obtained by melt processing, using a twin-screw extruder. Silicon dioxide nanoparticles (n-SiO2) were added to 
the blend at 2 and 4 wt.%. The effect of this nanofiller on the HDPE/PA11 blend, containing or not containing HDPE-g-
MA as compatibilizer, was studied by thermogravimetric analysis (TGA), melt flow index (MFI), tensile test and 
morphologically by FEG-SEM. The results showed that SiO2 nanoparticles at lower content, had a synergic effect when 
traditional compatibilizer was added, providing improvement on the elastic modulus and on the thermal stability. The 
flow behavior of systems containing HDPE-g-MA and SiO2 nanoparticles was reduced, confirming a synergic effect in 
the interaction between the immiscible phases. In addition, this composition presented the better balance between 
thermal and mechanical properties. 
Keywords: Immiscible polymeric blend; compatibility processes; nanocomposites; SiO2 nanoparticles

Introduction

Ternary hybrid blends composed by two polymers and a mineral nanofiller have been developed in 
order to respond to several industrial demands, such as improving the properties of pure polymers, 
reusing recycled materials and reducing the cost of the final product. However, many polymeric 
systems do not have good miscibility between phases, which can compromise their application as a 
final product. Among the effects of mineral nanofillers used in immiscible blends, one can cite is 
the improvement of the interaction between polymeric phases. The literature presents new 
technologies for reducing phases domains in immiscible polymeric blends [1-5].

The aim of this work was to develop immiscible systems based on high density polyethylene 
(HDPE) and polyamide 11 (PA11) from offshore flexible pipes in the ratio of 80:20 (w/w) and to 
evaluate the effect of adding a traditional compatibilizer, high density polyethylene grafted with 
maleic anhydride (HDPE-g-AM) (1.5, wt.%). In addition, it was evaluated the effect of adding
silicon dioxide nanoparticles (n-SiO2) (2 and 4 wt.%), as a compatibilizer or co-compatibilizer for
HDPE/PA11 blends.
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Experimental  
 
Materials 
 
The commercial materials used in this study were: High Density Polyethylene (HDPE) provides by 
Braskem S/A; silicon dioxide (SiO2) chemically modified with hydrophobic dimethyldichlorosilane 
(DDS) Aerosil® R972 provided by Evonik Operations GmbH, specific area 110 ± 20 m2/g and 
average particle size 16 nm and high-density polyethylene-grafted maleic anhydride (HDPE-g-MA) 
with 0.4 wt.% of maleic anhydride, Mw 15,000 g/mol supplied by Sigma Aldrich. 
 
The post-consumer PA11, from an offshore flexible pipe pressure barrier (Fig.1) donated by 
PRIMAPLAST was mechanically cut and subsequently ground in a knife mill, with prior 
immersion in liquid nitrogen. 
 

 
Figure 1 – PA11 post-consumer from a pressure barrier of a flexible pipe (left) and PA11after milling 

(right). Source: own authorship. 
 
Methodology 
 
Systems based on HDPE/PA11 were melt processing in a co-rotational twin screw extruder, 
according to the following processing conditions: temperature profile: 90 ºC / 160 ºC/ 170 ºC/ 180 
ºC/ 190 ºC / 190 ºC / 190 ºC / 190 ºC / 200 ºC / 200 ºC and screw speed of 400 rpm. The 
HDPE:PA11 ratio was fixed at 80:20 (wt.%). HDPE-g-MA, as traditional compatibilizer, was added 
at 1.5, wt.% and SiO2 nanoparticles (n-SiO2) at 2 and 4 wt.%. Table 1 shows the different 
HDPE/PA11 compositions produced. 
 

Table 1- Compositions prepared. 
Sample Code Composition 

1 HDPE/PA11  
2 HDPE/ HDPE-g-AM / PA11 
3 HDPE/ HDPE-g-AM / PA11+ 2% n-SiO2 
4 HDPE/ HDPE-g-AM / PA11+ 4% n-SiO2 
5 HDPE/PA11 + 2% n-SiO2 
6 HDPE/PA11 + 4% n-SiO2 

 
Characterization 
 
The obtained blends were characterized by thermogravimetric analysis (TGA), melt flow index 
(MFI), tensile test and scanning electron microscopy (SEM) according to the following 
experimental conditions: TGA: initial temperature (Ti): 30 ºC; final temperature (Tf): 700°C; 
heating rate: 10°C/min; under nitrogen atmosphere (N2); MFI test: ASTM D1238 (2013) standard; 
conditions of 235ºC/5 kg; Tensile test: ASTM D638-10 (2014) standard. Equipment: EMIC model 
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DL3000. The test specimens were prepared by injection molding in the Arburg machine model 
270S with a temperature profile of 210/220/240/250/260 ºC, 1600 bar injection pressure, mold 
temperature of 30 °C, and cooling time of 30 s. The SEM analysis was carried out in a Mira 
equipment, with electron emission of FEG Schottky, using 10 KeV of voltage and 10,000X of 
magnification. The specimens were cryogenically fractured, and the surfaces were evaluated. 
 
Statistical Analysis 
 
The statistical analysis of the results was performed using STATISTICA 6 software. Analysis of 
variance (ANOVA) was applied to test the significant differences between means. The residuals 
normality and homogeneity of variances (Cochran C) were tested before univariate tests of significance 
and Fisher's least significant difference (LSD) test, using a significance level of α = 0.05. 
 
Results and Discussion  
 
Table 2 shows the results of the thermal (T Máx values), rheological (MFI values) and mechanical 
properties of the analysed compositions. 
 

Table 2 – Results of the thermal, rheological and mechanical properties of the HDPE/PA11 compositions. 
Material Composition T Máx 

(°C) 
MFI 

(  0,05) 
(g/10 min) 

Tensile 
strength 

(MPa) ** 

Stress at 
break  

(MPa)* 

Elastic 
Modulus 
(MPa)* 

1 HDPE/PA11  467 0,96 21,0 9,00 667 
2 HDPE/ HDPE-g-AM / PA11 461 0,84 20,9 9,32 649 
3 HDPE/ HDPE-g-AM / PA11+ 2% n-SiO2 482 0,75 21,8 11,7 746 
4 HDPE/ HDPE-g-AM / PA11+ 4% n-SiO2 479 0,82 22,3 11,2 751 
5 HDPE/PA11 + 2% n-SiO2 479 1,04 21,8 12,0 713 
6 HDPE/PA11 + 4% n-SiO2 466 1,08 22,1 11,5 695 

*The Values had verified by perform ANOVA and a confidence interval of 0.95 was applied. 
** Value corresponding to Ultimate tensile strength. 
 
From Table 2, it was seen that n-SiO2 addition led to an increase on the thermal stability, especially 
when n-SiO2 was added with the traditional compatibilizer. The HDPE/HDPE-g-AM/PA11 
composite containing the lowest n-SiO2 content (2 wt.%) presented a lower MFI value, indicating 
that in this composition, the restrict to flow is more pronounced. Probably this behaviour is due to 
the efficiency of the interaction between n-SiO2 nanoparticles and HDPE/PA11 matrix in the 
presence of the compatibilizer, inhibiting the flow of the polymeric chains. Furthermore, a reduction 
in the viscosities (high MFI values), TMáx , elastic modulus and tensile stregth values was observed in 
compositions without the compatibilizer, indicating a poor interaction between nanoparticles and 
polymeric matrix.  
 
From mechanical properties evaluated by the tensile test, it was seen that the values of tensile 
strength, stress at break and elastic modulus, increased with the addition of the nanofiller in the 
matrix. Based on Fisher LSD test, whose data indicates whether the data are “statistically equal” or 
“statistically different”, the results showed that tensile strength and stress at break of the samples 
with the nanofiller are statistically similar to each other. While when compared to the matrix, they 
are statistically different, that is, the addition of n-SiO2 in the presence or absence of the traditional 
compatibilizer (HDPE-g-AM) increased these mechanical properties. Regarding elastic modulus 
property, it was shown, from the statistical analysis, it was observed that the compositions 
HDPE/PA11 and HDPE/HDPE-g-AM/PA11 are statistically equal to the other samples, except for 
the composition HDPE/PA11 with 4 wt.% of n-SiO2. The elastic modulus value for this material is 
statistically similar to the HDPE/PA11 sample and to the HDPE/PA11 with 2 wt.% of n-SiO2 
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sample; while HDPE/PA11 with 2 wt.% of n-SiO2 is statistically different comparing to 
PEAD/PA11. It was possible to conclude that the addition of 2 wt.% nSiO2 in the blend promoted a 
better balance in relation to mechanical properties.  
 
Images obtained by SEM for different compositions are shown in Figure 2. 

 

    
(a)                                                                      (b) 

   
                                 (c)                                                                      (d) 
 

     
                                     (e)                                                                            (f) 
Figure 2 – SEM micrographs of (a) HDPE/PA11; (b) HDPE/HDPE-g-MA/PA11; (c) HDPE/HDPE-g-
MA/PA11/n-SiO2 (2 wt.%); (d) HDPE/HDPE-g-MA/PA11/n-SiO2 (4 wt.%); (e) HDPE/PA11/n-SiO2 (2 
wt.%) and (f) HDPE/PA11/n-SiO2 (4 wt.%)    
 
According to Fig. 2a, HDPE/PA11 binary blend has typical island-sea type morphology, where 
irregular droplets are dispersed in HDPE matrix (sea phase of HDPE). When the compatibilizer 
(HDPE-g-MA) was added to the HDPE/PA11 binary blend (Fig. 2b), the droplets, which represent 
the dispersed phase of PA11, decreased, became more uniform, and well dispersed into HDPE 
matrix, indicating an improvement in the interaction between the HDPE and PA11 phases. The 
change of the blend morphology of HDPE/HDPE-g-MA/PA11, compared to the HDPE/PA11, can 
be attributed to reduction of interfacial tension between HDPE and PA11 phases, caused by 
addition of the compatibilizer agent. However, no improvement was observed in the thermal and 
mechanical properties of the HDPE/HDPE-g-MA/PA11 blend compared to the HDPE/PA11 
system. When SiO2 nanoparticles were added, the morphology changed significantly. PA11 
domains reduced in size, especially with lower n-SiO2 content (2 wt.%), and a greater interaction 
between HDPE and PA11 seems to have occurred. In the compositions without the presence of the 
compatibilizer, the PA11 domains became larger again and a poor interaction between HDPE and 
PA11 seems to occur. These morphologies suggest the synergistic effect of the SiO2 nanoparticles 
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and HDPE-g-MA on the interaction between the immiscible phases. These evaluations corroborate 
the previously discussed results (Table 2), indicating that n-SiO2 can act as a co-compatibilizer in 
the HDPE/PA11 blend.  
 
Conclusions 
 
The present study evaluated the effect of n-SiO2 as a “co-compatibilizer”, improving the HDPE-g-
MA compatibilizing action in the blends based on HDPE and PA11 from offshore flexible pipes. 
The morphological results showed that the HDPE/PA11 binary blend presented a typical island-sea 
type morphology, where irregular droplets of the minor phase (PA11) are dispersed in the HDPE 
matrix. The addition of the compatibilizer agent, HDPE-g-MA, contributed to decrease in the size 
of the PA11 droplets; however, no improvement on the thermal and mechanical behavior was 
observed for both blends. When n-SiO2 was added, PA11 domains reduced in size, especially with 
lower n-SiO2 content (2 wt.%). In addition, there seems to have been a greater interaction between 
HDPE and PA11, showing that the nanoparticles affected the level of interaction between HDPE 
and PA11 phases. This composition also presented the best balance between thermal and 
mechanical properties.  
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Abstract - Polyvinyl chloride is one of the most used thermoplastics in the world, and there are currently several 
researches in the application of nanocomposites in polymeric matrix, especially with graphene, which has been receiving 
more attention due to its properties. In this research, it was carried out the dispersion of graphene ia a flexible PVC 
compound. The raw materialswere mixed in a Henschel mixer, extruded in a twin-screw extruder and pelletized, then 
injected into a sample mold and spiral flow mold, the latter aiming to evaluate the influence of graphene nanoplatelets on 
flexible PVC flow. Five compositions were then obtained for evaluation, standard PVC with plasticizer, and the 
incorporation of 0.05%, 0.01%, 0.1%, 0.2% and 0,5% of graphene nanoplatelets. It was also possible to observe about 1 
cm of flow increment in spiral mold, all the concentrations reduced the coefficient of friction in the sliding test. It can be 
concluded that despite the low levels used, it was possible to notice the influence of the incorporation of the nanomaterial 
on some of the properties evaluated.

Keywords: Graphene nanoplatelets, Vinyl polychloride, nanocomposite, properties

Introduction 

In recent years, nanocomposites have been applied in various sectors of industry, due to their 
characteristics of increasing the properties of the matrices that they are applied, one of which is 
graphene, has been receiving even more attention. Graphene is one of the allotropic forms of carbon 
and is made up of a single two-dimensional layer of sp² hybridized carbons, aligned hexagonally [1]
This material was discovered in 2004 by Andre Geim and Konstantin Novoselov, who reproduced it 
by applying adhesive tape over a layer of graphite and removing it from this material several times. 
This process is called mechanical exfoliation and allows to prepare films.[3].

Graphene is characterized by having tensile strength and elasticity. In addition, it can be noted 
that because of its nanometric particles, it has a large surface area and has antibacterial properties. 
Due to all these properties, this material has been studied to enable its application in several areas, 
such as equipment and electronic parts, in the automotive and medical industries, as well as in several 
areas of chemistry, as it still has catalytic properties [8].

Polyvinyl chloride (PVC) is obtained through the polymerization of vinyl chloride monomer, 
which is one of the most consumed thermoplastics in the world. It is estimated that in 2017 the average 
consumption of this plastic was around 43 million tons. In Brazil, consumption reached 1 million tons 
of polymer, equivalent to 5 kg of PVC per citizen per year.[2] The additives responsible for altering 
the hardness of PVC, making it flexible, are called plasticizers. Another prominent feature of PVC is 
that it is inert and non-toxic. When choosing additives with these same features, its application is 
further expanded to food packaging and objects for hospital use [4]. 
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In addition, the recyclability of PVC is also a positive factor for this material. Its compounds 
are usually thermoplastic, which can be molded after   heated in a molden state. After cooling, it can 
be be reshaped if heated again [9]. The mechanical properties of flexible PVC materials are of extreme 
importance, always attracting the attention of academic and industrial researchers. Some fillers, such 
as calcium carbonate, clay, and silica, have been added to improve the mechanical properties of PVC 
[5]. 

Nanocomposites can be defined by hybrid compounds, in which at least one of these materials 
has nanometric dimensions. In this work, the polymer compound is the matrix in which the graphene 
will be dispersed as a reinforcing phase [7].  Regarding the interaction between nanoparticles (such 
as graphene), it is challenging to disperse and keep it dispersed in a molten polymer matrix. 
Agglomerated nanoparticles may act as stress concentrators, which may fail under stresses lower than 
the original matrix would tolerate [6]. 

This work aimed to evaluate the behavior of graphene nanoparticles dispersed in the polymeric 
matrix of PVC, studying its influence on the mechanical properties of the polymer. 
 
Experimental 
 
Materials: 
The flexible PVC compound for this work used a suspension PVC with a K value of 71. All additives, 
plasticizers and fillers used are from closed formulations by the company Grendene SA. The 
dispersed material, the graphene nanoplatelets, were produced by UCSGraphene (ZEXTECNANO) 
through exfoliation in liquid phase. The commercial name of this material is Graphene UGZ-1001. 
 
Nanocomposite preparation  
To manufacture the nanocomposite pellets, a dry blend was initially prepared, mixing the resin, 
plasticizers, additives, and graphene nanoplatelets (0.005% to 0.5% m/m). The samples were mixed 
in a Henschel-type mixer (Mecanoplast ML 9 RH 20),with rotation of 2500 rpm, until reaching 100 
ºC, when the plasticizer dosage begins. Then, each mixture is released into a cooler mixer, where 
they will be stirred until they reach 30 °C. Afterwards, the nanocomposites were extruded, using a 
modular twin-screw Co-rotating extruder, with 18 mm in diameter, L/D 32, from the Coperion SZK 
18 ML, at 300 rpm, with temperature profiles of 135 °C , 140 °C, 145 °C, 150 °C, 155 °C, 155 °C, 
160 °C. 
 
Nanocomposite injection  

The injection of the test specimens was carried out in a Golden Eagle GEK-220injection 
machine, with 220 tons of clamping force and a screw diameter of 55 mm. The specimens relevant to 
the mechanical analysis. The specimens for mechanical analysis and spiral flow length were injected 
in Grendene S.A. The temperature profile for injection molding was 180 ºC – 175 °C – 160 ºC, with 
a injection rate of 25 cm3.s-1. For the spiral mold flow, samples were injected until the flow stabilized, 
maintaining a constant speed of 70% in the injector, with pressure in the injector varying from 70% 
and 55% for each of the samples. The mold has markings inside the cavity indicating the flow length 
in centimeters. The nomenclature adopted to the samples was: blank PVC for the flexible standard 
PVC formulation from Grendene SA; and G1, G2, G3, G4, G5 for the samples with graphene, with 
respectively 0,005%, 0,01%, 01%, 0,2% and 0,5% (m/m) of the UCSGraphene nanoplatelets. 
 
Tensile test 

The tensile test was carried out in a universal testing machine, Instron 34TM-5, with a load 
cell of 5 kN, at a speed of 50 mm/min, using an extensometer with a distance of 25 mm between 
grips, according to the ASTM standard. D-638:2014. The values of tensile strength, elastic modulus 
at 100% deformation, elastic modulus at 20% deformation were obtained. 
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Slip resistance test
The sliding test was carried out in a Gester static slip resistance test equipment, model GT-

KB43, with a 400-grit silicon carbide sliding surface, on a circular specimen, 12.7 mm in diameter 
and thickness between 5.08 mm and 6.35 mm, according to ASTM F609.

Results and Discussion 

Spiral mold flow injection
Injection in a spiral flow mold, whose data are shown in Fig. 1, took place at two injection 

pressures. The first at 70%, represented in black, and the second at 55%, represented in gray, both 
with constant injection speed. 

Samples G1 and G2, at 70% pressure, presented smaller flow lengths in relation to the standard 
sample. Samples G3 and G4 presented a greater flow, and G4 presented almost 2 cm more in the 
injected part, which can be attributed to a possible lubricating effect of the proportion of 0.2% of 
graphene. However, when adding the highest content of graphene(G5), there is a reduction in the 
injected flux in centimeters. A hypothesis for this feature is that the viscosity increases due to the 
interaction of the graphene with the matrix, compensating the possible effect of lubrication.

Tensile test

Fig. 2 represents the graphs of the tensile test representing the results related to tensile 
strength (A) and tensile modulus at 20% elongation (M20)(represented in the graph in black) and 100% 
elongation (represented in the graph in gray) (B), showing the average values obtained for the five 
samples comparing them to the standard sample.

Figure 2- Tensile strength (A); Tensile modulus at 20% and 100% elongation (B).

A

Figure 1 - Spiral mold flown injection in cm.

B
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The addition of graphene slightly increased the elastic modulus at the lowest contents, these 
being samples G1 and G2, with respectively 0.005% graphene and 0.01% graphene. However, 
samples G3 and G4, containing 0.1% and 0.2% slightly reduced their elastic moduli in both degrees 
of deformation, 20% and 100%. In sample G5, with the highest concentration, an increase in the 
elastic modulus is again noted.

Therefore, it can be considered that for the samples of lower concentration, G1 and G2, the 
standard deviation overlaps the values obtained, not being possible to observe an increase in the 
elastic modulus of the material, in G3 and G4. The G5 sample presents greater rigidity compared to 
the other compositions, , due to the higher elastic modulus value in both evaluated deformations, due 
to a larger interaction of the higher content of graphene with the matrix.

As for the tensile strength, the reference sample showed the lowest value, while when 
graphene is added, the value increases, going from 10.5 MPa, in the blank PVC, to 10.86 MPa, in the 
G1 sample, however, the deviation also increases pattern of results. By increasing the graphene 
content, the tensile strength decreases, however in G4, it increases again. Sample G5, on the other 
hand, presents lower values for yield strength, with a higher standard deviation.

Sliding test
The results of the slip resistance test are presented in Fig. 3. When graphene is added, the 

values in the slip test decrease, that is, less force is required for this material to slip in relation to the 
standard sample. The values fall gradually from sample G1 to G3; however, it increases again in 
sample G4 by 0.15 kgF in relation to sample G3. In sample G5, the value drops again, showing a 
tendency to decrease the coefficient of friction with the addition of graphene, only showing point G4, 
with 0.2% of graphene as an exception.

Conclusions

In this study, it was possible to evaluate the influence of graphene on different mechanical 
properties of flexible PVC. Regarding the tensile mechanical properties, graphene tends to increase 
the tensile strength, but reduces the elongation at rupture. Regarding stress at 20% and 100% strain, 
the changes were subtle, being more noticeable at 20% strain. Samples G1 and G2 and G5 showed 
increasing trends, while samples G3 and G4 showed lower values. These similar results are attributed 
to the low alteration of graphene contents in the samples. For sliding, it was noted that less force is 
needed for sliding to occur with the addition of graphene, thus representing a lower coefficient of 
friction.

Figure 3 – Slip resitance
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In view of all the results obtained, with the techniques used in the methodology and the samples 
evaluated, the formula that presents the best performance and can be used in some applications would 
be the G5 sample. The requirements for the material must always be observed,, as its resistance to 
fatigue can be harmed. 
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Abstract
Nanofibrillated cellulose (NCF) was modified by the addition of silica filler to obtain composite materials. The sol gel 
process of silica preparation was carried out in situ in the NCF, starting from the aqueous solution under different 
conditions of the reaction medium, adjusted by the addition of acid (HCl) or base (NH4OH). Organically modified silica 
(ORMOSIL) was obtained with octylsilane. The presence of silica reduced the NCF crystallinity and increased the 
thermal stability of the NCF by shifting to higher degradation temperatures, regardless of the composite preparation 
conditions. The silica modification contributed to increase the organophilic character of NCF for water contact angle 
(WCA) values above 1400.

Keywords: Nanofibrillated cellulose (CNF), silica, ORMOSIL, hidrophobicity

Introduction
Silica is extensively used to obtain hybrid material with a polymeric matrix, due to the possibility of 
adjusting the size of SiO2 particles [1], thermal stability and chemical inertness, high mechanical 
strength, high modulus and extensive surface area [2]. Such characteristics come from the Si-OH 
groups on the surface, and the versatile surface modifications on the silica surface, which can form 
multifunctional materials [3,4]. Silica is extensively used in several fields, such as reinforcing filler 
in composite materials and coatings, because of their low cost, ease of fabrication, ease of 
functionalization and low density compared to other nanoparticles [5]. Silica is easily obtained by 
several synthesis routes of the sol-gel process [6], under different reaction medium conditions: 
neutral, acidic [7] and basic [8]. However, silica is easily aggregated due to its high surface energy, 
which results in property damage. To overcome this limitation of silica in composites, modification 
with alkylsillanes is commonly performed, and thus, by the sol-gel process, the organically 
modified silica particle, (ORMOSIL) is prepared [9]. Obtaining organic-inorganic hybrid particles 
improves the distribution of ORMOSIL, promotes high silica dispersion, and consequently 
improves properties, through the synergism of the characteristics of the composite's constituents.

Additionally, the proper selection of the organosilane makes it possible to adjust the silica 
properties, such as hydrophobicity [10]. Several researchers mimic these types of natural 
superhydrophobic features on artificial surfaces to utilize their benefits for various applications, 
such as anti-corrosion, anti-oxidation, water drag reduction, anti-soiling and anti-icing [11-14]. 
Furthermore, hydrophobic silica can be a constituent of filter elements to prevent the permeation of 
hydrophilic aqueous fluids.

Hydrophobicity is also required in materials containing Nanofibrillated cellulose (NCF) [15], 
because its functional groups have the ability to form hydrogen bonding interactions [16]. NCF has 
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many important characteristics, such as natural abundance [17], biocompatibility [18], and therefore 
great interest in cellulosic composites [19,20]. The preparation of NFC composites with silica 
[21,22] combines characteristics of both components [23], such as high aspect ratio and adhesion by 
interfacial interaction, which promote the improvement of mechanical [24], flexibility and thermal 
properties [ 25,26]. Chemical interactions between cellulose and organosilane have been widely 
studied [27,28]. Researches show that several mechanisms are involved between NFC and 
alkylsilane: i) physisorption, the adsorption of silanol groups on to the hydroxyl groups of cellulose 
surfaces; ii) hydrolysis, the alkoxy groups of the silane are catalyzed in acid conditions forming 
silanol; iii) condensation, giving rise to the chemical sorption/grafting, as the bond Si-O-Cellulose 
[29,30], iv) self condensation Si-O-Si [31]. can be achieved by incorporating ORMOSIL obtained 
with octylsilane in order to prepare filter elements. 
 
Experimental 
Composites preparation 
The preparation of silica particles was obtained by homogenizing tetraeoxysilane (TEOS) with 
ethanol and water, in a 4:1 molar ratio, at 1000 rpm for 10 minutes, and at room temperature. Then, 
the aqueous suspension of nanofibrillated cellulose (NCF) was added in a 1:2 NCF:silica mass ratio. 
The NCF modification was carried out at 1000rpm, 60°C, for 24 hours. Subsequently, the 
composite (NCF-Si) was obtained by lyophilization and compression at 5 bar, 600C, for 5min. 
ORMOSIL was prepared by adding triethoxyoctylsilane:TEOS in a molar ratio of 1:2. 
Subsequently, the reaction conditions were adjusted to acid (pH:4) and basic (pH:11), by adding 
HCl and NH4OH, to obtain ORMOSIL particles: OS-a and OSi-b, respectively. The methodology 
for preparing ORMOSIL and the composites was similar to that described above, with the following 
samples being obtained: NCF-OS-a, NCF-OS-b and NCF-OS-n. 
Characterization 
FT-IR analysis (Chemical characterization). The IR spectra were taken via FT-IR with an attached 
ATR (atten-uated total reflectance). X-ray diffraction (XRD) was observed in the 2<theta> range of 
10– -K  radiation. The water contact angle (WCA)was measured with 5 μL de-ionized 
water droplet at ambient tem-perature by using Contact Angle Meter (goniometer). Thermal 
analysis. Thermogravimetric analysis (TGA) was performed device equipped with a thermal 
analysis data. 
 
Results and Discussion 
Absorption spectroscopy in the IR region was used to characterize the functional groups on the 
surface of the NCF-Si composite and to evaluate the surface modification of the NCF. The Fig 1 
shows that the absorption peaks characteristic of NCF remained in the composite spectra. One of 
the absorption bands at 3400cm-1, which refers to the O-H stretching vibration in the NCF 
structure; the absorption band at 2976cm-1 relative to the stretching vibration of the CH2 C-H 
bond; the absorption peak at 1640cm-1 related to the H-O-H strain vibration, which is an indication 
of the water adsorbed by the NCF; and the absorption peak at 1055cm-1, which is attributed to the 
C-O stretching vibration of the OH groups in the NCF structure [32]. Compared to NCF, new 
vibrations characteristic of the silane appeared in the composite spectra, such as the vibration at 
1278cm-1 of the C-H bond of the methyl group; the stretching vibration at 905cm-1 of the Si-OH 
group; a
presence of these new absorption peaks was reported by Gupta et al [33] confirming that the NCF 
was modified. Furthermore, the characteristic peak of the Si-OH bond at 967 cm-1 disappears after 
surface modification, which means that the silanol group has been replaced by the Si-O-Si(CH3) 
group (900 cm-1) in the structure of the ORMOSIL. The low intensity of the Si-C and –CH3 bands 
in the composite spectra is due to the small amount of silane agent added in the preparation of 
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ORMOSIL. However, the difference in the nature of silica and ORMOSIL prepared in different 
media did not show a significant change in the position of the absorption bands.g g p p

Figure 1 – FT-IR and XRD spectra of the NCF, NCF-Si and NCF-OS composites.

X-Ray Diffraction was used to evaluate the degree of crystallinity of the NCF in the composites. In 
the Fig 1 The diffractogram of the NCF is shown and the presence of shoulders and diffraction 
peaks, at angles of of 14.8° and 16.5°, peak at 22.2° and shoulder at 34.5°. According 
to the literature, these diffraction peaks correspond to the crystallographic planes (1 0), (1 1 0), (2 
0 0) and (0 0 4) of cellulose I, respectively [34]. Diffraction peaks are an indication that NCF 
remains as a crystalline structure of cellulose after freeze-drying and pressure-forming the samples. 
The cellulose crystalline structure remained in the composites as observed by the cellulose I 
diffraction peaks, which corroborates the infrared spectroscopy results. However, the intensity of 
the diffraction peaks decreased in the diffraction patterns of the composites, as observed by the 
reduction in the intensity of the crystal plane peak (200). Therefore, the incorporation of silica into 
NFC was determined by quantifying the crystallinity index (Ic
[(I200-Iam)/I200]x100, where I200 is the value of the maximum intensity of the peak of the plane ( 

peaks corresponding 
determined for NCF was 77%, and decreased to 63% with the incorporation of silica. This result 
was similar to that reported for modification of NCF by the introduction of methyltrimethoxysilane 
by sol-gel process, studied by Liu et al [36]. The silica precursor is an amorphous molecule, and the 
hydroxyl groups on the surface of NCF have been replaced by the alkyl chain of the silane, which 
results in the opening of cellulose chains linked by intermolecular hydrogen bonding interaction and 
the formation of new amorphous regions, which reduced the total crystallinity [37].
The wettability of the water drop on the surfaces of NCF and silica based materials results in water 
contact angle (WCA) values below 900 [38]. This behavior is related to the presence of abundant 
hydroxyl groups (–OH) on both surfaces of NC fibers and silica particles, indicating the hydrophilic 
characteristic of materials containing pure NCF and Silica. The Fig 2 shows WCA values of 
composites prepared with silica and ORMOSIL.

Figure 2 – WCA and TGA curves of the NCF, NCF-Si and NCF-OS composites.

The modification of silica with octylsilane modified the shape of the water drop, which became 
stable and spherical on the surface of the composites. This change in the surface wettability of the 
composites demonstrates that the hydrophilic OH groups of NCF have been replaced by the 
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hydrophobic octyl group on the cellulose surface. The terminal octyl groups in the ORMOSIL 
structure have low surface energy, contributing to the formation of a rough and hydrophobic 
structure. Silica nanoparticles increase the roughness and porosity of materials [39]. Furthermore, 
alkylsilanes are used as hydrophobic modifying agents to reduce the surface energy of cellulose 
nanofibers and silica nanoparticles [39]. Additionally, the influence of the reaction medium 
conditions on the wettability of the composites was evaluated. It is known that the surface 
microstructure of a solid can be destroyed under severe acidic and basic conditions. The wettability 
of the hydrophobic surface of composites prepared under acidic and basic pH conditions was 
improved by increasing the WCA to approximately 1430. The composite prepared with ORMOSIL 
at acidic pH showed a higher WCA value, due to the synergistic effect of the small size of the 
ORMOSIL particles and the low surface energy of octylsilane on the surface. However, the 
composite containing ORMOSIL prepared at basic pH showed a slight decrease in WCA. This 
result may be associated with the possibility of hydrophobicity deterioration under the caustic 
condition. Similar result was achieved by Zhou et al. [39] for composites of NCF with silica 
submitted in reaction medium with pH above 12. 
The mass loss curves for NCF and composites are shown in Fig 2. Three main mass loss events 
were observed in the thermograms. The first two degradation events (between 25 and 1000C) were 
related to the evaporation of water adsorbed on the NCF fibers and volatile compounds. The third 
thermal event, between 225 and 370 °C, refers to the thermal depolymerization of cellulose [40]. 
The incorporation of silica in composites caused the displacement of thermal events to higher 
temperatures. The residue percentage of the NCF, at 6000C, was approximately 8%, while in the 
NCF-Si composite, the residual material was about 65% due to the incorporation of the silica 
particle in the NCF fibers. On the other hand, the percentage of residue decreased to 27 and 40% for 
the composites containing ORMOSIL, due to the organic portion of octylsilane, which to the layer 

-
aminopropyltriethoxysilane (APS) [41], (3- -
methacryloxypropyltrimethoxy (MPS) [43], and glycidylsilane [44] . However, the smaller residue 
obtained for the composite containing ORMOSIL prepared under conditions of basic pH, 
corroborates with the slight decrease in the hydrophobicity of this composite. The condition of the 
basic medium may have been impaired, allowing the dissociation of the functional group (octyl) on 
the surface of the hydrophobic composite. The interaction between the hydrophobic surface and 
water is a crucial factor influencing most applications of hydrophobic cellulosic materials. 
 
Conclusions (Times New Roman 12, bold) 
Hydrophobic NCF-silica composites can be prepared by an in situ methodology and under different 
conditions of the reaction medium. The hydrophilic surface of the NCF was transformed into a 
hydrophobic one due to the low surface energy of the alkylsilane octylsilane agent. The highest 
WCA value of the composites was 1430 for the composite prepared in a reaction medium in acid 
(low pH). The incorporation of silica and ORMOSIL also favors the improvement of the thermal 
stability of the composites.. 
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Abstract – Humanity is facing an increasing energy demand. With the need to replace fossil fuels, renewable energy 
sources will be considered essential to solving the energy crisis in the future, and research into clean energy harvesting 
is needed. The electromagnetic and piezoelectric transduction methods are the most promising research in energy 
harvesting compared to other methods due to the generation of electric current through a simple mechanical voltage 
application. The materials most used for these applications are ceramics due to their high piezoelectric coefficient. 
However, as their mechanical properties are not equally high, their replacement by polymeric materials that compensate 
for this limitation has been studied. Fluorinated polymers such as poly(vinylidene fluoride) and its copolymers are the 
most investigated for this application due to the ease of polarization of one of the crystalline phases (β-phase). Polymer 
nanocomposites have been studied to obtain materials with the properties of piezoceramics and the advantages of 
polymers. Oxygen incorporation into graphite was successful, with a maximum incorporation of 43.15%, impacting on 
the increase of the β-phase of the corresponding nanocomposite by 22.86%
Keywords: Extrusion, Clean Energy, PVDF, β-Phase, Graphene Oxide.

Introduction
Due to the growing search for clean and renewable energy sources, techniques for exploiting 

this type of energy to transform it into electrical energy have been evaluated. This capture can come 
from sources available in the environment, usually kinetic energy (wind, waves, and vibrations), 
thermal (solar, geothermal, and combustion), chemical (biofuels and biomass), photovoltaic or 
atomic (nuclear) [1, 2].

The electromagnetic and piezoelectric transduction methods are the most promising research 
in the capture of kinetic energy, and vibration transducers with piezoelectric technology are more 
intensively studied, with a high number of ongoing research and effective publications, 
demonstrating that the piezoelectric materials are potentially suitable candidates to efficiently 
convert mechanical voltage into electrical energy, without any additional source, besides having 
flexibility as to the type of piezoelectric material to be used [3, 4].

Among the naturally piezoelectric materials, quartz and tourmaline crystals can be 
mentioned, as well as lead titanate-zirconate (PZT), barium titanate, and Rochelle salt ceramics. 
These materials have a polarized geometry in the form of dipoles, and precisely this natural 
polarization of their crystals is mainly responsible for the induction of surface charges. Besides 
these materials, there is the possibility of inducing the formation of dipoles in polymers that do not 
necessarily have a natural molecular polarization, in such a way as to generate a polymeric material 
with piezoelectric properties, as in the case of poly(vinylidene fluoride) (PVDF), and the copolymer 
of hexafluoropropylene-tetrafluoroethylene (FEP) [5-8].

Ceramic materials, such as PZT, have high piezoelectric coefficient values but have 
disadvantages, such as high lead toxicity and low mechanical strength in the final device. Polymers 
are more flexible and easier to produce than ceramics but have disadvantages such as the difficulty 
of polarization and low piezoelectric constant. To overcome these obstacles, the formulation of 
ceramic/polymer composites have been studied, which are ceramic materials dispersed in a 
polymeric matrix, and the mechanical properties of polymers make the material have improvements 
where traditional ceramics are not effective, such as flexibility and mechanical strengths and, in 
return, increases the piezoelectric coefficient of the material and its polarization ability [9, 10]. 
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Polymers such as PVDF offer several advantages, such as low dielectric constant, low 
density, and flexibility. Therefore, although they have low piezoelectric coefficients when 
compared to PZT, their elastic coefficient is large, having better applicability. On the other hand, 
polymers have disadvantages such as difficulty in polarization and low piezoelectric constant. 
PVDF is a polymer composed of carbon, hydrogen, and fluorine atoms, presenting molecular 
formula -(CH2CF2)n - as the repetitive unit of the polymer chain. Its chains can be organized into 
four types of crystalline structures, which are called α, β, γ, and δ phases. These crystalline phases 
result from conformational changes in the polymer chains, which depend on the method of 
obtaining the polymer, thermal or mechanical treatments, in addition to electrical polarization and 
pressure. Each crystalline phase configures different characteristics, providing PVDF with great 
application versatility [11, 12, 13]. 

Among these phases, the β-phase is of great technological interest for presenting piezo and 
pyroelectric properties that are fundamental in applications such as sensors and transducers. Studies 
to promote this phase are mostly done by using organic solvents to dissolve the material and further 
processing (casting, electrowinning, and others), which also causes environmental problems due to 
the toxicity of the substances used for the solubilization of the polymer, i.e., the effort to reduce 
PZT-based materials becomes in vain [14, 15]. Therefore, it is necessary to use processing methods 
with lower environmental impact, which can have higher β-phase rates, thus increasing their 
piezoelectric properties. An alternative material studied is the PVDF nanocomposite with graphene 
because the oxidation of graphene synergistically induces the polar phase of PVDF due to the 
interaction between the oxygenated group with the CF2 of the polymer, but with a possible 
reduction of crystallinity of the material and as a result, reduces some of the mechanical properties. 
Thus, oxidized graphene is a strong candidate for composite applications with PVDF as a result of 
these interactions [16]. 

In the present work, aiming the β-phase improvement of poly(vinylidene fluoride-co-
trifluoroethylene), P(VDF-TrFE), and, consequently, the piezoelectric behavior of the material, a 
polymeric mixture of this matrix with graphene oxide nanoparticles at different levels of oxidation 
was carried out to obtain better piezoelectric properties. Natural graphite, chemically treated by the 
modified Hummers method, was used to obtain the graphene oxide. The nanocomposites were 
obtained using melt mixing techniques in the double-threaded extruder. 

 

Experimental 
Synthesis of Graphene Oxide (GrO) nanoparticles 

3 g of natural graphite were added into an Erlenmeyer flask (250 mL) containing a mixture 
of concentrated sulfuric acid and nitric acid in a ratio of 4:1 v/v, respectively. The reaction occurred 
under magnetic stirring for 30 min. After this time, 0.5 g of potassium permanganate was added, 
leaving the system in agitation for a given time (2 h, 24 h, and 120 h). After neutralizing, washing, 
and drying, 50 mg of the obtained GO were added to a 250 mL Erlenmeyer flask containing 100 
mL of distilled water and treated with ultrasound for 48 h. The obtained material (GrO) was dried in 
an oven at 100°C [17]. 
  

Producing of P(VDF-TrFE) nanocomposites by extrusion 
The P(VDF-TrFE) nanocomposites were prepared in a Haake Minilab Rheomex (CTW5) 

twin-screw counter-rotating extruder, as shown in Fig 1. Before processing, the following 
procedures were performed: 1) Drying of the ground material at 80ºC overnight to remove possible 
humidity; 2) Mixture between P(VDF-TrFE) and GrO nanoparticles synthesized at concentrations 
of 0.5%, 1.0%, and 2.0 wt.% for further analysis. 

This mixture was added to the extruder with a fixed feed of 6 g for 10 min, the processing 
temperature of 220 °C, and the screw speed was 100 rpm. Pure P(VDF-TrFE) was also extruded 
under the same conditions for comparison. 
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Figure 1: Haake Minilab Rheomex Mini-extruder. A) External structure of the equipment. B) View of the 
double counter-rotating screw. 
 

Results and Discussion 
 

In the diffractogram analysis in Fig 2a, it was observed that the characteristic peaks of the 
GrO nanoparticles at 26.46º (GrO 2h), 26.49º (GrO 24h), and 26.59º (GrO 120h) have different 
intensities due to the oxygen content on the nanoparticles, being the one with higher oxidation state 
(GrO 120h) with the highest peak intensity. In the analysis of the FTIR spectra presented in Fig. 2b, 
the wide bands around 3426 cm-1 are assigned to the O-H bond of the hydroxyl group, the bands 
around 1639 cm-1 are attributed to the C=O bond of carbonyl, and the bands around 1057 cm-1 
correspond to C-O bond, being these functional groups present after the oxidation of graphite. 

 

 
Figure 2: a) Diffractograms of the GrO 2h, GrO 24h and GrO 120h nanoparticles; b) FTIR spectra of the 
GrO 2h, GrO 24h and GrO 120h nanoparticles. 
 

The thermograms of the nanoparticles in Fig. 3 show the mass loss of the GrO nanoparticles 
related to the production of CO and CO2, resulting from the decomposition of carboxylates, 
carbonyls, epoxides and hydroxyls present on the surface of the graphite. It is observed that the 
longer the reaction time, the greater the mass loss (43.15%), i.e., the greater the amount of oxygen 
in the nanoparticle. 

The pure P(VDF-TrFE) exhibited α-phase bands at 975, 763 and 613 cm-1 and the β-phase 
bands at 1276 and 840 cm-1. The bands between 4000-1500 cm-1 and those at 1178, 1067  cm-1 and 
871 cm-1 correspond to the CH2 bonds [18-20]. FTIR spectra can be used to quantify the phase 
contents of PVDF. The absorption of FTIR follows the Lambert-Beer law if the absorption 
coefficients, Kα and Kβ, were calculated in the respective wave number of 763 and 840 cm-1 [21]. 
We can observe in Fig. 4 the α-phase bands at 763 cm-1 and the β-phase bands at 840 cm-1 of 
nanocomposites of P(VDF-TrFE)/GrO. 
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Figure 3: Thermogram of the GrO 2h, GrO 24h and GrO 120h nanoparticles. 
 

 
Figure 4: FTIR spectra of the nanocomposites. a) Area where the incidence of the bands is observed (1500-
600 cm-1). b) Area used to calculate the fractions F(β) and F(α) (950-725 cm-1). 
 

Table 1 shows the result of the fractions F(β) and F(α) in each nanocomposite. The nanocomposite 
of P(VDF-TrFE)/GrO 120h 1.0% had the highest β-phase content among all analyzed samples, with 
88.45%. 
 

Table 1: F(β) and F(α) in nanocomposites obtained GO 
Sample F(α) (%) F(β)(%) Sample F(α) (%) F(β)(%) 
Pure P(VDF-TrFE) 28.01 71.99 P(VDF-TrFE)/GrO 24h 1.0% 13.68 86.32 
P(VDF-TrFE)/GrO 2h 0.5% 18.49 81.51 P(VDF-TrFE)/GrO 24h 2.0% 13.35 86.65 
P(VDF-TrFE)/GrO 2h 1.0% 14.64 85.36 P(VDF-TrFE)/GrO 120h 0.5% 13.03 86.97 
P(VDF-TrFE)/GrO 2h 2.0% 15.13 84.87 P(VDF-TrFE)/GrO 120h 1.0% 11.55 88.45 
P(VDF-TrFE)/GrO 24h 0.5% 14.71 85.29 P(VDF-TrFE)/GrO 120h 2.0% 15.33 84.67 
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Conclusions 
 

It is concluded that the synthesis of the nanoparticles with higher oxygen contents was 
successful due to the longer reaction time and with the more oxygenated sample (GrO 120h), 
greater promoted the beta phase in the final nanocomposite (P(VDF-TrFE)/GrO 120h 1.0%) 
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Abstract - This work aims to correlate the results obtained for epoxy nanocomposite coatings with reduced graphene 
oxide (rGO), indicating its possible anticorrosive behavior. X-ray diffraction (XRD), Fourier transform infrared 
spectroscopy (FTIR) and scanning electron microscopy (SEM) analyses were performed. Nanocomposite coatings were 
prepared with 0.1%wt, 0.3%wt and 0.5%wt of rGO. The SEM analyses for the applied coatings showed that there was a 
decrease in the number of defects on the surface of the samples with increasing rGO concentration up to 0.3%wt in the 
coatings. The anticorrosion behavior of some coatings was evaluated by electrochemical impedance spectroscopy (EIS),
which showed that the addition of rGO in the polymer matrix improves the corrosion protection of the anticorrosion 
coating by increasing the diffusive path of corrosive agents. Furthermore, the high potential of the prepared 
nanocomposite coatings for improving corrosion resistance was noted.
Keywords: Graphene; Coating; Nanocomposite; Corrosion. 
Fundings: Resource Program Humans of the National Agency of Petroleum, Natural Gas and Biofuels.

Introduction 
Corrosion is a natural phenomenon that affects several industries that make use of metallic 

materials in their metallic materials in their industrial plants, including the oil industry. This 
problem affects the structural properties and the useful life of the equipment susceptible to 
corrosion, and can generate economic losses, environmental damage, and general safety risks [1, 2]. 
The metal pipes, which transport and distribute substances generated by this industry that are
economically important, are one of the equipment with high sensitivity to corrosion [3].

Thus, there is considerable effort in developing new strategies to minimize the effects caused by 
corrosion. Among these, the development of new classes of organic corrosion protection coatings is 
gaining popularity due to their scalability and ease of application. In the last decades, several 
materials have been tested as alternative for synthesis of coatings, such as polymeric ones [4].

One of the most commonly used polymers in this case are epoxy resins, which combine their 
anticorrosive nature, chemical resistance, fatigue resistance, and excellent adhesion to various 
substrates. However, there is a limitation in their long-term applicability due to hydrolytic 
degradation. With this, it is necessary to add other materials to its composition to improve its 
anticorrosive properties, and nanoparticulate materials are an excellent alternative [1]. Among the 
nanoparticles used, graphene has attracted immense research interest in recent years due to its high 
mechanical strength, high thermal conductivity, and high surface area. However, due to its 
difficulty in production, its derivatives, graphene oxide (GO) and reduced graphene oxide (rGO), 
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are more studied. Of these, rGO has properties close to those of pure graphene, which has made it 
widely accepted for obtaining graphene-like materials. Despite this, its application in the oil and gas 
industry is still recent [5, 6]. 

Therefore, the objective of this work was to correlate the results obtained for the synthesized 
materials, indicating the possible anticorrosion behavior of the epoxy nanocomposite coatings with 
rGO synthesized in the laboratory. These coatings were applied to metallic piping substrates used in 
the oil industry, aiming to increase corrosion resistance. 

 
Experimental  

The nanocomposite coatings were produced by solution mixing using ethanol as the solvent for 
dispersing the rGO. The solvent was evaporated by heating while it was stirred. The coatings were 
produced with 0.1%wt, 0.3%wt and 0.5%wt of rGO (EP/0.1rGO, EP/0.3rGO and EP/0.5rGO 
respectively), and samples containing the pure epoxy resin were prepared for comparison of the 
results. The coatings were applied using a high-pressure paint gun, and they were cured at room 
temperature for 24 h. Prior to the application of the coatings, the metal substrates used were cut, 
sanded, cleaned and dried. The substrates were a section of an API X65 steel metal pipe. 

The rGO used was obtained by thermal reduction of graphene oxide (GO). GO was synthesized 
from the chemical exfoliation of graphite powder (99% with grain size < 20 μm from 
SigmaAldrich) based on the improved graphene oxide synthesis method [7]. This method is 
performed in a solution with dr 9:1 sulfuric acid (H2SO4) and 21.4 ml phosphoric acid (H3PO4), 
using graphite powder as precursor and potassium permanganate (KMnO4). For reduction of this 
material and production of rGO, the procedure performed was by the thermal reduction method at 
225 °C [8]. 

X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) and field emission 
scanning electron microscope (FE-SEM) analyses were performed. In addition, the surface of the 
nanocomposite coatings applied to the metal substrate were analyzed via FE-SEM. Electrochemical 
impedance spectroscopy (EIS) assay in 0.5 M NaCl solution was performed on the pure epoxy 
coatings and with 0.1%wt and 0.5%wt added. The measurements were performed at open circuit 
potential until stabilization, applying AC amplitude of 10mV, with frequency range from 10-2 Hz to 
105 Hz in an Autolab PGSTAT302N potentiostat. The area of the samples exposed to the solution 
was 1 cm2, and it was limited with the use of durepox in the remaining areas. The results obtained 
were analyzed with the help of Nova 1.1 software. 
 
Results and Discussion  
X-ray diffraction (XRD) 

The diffractograms of GO and rGO are shown in Fig 1a, and it is possible to observe the 
characteristic intensity peak of GO around 2θ = 9.82°, which disappears in the diffractogram of 
rGO. Moreover, when comparing the result of the XRD analysis of the rGO sample with the 
diffractogram of the pure graphite (Fig 1b) used as raw material in the synthesis, it is noted that the 
specific peak of rGO (in the range of 2θ = 24.10°) is located close to the largest peak of pure 
graphite (around 2θ = 26.18°), but of much lower intensity and broader. This shows that the 
material has an amorphous characteristic, and that GO has been fully reduced [9]. 
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Figure 1 – XRD spectra of samples of a) GO and rGO and b) pure graphite. 
Fourier transform infrared spectroscopy (FTIR) 

The FTIR spectra of GO and rGO are shown in Fig 2. In the case of GO, characteristic valleys 
can be observed at approximately 1040 cm-1, 1615 cm-1 and 1705 cm-1 that correspond to the 
presence of alkoxy groups (C - O), the atomic vibration of sp2 domain bonds of the aromatic ring (C 
= C) and existence of carbonyl groups (C = O) in the basal plane of carbons, respectively. In 
addition, a broad absorption band is seen at approximately 3270 cm-1 that represents the bond 
stretching vibrations of the hydroxyl groups (O - H) present in the material [9]. When compared to 
the rGO spectrum, we see that the valleys are of much lower intensity, or even disappear. This 
shows that the thermal reduction step was efficient in removing the functional groups from the basal 
plane of carbons for the proper formation of rGO. 

 
Figure 2 – FTIR spectra of GO and rGO. 
Field emission scanning electron microscope (FE-SEM) 

The morphological analysis of the synthesized materials (Fig 3) shows the overlapping and 
highly agglomerated rGO sheets. Also, in the image at higher magnification (Fig 3b), it is observed 
a 3D structure with well exfoliated layers, as already seen in other studies on the thermal reduction 
of GO [8]. However, they still have points of connections between these layers preventing their 
complete separation. 

 
Figure 3 – SEM images of rGO at a) 2000x and b) 16000x magnification.  

Since the protection against corrosion of epoxy coatings occurs by preventing the transport of 
corrosive agents to the metal substrate to be protected, the visualization of defects in them is 
important to understand how these coatings will behave with the addition of nanoparticles. Thus, 
from the SEM analysis performed on the coatings, it is possible to see the decrease in the amount of 
defects and pores on their surface with the increase in the percentage of rGO up to 0.3% by mass. 
This is due to the fact that the addition of this nanomaterial in the polymeric matrix causes its 
particles to move in place of these defects and pores, enabling the increase of the diffusive path of 
the corrosion agents to the metal. However, with the addition of the highest percentage of rGO in 
the epoxy coating (EP/0.5rGO), these defects increase in relation to the other coatings probably due 
to the high tendency of agglomeration of the rGO particles [10]. The defects are identified in Fig 4, 
which shows in addition to the presence of pores also the existence of runoff type defects, stains and 
impregnation of solid materials [11]. 
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Figure 4 – SEM images with 500x magnification of coating surfaces a) epoxy pure, b) EP/0.1rGO, c) 
EP/0.3rGO and d) EP/0.5rGO. 
Anticorrosive behavior  

Electrochemical impedance spectroscopy (EIS) measurements were displayed in the form of 
Nyquist (Fig. 5a) and Bode (Fig. 5b) diagrams as a function of rGO contents, for the samples 
immersed for 4 h in a 0.5M NaCl solution, for the pure epoxy samples and nanocomposite coatings 
with 0.1%wt and 0.5%wt rGO. 

 
Figure 5 – a) Nyquist and b) Bode diagram for pure epoxy and nanocomposite coatings immersed for 4 h in 
a 0.5M NaCl solution. 

As shown in the Nyquist diagram, both coatings showed a kind of characteristic impedance 
semicircle controlled by charge transfer during the test. Since the radius of this semicircle is the 
sum of the charge transfer resistance and the solution resistance, the higher its value, the higher the 
corrosion resistance of the material [10]. Thus, it is possible to verify the increase of the capacitive 
arc with the addition of rGO in the coating, indicating that the addition of the nanoparticulate 
material improves the corrosion resistance of the coating used. 

The low value of |Z|0.01Hz for the pure epoxy coating indicates its low performance of physical 
barrier protection, allowing electrolyte diffusion to the metal substrate. The nanocomposite coatings 
show values of |Z|0.01Hz, indicating their better efficiency in blocking the passage of corrosive agents 
through the coating and consequently have better corrosion protection performance. Of the 
nanocomposite coatings, the addition of the highest concentration of rGO (0.5% by weight) resulted 
in better test results. This is due to the presence of defects and pores in the pure epoxy coating (as 
already seen in the SEM images), limiting its corrosion protection. With the addition of rGO, the 
diffusive path of corrosive agents is increased causing this metal surface protection to be improved 
[10]. It is worth mentioning that the method of sample preparation chosen to perform the test was 
not ideal, once the samples were left immersed for a longer time for visual analysis it was possible 
to observe electrolyte infiltration through the durepox, thus interfering in the results obtained. 

Nevertheless, one study [12] showed that the addition of different concentrations of rGO in 
epoxy effectively improved the corrosion resistance of the polymeric material. The coatings in this 
case were prepared with 0.5%wt, 1.0%wt, 2.0%wt, and 4.0%wt of rGO applied to a metallic 
substrate of an N80 steel pipeline. This preparation was similar to that shown in this paper, with the 
mixing being via solution. The surface morphology of the coatings was evaluated by SEM and their 
corrosion behavior was carried out by EIS tests.  
 
Conclusions  

Epoxy nanocomposite coatings with reduced graphene oxide (rGO) were prepared and applied 
on API X65 steel metal substrates. FE-SEM analyses were performed on the surfaces of the applied 
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coatings, making it possible to observe the decrease in the number of defects and pores on their 
surface with increasing percentage of rGO added up to 0.3%wt. Furthermore, the correlation of this 
work with a study carried out for epoxy nanocomposite coatings with up to 4.0%wt of rGO, showed 
the high potential for improving the corrosion resistance of the prepared coatings. 
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Abstract – In this study, the photocatalytic degradation of the organic dye methylene blue was investigated using the 
PBAT/S2/UV system, which is a nanomaterial obtained by dispersing niobium oxyhydroxide (S2) in a poly(butylene 
adipate co-terephthalate) (PBAT) polymeric matrix activated by UV light. Degradation tests were performed using 
spectrophotometry to analyze parameters such as the catalyst concentration and its distribution in the polymeric matrix. 
Chemical interactions between PBAT and S2 were observed using FTIR-ATR. The composite exhibited high catalytic 
activity for removing methylene blue dye during photocatalysis.

Keywords: PBAT, photocatalysis, niobium oxide.

Introduction
A significant portion of colorant usage is associated with industrial processes, with 

approximately 15% of global dye production being lost during the dyeing process and subsequently 
released into effluents. The treatment of this waste necessitates multiple stages, thereby demanding 
the development of diverse methodologies for removing these substances from river matrices [1]. 
Recent research indicates that non-conjugated polymers offer several advantages for this application. 
They have emerged as photocatalysts in recent years owing to their distinctive properties, particularly 
their capacity to absorb light within the visible spectrum and act as mediators of intermediate charge 
transport. Non-conjugated polymers, such as biodegradable polyesters, facilitate more effective 
electron migration from vacancies generated by light absorption on the surface of photocatalytic or 
photoelectrochemical materials, thereby enabling their participation in chemical degradation 
reactions [2,3]. 

PBAT, a non-conjugated polymer, exhibits ease of processing and molding and is relatively 
cost-effective compared to similar products. Moreover, PBAT, a thermoplastic polyester, 
demonstrates exceptional mechanical and thermal properties. Additionally, PBAT can be easily 
synthesized from renewable raw materials and possesses compostability, making it viable for 
transformation into organic compost for soil fertilization [3] and biodegradability. To enhance the 
photocatalytic efficiency in dye degradation, inorganic catalysts such as niobium oxide have been 
investigated due to their catalytic activity, akin to TiO2 [4]. The research group has studied the 
catalytic material based on niobium oxide and polyhydroxy butyrate. It has proven effective for the 
photooxidative degradation of methylene blue dye in an aqueous environment [6]. From this 
perspective, the present study aims to develop a composite based on the PBAT polymer and niobium 
oxyhydroxide as an alternative for photocatalyst development while investigating its catalytic activity 
in removing methylene blue dye from an aqueous medium under ultraviolet radiation.
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Experimental  
For the synthesis of niobium oxyhydroxide (S2), the work of HEITMANN et al. (2018) was 

used as a reference, starting with 46.2 mmol of the ammonium oxalate niobium as precursor salt 
(NH4NbO(C2O4)2(H2O)n) (CBMM). The niobium salt was dissolved in 100 mL of distilled water at 
90°C. After the complete dissolution of the salt, NH4OH (5 mol L-1) was slowly added to the solution 
until reaching pH 7 to precipitate niobium oxyhydroxide. The suspension was then continuously 
stirred for 12 hours for aging. Finally, the resulting white solid was filtered, washed, and dried in an 
oven at 60°C for 12 hours. This material (300 mg) added 4 mL of 30% hydrogen peroxide and 80 mL 
of water at 25°C. The yellow solid was filtered, washed with distilled water, and dried at 60°C for 12 
hours. 

The PBAT/S2 catalytic materials were obtained from poly(butylene adipate co-terephthalate) 
(PBAT) as pellets. A variation of 100 e 95% wt of the polymer and 1 to 5% wt of niobium 
oxyhydroxide was used during the mechanical processing. The mixtures were placed in a single-
screw extruder (Thermoscientific- HAAKE - PolyLab QC) at a speed of 50 rpm and a temperature of 
100°C in zones 1 and 4 and 120°C in zones 2 and 3. The produced pellets were pressed using a 
hydraulic press. In the materials referred to as (surface), during the pressing step, niobium oxide was 
added to the surface after processing. 
 
Characterization and Catalytic test 

The produced materials were characterized using an IRPrestige-21 Spectrophotometer, 
Shimadzu, with an ATR accessory. FTIR data were obtained from spectra collected from 4000 to 400 
cm-1 with 30 scans. 

Catalytic tests were conducted at 25°C using a 15mL solution of methylene blue (20 mgL-1). 
The specific quantity of the polymeric materials was used with magnetic stirring at 330 rpm for - 60 
to 120 minutes. A UV lamp (λ= 254 nm) with a power of 15W was employed. The oxidation 
efficiency was monitored using a UV-Vis spectrophotometer at 664 nm. 
 
Results and Discussion 

FTIR spectra of the PBAT and catalytic material are shown in Figure 1. 

 
FTIR spectra of the PBAT and PBAT/S2. 

The FTIR spectra of PBAT and PBAT/S2 reveal absorption bands of the polymer in the 
regions of 1715 and 1475 cm-1, corresponding to the stretching of the carbonyl group C=O ( C=O) 
and the stretching of C=C bonds in aromatic rings ( C=C), respectively. Additionally, bands in the 
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range of 1300 to 1000 cm-1, centered at 1267 and 1106 cm-1, are observed, which are associated with 
the stretching of the -C-O bond in the ester group ( C-O)) [5]. The addition of the catalyst did not 
cause significant changes in the bands associated with the polymeric matrix. No significant bands or 
the formation of new bands related to the polymeric matrix were observed upon the addition of the 
catalyst [6]. However, the changing C-O band profile indicated the possibility of interaction through 
the carboxylic group.  

The range of -60 to 120 minutes represents the dye adsorption time by the matrix. During this 
interval, the UV light remained off to prevent dye degradation. At time zero of the reaction, the light 
is turned on, initiating the photocatalytic reaction. Figure 2 represents the dye removal by the 
polymeric compound associated with the catalyst. The removal of methylene blue by adsorption is 
small compared to the investigated systems. 

 
Figure 2. Graphic of methylene blue concentration reduction in aqueous medium as a function of 
time using the polymeric matrix PBAT and nanocomposites (S2) with varying concentration and 
distribution. 

The removal of methylene blue by adsorption becomes significant when incorporating S2 into 
the polymer, regardless of how the compound is produced, reaching 30% dye adsorption using 95% 
PBAT 5% S2 + 0.2g S2 (surface). By incorporating the catalyst on the surface of the polymer and 
catalyst mixture (95% PBAT 5% S2 + 0.2g S2 (surface)), the dye removal was superior to the material 
in which the catalyst is only mixed with the polymer (95% PBAT + 5% S2) where the removal was 
30 and 3%, respectively. 

A similar behavior was observed in the removal of methylene blue by photocatalysis, when 
the catalyst S2 is incorporated into the medium of the polymeric matrix. In the compounds 99% PBAT 
+ 1% S2 and 95% PBAT + 5% S2, the photocatalysis is low and the methylene blue removal is around 
1 and 8%, respectively. This is probably due to the method of mixing the catalyst into the polymer, 
since mixing in the Termo haake can lead to partial or total coverage of S2 by the PBAT. Similar 
results were presented by HEITMANN et al. (2018) who associated the lack of contact of the catalyst 
with the dye solution and UV radiation with the reduction of the photocatalytic activity of the material 
[7]. 
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In Figure 2, it is evident that the incorporation of the catalyst into the polymeric matrix through 
mechanical processing, as well as its distribution on the film surface, as demonstrated in the cases of 
99% PBAT 1% S2 + 0.2g S2 (surface), 95% PBAT 5% S2 + 0.2g S2 (surface), and 100% PBAT + 
0.2g S2 (surface), leads to a significant increase in dye removal, with removal percentages of 60%, 
80%, and 20%, respectively, after 120 minutes of reaction. Moreover, it is noteworthy that the 
concentration of the S2 catalyst in the polymer impacts the efficacy of methylene blue removal 
through photocatalysis. Higher concentrations of S2 are associated with more efficient color removal. 

When incorporated into the polymer and distributed on the film surface, niobium 
oxyhydroxide retains its catalytic activity, facilitating the photocatalytic reaction. Consequently, the 
material becomes more exposed within the polymeric matrix, enhancing the likelihood of interaction 
between the catalyst and dye molecules. This interaction generates electron-hole pairs that diffuse to 
the surface of the catalytic system, resulting in a higher rate of methylene blue discoloration. 
 
Conclusions 

In this work, nanocomposites containing PBAT and niobium oxyhydroxide (S2) with different 
percentage of it were developed. From the results, important characteristics were observed, the 
nanocomposites are more effective for removing the methylene blue dye in the aqueous medium in 
the presence of UV radiation via photocatalysis, and when they are incorporated into the surface of 
the PBAT. The 95% PBAT 5% S2 + 0.2g S2 (surface) system showed the best performance among 
the studied systems, removing 80% of dye in 120 minutes. Therefore, the concentration of catalyst S2 
and the method for obtaining the compounds determine the way the catalyst disperses in the polymer, 
determining the performance of the material in removing the dye by photocatalysis. 
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Abstract - Poly(ethylene terephthalate) (PET) is the most consumed polyester in the world, as it is mainly used for 
carbonated beverage packaging and textile fiber production. Due to the different processes that occur during the 
production of textile fibers, they can show a loss of properties. The aim of this study was to evaluate the effect of the 
dianhydride chain extender 1,2,4,5-benzenetetracarboxylic acid (PMDA) and graphene nanoplatelets (NPs) on the 
properties of PET after the different processes. First, the virgin PET (PETv) was processed in a single-screw extruder, 
and then it was extruded in a twin-screw extruder with PMDA and NPs added as additives. The chemical and thermal 
properties of PETv samples and samples processed in single-screw and twin-screw extruder with additives were 
characterized based on the chemical and thermal properties. Compared with PETv, the samples processed in the single-
screw and twin-screw extruders showed a degradation principle demonstrated by the techniques, except for the use of 
PMDA. The NPs acted as processing aids.

Keywords: PET, PMDA, extrusion, graphene nanoplatelets, degradation.

Introduction 
The most consumed polyester in the world is poly(ethylene terephthalate) (PET), as it is used 

in the production of bottles for carbonated drinks and in the production of textile fibers. It also has 
good mechanical properties and high resistance to chemical agents. physical and chemical materials 
combined with relatively low cost [1]. PET can be easily reprocessed because it melts when heated 
and can be reshaped [2]. In evaluating degradation and stabilization, many of the homopolymers 
contain small concentrations of comomers that provide different properties.

Intrinsic viscosity is often used to evaluate degradation based on the behavior of the molar 
mass PET [3]. The use of extrusion for the processing of PET leads to a strong reduction of the 
properties after three processing cycles. In these cases, the intrinsic viscosity decreases by 23%, 
making it impossible to use it in applications similar to those of untreated polymer. To address the 
deficiency caused by the reduction in intrinsic viscosity, chain lengthening is encouraged. The 
selection of a chain extender must take into account the presence of at least two functional groups 
that promote addition reactions with the terminal hydroxyl or carboxyl groups of the polyester [2,4].

NPs are widely used as nanofillers in polymer matrices, concrete, metals, and others. Their 
incorporation in polymer matrices improves the mechanical behavior, increases the chemical 
resistance and thus the lifetime of the artifact [5,6]. In view of this, the objective of this work was to 
evaluate the degradation of PET, to which PMDA and NPs were added, after several processes.

Experimental 
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The raw materials used in this study were: PET from Indorama Ventures Fibras, PMDA 
extender from Sigma-Aldrich Chemistry, graphene nanoplatelets in the form of a PET masterbatch, 
2 wt% Znano Grafeno. The codes and compositions of the developed blends are listed in Table 1. 

 
Table 1 - Coding and composition of the study samples 

Coding Composition and description of the samples 
PETv  Virgin PET pellet 
M-PETv 100 wt% of PETv processed in single screw extrusion 
D-PETv 100 wt% of PETv processed in twin-screw extrusion 
D-PETvPMDA 100 wt% of PETv processed in twin screw extrusion + 0.2 wt% of PMDA 
D-PETvNPs 100 wt% of PETv processed in twin screw extrusion + 0.4 wt% of NPs 
D-PETvPMDA/NPs 100 wt% of PETv processed in twin screw extrusion + 0.2 wt% of PMDA +  

0.4 wt% of NPs 
 
The preparation of the blends in this work was carried out in 2 stages, where in stage 1 the 

PETv was extruded in a single screw, and in stage 2 the composition obtained in stage 1 was extruded 
in a twin screw, with the addition of PMDA and NPs, followed by characterization of the chemistry 
by Fourier transform infrared spectroscopy (FTIR) and differential scanning calorimetry (DSC) and 
thermogravimetry (TGA). 
 
Characterization of PETv and mixtures from Steps 1 and 2 

The PETv and the mixtures prepared in steps 1 and 2 were characterized in pellet form by their 
chemical properties using attenuated total reflectance (ATR) FTIR in a Spectrum 100 FTIR 
spectrophotometer from Perkin Elmer (USA) with 9 scans in the scan range of 400 to 4000 cm-1. 
Thermal analysis by TGA in a TGA instrument, model Q5000 from TA Instruments (USA), at a 
heating rate of 10 ºC.min-1, ranging from 25 °C to 810 °C, under a nitrogen flow of 50 mL.min-1, in 
a platinum crucible, and also by DSC, in a model Q200 instrument from TA Instruments (USA), at a 
heating rate of 10 °C.min-1, under a nitrogen flow of 50 mL.min-1 , where one run is considered to be 
a warm-up followed by a cool-down. 
 
Single-screw extrusion and characterization of the mixture from Step 1 

The PETv was dried in a Marconi oven, model MA 035/5 (Brazil), at a temperature of 80 °C 
for 5 hours before entering the single-screw extrusion process. The M-PETv compound was produced 
in a single-screw extruder from Seibt Máquinas para Plásticos Ltda, model ES 35 (Brazil). The 
temperature profile was 228 °C in zone 1, 237 °C in zone 2, 245 °C in zone 3, and 192 °C in the 
matrix. The mixture was taken in an open matrix for grinding process in a Primotecnica knife mill, 
model 1001, with a screen size of 10 mm diameter at the outlet. Characterization of the M-PETv 
mixture was performed by DSC, TGA and FTIR. 

 
Twin-screw extrusion and characterization of the mixture from Step 2 

The M-PETv mixture in the form of pellets was prepared in an M.H. Plant, model MH-COR -
20-32- LAB (Brazil), with a temperature profile of 124 °C in zone 1, 200 °C in zone 2, 210 °C in 
zone 3, 224 °C in zone 4, 229 °C in zone 5, 240 °C in zone 6, 240 °C in zone 7, 253 °C in zone 8, 
246 °C in zone 9, 261 °C in zone 10, 250 °C in zone 11, and 225 °C in zone 12, a speed of 200 rpm, 
and a feed rate of 100 g.min-1. At the exit of the extruder, the temperature was 229 °C and was 
removed with the die open. The extruded material was ground in a knife mill. In this step, the PMDA 
and NP additives were incorporated into the PETv and the characterization of the blends was 
performed by DSC, TG and FTIR. 
 
Results and Discussion  
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Fig. 1 shows the FTIR of PETv and mixtures from Steps 1 and 2. 
 

 
Figure 1 - FTIR of PETv, M-PETv and mixtures from Step 2 produced in the twin screw with and without 

additive. 
 

FTIR showed the characteristic bands of PET, namely at 1240 cm-1 and 1114 cm-1 the axial 
deformation of the terephthalate group, at 1096 cm-1 and 1041 cm-1 the methylene group and the 
vibration through the ester bond. The bands at 1250 cm-1 and 1095 cm-1 correspond to the stretching 
of the C–O–C group by the ether groups. The band at 723 cm-1 indicates the occurrence of polar 
interactions between ester groups and aromatic rings. The absorption range between 3800 cm-1 and 
3200 cm-1 is characteristic of the stretching vibrations of the O–H group of carboxylic acids and 
alcohols [7-9]. The band with the absorption maximum at 1720 cm-1 corresponds to the stretching of 
the bond of the carbonyl group (C=O), which may be intrinsic in the ester segments of the PET 
polymer chain or generated by the degradation process in the polymer chain. [8,10]. The band at 3100 
cm-1 was attributed to the absorption of hydroxyl groups, while in the range from 2900 cm-1 to 2800 
cm-1 the C–H stretching of the PET ethylene unit occurred [9].  

Compared to the M-PETv and D-PETv samples, the use of PMDA resulted in a decrease in the 
intensity of the hydroxyl absorption band. According to Bimestre and Saron (2012) [11], this can be 
explained by the mechanism of the chain extension reaction, in which the hydroxyl group reacts with 
the active sites of PMDA. In this way, the hydroxyl groups are converted into other groups, such as 
ethers or esters, which link the PMDA molecule to the polymer chain. 

In the M-PETv and D-PETv spectra, the formation of two new bands at 2925 cm-1 and 2850 
cm-1 was evident after two PETv extrusion processes, which could be attributed to the asymmetric 
and symmetric deformation of the methylene and ethylene glycols as dimers. The dimerization could 
be related to the possible presence of linear and cyclic oligomers formed during the hydrolytic 
degradation of PET. This phenomenon was also observed by Gouissem; Douibi; Benachour (2014) 
[7] in his study. 

When evaluating the spectra in terms of degradation, it is noted that there were changes in 
terms of PETv. There is a clear increase in the bands between 3000 cm-1 and 2850 cm-1 (CH2 grouping) 
and an increase in the intensity of the band at 1720 cm-1 (carbonyl), also there is a small increase at 
3400 cm-1, the region of the hydroxyl group. According to Silva et al. (2018) [12] and Pacheco et al. 
(2021) [13], these changes in the spectra indicate PET degradation, similar events were also observed 
in their studies. 

Incorporation of NPs did not change the spectrum compared to D-PETv. This could be due to 
insufficient dispersion or poor interaction of NPs in the polymer matrix. Good dispersion of 
nanofillers in polymer matrices is important to obtain the desired properties. Care should also be taken 
when using graphene, as agglomeration and poor dispersion can occur when incorporated into the 
matrix [14, 15].  
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Fig. 2 shows the DSC curves of the samples processed in the twin screw, in addition to PETv 
and M-PETv.  

 
Figure 2 – DSC curves of the samples processed in the double screw in addition to PETv and M-PETv. 

 
The evaluation of the PETv curve demonstrated the occurrence of three thermal events, the 

first at Tg at 79.8 °C, a second exothermic event of crystallization at about 152.1 °C, due to the rapid 
cooling there was no time for crystallization in the cooling phase, this phenomenon is called cold 
crystallization. The last endothermic event, which started at about 252.5 °C, was attributed to the 
crystal melting temperature of the polymer, which according to the literature can range from 250 to 
265 °C [16].  

To evaluate the effects of the proposed processes and the use of additives, it was found that 
the melting temperature (Tm) had similar values among the samples. The presence of additives did 
not lead to changes in the thermal transitions, suggesting that the additives did not alter the processing 
parameters. 

The Tg of the samples, evident from the DSC curves, showed lower values than the Tg of the 
PETv. The decrease in Tg values was attributed to the different processes imparted to the samples, 
which may have triggered degradation processes, as they indicate Tg shifts to lower values. The Tg is 
related to the mobility of the polymer chains in the amorphous phase. When the polymer has 
disordered chains at low temperatures and heating occurs, the chains acquire mobility and a certain 
degree of freedom, which leads to a change in their heat capacity, resulting in a shift in the baseline 
of the DSC curve without peak values [16]. This has also been demonstrated for some samples. 

Fig. 3 shows the TGA curves of the investigated samples. Two thermal events can be seen in 
Fig. 3, the first attributed to the degradation of the polymer chain initiated by the end groups, while 
the second corresponds to the degradation of the products formed during the first decomposition 
process [17]. 

Mixtures with additives did not lead to significant changes in the TGA curves, as shown in 
Fig. 3.  

 
Figure 3 - TGA curves of samples processed in the twin-screw extruder in addition to PETv and M-PETv 
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            Azman et al. (2021) [18] studied the incorporation of NPs in PET nanocomposites in the 
proportions of 0.1 and 0.5%. In the analysis TG the authors found an improvement in the thermal 
stability of the composites with NPs. This improvement was attributed to the two-dimensional planar 
structure of graphene, which acts as a protective layer and prevents the thermal degradation of PET. 
This phenomenon was not observed in this study, although the NP content used was 0.4 mass percent, 
which was within the limits used by the authors. 
  
Conclusions  

Compared to PETv, the samples with one and with two screws showed the principle of 
degradation, which was confirmed by FTIR, DSC and TGA. The addition of additives did not 
improve the thermal stability of the samples studied, and FTIR showed bands related to degradation. 
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Abstract - This paper presents an analysis of the effect of nanoparticles on the mechanical properties of epoxy 
adhesives, aiming to enhance their strength and stiffness. Two types of nanoparticles, namely carbon black and carbon 
nanotubes, are investigated. The nanoparticles were incorporated into the pure adhesive resin matrix at a mass 
concentration of 1%. Tensile tests were conducted on the specimens following the ASTM D638 standard. Transmission 
electron microscopy (TEM) was employed to examine the formation of clusters. The results demonstrate that the 
addition of nanoparticles generally leads to a reduction in the stiffness of the epoxy resin. The use of carbon nanotubes 
exhibits a lower level of dispersion in the resulting curves compared to carbon black. These findings offer valuable 
insights into the influence of nanoparticles on the mechanical behaviour of epoxy adhesives. This research contributes 
to the understanding of how nanoparticles can effectively enhance the mechanical properties of epoxy adhesives, 
enabling improved performance and reliability in various composite bonded joints, including the Double Cantilever 
Beam (DCB), Single Lap Joint (SLJ), and End Notched Fracture (ENF) standard tests. Finally, it was discussed the 
potential and limitations of nanoparticles in adhesive engineering and advancing the field of nanocomposite adhesives.

Fundings: The authors acknowledge the financial support of the Santa Catarina State Research and Innovation Funding 
Agency (FAPESC grant: 2017TR1747, and 2021TR843). As well as, Coordination for the Improvement of the Higher-
Level Personnel (CAPES Finance Code 001). Ricardo De Medeiros acknowledges the financial support of the National 
Council for Scientific and Technological Development (CNPq process number: 304795/2022-4).

Keywords: Nanoparticles, Mechanical properties, Epoxy adhesives, Composite bonded joints, Carbon nanotubes.

Introduction 
In industries where component weight plays a crucial hole, such as aeronautics and aerospace, there 
is an increasing focus on analysing and developing materials that meet the specific requirements 
while offering a high strength-to-weight ratio [1]. Fibre-reinforced composite materials have 
emerged as a highly promising alternative capable of replacing traditional material in complex and 
advanced applications. For example, the Boeing 787 commercial plane utilizes carbon fibre
composites for 50% of its structure, resulting in a 20% reduction in fuel consumption compared to 
similar-size aircraft. Additionally, this application extends the maintenance interval for the fuselage 
from 6 to 12 years [2]. The growing use of composite materials has led to greater geometric and 
dimensional complexity in component manufacturing, often requiring the integration of multiple 
parts to form a cohesive structure. The joining process for composites differs from the methods 
employed with metallic materials, such as welding or riveting. Post-manufacturing riveting, for 
example, can lead to fibre breakage and initiate delamination, thereby compromising the strength of 
the material in the fastening region. An alternative approach that overcome these issues is adhesive 
bonding. This method involves applying a polymeric material between the composite parts, which, 
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upon solidification, promotes adhesion between the parts and ensures a more uniform stress 
distribution within the joint region [3,4]. 
 In recent years, there has been growing interest in incorporating nanoparticles into adhesives 
to enhance their mechanical characteristics. Nanoparticles are particles with at least one dimension 
smaller than 100 nanometres, possessing distinct physical and chemical properties compared to 
their large counterparts [5,6]. The addition of nanoparticles in adhesives facilitates tailoring their 
properties to fulfil specific requirements, such as increased strength, stiffness, toughness, and 
durability. However, the ultimate response of the material depends on several factors, including 
nanoparticle type, size, morphology, and others [7]. However, a crucial factor to consider is the 
proper dispersion of nanoparticles within the epoxy matrix. This aspect was demonstrated in [8], 
where silica nanoparticles were integrated into an epoxy resin for coating applications. In [9,10], the 
addition of graphene in small proportions resulted in a significant increase of up to 31% in the 
modulus of elasticity and a 41% increase in the maximum stress of the epoxy resin. Similarly, the 
inclusion of carbon nanotubes led to approximately 3% and 14% respective increase in these 
properties. Furthermore, there was a 53% increase in fracture energy in mode I for samples with 
graphene and a 20% increase for samples with carbon nanotubes. In both cases, particular attention 
was paid to the process of mixing the nanoparticles into epoxy matrix, employing solution 
processes, ultrasonic agitation, and shear mixing. This is essential because agglomerates of 
nanoparticles act as stress concentrators, promoting the crack propagation and reducing the tensile 
strength of the material. These cracks tend to follow the path of least resistance, often aligning with 
the lines of the agglomerates, thereby impeding the material's ability to uniform distribute and 
dissipate stress. This underscores the critical significance of the chosen mixing method during the 
sample preparation. Nevertheless, the introduction of functionalized graphene resulted in only 
marginal improvements in the mechanical properties, which was due to loss of cross-links between 
the nanoparticle and the adhesive. Regrettably, this led to an increased brittleness of the material in 
both instances [11]. 

Considering the aforementioned aspects, this study aims to investigate the influence of 
nanoparticles on the mechanical properties of epoxy resin adhesive used in the manufacturing of 
composite bonded joints. Carbon black and carbon nanotubes were incorporated into the pure 
adhesive resin matrix at mass concentration of 1%. Tensile tests were conducted on the specimens 
following the ASTM D638 standard, with the specimens positioned in flat orientations. To analyse 
the observed differences in strain characteristics under uniaxial tensile load, digital image 
correlation (DIC) was employed. The mechanical properties were assessed through tensile testing, 
enabling the acquisition of stress-strain curves and extraction of elastic modulus, ultimate tensile 
stress, and Poisson's ratio. After the tensile test, a transmission electron microscope (TEM) was 
utilized to examine not only the adhesion and clusters, but also the possible failure modes. Finally, 
the effects of varying nanoparticle concentrations and geometries on the mechanical properties were 
discussed, alongside potential alterations in the adhesive efficiency of the compositions. 
 
Experimental Analysis 
To compare the pure matrix with the matrix containing nanoparticles, an experimental analysis was 
conducted using monotonic tensile tests. The study focused on Type I specimens (according to the 
ASTM D638 Standard) fabricated from pure epoxy resin and epoxy resin infused with carbon black 
and carbon nanotubes. The resin matrix chosen was epoxy AR-345, along with hardener AH-345, 
supplied by Barracuda Advanced Composites (Rio de Janeiro, Brazil). The epoxy resin and catalyst 
were thoroughly mixed, and once a uniform mass was achieved, it was carefully introduced into the 
silicone moulds. The test specimens were allowed to cure for a minimum of 24 hours before 
undergoing testing. The study involved incorporating a nanoparticle addition of 1% by mass. The 
crosshead velocity, as recommended by ASTM D638, was set to 2 mm/min. The elongation and 
Poisson ratio were obtained by monitoring transversal and longitudinal displacements using a DIC 
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Dantec Q-400 apparatus. DIC enables a comprehensive understanding of the strain field across the 
entire specimen surface. Based on the stress versus strain curve, it is possible to determine the 
Modulus of Elasticity, ultimate tensile strength, and strain at rupture. The Modulus of Elasticity 
measures the material's stiffness within the linear region of the curve. The ultimate tensile strength 
represents the maximum load sustained by the specimen during the test, while the strain at rupture 
indicates the maximum strain endured by the specimen. Poisson's coefficients were obtained by 
correlating the data of maximum and minimum principal strains, which are mutually perpendicular. 
Finally, a transmission electron microscopy (TEM) analysis was conducted to examine the presence 
of clusters in the specimens. 
 
Results and Discussion 
The stress-strain curves for the pure, carbon black, and carbon nanotubes specimens are shown in 
the Fig 1. It is evident from the graph that the incorporation of carbon black and carbon nanotubes 
led to a decrease in the stiffness of the specimens, as evidenced by the lower modulus of elasticity 
compared to the specimens made by pure resin. The reduction amounted to approximately 12% for 
the specimens containing carbon black and 18.4% for those incorporating carbon nanotubes. Table 
1 present the properties obtained from the stress versus strain curves. 
 

  

 
Figure 1 –Stress-strain curves. Pure Resin (a), Resin-Carbon Black (b) and Resin-Carbon Nanotubes (c) 

 
Table 1 – Mechanical properties – mean values. 

Specimen Elastic Modulus [MPa] Maximum Stress [MPa] Poisson’s Ratio 
Pure Resin 3,844.0±273.8 34.1±2.6 0.351±0.094 

Resin-Carbon Black 3,384.9±381.5 33.6±5.7 0.368±0.072 
Resin-Carbon Nanotubes 3,134.4±534.5 31.9±3.4 0.361±0.104 

 

552



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

One possible explanation for this decrease in stiffness can be attributed to the manual 
mixing of the nanoparticles, which may have led to the formation of random clusters of 
nanoparticles in certain regions and internal voids within the epoxy resin matrix, as highlighted in 
red in Fig 2, which the presence of these clusters is clearly visible. In this context, the internal voids 
within the epoxy resin matrix can weaken the material's cross-section against external forces, while 
the random clusters of nanoparticles can act as stress concentrators, promoting the initiation of 
internal fractures in those specific areas.

Figure 2: Carbon black clusters (a) and Carbon nanotubes clusters (b).

The decrease in the modulus of elasticity was accompanied by an increase in its dispersion, 
as indicated by the standard deviation values. Table 1 clearly demonstrates that the dispersion 
increased for the resin samples loaded with carbon black, and this dispersion was further amplified 
in the epoxy resin samples incorporating carbon nanotubes. The proposed hypothesis for the 
increase in dispersion is based on the manual mixing process, which tends to create voids and 
randomly distributed nanoparticle concentrations within the epoxy resin matrix. In the case of the 
pure resin, the dispersion was attributed specifically to limitations in the manual moulding process 
used to manufacture the test specimens. To address this issue, future efforts will focus on increasing 
the number of specimens and improving the moulding technique.

Regarding mechanical strength, the results suggest a slight reduction. This finding aligns 
with existing literature indicating a decrease in mechanical strength associated with the addition of 
nanoparticles to pure epoxy resin. Furthermore, this decrease is accompanied by an increased 
dispersion in the maximum resistance values. However, when comparing the dispersion of values 
between the samples containing carbon nanotubes and those containing carbon black, it is observed 
that the dispersion in the samples with carbon nanotubes was lower. This could be attributed to the 
more regular morphology and uniform size of carbon nanotubes compared to carbon black. Finally, 
the results for the Poisson coefficient indicate that the presence of nanoparticles induces an increase 
in the relationship between longitudinal and transverse strain in the samples. However, the 
dispersion of values for this property remained consistent, regardless of whether the sample 
contained nanoparticles or not. These preliminary findings still require a more comprehensive 
evaluation, including an increased number of samples and a detailed study of the matrix and 
nanoparticle agglomerates.

Conclusions
The preliminary results demonstrate that the incorporation of nanoparticles leads to a reduction in 
the stiffness of the adhesive epoxy resin. This decreases in stiffness is accompanied by an increase 
in the dispersion of the elasticity modulus, which may be attributed to the manual manufacture
process. The manual mixing of nanoparticles within the epoxy resin matrix during this procedure 
can result in the formation of voids and clusters, thus diminishing the strength in localized regions.
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Moreover, the results indicate a decrease in the maximum stress value, along with an increased 
dispersion in the samples incorporating nanoparticles. However, when comparing the dispersion 
between samples containing carbon nanotubes and carbon black, it is evident that the samples with 
carbon black exhibit greater dispersion. This difference can be attributed to the more irregular 
morphology and size of carbon black in comparison to carbon nanotubes. Additionally, the results 
concerning the Poisson's coefficients reveal that the addition of nanoparticles to the epoxy resin 
enhances the correlation between longitudinal and transverse deformations of the samples, while 
maintaining an equivalent standard deviation of the Poisson's coefficient values across the three 
tested materials. Nevertheless, further tests will expand the number of specimens an provide a more 
comprehensive insight. Also, exploring mechanized nanoparticle mixing methods and investigating 
the hypotheses regarding void formation in the resin matrix and the formation of random clusters 
will contribute to a deeper understanding of the impact of nanoparticles on the mechanical 
properties of epoxy resin-based adhesives. 
 
References  
 
1. McIlhagger A, Archer E, McIlhagger R 2020, 3. Processos de fabricação de materiais 

compósitos e componentes para aplicações aeroespaciais, pp59–81. 
2. Engenharia FEG. Aplicação de Fibra de Carbono na Indústria Aeronáutica.  

http://engenhariafeg.com.br/2011/seminarios/a2/a2.pdf. 
3. Banea MD, da Silva LFM, Juntas adesivas em materiais compósitos: uma visão geral. Proc 

Institut Mech Eng Part LJ Mater Des Appl, 2009, 223(1):1–18 
4. Jeevi G, Nayak SK, Abdul Kader M, Revisão sobre juntas adesivas e sua aplicação em 

estruturas compostas híbridas. J Adhesion Sci Technol 2019, 33(14):1497–1520. 
5. Kreuter, Jörg. Nanoparticles—a historical perspective. International journal of pharmaceutics, v. 

331, n. 1, p. 1-10, 2007. doi:10.1016/j.ijpharm.2006.10.021 
6. Santos, Cátia SC et al. Industrial applications of nanoparticles–a prospective 

overview. Materials Today: Proceedings, v. 2, n. 1, p. 456-465, 2015. 
doi:10.1016/j.matpr.2015.04.056 

7. Eslami-Farsani, Reza, et al. "Recent trend in developing advanced fiber metal laminates 
reinforced with nanoparticles: a review study." Journal of Industrial Textiles 51.5_suppl (2022): 
7374S-7408S. DOI: 10.1177/1528083720947106 

8. Allahverdi, Ali, et al. "The effect of nanosilica on mechanical, thermal and morphological 
properties of epoxy coating." Progress in Organic Coatings 75.4 (2012): 543-548. 

9. Rafiee, Mohammad A., et al. "Enhanced mechanical properties of nanocomposites at low 
graphene content." ACS nano 3.12 (2009): 3884-3890. 

10. Singh, S.; Srivastava, V. K.; Prakash, R. Mater Sci Tech. v. 29, p. 1130-1134, 2013. 
11. Ejaz, Hassan, et al. "Effect of functionalised and non-functionalised GNPs addition on strength 

properties of high viscous epoxy adhesive and lap shear joints." Polymer Testing 113 (2022): 
107680. https://doi.org/10.1016/j.polymertesting.2022.107680. 

554



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

EVALUATION OF THERMAL, RHEOLOGICAL AND MECHANICAL 
PROPERTIES OF POLYPROPYLENE COMPOSITES AND GRAPHENE 

NANOPLATELETS WITH DIFFERENT NUMBER OF LAYERS

Giovani B. Berti1, Diego Piazza,2, Bruna F. Bortoli3, Gabriel G. de Lima3, Monique C.R. de Camargo3, Rodrigo 
D. O. Polkowski3, Ricardo F. C. de Albuquerque3, Rosmary N. Brandalise1*

1 – Graduate Program in Process and Technology Engineering
(PGPROTEC), University of Caxias do Sul (UCS), Caxias do Sul, RS, Brazil

2 – UCSGraphene, Universidade de Caxias do Sul, RS, Brazil
3 – Ford Motor Company, Camaçari, BA, Brazil

*rnbranda@ucs.br

Abstract – In this work, the use of graphene nanoplatelets (GNP) as nanofillers was investigated to improve the properties 
of commercially available polymer materials, especially polypropylene (PP). Two types of GNP (20 and 40 layers on 
average) were evaluated in the production of composites, which were added to PP at a mass content of 0.125% by a twin-
screw extrusion process and molded by injection molding. The thermal, mechanical and rheological properties were 
analyzed using techniques such as thermogravimetry (TG), differential scanning calorimetry (DSC), thermal deflection 
temperature analysis (HDT), flow index (MI), impact strength, tensile and flexural stress. The results show that the 
different GNP sizes showed different responses to the analyzed properties. Regarding PP, an improvement in the 
properties of the composite was observed with GNP with an average of 20 layers, such as tensile strength, which increased 
by 7.1%, 12% of elastic modulus in tension, 7.5% in HDT, 2.2% in MI and increased crystallinity. The GNP sample with 
40 layers of media showed improvements of 4.9% in HDT, 13.3% in melt index, and increased crystallinity. Samples 
with 20-layer nanoplates showed improvements in tensile strength, tensile elastic modulus, HDT, and increased 
crystallinity compared to samples with 40-layer nanoplates. Samples with 40-layer nanoplatelets showed higher MI and 
impact strength compared to samples with 20-layer nanoplatelets.
Keywords: graphene nanoplatelets, polypropylene, nanocomposites.
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Introduction
Polymers play an important role in today's society because they are an economical and easy-

to-process option compared to other materials, such as metals. Nevertheless, their physical properties 
limit their use in some applications. Reinforcing polymers with fillers of different sizes makes it 
possible to overcome these limitations and expand their applications [1,2].

The use of graphene and its derivatives such as graphene nanoplatelets (GNPs) is being 
investigated in composite materials. In particular, GNPs are the subject of research due to their 
electrical conductivity, large specific surface area, and robust mechanical properties, as well as ease 
and cost of fabrication and processing compared to other graphene variants [3,4].

Due to the fast and economical process, the melt-mixing process is an industrially useful 
technique for the production of thermoplastic-based nanocomposites. This has significant 
implications for the decoupling of the polymer chains in the molten state, allowing the polymer chains 
to move freely and mix with the discontinuous phase of the composite. The polymer nanocomposites 
prepared by mixing by extrusion (twin screw) exhibit satisfactory dispersion of the fillers and are 
suitable for nanocomposites with low weight fractions of nanofillers (below 9.2% w/w) [1,2].
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In this context, two different types of graphene nanoplatelets (with different average number 
of layers) are incorporated and evaluated in polypropylene matrices in this work, with the aim of 
obtaining composites with improved properties compared to conventional polymer matrices. 

 
Experimental  
Materials and manufacturing  

Polypropylene copolymer CP 442XP supplied by Braskem® (density 0.895 g.cm-3 and melt 
flow index (MFI) 6.0 g.10 min-1. Nanoplatelets UGZ-1004 supplied by UCSGraphene® (20 GNP 
layers, specific surface area 26.09 m2.g-1 and carbon mass > 95%) Nanoplatelets UGZ-1001 supplied 
by UCSGraphene® (40 GNP layers, specific surface area 11.25 m2.g-1 and carbon mass > 90%). 

The PP/GNP composites were prepared as indicated in Table 1 in an interpenetrating co-
rotating twin screw extruder model MH-COR -20-32- LAB (MH Equipamentos). The extruder was 
operated at a speed of 200 rpm and a temperature profile of 160 to 190°C. The material was then 
pelletized and injected into test samples using a LH 150-80 (Himaco) injection molding machine at 
a temperature profile of 170 to 190°C. Table 1 describes the samples and their respective 
formulations. 

 
Table 1. Composition and coding of nanocomposites 

Sample PP (% weight) GNP 20 (% weight) GNP 40 (% weight) 

PP/GNP0 99.875 0.0 0.0 
PP/GNP20 99.875 0.125 0.0 
PP/GNP40 99.875 0.0 0.125 

 
Characterization Methods 
 Prior to testing, samples were stored at 23°C and 50% relative humidity for 48 hours. 

Thermogravimetry (TG) evaluation was performed in the TGA-50 apparatus (Shimadzu) 
according to the ASTM E1131-20 standard, with heating from 23 to 800°C and a heating rate of 
10°C.min-1 in nitrogen atmosphere. 

For differential scanning calorimetry (DSC) analyses, the ASTM D3418-21 standard was 
used, with a DSC50 model (Shimadzu) with an N2 flow of 50 mL.min-1 and a heating rate of 
10°C.min-1 from 23 to 250°C. The crystallinity index of the samples was determined using Eq. 1, 
where ΔHf100% is the enthalpy of fusion of 100% crystalline PP, which corresponds to 209 J.g-1 [5], 
and ΔHf is the enthalpy of fusion of the standardized polymer relative to its content in the mixture in 
J.g-1. 

 
 (1) 

 
 The heat deflection temperature (HDT) was evaluated according to ASTM D468-18 up to a 
deflection of 0.25 mm and a load of 1.8 MPa. The instrument used is the VICAT model (CEAST). 
Three samples of each sample were examined. The melt flow index (MFI) was determined according 
to procedure A of ASTM D1238-20 in a plastomer with balance, model AS200 (Dynisco). 

The flexural strength tests were carried out according to the ASTM D790-17 standard with a 
load cell of 2000 kgf and a speed of 50 mm.min-1. Five specimens of each sample were examined. 
Tensile strength tests were performed according to ASTM D638-14 standard with a speed of 50 
mm.min-1 and a carding cell of 2000 kgf in the equipment already mentioned. Five specimens of each 
sample were evaluated. Both tests were performed in a DL200 (Emic) type equipment. 

Based on the ASTM D256-10 standard, the impact tests were performed with IZOD notch in 
a CEAST device with a 4 J pendulum at a speed of 3.46 m.s-1. For each sample, 10 specimens were 
tested. 
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Results and Discussion 
 Fig. 1(a) illustrates the results of the thermogravimetric curves. It was found that the maximum 
degradation temperatures for the samples PP/GNP0, PP/GNP20 and PP/GNP40 were 465.0, 447.5 
and 469.2 °C, respectively. Compared to sample PP/GNP0, sample PP/GNP20 showed a decrease in 
maximum degradation temperature by 21.7 °C, while sample PP/GNP40 showed an increase in 
maximum degradation temperature by 3.3 °C. 
 

(a)                                                                      (b) 

 
 
 (c) 

Sample HDT (°C) MI (g.10min-1) 

PP/GNP0 49,3±0,9 4,5±0,1 
PP/GNP20 53,0±1,0 4,6±0,1 
PP/GNP40 51,7±0,6 5,1±0,1 

Figure 1. (a) TG curve, (b) DSC, (c) HDT and MI of the samples PP/GNP, PP/NP20 and PP/ 
GNP40. 

 
From the DSC analyzes shown in Fig. 1(b), the samples were found to have no changes in 

melting temperatures (Tm), with 167.8 °C, 167.7 °C, and 167.3 °C for samples PP/GNP0, PP/GNP 
20, and PP/GNP40, respectively. However, the crystallinity index showed an increase compared to 
the sample PP/GNP0. Samples with GNP showed a wider melting event compared to PP/GNP0, 
which can be attributed to the fact that the GNP surface affects the formation and different sizes of 
PP crystals [2,6]. 

The HDT and MI results of the composites are shown in Fig. 1(c). It was observed that the 
flowability increased with the use of nanoplatelets, as did the HDT. This increase is related to the 
high inherent stiffness of the nanoplatelets, their dispersion between the polymer chains, and the 
interfacial interaction between the GNP and the PP matrix. It is important to point out that the GNP 
type used in the PP/GNP20 sample has a specific surface area of 26.09 m2.g-1, while the PP/GNP40 
sample has a specific surface area of 11.25 m2.g-1, which favors the matrix/GNP interaction. 

As for the results of MI analyzes, as expected, it was confirmed that the incorporation of GNP 
into the nanocomposite decreases its flow resistance and increases the MI value. For GNP with 40 
layers and smaller specific surface area, its activity as a processing aid is more evident [6-8]. 

The results of tensile strength and elastic modulus under stress are shown in Fig. 2(a).  
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(a)                                                                     (b) 

 
Figure 2. (a) Tensile strength and (b) flexural and impact strength of the study samples. 

 
It was found that the tensile strength values for samples GNP0, GNP20, and GNP40 were 22.6 

MPa, 24.2 MPa, and 22.3 MPa, respectively. This pattern was also observed in the tensile modulus, 
which was 0.50 GPa, 0.56 GPa, and 0.51 GPa, respectively. The 7.1% increase in tensile strength and 
12.0% increase in elastic modulus for the GNP20 sample compared to PP/GNP0 is related to the 
interaction between the filler and the matrix and the specific surface area of this nano loading. While 
for the PP/GNP40 sample, the 1.3% decrease in tensile strength and 2.0% increase in elastic modulus 
compared to PP/GNP0 is due to the type of GNP used, whose specific surface area is smaller 
compared to GNP20, the interaction between the filler and the PP matrix was reduced [3,9]. 

The results of flexural strength and impact strength are shown in Fig. 2(b). It was found that 
the flexural strength did not differ among the samples and was 24.7 MPa, 23.9 MPa and 23.7 MPa 
for GNP0, GNP20 and GNP40, respectively. On the other hand, the impact strength values were 57.1, 
42.84 and 47.58 KJ.m-2 for GNP0, GNP20 and GNP40, respectively, which may be inversely related 
to the stiffness of the materials. This result suggests that the better interaction between the load and 
the matrix reduces the absorption and dispersion of the impact energy. Thus, the sample containing 
GNP with an average of 20 layers showed better interaction with the continuous phase, which is 
related to its larger specific surface area while occupying less space, than the sample containing GNP 
with an average of 40 layers [3,9]. 
 
Conclusions 
 In this work, differences in properties were presented when graphene nanoparticles with an 
average of 20 and 40 layers were incorporated into PP. As for the thermal properties, the crystalline 
melting temperature did not change, but the shape of the melting process changed with the GNP, as 
well as the crystallinity index was higher for the PP/GNP20 sample. The thermal bending temperature 
and melting index increased with the incorporation of GNP. The incorporation of GNP with 20 layers 
was more efficient for the tensile strength, the same was observed for the modulus of elasticity, while 
the impact strength decreased.  
 
Acknowledgements  

National Council for Scientific and Technological Development (CNPq), Ford Motor 
Company Brazil, University of Caxias do Sul (UCS). 

 
References 
1. S. J. Lee; S. J. Yoon; I. Y. Jeon Polymer 2022, 14, 4733. https://doi.org/10.3390/polym14214733. 
2. S. Fu; Z. Sun; P. Huang; Y. Li; N. Hu Nano Materials Science 2019, 1, 1. 

https://doi.org/10.1016/j.nanoms.2019.02.006. 

558



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

3. K. Bilisik; M. Akter; Journal of Industrial Textiles 2022, 51, 3. 
https://doi.org/10.1177/15280837211024252. 

4. K. Yee; M. H. Ghayesh  International Journal of Engineering Science 2023, 186, 103831. 
https://doi.org/10.1016/j.ijengsci.2023.103831. 

5. H. Barangizi; A. Pawlak; Polymers 2022, 254, 125049. 
https://doi.org/10.1016/j.polymer.2022.125049. 

6. X. Zhao; D. Huang; C. M. Ewulonu; M. Wu; C. Wang; Y. Huang e-Polymers 2021, 21, 1. 
https://doi.org/10.1515/epoly-2021-0039. 

7. Y. F. Zhang; X. F. Lin; H. Hu Polymers for Advanced Technologies 2020, 31, 10. 
https://doi.org/10.1002/pat.4950. 

8. N. H. Md Said; W. W. Liu; C. S. Khe; C. W. Lai; N. N. Zulkepli; A. Aziz Polymer Composites 
2021, 42, 3. https://doi.org/10.1002/pc.25922. 

9. F. Wang; L. T. Drzal; Y. Qin; Z. Huang Journal of Materials Science 2015, 50. 
https://doi.org/10.1007/s10853-014-8665-6. 
 

559



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

EXPLORING THE RHEOLOGICAL PROPERTIES OF WATERBORNE 
POLYURETHANE/CARBON QUANTUM DOTS NANOCOMPOSITES 

WITH PHOTOACTIVE CHARACTERISTICS

Lucas Dall Agnol1*, Fernanda T. G. Dias2 and Otávio Bianchi1,3

1 – Postgraduate Program in Materials Science and Engineering (PGMAT), University of Caxias do Sul (UCS), Caxias 
do Sul, RS, Brazil

agnol.lucasdall@gmail.com and otavio.bianchi@gmail.com
2 – Department of Organic Chemistry, Institute of Chemistry, Federal University of Rio Grande do Sul (UFRGS), Porto 

Alegre, RS, Brazil
3 – Department of Materials Engineering (DEMAT), Federal University of Rio Grande do Sul (UFRGS), Porto Alegre, 

RS, Brazil

Abstract: Incorporating carbon quantum dots (CQDs) into waterborne polyurethane (WPU) can significantly impact its 
rheological behavior, which is crucial for optimizing its performance in applications such as surface coating. This study 
investigated the effect of adding 1.0 wt.% of CQDs on the rheological behavior of WPU. Oscillatory shear measurements 
were conducted at different temperatures (110–180 °C), and the resulting master curves revealed a shear-thinning 
behavior for the materials. Furthermore, both the nanocomposite containing 1.0 wt.% CQDs (WPU1) and the neat 
polymer (WPU0) exhibited practically identical flow activation energy (~ 80 kJ/mol), despite the higher molar mass of 
WPU1 due to CQDs' polyfunctionality. The slight reduction in the system's viscosity due to CQDs' presence can be 
attributed to the sliding effect of small particles (<10 nm) on polymer nanocomposites, seeming not to compromise its 
application as a functional coating.

Keywords: waterborne polyurethane; carbon quantum dots; photoactive coating; viscosity; flow activation energy.

Introduction

Photoluminescent materials have attracted attention for sensing due to their distinct advantages 
over solution-based probes, including excellent stability, ease of transport, storage, recycling, non-
invasive nature, and tunable shape and size. The potential application of CQDs in developing these 
photoluminescent materials has already been demonstrated [1]. These materials' surface hydroxyl and 
carboxyl groups provide excellent solubility in water and organic solvents but hinder their deposition 
as thin films by conventional methods. Moreover, in environments where they are insoluble, these 
nanostructures lose their photoactivity in the solid-state [2]. Using a polymer matrix as support can 
facilitate the application of CQDs and prevent their photoluminescence loss, also providing 
mechanical resistance and catalytic stability to the final material. In this context, WPU emerges as an 
option for CQDs support due to its exceptional mechanical, chemical, and adhesion properties and 
low emission of organic volatiles [3]. Also, the excellent transparency of polyurethane makes it an 
ideal matrix for producing suitable fluorescent materials [1]. WPU is soluble in water, contributing 
to CQDs distribution in the matrix and preserving their photoluminescence activity. During synthesis, 
the polyurethane chains can be chemically linked at the surface of the embedded CQDs to form a 
slightly crosslinked network structure, improving nanocomposite properties [1]. It is known that the 
presence of CQDs can influence the rheological behavior of polymer nanocomposite. At low 
concentrations, the CQDs may not significantly affect WPU rheology. At higher concentrations, 
however, small particles can form aggregates that alter the viscosity of polymer systems. Most works 
and patents on WPU/CQDs mainly report the industrial applications of these systems [4, 5], without 
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deeply investigating the relationship between structure, rheological behavior, and coating 
performance of such materials under their typical service conditions [1]. 

Thus, the current work aims to investigate the effect of incorporating only 1.0 wt.% of CQDs on 
the rheological behavior of the WPU. The film's rheological investigation involved small-amplitude 
oscillatory shear measurements at different temperatures, determination of flux activation energy 
(Ea), and generation of master curves capable of predicting material's performance under particular 
conditions. Indeed, this information will contribute to optimizing processing conditions and designing 
WPU/CQDs nanocomposites with tailored properties that could be applied as functional coatings. 
We need to understand how the addition of CQDs can affect the nanocomposite's flow properties. 
 
Experimental 

Synthesis of CQDs: The CQDs were produced by microwave-assisted pyrolysis of an aqueous 
solution of citric acid (CA; 98.5% purity, Sigma Aldrich) and ethylenediamine (EDA; ≥ 99.5% purity, 
Sigma Aldrich) (1:1 molar ratio) according to [1]. Briefly, the mixture was first ultrasonicated for 
2 min (20 MHz) and then irradiated for 6 min in a domestic microwave oven (650 W). The resulting 
red-brown solid was purified by dialysis in ultrapure water (MWCO membrane of 1000 Da) for 
3 days. Then, the CQDs were vacuum-dried at 65 °C (reaction yield was about 78 %). 

Synthesis of WPU/CQDs nanocomposites: The WPU/CQDs dispersion was initially prepared by an 
oil heating flask reaction of hexamethylene diisocyanate (HDI, ≥ 99% purity, Sigma Aldrich) and 
polycarbonate diol (PCD, 2000 g/mol; UBE Corporation Europe) for 4 h at 80 ºC under nitrogen 
atmosphere. Then, 2,2-bis(hydroxymethyl)propionic acid (DMPA, 98% purity, Sigma Aldrich) was 
incorporated into the –NCO-terminated prepolymer by reaction at 80 ºC for 2 h. Acetone was added 
to control the reaction medium viscosity. Subsequently, the reaction temperature was reduced to 
45 ºC, and triethylamine (TEA, ≥ 99.5% purity, Sigma Aldrich) was added (~45 min) to neutralize 
the carboxyl groups in the prepolymer. Finally, the prepolymer was dispersed in aqueous solutions 
containing 1.0 wt.% CQDs under vigorous stirring (1100 rpm) for 30 min. The stoichiometric ratio 
of HDI/PCD/DMPA/TEA was 3:1:1:1.2. The residual solvents were removed by distillation under 
reduced pressure (60 ºC for 1 h). The dispersion's solids content was about 30% by weight. For 
characterization, WPU/CQDs films were prepared on a Teflon substrate by dispersions drying in an 
oven. Two samples were prepared, one without CQDs, named WPU0 and the other with 1.0 wt.% 
CQDs, named WPU1. This CQDs content was chosen based on the best results of [1]. 

Chemical structure and photoluminescence: The chemical structure, thermal and mechanical 
properties and photoluminescence behavior of WPU/CQDs nanocomposite was shown and discussed 
in detail in Dall Agnol et al. [1]. Here, only the main findings will be punctuated, whose information 
is relevant to understanding the rheological data of these materials. 

Rheological behavior: All rheological measurements were performed on the materials films obtained 
after water evaporation (0.5 mm thickness) in an Anton Paar MCR 101 rheometer (parallel plates 
geometry, 25 mm diameter, 0.5 mm gap) under a nitrogen atmosphere. Small-amplitude oscillatory 
shear measurements were evaluated at 100–180 °C, using angular frequency sweep mode (0.1–500 
rad/s) and strain amplitude of 1% (linear viscoelastic regime). The zero-shear viscosity (η0) was 
calculated by fitting the complex viscosity (η*) vs. angular frequency (ω) data to the Cross model [1]. 
After fitting the η* vs. ω experimental data, the flux activation energy was calculated using the 
Arrhenius equation (Equation 1). This equation is a phenomenological model that relates the reaction 
rate's temperature dependence to the reaction's activation energy (Ea). It can be expressed as: ∗ =  .  (1) 

where ∗ is the zero shear/frequency viscosity obtained by Cross model fit, A is the pre-exponential 
factor, Ea is the activation energy, R is the gas constant, T is the absolute temperature, and e is the 
exponential function. By taking the logarithm of the expression and plotting ln( ∗) vs. 1/T, the Ea can 
be determined from the slope of the resulting straight line. In this case, the Arrhenius equation was 
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used to calculate the flux activation energy, which measures the energy required for the flow of the 
molten WPU/CQDs nanocomposite. From carrying out the rheological experiments at various 
temperatures, it was possible to generate a set of master curves based on the relationship between 
experimental data and a particular reference temperature. Master curves allow the prediction of 
material behavior under temperatures different from those tested, enabling a better understanding of 
material performance in a variety of conditions: ∗( , , ) =  ∗∗[1 + ( ∗ ) + ( ∗ )  ]  (2) 

where, A1, A2 and α are fitted parameters. In this case ∗∗ is the value of the zero shear/frequency 
viscosity obtained by the master curve. 
 
Results and Discussion 

The CQDs as-synthesized presented carboxyl, hydroxyl, and amino surface groups capable of 
interacting strongly with the flexible and rigid segments of WPU, which has been characterized in 
[1, 2]. This work investigated the effect of incorporating CQDs on the molten state rheological 
properties of WPU. Fig. 1 shows the dependence of η* as a function of ω for WPU0 and WPU1. 
Complex viscosity (η*) decreases with the addition of CQDs, especially at low frequencies, which 
may be related to the lubrication caused by nanoparticles [6]. Table 1 shows the rheological 
parameters obtained by fitting Cross's equation to the experimental data. The viscoelastic behavior of 
WPU0 and WPU1 was pseudoplastic, as evidenced by a decrease in viscosity with increasing 
oscillation frequency. The Cross-model adjustments yielded correlation coefficients above 0.9. The 
incorporation of CQDs caused a reduction in the λ values. A high λ value indicates that a relatively 
high oscillatory shear is required to cause structural failure. In contrast, a low λ value corresponds to 
a weaker structure that can be disrupted at lower shear rates (frequencies). Consequently, the 
Newtonian plateau transition occurs at lower frequencies due to the increased viscous dissipation 
induced by CQDs. 
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Figure 1 – Dependence of complex viscosity (η*) as a function of angular frequency (ω) for 

(a) WPU0 and (b) WPU1 
 

Table 1 – Rheological parameters obtained by fitting the Cross equation for WPU0 and WPU1 

Sample T (ºC) 
∗  

(Pa.s) 
λ (s) m R2 

 
Sample T (ºC) 

∗  
(Pa.s) 

λ (s) m R2 

WPU0 

110 6120 0.370 0.49 0.9988  

 WPU1 

110 4491 0.300 0.48 0.9992 
120 3661 0.300 0.40 0.9799  120 2630 0.300 0.38 0.9788 
140 1178 0.140 0.42 0.9955  140 975 0.090 0.43 0.9982 
160 411 0.018 0.40 0.9888  160 271 0.007 0.50 0.9906 
180 148 0.009 0.37 0.9886  180 93 0.001 0.66 0.9648 ∗ : complex viscosity at zero frequency; λ: time-dependent parameter associated with the transition from the Newtonian plateau; m: 

dimensionless (m → 1 = pseudoplastic behavior, m → 0 = Newtonian fluid behavior); R2: correlation coefficient. 
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As expected, the ∗ values decreased with increasing temperature for both WPU0 and WPU1 
systems. However, the WPU1 system exhibited lower viscosities than neat WPU0, despite having a 
higher molar mass according to SEC data (Mn, WPU0 = 26,476 g/mol and WPU1 = 27,066 g/mol, 
polydispersion ~2 for both [1]). This could be attributed to the sliding effect caused by the CQD 
particles, which can favor the polymer chains' flow and reduce the system's overall viscosity. The 
flux activation energy was estimated using Eq. 1 (Fig. 2).

0.0022 0.0023 0.0024 0.0025 0.0026
4

5

6

7

8

9  WPU0
 WPU1
 Linear fit

Ln
 (

)

1/T (K-1)

Figure 2 – Linear fit slope of ln( ∗) vs. 1/T data for Ea determination 

The WPU0 exhibited a flux Ea of 77 kJ/mol, whereas the addition of CQDs led to a slightly higher 
value of 80 kJ/mol for WPU1. This result was unexpected, considering that SEC analyses showed an 
increase in the molar mass of the system with CQDs. However, the polyfunctionality of the CQDs 
had a negligible effect on the flow activation condition. This phenomenon could be attributed to the 
small size of the particles, which could cause a reduction in viscosity as previously reported by [1, 6]. 
In conclusion, CQDs did not significantly affect the flux Ea, despite the larger molar mass of WPU1.
Fig. 3 (a) and (b) schematically illustrate the master curve derived from η* data that depends on 
oscillatory shear (WPU0 and WPU1). To obtain a dimensionless number, log η/η0, viscosity is divided 
by viscosity at zero shear or frequency. Parameter log η/η0 approaches zero when the viscosity is 
shear-independent (Newtonian plateau) and becomes negative in the shear-thinning region.
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Figure 3 –Master curve from η* data for a) WPU0 and b) WPU1

Regarding the master curve adjustment, both samples showed a smaller dispersion of experimental 
points at lower frequencies. The parameters of Eq. 2 were adjusted with R2 greater than 0.9 for both 
samples. The following parameters were obtained for WPU0 (A1 = 0.013, A2 = 3.54 x 10-12, α = 0.45, 
and η0 = 0.96) and WPU1 (A1 = 0.008, A2 = 3.58 x 10-12, α = 0.47, and η0 = 1.01). Assuming that α = 
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1-n, where n is the power index, it can be inferred that both systems exhibit a shear-thinning behavior. 
However, the sliding effect caused by the small particles alters the transition region of the Newtonian 
plateau for the polymeric chain [6]. 
 
Conclusions 

Here, we explored the effect of photoluminescent CQDs on the rheological behavior of a 
waterborne polyurethane nanocomposite synthesized by in situ polymerization. The WPU1 
nanocomposite (containing 1 wt.% CQDs) and the neat polymer showed the same flux activation 
energy (Ea). Furthermore, a master viscosity function was obtained, indicating a shear-thinning 
behavior for WPU0 and WPU1. Interestingly, the addition of small particles such as CQDs (<10 nm 
[1]) leads to a reduction in the polymer nanocomposite viscosity despite the increase detected in its 
molar mass. Other studies also observed a viscosity reduction of the polymer matrix by incorporating 
C-dots [7, 8]. Some mechanisms for this nanocomposite viscosity reduction were pointed out in these 
works, such as the nanoparticles' radius of gyration and polymer molar mass, polymer degradation 
induced by nanoparticles, adsorption of polymers on nanoparticles' surface, free volume  effect and 
particle agglomeration, changes in the entanglement density of polymer chains, and the sliding effect 
caused by nanoparticles with favored chains' flow, which is the mechanism suggested by the authors 
for the WPU/CQDs system. From the results, the incorporation of only 1.0 wt.% CQDs caused a 
slight change in the polymer matrix rheology, both in viscosity and flow activation energy, indicating 
that this nanoparticle content would not affect the WPU/CQDs nanocomposite performance as a 
functional coating. Besides the promising luminescent characteristics of this nanocomposite, it was 
essential to investigate its rheological behavior for applications under high temperatures or thermal 
cycles conditions. 
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Abstract - In this work, Halloysite (Hal) nanoparticles were submitted to plasma treatment under varying conditions –
different gases (N2, O2, Ar and Ar/H2), power and treatment time – and subsequently modified with oregano essential oil 
(OEO) as antioxidant and antimicrobial compound. The modified clay nanoparticles were incorporated in a biodegradable 
matrix of poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV) for the production of active packaging. The OEO 
incorporation efficiency was higher (61.9%) for the sample treated with N2 at 200 W for 2 h. The formation of 
nanocomposites did not significantly change the thermal and mechanical properties of PHBV, but resulted in a more 
controlled release profile, which may be interesting for application in active packaging, which might extend the 
antioxidant and antimicrobial effects of the active compound.
Keywords: Clay nanoparticles. Plasma treatment. Biodegradable polymers. Organic modification. Active packaging.

Introduction 
In a scenario where the production of disposable packaging corresponds to about 30% of the 
production of polymeric solid waste, the use of biodegradable polymers becomes a promising 
alternative for this application. By combining it with compounds that present antimicrobial properties, 
it is possible to produce active packaging that can interact with food in order to increase its shelf life 
due to the antioxidant and antimicrobial properties [1].
Oregano essential oil (OEO) is a substance of natural origin that possess antioxidant and antibacterial 
characteristics. When added to a biodegradable polymer, it can bring new properties to the packaging. 
However, as a highly volatile substance, its controlled release becomes a challenge to maintain the 
concentration necessary to act as an antioxidant in food and inhibit microbial growth. Therefore, the 
immobilization of this compound in clay nanoparticles might overcome these challenges.
Halloysite is a clay mineral with tubular shape and high specific area that allows the incorporation of 
OEO molecules in its structure [2,3]. Additionally, a previous surface treatment by plasma might 
insert new functional groups on its surface in order to favor the Hal-OEO and Hal-PHBV interaction 
and, consequently, promote better properties and a more controlled release of the active compound 
to the food packaging [4].

Experimental 
Plasma treatment and characterization of nanoparticles
Hal nanoparticles were subjected to plasma treatment under different conditions (Table 1). The 
plasma was generated by a radiofrequency (RF) power source and the discharge caused the hollow 
cathode effect on the samples. The treated nanoparticles were characterized by Fourier transform 

565



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

infrared spectroscopy (FTIR) in a PerkinElmer Frontier equipment from 4000 to 450 cm-1 with 4 cm-

1 resolution and 16 scans. 
 
Organic modification and characterization 
Plasma treated and untreated nanoparticles were modified for the immobilization of OEO. The clay 
nanoparticles were mixed with OEO in a 1:4 (w:w) ratio and subjected to an ultrasound process in an 
ice bath followed by the application of the vacuum (two cycles), centrifugation, and drying in a 
desiccator [3]. The modified samples were analyzed by the incorporation efficiency through the 
analysis of OEO volatilization in an oven at 200 °C and by their chemical characteristics by FTIR. 
Evaporation tests were also carried out at 25 °C and 37 °C (ideal temperatures for the growth of fungi 
and bacteria, respectively) [5]. 
 
Nanocomposites preparation and characterization 
The PHBV and nanocomposites were prepared by melt mixing in a Haake Roller-Rotors R600 mixer 
with 8%m OEO and 3%m of Hal [6] at 170 °C and 165 °C for PHBV and the formulations containing 
OEO, respectively. The obtained material was milled and compression molded into films and was 
characterized by differential scanning calorimetry (DSC) in a Netzsch 214 Polyma equipment in the 
range of 40 ºC to 200 ºC at 10 ºC/min under nitrogen atmosphere (40 mL/min). Tensile strength tests 
were performed in accordance with ASTM D638 (Type IV) in a universal testing machine (EMIC 
23-100, INSTRON), with a grip separation of 10 mm/min at 25 °C [7]. For the OEO release tests, 
150 mg of each film composition was immersed in 30 mL of 50% ethanol (v/v) medium, in order to 
simulate foods with a lipophilic character and which can extract lipophilic as alcoholic beverages, 
canned fruits and vegetables, fermented milk, cream, canned cheese and others [6]. The system was 
maintained under continuous stirring in an orbital shaker MK1210 – TR at 25 ºC for 96 h. The amount 
of OEO released was analyzed by UV-Vis spectrophotometry in a Shimadzu UV-1800 equipment. 
After 96 h, an aliquot of 1.6 mL was removed and mixed with 0.4 mL of a 2,2-diphenyl-1-
picrylhydrazyl radical (DPPH•) solution (0.1 mmol/L in ethanol) in the dark for 30 min at room 
temperature, for determination of the antioxidant activity (AA). The test was performed in triplicate 
and the AA was calculated by the difference between absorbance of the DDPH solution and the 
sample, divided by the absorbance of DPPH solution, at 523 nm (determined by UV-Vis 
spectrophotometry) [8]. 
 
Results and Discussion  
Characterization of nanoparticles 
The higher incorporation efficiency of OEO was found for the Hal sample treated with nitrogen at 
200 W for 1.5 h (Hal_N2_200_1.5) (Table 1).  
 
Table 1. Plasma process conditions applied and incorporation efficiency of OEO (IE). 

Sample Gas/Atmosphere Power (W) Time (h) IE (%) 
mHal_N2_90_1 

Nitrogen (N2) 
90 1 54.4 

mHal_N2_90_2 90 2 53.1 
mHal_N2_200_1.5 200 1.5 61.9 
mHal_O2_150_1 Oxygen (O2) 150 1 45.0 
mHal_O2_200_2 200 2 46.7 

mHal_Ar_200_1.5 Argon (Ar) 200 1.5 48.8 
mHal_Ar_H2_200_1.5 50/50 Argon/Hydrogen (Ar/H2) 200 1.5 45.2 

mHal - - - 64.0 
 
This sample was selected for the production of PHBV nanocomposites. The FTIR spectra for pure 
and plasma treated Hal (Fig. 1(a)) exhibits two bands between 3730 cm-1 and 3560 cm-1 related to 
hydroxyl (OH) from its inner surface. A weak band at 2980 cm-1 corresponds to the CH bond of CH2 
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groups and it was found in Hal samples treated with N2 and O2. Furthermore, weak bands were also 
observed at 1370 cm-1 indicating the angular deformation of Si-CH bonds. A band at 1645 cm-1, 
related to the adsorbed water (H2O) was also observed in all samples except those treated with Ar, 
which might indicate the removal of residual moisture in this case [9,10]. In the spectra related to the 
nanoparticles modified with OEO (Fig. 1(b)), the band at 3400 cm-1 found in modified samples 
corresponds to the OH group form OEO, and the bands in the region from 3110 to 2780 cm-1 are 
assigned to the stretching vibration of CH group from OEO, thus evidencing the presence of oil in 
organically modified Hal. 
 
Figure 1. FTIR spectra of a) pure Hal and plasma treated Hal nanoparticles, and b) Hal selected 
samples after modification with OEO.  
 

  
 
In the evaporation tests at 25 ºC and 37 ºC, slight differences were found between the samples, where 
the treatment of Hal with O2 at 200W for 2 h resulted in a lower evaporation rate. This result might 
be related to the insertion of functional groups at the surface of Hal that interacted stronger with OEO. 
The sample selected for incorporation into the polymer was the one that, combined with the highest 
percentage of incorporation, showed a faster release in the beginning of the test, since this 
characteristic might be important for microbial inhibition and antioxidant properties during 
application. 
 
Figure 2. Evaporation test at a) 37 ºC and b) 25 ºC for Hal samples treated with plasma and modified 
with OEO. 

  
 

(a) (b) 

(a) (b) 
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Nanocomposites characterization 
The incorporation of OEO promoted a reduction in melting (Tm) and crystallization (Tc) 
temperatures and in the degree of crystallinity (Xc) of PHBV. Mechanical properties were also 
affected by the plasticizing effect of OEO, with a reduction in modulus and tensile strength for all 
compositions.  
 
Table 2: Thermal and mechanical properties of PHBV compositions. 
 

Sample Tm 
(ºC) 

Tc 
(ºC) 

Xc 
(%) 

Elongation at 
break (%) 

Tensile 
strength 
(MPa) 

Modulus 
(GPa) 

PHBV 174 83 59 1.7 ± 0.1 25.6 ± 2.8 1.75 ± 0.28 
PHBV/OEO 167 72 55 2.0 ± 0.2 18.8 ± 1.5 1.36 ± 0.09 

PHBV/OEO/Hal 168 74 54 2.0 ± 0.2 20.1 ± 1.0 1.18 ± 0.05 
PHBV/OEO/mHal 168 75 54 2.4 ± 0.2 20.7 ± 2.0 1.34 ± 0.07 

PHBV/OEO/mHal_N2_200_1.5 168 72 54 2.1 ± 0.4 18.8 ± 2.8 1.33 ± 0.08 
 
 
Release of OEO and antioxidant activity 
All compositions containing OEO were evaluated by the release kinetics in a simulating medium of 
foods with lipophilic character (ethanol 50% v/v) [11]. All compositions exhibited a gradual and 
controlled release (Figure 3), especially when plasma-treated halloysite was used 
(PHBV/OEO/mHal_N2_200_1.5 composition). This is interesting for the proposed application for 
the food preservation, thus avoiding its oxidation and the growth of bacterial population for extended 
periods [12]. 
 
Figure 3. OEO release in 50% v/v ethanol solution.  

 
 
The high antioxidant activity (AA) of OEO is mainly related to the presence of phenolic compounds 
such as carvacrol and thymol [8]. In this study, this AA was confirmed by values between 47% for 
PHBV/OEO and 53% for PHBV/OEO/mHal composition. Although PHBV/OEO/mHal_N2_200_1.5 
composition presented the slower release profile, its AA was similar to other formulations (48%). 
This result evidence the effectiveness of the OEO released and its prolonged effect due to the higher 
affinity of OEO and Hal provided by the plasma treatment. 
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Conclusions 
In this work, the influence of surface treatment with plasma on halloysite nanoparticles was evaluated 
by the incorporation efficiency of oregano essential oil and its effect on the properties of PHBV for 
the production of biodegradable active packaging. Plasma treatment was effective in inserting 
functional groups on the surface of nanoparticles, influencing the kinetics of oil volatilization due to 
different interfacial interactions. The addition of nanoparticles to PHBV did not change its thermal 
and mechanical properties significantly, but indicated that it is possible to adjust the kinetics of oil 
release in a food simulant medium, an important factor to optimize and extend the antimicrobial and 
antioxidant properties of the compositions. 
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Abstract – Develop heat conductive additives (HCA) for engine oil, paints and polymers is important to electrical and 
electronic industry. The main objective of this work is prepared a new HCA based on graphene oxide (GO) and copper, 
using a simple preparation route. The GO was prepared by electrochemical exfoliation of graphite. Then GO/copper 
composite was prepared by electrochemical reduction of Cu2+ from GO aqueous dispersion. The product was 
characterized by UV-vis spectroscopy, Fourier transform infrared (FTIR) spectroscopy, thermogravimetric analysis (TG), 
X-ray diffraction (XRD), scanning electron microscopy (SEM) and studies of thermal conductivity. The UVvis, FTIR
and SEM confirmed the electrosynthesis of Cu/CuxO. XRD results reveled that Cu was oxidated to Cu2O. TG reveled 
that GO allow the reaction between Cu and nitrogen, at high temperature.
Keywords: Graphene oxide, Copper, Copper oxide (I), Nanocomposite, Heat conductive additives.
Fundings: CAPES, Coordination for the Improvement of Higher Education Personnel.

Introduction
Paints and polymer thermally insulating are important to improve the thermal performance of
materials used in electrical or electronic applications [1, 2]. Engine oil is a conventional fluid with 
lubricant and heat transfer properties employed in various industrial sectors [3]. The growth of the 
miniaturization in the electronic industry makes an increase in the amount of heat generated per unit 
volume. Therefore, is needed to make materials that allow an adequate heat dissipation. In between
the metals the Copper (Cu) has higher values of thermal conductivity (TC). But the TC is an 
anisotropic property and to Cu its values differ little in different directions. Therefore, the objective 
of researchers is used different fillers, such as graphite, graphene oxide and graphene to enhance the 
anisotropy of the thermal conductivity of Cu. Graphene/Cu composites are the more interest due to 
higher values of anisotropic thermal conductivity of Graphene, in-plane of 4000–5000 W/mK and 5-
20 W/mK through plane [4, 5].
In this paper, we realized a new and efficient route of preparation of graphene oxide/copper composite 
as a heat conductive additive for engine oil, paint, and polymer compound. Firstly, of graphene oxide 
(GO) is prepared by electrochemical exfoliation of graphite. Then, is realized the electrochemical 
reduction of Cu2+ to Cu, in the presence of aqueous dispersion of GO. The GO, Cu/CuxO, and 
GO/Cu,CuxO nanocomposites were characterized by physical chemistry methods, such as, UV-vis 
spectroscopy, Fourier transform infrared (FTIR) spectroscopy, thermogravimetric analysis (TG), X-
ray diffraction (XRD), scanning electron microscopy (SEM) and studies of thermal conductivity.
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Experimental 
Preparation of GO by electrochemical exfoliation  
The graphene oxide was prepared by electrochemical exfoliation of graphite using anodic method.  
Graphite (density 2.45 g/cm3, of commercial source) was use as anode and cathode of electrolytical 
cell. The electrodes were immersed in 0.5 M sulfuric acid electrolyte solution. Exfoliation occurred 
by applying a direct current voltage of +3 V for 10 minutes, using a Power Supply Mod. FA-3005 
1-channel digital. Then the voltage was increased to +2 V for 5 minutes and step by step increased 
(staying 5 minutes each voltage) up to +7V. The yield of graphene oxide (GO) produce was 
determinate by mass difference of electrolytical cell before and after electrochemical exfoliation. 
The aqueous dispersion of graphene oxide was kept under ultrasonic bath during 6h to increase 
efficiency the exfoliation of graphite oxide to GO. Finally, GO dispersion solution was filtered to 
gravity, and it was broadly washed with distilled water until pH=7. The GO powder was dried in an 
oven with forced air circulation at a temperature 100° (Venticell brand). 
 
Preparation of GO/Cu, CuxO nanocomposites 
The powder of GO was physical blend to different amount of copper sulfate heptahydrated (CuSO4 
7H2O) (from Sigma Aldrich). The different concentrations GO/Cu (wt/wt) was prepared considering 
the mass of Cu in CuSO4.7H2O, 100/0, 70/30, 60/40, 50/50, 30/70, 20/80, 15 /85, 10/90, 5/95 & 0/100. 
The GO/Cu, CuxO nanocomposite was realized by electrochemical reduction of Cu2+ to Cu in the 
presence of GO using two wire platinum Pt electrode as anode and cathode under magnetic agitation 
900 rpm. The electrochemical reduction was realized at constant current 50 mA using a Power Supply 
Mod. FA-3005 1-channel digital, for 1 hour. After electrochemical reduction the GO/Cu, CuxO 
dispersion solution was filtered to gravity and broadly washed with distilled water. The GO/Cu, CuxO 
nanocomposite powder was dried in an oven with forced air circulation at a temperature 100° 
(Venticell brand). 
 
Physical Chemical characterization of GO and GO/Cu nanocomposites 
The GO, Cu and GO/Cu,CuxO nanocomposite were characterized by UV-Vis, FTIR, TG and XRD. 
A Cary 50 Varian UV-Vis spectrometer was used in the characterization of aqueous dispersion of 
GO, Cu and GO/Cu, CuxO composite. The UV-Vis was carried out in quartz cells the spectra were 
collected from 250 to 500 nm. All samples were analyzed through FTIR Shimadzu IRTracer 100 
spectrometer by KBr pellet method. The FTIR spectrum was obtained on absorbance mode and was 
scanned registering the spectrum with 30 scans at a resolution of 8 cm−1, from 4000 to 650 cm−1. TG 
measurements were carried out using a TGA-60, Shimadzu at a constant heating rate of 10 °C min−1 
from 25 to 1000 °C under nitrogen atmosphere (25 mL.min-1). 
Powder X-ray diffractograms were collected at room temperature (25 oC) using a X’Pert PRO, 
Malvern Panalytical, Cu Kα radiation (λ = 1.5417 Å) source, operating at 40 kV and 40 mA. Powder 
diffractograms were collected over an angular 2θ range between 5° and 90° (2 θ) with a step size of 
0.02° and scanning speed of 2 sec/step. SEM was conducted by EVO MA15 (Zeiss), operating at 20 
kV. 
 
Results and Discussion 
The results obtained show the reactivity of Cu obtained with the oxygen generated during water 
electrolysis. The Table 1 shows comparatively the amount ratio of GO/Cu prepared and the 
concentration ratio GO/Cu,CuxO nanocomposite obtained by way electrochemical. 
The UVvis spectrum of GO/Cu composite dispersed in distilled water is show in the Fig 1a. The 
UVvis spectrum of GO shows a maximum at 267 nm attributed to the electronic transition of the 
molecular orbitals  → ∗, present in the graphene [6]. The  → ∗ electronic band is observed in 
the GO/Cu composite at lower wavelength. The UVvis spectrum of Cu/CuxO composite shows a 
broad band. This band is due to overlapping between the plasmon resonance band of nanoparticle and 
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interband transition. The interband transition is accept as the band electronic transition from 3d to 4s 
orbital [7]. 
 
Table 1. Values of mass initial of GO to 0.005g of Cu in CuSO4*7H2O and amount (g) of GO/Cu composite 
obtained by electrolysis.  

GO (g) GO/Cu (g) Concentration of 
Cu,CuxO (%) wt/wt Nomenclature of samples 

0.0000 0.6624 100.00 Cu, CuxO 100 
0.0026 0.6333 99.59 GO / Cu 99.6 
0.0056 0.4900 98.86 GO / Cu 98.9 
0.0088 0.4829 98.18 GO / Cu 98.2 
0.0125 0.4819 97.41 GO / Cu 97.4 
0.0214 0.505 95.76 GO / Cu 95.8 
0.0500 0.6152 91.87 GO / Cu 91.9 
0.0750 0.5573 86.54 GO / Cu 86.5 
0.1164 0.5924 80.35 GO / Cu 80.4 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. UVvis spectrum (a) and XRD (b), of samples GO, GO/Cu 95.8 & Cu,CuxO 
 
The XRD patterns of the GO (Fig. 1b) exhibits broad peak near 2  ~22,5° assigned to sheets of 
graphene [8]. The peak in 2  ~26,6° correspond to graphite phase. The XRD patterns of GO/Cu 95.8 
nanocomposite show the characteristics peak of GO & Graphite phases and the diffraction peaks of 
Cu and Cu2O [9, 10].  
The SEM image of GO (Fig 3a) exhibits regions like sheets with wavy folds and other regions of 
higher density relatives to sheets stacked [8]. Fig 3b shows Cu and Cu2O with morphologies of grains 
aggregates on surface of sheets stacked of GO. The SEM image of Cu, Cu2O nanocomposite (Fig 3c) 
exhibits great aggregates of grains and fine dendritic structure with branches of about 1-2μm [11]. 
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Figure 3. SEM images of GO (a), GO/Cu 95.8 (b) & Cu, CuxO. 
 
Conclusions 
We can conclude that electrosynthesis method was satisfactory to obtained cupper & Cu2O 
nanoparticles, as confirmed by UVvis and FTIR. The XRD pattern shows that jointly to Cu is obtained 
Cu2O. The SEM images shows a dendritic structure to Cu nanoparticle and a homogeneous 
distribution of Cu and Cu2O on sheets stacked of GO. TG analysis shows the reaction between Cu 
and gaseous nitrogen in the presence of GO. 
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Abstract - Electrophoretic deposition (EPD) is an important coating technique that has stood out for being more 
economical and more ecological than other techniques. This technique has been used to deposit graphene oxide (GO) on 
several substrate types, mainly on conductive metallic substrates. Polymeric substrates have been little explored. Thus, 
this work aimed to deposit GO on a copper substrate (Cu) and polypropylene (PP) substrate using EPD with direct 
current. The samples were characterized by optical microscopy (OM) and Fourier Transform Infrared spectroscopy 
(FTIR). The OM analysis showed that the deposition on Cu was more effective than on the polymeric substrate, which 
had only punctual deposits. In FTIR, some characteristic GO bands appeared in the Cu sample, and only one band 
appeared in the PP sample. Thus, the deposition on the conductive substrate, although not homogeneous, formed a 
better deposit on the surface. For the PP sample, the deposition was not successful.
Keywords: Electrophoretic deposition. Graphene oxide. Copper. Polypropylene.
Fundings: The authors acknowledge the financial support provided by FAPESC and CAPES.

Introduction
Electrophoretic deposition (EPD) is an important technology for coating surfaces with thin films 
from suspensions. In EPD, charged particles suspended in a liquid medium are attracted and 
deposited on a conductive substrate of opposite charge in applying an electric field, usually direct 
current (DC) [1]. This technique is more viable and ecological than other deposition processes since 
it is possible to conduct it using aqueous solutions [2]. Thus, it is widely used to prepare GO thin 
films for various applications such as coating against corrosion, improvement of tribological 
properties, and hydrogen storage [3-5]. Thus, by associating graphene derivatives with substrates of 
different materials through EPD, it is possible to obtain a substrate with improved and even 
different properties.
Furthermore, it is essential to emphasize that the choice of substrate depends on the applications, 
and it is expected that the deposition is homogeneous so that there is consistency of properties 
throughout the entire film, which has good adhesion and stability. Regarding substrates, conductive 
metallic substrates are the most exploited in EPD depositions.
One of the most widely used substrates is copper (Cu). In addition to being an excellent thermal and 
electrical conductor, copper is used in several applications, mainly in the manufacture of electrical 
products and industrial equipment [6]. Thus, GO is deposited as a thin film on its surface for 
various purposes, mainly as an anti-corrosion agent [3,6]. In this way, GO can prevent the diffusion 
of harmful materials to the metallic surface or even promote the generation of a passivation layer 
[7]. 
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Thinking about exploring other substrate possibilities within this area, the EPD process for 
polymeric substrates was analyzed. Polypropylene (PP) was chosen due to its wide range of 
applications. PP is a polymer widely used industrially, as it has a good balance between general 
properties, processability and cost [8]. In addition, it has good resistance to pH, thermal, chemical 
and solvent stability [9]. PP has been widely used as a dielectric material in organic thin-film 
capacitors due to its high breakdown strength, low dielectric loss and self-healing capability [10]. 
However, little has been studied about its coating with GO, mainly through the EPD technique. 
Thus, this work aimed to conduct an initial study of the behavior of GO deposition on different 
substrates, one conductor and one non-conductor, using the EPD technique with direct electric 
current. For this purpose, the homogeneity of GO deposition on Cu substrate (CuOG) and on PP 
(PPOG) was evaluated. This work seeks to contribute to the deposition step. Once this step is 
successful, other works can explore the applications of combining the substrate with a GO film on 
the surface. 
 
Experimental  
Electrophoretic deposition 
Before the deposition, the graphene oxide suspension was prepared in deionized water at 1 mg/mL. 
Then, the solution was homogenized in a sonicator tip (Sonics VCX 750) for 1 h and 20 min. The 
conductivity and pH of the suspension were measured. The materials used in the electrophoretic 
deposition were PP film and Cu plate with dimensions of 4.5 x 3.5 cm each. The PP film was 
prepared from pellets pressed with 2 tons in a hydraulic press heated to 180 °C for 2 min e 30 s. For 
the deposition, the Supplier DC Power Source was used. The reactor consisted of two graphite 
electrodes spaced 4 cm apart. The deposition was carried out under direct electric current (DC), 
with a voltage of 50 V for 5 min. The entire deposition process was conducted using an ultrasonic 
bath at 30 kHz to promote agitation of the suspension. In addition, a digital oscilloscope was used to 
monitor current and voltage. After deposition, substrates were dried at room temperature for 24 h 
and then characterized. Fig. 1 shows a schematic diagram of the EPD setup. 

 
Figure 1 – Schematic diagram of the EPD setup. 

 
Optical microscopy (OM) 
Optical microscopy aimed to verify the surface of the substrate before and after deposition to verify 
the deposition of GO, as well as its homogeneity and possible points without deposition.  
 
Fourier Transform Infrared Spectroscopy (FTIR) 
Fourier Transform Infrared Spectroscopy analysis was performed on the GO, on the PP film and on 
the substrates after deposition to verify possible changes in the leading bands and verify the GO 
deposition. The spectra were performed with 32 scans from 4000 to 400 cm-1, with a resolution of 4 
cm-1 and in transmittance mode.  
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Results and Discussion  
Electrophoretic deposition 
The graphene oxide suspension was successfully prepared. Some measurements were performed to 
determine the solution's behavior before the EPD process. The measured suspension conductivity 
was 109.89 μS/cm, the pH was 5.40, and the suspension temperature was 25 °C. After 1 h and 
20 min of sonication of the suspension, an apparently stable suspension was obtained. The 
suspension temperature remained constant throughout the process. After deposition, the samples 
were washed with deionized H2O to remove excess GO and the nanoparticles that were not well 
adhered. Fig. 2 shows the Cu substrate before the EPD process (Fig. 2A), after the EPD process 
(Fig. 2B), after washing with deionized H2O (Fig. 2C) and the PP substrate before and after the 
EPD process (Fig. 2D-E). 
 

 
Figure 2 –Cu substrate A) before the EPD process, B) After the EPD process, C) After washing, D) PP 
substrate before the EPD process and E) After the EPD and washing process. 
 
Analyzing Fig.2, it is possible to see that after washing the sample with water, there was a reduction 
in the presence of GO on the surface. The same behavior was observed for the PP samples. This 
indicates that the GO deposited on the surface was not fully adhered to the substrate. It is also 
observed that the deposition was neither homogeneous nor robust.  
 
Optical microscopy (OM) 
Fig. 3 shows the surface of Cu before deposition (Fig. 3A), after deposition (Fig. 3B), and the 
surface of PP after deposition (Fig. 3C). The surface of PP before deposition was not shown as it is 
transparent. 

 
Figure 3 – Microscopy image of A) Cu substrate before deposition, B) After deposition and C) PP substrate 
after deposition. 
For the Cu sample (Fig. 3B), it is observed that there are spaces in which there was no deposition, 
that is, the deposition was not homogeneous. This is believed to have been caused by water 
hydrolysis during deposition. Using voltages above the thermodynamic oxidation and reduction 
voltages of water, electrochemical reactions occur at the electrodes and generate O2 and H2 gases, 
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so these gas bubbles can be incorporated into the deposit and result in damaged coatings and poor 
quality [2]. Studies carried out by Chávez-Valdez et al. (2012) [11] deposited TiO2 nanoparticles in 
aqueous suspensions on stainless steel foils by EPD. They found that the coating suffered damage 
due to the formation of gas bubbles, even using a voltage of 5 V for 1 min. Another factor that may 
have hindered the deposition is the distance between the electrodes of 4 cm, while the literature 
works with 1 cm [3,11]. The greater the distance between the electrodes, the smaller the electrical 
force. 
Regarding the polymeric substrate, the deposition was not successful. It is observed in Fig. 3C that 
there were some punctual deposits, although visually, it seems that the deposition was on the entire 
surface (Fig.2E), it did not form a film. In this case, it is believed that it is linked to the conductivity 
of the substrate, as PP is not conductive. Substrate conductivity is a critical parameter for EPD 
deposition quality; thus, low conductivity leads to non-uniform film and slow deposition [1]. 

Fourier Transform Infrared Spectroscopy (FTIR)
FTIR analyses for GO (Fig.4A), the copper substrate after deposition (Fig.4A), PP (Fig.4B) and PP 
after deposition (Fig.4B) are shown below. 

Figure 4 – FTIR spectrum of A) graphene oxide and copper substrate after deposition and B) graphene 
oxide and polypropylene before and after deposition.

The FTIR for GO showed a broad absorption band at 3437 cm-1 that can be attributed to the O-H 
stretching vibration, furthermore, the presence of water molecules interspersed between the layers 
of GO broadens this band [12, 14]. Another bands showed for GO are the C-H stretching that shows 
two sharp peaks at 2922 cm-1 and 2850 cm-1, a band at 1719 cm-1 is attributed to the -C=O vibration 
modes of carboxyl groups that were linked in the surface of nanoparticles after oxidation, a band at 
1578 cm-1 is associated with vibrations of non-oxidized regions (C=C) and a band at 1070 cm-1

corresponds to C-O stretching [6, 12-14]. The presence of oxygen functional groups confirms that 
graphene was oxidized. Furthermore, the curve profile was similar to the literature's [14]. For the 
Cu sample (Fig.4A), some characteristic bands of OG appeared, such as two sharp peaks at
2917 cm-1 and 2847 cm-1 related to C-H stretching, the band 1719 cm-1 assigned to the -C=O 
vibration modes and the band at 1575 cm-1 associated with the C=C vibrations. This can be 
indicative of the presence of GO on the surface, corroborating with the OM analysis that indicates 
the presence of GO on the surface. 
For PP and PPOG samples (Fig.4B), the characteristic bands of PP appeared at 2950 cm-1 and
2875 cm-1 representing, respectively, asymmetric CH3 stretching and CH3 stretching, a band at
2918 cm-1 representing asymmetric stretching CH2 and flexion symmetric CH3 at 1377 cm-1 [15]. 
For the PPOG sample, there was the appearance of a very subtle band at 1575 cm-1, which can be 
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attributed to the C=C vibrations present in the GO sample. However, the deposition of GO in PP 
was punctual, therefore, some regions in which there was not a large amount of deposit could have 
been analyzed, but in any case, this result was expected since the deposition was not effective.  
 
Conclusions 
From the visual analysis of the samples after deposition, it is possible to verify that some deposition 
occurred since, even after washing, there was GO on the surface. The OM analysis corroborated 
with the previous analysis, however, from it, it was possible to verify that the deposition on the PP 
was only punctual, it did not form a film on the surface, indicating problems in the adherence of the 
GO by the surface. The lack of conductivity of the PP substrate may have caused this. As for the Cu 
substrate, the deposition was better, however, not homogeneous, possibly resulting from water 
hydrolysis or the electrodes distance. In the FTIR analysis, some bands characteristic of the GO in 
the Cu sample appeared, while for the PP, there was only the appearance of a subtle band. Thus, the 
deposition on Cu was more successful, it is believed that it is crucial to explore the process 
parameters to improve the deposition, as for the PP substrate, the deposition was not as expected, so 
it is believed that it is necessary to replace it, by a conductive polymeric substrate.  
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HYBRID MATERIALS BASED ON CHITOSAN/MAGNETITE/SILVER
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Abstract – The aim of this work is to produce and characterize hybrid materials based on chitosan (CHI), magnetite
(Fe3O4), and silver nanoparticles prepared by different methodologies and the use of those materials in the adsorption
and (photo)degradation of methyl violet 2B (MV 2B) dye from aqueous solution. The synthesis of the hybrids was
successful and confirmed by FTIR with the appearance of characteristic bands of the components. The hybrids were
applied to the adsorption and degradation of MV 2B dye in aqueous solution in combination with hydrogen peroxide
(H2O2) and ultraviolet (UV) radiation, and the remaining amount of dye in solution was analyzed by UV-Vis
spectrophotometry. The results showed a high efficiency of the hybrids, mainly when combined with H2O2 and UV
radiation. Based on the preliminary results, hybrids can be highlighted as a promising material for the proposed
application, which can be enhanced when used in conjunction with agents that promote the degradation of dyes.

Keywords: Chitosan. Hybrid materials. Adsorption. Photocatalysis. Dyes.

Introduction

The presence of dyes in water and wastewater is a significant environmental problem, as these
substances can persist in the environment for long periods and cause adverse effects on human
health and aquatic ecosystems. Dyes are often used in industrial processes including textiles, paper
production, and inks, being released in the effluents and polluting rivers, lakes, and oceans [1]. The
presence of dyes in water can affect the penetration of sunlight, gas exchange, and oxygenation, as
well as alter the chemical composition of water, impairing the survival of aquatic species and
reducing water quality. Therefore, it is essential to develop water and wastewater treatment
technologies that can remove or degrade these substances to protect the environment and ensure
public health [2].
Numerous methods have been developed to mitigate such damages. These methods can be divided
into three categories: physical, chemical, and biological. Currently, the most applied method is
through the adsorption of the dye using activated carbon, but other adsorbents such as chitosan are
gaining attention due to its versatility, high efficiency, and cost-effectiveness. Chitosan is obtained
from chitin, a natural polymer found in crustaceans, and is essentially a low-toxicity, biocompatible,
and biodegradable polysaccharide with a high potential for dye removal. When combined with
magnetite (Fe3O4, or MGT) and silver nanoparticles (AgNPs), the obtained material might exhibit a
higher specific area [3] due to the presence of nanoparticles on its surface, magnetic properties that
facilitates its recovery after use, and photocatalytic activity to promote degradation of dyes [4].
In this work, these hybrids materials – combined or not with hydrogen peroxide (H2O2) and UV
radiation – were applied in adsorption and (photo)degradation tests for the methyl violet 2B (MV
2B) dye with the aim of analyzing and compare their efficiency.
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Experimental
Synthesis of magnetite
The synthesis of MGT was based on the method of Duan et al [5]. Two 50 mL solutions were
prepared, one with 0.507 g of FeCl2 and 0.504 g of FeCl3. Both solutions were mixed under argon
atmosphere and magnetically stirred for 2 h. After this time, the flask was placed in a glycerol bath
at 50 °C for 30 min. Then, 13 mL of NaOH 1 mol/L solution were added and the mixture was
stirred for 30 min at 90 °C. The flask was removed from the bath and cooled to room temperature.
Finally, the magnetite was centrifuged for 10 min and washed with distilled water until neutral pH.
Finally, magnetite was dried at 50 °C for 24 h in an oven.

Preparation of the hybrids
The production of CHI, MGT, and AGNPs hybrids was divided into two methods, proposed by
Yeamsuksawat, Zhao, and Liang et al. (2012) [6] and Torezan et al. (2023) [7]. Method 1 (M1)
begins with the dispersion of 0.4 g of MGT in 30 mL of the previously prepared CHI solution
(1.5% w/v) in acetic acid (5% v/v). Then, this solution was dripped into 60 mL of mineral oil and 1
mL of Tween 80, and stirred for 10 min, followed by the addition of 6 mL of 25% (v/v)
glutaraldehyde and stirred for 1 h. The particles were then washed with petroleum ether, sodium
bisulfite, and acetone. For the synthesis and impregnation of AgNPs, 0.75 g of the hybrids were
dispersed in 15 mL of DMF at 50 °C for 10 min. Then, a solution of 10 mL of DMF with 1.8 g of
glucose was added and stirred for 1 h. Then, 10 mL of DMF with 0.06 g of AgNO3 were added at
10 min intervals in increments of 2 mL. The hybrids obtained were washed with distilled water and
ethanol and dried in an oven at 50 °C for 24 h. For Method 2 (M2), firstly 0.0072 g of AgNO3 were
added to 0.6 mL of distilled water. This solution was added to the chitosan solution (1.5%) and
stirred at 50 °C for 10 min. Then, 0.0288 g of glucose in 0.6 mL of distilled water were added. After
10 min, a solution of NaOH 0.005 mol/L was added, and the solution was stirred for 25 min. Then,
0.4 g of magnetite was dispersed in 30 mL of CHI/AgNPs dispersion. After this stage, the M2
hybrid was crosslinked following the procedure described for M1.

Characterization of the hybrids
The hybrids obtained were characterized by their chemical characteristics through the determination
of the pH at the point of zero charge (pHpzc) [8] and Fourier transform infrared spectroscopy (FTIR)
analysis. For the pHpzc test, 0.01 g of each material was placed into 10 falcon tubes with 5 mL of
NaCl solution with initial pH values from 2 to 11 (adjusted with HCl and NaOH). After 24 h
stirring, the final pH was determined. FTIR analysis was performed in a PerkinElmer Frontier
equipment with a resolution of 4 cm-1 and 16 scans from 4500 cm-1 to 450 cm-1.

Adsorption and (photo)catalytic activity
For the adsorption tests, 40 mg of hybrids were added to 10 mL of dye solution (35 mg/mL). For
the degradation tests, 10 mL of dye solution was mixed with 40 mg of hybrids and 0.7 mL of
hydrogen peroxide, in the presence or absence of UV light. All these preliminary tests were
performed for 15 min at room temperature. For the removal efficiency, UV-Vis spectrophotometry
analyses were performed in a Shimadzu 1800 equipment.

Results and Discussion
Characterization of the hybrids
The determination of pHpzc was aimed to understand how the hybrids interact with the adsorbate
(dye) and how the surface charge of the materials affects its adsorption. When the pH is above the
point of zero charge, the surface carries a negative net charge, and below the point of zero charge,
the net charge is positive. This occurs because the electric charge on the surface of particles or solid
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surfaces is determined by the functional groups present on the surface, which can be ionized in
solution [8]. From Fig. 1, it is possible to observe that the pHpzc of pure chitosan (8.0) decreased to
5.3 for the hybrids produced by M1 and to 1.8 for M2. These results indicate that the preparation
procedure and the distribution and organization of MGT and AgNPs in the hybrids interfere in its
surface characteristics. Further studies should be carried out to clarify the effect of each constituent
in the material’s surface characteristics.

Figure 1: pHpzc results for (a) pure chitosan, (b) M1 hybrids, and (c) M2 hybrids.

FTIR analysis was used to identify the characteristic bands of the main compounds of the hybrids.
From Fig. 2, the characteristic bands of each material could be observed: an intense band around
1650-1655 cm-1 attributed to the angular deformation of amide I (C=O) [4] characteristic of CHI, a
band at 1730 cm-1 for crosslinked materials due to the C=N bond with glutaraldehyde, and the band
around 580-590 cm-1 attributed to the vibration of the Fe-O bond characteristic of MGT [10].
However, the AgNPs did not show any band because it cannot adsorb the infrared region [6].

Figure 2: FTIR spectra (a) pure CHI, CHI (M1), CHI/AgNPs (M1) and CHI/AgNPs (M2), and (b) CHI
(M1), CHI/MGT (M1), CHI/MGT/AgNPs (M1) and CHI/MGT/AgNPs (M2) .

Adsorption and (photo)catalytic activity
Initially, the various combinations of materials were compared by their removal efficiency by using
the combination of H2O2 and UV radiation (Fig. 3 (a)). Adsorption tests were also conducted by
applying UV, H2O2, and the combination of both to a dye solution (Fig. 3 (b)) without the use of any
material, with the aim of analyzing the need for the application of the hybrids. It was possible to
infer that the combination of chitosan with MGT or AgNPs (used individually) provided interesting
results (even better than hybrid M1). However, the materials without MGT presented some
limitations regarding their recovery from the aqueous solution after treatment. Therefore, hybrids
M1 and M2 were selected for further studies.
In Fig.4, one can analyze the use of hybrids under different conditions, where the best result was
obtained with the application of the complete set, that is, the combined use of UV light and
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hydrogen peroxide. An adsorption test was also performed, which obtained the lowest removal
efficiency compared to other tests.
Figure 3: (a) Photodegradation tests using varying combinations of materials. (b) Photodegradation tests
using UV, H2O2 and UV + H2O2

Figure 4: Dye removal tests using M1 and M2 hybrids under different conditions.

In Fig.5, the dye removal efficiency was evaluated through the reuse of the hybrids. For these tests,
the materials were collected, washed with distilled water and ethanol, and dried for further reuse.
M1 hybrid presented similar removal efficiency up to two reuse cycles, whereas M2 hybrid had a
decrease after the first reuse, reaching similar removal levels of M1 hybrid after four cycles.

Figure 5: Dye removal efficiency after reuse cycles.

Conclusions
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The synthesis of hybrid materials based on chitosan, magnetite, and silver nanoparticles was
successful. The quantity, the order of addition of reactants, and the organization of them in the
hybrids promoted changes in their surface characteristics, especially in the pHpzc. The preliminary
tests regarding the adsorption and (photo)catalytic activity showed that all combinations of chitosan
had good efficiency in removing MV 2B from aqueous solution. However, hybrid materials present
the advantage of easy recovery after treatment through the application of an external magnetic field.
Furthermore, the M2 hybrid exhibited removal rates above 98% and maintained a good efficiency
after the first use. New tests will be carried out for the optimization of the process and the
determination of the removal kinetics. Nevertheless, the hybrid materials show promising
characteristics for applications in water and wastewater treatment.
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Abstract – In this work, we enhanced the hydrophobicity of polystyrene (PS) electrospun membranes through the 
incorporation of stearic acid (SA). Once the electrospun parameters of PS (flux of 1 mL/h, distance of 14 cm, 19 kV)
were optimized for a rotary collector, we added SA on varying mass proportions (10%, 20%, and 30%) to the PS 
solution. All samples were characterized through scanning electron microscopy (SEM), Fourier Transform Infrared 
(FTIR), X-ray diffraction (XRD), thermogravimetric analysis (TGA), and contact angle. The membrane with the 
highest hydrophobicity was the one with 20% of SA

Keywords: Polystyrene. Stearic acid. Electrospinning. Hydrophobicity.

Introduction 
Electrospinning is a technique where polymer fibers are produced after an electrical field is 

applied to a polymeric solution [1]. This methodology has attracted the attention of the scientific 
community for allowing the simple and economical preparation of flexible membranes with a high 
surface area [2]. Polystyrene (PS) is an interesting material to electrospun since it can lead to low-
cost hydrophobic fibers that exhibit good mechanical properties [3]. In addition, the PS fibers can 
be easily modified through the incorporation of organic materials, such as stearic acid, resulting in 
fibers with reduced surface energy and increased hydrophobicity [4, 5].

Stearic acid (SA) is a cheap, simple, and environmentally friendly organic material that 
presents a high hydrophobicity. When dissolved in an aqueous medium, SA causes physical and 
chemical changes in the liquid-air interface, lowering the surface energy and increasing its
hydrophobicity [3]. In this work, we aimed to prepare and characterize stearic acid-containing
(PS/SA) polystyrene membranes, evaluate their hydrophobicity, and examine their use in the 
removal of non-polar organic contaminants.

Experimental
The composite membranes of polystyrene (Sigma-Aldrich, USA) and stearic acid 

(Dinâmica, Brazil) were synthesized by electrospinning. For this, we first dissolved PS in 
dimethylformamide (DMF) (Química Moderna, Brazil), resulting in a 20% w/v solution. Then, we 
incorporated different concentrations of SA (10%, 20%, and 30% w/v) on the solution and kept it 
stirring for 5 hours at room temperature. Afterward, we placed each solution in a syringe with 18G 
stainless steel needle (Beckton Dickinson, USA) and allowed the electrospinning process to occur 
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for 3 hours, which resulted in the PS_10%SA, PS_20%SA, and PS_30%SA membranes. We
adopted the following operational parameters: a 1 mL/h flux provided by a NE-4000 syringe pump
(New Era, USA), 19 kV voltage supplied by a homemade power source, a distance of 14 cm from 
the needle to a rotary collector, the temperature of 18 °C, and relative humidity close to 50%. The 
materials were characterized by a MIRA3 scanning electron microscope (TESCAN, CZ), Fourier 
Transform Infrared (FTIR) (Shimadzu, Japan), X-ray diffraction (XRD) (Rigaku, Japan), TGA2
thermogravimetric analysis (TGA) (Mettler Toledo, Switzerland), and a CAM 200 contact angle
meter (KSV, Finland).

Results and Discussion
The morphology of PS, PS_10%SA, PS_20%SA, and PS_30%SA membranes can be seen 

in the scanning electron microscopy (SEM) images shown in Fig. 1, where it is possible to observe 
the presence of beads and an increase in the fiber roughness, as a result from the incorporation of 
SA. In addition, it can be also noted the absence of defects and ruptures along the length of the 
fibers.

Figure 1 – SEM images of the PS (a), PS_10%SA (b), PS_20%SA (c), and PS_30%SA (d) membranes.

We measured the water (at natural pH) contact angle of the membranes to assess their
wettability. As can be observed in Fig. 2, the incorporation of SA on the electrospun membranes 
leads to an increase in the contact angle as a result of a synergistic effect between the fatty acid and 
the polymer, which reduces the surface energy of the material and increases its roughness. 
Therefore, the incorporation of SA causes an enhancement of the hydrophobic character of the PS 
membranes. It can be observed that all samples have a hydrophobic character since the contact 
angle is higher than 90° [6]. In addition, the highest degree of hydrophobicity is achieved by 
PS_20%SA. Due to an inefficient incorporation of SA into the fibers at higher concentrations, the 
membrane hydrophobicity reduced slightly [7]

Figure 2 – Contact angle of the PS, PS_10%SA, PS_20%SA, and PS_30%SA membranes.
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The FTIR spectrum of the PS, SA, PS_10%SA, PS_20%SA, and PS_30%SA membranes are 
shown in Fig. 3. In the PS spectra (Fig. 3a), one can observe the characteristic bands at 3022 cm-1, 2920 
cm-1 and 2850 cm-1, which corresponds to the C-H stretching vibration of the aromatic ring, CH2 
symmetric and asymmetric stretching vibration, respectively [8]. In addition, the C=C aromatic ring 
stretching is observed at 1600 cm-1 [9]. On the other hand, for the SA spectrum (Fig. 3b), one can 
identify the bands at 1700 cm-1 and 1290 cm-1, which are due to C-O stretching and carboxyl (-
COOH) bending vibration [10]. As for the composite membranes (Fig. 3c-3e), one can observe 
bands that are characteristic of both PS and SA, corroborating the presence of these two 
components. 

 

 
Figure 3 – FTIR spectrum of the PS (a), SA (b), PS_10%SA (c), PS_20%SA (d), and PS_30%SA (e)  

membranes. 
 
The XRD diffractogram of SA and the PS membranes are shown in Fig. 4. In the pristine PS 

curve, one can observe an amorphous band at 19.4°, which corresponds to the van der Waals 
distance between adjacent polymer chains [11, 12]. On the other hand, peaks related to regular 
crystallization at 21.5° and 24.0° are observed on the SA spectrum [13, 14]. As for the composite 
membranes, one can observe the presence of bands of both materials, confirming the presence of PS 
and SA. 
 

 
Figure 4 – XRD spectrum of PS (a), SA (b), PS_10%SA (c), PS_20%SA (d), and PS_30%SA (e). 

 
In Fig. 5, we show the thermal decomposition of PS, SA, and the composite membranes 

containing both materials. Through the analysis of the TGA and DTG curves, one can observe that 

587



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

the decomposition of the SA and PS membranes begin at 200 °C and 330 °C, respectively [9, 10], 
with the maximum rate occurring at 273 °C and 415 °C, for each case. Concerning the composite 
membranes, they exhibit a similar thermal behavior since both stages of mass loss are observed. 
The first stage, which corresponds to the presence of SA, has a maximum degradation rate at 226 
°C and the decomposition extends to 300 °C. The second stage corresponds to the degradation of 
PS, in which the thermal decomposition starts at 345 °C, with the maximum rate observed at 415 
°C, and ends at 450 °C. Therefore, it can be concluded that for the PS_10%SA, PS_20%SA, and 
PS_30%SA membranes, the first thermal degradation corresponds to 10%, 20%, and 30% of SA 
mass, respectively. For all membranes, the remainder of the mass is PS. 

 

  
Figure 5 – TGA and DTG results of PS, SA, PS_10%SA, PS_20%SA e PS_30%SA 

 
Conclusions 

The results confirm that it was possible to enhance the hydrophobicity of a polystyrene 
membrane through the incorporation of stearic acid into the solution before the electrospinning 
process. This methodology to produce membranes was chosen for allowing the preparation of 
flexible membranes with high porosity in a fast, cheap, and simple manner. Although the pristine 
PS membrane already presented a hydrophobic character, this characteristic was enhanced after the 
incorporation of SA with varying concentrations (10%, 20%, and 30% w/v of SA). We have 
determined that the membrane prepared with a 20% SA concentration exhibited the highest contact 
angle. This is a relevant result because SA is a cheap and environmentally friendly compound, 
which has a noticeable effect in reducing the surface energy of the membrane. 
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Abstract – Unsaturated polyester resin (UPR)/cellulose nanocrystals (CNC) composites were studied in an attempt to 
improve the impact strength of the polymer. 2 wt% of CNC was dispersed in the UPR using a lab-scale ultrasonic 
processor. The results showed that the incorporation of 2 wt% of CNC yielded nanocomposites with increased 
toughness, as well as decreased tensile strength and modulus. These effects were attributed to the high CNC content and 
long ultrasonic dispersion process, which potentially led to styrene volatilization. Interestingly, these changes also 
positively influenced the impact properties since the CNC-based nanocomposite displayed higher impact strength
compared to the neat UPR.
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Introduction
Cellulose nanocrystals (CNC) have gained attention in the field of nanocomposites due to 

interesting properties including high surface area, low density, good mechanical behavior,
renewability and biodegradability [1]. These CNCs, with 100-1000 nm length, have been 
extensively evaluated as reinforcing agents of polymeric nanocomposites with matrices such as 
polyester [2]. Indeed, the addition of CNC can improve various properties, e.g., reducing crack
propagation and enhancing overall toughness [1], enabling their wider use.

Unsaturated polyester resin (UPR) is widely employed in composites. Its properties include
good strength and modulus, water resistance, room temperature curability, transparency, and low 
cost [3]. However, the use of the UPR is limited by its brittle behavior and low toughness, 
especially when subjected to impact loads. This issue has been sometimes tackled by incorporating
elastomeric particles into the resin. Although it increases toughness, the addition of elastomers 
unavoidably diminishes the stiffness and strength of the UPR. Thus, this study aims at investigating
a CNC reinforcement to increase the toughness of UPR, while retaining its stiffness and strength.

Experimental
Materials selection and characterization

A low viscosity orthophthalic polyester resin with a high content of styrene monomer (41-
47%) supplied by Embrapol (Brazil) was used. Methyl ethyl ketone peroxide (MEKP, Butanox 
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M50) was used as initiator. Cellulose nanocrystals (CNC), commercially called Celluforce NCC®, 
were acquired from Celluforce. According to the manufacturer, the CNC was obtained through acid 
hydrolysis using a high sulfuric acid concentration of 64% applied at 45 °C for 25 min followed by 
sonication for 15 min, and spray-dried.  

The CNC was analyzed by X-ray diffraction (XRD) using a Rigaku model system. The 
diffracted intensity of the Cu K-α radiation (40kV/17mA) was measured in the 10º - 90º range with 
0.02 step. The crystallinity index was determined by integrating the crystalline peaks in relation to 
all peaks. Moisture, volatile matter and residue content were obtained by thermogravimetry (TG) at 
a heating rate of 10 °C min−1 using a TA Instruments (model Q50) equipment under N2 atmosphere. 
The chemical structure was analyzed by Fourier-transform infrared (FTIR) spectroscopy coupled 
with attenuated total reflection device (ATR) in a Perkin Elmer Spectrum (model 400) equipment 
using 32 scans in the 400–4000 cm-1 range at 4 cm-1 resolution. 
 
Manufacturing and mechanical testing of the nanocomposites 

The CNCs (2 wt%) were dispersed in the UPR using an ultrasonic processor (Vibracell), at 
40% amplitude and 500W for 10 min, in an ice bath. To prevent styrene volatilization, 1-min on and 
1-min off cycle was used. The CNC-UPR mixture was cooled to room temperature, the initiator (1.5 
wt%) was added and the solution was mechanically stirred at 1000 rpm for 2 min. The mixture was 
casted into a silicon mold, cured at room temperature for 24 h and post-cured at 60 ºC for 4 h.  

Neat resin (UPR) and CNC-UPR nanocomposites were analyzed with Fourier-transform 
infrared (FTIR) spectroscopy. Tensile testing was carried out using a 3382 Instron Universal 
Testing Machine at a cross-head speed of 5 mm/min, according to ASTM D638. Izod impact test 
was performed according to ASTM D256 in a CEAST 9050 Impactor II equipment using a 2.75 J 
hammer at room temperature. The mechanical tests were conducted using 10 samples per group and 
the means compared using ANOVA tests. Tukey post hoc test tests were conducted at a significance 
level of 0.05. 
 
Results and Discussion 
CNC characteristics 

FT-IR spectra of the CNC (Fig. 1A) showed typical chemical groups of lignocellulosic 
materials. OH groups were represented by the 3451 cm-1 band, indicating high hydrophilicity [4]. 
The prominent 1382 cm-1 band is typically associated with the bending vibrations of the CH3 groups 
in the cellulose structure, whereas the 1060 cm-1 band corresponds to C-O stretching vibrations of 
the CNC, which may vary depending on cellulose source, crystallinity, and sample preparation [5]. 
The band at 2901 cm-1 is attributed to C–H stretching and can be related to the degree of 
crystallinity [4], degree of polymerization and presence of other functional groups in the cellulose 
structure, while the band at 1644 cm-1 is due to O–H vibration in adsorbed water [6]. The high 
intensity in these bands can be related to the well-known high crystallinity of CNCs. 

 

 
Figure 1 – FT-IR spectra (A), XRD diffractogram (B) and TG/DTG curves (C) of the neat CNC. 
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 In the XRD diffractogram (Fig. 1B), the peaks at 2θ of 16.5º and 22.5º are attributed to the 
(1 1 0) and (2 0 0) planes, respectively. They correspond to the cellulose I structure, suggesting that 
the pristine cellulose crystals remain unaffected after the conversion of the lignocellulosic material 
into CNC [7]. A high crystallinity of 66.9% was calculated. Thermogravimetric curves of the CNC 
showed a two-stage degradation pattern (Fig. 1C). There is an initial loss (below 100 ºC) related to 
moisture adsorbed on the cellulose surface and volatile compounds. Within 280 - 400 ºC, a 
significant weight loss is seen, indicating degradation of structural chemical groups from cellulose 
polymer chains and release of volatile decomposition products, including water, carbon dioxide, 
and organic compounds [8]. 
 
UPR/CNC nanocomposites 

Fig. 2 shows the FT-IR spectra of the neat UPR and CNC-UPR composite. The small peak 
at 2960 cm−1 for neat UPR increased for CNC-UPR, attributed to the elongation of C–H bonds in 
cellulose [8]. The peak at 1720 cm−1 indicates the presence of carbonyl groups (C=O) and the peaks 
around 1260 cm-1 the stretching vibrations of C–O–C bonds connected to aliphatic groups [5]. The 
800 cm-1 peak may be associated with cellulose-specific vibrations such as C–O–C glycosidic 
linkages or C–H bending modes. The band at 800 cm-1 in the CNC-UPR group is related to an out-
of-plane bending absorption of N-H groups, perhaps due to interactions between UPR and CNC. 
The aforementioned peaks showed higher intensity in the CNC-UPR sample, which could be related 
to the crystallinity of CNC [5,6]. 

 

 
Figure 2 – FT-IR spectra of UPR and CNC-UPR samples.  

 The effect of the incorporation of 2 wt% CNCs in tensile properties of the UPR matrix is 
presented in Fig. 3. The stress vs. strain curves (Fig. 3A) show greater deformation in the CNC-
UPR samples, suggesting higher toughness. However, a significant decrease was observed in both 
tensile modulus (F= 282.94; p < 0.01) (Fig. 3B) and tensile strength (F= 92.49; p < 0.01). In fact, 
the tensile strength of the UPR group was 43.99 (± 2.71) MPa, while a reduction of  30% in this 
property was observed for the CNC-UPR group (30.72 ± 1.49 MPa). This may be related to the 
hydrophilicity of CNCs, in turn poor interfacial adhesion with the hydrophobic matrix, and the 
relatively high nanomaterial content (2 wt%), wherein CNC agglomerations may occur and impair 
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an effective filler/matrix dispersion and bonding [6]. Moreover, prolonged ultrasonic dispersion 
times may cause damage in the chemical structure of the UPR accompanied of styrene 
volatilization. In fact, the loss of styrene has been reported to justify changes in nanocomposite 
mechanical properties [2,3]. 
 

 
Figure 3 – Stress vs. strain curves (A) and tensile modulus (B) of UPR and CNC-UPR. 

Fig. 4 shows the impact strength results for the UPR and CNC-UPR samples, wherein the 
nanocomposite exhibited a higher impact strength ( 80%). The significant improvement in impact 
strength can be attributed to interactions between nanofiller and matrix, since CNC particles exhibit 
strong hydrogen bonds, which enhances the ability of the composite system to absorb energy during 
fracture propagation [5]. The toughening mechanism in the nanocomposites can be explained by 
crack trapping and crack pinning. As the crack propagates, it bows out between the reinforcing 
particles, while remaining pinned at these particles. This pinning of the crack at the particles 
appears to be the dominant toughening mechanism. The presence of CNC particles with a large 
specific area increases the interfacial interaction with the matrix, which contributes to energy 
absorption [9]. 

 
Figure 4 – Impact strength of UPR and CNC-UPR. 
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Conclusions 

FTIR results revealed that the incorporation of 2 wt% CNC did not significantly alter the 
chemical structure of the polyester matrix, however, the observed increase in the peaks indicated 
some degree of CNC interaction. Furthermore, CNC addition increased toughness and decreased 
tensile strength and modulus compared to the neat polyester, probably due to an exaggerated CNC 
addition and a long ultrasonic dispersion process, which may have caused styrene volatilization. 
This effect may also be related to the hydrophilicity of CNCs, which is usually modified chemically 
or physically to achieve the desired interfacial adhesion with the hydrophobic matrix. Finally, 
improvement of 80% in Izod impact strength was obtained with the CNC addition. Further 
investigations are needed to comprehensively understand the underlying mechanisms behind these 
observed effects to achieve the desired mechanical properties in CNC-reinforced UPR composites. 
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Abstract - Due to technological and environmental reasons, the search for materials with well-defined and 
pre-established properties is increasing. In this regard, the textile industry is advancing by creating fabrics 
for various purposes with antimicrobial properties that do not harm the environment, while retaining the 
characteristics of virgin tissue. In this study, the application of silver nanoparticles as a chemical treatment 
on polyester fabrics was investigated, with an evaluation of their morphological, chemical, physical, 
mechanical, and biological properties. The incorporation of silver nanoparticles into the fabric was carried 
out using a foulard equipment. The polyester fabric was assessed in its original state and after treatment 
with silver nanoparticles, both before and after exposure to UV radiation. The presence of silver 
nanoparticles in the polyester fiber was found to have no impact on fiber distribution, morphology, and 
chemistry. Following the UV exposure test, samples treated with silver nanoparticles exhibited a greater 
degree of surface degradation, as observed through scanning electron microscopy (SEM).

Keywords: nanotechnology, silver nanoparticles, polyester fabric.

Introduction 
Nowadays, the use of nanostructured materials is becoming increasingly widespread. 
Over the last few decades, there has been significant interest from transformation 
industries in inputs with bactericidal properties, particularly in the textile sector [1]. Silver 
nanoparticles (NPSAg) have garnered substantial attention due to their remarkable 
properties, including high surface area and excellent microbial activity [2]. They are also 
considered as alternatives for reducing bacterial adhesion [3]. These nanoparticles exhibit 
activity against various types of bacteria, including multidrug-resistant strains, and can 
be easily incorporated into diverse materials [4]. The inherent properties and structure of 
textile fibers provide a suitable environment for the growth of harmful microorganisms, 
especially exacerbated by humidity and high temperatures [5]. One approach to 
incorporating bactericidal agents into textile fibers involves immersing the fabric in a 
solution containing the additive [6]. Silver, known for its antiseptic properties, becomes 
even more effective in nanoparticle form, where its contact surface area is significantly 
enhanced [7]. Medical research has demonstrated silver's ability to eliminate more than 
650 pathogenic organisms [8]. Therefore, this study involves the application of a chemical 
treatment using silver nanoparticles for textile processing. The aim is to provide not only 
antimicrobial properties but also an enhancement in the characteristics of polyester 
fabrics.

Experimental 
Materials
The material employed in this study is a 100% polyester curtain fabric supplied by 
Indústrias Têxteis H Milagre - IT (Farroupilha/RS), adhering to Engineering Specification 
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EME REV013/00. The antimicrobial additive employed was a colloidal silver dispersion 
in an aqueous medium, consisting of silver nanoparticles stabilized with organic 
molecules. This dispersion, known commercially as NpAg_925, was sourced from TNS 
(Brazil) nano. 
 
Production of PL tissue/ NPSAg impregnation 
The procedure for producing the polyester fabric with the integration of nanoparticles 
involves several steps. These steps include yarn production, warping (which involves 
assembling thousands and hundreds of yarns onto a reel), weaving (the interlacing of weft 
and warp yarns), scouring (the removal of paraffins and oils introduced during spinning 
and weaving), heat setting (a stage of thermal fixation), dyeing (altering the fiber color), 
another round of heat setting, the application of nanoparticles, and a final heat setting. 
The infusion of silver nanoparticles into the fabric was conducted at ITM - Indústrias 
Têxteis H. Milagre S.A. As shown in Figure 1, the process of applying silver nanoparticles 
onto the fabric is illustrated. The incorporation of nanoparticles into the polyester fabric 
took place using a Folard equipment at the ITM company. 
 

 
Figure 1 - Antimicrobial fabric preparation steps: (a) preparation of the bath (dilution of the antimicrobial 
additive); (b) pH correction of the bath; (c) incorporation of nanoparticles; (d) correction of fabric weft; 
(e) drying; and (f) finished fabric. 

 
The polyester fabric samples were subjected to a series of controlled environmental 
conditions involving repeated cycles of light and humidity exposure. Each cycle lasted 
for 4 hours, with 4 hours of UV exposure followed by 4 hours of condensation exposure. 
This sequence was maintained for a total duration of 120 hours, which is equivalent to 
approximately 3 months of real-world environmental exposure. The testing procedure 
was conducted using the C-UV Comexim System Accelerated Aging equipment for Non-
Metallic materials, situated in the Polymer Laboratory of the University of Caxias do Sul. 
 
Characterization 
The morphological characterization of the fabrics was carried out using a SHIMADZU 
SSX-550 Superscan scanning electron microscope, operating at an acceleration voltage 
of 5 kV, under a voltage of 12 V and a current of 22. The samples were analyzed by FTIR, 
in a Nicolet Impact IS10 Transmission spectrophotometer, using the attenuated total 
reflection (ATR) technique, in the spectral range of 4000 to 400 cm-1. 
 
Results and Discussion  
Figure 2 shows SEM micrographs of untreated and silver nanoparticle-treated polyester 
fabric surface. 
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Figure 2 -SEM micrographs of polyester fabric (a) without treatment and (b) with silver nanoparticle 
treatment, at a magnification of 70x. 
 
In the analysis of the morphology of the untreated and silver nanoparticle-treated 
polyester fabric, it was observed that the impregnation of silver nanoparticles is not 
visible at 70 times magnification and does not interfere with the arrangement of the 
polyester fibers in the weft and warp directions. Figure 3 illustrates the SEM micrograph 
of the polyester fabric at 500x magnification with and without silver nanoparticle 
treatment. 

 
Figure 3 -SEM micrograph of the polyester fabric (a) untreated polyester fabric; (b) silver nanoparticle 
treated polyester fabric, with a magnification of 500x. 
 
It was possible to observe that the fibers have a rough appearance where dirt may have 
adhered (Figure 3a) and in Figure 3(b) the adhesion of silver nanoparticles on the surface 
of polyester fibers was observed. Perera et al. [12] observed the adhesion of silver 
nanoparticles on the surface of cotton fibers treated with silver nitrate (AgNO3). Figure 4 
shows the SEM micrograph of polyester fabric with and without silver nanoparticle 
treatment with a magnification of 10,000x. In Figure 4b, the presence of spherical 
domains on the surface of the untreated polyester fabric samples was observed, which 
may have originated during the impregnation of silver nanoparticles. In untreated fabrics 
(Figure 4a), a smooth and uniform surface was observed. The adhesion of aggregates 
formed on the surface of the fabric fibers originates from weak van der Waals forces with 
lower binding energy. 
 

 
 
 
Figure 4 -SEM micrograph of polyester fabric (a) untreated polyester fabric; (b) silver nanoparticle-
treated polyester fabric, with a magnification of 10,000x. 
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Figure 5 - SEM micrograph of polyester fabric after accelerated aging under UV radiation (a) untreated 
polyester fabric; (b) polyester fabric treated with silver nanoparticles, magnification of 10,000x. 
 
The Figure 5 shows the SEM micrographs of polyester fabric after 120 hours of UV 
radiation exposure accelerated aging under UV radiation: (a) untreated polyester fabric 
and (b) polyester fabric treated with silver nanoparticles, with a magnification of 10,000x.  
In the SEM image, it is possible to observe that the particles adsorbed on the surface are 
silver nanoparticles. A more significant physical change (deterioration) was observed on 
the surface of the UV-treated material, exhibiting a higher concentration of dirt. This 
might be attributed to the elevated radiation intensity in these samples, which could be 
amplified by the presence of silver nanoparticles situated on the sample's surface. This 
alteration could potentially stem from the degradation of polyester, leading to hydrolytic 
degradation [13]. The chemical structure of the polyester fabrics with and without silver 
nanoparticle treatment, before and after exposure to UV radiation, can be identified 
through the absorption bands in the FTIR spectrum, represented in the Figure 6. The FTIR 
spectrum shows characteristic peaks of the untreated polyester fabric samples, like those 
observed by Assis (2012) [13]: at 1090-1150 cm-1, stretching mode of C-O bonds; at 
approximately 1730 cm-1, a band attributed to vibrations of the ester carbonyl group; and 
at 2850-3000 cm-1, absorption bands referring to the symmetrical stretching vibration of 
C-H bonds.  

 
Figure 6 - FTIR spectroscopy of silver nanoparticle treated and untreated polyester fabrics before and 

after UV exposure. 
There were no significant changes in the absorption bands for the silver nanoparticle-
treated untreated polyester fabric samples, thus showing that the silver nanoparticles are 
located on the surface of the fibers. In the FTIR spectra (Figure 6) for samples with and 
without treatment after exposure to UV radiation, bands were observed near 3500 cm-1 

(hydroxyl groups (-OH), related to carboxylic acid (-COOH) with low intensity, which 
may be associated with exposure to UV radiation, causing bond breakage leading to 
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polyester degradation [13,14]. Polyester undergoes degradation through hydrolysis, as 
evidenced in the spectra following UV exposure. There may be a noticeable increase in 
the intensity of the band at 3400 cm-1, corresponding to the stretching and deformation 
of the O-H group (Batista et al., 2001). 

 
Conclusion 
The foulard process and parameters adopted in this study were efficient and kept the 
nanoparticles on the surface of the fibers without damaging the fabric structure, as 
verified by MEV. No changes in the chemical structure were observed in the polyester 
fabric treated with silver nanoparticles, proving that the nanoparticles are only adhered to 
the surface of the fabric. After exposure to UV radiation, the polyester degraded due to 
the breakage of its bonds. The biological assays of the samples treated with NPSAg, both 
with and without UV irradiation, were conducted by the microbiology laboratory at UCS. 
The results were positive for Escherichia coli and Bacillus. However, they are currently 
being redone due to contamination. 
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Abstract 
The improper disposal of oily effluents can cause serious problems for the environment. 
Consequently, the use of sorbents, such as polyurethane foam (PU), emerges as an alternative for the 
treatment of these effluents. However, the sorption process using PU foams may prove to be 
inefficient due to the presence of both polar and non-polar regions within the PU polymeric chain. It 
needs to undergo modification processes to enhance the hydrophobicity of PU foam. Thus, this study 
aimed to develop modified PU foams by directly incorporating graphite or graphene into the 
formulation. The samples were characterized through morphological, hydrophobicity, and 
mechanical and thermal strength analyses. The results indicate a slight increase in selectivity for 
apolar fluids, improvements in compressive strength, and unchanged thermal properties.

Keywords: oily effluents, sorbent, polyurethane foam, modification.

Introduction 
Oily wastewater, originating from both domestic and industrial sources, poses serious 

environmental risks when discarded into the environment without proper treatment [1–3]. In this 
sense, polyurethane foam (PU), a 3D porous material with low density, high porosity, mechanical 
flexibility, and high sorption and reuse capacity, has emerged as an attractive alternative for oil 
sorption in effluent treatment. 

However, the presence of both polar (oxygen and nitrogen atoms) and apolar (carbon and 
hydrogen bonds) regions within PU polymeric chains means that PU foams present wettability by 
both oil and water when this sorbent is used in oil-in-water mixtures [4].

To achieve the desired characteristics of a hydrophobic and oleophilic material, modification 
processes are necessary to reduce surface energy and enhance surface roughness at the 
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nano/microscale (rough surface) [5-7]. However, surface modification of the PU foam alone does not 
guarantee efficient oil sorption. Other factors, such as capillary forces and pore connectivity, are also 
important for the foam to achieve maximum oil sorption [8]. In addition to efficient oil sorption, 
another desirable characteristic of an oil sorbent foam is reusability, i.e. the ability of the foam to 
maintain its sorbent properties even after several cycles of sorption, saturation, and compression [9]. 

Thus, the objective of this work is to develop PU foams with the direct incorporation of graphite 
or graphene into the formulation and evaluate their morphology, hydrophobicity, and mechanical and 
thermal properties. 
  
Experimental  
  
Materials  
  Voranol PolyolTM 3010, toluene diisocyanate (TDI) VoranateTM T-80, triethylenediamine 
Dabco 33-LV, tin (II) octoate LIOCAT® 29 and urethane grade methylene chloride were provided 
by Herval Indústria de Móveis, Colchões e Espumas LTDA. The surfactant Niax silicone L-95, 
produced by Momentive Performance Materials Inc. was provided by Flexível Indústria e Comércio 
Ltda. Pure powder graphite (140 mesh) from Êxodo Científica was purchased and graphene 
nanoplatelets (6 – 8 nm thick x 5 microns wide) from Strem Chemicals Inc. were provided by the 
Polymer Laboratory of UCS. 
  
Methods  
  A polyurethane foam with a theoretical density of 8 kg.m-3 (PU8) was produced, based on the 
methodology described by Zimmermann et al. (2016) and Macedo (2015) [10-11]. The free expansion 
method with mechanical mixing was used. A Fisatom mixer, model 715, with a speed of 1000 rpm, 
was used to produce the foam. Graphite and graphene nanoplatelets were incorporated in the foam 
formulation at concentrations of 0.5% and 1.0 wt% by mass of polyol. Fig. 1 demonstrates the 
flowchart of the methodology used. 
 

 
 
Figure 1 - Methodology for the production of PU foams. 
 
Characterizations  
  The specific mass of the foams was determined according to ASTM D3574-11(A). The 
morphology of the samples was evaluated using Field Emission Scanning Electron Microscopy 
(SEM-FEG), with the aid of Tescan equipment, model FEG Mira 3, operating at a voltage of 15 kV. 
Before imaging, the samples were coated with a layer of gold. The thermal behavior and the influence 
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of graphite and graphene in the PU foams were determined by thermogravimetric analysis (TGA), 
conducted using Shimadzu equipment, model TGA-50, with a heating rate of 10°C.min-1. The 
temperature range for the analysis (heating ramp) was from 23 to 700 °C under a nitrogen atmosphere 
(N2) with a flow rate of 50 mL.min-1. The hydrophobic characteristics of the coated foams were 
evaluated through partition coefficient tests (water-heptane mixture) and contact angle measurements. 
Compressive strength tests were performed using universal testing equipment, EMIC model DL 2000. 
The compression speed was set at 50 mm.min-1, based on ASTM D3574-11(C), and the permanent 
deformation to compression (DPC) was assessed based on ASTM D395-16(B) at a temperature of   
70 ± 2°C.  
  
Results and Discussion  
 

The calculated specific masses for the foams produced are shown in Table 1. 
 

Table 1 – Experimental specific masses of the different foams produced. 
 

Sample PU8 PUGT0.5% PUGT1% PUGN0.5% PUGN1% 
Specific Mass 

(kg.m-3) 9.13 ± 0.12 9.05 ± 0.32 10.92 ± 0.75 11.40 ± 1.33 12.18 ± 1.86 

 
The experimentally calculated specific mass of PU8, with a value of 9.13 ± 0.12 kg.m-3, showed 

a slight variation from the theoretical value. This discrepancy could be attributed to variations in 
reagent measurements and timings in the stages of the process of development and stirring of the 
mixture. The addition of 0.5% graphite did not result in an increase in specific mass compared to the 
PU8 sample. However, with the addition of 1% graphite and 0.5% and 1% graphene nanoplatelets, a 
slight increase in specific mass was observed. 

The morphological analysis of the foams, according to Fig. 2, revealed that the produced foam 
presented a 3D integrated network structure containing both open and closed cells. This is interesting 
for the sorption process: the open cells promote proper interconnection between chambers of the 
foam, while the closed cells provide a larger contact surface area with the effluent and hinder the 
escape of the already sorbed oil. 

 
PU8 PUGF0.5% PUGF1% PUGN0.5% PUGN1% 

  

   
 
Figure 2 – Micrographs of PU8, PUGF0.5%, PUGF1%, PUGN0.5% and PUGN1% samples. 
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Table 2 – Results of the contact angle measurements of the different PU foams produced. 
 

Sample PU8 PUGT0.5% PUGT1% PUGN0.5% PUGN1% 
WCA 106.2° ± 3.2 113.4° ± 3.8 105.9° ± 2,3 113.2° ± 5,5 114.2° ± 6.9 

 
However, despite the contact angles of the foams with water being below 150°, all of them 

exhibited complete deposition in the heptane phase (apolar solvent) during the partition coefficient 
test, confirming the selectivity of the foams for apolar fluids, such as oils present in wastewater. 

Table 3 shows the mechanical properties of compressive strength and permanent deformation 
under compression of the developed foams. It is noticed that with the addition of carbon structures in 
the polymeric matrix served a reinforcement function, increasing the compressive strength of the 
foams. On the other hand, the addition of graphite or graphene did not significantly affect the 
permanent deformation under compression of the foams at a temperature of 70°C. 

 
Table 3 – Results of the compressive strength analysis of the different PU foam samples at 50 and 

80% deformation and permanent deformation under compression (PDC) at 70°C. 
 

Sample PU8 PUGT0.5% PUGT1% PU8GN0.5% PUGN1% 
Stress (kPa) 

Def. 50% 30.17 ± 2.70 42.50 ± 4.33 36.47 ± 4.46 44.96 ± 7.82 46.90 ± 4.25 

Stress (kPa) 
Def. 80% 75.53 ± 6.34 182.5 ± 22.78 82.80 ± 13.16 115.90 ± 49.18 110.90 ± 10.32 

PDC (%) 50.73 ± 0.59 53.60 ± 2.03 53.50 ± 0.24 48.35 ± 1.85  50.31 ± 0.69 

 
Upon analyzing the data from the TGA curves presented in Table 4, two events of mass loss 

characteristic of polyurethane were observed. The first refers to the breakdown of the links between 
isocyanate and alcohols, while the second event corresponds to the degradation of the flexible 
segments of polyol [13]. It was observed that the addition of graphite and graphene to the foams did 
not result in significant changes in their thermal behavior. 

 
Table 4 – TGA analysis results of the different PU samples produced. 

 

Date 
PU8 PUGT0.5% PUGT1% PU8GN0.5% PUGN1% 

1st 
event 

2nd 
event 

1st 
event 

2nd 
event 

1st 
event 

2nd 
event 

1st 
event 

2nd 
event 

1st 
event 

2nd 
event 

Tonset (°C) 265.25 341.88 262.27 344.59 264.48 351.66 257.91 344.62 261.17 343.68 

Tendset (°C) 318.48 401.99 318.98 408.41 323.41 413.14 317.61 410.35 318.90 409.07 

Tmax (°C) 302.32  384.91 302.69 376.52 305.89 382.01 299.15 377.72 303.46 378.53 

 
Conclusions  
  

In summary, hydrophobic polyurethane foam was developed by directly incorporating graphite 
or graphene into the formulation. The addition of graphite or graphene led to a slight increase in the 
specific mass of the foam. Morphological analysis revealed that all foams exhibited a 3D integrated 
network structure of open and closed cells, as well as the presence of graphite or graphene on their 
surface. The addition of carbon structures caused a slight increase in the contact angle of samples 
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PUGT0.5%, PUGN0.5%, and PUGN1% with water, suggesting an increase in hydrophobicity, which 
was further confirmed using the partition coefficient test, in which the foams remained completely in 
the heptane phase. Moreover, the incorporation of carbon structures promoted an increase in the 
compressive strength of all samples, indicating the strengthening of the polymeric matrix. The thermal 
stability of the PU foams did not undergo significant changes with the incorporation of the carbon 
structures in the formulation. Overall, the results demonstrate that the incorporation of graphite or 
graphene nanoplatelets in polyurethane foams can improve the selectivity of the material for apolar 
fluids, such as oils present in effluents. 
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Abstract  
 
 Energy consumption has progressively increased as a result of world population growth. In the same situation, 
energy and material resources have been increasingly scarce and valued. In the technology for obtaining cellulose 
nanofibers, new materials with better properties, greater efficiency and more environmentally friendly are expected. 
However, obtaining cellulose nanofibers undergoes processes that involve high consumption of energy and time, in 
addition to the additional cost of waste. In this search for more efficient and productive processes, many works have 
demonstrated viable alternatives. This work was dedicated to evaluate the productivity in the modification of coconut 
fibers. The results demonstrated that the process time is proportional to the generation of micronized fibers and reached 
the production of nanofibers. 
 
 
Keywords: Coconut fiber, nanofiber, Process. 
 
Introduction 
 

Cellulose is a natural and abundant polymer, with ecologically correct production, and that 
presents interesting properties. Cellulose nanofiber has resistance a few times greater than steel, 
promising the construction of composites with high mechanical performance. Due to the promising 
properties, many works have been dedicated to investigating the application of cellulosic fibers. [1-
5]. The application of cellulose fibers by the industry must be such that the properties of the fiber are 
associated with the materials in use or in the creation of new materials. 

The processing of plant fibers for the production of composites, nanofibers or other interest, 
involves chemical and/or mechanical action, requiring process time and energy. The most crucial 
point in our age involves energy consumption. World energy consumption has increased with 
population growth and will continue to do so. Data has shown that in 2019, the world consumption 
of crude oil was 4.45 billion metric tons compared to 3.6 billion metric tons consumed in 2001 [6].  

This real scenario led our society to drastic changes in consumption habits. From the use of 
biofuels to the improvement of technologies and improvement of recycling processes, in order to 
adjust to the new growing reality of energy consumption and demand. In this context, many works 
have investigated cellulose fibers for applications that replace materials from non-renewable sources 
and reduce energy consumption in production processes [7]. 

Interestingly, cellulose nanofibers are materials with high mechanical properties and have 
already been applied in numerous technological processes, such as: conductive composites, proton 
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exchange membranes, electronics, energy storage devices, piezoelectric sensors, biomedical 
products, adhesives, supercapacitors, textile fibers, food coating, antimicrobial films, special printing 
paper, cosmetics [8,9]. 

The need to search for technological alternatives for the exploitation of cellulosic fibers in the 
production of nanofibers has been more deeply analyzed. Many treatments have been combined in 
order to reduce energy consumption in the pulp industry. Among the various treatments, combined 
physical and chemical processes have shown interesting results in relation to obtaining nanocellulose 
[10-12]. The ball milling technique is promising and considered effective in terms of producing 
nanocellulose, as it can break the axis of the polymer structure. In this way, the crystallinity is reduced 
and the nanofibers are separated. Compared with other mechanical equipment, the ball mill has a high 
energy production/consumption ratio, and can operate at ambient temperature and pressure. This 
work was dedicated to evaluate the productivity of coconut fiber processing in drum ball mill 
associated with treatment in alkaline solution. The results revealed that the production increases in 
relation to the process time and that plant fiber nanoparticles were produced. 
 
Experimental 
 

Coconut fibers were conditioned in an oven at 130 ± 5 ºC for 120 min. before and after 
processing. The work used an analytical scale with four decimal places to carry out the gravimetric 
evaluation of the fibers, before and after processing. Coconut fibers were processed in a planetary 
ball mill. For 5 g of fibers 35 balls of diameter 20 mm were used. In each processing, an aqueous 
solution of 8% w/w of sodium bicarbonate was used. Each processing was conducted in steps of 60 
minutes. Thus, the processing (A – 60 min.), (B – 120 min) successively until (F – 360 min) was 
carried out in a ball mill at 100 rpm. After each processing, the balls were removed and the solution 
and fibers were filtered through an 80 mesh sieve, dried in an oven and evaluated by gravimetry, as 
described. Figure 1 presents a sequence of images of processing in a drum ball mill. 

            
Figure 1 - Sequence of drying (1), loading (2), milling of coconut fiber (3) 

 
 
Results and Discussion 
 

The studies evaluating the modification of coconut fibers used the ball mill methodology to 
promote the alteration of the fibers. Ball mill processing has the advantages of easy handling and 
processing, and strong mechanical action. In this work, coconut fibers were processed in ball mills in 
combination with alkaline chemical action and their modification with respect to processing time was 
evaluated. The results revealed that as the processing time increases, the micronized particles 
increase. During the unitary grinding operation using the ball mill, a strong mechanical stress occurs 
on the fibers. The centrifugal force makes the system of jug, balls and fibers preferentially remain on 
the walls of the jug up to a certain limit where the force of gravity overcomes the centrifugal force, 
initiating the fall of the balls. When the balls precipitate from a height approximately equal to half 
the diameter of the pitcher, they project onto the fibers then placed. In this way, the impact that will 
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occur will be mostly absorbed by the fibers and the drum wall. This mechanical energy proved to be 
sufficient to partially destroy the fibrous structures, transforming the fiber into fine particles, as 
observed in studies in the literature [13,14]. Fig. 2 shows the residual volume of ground and decanted 
fibers after each ball mill processing. At each processing step, the results showed that the fibers 
separate into micronized particles (decanted residue). 

 

 
Fig. 2 - Amount of decanted waste after each processing 
 
After one hour of processing, 14 mL of fine particles were obtained and after six hours of 

processing there was an increase of approximately 300%. Evidently, the greatest mechanical impact 
request transforms the physical structure of the vegetable fiber, fragmenting the original fiber by 
mechanical action. 

However, this processing took place in aqueous solution, which considerably modifies the 
behavior of the vegetable fiber. It is important to remember that vegetable fiber is fragile when in the 
dry condition, which promotes the rupture of its structure more easily. The work used alkaline 
aqueous solution for the operation of the milling process, which considerably promotes the plastic 
condition of the fiber during its processing. So, in this condition, the fiber was conditioned to 
withstand mechanical stresses in the plastic situation, forcing bending and deformation instead of 
breaking. Associated with the mechanical condition of the mill, the alkaline action favored the 
removal of soluble substances, as in the case of coconut fiber, wax, pectin and lignin [1]. 
 Processing modified the natural fiber substantially. The color of the fibers changed from an 
orange tone to a lighter yellowish tone. Evidently, the removal of lignin, which is most responsible 
for the dark color, promoted the change in fiber color to a lighter tone. Figure 3 shows the fibers after 
each ball mill processing. 
 

 
Figure 3 - Image of natural fibers and after processing in a ball mill 
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Conclusions 
 

The combined processing of mechanical action with a planetary ball mill and the treatment in 
an aqueous alkaline solution demonstrated that the production of micronized fibers increases 
proportionally with the process time. After six hours of processing there was an increase of 
approximately 300% in the production of fines in relation to the one hour processing. In all process 
times, micronized fibers were obtained. As the processing time increased the color of the fibers 
changed from a dark orange to pale yellow. 
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Abstract - The creation of three-dimensional objects manufactured through digital models has been widely used in
dentistry. Acrylic resins based on Poly Methylmethacrylate (PMMA), are the raw material of additive manufacturing,
and can have their dynamic mechanical properties altered through the addition of nanoparticles, producing
nanocomposites. Small amounts of nanocharges can be added to PMMA, creating a favorable interface between the
resin matrix and the surface of the particles used. We sought to measure the properties of a specific resin for 3D
printing, modified by the addition of 0.25% of Montmorillonite (MMT) clay nanocharges through sonification. The
samples were characterized for their hardness (Shore D), abrasion, dynamic-mechanical, thermo-mechanical,
thermogravimetric properties and contact angle. Considering the reported results, it is suggested that there was good
dispersion of the MMT nanocharges in the PMMA matrix.

Keywords: Three-Dimensional Printing, Polymethyl Methacrylate, Clay, Composites, Dentistry.
Fundings: FINEP, FAPERGS

Introduction

Rapid prototyping, additive manufacturing or 3D printing, has the characteristics of sustainability,
precision, speed, as well as the possibility of individualization and customization of parts, and is
already the present when we refer to digital dentistry. Stereolithography (SLA) and Digital Light
Processing (DLP) are the two main printing technologies present in the dental field, and a variety of
light-curing polymers are available for this purpose [1]. Polymethyl methacrylate (PMMA)-based
acrylic resin has unique characteristics such as low density, cost-effectiveness, aesthetics, ease of
manipulation by the clinician and the capacity of its physico-mechanical properties to be adaptable,
justifying its use and sovereignty. UV acrylic resin is offered to the clinician in liquid form,
composed of a urethane dimethacrylate (UDMA) matrix, acrylic resin monomers, PMMA fillers
and silica [2]. The aim of increasing PMMA hardness, impact and flexural strength, as well as
modifying its sorption and solubility capacities, motivated this research. Deficiencies in these
properties commonly lead to rapid wear and fracture of prosthetic parts [3]. The application of small
amounts of nanocharges to PMMA has resulted in nanocomposites with improved properties due to
the strong interactions between the nanoparticles and the polymer matrix. Several types of fillers
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can be used in this process, silver nanoparticles, zinc oxide, graphene, silica and clay are some
examples [4]. The montmorillonite (MMT) clay is the most used in the formation of
nanocomposites [5]. MMT sheets have 1 μm diameter and 1 nm thickness and extensive surface
area which favors their application in polymers [6]. In addition, MMT is marketed as a powder with
a slightly yellowish white color, not aesthetically affecting the transparent appearance of PMMA at
the time of incorporation [7]. Based on this, we sought to evaluate a PMMA-based photosensitive
resin used for 3D printing of myorelaxant plates, modified by the addition of a pre-defined amount
of Montmorillonite clay (MMT) nanocharges and evaluate their properties.

Experimental

Materials
Montmorillonite (MMT) type clays commercially identified as Cloisite (organically

modified by quaternary ammonium salts), type 15A, 20A and 30B (Southern Clay Products Inc,
division of Songhan Plastic Technology Co. Ltd.), UV liquid resin for printing occlusal plates on a
3D printer "Resina 3D Smart Print Bio Bite Splint Clear" (0.5 Pa.s and density 1.2 g/cm3)
manufactured by the company Smart Dent®, of M.M. Tech Projetos Tecnologia Imp. e Exp. LTDA.

Methods
Photosensitive acrylic resin (100g) and MMT clays (0.25%) were weighed on a high precision
balance (BEL Engineering, LW 303i with 0.001g resolution) and sonified for 30 minutes at 40%
aplitude in a Sonics Vibra-Cell sonifier. A container with ice was used to dissipate the heat
generated by the equipment and not overheat the resin. Visually, a nanocomposite of translucent and
homogeneous appearance was obtained. For the design of the specimens, the 3D DLP FlashDLPrint
software was used. The printing orientation of the parts was vertical. The standards recommended
for the printing of the specimens were defined according to the fabricator and were not changed, not
interfering in the final result of the prints. At the end of printing, the specimens were removed from
the printer and immersed in isopropyl alcohol for 5 minutes to remove the surface resin from the
samples, and then post-cured in a post-curing oven, remaining for the time recommended by the
fabricator (15-20min). Afterwards, each group was packed, identified and sent for
dynamic-mechanical (DMA), thermo-mechanical (TMA), thermo-gravimetric (TGA) tests and
Shore D hardness, abrasion and compression analysis.

Results and Discussion

In ascending order of hardness results, we have that the RES-MMT 15A nanocomposite presented
75 hardness, showing to be inferior to RES, which presented 80 hardness. RES-MMT 20A
presented 82 hardness, followed by the RES-MMT 30B nanocomposite with 85 hardness, these
being the best results after the incorporation of the nanocharges, although they are not significant
values. The increase in hardness of the specimens reduces surface wear when subjected to occlusal
forces [8]. RES presented a percentage of 42% mass loss, equivalent to the RES-MMT 30B
nanocomposite. The RES-MMT 20A nanocomposite showed 1% more weight loss compared to the
pure resin. These results were not significant. The RES-MMT 15A composite presented the best
result, where we observed 36% weight loss, 6% less than RES. We can observe a loss of weight
close to the RES of the nanocomposites 20A and 30B that presented an increase in hardness in the
Shore D test. In contrast, we have the improvement in wear resistance in the RES-MMT 15A
nanocomposite. There are few records regarding the abrasive tribology of RES-MMT
nanocomposites. Factors such as surface roughness, type and properties of the materials involved
can affect the wear properties of a material. The particle size, the concentration used, the ratio of
the filler to the matrix, and the type and amount of surfactants used should also be taken into
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account, as they can affect the wear properties of the nanocomposite even after complete exfoliation
of the nano-clays [9]. In the TMA analysis considering a temperature of 90ºC, RES presented
approximately 0.95% expansion, while the RES-MMT 15A nanocomposite showed no significant
difference compared to RES, with approximately 0.85% expansion. The RES-MMT 20A
nanocomposite showed a expansion close to 0.45%, and the RES-MMT 30B nanocomposite
showed around 0.55% expansion. The RES-MMT 20A nanocomposite obtained the lowest
expansion rate compared to the others. All the nanocomposites prepared tended to expand less as a
function of temperature compared to RES, as can be seen in Fig. 1.

Figure 1- Thermo-Mechanical Analysis

In the TGA analysis, RES required a heating of approximately 265ºC to start degradation and the
RES-MMT 20A nanocomposite 269ºC, showing similar behaviors between them. The RES-MMT
15A nanocomposite required 275ºC, being the nanocomposite with the best thermal stability among
the materials, 10ºC more than that required for RES. The RES-MMT 30B nanocomposite was the
first of the 4 groups to degrade, starting the process around 260ºC, as we can see in Fig. 2. It is
suggested that the degradation of the nanocomposite starts with the breaking of weak chains in the
matrix, followed by random breaks that require higher temperatures, this being the second phase of
degradation.

Figure 2- Thermogravimetric analysis

In the DMA analysis, as we can observe in Fig. 3 and 4, RES obtained a storage modulus of
approximately 1500 MPa. The RES-MMT 15A nanocomposite showed a small decrease in storage
modulus, around 1400 MPa. The RES-MMT 20A nanocomposite showed the best storage
performance, with 12000 MPa, i.e. 10500 MPa higher than that found in RES, an extremely
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significant result. The RES-MMT 30B nanocomposite also obtained excellent performance, with
9000 MPa, 7500 MPa more than RES. As with the storage modulus, RES and the RES-MMT 15A
nanocomposite obtained close results, having a loss modulus of approximately 210 MPa. The
RES-MMT 20A nanocomposite obtained the highest loss modulus, with 1300 MPa, and the
RES-MMT 30B nanocomposite presented approximately 1000 MPa of loss. The loss modulus
happens simultaneously with the storage modulus, where we have the "damping" of the material,
that is, a amortization, which is the ability of the acrylic resin to absorb the mechanical energy
applied on it and convert this energy into heat. The behavior of the polymer chains at temperatures
and forces depends on the interactions created at the interface between the particles and the polymer
matrix in the formation of nanocomposites. The exfoliation and effective linkage of the silica sheets
with the PMMA matrix creates obstacles in the movement of the chains as well as the speed with
which this happens. The opposite happens when there is the formation of weak linkages, due to
poor dispersion, accelerating the process of relaxation and chain breaking [10].

Figure 3- Storage Modulus by DMA Figure 4- Loss Modulus by DMA

In the Tan Delta results, represented in Fig. 5, the RES presented a glass transition temperature of
86.1°C. The highest Tan Delta result was for the RES-MMT 20A nanocomposite, where the result
found was 110.1 ºC, 24ºC more than that required for RES. The RES-MMT 30B nanocomposite
showed 102.3 ºC. The RES-MMT 15A nanocomposite obtained a lower value compared to RES.
The Tan Delta values, when elevated, indicate better energy absorption and better conversion in the
form of heat, indicating better dissipation of the nanocharges in the matrix and better linkage of
nanocharges with the polymer matrix.

Figure 5- Tan Delta by DMA
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As for the contact angle, RES presented a contact angle of 77º, followed by the nanocomposite
RES-MMT 15A, with an angle of 78º. Both nanocomposites RES-MMT 20A and RES-MMT 30B
presented 79º of contact angle. Young's equation considers that the surface where the contact angle
test is performed must be plane, smooth and homogeneous. Experimental tests involving specimens
often do not achieve all these requirements, and a rough surface with a high surface energy
increases the wettability of liquids. The close results of the RES contact angle may indicate a higher
presence of PMMA on the surface of the nanocomposites, or it may indicate the good distribution
of the silica sheets on the specimen, so that as they were treated to have a more hydrophobic
content, the wettability angle was increased minimally.

Conclusions

According to the results of the tests presented, we can indicate that the incorporation of 0.25% of
clay nanocharges (MMT) in the PMMA matrix reduces the mobility of the polymer chains, and that
a greater energy is required to initiate their movement, resulting in a more stable nanocomposite at
elevated temperatures, more rigid and more resistant to wear. We can also observe a good behavior
of the nanocomposite with respect to storage-dissipation, giving a better resilience to the material,
impeding its deformation in the long term, and consequently its failure, essential properties for
occlusal plates that are constantly receiving charges from Bruxism, suggesting an increase in the
durability of occlusal plates printed by additive manufacturing through digital flow.
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Abstract - The characteristics of the magnetic materials can be modulable due to exposition to a magnetic field, which 
allows to enhance its adsorption performance. This study describes the preparation of magnetic beads of 
alginate/polypyrrole/ZnFe2O4 (Alg/PPy/ZnFe2O4) and investigates the effect of an external magnetic field (EMF) on their 
adsorption performance of acetaminophen (ACT) and ibuprofen (IBU). Different from the pristine beads (Alg/PPy), the 
presence of an EMF altered the behavior of the magnetic beads, showing that these properties are affected by this external 
stimulus. Batch experiments revealed that the amount of ACT and IBU adsorbed by Alg/PPy/ZnFe2O4 is noticeably high 
106 and 108 mg/g. The presence of an EMF increasing their adsorption capacity towards ACT and IBU by 14% and 12% 
compared to Alg/PPy. The results presented here suggest that magnetic-responsive materials like Alg/PPy/ZnFe2O4 are 
prominent for improving the treatment of wastewater containing these contaminants.

Keywords: Magnetic materials; composites; ferrites; emergent contaminants; ibuprofen; acetaminophen.
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Introduction
Population growth and global sanitary issues have contributed to the expansion of the pharmaceutical 
industries and drug consumption [1]. It is well-established that the large-scale production of 
pharmaceutical compounds requires the control of the processes from the production to their 
destination. In general lines, the incorrect disposal of these compounds represents a threat to diverse 
environments since their active principles are constantly found in insignificant amounts in potable 
water, wastewater, and surface water, interacting with biological systems, intoxicating animals, and 
hampering human health. Among the pharmaceuticals in the market, non-steroidal anti-
inflammatories (AINEs) and analgesics are the two classes of drugs most prescribed and acquired 
without a prescription. The overconsumption of these drugs has a close relationship with their 
recurring presence in potable water sources [2]. Due to their high mobility, persistence, and resistance 
to degradation, the removal of these drugs from the aqueous environment is a challenge. To deal with 
this, researchers have been working on the development of various techniques and strategies to treat 
drug-contaminated water and wastewater. As noticed, adsorption is considered one of the most 
prominent processes to remove these drugs from water mainly because of its features (e.g., 
straightforward application, low cost, diversity of adsorbents, among others). Adsorbents with 
magnetic properties, for example, are attractive not only because they are readily recovered from the 
treating medium but also due to the possibility of modulating the physicochemical characteristics of 
the adsorbent when in the presence of an external magnetic field (EMF) [3]. An EMF can be applied 
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to enhance the adsorption performance, affecting the physical and chemical properties of solvents 
and the structure of the magnetic adsorbents. When dealing with polymeric materials filled with 
ferrites, which are oxides of ferrimagnetic origin, it is possible to assume a noticeable influence on 
the crosslinking process of these adsorbents, which will reflect in their physical, chemical, 
morphological properties, and adsorbent capacity [4]. To investigate the benefits associated with the 
use of an EMF on the adsorption of two worldwide consumed drugs from water in this study, we 
synthesized composite beads of alginate (Alg), polypyrrole (PPy), and zinc ferrites (ZnFe2O4) to the 
removal of acetaminophen (ACT) and ibuprofen (IBU).  
 
 
Experimental  
Synthesis of the beads: An acidic pyrrole solution (0.1 mol/L) was prepared using HCl (1 mol/L) and 
then, added dropwise to an Alg aqueous solution (3 wt%) up to achieve a volume ratio of 1:10. The 
resulting solution was stirred for 30 min at 80 °C. To proceed with the oxidative polymerization of 
pyrrole, a FeCl3 solution (2 mol/L) was slowly added until the solution color changed to black. The 
reaction system was kept under stirring for another 5 h at 5 ºC. Afterward, the solution containing the 
polymers was dialyzed (MWCO 12,000–14,000 Da) against distilled water for 24 h. The purified 
solution of polypyrrole (PPy) and Alg was dropped (1 mL/min) into a CaCl2 solution (3 wt%), which 
was kept under mild stirring. The beads, instantaneously formed due to the ionotropic gelation of the 
Alg chains, were recovered from the CaCl2 solution after 60 min and washed in distilled water to 
eliminate the Ca2+ excess. Next, the purified beads were soaked in a glutaraldehyde solution (3 wt%) 
at pH 3 for 60 min to promote the chemical crosslinking. Finally, the dual crosslinked Alg/PPy beads 
were thoroughly washed in distilled water and oven-dried (50 ºC for 12 h). Magnetic Alg/PPy beads 
containing ZnFe2O4 (labelled as Alg/PPy/ZnFe2O4) were prepared using the same experimental 
protocol. However, 10 mg of ZnFe2O4 was dispersed in Alg/PPy solution (10 mL) before the 
crosslinking processes (with CaCl2 and glutaraldehyde). The polymers: ZnFe2O4 mass ratio was fixed 
at 10:1 based on previous experiments. Fig. 1. summarizes the experimental steps to synthesize the 
materials studied in this work. 
 

 
Fig. 1. Experimental protocol utilized to synthesize the magnetic and non-magnetic beads. 

 
 
Adsorption experiments: Batch experiments were performed to investigate the ability of Alg/PPy and 
Alg/PPy/ZnFe2O4 beads to adsorb ACT and IBU. For these experiments, specific amounts of dry 
beads were put in Erlenmeyer flasks filled with ACT or IBU solutions (50 mL) at fixed initial 
concentrations (C0), temperature, and pH. The flaks containing the solutions + beads were kept on an 
orbital shaker (150 rpm). At predetermined time intervals, a 500 μL aliquot was withdrawn from the 
drug solutions using a plastic syringe, filtered through a 0.45 μm syringe filter, and placed in a Quartz 
cuvette for analysis in a PerkinElmer Lambda35 UV-Vis spectrophotometer (Canada). Absorbance 
measurements were done at 429 nm and 220 nm for ACT and IBU. After each UV-Vis measurement, 
the aliquots were returned to the Erlenmeyer flasks. The effect of the following experimental 
parameters was also studied: Presence or not of an EMF; magnet distance from the adsorption flask 
(5–20 cm); beads dosage (10–50 mg), solution pH (5–7), and temperature (25–55 ºC).  
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Results and Discussion  
FTIR analyses were used to characterize the chemical nature of Alg and the prepared materials, as 
shown in Fig. 2a. The FTIR spectrum of Alg showed a broad band in the range of 3700–3200 cm-1 

due to the O–H stretching of hydroxyl groups and bands due to the C–H stretching at 2924 and 2858 
cm-1. Furthermore, the bands at around 943, 892, and 821 cm-1 are associated with different vibration 
modes of the guluronic and mannuronic units of the Alg. After the ionotropic crosslinking of Alg 
chains by Ca2+ ions, noticeable changes were observed for the bands associated with the carboxylic 
and hydroxyl groups of this polysaccharide. The FTIR spectrum of the Alg/PPy beads crosslinked by 
Ca2+ (denoted as Alg/PPy-Ca2+) exhibited a broadening of the band ascribed to the O–H stretching, 
due to the interaction of the hydroxyl groups of Alg with the Ca2+ ions. As observed in the Alg/PPy 
spectrum, the bands in the range of 1100–980 cm-1 exhibited a higher intensity due to the contribution 
of C–O–C, C–C, and C–O stretching. The increase of these bonds can be associated with the 
crosslinking of GA with Alg, as explained by Huang et al. 2014. The reaction with GA should occur 
preferentially with the mannuronic units of Alg since its guluronic units are crosslinked by Ca2+ ions. 
Also, the FTIR analyses indicate the successful dual crosslinking of Alg chains, which allows 
inferring that the Alg/PPy beads are formed by a semi-interpenetrating network (semi-IPN). By 
comparison, the FTIR spectrum of Alg/PPy/ZnFe2O4 is quite similar to the spectrum of the bare 
beads. The characteristic bands of ZnFe2O4 were not observed because the bands proceeding from 
the polymer matrix overlap them. The small amount of ZnFe2O4 compared to the polymers also 
explain this result. However, the broadening of some bands associated with the functional groups of 
Alg is noticed. Also, the band ascribed to the asymmetric C=O stretching of the ionized carboxylic 
groups of Alg (at 1735 cm-1) exhibited a lower intensity. It can be suggested from these data that the 
magnetic filler interacts with the polymeric matrix, which might be beneficial to their dispersion 
throughout the beads. The presence of ferrite in the polymeric material conferred the magnetic 
property to the adsorbent as it is possible to see in Fig. 2b. 
 

 
Fig. 2. (a) FTIR spectra of Alg, Alg/PPy-PM (physical mixture), Alg/PPy-Ca2+, Alg/PPy, and 
Alg/PPy/ZnFe2O4 beads, (b) Photographic image of the prepared beads on the presence of a permanent magnet. 
 
Fig. 3. shows the swelling data from the experiments performed in the presence of EMF. As observed, 
this external stimulus caused a minimal variation in the swelling behavior of Alg/PPy, whereas the 
magnetic beads exhibited a completely different behavior. Different from the experiment in the 
absence of EMF, Alg/PPy/ZnFe2O4 exhibited a fast initial swelling kinetics (up to 80 min), and the 
maximum swelling was increased to 158%. This value is around 1.8-fold higher than that calculated 
in the absence of EMF, which confirms that the swelling performance of Alg/PPy/ZnFe2O4 is 
tailorable. The responsiveness and efficiency of the magnetically enhanced swelling process occur 
because the magnetic beads have a more deformable macroporous structure due to the EMF. The 
action of the magnetic field alters the interaction between ZnFe2O4 particles and the hydrophilic 
groups of Alg/PPy/ZnFe2O4 enabling their interaction with water. Besides, the effect of the magnetic 
field will increase the number of H-bonds in the system and promote the formation of a network of 
hydrogen bonds, thus, increasing the interaction between the adsorbent and the swelling medium [3]. 
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Fig. 3. Swelling curves for Alg/PPy and Alg/PPy/ZnFe2O4 in distilled water (a) in the absence and (b) in 
presence of an EMF. 

 
The first was the effect of an EMF on the adsorption of ACT and IBU on the Alg/PPy and 
Alg/PPy/ZnFe2O4 beads. Overall, the magnetic beads showed higher adsorption capacity for both 
drugs compared to Alg/PPy independently of the EMF (Fig.4.), indicating that the composite 
formation by itself is already advantageous for this kind of application. The discrepancy regarding 
the adsorption capacity of the two beads is increased due to the presence of EMF, as observed. Indeed, 
the presence of the EMF increased the ACT adsorption by 14% and IBU adsorption by 12% on 
Alg/PPy/ZnFe2O4. On the other hand, no significant changes were observed in the qe values calculated 
for Alg/PPy due to the presence of the EMF. The literature reports two main reasons to explain the 
enhancement of the adsorption process by using an EMF: (i) the Lorentz force generated by the field 
influences the orientation of adsorbate in solution and transfers them to the adsorbent [4]; and (ii) 
exposure to an EMF affects the adsorbent, through the phenomenon of magnetic memory, resulting 
in a more heterogeneous morphology that favors the adsorption process. This last phenomenon is 
easier observed in materials that have high magnetic susceptibility as Alg/PPy/ZnFe2O4 [3]. 
 

 
Fig. 4. Adsorption capacity of (a) ACT and (b) IBU on Alg/PPy and Alg/PPy/ZnFe2O4 in presence and 
absence of EMF (Conditions: Dosage 10 mg; C0 350 mg/L; solution volume 50 mL; pH not adjusted; room 
temperature; orbital shaking 150 rpm; contact time 3 h). 
 
To explain some properties of the beads, the processes of adsorption kinetics and isotherms were 
evaluated and the models that best suited the results obtained in this research were the pseudo-second 
order kinetics and the Freundlich adsorption model for the isotherms, these data usually assume that 
the adsorption process occurs due to a chemical bond between the adsorbent and the adsorbate. The 
high mechanical stability of these beads assured high removal rates (> 91%) even after ten 
consecutive reuse cycles. In short, this study indicated that the removal of ACT and IBU from the 
aqueous medium is enhanced by using the magnetic-responsive Alg/PPy/ZnFe2O4 beads. It is 
envisaged that the magnetic responsiveness presented by the original material be useful in the 
practical treatment of drug-contaminated water/wastewater. 
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Conclusions 
Alginate/polypyrrole (Alg/PPy) beads were endowed with magnetic properties by entrapping zinc 
ferrites (ZnFe2O4) into their polymeric matrix. Characterization analyses indicated the interaction 
between the polymers and the magnetic nanoparticles. Moreover, the exposition of the magnetic 
beads (Alg/PPy/ZnFe2O4) to an EMF changed intrinsic properties such as swelling and pHPZC. 
Adsorption experiments revealed that the presence of an EMF enhances the performance of the 
Alg/PPy/ZnFe2O4 for the removal of ACT and IBU from the aqueous medium. Indeed, the adsorption 
capacity of these drugs was increased by 14% and 12% due to the presence of an EMF. Conversely, 
the adsorption capacity of non-magnetic Alg/PPy beads did not change due to the EMF, confirming 
that the ferromagnetic nature of the Alg/PPy/ZnFe2O4 is crucial for this responsive behavior. The 
EMF also accelerated the drug adsorption on the magnetic beads by about 15%, especially in the 
initial stages of the adsorption process, which followed pseudo-second-order kinetics. Isotherm 
analysis indicated that the Freundlich model is adequate to explain the adsorption of both drugs on 
Alg/PPy/ZnFe2O4, and the mechanism involves electrostatic, H-bonds, and hydrophobic interaction 
forces. As determined, the drugs adsorbed on the magnetic beads can be desorbed, which allows their 
regeneration and reuse up to ten times. The high mechanical stability of these beads assured high 
removal rates (> 91%) even after ten consecutive reuse cycles. In short, this study indicated that the 
removal of ACT and IBU from the aqueous medium is enhanced by using the magnetic-responsive 
Alg/PPy/ZnFe2O4 beads.  
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Abstract 

Essential oils are complex mixtures originating from lipophilic secondary plant metabolites with highly volatile 
compounds with antiviral properties. This work used cellulose nanofibers (CNF) to stabilize Pickering emulsions of 
MAEO (melaleuca essential oil). The main process parameters were analyzed by the design of the experiment, 
indicating that the amount of CNF and mixing time collaborated with stability, while oil concentration and 
homogenization rotation have little interference in the stability process. The viral assays against SARS-CoV-2 indicate 
damage to the Spike protein on the particle surface. The emulsions show good stability following these process 
parameters, good antiviral activity, and are environmentally friendly, causing less environmental damage.

Keywords: Oil essential, Melaleuca Alternifolia, Nanocellulose, SARS-CoV-2.
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Introduction  
 
 Essential oils (EOs) are natural compounds with biological assets enabling excellent 
antimicrobial, antiviral, and antioxidant capacity. For this reason, they are considered a viable 
technological alternative to conventional chemical disinfectants. The antimicrobial capacity of the 
EOs is directly associated with the quantity of terpene chemical groups present in the EOs, for these 
components have an affinity for interaction with the biological structures of the microorganisms, 
leading to the formation of reactive oxygen species (ROS) that can cause irreversible damage to the 
microorganisms, compromising their metabolic activities,  However, the OEs present limitations 
such as i) volatilization of actives ii) degradation iii) oxidation, iv) low solubility, these restrictions 
prevent the direct use in the manufacture of antiseptic, pharmaceutical, cosmetic and food products. 
[1, 2,3]. 
 The Essentials oil of melaleuca alternifolia (MaEO) is extracted from the tea tree, a plant 
from Australia, by steam distillation of leaves and terminal branches. It has in its composition 
several functional groups of terpenes and terpenoids, among them, terpinenol-4-ol, γ-terpinene, α-
terpinene, cymene, and α-terpineol that contribute synergistically to antimicrobial activity leading to 
inhibition of cellular respiration processes, rupture of the bacterial membrane inducing leakage of 
metabolites from microorganisms, consequently causing cell lysis or death [4,5,6]. 

 Adding natural compounds is an alternative to protect the actives in essential oils and 
ensure their efficacy. Emulsification is a widely used technology to stabilize or control the release 
of active ingredients. Emulsions are dispersed systems formed by two immiscible liquid phases, the 
most common being oil-in-water and water-in-oil emulsions, stabilized by amphiphilic molecules or 
emulsifiers well established in the industry [7,8]. 

These auxiliary components ensure excellent emulsion stability over time to increase the 
shelf life of emulsion-based products, which is a crucial factor for industries. [9,2]. The replacement 
of synthetic surfactants with natural solid particles, such as cellulose, has been adopted in the 
market due to the environmental damage that those can cause. Cellulose presents advantages such 
as biodegradability, renewable biomass, and non-toxicity. Among the available cellulose structures, 
cellulose nanofibrils are considered a good option since they are fibrous nanostructures with high 
surface area and low production costs [1]. 

Cellulose nanofibrils (CNFs) are fibrous nanostructures with a diameter on the nanometer 
scale (less than 100 nm) that allow high surface area without high production energy and financial 
costs [10,11,12]. In this contribution, we evaluated various process parameters on the stability of 
Pickering emulsions of (O/W) using the designer of experiments (DoE) design of experiments. The 
instability phenomena (creaming, sedimentation), instability index and droplet size were analyzed 
and controlled over time. In addition, the antiviral activity of MaEO and the emulsions were 
investigated against SARS-CoV-2. From the DoE point of view, parameters on the preparation and 
stability of Pickering emulsions stabilized with CNF were revealed. The Pickering O/W emulsion 
inactivates the COVID-19 coronavirus, showing great potential for use in rapid sanitizing products 
and food packaging formulations capable of protecting food against SARS-CoV-2. 
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Experimental  
 

The aqueous suspensions of CNF were homogenized in a high-intensity ultrasound (Sonics 
Vibra Cell, 400 W power and 24 kHz) for 10 min. The MaEO was mixed with a previously 
dispersed CNF suspension, and this mixture was homogenized in an Ultra-Turrax Blender, model 
IKA T25 (IKA Werke, Staufen, Germany). The following parameters were varied: CNF content in 
the aqueous suspension (0.5 and 1 % w/v), oil/water (O/W) ratio (20 and 30 % v/v), mixing speed 
(12,000 and 15,000 rpm) and mixing time (5 and 7 min). The emulsions were named 
XEO/YT/ZCNF/WRPM, where X corresponds to the MaEO content (% v/v), Y is the mixing time 
(min), Z is the CNF concentration (% w/v), and W is the mixing speed (rpm). 

 
Results and Discussion  
 

The stability of Pickering emulsions is related to the emulsifier's (CNF) content and the 
preparation process's parameters, such as (rotation time, CNF concentration, rotation in rpm, and oil 
and water concentration). According to the Design of Experiments tool, the stability index values 
are affected according to the process parameters. The emulsion stability index (ESI) increases with 
the amount of CNF due to the 3D network formations caused by the high interactions of CNF (Fig 
1). [13,14,15]. 

 

 
Figure 1: Gráficos de Pareto da análise factorial obtida pelo desenho de experiências (DoE) para o 

efeito dos factores utilizados para preparar as emulsões Pickering (teor de OE, teor de CNF, rotação da 
mistura e tempo de mistura) sobre o índice de instabilidade da emulsão (ESI) a 0 dias (a) e 30 dias (b) de 

armazenamento. A: Teor de EO. B: Teor de CNF. C: rotação da mistura. D: tempo de mistura. Duas letras: 
interacção simultânea dos factores. Efeito negativo: o factor reduz o ESI. Efeito positivo: o factor aumenta o 
ESI. Os factores acima do limiar de Bonferroni têm quase de certeza efeitos importantes sobre a propriedade. 
Os factores que ultrapassam o limiar do valor t têm efeitos potencialmente importantes sobre a propriedade. 

 
MaOE concentrations negatively affect the stability of the emulsions. The rotation and 

homogenization time contribute to the system's stability over the storage time. An increase in the 
average diameter of MaEO droplets is observed with increasing oil concentration. Increasing the 
CNF content and mixing time prevents the coalescence of the oil droplets due to the Ostwald 
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ripening mechanism [9]. As can be observed in droplet morphologies, homogenization rotation and 
CNF content have synergistic significative effects on droplet stability (Fig 2). 

 

 
Figure 2: Fluorescence optical microscopy of the CNF-stabilized Melaleuca emulsion. Bar scale=100 

μm 
 

Pickering emulsions 30EO/5T/0.5CNF/15RPM and 20EO/5T/0.5CNF/12RPM are the most 
stable emulsions concerning the smallest droplet sizes and ESI values, including the smallest 
variations of these parameters over the 30-day storage period. These Pickering emulsions were 
subjected to antiviral testing against SARS-CoV-2. 

The MaEO inactivated the viral load of SARS-CoV-2 in the viral inoculum medium at the 
same instant after contact with the essential oil. MaEO inactivated all SARS-CoV-2 virions in the 
viral inoculum medium immediately after contact with it, as indicated in Fig. 3a. The 
30EO/5T/0.5CNF/15RPM emulsion was able to inactivate all SARS-CoV-2 virions within 15 
minutes after direct contact, as all viral S proteins were damaged in the inoculum sample (Fig. 3b) 

 
 

      
Figure 3: SARS-CoV-2 antiviral tests for the MaEO (a) and MaEO/water emulsions (b) after 0, 5, 

15, and 20 min of direct contact. Negative results are highlighted in red squares. 
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Conclusions 
 

Therefore, the Pickering emulsion of MaEO stabilized with CNF shows antiviral 
performance against SARS-CoV-2. Melaleuca alternifolia essential oil (MaEO) inactivates SARS-
CoV-2 particles immediately by damaging its S proteins through capsid destruction, but its 
emulsions needed more time to inactivate, but it was possible to verify that Pickering emulsions 
have antiviral character. 
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MONODISPERSE NANOPARTICLES PREPARED BY MICROEMULSION 
POLYMERIZATION

Tainara L. Souza, Sônia F. Zawadzki and Juliete S. Neves*
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Abstract – Monodisperse nanoparticles have been successfully prepared through microemulsion polymerization of 
styrene and acrylated ester of canola oil. The acrylic ester was obtained in three stages: esterification, epoxidation and 
acrylic addition in triglycerides chains whose were derived from commercial canola oil. Influencing of the surfactant 
concentration on the particles diameter and size distribution was investigated. Stable polymer latices with 30 wt% of 
solids content were obtained with surfactant/monomer weight ratio up to 0.14, particle diameter less than 78 nm and Zave
less than 0.2, showing latices with narrow particle size distribution (PSD). 

Keywords: Biopolymer, canola oil, styrene, polymer latex 

Introduction

Every year, sustainable practices have received an important place in the development of the industry, 
being reinforced by Agenda 21 that predicts a responsible action to meet the current and future 
needs.[1-3] In this context, petroleum derivatives are not welcome due to their low degradability rate, 
their contribution to global warming (greenhouse gas emissions) and the accentuation of 
environmental problems.[2-4] Therefore, the use of vegetable oils and their derivatives has become 
emerging to completely or partially replace fossil materials in polymerization reactions.[5] This is 
possible because vegetable oils show significant characteristics: high availability, low cost, 
renewable nature, low ecotoxicity, biodegradability, biocompatibility and potential to structural
modification.[6-7]
Vegetable oils are triglycerides, whose fatty acid composition varies according to chain length and 
functionality.[6] The double bonds in these molecules allow for structural modification through thr 
insertion of reactive functional groups, with a subsequent use as monomers in polyaddition and/or
polycondensation reactions.[8] Thus, the production of vegetable oils has increased significantly due 
to their application in new materials.[2]
Recent studies indicate the potential of tropical canola varieties in Brazil. Guiducci et al.[9] showed 
an average productivity of 3,000 kg/ha, emphasizing higher oil yield compared to soybean, besides 
resulting in lower production cost compared to corn. Canola oil, the material used in the present study, 
is rich in oleic acid (R = 18:1).[2] To be used as a base for polymer construction, this oil must undergo 
successive stages of modification: esterification, epoxidation and acrylation of methyl oleate.[4]
According to Moreno et al.[10] the olefinic functionality of the modified oleic acid allows the
crosslinking and the formation of a network with improved mechanical properties. Thus, oleic acid 
is distinguished from others by its oxidative stability, high availability, ease of chemical modification, 
and low cost of extraction and commercialization. In addition, emulsion polymerizations using 
styrene and acrylated methyl oleate have shown high conversions, stable polymeric networks even 
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after longer storage and high molecular weight.[8] However, Meier et al.[2] indicate that although 
monomers based on acryl or methacryl of fatty alcohols are known in the industrial sphere, they are 
still poorly studied. 
In this work, the microemulsion polymerization was used to prepare latices of styrene and acrylated 
esters of canola oil with monodisperse particles diameters less than 52 nm.  
 
Experimental  
Materials  
Materials used: acrylic acid (AA) and styrene (Sty) monomers, canola oil, sodium hydroxide, 
methanol, hexane, acetic acid, toluene, hydrogen peroxide 30%, sodium bicarbonate, hydroquinone, 
sodium dodecyl sulfate, potassium persulphate and distilled water. The materials were used as 
received. 
 
Methods 
Preparation of functionalized fatty ester – The first step was the transesterification of the canola oil 
with methanol. In a 1000 mL round-bottom flask  equipped with a reflux condenser, 225 g of canola 
oil, 200 mL (4.9 mol) of methanol and 2.3 g (5.6×10-2 mol) of NaOH were added and the mixture 
was heated to 65 ºC for 1h30 with moderate stirring. The mixture was then transferred to a separating 
funnel and the canola ester was washed three times with water to remove the residual methanol and 
NaOH. The second step was the epoxidation reaction of the double bond of the ester. In a 100 mL 
three-necked round‐bottom flask, equipped with a reflux condenser, 5.4 mL (0.14 mol) of acetic acid, 
20 g of fatty ester and 26.5 mL of toluene were added. The mixture was heated to 55 ºC and 96 mL 
(4.1 mol) of hydrogen peroxide was added dropwise while stirring. After complete addition of the 
hydrogen peroxide, the reaction system was kept at 55 °C with continuous stirring for 15 h. Then, the 
product was washed with saturated bicarbonate solution to remove the residual acetic acid. The last 
step was the reaction between acrylic acid and epoxidized fatty ester. In a 250 mL round-bottom flask, 
equipped with a reflux condenser, 7.7 g (0.11 mol) of acrylic acid, 15 g of epoxidized fatty ester and 
0.13 g (1.2×10-3 mol) of hydroquinone were added. The reaction system was kept at 100 °C with 
continuous stirring of 6 h. Then, the functionalized fatty ester was washed with saturated bicarbonate 
solution to remove the residual acrylic acid. 
 
Polymerization - In a 100 mL round-bottom flask, equipped with a reflux condenser, 3.84 g of styrene, 
0.81 g of acrylic acid, 1.63 g of of functionalized fatty ester, 0.19 g of potassium persulphate, 38 g of 
distilled water and sodium dodecyl sulfate were added. Three different surfactant/monomer ratio, 
0.03, 0.07 and 0.14, were evaluated. The reaction system was kept at 80 °C under continuous stirring 
for 2 h. 
 
Nuclear Magnetic Resonance (NMR) analyzes were carried out using a Bruker AVANCE 400 NMR 
spectrometer operating at 9.4 T observing the 1H nuclei at 400.13 MHz. Samples of approximately 
200 μl were transferred into 5-mm NMR tubes and the volume was completed to 600 μl with 
deuterated chloroform containing tetramethylsilane (TMS) as the internal standard. The 1H NMR 
spectra were recorded at 25 ° C. The analyzes were carried out at the Chemistry Department – UFPR. 

Differential scanning calorimetry (DSC) analyzes were carried out using a NETZSCH DSC 200 F3 
MAIA equipment. Samples were weighed in aluminum crucibles (approximately 8.0 mg) and the 
analyzes were programmed in heating/cooling cycles: 1) heating from 25 to 200 °C, isotherm for 5 
min; 2) cooling from 200 to -40 °C; isotherm for 5 min; 3) heating from -40 to 200 °C. The heating 
and cooling rate was 10 ºC min-1 and the run was performed under N2 atmosphere (40 mL min-1). The 
data used refer to the second warm-up. The analyzes were carried out at the Chemistry Department – 
UFPR. 
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Dynamic Light Scattering (DLS) analyzes were carried out using a ZETASIZER NANO ZS at a 
Malvern Instruments and PANalytical (Egham, Surrey, United Kingdom) operating at 13° e 173°, 
scattered light detector with a 4 mV solid state and 632.8 nm laser wavelength. Data acquisition was 
performed using the software Zeta Sizer Nano v. 3.30. The analyzes were carried out at the BIOPOL 
Laboratory, at the Pharmacy Department – UFPR. 
 
Results and Discussion  
 
The functionalized fatty ester was evaluated by 1H NMR spectroscopy and the results confirmed that 
the expected products were obtained at each step. In Figure 1a, the peak at δ = 3.67 ppm, which are 
related to three hydrogens of the methyl group of the ester, confirms the transesterification product 
obtained. In Figure 1b, the disappearance of the peak at δ = 5.35 ppm, which is related to the hydrogen 
associated with the unsaturated carbon and the appearance of peaks at δ = 2.88–3.12 ppm, associated 
with the hydrogens of the oxirane ring, confirm the epoxidation reaction. At last, in Figure 1c, the 
reaction between acrylic acid and epoxidized fatty ester was confirmed by the disappearance of the 
hydrogen peaks in the oxirane ring and the presence of peaks associated to the hydrogen of the 
unsaturated carbon in the acrylic group observed at δ = 5.83–6.41 ppm. 
 

 
 
Figure 1 - 1 H NMR of functionalized fatty ester. a) 1 H NMR of product of transesterification reaction. b) 1 
H NMR of product of epoxidation reaction. c) 1 H NMR of product of the reaction between epoxidized fatty 
ester and acrylic acid. 
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Figure 2 – a) Transesterification of triglyceride with methanol to methyl ester; b) Epoxidation reaction of the 
double bond of ester by a peroxy-carboxylic acid; c) Reaction between acrylic acid and epoxidized fatty ester. 
 
In this work, polymeric nanoparticles were obtained by microemulsion polymerization and 5 wt% of 
acrylic acid was used as a co-stabilizer to reduce the styrene/water interfacial tension and improve 
latex stability by preventing clotting. The influence of surfactant content on particle diameter was 
evaluated and in Table 1 is possible to observe an inverse relation between surfactant/monomer ratio 
and particle size. By increasing the surfactant concentration, a decrease in particle diameter is 
observed. This is because increasing the concentration of anionic surfactant causes the nucleation of 
new particles. By comparing the number of particles per litre of latex, it was observed the higher 
number of particles when the surfactant concentration was higher. It was also observed that another 
factor can influence the particle diameter in microemulsion polymerization: the solubility of the 
monomer in the continuous phase.  
An increase in solubility reduces the monomer/continuous phase interfacial tension and favors the 
dispersion of the monomer and the homogeneous nucleation, leading to the formation of smaller 
particles. When using monomers with low solubility in water, such as styrene and/or functionalized 
fatty esters, there is a greater difficulty in stabilizing the emulsion and forming monodisperse particles 
with reduced diameter. However, when comparing the results of the experiment 3 and 6 using the 
same concentration of surfactant, it was observed that by changing the monomer composition alone, 
no significant change in the particle diameter was found and the lattice sizes were homogeneously 
monodispersed. 
 

Table 1 - 1Influence of the of anionic surfactant content in the particle diameter and Glass Transition 
Temperature. 

 
Exp. Compositiona Surfactant/monomer 

weight ratio 
Particle 

diameter (nm) 
PDI Cp (L-1)c Tg (°C)d 

AA Sty Esterb 

Exp.1 5 85 10 0.03 52 0.1 6.7 x1018 74 
Exp.2 5 85 10 0.07 38 0.2 1.6 x1019 - 
Exp.3 5 85 10 0.14 33 0.1 2.5 x1019 65 
Exp.4 5 95 - 0.03 77 0.2 1.1 x1018 108 
Exp. 5 5 95 - 0.07 46 0.2 3.1 x1018 - 
Exp.6 5 95 - 0.14 36 0.1 2.0 x1019 75 

aMonomer content in wt% of total monomers. 
bFunctionalized fatty ester. 
c Cp = Particle number concentration – number of particles per volume of suspending medium. 
d Tg = Glass Transition Temperature  
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The glass transition temperature of the polymers was determined by DSC. Comparing the data 
showed in Table 1, it can be observed that a variation of the Tg values with the surfactant 
concentration.  The surfactant molecules can act as a plasticizer, decreasing the cohesive force 
between the polymer chains, decreasing Tg of the when surfactant concentration was increased. In 
experiments 1 and 4, the Tg of polymer also decreased with monomer composition changing. 

 
Conclusions  
In this work they were synthesized nanoparticles by microemulsion polymerization, with diameter 
between 33 and 78 nm, with PDI less than 0.2, indicating latices with narrow PSD. The canola 
vegetable oil was successfully modified and polymerized with styrene by radical polymerization 
mechanism. The results showed that the anionic surfactant concentration had more influence on 
particle diameter and Tg values than the monomer composition in this case.    
 
Acknowledgements  
The authors would like to thank Joslaine Jacumazo for the DLS analysis carried out at the Laboratory 
BIOPOL/UFPR and the NMR analysis performed at the Nuclear Magnetic Resonance Laboratory at 
the Federal University of Paraná (UFPR).  
 
References  
 
1. A. M. M. S. Medeiros, F. Machado, J. C. Rubim and T. F. L. McKenna, Journal of Polymer 

Science Part A: Polymer Chemistry, 2017, 55, 1422.https://doi.org/10.1002/pola.28511. 
2. M. A. R. Meier, J. O. Metzger and U. S. Schubert, Chemical Society Reviews, 2007, 36, 

1788.10.1039/B703294C. 
3. MINISTÉRIO DO MEIO AMBIENTE, Agenda 21 global, 

https://antigo.mma.gov.br/responsabilidade-socioambiental/agenda-21/agenda-21-
global.html#:~:text=A%20Agenda%2021%20pode%20ser,justi%C3%A7a%20social%20e
%20efici%C3%AAncia%20econ%C3%B4mica.&text=Pre%C3%A2mbulo%20(Arquivos%
20para%20Download%20Word%20ou%20PDF), (accessed May 2, 2023). 

4. A. T. Jensen, C. Sayer, P. H. H. Araújo and F. Machado, European Journal of Lipid Science 
and Technology, 2014, 116, 37.https://doi.org/10.1002/ejlt.201300212. 

5. A. T. Jensen, A. C. C. de Oliveira, S. B. Gonçalves, R. Gambetta and F. Machado, Journal of 
Applied Polymer Science, 2016, 133.https://doi.org/10.1002/app.44129. 

6. J. S. Neves, L. F. Valadares and F. Machado, Colloids and Interfaces, 2018, 2, 46 
7. L. Montero de Espinosa and M. A. R. Meier, European Polymer Journal, 2011, 47, 

837.https://doi.org/10.1016/j.eurpolymj.2010.11.020. 
8. S. P. Bunker and R. P. Wool, Journal of Polymer Science Part A: Polymer Chemistry, 2002, 

40, 451.https://doi.org/10.1002/pola.10130. 
9. R. d. C. N. Guiducci, P. S. Sabaini, A. N. Cardoso and B. G. Laviola, Tropicalização da 

canola (Brassica napus L.) e inserção na cadeia produtiva de óleo vegetal: análise de 
cenário, Embrapa Agroenergia, 2020. 

10. M. Moreno, M. Goikoetxea and M. J. Barandiaran, Journal of Polymer Science Part A: 
Polymer Chemistry, 2012, 50, 4628.https://doi.org/10.1002/pola.26287. 

 

628



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

MORPHOLOGICAL INFLUENCE ON THE INCORPORATION OF 
NANOCELLULOSE INTO DE MEMBRANES POLYVINYLIDENE 

FLUORIDE (PVDF)
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Abstract –
The addition of nanomaterials in polymer matrices has been highlighted in recent years, due to their advantageous 
characteristics compared to pure materials. The incorporation of natural fibers in polymers, such as nanocellulose, 
becomes a sustainable alternative, since they come from renewable resources. For polymeric membranes, the use of 
nanofibrillated cellulose (CNF) in the composition results in a greater specific surface area, thermal resistance, delay in 
the formation of encrustations (fouling), in addition to good mechanical properties and green properties, such as 
biodegradability and recyclability. The objective of this work was to produce and evaluate the morphology of 
polyvinylidene fluoride (PVDF) membranes incorporated with different proportions of CNF. For the production of 
membranes, the phase inversion method was used.by immersion-coagulationwith the solvente N,N-dimethylformamide 
(DMF) and distilled water being the non-solvent. The samples were identified as: PVDF, in the other words, 100% 
PVDF membrane, PVDF/0,5%CNF with addition of 0,5% nanocellulose in PVDF membrane and PVDF/1,0%CNF 
which means 1,0% nanocellulose added to the membrane of PVDF. Scanning electron microscopy (SEM) analysis 
showed an asymmetric morphology in the three membranes containing a thin dense layer on the surface, therefore, the 
selective layer and then a porous structure. Furthermore, the images indicated that the use of distilled water as a non-
solvent resulted in an increase in the nominal pore size and in the porosity of the membranes with nanocellulose, due to 
the hydrophilic characteristics of the nanomaterial. According to the results obtained, the addition of CNF can be a 
viable alternative for application in membranes, maintaining and/or improving the filtration properties.

Keywords: Membrane, Nanocellulose, Nanocomposites, PVDF, Morphology.

Introduction

With the population increase and economic development, world organizations conjecture 
that from 2030, 17% of the world population will not have infrastructure for access to water [1]. 
Thus, it becomes necessary to search for new reuse processes. Therefore, because they have high 
treatment efficiency and do not generate hazardous solid waste, water treatment using polymeric 
membranes is an attractive alternative.

To improve the filtration efficiency and selective capacity of the membrane, in addition to 
partially replacing polymers, the incorporation of nanomaterials in polymeric membranes are being 
increasingly used. In order to provide different properties, reduce production costs and confer 
benefits to the functioning of the membranes, it is necessary to study the implantation of green 
nanomaterials, such as nanocellulose, since many are abundant on Earth and have biodegradability 
[2].
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In the present work, PVDF membranes with the incorporation of nanocellulose were 
investigated, aiming at the morphological and porosity properties of the produced samples. 
 
Experimental  
 
Materiais 
 

The polymer used to prepare the membranes was poly(vinylidene fluoride) (PVDF) in the 
form of pellets (SOLEF 1015/0078), and was supplied by Solvay Solexis Inc. Cellulose nanofibers 
were obtained through the defibrillation of bleached cellulose fibers from the genus Eucalyptus sp. 
The material was provided by Companhia de Celulose Riograndense. 

The solvent used in preparing the membrane was N,N-dimethylformamide (DMF), supplied 
by Labsynth, with a purity of 99,8%. And the non-solvent was distilled water. For the solvent 
exchange step of the nanofibrillated cellulose pulp, ethanol (99,5% PA from the Anidrol brand) was 
used. 
 
Métodos 

 
Nanocellulose was prepared by defibrillating commercial cellulose in a high shear stone 

mill, model MKCA 6-2, MASUKO brand. Grinding was carried out for 5 hours at 2500 rpm to 
obtain fibers on a nanometric scale. The proportion used was 2,2% (w/v) cellulose/water. 

Then, the solvent exchange of the nanofibrillated cellulose pulp was carried out in order to 
remove the water. Then, ethanol was added to the suspensions and centrifugation was carried out in 
triplicate at 4500 rpm for 10 minutes in a Novatécnica centrifuge, model NT 820. 

The membranes were prepared using the phase inversion technique from a polymeric 
solution of 20% (w/v) of the total mass in DMF. Table 1 shows the proportions used in each 
sample. 

 
Table 1– Nomenclature and proportions of membrane samples 

Nomenclature PVDF (g) DMF (mL) CNF (g) 
PVDF 10 50 0 

PVDF/0,5% CNF 9,95 50 0,05 
PVDF/1,0% CNF 9,9 50 0,1 

 
These solutions were maintained under constant agitation at a temperature of 70 ± 2 °C for 

24 hours. After this period, the step of spreading the solution over a glass plate was carried out in 
order to form the polymeric film. To assist in this process, a stainless steel spreading knife with a 
controlled thickness of 200 μm was used. Then, the plate with the polymeric film was immersed in 
a coagulation bath with the non-solvent, distilled water, at a temperature of 23 ± 0,5 °C for 24 
hours, enough time to ensure the precipitation of the polymer and the formation of membranes. 
solid. Finally, the membranes were dried at room temperature (23 ± 0,5 °C). 

The morphology of the surface and the cross-section of the membranes were evaluated using 
a field emission scanning electron microscope (SEM) brand Tescan (Czech Republic) model 
MIRA-3. The samples were fractured in liquid nitrogen and covered with gold. Results of the 
nominal pore size of the samples were also obtained with the help of the Image Tools Software. 

Membrane porosity was calculated based on the gravimetric method. The first step was to 
dry the membrane at 70 °C for 24 hours, after which it was weighed. Then, the sample was 
immersed in n-octanol (Merck, 97% purity) for 2 hours and weighed again. The porosity is 
calculated according to Eq. 1 [3]. 
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(1)

Where, ε is the porosity of the membrane (%), Mf is the final mass after immersion in n-
octanol (g), Mi is the initial mass (g), ρm is the membrane density (g/cm³) and ρo is the n-octanol 
density (0,82 g/cm³). To determine the density of the membrane, the gravimetric method is also 
used, following the ASTM-D792-13 standard [4]. The membrane is dried in an oven for 24 hours at 
100°C and then weighed. Afterwards, it is immersed in ethanol (Merck, 99,9% purity) and the 
second weighing is carried out. Eq. 2 shows the density calculation

                                                            
(2)

Where, ρm is the membrane density (g/cm³), M1 is the initial sample mass (g), M2 is the mass 
after immersion in ethanol (g) and ρet is the ethanol density (0,79 g/cm³).

Results and Discussion

The active surface and cross-section of the membranes are being compared in Fig 1 and Fig 
2, respectively. As observed in the SEM, the membranes presented homogeneous morphology of 
granular formation with a spongy appearance and without significant alteration and precipitation 
with the addition of nanocellulose [5].

Figure 1–SEM of active surfaces with 1000x and 10000x magnification of samples (a, d) PVDF, (b, e) 
PVDF/0,5%CNF and (c, f) PVDF/1,0%CNF
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The images obtained in Fig 2. show that all membranes presented asymmetrical 
morphologies formed by a fine dense surface structure, followed by a porous layer with the 
presence of macrovoids [5, 6]. This morphology is generated due to the high compatibility of the 
solvent (DMF) and non-solvent (distilled water) during phase inversion, providing a reduction in 
surface tension, thus a rapid precipitation of the polymer for the formation of membranes. These 
characteristics may favor a greater permeate flux, improving the filtration properties of the 
membrane [7].

Furthermore, it is evidenced that the incorporation of nanocellulose generate channels with 
more open pores, causing an increase in the size of macrovoids compared to the pure PVDF 
membrane. This is explained due to the hydrophilic nature of nanocellulose, which is favored by the 
use of non-solvent during phase inversion [5-7].

These results corroborate the values presented in Table 2, since the addition of 
nanomaterials, such as nanocellulose, increases the nominal pore size of the membranes. As 
observed, the membrane with 1,0% cellulose obtained larger pore sizes [8].

Figure 2–SEM of cross section with 2000x and 5000x magnification of samples (a, d) PVDF, (b, e) 
PVDF/0,5%CNF and (c, f) PVDF/1,0%CNF

Table 2– Nominal pore size and porosity of the membranes
Sample Nominal pore size (μm) Porosity (%)
PVDF 0,572 69,33

PVDF/0,5% CNF 0,694 70,44
PVDF/1,0% CNF 0,802 72,63
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Conclusions  
 
 Given the above, it is concluded that the incorporation of nanocellulose is a viable 
alternative for the production of PVDF membranes using distilled water as a non-solvent. In the 
SEM analyses, it was noted that the nanocellulose provides an increase in the nominal size of the 
pores, thus increasing the macrovoids and porosity of the membranes. Future filtration analyzes will 
be necessary to evaluate this difference in pore structure and whether these will favorin a higher 
permeate flux. 
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Abstract  
 
Coconut fibers are promising materials for the construction of new composites because they have important mechanical 
properties, are produced in an integrated way with the environment and promote valorization in the agricultural field. 
However, for the formation of high-performance polymeric composites, for example, vegetable fibers must form a perfect 
interaction with natural or synthetic resins. In this way, to achieve better results in the properties of the new composite 
material, the surface of the vegetable fiber can be modified, changing its surface condition. In this sense, the study was 
dedicated to observing the morphological alteration of the fiber through action and processing by ultrasound and 
mechanical agitation in an aqueous medium. Five different cycles were evaluated and the results revealed that ultrasound 
agitation presented 0.89% and mechanical agitation 0.92% of weight loss. 
 
Keywords: Coconut fiber, Composite, Process. 
 
Introduction 
 
The investigation and creation of new methodologies for the construction of materials with good 
chemical and mechanical properties, more ecologically correct, clean production and low cost is a 
goal to be pursued by today's society. The predicted population increase for the year 2050, which is 
between 9 and 10 billion inhabitants, is putting pressure on society as a whole towards greater 
sustainability and continuity of our existence [1,2]. Plant fibers are ecologically suitable materials to 
serve as raw material for the construction of polymeric composites and technological applications 
[3,4]. They have good mechanical and chemical properties, low abrasiveness in polymer processing 
equipment, low production and processing costs, clean and abundant production [5]. 
The interest in composite materials with plant fibers has drawn attention to research and has shown 
significant growth, due to the ease of obtaining associated with their properties [6,7]. However, in the 
construction of composite materials, it is the contact with the interfaces that is largely responsible for 
the union of the constituent materials. When two different materials are placed in contact, the 
interaction that occurs between them will be relative to the chemical and also physical conditions of 
each one. The chemical attraction is strongly influenced by polarity and will be greater the closer they 
are [8,9]. In addition to the chemical interaction between the constituents, the morphological factor 
also influences the final properties of the composite. In very pronounced reliefs of the fiber, 
significant grooves and depressions occur that can, in addition to accommodating other substances, 
such as moisture, oxygen, among others, hinder or prevent contact with the polymeric matrix [10]. 
Many works have been devoted to chemically modifying plant fibers, using specific chemical means. 
Many methods have been evaluated such as alkaline, silane, acetylation, maleic anhydride, stearic 
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acid, isocyanate, triazine, permanganate and fungal treatment. Physical treatments were also 
evaluated, such as ultraviolet, heating, corona effect, plasma. All treatments aim at modifying the 
surface of the plant fibers, seeking to achieve a better interaction between the fibers and the matrix 
[11-14].  

The matrix-fiber interface is the responsible place where the union between the constituents 
will occur. A stronger attraction between them will be promoted due to the electrostatic attraction 
arising from the nature of their constituents. However, morphology also plays a unique and significant 
role in the interaction between materials. Fibers treated with an alkaline solution, for example, can 
remove the fatty coating and lignin exposing the cellulosic constituent more effectively. This 
modification, however, can be too pronounced, exposing the fibrous arrangement constituted by the 
microfiber bundle. Thus, the grooves and depressions on the surface will form the new fibrous 
morphology. This new constitution has its importance in the fiber-matrix interaction, being able to 
act as surface defects in the formation of the future composite. The final properties of the new material 
will be formed by the sum of constituents, interactions and defects that occur at the interface between 
different materials. This work was applied to investigate the influence of two types of treatments in 
aqueous alkaline solution for coconut fibers. Coconut fibers were subjected to equal treatment times 
by mechanical agitation and ultrasound. The results showed that the type of treatment alters the 
amount of fiber modification. 
 
Experimental 
 

The mechanically processed coconut fibers were hand selected and cut into 5 cm lengths. The 
fibers were dried in an oven at 130 ± 5 ºC before each processing. The fibers were weighed on an 
analytical scale Bioprecisa model FA2104N with four decimal places. Sodium bicarbonate solution 
was prepared in distilled water in the proportion of 8% w/w. An exact amount of 200 ml of solution 
and 5.00 g of fiber were used for each type of processing. For the mechanical agitation processing, a 
Sevitech agitator model CT-054 was used with a speed of 300 rpm. For the ultrasound processing, 
the Unic model Ultracleaner 14000 equipment was used. For both processes, a 500 ml beaker 
containing the fibers and the solution was used. The set was left to rest for one hour and then subjected 
to 30 minutes of agitation (ultrasonic or mechanical). Each cycle (rest and agitation) was performed 
and repeated being named as A (one cycle), B (two cycles) to E (five cycles). The coconut fiber was 
characterized by microscopic using Scanning microscopy electronic FEI model Quanta 250. 
 
Results and Discussion 
 

The studies carried out on coconut fibers revealed that the treatment by mechanical agitation 
and ultrasound modify the coconut fiber proportionally as a function of the process time. With each 
cycle performed on the fibers, a darker color appears in the solution. This change is related to the 
amount of solubles transferred to the solution. Lignin is mainly responsible for the color of the 
solution after processing. [15]. Fig. 1 presents the image of the solutions after each processing in 
mechanical agitation. 
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Fig. 1 – Solution after type of processing in mechanical agitation. 

 
Fibers after treatment were investigated by scanning electron microscopy. Fig. 2 shows the image of 
the surface of natural coconut fiber, covered with the typical layer of wax, pectin and globular 
particles and the fiber treated by means of mechanical agitation after five processes. 
 

 
 
Fig. 2 – Morphology of natural coconut fiber after five processes of mechanical agitation. Magnification of 
approximately 250 times each image. 
 

The treatment by mechanical agitation gradually modifies the original surface of the coconut 
fiber. In just one process (A), the globular particles are mostly removed, leaving a relatively small 
population even after the five processing steps (E). The same occurs with the fatty layer, which is 
removed in the first processing (A). After the fourth (D) and fifth processing (E) the depressions are 
pronounced with an irregular morphology. The studies evaluated the weight of the samples after each 
processing. Fig. 3 presents the results of gravimetry. Processing using mechanical agitation 
demonstrated a more significant decrease in fiber weight at all cycle numbers compared to the 
ultrasound process. The mechanical efficiency of agitation acts through the friction that occurs 
between the fibers and the solution. The impeller forcefully propels the fibers through the solution, 
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creating shear friction between the solution and the wall from beker. This flow profile proved to be 
sufficient to remove approximately 11% of the total fiber weight after five process cycles. 
 

 
Fig. 3 – Gravimetry of natural coconut fiber after five processes of mechanical agitation. 
 

The morphological modifications of the fiber after the processes (mechanical and ultrasound) 
were carried out using an aqueous solution of sodium bicarbonate, thus corroborating for a friendly 
and non-aggressive processing to the environment. 
 
Conclusions 
 

The study evaluated the modification of coconut fibers as a result of mechanical agitation 
processing, in addition to comparing the efficiency of mechanical agitation with ultrasound. For the 
time of mechanical agitation processing (60 minutes of rest and 30 minutes of agitation) the fiber 
presented significant modifications in relation to the external fat layer. After the fourth and fifth 
process, the fibers showed the cellulosic physical structure and respective grooves more clearly. The 
aqueous solution showed an increase in color tone, going darker as the number of processes increased. 
Both processes remove the fraction soluble in alkaline solution from the fiber, however, mechanical 
agitation is more efficient compared to ultrasound. 
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Abstract - The objective of this study is to functionalize cotton fabrics by coating them with a mixture of AgNPs and 
organophilic montmorillonite clay to enhance their antimicrobial properties. This would allow the textile substrate to be 
used in various areas, including medicine. The results of this study, as observed through X-ray diffractogram and Fourier 
transform infrared spectroscopy analyses, demonstrated that the AgNPs adhered more effectively to the fabric when 
mixed with the clay compared to using the silver nanoparticles solution alone. Additionally, the fabric treated with the 
AgNPs solution did not show significant evidence of impregnation in the analyses. Therefore, incorporating AgNPs into 
the substrate mixed with clay yielded better results and offers potential applications in medical fields.
Keywords: Synthesis, Silver, Clay, Coating.  

Introduction 
In the textile industry, metallic nanoparticles have been used to enhance the functionality of fabrics, 
providing properties such as antimicrobial activity, UV protection, and super hydrophobicity, among 
others. This is possible because nanoparticles have an affinity for fabrics while preserving their 
breathability and tactile properties, ensuring durability [12]. Silver nanoparticles (AgNPs) were 
synthesized using the chemical reduction method, employing silver nitrate as the precursor and 
trisodium citrate as the reducing and stabilizing agent. The resulting AgNPs exhibited spherical 
morphologies with sizes ranging from 6 to 30 nm.[1,10]
However, due to the challenges in controlling the particle size, the full potential of nanoparticles is 
not always realized. To address this, researchers have explored the combination of nanoparticles with 
inert, stable, and environmentally friendly materials. This approach not only improves the 
performance of the nanoparticles but also enables the emergence of new properties [3,4].
Clays are one type of material that can be used for this purpose, offering advantages such as low cost 
and easy availability in the market. Among the clays employed, organically modified montmorillonite 
clay is commonly used. It belongs to the smectite family and its structure consists of a central 
octahedral layer of alumina sandwiched between two tetrahedral layers of silica. The intermediate 
layer contains cations and water molecules [3,4,7,11]. This clay material possesses a crystalline 
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arrangement that allows for expansion and compression of its interlayer while maintaining its two-
dimensional crystallography [3,4]. 
In this study, the objective is to functionalize 100% cotton fabrics by coating them with a new mixture 
of AgNPs, montmorillonite clay, and chitosan. The aim is to impart multifunctional properties to the 
treated fabrics, including antimicrobial activity, UV protection, and more. By achieving this, the 
application of these textile substrates can be expanded to various fields, including medicine.. 
 
Experimental  
Materials 
 Silver nitrate (AgNO3) and trisodium citrate (Na3C6H5O72H2O) were utilized to synthesize the 
nanoparticles using standard laboratory glassware and equipment. The montmorillonite clay 
employed in this study was Cloisite 30B®, which is organically modified with a quaternary 
ammonium salt (MT2ETOH: methyl, tallow, bis-2-hydroxyethyl, quaternary ammonium). The fabric 
utilized was 100% cotton with a weight of 177.77 g/m2. Additionally, chitosan from Selachii and the 
ALT-B TOUCH 35 equipment from Mathis were also used in the experiments. 
Síntese de nanopartículas de prata, impregnação na argila montmorilonita e tingimento  
Initially, a solution (1) was prepared by dissolving 0.102 g of silver nitrate in 600 ml of distilled 
water. Another solution (2) was prepared by dissolving 0.200 g of sodium citrate in 20 ml of distilled 
water. For the synthesis, solution 1 was heated while stirring at a speed of 1.5 rpm until it reached 
90°C. Once the desired temperature was reached, 1.5 ml of solution 2 was added dropwise at a flow 
rate of 3 drops per minute. Subsequently, the clay was mixed with the nanoparticles. A concentration 
of 25 g of AgNPs solution per 500 ml (wt/V) was used, and the mixture was stirred for 10 minutes. 
The resulting mixture was then placed in an oven at 100°C until complete drying. 
According to Table 1, eight coating processes were conducted on 100% cotton fabric. The coating 
process involved a duration of 30 minutes at a temperature of 70°C and a rotation speed of 40 
revolutions per minute. Following impregnation and coating, the fabric samples were dried in an oven 
at 80°C. 
 
Results and Discussion  
In order to obtain results on the interaction between AgNPs and the fabric, various material 
characterizations were conducted. As a result, Table 1 was created to assign codes to the samples, 
thereby facilitating the information presented in the figure. 
 
Table 1: Sample processing and coding. 
Code Samples  
C 100% CO Fabric 
CCh 100% CO Fabric + chitosan 
CCl 100% CO Fabric + Cloisite clay  
CChCl 100% CO Fabric + chitosan + Cloisite clay  
CAgNPs 100% CO Fabric + AgNPs 
CClAgNPs 100% CO Fabric + clay/ AgNPs  
CChAgNPs 100% CO Fabric + chitosan + AgNPs 
CChClAgNP
s 100% CO Fabric + chitosan + clay/AgNPs 
 
When analyzing Figure 1(a), which corresponds to the X-ray diffraction (XRD) pattern of the 
clay/AgNPs powder, characteristic peaks of silver (Ag) and clay are observed. The peaks at 36°, 62.3°, 
and 77° correspond to Ag, while the peak at 20.03° corresponds to the clay, indicating the presence 
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(a) (b)

of both components in the powder. Additionally, the chitosan curve shows a peak at 20.05°, but it 
appears displaced and broad, indicating its amorphous nature. 
 
It is important to analyze how this mixture interacts with the fabric using the same parameter. When 
observing Figure 1(b) and analyzing curve C, three peaks at 33°, 22.33°, and 15.14° can be observed, 
which are characteristic of the cellulose polymer present in the fabric. Comparing the other samples 
with the standard (C), it is noted that those with clay exhibit a peak at 22.3°. Similarly, the samples 
functionalized only with chitosan also exhibit this peak, while the peaks at 15.14° and 33° remain 
present in all samples. 
 
Therefore, it can be concluded that the AgNPs adhere better to the fabric when combined with clay, 
as evidenced by the presence of clay peaks in the CClAgNPs and CChClAgNPs samples, indicating 
the incorporation of AgNPs into the clay structure. 
 

 

 
 
 
Figura 1-  (a) - Clay/AgNPs Diffraction Pattern and (b) - Fabric Sample Diffraction Pattern. 
 
 Regarding FTIR analysis, Figure 3(a) shows that the band at 1010.6 cm-1 corresponds to the Al-O-
Si bending vibration in the octahedral sheets of the clay. The sharp band at 1,461.9 cm-1 indicates 
the asymmetric stretching modes of the Si-O bonds in the silica gallery structure and clay layers. 
Additionally, the band at 2,826.6 cm-1 suggests the presence of van der Waals interactions between 
the OH groups and AgNPs. This band can also be attributed to the silanol groups on the surface and 
adsorbed water molecules [13]. 
 
         In Figure 3(b), similar trends are observed, indicating that the fabric's structure was not altered 
by the addition of AgNPs. However, it can be inferred that there was impregnation of AgNPs on the 
fabric's surface based on the FTIR analysis. 
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(b)(a)

 

 
 
 
 
Figure 3 - (a) Infrared Spectrum of Clay/AgNPs and (b) Infrared Spectrum of Fabric Samples. 
 
Conclusions  
 Therefore, the functionalization of the fabrics through the deposition of AgNPs by coating has been 
demonstrated. The analyses confirm the presence of AgNPs and their effective interaction with the 
montmorillonite clay. However, further characterizations are required to fully understand how the 
nanoparticles interact with the fabrics. 
 
        Hence, this study opens up possibilities for creating multifunctional materials. The clay/AgNPs 
powder offers enhanced stability to the nanoparticles, making it suitable for the production of 
technical textiles with various applications in the medical field. 
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Abstract 
This work aims to modify the cellulose nanostructures using a chelating agent derived from the 
diethylenetriaminepentaacetic acid molecule (DTPA) to remove Cr(VI), Cd(II), Zn(II), Mn(II), Ni(II), and Cu(II) from 
simulated water. The nanocellulose was modified in two different ways: The first was using a chelating agent derived 
from DTPA at concentrations of 1 and 3% by weight and on the reaction. The surface 
modification of the CNS was efficient, specifically for 3wt.% concentration, as evidenced by the presence of groups C=O 
stretching vibration and the bending vibration of N-
was confirmed by the decrease in the elemental hydrogen concentration, which can be linked to the surface modification 
of the nanocellulose. In addition, the nanoparticles had an average size increase, verified by the size distribution by DLS, 
as well as a change in their surface charges by Zeta potential, which improved the colloidal stability of CNSs modified 

Keywords: nanocellulose; chelating agent; PS-DTPA.
Fundings: - 2019/16301-6, 2022/11133-0, and 2020/13703-3, CNPq - 308053/2021-4 and 403934/2021-4, and 

Introduction
Among the various chemical elements that may be present in water, heavy metals (currently called 
potentially toxic metals (PTMs) due to the ambiguity that the word heavy metals promotes [1] are a 
class of compounds with high toxicity and persistence (depending on their concentration), which 
result in several problems including precipitation, absorption, ion exchange, and biological threats, 
such as the accumulation of these elements in living organisms along the entire food chain. These 
effects put the lives of human beings at risk, as well as the fauna and flora present in contaminated 
ecosystems [2]. Nanocellulose can occur in nanofibrils, nanocrystals, and bacterial nanocellulose. It 
can be controlled from cellulose by mechanical, chemical, and biological methods. At the nanoscale, 
cellulose has unique properties, such as excellent mechanical properties, high stability, and high 
functionality. This biopolymer has a large specific surface area and abundant hydroxyl groups [3]. 
Despite all its advantages, nanocellulose can also be modified to improve its specific applications. In 
modification processes, functional groups are added to the surface structure of nanocellulose [4]. 
Several modification approaches can be applied. One of these approaches involves the optimization 
of nanocellulose for metal removal in an aqueous solution using anionization with methods such as 
anionization, cationization, or hydrophobization methods [2]. In this work, the functionalization of 
the nanocellulose was performed by surface modification using a commercial chelating agent (PS-
DTPA) from the nanocellulose produced by eucalyptus residues for possible removal of divalent 
metal ions and hexavalent chromium.

Experimental 
Nanocellulose isolation and its modification
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-treated by mercerization with sodium hydroxide, followed by bleaching 
with hydrogen peroxide, assisted by microwaves to remove lignin and hemicellulose from the 
lignocellulosic fiber. After obtaining the pre-treated fibers, they were subjected to two subsequent 
mechanical methodologies for isolating cellulose nanostructures. Therefore, 2% (m/m) of the pre-
treated fibers were dispersed in an aqueous solution and first subjected to homogenization at high 
shear rates (treatment 1) using Ultra-Turrax (Model T 25 digital, IKA) at 10,000 rpm for 20 min. The 
same solution was taken to ultrasonication (treatment 2), performed in a high-intensity ultrasound 
SONIC-750W, Vibr the power of 100 kJ, frequency of 
70% at 60 °C, for 60 minutes. -DTPA (PrimerSurf-DTPA)
chelating agent, e previously 
calculated volume of DTPA 40% was added, considering 1% and 3% (by weight) of the compounds 
to be dispersed. The solutions were heated to approximately 70 °C and stirred for 24 hours. After 24 
hours, the previously calculated nanocellulose weights were added considering 1% and 3% in 
solution, considering that nanocellulose and PS-DTPA were reacted in a 1:1 ratio. The samples 
remained under agitation at approximately 105 °C for 4 hours. Besides, following the methodology 
of Li and co-workers [5], in addition to adding the volume of DTPA 40% considering 1% and 3% of 
the compounds to be dispersed in this solution, 
added in the proportion of 5:1 of DTPA and respectively. The solutions were heated to 
approximately 70 °C and stirred for 24 hours. After 24 hours, the 1% and 3% nanocellulose weights
were added. The samples remained under agitation and heated at 105 °C for 4 hours.

PS-DTPA modification.

Characterizations
The chemical groups present in nanocellulose and modified nanocelluloses were evaluated using 

equipment 
using a spectral resolution of 4 cm-1, 64 scans, with a spectral range of 4000-500 cm-1. The particles' 
average size and the nanostructures' colloidal stability were evaluated using Zetasier NanoZS 3000 
equipment (Malvern Instruments, UK). Measurements of both mean particle size and Zeta potential 

hydrogen content before a

evaluation of Cd(II), Zn(II), Ni(II), Mn(II), Cu(II), and Cr(VI) ions from a 0.3 mMol.L-1 solution, 

dosage of nanocellulose and modified nanocelluloses was 1g.L-1. The efficiency and sorption capacity 
was obtained from the aqueous solutions after testing, subjecting them to measurements in ion 
chromatography (940 Professional IC Vario, Metrohm, Switzerland) in duplicate.

Results and Discussion 
After surface modification using PS-DTPA chelating agent, nanocellulose obtained from eucalyptus 
sawdust pre-treated fiber and isolated from combined mechanical isolation and modified 
nanocellulose using PS-DTPA and PS- were evaluated from 

p g
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- ig.1.b, 
respectively.

Illustrative nanocellulose isolation scheme, followed by PS-DTPA modification.

modified with only PS-DTPA and PS- in both cases, the nanocellulose obtained showed 
peaks and bands distinct from CNS. Comparing the CNS spectra with the modified nanocelluloses, 

-DTPA, an increase in the 
band of 3428 cm-1 was verified, which is listed with the superposition of symmetric and asymmetric 
stretching vibrations from O- - two peaks appearance at 1735 and 1645 cm-1, that is 
attributed to the C=O double bond stretching vibration absorption peak in the ester group, that 
indicated the esterification reaction between CNS and DTPA, and the C=O stretching vibration and 
the bending vibration of N- of DTPA chemical structure [5].
observed for the modified nanocellulose withou -

-1, which is attributed to the C-N stretching 
vibration peak [6]. Table 1 presented particle size (nm), Zeta potential (mV), and elemental 
percentage of nitrogen, carbon, and hydrogen of CNS and modified CNSs, respectively.

Table 1. Particle size (nm), Zeta potential (mV), and elemental percentage of nitrogen, carbon, and hydrogen 
of CNS and modified CNSs, respectively

-
Particle Size

(nm)

Second Peak -
Particle Size 

(nm)

Zeta Potential 
(mV)

Nitrogen 
(%)

Carbon 
(%) (%)

CNS - 581 ± 173 -26.5 ± 2.7 0.2 ± 0,1 44.0 ± 2.7 6.3 ± 0.2
CNS 1% PS-
DTPA 117.3 ± 8.5 508.0 ± 125.4 -28.0 ± 7.0 0.3 ± 0.0 34.5 ± 10.3 5.0 ± 1.4

CNS 3% PS-
DTPA 109.2 ± 19.1 561.3 ± 103.3 -34.0 ± 5.0 0.4 ± 0.1 37.5 ± 3.2 5.2 ± 0.2

CNS 1% PS-
DTPA - 900.5 ± 212.0 -7.1 ± 3.0 0.6 ± 0.2 40.6 ± 1,0 6.0 ± 0,2

CNS 3% PS-
DTPA 114.0 ± 37.0 702.5 ± 125.5 -33.6 ± 2.0 0.8 ± 0.1 36.0 ± 3.2 5.5 ± 0,7

After surface modification, the size distribution showed bimodal peaks compared to CNS, which 
verified by inserting the 

PS-DTPA molecule into the nanocellulose structure. Subsequently, the modification altered the 
surface charges obtained by the Zeta potential because as the modifier was inserted, especially at 3%, 
an increase in the potential value, in modulus, was verified. Camani and co-workers and Baggio, 
Camani,
potential values above 30 mV, are indications of an effective surface modification, especially for 
modification with 3wt% of the modifier [3,4].

y
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This efficiency in the modification was attested by the decrease in the percentage of hydrogen present 
in the nanocellulose composition, especially for modification at 3% for samples without sodium 
hypoph  De Souza and co-workers 
reported that a change in the elemental concentration of C, N, 
surface modification of nanocellulose [7]. Thus, the sorption efficiency of Cr(VI), Cd(II), Zn(II), 
Mn(II), Ni(II), and Cu(II) for samples of CNS and modified CNSs, respectively, is presented in Table 
2.  

Table 2. Sorption efficiency (%) of Cr(VI), Cd(II), Zn(II), Mn(II), Ni(II), and Cu(II) for samples of CNS and 
modified CNSs, respectively, measured after sorption. 

 Cr(VI) (%) Cd(II) (%) Zn(II) (%) Mn(II) (%) Ni(II) (%) Cu(II) (%) 
CNS 100.0 ± 0.0 5.1 ± 1.1 6.3 ± 1.1 5.0 ± 1.4 7.5 ± 1.0 27.3 ± 3.1 

CNS 1% PS-DTPA  12.4 ± 5.1 7.7 ± 0.2  9.0 ± 1.4 5.7 ± 0.4 13.5 ± 1.5 43.0 ± 6.0 
CNS 3% PS-DTPA  18.3 ± 5.3 7.6 ± 0.2  7.4 ± 0.3 5.2 ± 1.5 10.5 ± 0.5 40,0 ± 3.3 
CNS 1% PS-DTPA  11.1 ± 3.6 10.0 ± 6.2 8.0 ± 0.5 2.2 ± 2.6 10.5 ± 0.3 39.2 ± 1.6 
CNS 3% PS-DTPA  4.6 ± 2.3 18.0 ± 5.3 18.0 ± 4.1 11.5 ± 5.0 55.0 ± 6.6 14.0 ± 6.5 

, 
and Cu(II), it is notorious that the oxidation number of the ions had an impact on their removal results. 
Nanocellulose (CNS) obtained 100% removal of Cr(VI) but reduced removal when modified by PS-

e can be related to the presence of free 
hydroxyl groups in cellulose than modified nanocellulose, which could have promoted electrostatic 
interaction mechanisms and even the reduction of Cr(VI) to Cr(III), which resulted in high levels of 
removal of hexavalent chromium [8]. -nanocelluloses had better adsorption 
performance for divalent ions. It demonstrates the possible preference that modified-nanocellulose 
has for divalent ions than hexavalent chromium as CNS has better adsorption capacity performance 
to remove hexavalent chromium. This difference in adsorption capacity may have been regarded as 
heavy metal ionic size, ion radius, and ionic charge [9]. Besides, analyzing the concentration between 
the adsorption capacity of CNS 3% PS-DTPA and CNS 3% PS-DTPA , modified-
nanocellulose with 3% PS-DTPA ; however, there was a reduction of Ni(II) 
concentration for CNS 3% PS-DTPA , showing the specificity of two modified-nanocelluloses. 
Possibly, CN presented high Cr(VI) removal and low divalent ions removal due to hydroxyl groups. 
CNS-PSDTPA  removed divalent ions better than hexavalent chromium due to the PS-DTPA 
chemical structure's ester, carboxyl, and hydroxyl groups [10]. Thus, nanocellulose surface 
modification with PS-DTPA or PS- high affinity for divalent metal ions than 
oxyanions such as Cr(VI), showing their specificity and preference.   

Conclusions  
The modified nanocellulose showed distinct groups from the PS-DTPA chelating agent molecule. 
Therefore, the modification could be proven by the decrease in the elemental hydrogen concentration 
compared to the CNS. It had a direct impact on the increase in particle size of the cellulose 
nanostructure, in which its average size was greater, with an increase in surface charges observed by 
the Zeta potential value, proving the change in surface charges of nanocellulose after modification 
with PS-DTPA, in 3% concentration by weight. As for the multielement removal of Cr(VI) and 

in the removal of Cr(VI) was verified for nanostructures modified with PS-DTPA with and without 
sodium hypophosphite, still showing that the modification with 3% chelating agent was more 

removal of Ni(II) was verified. Therefore, an efficient modification was verified, whose modification 
with PS-
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tendency to remove all ions, highlighting Cu(II) and Cr(VII), unlike 
which preferred to remove Ni(II) and Cr(VII), in greater removal efficiency. 
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Abstract
Bioactive compounds present in vetiver essential oil (Chrysopogon zizanioides) can benefit the skin due to their 
biological properties. However, due to its sensitivity to oxidation and degradation, protective methods are necessary. In 
this context, nanoencapsulation emerges as a promising alternative to preserve the functional properties of the essential 
oil, providing slow and controlled release and favoring the permeation of bioactive compounds into the dermis. 
Nanocapsules filled with vetiver essential oil were developed using the nanoprecipitation and ionic gelation methods to 
protect the oil properties and enhance the delivery of bioactives to the dermis, the innermost layer of the skin. 
Nanocapsules filled with vetiver essential oil were synthesized using poly-ε-caprolactone as the base polymer in 
nanoprecipitation, employing Tween®80, Span®60, and Pluronic® F-127 as surfactants, and distilled water and 
acetone as solvents. In the ionic gelation method, nanocapsules were prepared using sodium alginate as the polymer, 
Tween®80 as the surfactant, and calcium lactate as the cross-linking solution. The essential oil was analyzed by 
infrared spectroscopy (FT-IR) and nuclear magnetic resonance (NMR). The hydrodynamic diameter, polydispersity, 
and zeta potential of the polymeric nanoparticles were analyzed using dynamic light scattering (DLS) with a Zeta 
Potential Analyzer Nicomp Nano and also by FT-IR. The nanoparticles prepared using different techniques and 
surfactants exhibited variations in hydrodynamic volume, polydispersity, zeta potential, and pH, depending on the 
alterations in polymer concentrations, essential oil concentrations, and surfactant. Additional physical-chemical and 
biological characterization tests will be conducted to conclude the study.

Keywords: Nanoencapsulation; Nanoprecipitation; Ionic gelation; Dermocosmetic; Essential oils.

Fundings: CNPQ.

Introduction
Vetiver essential oil (Chrysopogon zizanioides, VEO) possesses several beneficial properties for the 
skin due to its high concentration of antioxidant bioactive compounds. One of its notable properties 
is its skin lightening ability, achieved by suppressing tyrosinase expression in melanogenesis [6, 
10].
Nanoencapsulation of VEO provides significant advantages, such as the ability to deliver the active 
ingredient consistently to different layers of the skin. This controlled release allows for the use of 
lower doses of essential oil, increasing the effectiveness of cosmetics, while reducing toxicity and 
irritability, making it safe for topical use [7].
Nanometer-scale structures favor the permeation of nanoparticles into the skin, as they can 
penetrate the superficial layers of the stratum corneum. They can also accumulate in hair follicles, 
enabling the gradual release of bioactives into deeper layers of the skin. This permeation capability 
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of nanoparticles optimizes cosmetic treatments, allowing bioactives to reach target areas in a 
targeted and concentrated manner [9, 1]. 
Various techniques, such as nanoprecipitation and ionic gelation, can be employed to produce 
polymeric nanoparticles filled with VEO, resulting in materials with different properties, including 
size, surface charge, and drug-loading capacity [11]. 
Nanoprecipitation involves the formation of polymeric nanoparticles by controlled reduction of 
polymer solubility in a solvent partially miscible with distilled water. A polymer solution, in which 
the essential oil is dispersed, is poured into an aqueous medium containing a surfactant, which 
stabilizes the formed emulsion. Due to the rapid diffusion of the organic solvent in the aqueous 
medium, supersaturation occurs, leading to the precipitation of the polymer and the formation of 
nanoparticles. Ionic gelation, on the other hand, involves the dripping of a solution containing metal 
ions into an emulsion formed by the ionic polymer, essential oil, and surfactant. The ionic solution 
acts to cross-link the polymer, forming a gelatinous matrix [2, 4, 5]. 
By varying the techniques and their parameters such as polymer concentration, surfactant 
concentration, essential oil concentration, rate of polymer solution addition, rate of cross-linking 
solution addition, and solvent choice, it is possible to obtain nanoparticles with different 
characteristics and properties [2, 5]. 
 
Experimental  
For the Fourier-transform infrared spectroscopy (FTIR) spectrum of Vetiver Essential Oil, a 
PERKIN-ELMER Frontier FT-IR/FIR spectrophotometer (version 10.4.2, serial number 98737) 
with an attenuated total reflectance (ATR) accessory was used, with 50 scans and a resolution of 4 
cm-1. The solvent-free Vetiver Essential Oil was directly placed on the ATR module. 
The nuclear magnetic resonance (NMR) spectrum of Vetiver Essential Oil was obtained using a 
VARIAN Nuclear Magnetic Resonance Spectrometer - Model: Mercury 300MHz (IMA/UFRJ). 
Two methods were employed to obtain the nanoparticle suspension: nanoprecipitation, according to 
Fessi (1988), and ionic gelation according to Hosseini (2013) [3, 8]. 
In both procedures, Vetiver Essential Oil from Phytoterápica® in São Paulo, Brazil, was used. 
For nanoprecipitation, polycaprolactone (PCL) polymer (Mw = 80,000 g/mol) in pellet form was 
used. Two different procedures were applied, varying the types of stabilizers. The first procedure 
used Tween®80 (high HLB surfactant) and Span®60 (low HLB surfactant) as surfactants, while the 
second procedure used Pluronic® F-127 (high HLB surfactant). All reagents were purchased from 
Sigma-Aldrich® in São Paulo, Brazil. Acetone P.A. was used as the solvent. 
In the first nanoprecipitation procedure, the organic phase consisted of PCL, Vetiver Essential Oil, 
Span®60, and acetone (Table 1). After preparation, the oily phase was poured into an aqueous 
solution containing Tween®80 under agitation. The suspension was kept under agitation to allow 
solvent evaporation. 
 
Table 1 - Formulations of nanoprecipitation systems with Span®60 and Tween®80. 

Sample PCL (%w/v) Span® 60 (%w/v) Vetiver Essential Oil (%m/m) Tween® 80 (%w/v) 
PC0ST 0,75 0,75 - 0,1 
PC3ST 0,25 0,75 5 0,1 

 
- Not Contained. 
Source: Compiled by the author. 
 
In the second nanoprecipitation procedure, the organic phase contained PCL, Vetiver Essential Oil, 
and acetone (Table 2). After preparation, the oily phase was poured into an aqueous solution 
containing Pluronic® F-127 under agitation. The suspension was kept under agitation to allow 
solvent evaporation. 
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Table 2: Formulations of nanoprecipitation systems with Pluronic® F-127. 
Sample PCL (%w/v) Pluronic® F-127 (%w/v) Vetiver Essential Oil (%m/m) 
PC0P 0,25 0,05 - 
PC4P 0,25 0,1 10 

 
- Not Contained. 
Source: Compiled by the author. 
 
For ionic gelation, sodium alginate and calcium lactate, both purchased from Alquimia® in São 
Paulo, Brazil, were used, along with Tween®80 (Table 3). 
An adapted method from Hosseini et al. (2013) was employed, where the surfactant and dispersed 
oil were added to the alginate solution under agitation to form an emulsion. The cross-linking 
solution of calcium lactate was then dripped using a syringe pump and a 30 x 0.8 mm needle at a 
flow rate of 30 mL/h [8]. 
 
Table 3 – Formulations of systems prepared by ionic gelation. 
Sample Alginate 

(%w/v) 
Tween® 80 

(%w/v) 
Vetiver Essential Oil 

(%m/m) Calcium Lactate (%w/v) 

ALG1T 0,06 1 800 μL* 0,06 
ALG3T 0,06 1 5 0,06 

- Not Contained. 
Note: The amount of added oil is indicated in μL 
Source: Compiled by the author. 
 
After the preparation of the nanoparticles, values for average hydrodynamic diameter (MD), 
polydispersion index (PDI), and surface charge in terms of zeta potential (ZP) were obtained using 
dynamic light scattering (DLS) analyser with the Zeta Potential Analyzer Nicomp Nano 
(IMA/UFRJ). The analyses were conducted in three scans, each lasting 1 minute. pH was measured 
using a digital pH meter, Model B07G81TX93 – Homyl (IMA/UFRJ). 
For a comprehensive and reliable characterization of the nanoparticulate systems for cosmetic 
purposes, the nanoparticles were freeze-dried. The samples were frozen in an ultra freezer (between 
-68 °C and -72 °C) for about 24 hours and then lyophilized for 72 hours (at -49 °C and 830 mmHg). 
Subsequently, FTIR spectroscopy was performed. 
 
Results and Discussion 
The OEV is a complex mixture of bioactives. The 1H, 13C, and APT NMR spectra indicated the 
presence of saturated hydrocarbons (aliphatic groups) and unsaturated (olefins and/or alkenes) as 
well as oxygenated compounds (aldehydes, ketones, esters, among others), indicating a significant 
amount of aromatic compounds (Fig.2). 
 
Figure 2 - 1H NMR spectrum at 299.9 MHz of VEO in CDCl3. (b) 13C NMR spectrum at 75,4 
MHz of VEO in CDCl3. (c) APT spectrum at 75,4 MHz of VEO in CDCl3. 
 
 
 
 
 
 
 
 
Source: Compiled by the author.  

(a) (b) (c) 
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The FTIR spectrum (Fig 1) displayed bands of functional groups in accordance with the indications 
from NMR. The presented functional groups are consistent with the bioactives identified by 
Belhassena (2014) and Peng (2014), as determined through gas chromatography-mass spectrometry 
(GC-MS) and gas chromatography-olfactometry (GC-O) [3, 12]. 
 
Figure 1 - FTIR Spectrum of Vetiver Essential Oil, Samples Prepared by Nanoprecipitation with 
Pluronic® F-127, Span®60, and Tween® 80, and Ionic Gelation. 
 
 
 
 
 
 
 
 
 
 
 
 
Source: Compiled by the author. 
 
For the sample prepared with Pluronic® F-127, there is no differentiation in the spectrum between 
the empty sample and the loaded one, indicating that there were no new chemical bonds formed 
among the components of this nanosystem. The absence of oil signals strongly suggests that the oils 
were encapsulated within the polymer and surfactant layer, and due to the limitations of infrared 
penetration in solid bodies, their visualization in the spectrum would not be possible. For the 
nanocapsules prepared with Span® 60 and Tween® 80, there are slight shifts in the loaded sample 
compared to the empty nanoparticle in bands below 1417 cm-1, likely associated with the bioactive 
compound. This could indicate the presence of oils on the surface of the nanoparticles or free in the 
system. The ALG1T sample exhibited broadening and shifts in the positions of the bands, which 
might have occurred due to the excess oil present in the formulation. 
 
Table 4 - Mean hydrodynamic diameter (MD), particle size distribution (PDI) in liquid form, pH, 
and zeta potential (ZP) of nanoparticles. 

Sample 
Nanopartículas recém preparadas 

MD (nm) PDI pH PZ (mV) 
PC0ST 306,27 ± 1,89 0,33 ± 0,01 6,16 ± 0,1 -20,01 ± 1,62 
PC3ST 187,97 ± 0,50 0,32 ± 0,01 5,34 ± 0,1 -13,75 ± 1,65 
PC0P 304,00 ± 2,10 0,21 ± 0,01 6,73 ± 0,1 -31,02 ±0,01 
PC4P 155,83 ± 0,74 0,24 ± 0,01 6,03 ± 0,1 -14,65 ± 3,54 

ALG1T 453,4 ± 8,12 0,64 ± 0,01 5,91 ± 0,1 -420,49 ± 64,89 
ALG3T 1294,3 ± 35,23 0,73 ±0,02 6,67 ± 0,1 -97,76 ± 26,14 

Source: Compiled by the author. 
 
The nanocapsules prepared by nanoprecipitation exhibited size, uniformity, and good stability in the 
form of a colloidal system [13]. For the samples prepared by nanoprecipitation with Pluronic® F-
127, smaller values of MD and PDI were observed, along with higher absolute values of ZP, 
compared to the samples prepared with Tween® 80 and Span® 60. This demonstrates that 
Pluronic® F-127 was more efficient in generating particles with smaller sizes, thus providing a 
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larger surface area for contact, a narrower size distribution, and greater stability. These are desirable 
characteristics sought for the application of cosmeceuticals on the skin. 
 
Conclusions 
The utilization of polymeric nanoparticles loaded with Vetiver Essential Oil (Chrysopogon 
zizanioides) aiming to preserve and enhance the application of bioactive compounds contained in 
the oil, targeted for dermocosmetic treatments, represents a pioneering strategy in the production of 
high-performance products. 
Each employed methodology produces nanoparticles with distinct characteristics, resulting from the 
selection of method, polymer, bioactive compounds, and stabilizers, as well as their interactions 
during the nanocapsule formation process. Further physicochemical and biological characterizations 
should be conducted for a more comprehensive comparison between the methods. 
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PLA/HNT NANOCOMPOSITES: INFLUENCE OF HNT CONTENT ON 
THERMAL, RHEOLOGICAL AND MECHANICAL PROPERTIES
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Abstract - Nanocomposites of poly(lactic acid), PLA, and halloysite nanotubes, HNT, have great potential for use in 
biomedical and packaging applications, combining biocompatibility with biodegradability. In this study, it was 
evaluated the influence of the HNT content (from 0 to 10 wt%) on the thermal (TGA, DSC), rheological and 
mechanical (uniaxial tensile test) properties of PLA nanocomposites obtained by melt mixing and compression molded
into films. It was possible to observe that the presence and content of HNT did not significantly alter the decomposition 
behavior and the degree of crystallinity of the PLA and led to an increase in the elastic behavior in the molten state, 
greater mechanical rigidity, indicating the obtainment of nanocomposites with an adequate PLA-HNT interface, even 
without the use of compatibilizing agents or surface modification of the HNT.
Keywords: Nanocomposites, poly(lactic acid), halloysite nanotubes, rheology, mechanical properties.
Fundings: CNPq (processes # 120930/2017-0 and 427639/2016-6) and CNPq/FAPEMIG/CAPES (INCT/Midas, 
project # 465594/2014-0, subproject # 24998*26).

Introduction

In recent years, interest in biodegradable polymers obtained from natural renewable sources has 
been increasing, as sustainable development policies gain interest, whether due to a growing 
environmental awareness or even the reduction in the availability of fossil fuels. Another frontier 
area is materials for biomedical applications, highlighting the recent development of 
nanocomposites of polymeric matrices, which seek to optimize characteristics such as the 
mechanical performance of implants, acting as cell growth supports or even in obtaining smart 
devices, that react in a controlled manner to stimuli internal or external to the human body. Within 
this context, the use of poly(lactic acid), PLA, a biodegradable and biocompatible polymer obtained 
from renewable sources must be highlighted [1, 2]. The use of nanoparticles (NP) to improve 
specific properties of polymeric materials has been extensively studied in recent decades [3, 4]. In 
general, the reinforcement effect obtained depends mainly on the intrinsic characteristics of the NP 
(aspect ratio, geometry, surface area, stiffness, etc.), on obtaining a proper state of dispersion and 
distribution of the NP in the polymeric matrix and the compatibility/affinity between the two main 
components (polymer and NP). Recently, halloysite nanotubes (HNT) have been used as reinforcing 
fillers [5, 6] because they have very interesting characteristics such as a high aspect ratio and low 
percolation volumetric fraction, like carbon nanotubes, in addition to a chemical structure like
montmorillonite, the most studied and used nanoparticle as a reinforcing agent in polymer matrices. 
In addition, HNT has a high level of biocompatibility and very low cytotoxicity [7] and, therefore, 
PLA/HNT nanocomposites have great potential for applications as functional materials in the 
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biomedical and packaging areas. The objective of this work was to evaluate the influence of the 
HNT content on the thermal, rheological, and mechanical properties of PLA nanocomposites 
obtained through melt mixing.

Experimental 

Materials
- Poly(lactic acid), PLA, Ingeo Biopolymer 4043 D (NatureWorks), with MFI of 6 g/10min 
(210°C/2.16 kg, ASTM D792), and density of 1.24 g/cm3.
- Halloysite nanotubes, HNT, Dragonite-XR (Applied Minerals Inc.), with surface area of 64.66 
m2/g, internal and external diameters of 15 and 50 nm, respectively, average length of 1.75 mm, and 
density of 2.52 g/cm3.

Nanocomposites processing and molding
PLA nanocomposites with different HNT contents (0, 2.5, 5, 7.5, and 10 wt%) were obtained by 
melt mixing, using a HAAKE torque rheometer, model Rheomix 600p, roller-type rotors, at 180°C, 
100 rpm and 5 min of mixing time. Films with average thickness of 200 m were obtained by 
compression molding using a hot press from Marconi Equipamentos para Laboratórios, model 
MA098/A, at 180°C and 5 ton, using a four steps cycle: i) pre-heating of 2 min; ii) two cycles of 
pressing/venting; iii) final pressing for 2 min; iv) cooling under pressure for 10 min. 

Characterization
The nanocomposites (prior to compression molding) were analyzed by thermogravimetry (TGA 
Q50, TA Instruments), from 30°C to 800°C, at 20°C/min in N2 atmosphere. Storage (G’) and loss 
(G’’) moduli as function of oscillation frequency ( ) were measured in a stress-controlled
rheometer (ARG2, TA Instruments), using parallel-plate geometry (plate diameter of 25 mm), gap 
of 1 mm, at 180°C, under N2 atmosphere, applying a strain amplitude within the linear viscoelastic
range. 
Films were analyzed by DSC (Q2000, TA Instruments), at a heating rate of 10°C/min, from 30°C to 
200°C, under N2 atmosphere, and the degree of crystallinity (Xc) was calculated by:

(1)

where Hm is the enthalpy of fusion, Hcc is the cold crystallization enthalpy, is the enthalpy 
of fusion of 100% crystalline polymer (93 J/g for PLA), and is the mass fraction of HNT. 
Uniaxial tensile tests were performed according to ASTM D882, using a universal testing machine, 
model 5569 (Instron), at a strain rate of 12.5 mm/min. 

Results and Discussion 

The results of the TGA tests are shown in Fig. 1 and Table 1. It is possible to observe that the 
presence of halloysite accelerates the PLA decomposition process by about 10°C, due to the release 
of structural water present in the NP and due to the presence of Bronsted acid sites on its surface, 
that have a catalytic role in the pyrolysis of PLA [8]. However, this reduction is not significant to 
the point of disturbing the processability and applicability of the material.
The influence of the HNT content on the viscoelastic behavior of the PLA matrix was evaluated 
through rheological tests in oscillatory regime and the results are shown in Fig. 2(a). All 
compositions showed the typical behavior expected for molten thermoplastics, with G'' > G' at the 
range of frequency analyzed. A gradual increase in G' is observed with increasing HNT content, 
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although no evidence of formation of a percolated network was observed even for high HNT 
contents, above the theoretical percolation threshold (~ 5 wt%). This increase, although significant, 
did not change the predominantly viscous behavior of PLA, possible due weak interactions between 
HNT and PLA (which can impact on the NP dispersion and distribution through the PLA matrix) or 
even a possible breakage of particles during processing.  
 
Table 1 – Results of TGA (Ti, Tp, and Tf = initial, peak, and final temperatures of decomposition, 
respectively; residue = remaining mass at 800°C) and DSC (Tg, and Tm = glass transition and melting 
temperatures, respectively; Xc = degree of crystallinity) analyzes.  

Sample Ti (°C) Tp (°C) Tf (°C) Residue (%) Tg (°C) Tm (°C) Xc (%) 
PLA 302 397 406 0.2 60.9 148.7 3.7 

PLA/HNT 2.5 300 379 399 2.3 55.1 146.1 5.7 
PLA/HNT 5 300 373 393 4.3 59.3 149.4 4.5 

PLA/HNT 7.5 292 372 392 6.0 55.8 149.3 7.8 
PLA/HNT 10 292 372 392 8.5 54.5 150.0 7.0 

 

  
Figure 1 – TGA results: (a) weight loss and (b) derivative of weight loss as function of temperature for the 
PLA/HNT nanocomposites.  
 
 

  
Figure 2 – (a) G’ (solid symbols) and G’’ (open symbols) as function of  for the PLA/HNT 
nanocomposites. (b) DSC heating curves of the PLA/HNT films.  

661



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

The compression molded films were evaluated by DSC and the results are shown in Fig. 2 (b) and 
Table 1. The presence and content of HNT did not significantly affect the transition temperatures 
(Tg, Tm) or the degree of crystallinity (Xc) of the films. There is a slight tendency towards a 
decrease in Tg and an increase in Xc with increasing HNT content. 
PLA and PLA/HNT nanocomposites films with different HNT contents were characterized 
mechanically through tensile tests and the results are shown in Table 2. In general, all samples 
showed brittle behavior, typical of PLA, regardless of HNT concentration. The increase in HNT 
content increased the stiffness of the PLA films, without affecting the values of yield stress and 
yield strain, indicating that the PLA-HNT interface is not weak. 
 
Table 2 – Results of tensile test. E = elastic modulus; y = yield stress, y = yield strain; b = stress at break, 

b = strain at break.  
Sample E (GPa) y (MPa) y (%) b (MPa) b (%) 

PLA 2.76 ± 0.08 52.96 ± 3.65 2.44 ± 0.12 51.77 ± 3.84 2.57 ± 0.18 
PLA/HNT 2.5 2.85 ± 0.12 52.06 ± 3.85 2.62 ± 0.19 49.33 ± 9.85 3.02 ± 0.37 
PLA/HNT 5 2.84 ± 0.03 50.59 ± 4.27 2.31 ± 0.26 46.85 ± 2.66 2.72 ± 0.43 

PLA/HNT 7.5 3.07 ± 0.15 49.93 ± 2.59 2.35 ± 0.15 48.64 ± 3.84 2.48 ± 0.11 
PLA/HNT 10 3.23 ± 0.21 52.76 ± 2.41 2.34 ± 0.08 50.51 ± 2.63 2.52 ± 0.15 

 
Conclusions  
 
The feasibility of producing PLA/HNT nanocomposites by melt mixing was proven, obtaining 
materials with improvements in mechanical properties, without significant losses in processability 
and in the thermal behavior of the pure PLA matrix, even without the use of compatibilizing agents 
or surface modification of the HNT. The best results were observed for the PLA/HNT 10 
nanocomposite, indicating an overall performance improvement with the increase in the HNT 
content. 
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Abstract 
Flat membranes of Polyethersulfone (PES) and Attapulgite (ATP) were obtained by the solvent 
evaporation method to obtain dense membranes, aiming at their application in the gases separation. 
Through Fourier transform infrared spectroscopy analysis (FTIR), it is observed that the result of 
charged membranes is similar to that of pure PES; that is, they remain with the overlapping bands 
of PES and present similarities in the wavenumber ranges. The membranes microstructures
morphology visualized by Scanning Electron Microscopy (SEM) presents a structure with a thin 
dense layer, spongy, and the pores presence. The membranes hydrophilicity was observed through 
the contact angle, and it was proven that the membranes containing PES as a matrix, when 
compared to the PES/ATP, present a higher contact angle due to the PES having low hydrophilicity. 
Atomic Force Microscopy (AFM) observed that they do not have a completely smooth surface, with 
some valley zones. Through water vapor permeation, it was observed that there is an increase in 
water vapor permeability for the membranes, which may be related to the increase in thickness and 
the presence of some voids. The Oxygen (O2) permeability results showed a gradual increase in its 
permeability compared to that observed in the literature, as this reports that with the introduction of 
the load, it acts as a barrier, forming tortuous paths, resulting in a reduction in the permeability.
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Abstract 
Polymeric products often accumulate surface static electrical charges, causing problems such as dust 
accumulation, electrical shock, electrostatic damage to computers and electronic components, electric 
spark, and film sticking [1]. Given this, to avoid these inconveniences, so-called antistatic materials 
have been designed, which alter the electrical properties of the product, reducing the electrical 
resistance to a value that allows the electrical charge dissipation [2]. Therefore, poly(lactic acid) 
(PLA) nanocomposites were prepared with carbon nanotubes (MWCNT), using poly(ethylene-
octene) grafted with glycidyl methacrylate (POE-g-GMA) as an impact modifier. The effect of 
incorporating 1, 3, and 5 pcr (parts per hundred of resin) of MWCNT was investigated in PLA/POE-
g-GMA systems. The nanocomposites were processed in a co-rotational twin-screw extruder and 
injection molded. Torque rheometry, impact strength, heat deflection temperature (HDT), electrical 
conductivity, and scanning electron microscopy (SEM) properties were evaluated. The torque of the 
PLA/POE-g-GMA nanocomposites increased with the addition of carbon nanotubes compared to 
pure PLA, suggesting an increase in viscosity. The impact strength of PLA was around 25.6 J/m, 
while the PLA/POE-g-GMA blend promoted a gain of 79.8%. Adding MWCNT in the PLA/POE-g-
GMA system significantly increased impact strength with up to 1 pcr of MWCNT, with a value of 
144.8 J/m. The impact strength decreased again above 1 pcr of MWCNT; however, the impact 
strength values were still higher than the PLA/POE-g-GMA system. This behavior was due to the 
more refined morphology of the nanocomposites, with the presence of carbon nanotubes, as verified 
in the SEM. Concerning HDT, the PLA/POE-g-GMA/MWCNT nanocomposites tended to suffer 
discrete increases, with the rise of the MWCNT content, compared with PLA and PLA/POE-g-GMA.
Typical behavior of insulating material was found for PLA and the PLA/POE-g-GMA system, while 
the nanocomposites showed adequate electrical conductivity for antistatic packaging. The 
development of PLA/POE-g-GMA/MWCNT nanocomposites has technological potential, given their 
good mechanical and electrical properties, as well as the maintenance of the HDT of PLA, reinforcing 
the ability to apply electrostatic dissipation. In addition, PLA/POE-g-GMA/MWCNT 
nanocomposites can contribute to advancing green materials for advanced applications.
Keywords: PLA, impact modifier, nanocomposites, carbon nanotubes, antistatic application.
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Abstract - In this work, hydrogels were prepared from a mixture of the polysaccharide k-carrageenan and Cloisite clay. 
Biohydrogels were prepared at room temperature. The concentration of k-carrageenan was 3% and the commercial 
montmorillonite (MMT) clay Cloisite Na+ at 2% and 0.5%. The crosslinking time was kept constant at 24 h. The 
samples were characterized according to the swelling degree (SD) and by scanning electron microscopy (SEM). The 
main objective of this work was to study the morphology of the material and the swelling degree, which was greater 
than 100%, a result that classifies the materials as absorbent, with application as soil conditioners.

Keywords: kappa-carrageenan, clay, morphology, swelling degree

Introduction 

Natural polymers from renewable sources are attracting increasing attention in a variety of 
fields as a way to achieve sustainable development [1]. Hydrogels are made up of one or more 
three-dimensional polymeric networks composed of interconnected macromolecular chains [2, 3]. 
Water-retentive polymers consisting of three-dimensional crosslinked and insoluble networks are 
able to retain and absorb large amounts of water [4]. This characteristic makes hydrogels applicable 
in many different areas [5]. The objective of this work was the characterization of nanostructured 
biohydrogels based on k-carrageenan and Cloisite Na+ and to analyze the hydrophilic and 
morphological properties.

The polysaccharide used for this study was k-carrageenan (Fig. 1), a sulfated 
polysaccharide, one of the main components of cell walls, extracted from red algae (Rhodophyta). It 
has gelling, stabilizing and thickening properties, in addition to being biodegradable with high 
water retention capacity and mechanical resistance in gels.

Figure 1. Molecular structure of k-carrageenan.

Experimental 
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Preparation of the polysaccharide solution

An aqueous solution of k-carrageenan (Agargel) at a concentration of 3% (w/v) was 
prepared under magnetic stirring for 24 hours at room temperature. To prepare the clay-
polysaccharide gels, the k-carrageenan solution was divided into two parts, each of which received
0.5% or 2.0% Cloisite Na+. The samples remained under agitation for 24 hours. Then, a Cole-
Parmer Masterflex 7554-90 peristaltic pump was used to drip the mixture (polysaccharide + clay) 
into a 0.3mol/L CaCl2 solution to form microspheres. The microspheres were left in this solution for 
24 hours at room temperature (25 °C). Then, the microspheres were separated and washed in 
deionized water and frozen and lyophilized for 48 hours.

Scanning electron microscopy (SEM)

To obtain the micrographs, the hydrogels were frozen, lyophilized and cut with a blade to 
obtain the smallest possible thickness, and were observed with a JOEL scanning electron 
microscope with the use of a tungsten filament.

Swelling degree

To determine the swelling degree, the dry hydrogels were weighed on an analytical balance. 
Then, a volume of deionized water sufficient to cover the entire sample was added. At each 
immersion time (1, 3, 6 or 24 hours) samples were removed and weighed on an analytical balance. 
The swelling degree (SD) was calculated according to Eq. 1.

                = ×  100%     (1)

Where Mt is the mass of the swollen sample at time t and Mo is the initial mass of the sample before 
swelling.

Results and Discussion

Fig. 2 presents the swelling profile of the samples produced with the two clay 
concentrations.

Figure 2. Swelling degree of the samples.

0 4 8 12 16 20 24
0

200

400

600

800

1000

1200

2.0%

SD
 (%

)

Time (h)

0.5%

672



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

 
It can be noted that the biohydrogels had swelling degree greater than 100%, a result that 

classifies them as absorbent materials. In general, the increase in clay content tended to cause a 
decrease in the SD, probably because the higher concentration of clay in the biohydrogel prevented 
the entry of water, consequently decreasing the SD. Fig. 3 presents the micrographs of the 
biohydrogel mixtures of k-carrageenan and Cloisite Na+ clay. 
 

                      
(a) (b) 

Figure 3. SEM micrographs of samples: (a) 3% k-carrageenan + 0.5% clay and (b) 3% k-carrageenan + 2% 
clay. 
 

Both compositions had morphology with certain rigidity and density. Fig. 3 (a) shows a 
more laminated surface, probably due to the 0.5% clay content, which promoted greater swelling. 
Fig. 3 (b) shows a surface with a more rigid and compact appearance. The apparent absence of 
pores corroborates the smaller SD. 

 
 

Conclusions 
 

The experimental results demonstrated that hydrogels based on k-carrageenan and Cloisite 
Na+ clay (0.5 or 2.0%) are absorbent materials with SD greater than 100%. The incorporation of 
clay produced morphology that varied from leafy in the samples with 0.5% clay to dense and 
compact morphology in the samples with 2.0% clay. The experiments presented in this work serve 
as preliminary studies for the development of composite biohydrogels prepared from 
polysaccharide and clay, for more environmentally sustainable materials applicable for soil 
conditioning. 
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Abstract 

Melaleuca alternifolia essential oil (MaEO) has many biological properties applicable in various technological sectors. 
A limitation of the direct use of melaleuca essential oil is oxidation, light and high temperature. This work used 
cellulose nanofibres (CNF) to stabilize Pickering emulsions of MAEO (tea tree essential oil) to preserve the active 
properties. The emulsions are prepared and kept at room temperature. This contribution evaluated the stability using the 
rheological behavior of the Pickering emulsions of MaEO. Small amplitude oscillatory shear analyses revealed the 
relationship between the strength of the internal microstructure and the relaxation processes, retardation processes and 
viscous flow behavior of the emulsions. The results show that the emulsions have good stability, and the droplet sizes 
and distributions were evaluated and contributed to a steady-state viscosity suitable for high stability, indicating longer 
shelf life.

Keywords: Oil essential, Melaleuca Alternifolia, Nanocellulose, Pickering emulsion rheology.

Introduction 

Essential oils comprise a complex mixture (terpenes, terpenoids, aromatic and aliphatic 
constituents) obtained from raw vegetable materials. They are compounds with numerous properties 
such as therapeutic, antioxidant and biological applicable in various segments, pharmaceuticals, 
cosmetics, and food. The essential oil of Melaleuca (MaOE) has in its composition active 
ingredients such as terpinenol-4-ol, γ-terpinene, α-terpinene, cymene, and α-terpineol with 
favorable characteristics for biological application. A limitation of the direct use of this oil is that 
they are volatile substances and degradable with high sensitivity to light. Because of this, it is 
possible to use a mechanism to prevent the loss of these assets. In this sense, the Pickering 
emulsions preserve these volatile constituents with low molecular weight [1]

Emulsions are immiscible heterogeneous systems with one continuous phase and another 
dispersed phase, where these phases remain inside each other with the help of a surfactant, which 
decreases the interfacial energies, generating a system without instability phenomena. These 
stabilizing agents are essential in reducing the interfacial tension, favoring emulsion formation [2].
Conventional emulsions are made of synthetic substances with low biodegradability causing 
environmental impacts.
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 Cellulose nanofibrils (CNF) are natural polymers with a high potential to replace synthetic 
stabilizers. CNFs are cellulose nanostructures that are biodegradable, sustainable, renewable, and 
non-toxic [3, and present advantages for being obtained through low process steps with the use of 
reagents with less potential to cause environmental damage. In Pickering emulsions, stability occurs 
through solid cellulose particles leading to intermolecular interactions [4] 
 Pickering emulsions are mostly composed of oil and water and a stabilizing agent with 
natural characteristics because, in recent years, surfactants have raised serious environmental 
problems such as enzyme inhibition, water pollution, and difficulty in degradation, among 
others[5][6]. O nanocellulose de Fibras (CNF) Fibre nanocellulose (CNF) is a biopolymer with 
reactive hydroxyl groups in its structures and with characteristics of flexibility due to its aspect ratio 
length and width (L/D). CNF, when placed in an emulsion system, acts as an emulsifier, giving 
stability to the system by steric hindrance, making it difficult for droplets to coalesce, reference 
CNF)[[7].[8] 
  Cellulose nanofibrils (CNF) are natural polymers with a high potential to replace synthetic 
stabilizers. The CNFs are cellulose nanostructures that are biodegradable, sustainable, renewable, 
and non-toxic and can be obtained through low-process steps using reagents with less potential for 
environmental harm. Stability occurs through solid cellulose particles in Pickering emulsions, 
leading to intermolecular interactions. [5][7][9] 
  Pickering emulsions mostly consist of oil and water and a stabilizer with natural 
characteristics. In recent years, surfactants have raised serious environmental problems, such as 
enzyme inhibition, water pollution, and difficulty of degradation, among others. [8,9]. 
Nanocellulose Fibers (CNF) is a biopolymers with reactive Hydroxyl groups in their structures and 
with flexural characteristics due to its length to width (L/D) aspect ratio. CNF, when placed in an 
emulsion system, acts as an emulsifier, giving stability to the system by steric hindrance, making it 
difficult for droplets to coalesce (CNF reference)[7].  
 The rheological evaluations of Pickering's emulsions are useful to evaluate the final 
characteristics of the products because most of the procedures in the production of cosmetics 
depend on the flow of this material to define formulations, material packaging, storage, process 
parameters (pumping, mixing time, rotation). In this sense, the acceptance of cosmetics depends on 
rheology because it helps texture, skin feel, consistency, oiliness, and absorption. These factors 
interfere with the acceptability of the product in the market. 
 The work investigates the rheological behavior of Pickering emulsions of melaleuca oil that 
CNF stabilized. They were analyzed through oscillatory shear of small amplitude, the internal 
structure and the variations and distributions of the diameter in 30 days under static conditions. 
 
Experimental  
 

A CNF dispersion was prepared using high-intensity ultrasound (Sonics Vibra Cell, 400W 
power, 24 KHz) for 2 minutes. Then the MaEO oil was added to the CNF solution and 
homogenized with an Ultra-Turrax, model IKA T25 (IKA Werke, Staufen, Germany). The 
Pickering emulsion was made with the following parameters: CNF content (1% w/v) or (0.5% w/v), 
O/W ratio (30%v/v) and (20% v/v), homogenization speed (15,000 rpm and 12,000 rpm) and 
mixing time (5 or 7 min). The emulsion was designated XEO/YT/ZCNF/WRPM, where X 
corresponds to the MaEO content (% v/v), Y is the mixing time (min), Z is the CNF concentration 
(% wt/v), and W is the mixing speed (rpm). 

The O/W emulsions were submitted to rheological measurements using a rheometer MCR-
501 (Anton Paar, Austria), using a concentric cylinder geometry (specifications: body 
diameter=24.001 mm; body length=25.005 mm; inner cup diameter=40mm; active length=103.5 
mm; positioning length=72.5 mm). 
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Results and Discussion  
 
 Emulsion systems are complex because they depend on numerous process variables. Two 
emulsions with process parameters with small differences between them have been analyzed 
emulsions (1) 30OE/5T/0.5CNF/15RPM and (2) 20EO / 5T / 0.5CNF / 12RPM. The steady-state 
shear viscosity (η) showed a shear-thinning fluid behavior. In this sense, the (η) decreases as the 
shear rate (γ ̇) increases because of the internal structure-breaking processes of the Pickering 
emulsion of MaEO/CNF. This behavior is based on the literature due to intermolecular interactions 
with low levels of energetic resistance [6]. 
 The fragmentation of the internal structure of the emulsion includes the collapse of oil 
droplets, desorption of CNF, and phase aggregation accompanied by the orientation movement of 
oil droplets and CNF in the direction of the flow line (Fig. 1). The steady-state shear viscosity with 
a shear thinning behavior has a positive point on the cosmetic base in the sense of functional 
performance such as creams, gel, lotions, and foams, among others[10]. 
 

 
 

Figure 1: steady-state rheological curves of Pickering emulsions (30EO/5T/0.5CNF/15RPM and 
20EO/5T/0.5CNF/12RPM): (a) steady-state viscosity (η) and (b) shear stress (σ) as a function of shear rate 

(γ )̇. 
The linear viscoelastic domain of the oscillatory strain scanning tests exhibits the cohesive 

force of an internal multiphase structure. Multiphase systems exhibit a nonlinear viscoelastic 
response when their three-dimensional structure (network entanglement formed by the CNF) breaks 
down. (Fig 2). The cohesive energy density (E_c) was determined to investigate the energy 
resistance of the emulsions to rupture against mechanical shear stress. The critical storage modulus 
(G_c^') and the critical oscillation strain (γ_c) were extracted from the storage modulus versus 
strain curves as indicated in the inset of Fig. 2. It is possible to observe a difference in the internal 
structure according to the CNF content, in this sense, the network entanglements are undone leading 
to desorption of CNF at the droplet interface. However, a difference in the behavior of the two 
emulsions is noted when comparing the amount of CNF present in the systems [11]. 
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Figure. 2. rheological tests of Pickering emulsion tests (30EO/5T/0.5CNF/15RPM and 

20EO/5T/0.5CNF/12RPM): strain sweep log-log curve 
Conclusions 
  
 CNF was used to stabilize the Pickering emulsions with MaEO. It was observed that the 
amount of CNF used in the production of Pickering affects the internal structure of the emulsions. 
In this system, the smaller the amount of CNF used, the better it is for the system's stability. The 
rheologic tests indicate that the emulsions show a shear thickening behavior under oscillatory shear 
stress. However, the flow profiles of the emulsions do not obey the Cox-Merz rule since the 
emulsion shows a different flow behavior under steady state shear. Under mechanical shear stress, 
the relaxation processes are faster, and the elastic responses are slower in the emulsion due to the 
network entanglement. 
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Abstract – In this work, membranes were synthesized for fuel cells based on a semi-interpenetrating polymeric network 
(SIPN) from the reaction of Diglycidyl ether of bisphenol A (DGEBA) and curing agent Triethylenetetramine (TETA) 
with Polyethyleneimine (PEI). The SIPNs comprised a constant mass ratio of 13% (m/m) TETA concerning DGEBA, 
with PEI concentrations of 41, 47, and 50% (m/m). Membranes obtained by casting were sulfonated (SIPNTX.SO3H) in 
two different molar ratios sulfonating agent:number of aromatic groups in the system (1:4 and 2:1). Fourier-transform 
infrared spectroscopy and 13CRMN proved the polymer sulfonation and atomic force microscopy (AFM) revealed a 
nanostructure based on the array of the hydrophilic-hydrophobic phases homogeneously distribute. Impedance
electrochemical spectroscopy monitored the samples' conductivity and SIPNT50.SO3H reached the higher conductivity 
of the samples series, 3.08×10-3 -1.cm-1, for a 2:1 degree of sulfonation. All membranes showed thermoactivated 
conductivity behavior. The study of conductivity data by Arrhenius indicated activation energies for proton conduction 
processes compatible with the Grotthuss mechanism, which is favored by higher temperatures and anhydrous 
conditions, indicating the excellent potential for use in PEMFC.

Keywords: SIPN, PEMFC, hydrophilic nanodomains, and conductivity

Introduction
The application of fuel cells based on proton conductive polymeric membranes (PEMFC) is a 
promising energy conversion alternative because of its low environmental impact. PEMFC is an 
electrochemical device that directly converts chemical energy into electrical energy [1]. In recent 
decades, there has been a growing need to develop and study new clean energy storage 
technologies, as public policies have increased the control of carbon emissions from burning fossil 
fuels. PEMFC is of interest because of its advantages of being efficient, easy to operate, low noise,
safe, and low environmental impact. The polymeric solid electrolyte, polymeric membrane, from 
PEMFC is an essential component for the proper functioning of the cell, and the most used 
commercial membrane is still DuPont's Nafion®. Even so, the global community working on the 
theme considers it essential to replace it with membranes of lower cost and higher electrochemical 
stability at temperatures above 100 °C.
One of the least explored polymeric systems in these applications is the semi-interpenetrating 
polymeric network, SIPN. According to IUPAC, a SIPN is "A polymer comprising one or more 
networks and one or more linear polymer(s) characterized by penetration, on a molecular scale, of 
at least one of the networks by at least some of the linear macromolecules". A suitable solvent can 
usually extract the linear polymer [2].
The proton conduction membranes obtained must achieve desired properties, among which high 
ionic conductivity (~0.1 S.cm-1 at 120°C), chemical and mechanical stability at elevated 
temperatures, in oxidizing and reducing environments, and low cost [3]
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This work aimed at characterizing morphologically, spectroscopically, and electrochemically 
sulfonated SIPN polymeric membranes previously studied without chemical modification. The 
objective is to obtain improved membranes that can be operated under anhydrous conditions or in 
the presence of little water and minimize possible membrane damage during cell operation. 
 
Experimental 
 
Synthesis and Membrane Manufacturing 
The synthesis of the SIPN used in the membrane started with diglycidyl ether of bisphenol A 
(DGEBA) and the curing agent triethylenetetramine (TETA) with Polyethyleneimine (PEI). SIPN 
was obtained by varying the PEI concentration at 47 and 50 % w/w concerning the total mass and 
for a constant mass ratio of 13%w/w TETA to DGEBA. The membranes were obtained by casting 
and after sulfonated. The procedure adopted for sulfonation is an adaptation from Elabd and 
Napadensky [4]. The reaction introduces a sulfonic group (SO3H) into the aromatic ring of 
DGEBA. 
 
Spectroscopy Studies 
The infrared vibrational spectroscopic characterization, FTIR, of thin films was made in the region 
between 4000 and 400 cm-1, using 4 cm-1 resolution and 32 scanning per spectrum. The analysis 
was performed in the horizontal attenuated reflectance mode, employing a zinc selection crystal 
(ZnSe).  
 
A Solid State Nuclear Magnetic Resonance (13CRMN) AVANCE III (Brucker) spectrometer 
operating at 400 MHz at room temperature recorded the 13C NMR spectra of SIPNTXSO3H (where 
X is the amount of PEI in the sample) membranes with 14 kHz frequency and acquisition time of 
0.7 ms/d13s. 
 
Morphological Studies, AFM 
Atomic force microscopy (Digital Instruments, Dimension 3000) investigated the surface 
morphology of the prepared membranes by topographical and phase contrast methods with 1 cm² of 
the scanning size of the samples. A desiccator maintained the membranes before the measurements. 
 
Electrochemical Impedance Spectroscopy, EIS 
An AutoLab PGSTAT30/FRA device measured the electrochemical impedance spectra 
measurements in the frequency region between 10 mHz and 1 MHz. The membranes, previously 
hydrated for 24 h, were sandwiched between stainless steel blocking electrodes of 0.785 cm2 in 
Teflon cells and studied between 20 and 80 oC, with temperature control, under 60 % relative 
humidity. 
EIS was studied using the Nyquist diagram to determine the proton conductivity ( ), according to 
Eq. 1. 

 

b)               (1) 
 

where L and A are the thickness and area of the electrolyte membrane, respectively; Rb is the 
resistance. Arrhenius equation, Eq. (2) calculates the conductivity behavior with temperature. 
 

0) - Ea/RT (2) 
 

where A0, T, R, and Ea are the pre-exponential factor, the absolute temperature, the ideal gas 
constant, and the activation energy, respectively, 
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Results and Discussion 
All SIPN samples originate membranes of good mechanical malleability and translucid after being 
immersed in water. 
 
Spectroscopic Studies 
Fig. 1 shows, illustratively, the FTIR spectra between 4000 and 900 cm-1 for the sulfonated sample 
SIPNT41SO3H (2:1) and SIPNT41. The band's appearance at 1057 cm-1 is due to s(SO3) of sulfonic 
acid linked to the membrane pending side chain. The FTIR spectrum shows a band attributed to 

s(SO) at 1050 cm-1 [5]. The bands in the spectral regions between 1060 and 1100 cm-1 were due to 
vibrational modes of protonated sulfonic groups (–SO3H) and ionized (–SO3–), respectively. At 
1400 cm-1, the spectrum shows a band from the same group's methylene vibrations, rotation, 
flexion, shortening, and stretching [6]. 
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Figure 1: SIPNT41 and 
SIPNT41.SO3H (2:1) FTIR 
spectra between 4000 and 
900 cm-1. 
 

RMN studies showed peaks below 50 ppm, related to sulfonic groups, between 40–80 ppm, relative 
to C-N (aliphatic carbon), and due to aliphatic carbon of alkyl chain (0 and 40 ppm). At 143 and 
127 ppm a peak is attributed to aromatic carbon associated with sulfonic groups [7]. SIPN without 
sulfonation spectrum shows 114 and 156 ppm peaks related to aromatic carbon. The 13C NMR 
study corroborates the preliminary FTIR analysis. 
 
Morphological Studies 
Fig. 2 shows AFM images of SIPNT47 (upper line) and SIPNT47.SO3H samples (1:4) (lower line). To 
the left are topographic photos, and to the right, the phase contrast one. These images show the 
existence and the size of hydrophobic-hydrophilic domains, as well as changes in the phases that 
constitute the nanostructure of the membrane. Hiesgen et al. evaluated the correlation of 
hydrophilic nano dominium with waterproofing capacity [8]. In the figure, hydrophilic domains 
correspond to dark colors and hydrophobic ones to the lights. The images show, regardless of mode, 
greater homogeneity for SIPNT47.SO3H. Small hydrophilic phase clusters (PEI) are expected in the 
hydrophobic phase in SIPN47. As the sulfonation of DGEBA occurs, hydrophilic sites are created in 
the DGEBA rings, which favors channel formation and gives more homogeneity to SIPNx.SO3H 
phase contrast images ). The future study by MET of sulfonated 
membranes may better observe this behavior. 
 
Electrochemical Impedance Spectroscopy Studies 
Fig. 3(a) shows, illustratively, the Nyquist diagram for SIPNT47.SO3H (1:4) at different 
temperatures, and 3(b) the conductivity behavior with the temperature for SIPNT47.SO3H (1:4) and 
SIPNT50.SO3H (1:4) sulfonated membranes. The spectra have the expected behavior for protonic 
driving polymeric electrolytes, where an almost semicircle-high frequency is associated with the 
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resistive behavior of charge transport through the membrane. Table 1 shows the average 
conductivity values ( ), calculated from spectra triplicates, and their deviation. 
 
For SIPNTX.SO3H (1:4), the conductivity observed was about 10-4 -1.cm-1, although the samples 
SIPNT50.SO3H presented  of 10-3 -1.cm-1. For the sulfonation degree 2:1, all compositions 
presented  of 10-3 -1 cm-1 with a maximum of 3,08x10-3 -1 cm-1, SIPNT50.SO3H (2:1) at 80°C 
(Table 1). Samples SIPNTX.SO3H (2:1) showed  values in the order of 10-3 -1.cm-1, more 
significant than that got to the other sulfonations ratios. 
 
Arrhenius's studies showed a thermo-activated behavior (Figure 3(b)) for the samples as more 
significant mobility of charge carriers with temperature is standard for similar systems. As the Ea 
presented values lower than 10 kJ.mol-1, the charge transport mechanism in the system is of the 
Grottuss. This less water-dependent mechanism can maintain cell activity during humidification 
system failure. 

  
Figure 2. AFM images of 
SIPNT47 (upper line) and 
SIPNT47.SO3H (1:4) sample 
(lower line). To the left are 
topographic photos, and to the 
right, the phase contrast one  
. 
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Figure 3. (a) EIS for SIPNT47.SO3H (1:4) from 20 to 80 oC, and (b) log ( ) vs1/T for de SIPNTX.SO3H (2:1). 
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Table 1. Log(A0), Ea, and , at 20º C and 80º C, for SIPNT47.SO3H and SIPNT50.SO3H at sulfonation ratios 
(1:4) and (2:1). 

Amostra Log (A0) Ea (kJ.mol-1) (20 °C)  
( -1.cm-1) 

(80 °C) 
( -1.cm-1) 

SIPNT47.SO3H (1:4) 1,96 2,349 (1,19±0,01)E-3 (1,75±0,07)E-3 
SIPNT50.SO3H (1:4) 1,21 4,118 (1,25±0,03)E-3 (2,40±0,10)E-3 
SIPNT47.SO3H (2:1) 1,06 4,430 (1,20±0,03)E-3 (2,52±0,04)E-3 
SIPNT50.SO3H (2:1) 1,25 3,698 (1,63±0,14)E-3 (3,08±0,10)E-3 
 
Conclusions 
FTIR and 13C NMR studies proved the chemical modification introducing the sulfonic group into 
the DGEBA ring. AFM analyses confirmed the nanostructure showing hydrophilic nanometric 
domains dispersed by the hydrophobic epoxy matrix already observed in the non-sulfonated sample. 
The lower degree of sulfonation analyzed (1: 4) displayed a homogeneous dispersion of these nano 
dominions. This membrane is promising for structure and conductivity correlations in future 
studies, as it had a conductivity (10-3 -1. cm-1) of the same quantity order of higher sulfonation 
rations membranes. All samples presented a thermally activated  behavior and a Grotthuss 
mechanism of protonic conduction (Ea < 10 KJ.mol-1) favored under lower humidification 
conditions observed at high temperatures. 
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Abstract - Population growth and urbanization have led to global concerns regarding access to clean drinking water, as 
metal ions increasingly contaminate it. Metals such as cadmium, chromium, copper, manganese, zinc, and nickel are 
potentially toxic and pose risks to human health and the environment. Existing techniques to reduce contamination have 
limitations in terms of efficiency and cost. However, adsorption using microfibrillated cellulose (MFC) has emerged as a 
promising solution due to its high adsorption capacity, and the ability to modify its chemical groups (MFC-m) to enhance 
the removal of specific compounds and  improve its effectiveness. This study focused on preparing MFC from eucalyptus 
sawdust and modifying it with carboxylic groups to adsorb cadmium, chromium, copper, manganese, zinc, and nickel. 
The results demonstrated that MFC-m effectively removed metals, particularly copper and nickel, making it a viable 
adsorbent for treating contaminated water.

Keywords: Cellulose, adsorption, water treatment, potentially toxic elements
Fundings: CAPES, FAPESP, CNPq

Introduction
With rapid population growth, urbanization, and increased human activities, ensuring access 

to safe drinking water has become a critical global concern. [1] One of the major challenges is water 
contamination caused by metal ions, which leads to a decline in water quality. This contamination 
poses significant health risks due to its high toxicity, non-biodegradability, and ability to 
bioaccumulate through the food chain. [2, 3] Metals such as cadmium (Cd(II)), chromium (Cr(VI)), 
copper (Cu(II)), manganese (Mn(II)), zinc (Zn(II)), and nickel (Ni(II)) are classified as potentially 
toxic elements (PTE) and have been linked to various diseases, including kidney and lung damage, 
bone disorders, autoimmune conditions, and various forms of cancer. [4]

Reducing heavy metal contamination in water is crucial for safeguarding population health. 
Although techniques like chemical precipitation, electrochemical treatment, and ion exchange [5]
have been utilized, they suffer from efficiency and operational cost limitations. [3, 6] As an 
alternative, adsorption has emerged as a promising, cost-effective method that relies on the 
accumulation of molecules or ions on a solid adsorbent. Cellulose, particularly in the form of 
microfibrillated cellulose (MFC), a form of nanocellulose, has shown significant potential as an 
adsorbent due to its high adsorption capacity, attributed to its larger surface area and greater number 
of exposed hydroxyl groups. [6]

Notably, different forms of nanocellulose such as nanocrystalline cellulose (NC), 
microfibrillated cellulose (MFC), nanofibrillated cellulose (NFC), and bacterial cellulose (BC) have 
emerged as prominent options for various applications. MFC, derived from mechanical treatments or 
acid hydrolysis of macroscopic cellulose, exhibits a substantial surface area and an abundance of 
exposed hydroxyl groups, rendering it a highly efficient adsorbent. The hydroxyl groups on the 
surface of MFC play a pivotal role in the adsorption of heavy metals by forming complexes with 
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these ions. Moreover, these hydroxyl groups can be modified to introduce chemical groups, thereby 
further enhancing the adsorption capacity. Mechanically treating cellulose for MFC production is 
particularly efficient and cost-effective, making it ideal for industrial-scale processes. [7, 8, 9] 

This study focuses on preparing MFC from eucalyptus sawdust residue and modifying its 
surface by introducing carboxylic groups through a reaction with succinic anhydride. The aim is to 
evaluate the adsorption capacity of the final MFC product against a solution containing cadmium 
(Cd(II)), chromium (Cr(VI)), copper (Cu(II)), manganese (Mn(II)), zinc (Zn(II)), and nickel (Ni(II)). 
 
Experimental  
MATERIALS 
 In this study, the lignocellulosic source chosen is eucalyptus sawdust residue (Eucalyptus 
citriodora) obtained from post-harvest and cutting activities in the state of Mato Grosso do Sul (MT, 
Brazil). The chemical reagents utilized include sodium chlorite (NaClO2), sodium hydroxide (NaOH), 
potassium hydroxide (KOH), ethanol, nitric acid (HNO3), succinic anhydride, dimethylformamide 
(DMF), propanone (acetone), and analytical standards of the target metal ions (Cd(II), Cr(VI), Cu(II), 
Mn(II), Zn(II), and Ni(II)). These reagents were purchased from Labsynth Produtos para Laboratórios 
(SP, Brazil). 
 
METHODS 

Before the MFC production, the eucalyptus fibers underwent a treatment process to eliminate 
lignin and extract the cellulose component. This method, inspired by the approach of Ferreira et al. 
[10], involved initial grinding of the fibers using a knife mill (model TE-625, Tecnal, SP, Brazil) 
followed by drying in an oven (model MA035/5, Marconi, SP, Brazil) at 70 ºC for 24 hours. 

Subsequently, the fibers were treated with a NaClO2 solution (3.8% w/v) at a ratio of 1 g of 
material to 20 mL of solution. The treatment was carried out for 2 hours at 50 ºC with continuous 
stirring. Following this step, the material was thoroughly washed until it reached a pH of 7 and then 
dried in an oven at 70 ºC for 12 hours [10]. 

Following the NaClO2 treatment, the dried material was exposed to a solution comprising 
NaOH (10% w/v) and KOH (10% w/v) at a ratio of 1 g of material to 20 mL of solution. The mixture 
was allowed to react under stirring at room temperature for 2 hours. Subsequently, the fibers were 
thoroughly washed until reaching a neutral pH and dried in an oven at 70 ºC for 12 hours [10]. 

Following the pre-treatment, the fibers underwent a grinding process to produce 
microfibrillated cellulose (MFC). The material was moistened with an ethanol solution (80% v/v) in 
a 1:1 ratio and ground in a ball mill (model MA500, Marconi, SP, Brazil) for 3 hours. [61] 

A modified procedure based on Hokkanen et al. [11] was employed to carboxylate the MFC. 
Initially, the MFC was reacted with 20% (w/v) NaOH under stirring at room temperature for 16 hours. 
Subsequently, the MFC was centrifuged, and a washing step was performed until reaching a pH of 7. 
Next, the MFC (1 g) was stirred for 24 hours in the presence of a succinic anhydride solution (1.75 
g). To isolate the carboxylated MFC (MFC-m), a sequential washing process with various solvents 
was carried out: DMF, 95% ethanol, H2O, HNO3 solution (0.01 mol/L), H2O, and acetone. Finally, 
the material was reacted with a Na2CO3 solution under stirring for 1 hour, forming the desired product, 
MFC-m. 
 
CHARACTERIZATION 
 To gain insights into the structural and functional properties of the sawdust, MFC, and MFC-
m, Fourier Transform Infrared Spectroscopy (FTIR) analysis was performed using a Frontier 94942 
Spectrophotometer (PerkinElmer, USA). Additionally, the size of the cellulose microfibrils was 
determined using a BetterSize® ST Laser particle size analyzer (Lianing, China). These 
characterization techniques provided valuable information regarding the material's chemical 
composition and particle size distribution. 
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The thermal properties of the materials were investigated using Thermogravimetric Analysis 
(TGA) performed with the STA 6000 equipment (Perkin Elmer, USA). This technique allowed for 
the examination of the thermal stability and decomposition behavior of the samples.

To assess the sorption capabilities of the produced materials, the MFC and MFC-m were 
exposed to a multi-metal solution containing 1 ppm of Cd(II), Cr(VI), Cu(II), Mn(II), Zn(II), and 
Ni(II). The contact was established by stirring the mixture in a shaker at 150 rpm, with an adsorbent 
dosage of 1 g/L, while maintaining an initial pH of 4.5. Subsequently, an ion chromatograph coupled 
with a UV-Vis 940 Professional IC Vario spectrometer (Metrohm, Switzerland) was utilized to 
quantify the final concentration of ions in the solution after the sorption test. These analytical tools 
provided valuable insights into the thermal behavior and sorption capabilities of the materials under 
investigation.

Results and Discussion
FTIR

Figure 1 – Sawdust, MFC and MFC-m FTIR spectra.
In Fig 1a, the spectra of MFC and sawdust are depicted, revealing significant changes in the 

characteristic signals associated with hemicellulose and lignin. Notably, after the sawdust processing, 
the signals at 1734, 1594, 1504, 1457, and 1423 cm-1, which are indicative of hemicellulose and 
lignin, vanish, indicating an effective removal of these components. [10] This observation suggests a 
successful purification process, leading to the isolation of cellulose-rich MFC.

Fig 1b illustrates the comparison of FTIR spectra between MFC and MFC-m, revealing 
distinct features. Both spectra exhibit characteristic cellulose-related signals, as summarized in Table 
1. Notably, the MFC-m spectrum exhibits additional signals indicating successful chemical 
modification. Specifically, the presence of a peak at 1725 cm-1 corresponds to the C=O stretching of 
ester, while signals at 1562 and 1395 cm-1 correspond to the asymmetric and symmetric stretching of 
the carboxylate group (-CO2

-), respectively. [10, 11]
Table 1 – Cellulose FTIR signals on MFC and MFC-m spectra.

Vibrational mode MFC (cm-1) MFC-m (cm-1)
OH stretching 3342 3334
C-H stretching 2890 2890

OH bending 1377 1379
C-O antisymmetric bridge stretching 1158 1158

C-O stretching 1058 1059
β-glycoside bonds elongation 896 895

LASER PARTICLE SIZE ANALYZER
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The analysis of MFC and MFC-m involved fitting a Gaussian distribution to describe the 
cellulose microfibrils' hydrodynamic diameter size distribution. Both samples exhibited fibrils in the 
micrometer range. Specifically, MFC displayed an average diameter of 31.67 μm, with a D90 value 
(diameter of 90% of the particles) below 82.74 μm. On the other hand, MFC-m exhibited an average 
diameter of 18.67 μm, with a D90 of 54.63 μm.

THERMOGRAVIMETRIC ANALYSIS

Figure 2 – Sawdust, MFC and MFC-m TGA and DTG curves.
The thermal properties of the samples were characterized using TGA (Thermogravimetric 

Analysis) and DTG (Derivative Thermogravimetry). The analysis revealed two main mass loss events 
in the samples. The first event corresponds to the loss of water, while the second event, indicated by 
Tmax, represents the thermal degradation of cellulose. Notably, in the DTG of sawdust, a distinct 
thermal event is observed between 440 and 570 °C, corresponding to lignin's thermal degradation. 
However, this thermal event is absent in the MFC and MFC-m samples, confirming the successful 
removal of lignin. In Fig 2b, a trend is observed for Tmax, where sawdust exhibits a higher Tmax
compared to MFC and MFC-m. This difference can be attributed to the smaller surface area of 
sawdust, which requires a higher temperature for cellulose degradation. The subtle variations in Tmax
and T10% for MFC and MFC-m also indicate a successful modification, as observed in the FTIR 
analysis. [10, 12]

ADSORPTION
The multi-metal sorption tests conducted on sawdust, MFC, and MFC-m ion removal 

percentages are presented in Table 2. Analysis of the results reveals a significant increase in ion 
removal for most of the evaluated ions when comparing sawdust to MFC. This improvement can be 
attributed to the amplified surface area of MFC, facilitating enhanced interaction between hydroxyl 
groups and the metals in the solution. The expanded surface area of MFC enables a greater number 
of active sites for adsorption, leading to improved removal efficiency. [7]

Moreover, it was observed that introducing the carboxylate group by reacting cellulose 
microfibrils with succinic anhydride (MFC-m) resulted in increased removal of metal ions. This 
enhancement can be attributed to the carboxylate group's higher chelating power (bidentate) than the 
hydroxyl groups. Carboxylate groups in MFC-m provide stronger coordination sites for metal ions, 
leading to improved adsorption efficiency. Remarkably, MFC-m exhibited higher selectivity for 
copper and zinc adsorption than the other evaluated metals, demonstrating removal percentages 
exceeding 90%. [11]

Table 2 – Percent remotion of metallic ions by sawdust, MFC and MFC-m.
% Remotion

Sample Copper Nickel Zinc Manganese Cadmium Chrome
Sawdust 29,2±7,4 9,1±5,1 6,7±0,5 16,4±1,4 17,9±5,1 16,3±0,9

MFC 42,4±2,5 11,1±0,1 7,3±1,1 20,3±1,6 17,1±1,7 7,2±0,5
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MFC-m 92,6±7,8 97,9±1,1 56,9±0,3 28,5±6,9 53,7±1,2 8,3±0,2 
 
Conclusions 

Microfibrillated celluloses without and with chemical modification were successfully 
prepared. FTIR and FTIR analyses confirmed the effective removal of lignin and hemicellulose from 
eucalyptus sawdust through chemical treatments (NaClO2 and NaOH+KOH). The milling process 
achieved micrometer-scale particle sizes for MFC and MFC-m, measuring an average of 31.67 μm 
and 18.67 μm, respectively. The chemical modification of MFC using succinic anhydride was 
successful, as indicated by the presence of characteristic signals in the FTIR spectra of MFC-m, 
including ester carbonyl and carboxylate group signals. MFC-m demonstrated great potential as an 
adsorbent for treating waters contaminated with PTEs, exhibiting removal percentages exceeding 
90% for copper and nickel and over 50% for zinc and cadmium in a multielemental assay. These 
results highlight that the MFC-m can be a low-cost alternative material with great potential to remove 
metal ions from contaminated water.  
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Abstract - Bacterial cellulose is a biopolymer free from impurities due to its biosynthesis that occurs through bacteria. 
Among the properties of this material, noteworthy are its high crystallinity, elevated Young's modulus, and excellent 
water absorption, which make it suitable for various applications such as food packaging, active release films, dressings, 
and cosmetics. This biopolymer can undergo oxidation processes for the extraction of bacterial cellulose nanofibers, 
enabling its chemical modification and functionalization with other molecules, thereby expanding its range of 
applications. Therefore, this study aims to extract bacterial cellulose nanofibers using the oxidation method mediated by 
2,2,6,6-tetramethyl-1-piperidinyloxy. The results indicate that the oxidation occurred efficiently, the crystalline structure 
of the material remained unaltered, and the oxidation and sonication, contributed to the dispersion of these nanofibers.
Keywords: Bacterial cellulose nanofibers; Biocellulose; Oxidation; Physical-chemical properties

Introduction 
Plant cellulose (PC) (C6H10O5)n, a component of most plant fibers is considered the most abundant 
biopolymer on Earth [1, 2]. PC is formed by condensation polymerization of anhydroglucose units 
linked by -1,4 glycosidic bonds [3]. The main properties of this homopolysaccharide include high 
chain rigidity, insolubility in water, and high hygroscopicity due to the presence of free hydroxyl 
groups and hydrogen bonds in the structure [4-6]. Although PC exhibits such properties, it contains 
impurities such as hemicellulose and lignin [7, 8]. 
However, bacterial cellulose (BC), or biocellulose, is free from these impurities as its biosynthesis 
occurs through bacteria, contributing to the reduction of environmental impacts and expenses with 
purification [9, 10]. BC, first identified in 1886 during vinegar fermentation [11], has the same 
chemical composition as PC, but the fiber dimensions and structural organization are different [12, 
13], providing this biopolymer with distinct and unique properties such as nanoscale fibers, high 
crystallinity, high Young's modulus, and excellent water absorption [14]. Due to these properties, BC 
has applications in various fields, including food packaging, active release films, dressings, 
cosmetics, food, and electronics [15, 16].
In order to improve the properties of this material and expand its application field, research in these 
areas has focused on nanostructures, such as nanofibers, which are long and thin fibers with a high 
surface area, several μm in length, and a diameter ranging from 10-100 nm, depending on the source 
and aggregation state of the material [17, 18].
Mechanical methods were the first to be employed in the disintegration of BC for nanofiber 
production; however, the high energy demand required in this process rendered the method 
impractical. Chemical methods, such as 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)-mediated 
oxidation, have shown promise for obtaining bacterial cellulose nanofibers (BCNFs). Additionally, 
the addition of functional groups through oxidation can increase the reactivity of bacterial cellulose 
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with other materials, further expanding its properties and functionalities. This combination enables 
the production of advanced composites, with the potential to revolutionize the industry and the 
development of innovative technologies [19, 20]. 
Therefore, the purpose of this study is to produce BCNFs using the TEMPO-mediated oxidation 
method and to physicochemical characterize them in order to analyze the presence of chemical groups 
as well as the crystalline and morphological properties. 
 
Experimental  
TEMPO-Mediated Oxidation 
10g of dried and ground BC waste (Nexfill®) were immersed in 1L of an aqueous solution containing: 
0.16g of 2,2,6,6-tetramethyl-1-piperidinyloxy (Sigma-Aldrich); 1g of NaBr (Dinâmica), and 11% 
NaClO (Dinâmica). The pH of the system was maintained at 10.0 by adding a NaOH solution 
(mechanical stirring at 25 + 2ºC for 2 hours). Then, the suspension was sonicated for 10 minutes 
(Unique Ultracleaner 1400), filtered, washed until reaching pH 7.0, and stored in a glass container 
under refrigeration for further analysis. 
 
Yield (Y) and Water Content (WC) 
The oxidation yield was calculated according to Eq. 1 [21] where mi = mass bacterial cellulose used 
on oxidation and mf = final mass after drying in an oven at 100°C until constant mass. The experiment 
was performed in triplicate. The water content present in the BCNFs were calculated according to 
Eq. 2 [22], where mi = initial mass and mf = final mass after drying in an oven at 100°C until constant 
mass. The experiment was performed in quadruplicate.   (%) =  × 100                (1)  (%) =  × 100       (2) 
 
Fourier Transform Infrared Spectroscopy (FTIR) 
The samples in the form of films were analyzed using an Agilent Technologies Cary 630 FTIR 
spectrometer - ATR. Scan range: 4000 to 655 cm-1, and resolution of 4 cm-1. 
 
X-Ray Diffraction 
The samples were placed in glass sample holders in the diffractometer (Shimadzu - XRD-600). The 
analysis parameters used were: Cu  X-ray source;  = 0.154 nm; voltage = 30 kV; current = 40 mA; 
angular range of 2  from 4 to 60° and scanning speed of 2°/min. The crystallinity index of the samples 
was determined based on the literature [23] using the Segal equation [24] (Eq. 3):  =  (   )  × 100            (3) 
 
Scanning Electron Microscopy (SEM) 
The analysis was performed using a ZEISS EVO/LS15 microscope operated at 10 kV.  
 
Results and Discussion  
Yield (Y) and Water Content (WC) 
The yield of the oxidation process and total solids are presented in Table 1. It can be observed that 
the yield was satisfactory and close to that found in the literature [21]. Furthermore, the analysis of 
water content shows that the produced BCNFs have a high-water content in their structure. 
Table 1 – Yield of synthesis and Total Solids of Bacterial Cellulose Nanofibers 
Sample Yield (%) Water Content (%) 
BCNF 82.68±2.40 98.84±0.07 

Source: Author’s own. 
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Figure 1 – Vibrational spectra in the infrared region for samples of BC and BCNF with scanning of: (a) 4000 
- 655 cm-1 and (b) 2232-655 cm-1. Source: Author’s own. 
 
The spectra of BC and BCNF are presented Fig. 1a and 1b. For both spectra, characteristic 
spectroscopic bands (peaks) of the cellulose structure are observed. For example, the band at 3324 
cm-1 is attributed to the stretching of the O–H bond, while the bands at 1030 cm-1 and 1160 cm-1 
correspond to the stretching of C–O and C–O–C bonds, respectively. The band at 2895 cm-1 
corresponds to the stretching of aliphatic C–H bonds, and the bands at 1370 cm-1 and 1046 cm-1 are 
assigned to the angular deformation of C–CH3 and the stretching of C–OH bonds, respectively [25, 
26]. It is important to highlight that the oxidation process carried out on BC can be validated by this 
technique, particularly considering two factors:  
I. The appearance of a new band at 1600 cm-1 corresponding to the carboxylate (COO-) group 
observed in the BCNF spectrum (Fig. 1a), which is not present in the BC spectrum (Fig. 1b).  
II.  The absence of aldehyde bands in the region of 1720 – 1740 cm-1. This fact indicates that the 
oxidation process was efficient, meaning that the aldehyde groups (HC=O) were converted to 
carboxylate (-COO-), which is clearly observed at 1600 cm-1 [27]. 
 
X-Ray diffraction 
The crystallographic analysis of BC and NFCB samples is presented in Figure 2.  
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Figure 2 - X-Ray diffractograms to BC and BCNF samples. Source: Author’s own. 
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It can be observed that both materials exhibit high crystallinity. The observed peaks were 14.50 and 
22.72 for the BC sample, and 14.68 and 22.86 for the NFCB sample. The oxidation process 
maintained the crystallinity index of BC (Table 2). These results show that the carboxylate groups 
were introduced on the BC surface and in disordered regions [28].
Table 2 – Crystallinity Index of BC and BCNF
Samples Crystallinity Index (%)
BC 89.52
BCNF 88.15

Source: Author’s own.

Scanning Electron Microscopy (SEM)
The obtained micrographs for BC and NFCB samples are presented in figure 3a and 3b, respectively. 
By means of the SEM technique, it can be observed that BC exhibits a structure with long and tangled 
fibers, and the oxidation process followed by sonication contributed to a greater dispersion of the 
fibers.

Figure 3 - Scanning Electron Micrographs at a magnification of 20,000x for the samples of: (a) Bacterial 
Cellulose Residue and (b) Bacterial Cellulose Nanofibers obtained via TEMPO-mediated oxidation. Source: 
Author’s own.

Conclusions
The utilization of BC residue for TEMPO-mediated oxidation was efficiently performed. The FT-IR 
technique confirmed the insertion of carboxylic groups at the C6 position of BC. X-ray diffraction 
(XRD) was employed to demonstrate that the oxidation method employed in this study does not alter 
the crystalline structure of the material. Furthermore, scanning electron microscopy (SEM) revealed 
that oxidation and sonication contribute to the enhanced dispersion of these nanostructures. The 
obtained NFCBs hold potential for application in various fields that require such properties.
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Abstract – This work described the synthesis of flexible SBS films, its coating with polypyrrole (PPy), and the use of 
this SBS/PPy composite. While the SBS films were obtained through solution casting, the composite films were resulted 
from pyrrole in situ polymerization over SBS. The materials were characterized by scanning electron microscopy (SEM), 
Fourier-Transform infrared (FTIR), contact angle, and tensile testing. Based on the characterization, we verified that an 
homogeneous layer of PPy was deposited over the SBS films, and the composite maintained its elastomeric character, in 
which it presented an elongation of 819.6% ± 33.4%. In regards to the application at strain sensing, the composite proved 
to be very promising, since a ratio between the variation in electrical resistance and the electrical resistance of the film 
prior to deformation (ΔR/R0) was observed at approximately 8500 for an elongation of 100%.

Keywords: SBS. Polypyrrole. Conductive composite. Strain sensor. Elastomeric.

Introduction
Strain sensors are devices that convert mechanical strains into measurable signals. Depending 

on the type of this signal, the sensor can be classified such as resistive, capacitive, impedimetric, 
piezoelectric, and optical [1, 2]. These strain sensors are versatile. They can be found in several 
applications of our daily routine, such as monitoring the movement and health of humans, artificial 
muscles, soft robotics, and even in the entertainment industry [1-3]. 

In order to optimize the sensor properties and that it is functional, it is fundamentally important 
the definition of the materials used on the fabrication of this sensor. Therefore, it has been highlighted 
in the literature the use of composite films based on elastomeric and conductive particles, such as 
graphene, carbon nanotubes, and conductive polymers. Through the combination of these materials, 
it is possible to obtain a composite with both the mechanical properties of the elastomeric and the 
electrical properties of conductive materials [4-6]. 

This work aims to synthesize and characterize composite films of the copolymer SBS (styrene-
butadiene-styrene) and polypyrrole (PPy), and the evaluation of this material as a resistive strain 
sensor. For this, flexible SBS films were obtained using the solution casting technique, and then the 
film was coated with PPy through in situ polymerization of pyrrole. 

Experimental 
The synthesis of SBS films were realized through solution casting using SBS D1155 E 

(Kraton, USA). For this, we prepared a 10% w/v solution of SBS using a 
tetrahydrofuran/dimethylformamide (THF/DMF) in a ratio of 70/30 v/v. This solution was kept 
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stirring for 2 hours to homogenize it. Then, we placed 5 mL on a 60 mm glass petri dish, and allowed 
it to evaporate the solvent at room temperature for 24 hours, followed by evaporation at 60C on an 
oven for 36 hours. Afterwards, the films were removed from the petri dish, and cut into 4 cm x 1 cm 
rectangles. 

 Before coating the films with PPy, we submitted them to an air plasma treatment during 5 
minutes using a Plasma Cleaner PDC-002 (Harrick, USA). After turning the films hydrophilic, we 
coated them through in situ polymerization of pyrrole (Sigma-Aldrich, USA). For this, we added 48 
mL of deionized water and the SBS-Plasma film on a 250 mL beaker, and allowed it to stir for 10 
minutes on an orbital shaker SL-221 (Solab, Brazil). Then, we added 1 mmol of the monomer, and 
kept stirring for another 10 minutes. Afterwards, we added 2 mL of a 1 M solution of FeCl3 (Neon, 
Brazil), and kept the solution stirring for 4 hours. The SBS/PPy composite obtained was removed 
from the beaker, cleaned with deionized water, and dried at room temperature. The polymerization 
took place under 120 rpm and temperature of 5 °C. 

The synthesized materials were characterized using the techniques scanning electron 
microscopy (SEM), Fourier-Transform infrared (FTIR), contact angle, tensile testing, and two-probe 
measurements using a 2400 SourceMeter multimeter (Keithley, USA). 

 
Results and Discussion 

In order to evaluate the films’ surface, before and after coating it with PPy, we present the 
SEM images in Fig. 1. As can be observed, SBS films have a smooth surface. On the other hand, after 
the coating, some nanoparticles can be observed on the composite films surface. Besides observing 
that these PPy presents a spherical morphology and are at the nanometric scale, it can be also seen 
that they cover the film evenly over its entire surface. 
 

 
Figure 1 – SEM images of SBS (a) and SBS/PPy (b). 

 
The materials’ wettability analysis is a fundamental step at coating the film with PPy. For an 

efficient coating over all the surface, it is necessary for the film to have a hydrophilic character. 
Therefore, we present the materials’ wettability in Fig. 2. As can be observed, SBS are hydrophobic, 
since its contact angle was 96° ± 1°, which can be also seen in other works at the literature [7, 8]. 
However, after surface treatment with air plasma, we have a contact angle value 33° ± 2° for the SBS-
Plasma films, thus characterizing them as hydrophilic materials. This change are due to the 
introduction of functional polar groups on the films’ surface [9]. Regarding the wettability of 
SBS/PPy, we have a contact angle of 75° ± 2°, which corresponds to a hydrophilic material. 
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Figure 2 – Contact angle measurements of SBS (a), SBS-Plasma (b), and SBS/PPy (c). 

 
The FTIR spectra of SBS, SBS-Plasma, PPy, and SBS/PPy are shown in Fig. 3. In regards to 

SBS, it can be observed both characteristic bands of polybutadiene and polystyrene, which 
corresponds to the copolymer. While for polybutadiene we observe an out-of-phase angular 
deformation of the trans-1,4 C=C at 964 cm-1 [10, 11], for the part related to polystyrene, we observe 
and stretching vibration of aromatic C=C at 1601 cm-1, as well as the presence of monosubstituted 
benzene at 756 cm-1 and 697 cm-1 [11, 12]. As for the SBS-Plasma spectrum, we can observe the 
same bands of SBS. However, we can also see a band at 3300 cm-1 as well as the broadening of the 
1651 cm-1, which is related to the air plasma treatment. While the band at 3300 cm-1 is due to the 
stretching vibration of the O-H bonds, the other corresponds to the angular deformation vibration of 
the O-H bonds [9, 13]. Regarding the spectrum of PPy, the stretching vibration of the C=C and C-N 
of the aromatic rings are observed at 1537 cm-1 and 1450 cm-1, respectively. At 1165 cm-1 we have 
the pyrrole breathing ring vibration. Finally, the 901 cm-1 and 783 cm-1 bands are related to out-of-
plane angular deformation of the C-H bonds [14-16]. Finally, in the SBS/PPy spectrum, it is possible 
to observe characteristic bands of each material separately (SBS and PPy). 
 

 
Figure 3 – FTIR spectra of (a), SBS-Plasma (b), PPy (c), and SBS/PPy (d) 

 
The stress-strain curve of SBS/PPy can be seen in Fig. 4a. Through this result, it is seen that 

the composite film maintains the elastomeric behavior of SBS, since it presented an elongation of 
819.6% ± 33.4%. In addition to this, the following properties are obtained: yield strength (2.42 ± 0.20 
MPa), fracture stress (3.65 ± 0,21 MPa), and Young Modulus (63.7 ± 2.3 MPa). The preliminary 
results of SBS/PPy in strain sensing are presented in Fig. 4b. In both deformed (100%) and non-
deformed (0%) films it is observed a linear behavior, which is characteristic of ohmic materials. 
Therefore, after doing a linear regression of the data, and thus obtaining their electrical resistance, we 
verified a variation in the electrical resistance (ΔR/R0) in the order of 8500. The justification for this 
increase is possibly related to the separation of the PPy chains on the SBS surface, and thus altering 
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the electrical conduction network, as well as the presence of breaks in the polymeric coating [2, 5, 
17]. 

 

  
Figure 4 – Stress-strain curve of SBS/PPy (a), and two-probe measurements of SBS/PPy before and after 

deformation (b). 
 
Conclusions 

This work presents the synthesis and characterization of SBS and SBS/PPy films, and the 
evaluation of the composite films at strain sensing. Through the SEM images, we observed that the 
polymerization used were able to coat evenly all surface of SBS with PPy nanoparticles, which was 
also corroborated by FTIR results. In addition, it was verified that the SBS/PPy are elastomeric, and 
its elongation are 819.6% ± 33.4%. Finally, the preliminary analysis of SBS/PPy in strain sensing 
proved them to be a promising material. 
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TENSILE PROPERTIES OF SELF-HEALING EPOXY COMPOSITES 
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Abstract – This work evaluated the tensile properties of self-healing composites of bisphenol-A diglycidyl ether 
(DGEBA) epoxy matrix containing poly(urea-formaldehyde) microcapsules filled with aminated polydimethylsiloxane 
(PDMS-a), reinforced with graphene nanoplatelets (GNP). The microcapsules were produced by interfacial
polymerization, later infiltrated with the healing agent (PDMS-a) and further added to the epoxy matrix by mechanical 
stirring. A dispersion of GNP was then joined to the mixture together with the hardener to produce specimens for tensile 
tests by casting in soft molds. The results show that the presence of 1 wt% GNP changes the properties of the 
composites with an improvement in tensile strength and modulus in comparison with neat epoxy and specimens 
containing just microcapsules.
Keywords: self-healing, epoxy, graphene, microcapsules, polydimethylsiloxane
Fundings: Foundation for Research Support of Santa Catarina – FAPESC, National Council for Scientific and 
Technological Development (CNPq), Coordination for the Improvement of Higher Education Personnel (CAPES).

Introduction 
The study of self-healing materials has been gradually growing, and this gives the possibility of 
increasing the useful life and improving the behavior of composites, reproducing the self-healing 
functionality observed in living organisms [1]. Common repair methods such as adhesives and resin 
sealing offer temporary healing solutions, as well as being time consuming, justifying the 
development of self-healing materials. The self-healing mechanisms are classified as intrinsic and 
extrinsic, and for the latter (extrinsic) the material does not have the latent self-repair function 
(intrinsic) and it is necessary to add a curing agent to the polymer matrix [2]. Extrinsic self-
regeneration can take place by the use of microcapsules containing a healing agent, which can be
ruptured by the growth of microcracks, releasing the healing agent and uniting the sides of the 
fissures, with no need for structural modifications in the polymer matrix. Poly(urea-formaldehyde) 
(PUF) is the most used material for the preparation of healing microcapsules, as it offers high 
mechanical and chemical resistance, low cost, and is fragile enough to break and release the healing 
agent [3]. Aminated polydimethylsiloxanes, which can be infiltrated in PUF microcapsules, proved 
to be a good healing agent, as it has high thermal stability (decomposition above 200 ºC) and an 
excellent interaction with epoxy matrices [4]. In the study by Weihermann [4] it was concluded that 
it would be desirable to use a catalyst to obtain a faster and more efficient crosslinking of PDMS-a 
in the epoxy matrix at room temperature, as well as the use of a reinforcement to compensate
possible losses of mechanical properties by the addition of microcapsules. Graphene nanoplatelets 
(GNP) can be a good choice to address both issues, since graphene nanoparticles could reinforce the 
composite matrix, improving its mechanical performance, as well as have catalytic activity. There 
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are already studies of self-healing materials containing graphene nanoparticles that have improved 
properties compared to other conventional materials, such as improved mechanical properties, 
responsiveness to stimuli, high electrical and thermal conductivities, and greater healing efficiency 
[4,5]. 
 
Experimental  
Synthesis of microcapsules and infiltration with PDMS-a 
Hollow microcapsules were prepared following the procedures of Weihermann [4] and Da Costa 
[6]. After 4 hours of reaction, the microcapsules produced were washed with deionized water, 
vacuum filtered, and further dried at room temperature for 24 h. Hollow PUF microcapsules were 
then infiltrated with the healing agent (PDMS-a) following the procedure developed by 
Weihermann et al. [3], where PUF microcapsules is stirred with PDMS-a under vacuum for 5 h, 
filtered, and then washed with a solution of alcohol and chloroform (50/50) to eliminate the excess 
of non-encapsulated PDMS-a. 
 
Preparation of tensile specimens 
The specimens, prepared according to ASTM D368 standard, were divided into 4 types: neat epoxy 
matrix; epoxy matrix with graphene in different concentrations (0.5, 1 and 2 wt%) – Epoxy/GNP; 
epoxy matrix with PUF microcapsules (2 wt%) infiltrated with PDMS-a and graphene at 1 wt% – 
Epoxy/FPUF/GNP; and epoxy matrix with graphene (1 wt%) and hollow microcapsules (2 wt%) – 
Epoxy/HPUF/GNP. For the neat epoxy specimens, DGEBA (Araldite GY251) was mixed with its 
curing agent in the proportions indicated by the manufacturer and poured into soft silicone molds, 
where it was cured at room temperature for 24 h and post-cured for 1 h at 100 °C.  For Epoxy/GNP 
specimens, the required amounts of GNP for each concentration were weighed in a glove box and 
mixed with DGEBA resin by sonication (3 min at 30% amplitude). The curing agent was then 
added to the mixture, which was poured into silicone molds. For the other two material types, the 
procedure was carried out in the same way, adding infiltrated (FPUF) or hollow PUF (HPUF) 
microcapsules to the mixture just before the curing agent. 
 
Characterization of microcapsules and specimens 
The microcapsules were characterized by optical microscopy to verify the morphology of the 
microcapsules and their average diameter. Optical microscopy was also used to examine whether 
PDMS-a infiltration was effective in the microcapsules. In characterizing the specimens, field 
emission scanning electron microscopy tests were carried out (SEM) in a JEOL field emission 
scanning electron microscope, model JSM-610JF with gold coating by sputtering, for 
morphological analysis. Tensile tests were carried out in an Emic 23-100 universal testing machine, 
following ASTM D368.   
 
Results and Discussion  
Through optical microscopy, it was possible to verify that the formation of PUF microcapsules was 
efficient, with size distribution and morphology similar to those found by Da Costa [6].   
The results of the tensile tests for Epoxy/GNP nanocomposites are shown in Fig. 1. The maximum 
stress supported by the specimen with neat epoxy is lower than those containing GNP. Among the 
specimens with GNP, the specimens with 1% GNP showed a maximum stress greater than the 
concentration of 0.5% by more than 24% - Fig. 1(a), as well as a higher Young's modulus - Fig. 
1(b), but, on the other hand, at the 2% concentration, its maximum tension was significantly lower, 
probably due to the formation of agglomerates, as also reported by Da Costa [6]. 
 
In view of the results obtained, the use of 1% GNP was chosen to continue the study for the 
addition of hollow and PDMS-a-filled PUF microcapsules. 
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Fig.1 – Epoxy/GNP tensile test results. 1(a) - Maximum Stress and 1(b) - Young's Modulus

By SEM analysis - Fig. 2 -, it was possible to observe the fracture surface of Epoxy/GNP 
nanocomposites - Fig. 2(a), as well as the whole set of epoxy matrix, GNP and microcapsules 
(hollow and filled with PDMS-a) - Fig. 2(b,c,d).

Fig. 2 – SEM analysis of the fracture surfaces of: (a) – 1% GNP; (b) – 1% GNP / 2% hollow microcapsules; 
(c) – 1% GNP / 2% microcapsules filled with PDMS-a; (d) – epoxy with 2% of hollow microcapsules.

(a) (b)
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Fig. 2(a) shows that GNP, at 1 wt% concentration, is well dispersed into the epoxy matrix. It is 
important to point out that in Fig. 2(c) there is a smaller number of microcapsules than in images (b) 
and (d) due to the higher masses of filled PUF microcapsules in comparison with hollow 
microcapsules (all were prepared at 2 wt%). It can be clearly observed that the microcapsules tend 
to concentrate on only one side of the specimen. The hollow ones in the upper side and the filled 
ones in the bottom side, as the former are lighter and the later are denser than the matrix. The 
presence of GNP does not seem to interfere with the distribution of the microcapsules. 
 
The results of tensile test of specimens with the addition of HPUF and FPUF in Epoxy/GNP(1%) 
composites are shown in Table 2. It is possible to note that the presence of hollow microcapsules 
negatively interfered with the properties of the composite, with a maximum tension of only 17.6 
MPa due to the presence of empty volumes, as they are filled with air. For the specimens with the 
addition of microcapsules filled with PDMS-a, the results were better than those with HPUF, but 
still lower than those found only with GNP reinforcement. The reason for this lower result may be 
due to their higher density, which causes the microcapsules to settle down and concentrate on only 
one surface of the specimen, i.e.., they and are not evenly distributed. 
 

Table 2- Results of tensile tests of Epoxy/GNP composites with HPUF and FPUF 
 

- Epoxy 1% GNP 1% GNP 
2% HPUF 

1% GNP 
2% FPUF 

Max Tension - MPa 29.04 37.35 17.6 20.38 
Max deformation – % 1.3 0.77 1.46 1.18 

Young's Modulus - GPa 2.49 2.82 1.61 1.77 
 
Conclusions  
PUF microcapsules were successfully produced by interfacial polymerization, and through SEM it 
was concluded that the microcapsules disperse in the matrix in the presence of graphene 
nanoplatelets similarly to what happens without its presence, but that the density of the filled 
microcapsules interferes in the result of their dispersion. Tensile tests showed that the addition of 
1% of the graphene reinforcement improved the mechanical properties of the composite and that the 
addition of 2% impaired these properties. It was also possible to conclude that the presence of 
hollow microcapsules negatively interfered in the tensile properties and that even though the 
addition of filled microcapsules improved the results in relation to the composites containing 
hollow ones, they were still inferior to those of composites with only GNP. These lower results are 
probably related to due to their high density, causing them to settle on only one surface of the 
specimen. 
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Abstract - Titanium dioxide nanoparticles (TiO2NPs) are widely used in the plastic industry as an UV-blocker additive.
In this work, TiO2NPs were obtained through green synthesis using Dillenia indica L. leaf extract. TiO2NPs were 
characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM) and thermogravimetric analysis 
(TGA). The use of TiO2NPs as an UV-blocker in a poly(propylene-co-ethylene) (EP) matrix was studied through artificial 
aging, exposing the samples to an UV fluorescent lamp in a chamber and measuring the degradation with the carbonyl 
index (CI) using Fourier-transform infrared (FTIR) spectroscopy. EP-TiO2NPs compound was characterized by TGA and 
differential scanning calorimetry (DSC). The artificial aging revealed that TiO2NPs and the commercial UV stabilizer 
show expected results to higher concentrations. Both showed UV stabilizing properties after longer exposure periods
(four weeks).

Keywords: Green synthesis, Dillenia indica L., titanium dioxide nanoparticles, poly(propylene-co-ethylene), UV-
blocker additive

Introduction
Polymeric materials acquired great importance to society in all fields of application, from general use 
plastics to high performance ones [1]. Under ultraviolet radiation, polymers go through oxidation 
reactions that may lead to premature failures. The reduction of the lifespan of a polymer is a huge 
problem that projectors, developers and the industry face and cause financial prejudices, physical 
damages, among other things [1, 2]. To improve the properties of a polymer and widen its 
applications, additives are purposefully added to it, and in the case of photodegradation, blockers, 
absorbers and stabilizers are examples of substances that minimize the effects of UV radiation, 
reducing failures and improving its resistance and durability in external areas. Titanium dioxide 
(TiO2), like other inorganic pigments, block and disperse radiation, preventing it to reach 
chromophores under the polymer surface. The particle size is an important factor, as the titanium 
dioxide nanoparticles (TiO2NPs) show greater UV absorption, letting the visible radiation pass and 
being able to be applied in transparent plastics [3].

Experimental
Materials
Titanium trichloride (TiCl3) (15%) was purchased from Riedel-de Häen. Dillenia indica L. leaves 
were collected from the university campus and allowed to dry at room temperature for 48 h. 
Poly(propylene-co-ethylene) EP200K was purchased from Braskem and commercial UV stabilizer 
masterbatch was obtained from AMPACET.
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Green synthesis of TiO2NPs with Dillenia indica L. aqueous extract 
The aqueous extract of Dillenia indica L. leaves was prepared by ultrasound assisted extraction. 
Firstly, the leaves were washed with distilled water and dried to 25°C during 24 h. Then for each 
gram of leaves it was added 20 mL of distilled water. Next, the system extraction was kept under 
ultrasonic bath (40 kHz) at 50°C for 60 min. Finally, aqueous extract of Dillenia indica L. leaves was 
obtained by gravity filtration. TiO2NPs were synthesized by adding 6 mL of TiCl3 (15%) to 35 mL 
of Dillenia indica L. extract at 50°C, keeping constantly stirring for 2 h. The solution was kept at 
15°C for 24 h, then the precipitate of TiO2/vegetal extract was gravity filtrated and dried for 24 h at 
60°C. To characterization by SEM, X-ray diffraction and to preparation of EP-TiO2NPs compound 
the powder of TiO2NPs/vegetal extract of was calcinated to 500°C during 3h.  
 
 
Physical-chemical characterization 
FTIR measurements were taken with a Shimadzu IRTracer-100 spectrometer with ATR 
diamond/ZnSe accessory. The spectrum was obtained on transmittance mode, resolution of 4 cm-1, 
from 4000 to 650 cm-1. TGA measurements were carried out using TGA-50 (Shimadzu) under 
constant heating rate of 20°C.min-1 from room temperature to 1000°C (for TiO2NPs); 800°C (for 
other samples) under N2 atmosphere (50 mL.min-1). The thermal properties were studied by melting 
temperature (Tm), melting heat ( Hm) and the percentage of crystallinity (%C) from DSC. The 
analysis were performed using a differential scanning calorimeter DSC-60 Plus Shimadzu. Powder 
X-ray diffractograms were collected using X’Pert PRO (Malvern Panalytical), CuKα radiation (λ= 
1,5406 Å), range between 5° and 90° (2θ) with step size of 0,02° and scanning speed of 5,0 sec.step-

1. SEM was conducted by EVO MA15 (Zeiss), operating at 20 kV, samples were previously 
metallized with Au in a Q150R ES (Quorum). 
 
Preparation of EP polymer compounding and artificial aging study 
The artificial aging study was realized using EP200K alone and polymer compounding of EP-
TiO2NPs and EP-UV-stabilizer commercial. The EP polymers compounding was prepared using a 
combination of 99/1, 90/10 and 85/15 wt/wt of EP-TiO2NPs and EP-UV-stabilizer. The polymers 
compounding was realized by manual physical mixed on Teflon for 15 seconds at 180°C. After 
manual processing, the samples were cooled down on room temperature. The artificial aging study 
was realized in a closed chamber with an UV ULTRA-VITALUX 300W OSRAM lamp. The 
measurements were taken by FTIR spectroscopy in different periods of UV exposure and the carbonyl 
index (CI) was calculated using Eq 1. 
 

  (1) 
 
 
Results and Discussion 
 
The SEM images show TiO2NPs (Fig 2) with a morphology of nanoscale grains, aggregating and 
themselves forming bigger structures. Similar morphologies were reported for TiO2NPs, obtained 
through other synthesis methods [3]. 
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Figure 1 – SEM images of TiO2NPs. 
 
The obtained XRD pattern of TiO2NPs (Fig 2 (a)) reveals that the product is highly crystalline and 
the crystallography planes are related to the anatase phase of TiO2 [4]. The crystallite size was 
calculated from X-ray diffraction peaks by Scherrer equation [4], the average value found was 
12.96 2.3 nm. TG/DTG curve of TiO2/vegetal extract powder (Fig 2 (b)) show mass loss relative to 
humidity, low molecular weight compounds, polysaccharides, and secondary metabolites thermally 
stable. The 51,2% of remaining mass is related to the TiO2NPs and other stable organic compounds 
that were not degraded until the temperature of 800°C. 
 

 
Figure 2 – XRD pattern of TiO2NPs (a); TG/DTG curve of TiO2NPs under N2 atmosphere (b). 
 
The carbonyl index was used to evaluate quantitatively the extend of polymer degradation. The CI 
was determinated by the ratio between specified area under the range of 1800 to 1700 cm-1 (related 
to carbonyl peaks) and a reference peak. The CI is useful not only to measure polyolefin oxidation, 
but also to predict the lifespan of polymeric materials in order to create stabilizers [5]. The CI of all 
samples was calculated using Eq 1. Fig 3 shows how the CI of every sample change over time during 
the exposure to UV radiation. 
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Figure 3 – Carbonyl index of all samples over total exposure time. 
 
Table 1 shows that the crystallinity degree of EP copolymer is lightly affected by the presence of the 
TiO2NPs. 
Table 1. Characteristics of DSC curves and crystallinity degree. 

Samples Tm 

(°C) 
Hm 

(J/g) C (%) 

EP200K 164.7  23.1  11.1  
EP-1% TiO2NPs 160.4 10.5 9.6 

EP-5% TiO2NPs 161.3 22.2 10.2 
EP-10% TiO2NPs 161.5 28.1 9.7 

 
Fig 4 compares DTG curves of samples before (a) and after (b) artificial aging. The Fig 4 (a) show 
that the presence of TiO2NPs speed up the initiation of thermal degradation. But it does not have 
significant influence on maxima degradation temperature of the principal chain in EP copolymer.   
 

 
Figure 4 – DTG curves of prepared samples before artificial aging (a); after artificial aging (b). 
 
The DTG curves (Fig. 4 (b)) shows that the oxidation degree present in the EP copolymer, after 
artificial aging, does not influence significantly on thermal degradation. 
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Conclusions 
On this work, TiO2NPs anatase phase were successfully obtained via green synthesis, confirmed by 
XRD. The artificial aging of EP-TiO2NPs compound show UV stabilization to samples with higher 
concentration of additives (5 and 10%). The DSC analysis shows that the crystallinity degree of EP 
copolymer is not affected by the presence of the TiO2NPs. DTG analysis of aged samples show that 
in the range studied the oxidation of the EP chains, it did not influence in the thermal degradation of 
EP copolymer. Therefore, we conclude that the TiO2NPs synthesized by green route has potential to 
be used as an UV-blocker to polymers. 
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Abstract 
Carbon nanotubes (CNT) were treated by inductively and capacitively coupled plasma, using radio frequency and 
asymmetric bipolar pulsed plasma sources, respectively. The source of functional groups to be attached to the CNT 
surface were the solid organic compounds maleic anhydride or urea. Oxygen and nitrogen groups were bonded to CNT, 
which was confirmed by XPS analysis. After treatment, CNT has become dry, meaning water content drops from 7.7 % 
(in pristine CNT) to zero, according to the fitting of O 1s high-resolution XPS spectra. After one year, samples were 
analyzed again. Although CNT treated with urea began to adsorb water, the nanoparticles treated with maleic anhydride 
remained dry even after being kept in a water solution for 24 hours. The results indicate the possibility of using the 
treated carbon nanotubes as adsorbing agents in water treatment applications.

Keywords: carbon nanotube, plasma, functionalization, water adsorption

Introduction 
Carbon nanotubes (CNT) are very well-known nanoparticles by their excellent performance in 
electrical, thermal, and mechanical properties [1], and recently have drawn attention for being used 
as adsorbing agents in water treatment and desalination [2-4]. However, CNT needs to be surface 
functionalized to be applied in these uses to activate their surface and improve dispersion and 
adsorption capability [5]. Besides, the treatment of CNT can make them more effective in removing
water pollutants, depending on the type of functional group inserted: oxygen groups facilitate dye 
removal, while nitrogen groups improve the adsorption of heavy metals [6,7]. Once the final use of 
the nanoparticles is related to an environmental problem, i.e., water resource, it is interesting also 
use an eco-friendly process to treat the CNT. Plasma treatment is an excellent technique to be used, 
replacing wet chemical routes that generate waste and second products [8]. Therefore, this work 
aims to use different plasma treatments and functionalizing agents to surface-modify CNT and 
evaluate their behavior related to water adsorption through XPS analysis. 

Experimental 
Materials

Multiwalled carbon nanotubes were purchased from Chengdu Organic Chemicals Co.Ltd.,
TNIM4 category, with purity > 95 %, external and internal diameter of 10-30 nm and 5-10 nm, 
respectively, and 10-30 μm length, according to the manufacturer. Maleic anhydride (purity > 98.5 
%) was provided by Sigma-Aldrich, and urea (purity > 99 %) by Dinâmica Química 
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Contemporânea Ltda. Argon gas (ultrapure, purity > 99.999 %) was used in plasma treatment. 
Methanol (minimal dose 99,8 %) was purchased from Dinâmica Química Contemporânea Ltda and 
utilized to wash the samples before analysis.  
 
Methods 

CNT was manually mixed with the functionalizing agent (maleic anhydride or urea) in the 
solid state, according to previous work [9,10], before plasma treatment. The CNT mixed with MA 
was treated in an inductively coupled plasma (ICP) reactor, for 30 minutes, with 35 W powered by 
radio frequency [9]. The CNT mixed with urea was treated in a capacitively coupled plasma (CCP) 
reactor, for 30 minutes, with power supplied by an Asymmetric Bipolar Plasma Power Supply 
(ABiPPS) [10]. After treatment, samples were washed following the procedure described in another 
work [9]. Samples were kept closed in falcon tubes for one year, submerged in distilled water for 24 
hours, centrifuged for 10 minutes, and dried at 70 °C for one hour. XPS analysis was conducted in 
three different periods throughout the samples’ life: 1) after plasma treatment, 2) after one year, and 
3) after water exposure for 24 hours. Samples were named according to it, as shown in Table 1. 
 
Table 1 

Sample name Functionalizing agent Plasma and source Period throughout life 
CNT - - - 
CNT.MA.P Maleic anhydride ICP, RF After plasma 
CNT.MA.Y Maleic anhydride ICP, RF After one year 
CNT.MA.W Maleic anhydride ICP, RF After water exposure 
CNT.U.P Urea CCP, ABiPPS After plasma 
CNT.U.Y Urea CCP, ABiPPS After one year 
CNT.U.W Urea CCP, ABiPPS After water exposure 

Summary of samples’ names and respective characteristics 
 
Characterization technique  

Samples were chemically characterized by X-ray Photoelectron Spectroscopy (XPS) in a 
Thermo Scientific spectrometer (K-Alpha), operating at a base pressure below 10-7 m Bar. The X-
ray Al-Kα (hν = 1486.6 eV) was used as the excitation source, and the pass energy was set to 
200.000 eV for the survey and 50.000 eV for high-resolution scans. The number of scans, dwell 
time, and energy step size were set as 10, 10 ms, 1.000 eV for the survey, 5, 50 ms, and 0.100 eV 
for high-resolution scans. High-resolution spectra were fitted using the Voigtian function, a 
combination of Gaussian (70 %) and Lorentzian (30 %) profiles. 
 
Results and Discussion  

From XPS Survey, we obtained the samples’ chemical composition (Table 2), which 
evidence the plasma functionalization of carbon nanotubes by the increase in oxygen content (for 
CNT.MA.P and CNT.U.P samples) and the appearance of nitrogen contribution (CNT.U.P sample). 
It is highlighted that for both samples (CNT.MA.P and CNT.U.P), water adsorption in carbon 
nanotubes drops from 7.7 % (from O 1s), in the CNT sample, to zero after treatment, which is a 
combination of plasma process along with methanol washed procedure, as explained in another 
work [10]. 

XPS data also provided the bonding type in each sample, obtained from fitting C 1s and O 
1s spectra (Table 2). Interestingly, after one year, the sample treated by plasma with maleic 
anhydride (CNT.MA.Y) still had no water adsorbed. It indicates that CNT remains stable after air 
exposure and prolonged time. More than that should be highlighted the fact that even after 
suspension in water for 24 hours (CNT.MA.W), the nanoparticles did not recover their nature 
characteristic of keeping water in their inner, which is evidenced by O 1s fitting spectra that do not 
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show H2O contribution (Fig 1). It could indicate that plasma modifications in carbon nanotubes 
were still on when the submission to water was tacked. 

 
Table 2 

 Atomic % % related to area from C 1s or O 1s 
Sample name C 1s O 1s N 1s CC 

arom C-H C-O/ 
C-N C=O O-C=O/ 

O=CN2 
H2O 

 From Survey From C 1s From O1s 
CNT 98.0 2.0 - 78.1 5.2 5.1 1.7 2.2 7.7 
CNT.MA.P 96.5 3.5 - 77.5 6.1 4.5 1.9 3.2 - 
CNT.MA.Y 97.0 3.0 - 79.3 4.4 4.5 1.9 2.4 - 
CNT.MA.W 98.0 2.0 - 77.4 6.0 3.3 2.7 2.6 - 
CNT.U.P 95.2 3.6 1.2 64.3 13.1 8.6 2.2 4.0 - 
CNT.U.Y 96.2 3.0 0.8 59.8 17.1 9.1 2.7 3.1 5.1 
CNT.U.W 95.7 3.4 0.9 61.2 16.1 9.0 2.8 3.6 8.7 

XPS results obtained from Survey, C 1s, and O 1s spectra. 
 

 
Figure 1 – XPS O 1s spectra fitted for CNT.MA.W sample, indicating no water molecules present. 

 
Otherwise, for the sample treated with urea, despite the water elimination in the first 

analysis, just after plasma treatment (CNT.U.P), the adsorption returns to happen sometime within a 
year since the O 1s fitted spectra show a water component in the CNT.U.Y sample: 5.1 % (from O 
1s). Besides, in this period, probably due to air exposure, there was a small hydrocarbon deposition 
in the CNT surface, observed by the increase in C-H bonds, which attenuated the oxygen and 
nitrogen signals. However, after water exposure for 24 hours, that effect is reverted, as can be seen 
by comparing the values of CNT.U.Y and CNT.U.W samples in Table 2. In previous work [10], it 
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was established that there seems to be a correlation between functional group content and the ability 
to CNT adsorb water: as the former increase, the latter decrease. So, as the functional groups were 
covered by hydrocarbons within a year, CNT would have recovered their ability to adsorb water.  

 

 
Figure 2 - XPS O 1s spectra fitted for CNT.U.W sample, evidencing water adsorbed in carbon nanotubes. 

  
The different water absorption behavior between samples functionalized with maleic 

anhydride and urea could be related to functional groups formed in the CNT surface during the 
plasma treatment. Table 2 shows that C-O/C-N contributions for CNT.U.P are almost twice the 
values for CNT.MA.P, and C=O content in that one is also higher than in this one, which could 
favor the interaction with air and water in the long term. Besides, in the sample treated with urea, 
there are nitrogen atoms, which are not present in the CNT.MA.P sample. So, there is a clear 
difference in CNT behavior related to water adsorption depending on the plasma treatment to which 
they were submitted. Further analyses need to be done to establish the exact phenomenon that 
controls the recovery of CNT's ability to adsorb water. 
 
Conclusions  
Carbon nanotubes have been successfully functionalized by both RF-inductively and ABiPPS-
capacitively coupled plasma, promoting attachment of oxygen and nitrogen groups by using maleic 
anhydride and urea as functionalizing agents. CNT.MA.P and CNT.U.P samples presented no water 
in their composition, meaning that surface functionalization resulting from plasma treatment alters 
CNT-water interaction. After one year, however, different behavior regarding water adsorption was 
observed for CNT treated with maleic anhydride or urea, the former the one who kept the ability to 
repeal water even after having been in an aqueous solution by 24 hours one year later. The 
nanoparticles’ ability to repeal water, identified in this work, could indicate a possible application of 
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these modified CNT in water treatment once a selective particles’ interaction is needed when CNT 
is used as adsorbing agent. 
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Abstract - Cotton fiber is the most used natural fiber in the textile industry because of 
characteristics such as softness, breathability, and moisture absorption [1]. Along the cotton textile 
chain, a large amount of waste is generated, which represents environmental impacts. However, 
cotton has a high cellulose content and can be used to obtain cellulose nanocrystals (NCCs), which 
has attracted increasing attention for application as mechanical reinforcement in natural polymer 
matrices due to its high rigidity and crystallinity, low density, and biodegradability [2]. This study 
aimed to obtain NCCs from industrial textile cotton waste and to produce alginate filaments with 
different proportions of NCCs. The isolation of NCCs from cotton was performed by hydrolysis 
with an aqueous sulfuric acid solution at 60% (w/w) in reaction at 45°C and 45 minutes. The 
nanocomposite filaments were obtained by wet spinning of a 2% (w/v) sodium alginate solution 
containing different mass proportions of NCCs (1, 3, 5, 10, and 20 % (g NCC/g alginate) using an
infusion pump at 80 mL/h. After extrusion, solidification took place in a 10% (w/v) CaCl2 aqueous 
bath. NCCs with whisker shape, 11–19 nm diameter, crystallinity index of 87%, and reaction yield 
of 83% were obtained from hydrolysis. Mechanical results indicated that all NCCs concentrations 
significantly (p < 0.05) increase the tensile strength and reduced elongation at break of the 
nanocomposite filaments compared to the pure alginate filament. The greatest increase (> 200%)
was observed for the 3% and 5% concentrations. In filaments with higher NCCs concentrations
(10% and 20%), tensile strength was reduced, which can be attributed to the agglomeration of 
NCCs in the matrix. In general, it was concluded that it is possible to obtain NCCs from cotton 
waste and that concentrations of up to 5% can form nanocomposite alginate structures with 
promising mechanical properties.
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Abstract - Poly(vinylidene fluoride) (PVDF) is a semicrystalline thermoplastic fluoropolymer, with 
crystallinity ranging between 40 and 60%, which can crystallize in four possible modifications, 
named alpha (α), beta (β), gamma (γ) and delta (δ). The β phase guarantees pyro and piezoelectric 
properties, that is, it converts mechanical energy into electrical energy and vice versa. One way to 
obtain the β phase is using a solution with dimethyl formamide (DMF) at a controlled temperature. 
The addition of graphene oxide (GO) to this solution can significantly increase the dielectric 
properties of PVDF, in addition to impacting changes in mechanical properties. Therefore, this 
work has the general objective of analyzing nanocomposites with piezoelectric properties, in 
addition to presenting the analysis of the GO dispersion in the polymeric solution and the thermal, 
morphological and electrical characterization of the resulting nanocomposites. The proposed 
methodologies were the generation of films and electrospinning, these requiring different realization 
processes. The best dispersion method found for the GO was direct dispersion in the solvent via 
cleaning ultrasound and the electrical characterization was performed using an oscilloscope. As a 
result, the nanocomposite film generated a maximum voltage value of 13 V and showed 
agglomeration of the GO in its morphology, while the electrospun blanket generated a voltage of 33 
V for the material with the addition of oxide, in addition to providing better dispersion in the final 
nanocomposite.
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Abstract - SARS-CoV-2 of zoonotic origin called corona virus, can result in severe acute 
respiratory syndrome (SARS). It was detected in Wuhan, Hubei Province, China, in early 
December 2019 (PAHO, 2018). Due to the rapid increase of infected people in the world, in 
March 2020, the COVID-19 pandemic was announced by the World Health Organization 
(WHO, 2020). Currently, to minimize contagion, the product most used during the pandemic 
by the population and health professionals is 70% alcohol, as it is low cost and easy to use. 
However, there has been an increase in the use of disposable packaging that harms the 
environment (ANVISA, 2020). Currently, there are works in the literature on bioplastics with 
vegetable fiber fillers, presenting good mechanical properties and using polymeric 
nanocomposites with nanoparticles of metallic oxides such as copper, where their 
incorporation can obtain optical, electronic, mechanical effects and antimicrobial 
improvements through the extrusion process of filaments that, in the latter case, the increase 
in biocidal capacity was associated with a synergistic effect of the two components present in 
the composite. Therefore, the matrix is not only a support for nanoparticles, but it can also 
improve the antibacterial performance and expand the possible applications of this material to 
meet different requirements in the biomedical area, water treatment and food industry (De 
Paoli, MA, 2017). Thus, the objective of this project is to produce by extrusion antimicrobial 
bioplastic filaments (PLA, Vegetal Fiber and Copper Nano Particle) to be submitted to 3D 
printing and to evaluate the mechanical and thermal properties.
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Abstract - Electrorheological (ER) fluids are intelligent materials that show reversible 
changes in their structure and in their rheological properties, exhibiting transitions from the lowest 
conducted state to the highest admitted state, when an external electric field is applied [1-2].
Normally, they are colloidal suspensions of polarizable solid particles, which may be organic or 
inorganic particles dispersed in a non-conducting liquid [3] such as silicone oil, paraffin, or 
vegetable oil. The ER effect is characterized by a dipole phenomenon, where the polarized particles 
are oriented parallel in the direction of the applied field, forming a columnar microstructure [4].
Some important ER fluids include liquids containing inorganic salts and oxides, conductive 
polymers, and other substances as dispersed phases [5]. A particularly promising family is 
polyaniline (PANI) and its derivatives, mainly due to its easy synthesis and low production cost [6].
The present work describes the synthesis of hybrids of PANI and organically modified titania, in 
different proportions (1:1, 1:2 and 2:1), and the formulation of the ER fluid in silicone oil, in a 
proportion of 15% w/v. The PANI/titania combination resulted in an improved electrorheological 
response when compared to the individual response of these particles. In addition, an increase in 
shear stress was observed with an increase in the shear rate, characteristic of ER fluids, and good 
electrical stability of the dispersion, thus indicating excellent electrorheological performance. Other 
characterizations were carried out, such as direct current (DC) and alternating current (AC) 
conductivity analysis, thermogrevimetry (TGA), Fourier-transform infrared spectroscopy (FTIR), 
differential scanning and calorimetry techniques (DSC), in order to confirm the synthesis of the 
proposed material and evaluate its properties.
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Fouling is a phenomenon in which undesirable substances such as proteins, organisms and 
inorganic molecules accumulate on marine structures such as boats due to exposure to the 
environment. As these substances accumulate, they can cause several negative effects, such as 
reducing a ship's top speed and increasing fuel consumption. Thus arose the need to develop 
nontoxic antifouling coatings. The present research studied the incorporation of ZnO nanoparticles 
(NpZnO) into acrylic-based paint in the proportions 0,2%wt, 0,5%wt and 1%wt seeking it an anti-
fouling characteristic through the antifungal and bactericidal properties that these nanoparticles 
have. The acrylic-based base paint used was provided by WEG Tintas company and the NpZnO
were provided by the company Nório Nanotecnologia. The dispersion of the NpZnO in the matrix 
was carried out by sonication, and the resulting samples underwent characterizations, such as DSC, 
FTIR and TEM. To verify its bactericidal properties, samples of the NpZnO went through a
microbiological analysis with Escherichia coli, Bacillus subtillis, and Vibrio aestuarianus following 
the adapted ASTM E2149 standard. Photos of the Escherichia coli analyses are showed in the Fig
1, with which was possible to confirm the reduce of the activities through 100%. In addition to 
these analyses, to verify its applicability, the samples were applied on steel plates and exposed to an 
environment that simulated marine conditions for a period of 30 days. This experiment has not yet 
been completed, however, so far, the three formulations have not shown signs of encrustation.

Figure 1 – NpZnO TEM image (1) and photos of the microbiological Escherichia coli analyses comparing 
the control dilutions (a, b, c, and d) with the NpZnO (e, f, g, and h) dilutions.
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Abstract - The development of biocomposites from renewable sources, such as cellulose acetate 
(CA), offers numerous advantages. CA exhibits excellent thermal, mechanical, morphological, and 
film formation properties, making it highly suitable for creating innovative materials designed for 
the removal of aqueous contaminants.1 By combining a photocatalyst like TiO2 with CA, a 
biocomposite (CA/TiO2) can be formed, guaranteeing the removal and photodecomposition of 
effluent contaminants. This work aims to prepare biocomposites from a combination of CA and 
TiO2 using the phase inversion method and pentanol as a porogenic agent for film preparation. The 
goal is to investigate their capacity to degrade methylene blue (MB), an organic compound 
commonly found in wastewater. A 10% weight ratio of TiO2 and a 1:6 weight ratio of CA to 
pentanol were used to form the biocomposite CA/TiO2. The MB degradation studies demonstrated 
that the CA/TiO2 biocomposites exhibited remarkable efficiency in removing the organic dye 
through a combined process of adsorption and photodegradation. The photocatalytic properties of 
the biocomposite played a vital role in this process. When exposed to sunlight or artificial light, the 
TiO2 component becomes activated, initiating a series of oxidation reactions. In our tests, a 
suspension of TiO2 0,1mg in 50mL consumed almost 80% of MB in 30 minutes (Fig. 1). The 
addition of TiO2 to the biocomposites guaranteed the degradation of the same amount of MB after 
180 minutes. Therefore, the development of biocomposites utilizing cellulosic derivatives from 
renewable sources presented a promising approach to address the pressing issue of effluent 
treatment and contaminant removal. Despite the longer time to achieve the same amount of MB 
degradation, the use of the CA/TiO2 biocomposites allowed for efficient removal and degrading of 
methylene blue. This demonstrates the benefits of combining the advantageous properties of 
cellulosic derivatives and photocatalytic materials for effective water effluent treatment. 
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Abstract - The exponential growth in energy demand and the need for advances in the energy storage 
sector have driven the exploration of new materials that can be effectively used in electrical and 
electronic systems. In the present study, we evaluated the potential of nanocomposites composed of 
cellulose nanofibers (CNF), obtained by mechanical milling, and commercial carbon nanotubes 
(CNT) for application as supercapacitors. The preparation of these nanocomposites involved 
mechanically dispersing the CNT suspension in a 4.3% (w/v) CNF suspension using an ultra turrax. 
This was followed by vacuum filtration of the mixture and hot-pressing at 80°C for 20 minutes. We 
assessed the influence of the amount of added CNT on the nanocomposites by varying the CNT/CNF 
proportions to 50, 75, and 100% (w/w). Characterization of the nanocomposites included Fourier 
transform infrared spectroscopy (FTIR), Raman spectroscopy, X-ray diffraction (XRD), 
Thermogravimetry Analysis (TGA), cyclic voltammetry (CV) and galvanostatic charge/discharge 
(GCD). For the 50% (w/w) nanocomposite, the XRD spectrum exhibited two intense peaks at 2θ 
around 16° and 22°, characteristic of cellulose.1 Additionally, a peak at 2θ near 26° was observed,
attributed to the presence of CNT.2 The nanocomposites displayed a capacitive and stable 
voltammetric profile, with increasing conductivity related to the increase in CNT content. Both CV 
and GCD analyses for the 50% (w/w) nanocomposite revealed a typical profile of supercapacitors 
with pseudocapacitance. The characterization results provided evidence of successful composite 
formation. Therefore, this study demonstrates the feasibility of employing CNF, a natural polymer 
derived from renewable sources, in combination with conductive materials like CNTs as a viable 
alternative for supercapacitor development.
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Abstract – Ionomeric Polymer-Metal Composites (IPMC) are electromechanical devices that can 
change shape or format in response to electrical stimuli and vice versa. It's formed by a polymeric 
membrane covered on both sides by a noble metal electrode, usually platinum, silver or gold[1]. 
Also, they are light, flexible and present good mechanical/thermal resistance. So, they are 
promising materials for many technological applications. Since its operation mechanism consists of 
ionic migration, IPMCs can be electrically stimulated, promoting a displacement of the actuator, or 
mechanically stimulated, being used as a sensor, since the ionic migration promotes, in this case, an 
electrical response [2]. The environment's relative humidity strongly affects this ionic mobility, 
consequently affecting its mechanical and electrical responses. In other words, it will determine the 
device's performance. For these reasons, its mode of operation is, by default, non-linear, requiring 
strategies to overcome this condition. To mitigate this problem, studies have focused on using it in 
environments with controlled relative humidity [3]. When using it as a mechanical actuator, one of 
the biggest difficulties encountered is to keep the control of this actuator effective and as stable as 
possible with the actuation time. Thus, this work carried out the control of this actuator in an 
environment with high relative humidity (90%) for a certain period of time (1200 sec) under 
electrical stimulation of the step type and it was observed that it performed well in relation to the 
adjusted set point [4]. Subsequently, new tests with other relative humidities will be carried out.

References 
1. W. Hong. Mater. Science 2016. Ames, 2016. doi.org/10.31274/etd-180810-5560
2. A. D. Drozdov. Acta Mech.2015, vol. 227. 437–465. doi.org/10.1007/s00707-015-1471-7
3. M. C. Saccardo et al. Mater. Chem. Phys. 2020, vol. 244. doi.org/10.1016/j.matchemphys.2020.122674
4. A. G. Zuquello et al. Materials Research, 2022, 25. doi.org/10.1590/1980-5373-MR-2021-0518

Keywords: IPMC, Control system, relative humidities, performance.

722



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

COTTON ANTIBACTERIAL ACTIVITY EVALUATION AFTER PLASMA 
FUNCTIONALIZED TiO2 AND ZnO DEPOSITION

Maria E. P. Missner1,2*, Luis C. Fontana1, Daiani C. Savi3, Teresa T. Steffen1 and Daniela Becker1

1 – Laboratory of Plasmas, University Estadual of Santa Catarina (UDESC), Joinville, SC, Brazil
2 – Department of Textile Engineering, Federal University of Santa Catarina (UFSC), Blumenau, SC, Brazil

elisa.p.missner@ufsc.br
3 – Department of Biomedicine, Catholic University, Joinville, SC, Brazil

Abstract – Cotton material can provide a friendly environment for microbial growth when is in 
contact with the human body. This is certainly an undesirable effect, from the point of view of 
human health. In the way to mitigate it, nanoparticles can be attached to textiles using some binders 
that make a film on the fiber surface [1]. The present work investigates the fabric antibacterial 
behavior with deposition of the nanoparticles TiO2 or ZnO, pristine and functionalized, on the
cotton surface. Both nanoparticles were manually premixed with maleic anhydride, according to
Steffen et al. [2], and then treated by radio frequency plasma, at 35 W, by 5 minutes, following the 
procedure established by Klok et al. [3]. Then, using the same parameters of Iwasaki et al. [4], the 
functionalized nanoparticles were deposited in the fabric through intermittent high voltage pulsed 
electrophoresis in an aqueous suspension composed by distilled water and the nanoparticles. After 
the deposition, fabric samples were washed with distilled water for 10 minutes and then dried in the
oven with air circulation for 120 min. Before antibacterial test, the samples were exposed to UV 
light for 24 hours. A qualitative antibacterial activity was evaluated by using both a Gram-positive
bacterium (Staphylococcus aureus) and a Gram-negative bacterium (Escherichia coli). Antibacterial 
activity of fabric for E. coli was much higher than for S. aureus. The results show the ability of the 
treated fabric to both prevent its growth and kill the bacteria. The mortality of S. aureus and E. coli
in the fabric treated with functionalized TiO2 after 24 hours of incubation was 75% and 98% 
respectively. Almost the same mortality was observed in the fabric in which was deposited 
functionalized ZnO: 72%, for S. aureus, and 98%, for E. coli. Note that it was not observed a 
significant difference in the antibacterial activity of the fabric by using nanoparticles pristine or 
functionalized by plasma. However different behaviors are expected in the antibacterial activity for 
fabric after washing, due to the better adhesion between nanoparticles and cotton provided by the 
functionalization.
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Abstract – Coaxial electrospinning is a modification of traditional electrospinning. This technique 
allows for the composition of more than one solution in the nanofiber, as it produces fibers with a 
core-shell structure. Due to its adaptability, it is widely used in the production of dressings, filters, 
sensors, biosensors, electrically conductive materials, among others. Electrospun membranes 
consist of randomly distributed nanofibers in a three-dimensional framework. Their structure, 
combined with electrical properties, is of interest in the field of electroelectronics. The objective of 
this study is to develop core-shell nanofibers using polyaniline (PANi), poly(methyl methacrylate) 
(PMMA), and polyvinyl chloride (PVC). Firstly, a coaxial device was developed in collaboration 
with DBM Nano Co. Subsequently, PMMA and PVC solutions were tested at different 
concentrations to study their effect and viscosity in the coaxial electrospinning process. The 
concentration of the PVC solution used was 15% and remained constant, while the concentration of 
the PMMA solution varied. It was observed that the difference in polymer concentrations between 
the solutions of PMMA and PVC resulted in poor wire formation. When a concentration of 5% 
PMMA was used, no nanofibers were formed as the solution only dripped. At 10% concentration, 
there was an improvement in wire formation, but dripping still occurred frequently, resulting in 
structural flaws. The formation of defect-free wires was observed when a concentration of 15% 
PMMA was used. This study also allowed for the determination of other process and environmental 
parameters.
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Abstract - Chromium compounds are widely used in industrial processes and are considered one of 
the most dangerous metal ions. With this, the removal of these potentially toxic elements from 
wastewater is very interesting. In this study, membranes composed of poly(vinylidene fluoride) 
(PVDF)/silica nanofibers functionalized with ionic liquid chlor-methylimidazole (IL-Cl) and 
zwitterionic (ZIL) were prepared using the electrospinning technique and characterized by Scanning 
electron microscopy (SEM), Thermal analysis by thermogravimetry (TGA) and Fourier transform 
infrared spectroscopy (FTIR). To prepare electrospun scaffolds, PVDF granules (20 w/v, 
weight/volume ratio) were dissolved in a mixture of DMF/acetone (3:1), along with 0.5% and 1% 
functionalized silica, then the fibers were spun under an electric field of 30 kV with a feed rate of 
0.5 mL/h for 4 h. The use of electrospun nanofibers as an adsorbent is a relatively new approach 
and allows solving the difficulties of separating and recovering micro-sized adsorbents. PVDF 
maintains the mechanical stability and thermal resistance of the material, while the incorporation of 
functional groups allows it to strongly attract metal ions through chelation and electrostatic 
attraction. Finally, the preliminary evaluation of the membranes demonstrated efficiency as an 
adsorbent of Cr (VI) and Cr (III) of aqueous solution, through tests of adsorption in batch. The 
introduction of functionalized silica increased the adsorption capacity by 50% compared to the pure 
PVDF membrane, as well as improved the thermal stability and structure of the membranes. 
Furthermore, the characterizations proved that the processing conditions were satisfactory and 
balanced, forming randomly intercalated nanofibers and without distinct defects or agglomerations. 
Therefore, this study provides a potential approach for the preparation of membranes with good 
viability for application in environmental remediation by adsorption of metal ions.
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Abstract - Research and development of methodologies capable of creating new materials using 
carbon nanotubes in their structure represent a technological innovation capable of transforming 
low-cost products into advanced materials with high added value. Its remarkable properties, 
especially the high electrical conductivity and mechanical strength, make the carbon nanotubes
promising in several applications. Allied to the variety of functions that polymers are able to 
perform, polymeric composites with carbon-based fillers receive considerable attention, both in 
academic and industrial research. The incorporation of carbon nanotubes (CNT) in polymer 
matrices makes it possible to improve the multifunctionality of polymers, providing them with 
better thermal, mechanical and electrical properties. In this work, carbon nanotubes were 
incorporated into liquid epoxy resin with the aid of a high-speed mechanical stirrer. After 
incorporating of the nanoparticles into the matrix, the nanocomposites were catalyzed with 
triethylenetetraamine and cured in an oven at 80°C for 180 minutes. The films were characterized in 
terms of glass transition temperature, storage modulus and electrical conductivity. With regard to 
electrical conductivity, 0.05 wt.% of the nanoparticle increases the conductivity of the matrix from 
1.08x10-15 S.cm-1 to 1.05x10-07 S.cm-1. Larger fractions of the CNT in the matrix do not produce a 
significant increase, since the nanocomposite containing 1.00 wt.% of nanotube presented a 
conductivity of 7.80x10-06 S.cm-1. Regarding the storage modulus, it is noticed that in smaller 
percentages, there is an increase in this property. While the epoxy resin has a modulus of 355.73 
MPa, the nanocomposite with 0.05 wt.% load has a value of 529.81 MPa. The glass transition 
temperature obtained via Dynamic Mechanical Analysis (DMA) does not show significant change 
in its values. Thus, it is clear that carbon nanotubes are good electrical conductive additives, 
significantly increasing this property, as well as improving the mechanical properties of 
nanocomposites.
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Abstract – This research aims to evaluate the effect of cellulose nanocrystals (CNC) on the water 
absorption of sulfonated styrene-butadiene-styrene block copolymer (SSBS), therefore, improving 
the ionic conduction of SSBS-based ionic polymer-metal composite (IPMC). IPMCs are flexible 
materials, with an alternating metal/ionomer/metal structure, that shows a mechanical response to 
electrical stimuli and vice versa [1], thus resulting in a promising material in numerous applications, 
such as soft actuators, sensors, artificial muscles, and robotics. To supersede Nafion®, the most used 
polymer for IPMCs, which is expensive, environmentally problematic, and moisture sensitive [2], 
some alternatives have been developed, including the sulfonated styrene-butadiene-styrene block 
copolymer (SSBS) membranes. In this study, the ionomer was made by sulfonating the KratonTM

D-1155 E SBS with a mixture of acetic anhydride and sulfuric acid (1,75:1) for one hour in an inert 
atmosphere, leading to a sulfonation degree (SD) of 21%. The CNC was dispersed in the polymer in 
concentrations of 5, 10, or 15 wt% concerning the final nanocomposite weight by solubilizing both 
in THF and sonicating the solution for 2 hours. The membrane was fabricated by solvent casting.
The water absorption of the membrane is crucial for the well-function of the IPMC, once not only 
the ion conduction is enabled by water but also the differential swelling of the material, responsible 
for its bending movement, is due to water movement inside of the membrane. As the main result, 
the CNC increased the water absorption by almost 50% mass-wise, promisingly improving the 
electrical-mechanic properties of the composite.
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Abstract: Epoxy systems are highly valued for their exceptional properties and find widespread use across various 
applications. A comprehensive understanding of the curing process is essential to achieve the desired material properties, 
particularly considering the influence of diffusion processes below the glass transition temperature. This study focuses 
on assessing the impact of graphene nanoplates (GNP) on the curing process by examining the degree of conversion at 
different glass transition temperatures (Tg). Interestingly, the addition of 1wt.% GNP does not significantly affect the cure 
and Tg of the epoxy. The observed behavior suggests a two-stage reaction, one occurring prior to gelation and another 
following. The findings indicate no substantial impact from treatment with GNP on the glass transition temperature (Tg) 
during the curing process.

Keywords: Epoxy resin, Graphene nanoplatelets, glass transition temperature.
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Introduction 

Epoxy resins are widely used in coatings, electrical insulation, adhesives, composites, and 
construction. Therefore, understanding the curing process is crucial to achieve the desired properties 
in these applications. The curing reaction involves the formation of complex crosslinked networks, 
which greatly influence the properties of epoxy systems. Factors such as resin and hardener chemistry, 
stoichiometric ratio, curing conditions, and adding additives and fillers contribute to the nature of 
these networks [1].

Nanoparticles can impact the viscosity and curing process of resins. This effect is typically 
attributed to the formation of a percolated network or the presence of oxygenated groups that 
accelerate the opening of the epoxide ring [1, 2]. For instance, graphene nanoparticles (GNP) and 
carbon nanotubes (CNT) can enhance the epoxy curing enthalpy. However, the effect on resin 
viscosity varies depending on their dispersion. For example, mechanical percolation is typically not 
observed in nanocomposites of GNP with epoxy (0-1 wt.%). On the other hand, systems containing 
0-1 wt.% of CNT exhibit percolation at quantities exceeding 0.5 wt.% [3]. Notably, alterations in 
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viscosity will affect resin curing and consequently impact the final properties of the material, 
necessitating careful consideration of heat treatments after curing. 
  Changes in amorphous materials' mechanical and physical properties are inevitable when their 
molecular mobility undergoes alterations during the glass transition interval. To investigate the 
change in reaction rate during the vitrification process, the relationship between the glass transition 
temperature (Tg) and the conversion (α) of the partially cured reaction can be analyzed. This 
relationship helps determine the occurrence of vitrification during the curing process, where Tg 
equals the curing temperature (Tcure). If Tg is lower than Tcure, the reaction of a thermosetting material 
typically follows chemical kinetics. However, if Tg is higher than Tcure, the reaction rate becomes 
diffusion-controlled due to the rapid reduction in molecular mobility [4]. 
  Considering the influence of graphene nanoparticles (GNP) on the epoxy system's curing 
process and its significance in designing, analyzing, and optimizing final materials, this study aims 
to compare the impact of GNP on epoxy resin curing. The study evaluates the performance of these 
particles in the curing process by measuring the degree of conversion at various glass transition 
temperatures (Tg). 
 

Experimental  
 

  The epoxy resin used in this study is AR260, obtained from e-composites (Brazil), with an 
average molecular weight of 750 g/mol (measured via GPC using THF and polystyrene standards). 
The hardener employed is HY951, triethylenetetramine (TETA), purchased from Huntsman. A 
stoichiometric mixing ratio of 100 parts resin to 13 parts hardeners by weight is utilized, along with 
adding one part accelerator by weight. The hardener is added to the epoxy resin and mixed for two 
minutes. All these procedures are carried out at room temperature. The GNP was mixed by 
mechanical stringing and ultrasonicated (VCX 750 Sonics 20 kHz, 110 W, 60 min.) into the resin and 
hardener to prevent agglomeration. 
  DSC Q2000 differential scanning calorimeter was employed for calorimetric measurements. 
The analysis involved studying pure epoxy samples and epoxy samples containing 1 wt.% GNP. At 
each temperature, the isothermal analysis was conducted at 60, 80, 100, and 120 °C for various 
durations (5, 10, 20, 40, and 60 minutes). The sample size used was approximately 10 mg. During 
the analysis, the system temperature was maintained at the specified isotherm for the respective 
analysis time and then cooled to -90 °C to determine the glass transition temperature resulting from 
the curing conditions. Subsequently, the temperature was increased at a rate of 10 °C/min up to 250 °C 
to measure the residual heat of the reaction. To determine initial glass transition temperature, Tg0 the 
samples were cooled to -90 °C and then heated at 10 °C/min. For infinite glass transition temperature, 
T  determination, the samples underwent a complete curing cycle at 160 °C for one week. 
Subsequently, DSC measurements were performed at 10 °C/min from room temperature to 250 °C. 
 
Results and Discussion  
 

  In the case of pure epoxy, the measured values for Tg0 and T  were -38.8°C and 103.4°C, 
respectively. When the epoxy was loaded with 1wt.% GNP, the corresponding values obtained were 
-37.2°C for Tg0 and 104.7°C for T . Fig. 1 illustrate the method employed to track the heat flux 
evolution over time during isothermal experiments, specifically comparing samples with equilibrium 
at 80°C and an isothermal duration of 5 minutes. 
  By integrating the heat flux curves and dividing the result by the sample mass, the integrated 
area in J/g is obtained. Next, the exothermic peaks of the respective sample are combined, and the 
percentage of reacted material is determined by comparing it with the total area. Finally, the 
conversion ( ) of the reaction is calculated using Eq. 1, 
 

                                                                (1) 
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where  represents the enthalpy of the reaction at a specific isothermal time, which is 

characterized by being fast and exothermic. The term refers to the total enthalpy of the 

reaction. 

By determining the conversions of neat epoxy and 1% GNP epoxy reactions, the study 
examines the vitrification transition during the curing process at temperatures 60, 80, 100, and 120 °C. 
This transition signifies the irreversible transformation from the epoxy to a glassy gel state, occurring 
when the system's glass transition temperature (Tg) matches the isothermal curing temperature. Once 
this transition is reached, the reaction kinetics are altered, impeding further reactions, although a slow 
diffusion process may persist within the glassy state [5]. 

 

 

Figure 1 – Isothermal DSC scan of the pure epoxy sample at 80 °C for 5 minutes, followed by a cooling 
ramp to -90 °C and a heating ramp to 250 °C. 

 

Fig. 2 provides a representative example of conversion curves obtained during a 60-minute 
timeframe at various isothermal temperatures. The results demonstrate that for both systems, 
temperatures of 100 and 120ºC yield a degree of conversion surpassing 0.8. At temperatures below 
100ºC, the conversion level reaches approximately 0.6. In both cases, the curves display an initial 
rapid acceleration followed by a gradual reaction process, suggesting a diffusion-controlled 
mechanism. This behavior is typically observed when the system is near the glass transition 
temperature, indicating the influence of molecular mobility on the reaction kinetics [5]. 

 
 

Figure 2 – Reaction conversion of epoxy systems as a function of isothermal cure time at 60, 80, 100 and 
120 °C in 60 min., (a) pure epoxy and (b) 1wt.% GNP. 
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  Based on the hypothesis that the molecular structure of a material is interconnected with its 
chemical conversion and that this molecular structure correlates with the glass transition temperature 
(Tg), we can deduce a direct association between Tg and the degree of conversion ( ). The 
DiBenedetto equation is commonly employed as the constitutive equation to characterize this 
relationship within thermoset systems. This equation, expressed as Eq. 2, incorporates a parameter λ, 
which can be adjusted from 0 to 1 [5]. 

                                                     (2) 

 
  The λ parameter of the DiBenedetto equation was adjusted according to Eq. 2, resulting in a 
value of 0.136 for the pure epoxy system and 0.096 for the epoxy with 1 wt.% GNP, as depicted in 
Fig. 3. These values align with previous findings in the literature [5]. No significant difference 
between the analyzed samples can be inferred since both fall within the same 95% prediction interval. 
This observation is expected because adding GNP does not significantly alter the Tg values. This 
outcome can be attributed to the absence of mechanical percolation, implying that the resin viscosity 
remains relatively unaffected, thus avoiding any hindrance in the reaction. Additionally, the presence 
of oxygenated groups, while increasing the enthalpy, may influence the initial stages of the reaction 
[1, 2]. 

 

Figure 3 – Tg of epoxy system as a function of the degree of conversion with good correlation from 
experimental data using Eq. 2, for both systems R2>0.81. 

 
  Considering the conversion value at the gel point of 0.58, it is evident that Tg points exhibit 
greater dispersion below this threshold as a function of the degree of conversion [5]. This 
phenomenon arises from the fact that at low conversion values, Tg is more reliant on the molecular 
mass of the resin. However, as the degree of conversion increases, Tg rises due to the formation of 
crosslinks. Consequently, these systems exhibit two distinct stages of Tg increase. 
  In the first stage (Tcure < Tg), the rate of Tg increase is rapid. However, as Tg approaches Tcure, 
the rate of growth diminishes significantly. The boundary between these two stages is called the point 
of vitrification. The rate of the chemical curing process primarily influences the curing reaction before 
vitrification. As the chemical reaction progresses and crosslink density rises, the discrepancy between 
the transient Tg value and the curing temperature decreases. The higher crosslink density creates a 
state that severely hampers the physical movement of molecules. In the second stage, the reaction 
becomes dominated by diffusion-controlled mechanisms, where the limited mobility of the active 
groups results in a substantial decrease in the overall rate of crosslinking conversion, often by several 
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orders of magnitude. This transition towards diffusion-type control is a consequence of the increasing 
crosslink density, which impedes the overall mobility of molecules and decreases the conversion rate. 
 

Conclusions  
 
  The study investigated the impact of 1 wt.% graphene nanoparticles (GNP) on epoxy resin's 
curing and glass transition. The Dibenedetto equation established a correlation between the degree of 
conversion and the glass transition temperature of the systems. The findings indicate no substantial 
changes in the glass transition temperature (Tg) during the curing process. 
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         Production of membranes formed by polycaprolactone (PCL)/graphene nanofibers 
was performed by means of electrospinning. The membranes were made from a PCL 
solution (10% w/v) with varying graphene concentrations of 0.1%, 0.5%, 1.0%, 2.0 % 
and 5.0 wt% relative to the polymer. The solvents used were dichloromethane (DCM) and 
dimethylformamide (DMF) in a = 4:1 ratio, respectively. Prior to the electrospinning, for 
a better dispersion of the nanofiller in the polymeric solution, an ultrasonic sonicator with 
a tip was used for three minutes. From the determination of electrospinning parameters, 
membranes formed by PCL/graphene nanocomposite fibers were obtained, using a 
voltage of 17.5 kV, distance between the collector and the needle of 10 cm, and flow rate 
of 0.5 mL/h. The samples were analyzed by scanning electron microscopy (SEM) to 
evaluate the morphology of the nanofibers and a decrease in fiber diameter was observed 
after graphene insertion. Thermogravimetric analysis (TGA) was performed to evaluate 
the thermal stability of the nanofibers. No mass loss event related to solvent evaporation 
was observed, which means that the process solvent was evaporated during fiber 
formation. A decrease in the initial degradation temperature was also observed after 
graphene insertion. By means of X-ray Diffraction (XRD) it was possible to observe the 
degree of crystallinity of the electrospun mats. There was a decrease in the degree of 
crystallinity of the graphene-containing fibers compared to the PCL-only membranes, 
which may indicate that the graphene caused some physical impediment in the 
electrospun PCL polymer chain.

Key words: electrospinning; polycaprolactone; graphene; nanotechnology, nanofibers.
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Abstract-Poly (butylene adipate-co-terephthalate) (PBAT) is a synthetic, biodegradable copolymer, 
with relevant characteristics for versatile application, including packaging. Graphene is a derivative 
of graphite, carbon allotrope, that since discovered has emerged as an interesting reinforcement in 
nanocomposites for attributing significant improvements in the final properties of the composite, 
such as: mechanical properties, conductivity and barrier properties. The objective of this work is to 
study the formation of PBAT nanocomposites with graphenes of different morphologies and to 
investigate the properties that can provide an efficient material for use in packaging, with improved 
and sustainable final properties. As particles in the manufacture of composites, we are using two 
grades of graphene nanoplatelets (GNPs), grade 3 (GNP G3) and grade 4 (GNP G4). The 
nanocomposites were obtained by extrusion in equipment with a twin screw and fillers were added 
in the amounts of 0.5, 1 and 3% mass. In order to study the thermal behavior of pure materials and 
nanocomposites, SEM, TGA and DSC analyzes were carried out. FTIR and XRD analyzes are 
ongoing. The two graphenes have different morphological properties and, according to SEM 
analyses, GNP G3 showed different sizes of irregular particles, with aggregate formations and a 
wrinkled surface, indicating an amorphous character. GNP G4 presented a more uniform 
distribution of particles, featuring a more crystalline and defined appearance plaque formations. The 
TG curves showed, in the temperature range studied, greater mass loss for GNP G3 compared to 
GNP G4, indicating a greater number of defects and corroborating the SEM analyses. The 
morphological differences of the fillers imply differences in the properties that are being 
investigated in the composites for application in packaging. For the tensile tests, the samples were 
injected, according to the ASTM D638-14 standard, on ongoing analysis. Gas permeability analyzes 
are also in progress.
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Abstract
This work aims the development of electrospun mats with aligned fibers, based on poly(lactic acid) 
(PLA) containing multiwall carbon nanotubes (MWNTC) and ionic liquid (IL) to be used as nerves 
conduits in peripheral nerve regeneration. PLA was chosen because it is a biodegradable and 
biocompatible polymer [1]. The use of MWCNT can provide the necessary electrical stimulus in the 
application and the IL can improve the nanoparticles dispersion [1,2]. Polymeric nanofibers were 
developed based on PLA polymeric solutions, containing the IL. Then, carbon nanotubes (0.25; 0.5;
0.75 and 1.0 wt%) were incorporated into the solution and submitted to the ultrasonic processor to 
promote their dispersion. Therefore, the electrospinning process was conducted by using distance 
between needle and collector of 20 cm; applied electric voltage of 15 kV; feed flow rate of 1.02 mL/h 
and spin of 1025-1065 rpm. After electrospinning, the polymeric nanofibers were characterized to 
observe the microstructure and performanceIt was noted that the polymeric nanofibers showed good 
morphology and tendency to unidirectional alignment. With the increase of the MWCNT mass 
fractions there is an improvement in the fibers orientation due to the greater stretching of the 
polymeric solution. Furthermore, MWCNT agglomeration was not observed in the nanofibers. PLA 
fibers display a diameter of 0.99 ± 0.22 μm and for the mats with 1 wt% of MWCNT the fibers 
diameter was of 1.22 ± 0.40 μm, due to the increase in the solution viscosity. Regarding the tensile 
strength, the mats display a anisotropic behavior due to the alignment of fibers. PLA display tensile 
strength of 13.26 MPa in fibers direction (0°) and 3.35 MPa in the transversal (90°). The incorporation 
of MWCNT reduced the tensile strength of the mats, possible due to the agglomeration of carbon 
nanotubes inside the fibers. For PLA with 0.25 wt% of MWCNT the tensile was 5.56 (0°) and 4.45
(90°) MPa.  
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The main goal of this work is the encapsulation of eucalyptus and lavender essential oils on
chitosan nanoparticles for application in the functionalization of cotton fabric with antimicrobial
properties [1-2]. Firstly, a solution of the chitosan (1% w/v) in acetic acid (1% v/v) was prepared
and mixed with Tween 80 as surfactant. The essential oils were dissolved in ethanol and this oil
phase was added to the aqueous chitosan solution during homogenization using a Ultra-Turrax®
IKA at 13,000 rpm for 10 min. Then, sodium tripolyphosphate (TPP) was added dropwise to this
emulsion and stirred under the same conditions for 40 min in order to promote crosslinks formation
by ionic gelation [3]. The material obtained was washed using deionized water and centrifuged, and
the samples were dried by lyophilization process. The encapsulation efficiency was 61.8%. Fourier
transform infrared spectroscopy (FTIR) exhibited the characteristic bands of the materials used in
the formation of nanocapsules. Transmission electron microscopy (TEM) and dynamic light
scattering (DLS) confirmed the nanometric size of nanocapsules (~20 nm) with spherical core-shell
morphology. Antimicrobial activity tests are yet to be performed to confirm the activity of the
essential oils encapsulated in order to guarantee the efficiency of this material before impregnation
in different fabrics in order to produce functional and durable materials.
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Abstract - The efficiency in the inorganic scale inhibition process is directly related to the 
inhibitor's residence time and its action at the adsorption site [1,2]. This can be improved by 
encapsulating the inhibitor in a polyelectrolyte complex (PEC), which will have the function of 
performing a controlled release of this material in the rock matrix, allowing a longer-lasting 
inhibition process. For this purpose, poly (epichlorohydrin-co-dimethylamine) (EPI-DMA) and poly 
(4-styrene-sulfonic acid-co-maleic acid) (PSSMA) polyelectrolytic complexes were developed to 
encapsulate the sodium hexametaphosphate (SHMP) scale inhibitor. For the synthesis of the 
complexes, the concentrations of polycation and polyanion were varied as shown in Table 1 and the 
SHMP concentration was the same in all formulations (10 g L-1). The PECs were characterized 
based on their particle size, zeta potential (ζ) and encapsulation efficiency (EE) of SHMP
(determined by measuring phosphorus concentration using an inductive coupling plasma emission 
spectrometer). The characterization results are shown in Fig. 1 and were evaluated to select the 
formulation with the most suitable results for application in an inhibition process. As can be seen in 
Fig 1, in a fixed concentration of EPI-DMA, particle size decrease and ζ increase as PSSMA 
concentration decrease. Aiming the application in reservoir conditions is ideal a smaller particle size 
and positive ζ. Based on the formulations that meet this criterion, the sample 2 is the most suitable, 
with the smallest particle size, highest ζ and acceptable EE.

Table 1. PECs formulations

Sample
EPI-DMA

concentration
(g L-1)

PSSMA
concentration

(g L-1)
1 10 5
2 10 1
3 5 5
4 5 1

                                                                     Figure 1. PECs characterization results
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Abstract – The development of water filtration membranes for environmental preservation has 
attracted considerable attention, given the prominence of electrospinning as the favored technique 
for their fabrication. In this context, polysaccharides have emerged as highly promising natural 
materials that can potentially replace synthetic polymers in various applications, including 
membranes, owing to their abundant availability in nature. Among these polysaccharides, Chitosan 
(Ch) distinguishes itself as an amino polysaccharide polymer with unique properties. However, the 
eletrospinability of chitosan is limited due to its polycationic nature and rigid chemical structure. 
The presence of strong hydrogen bonds restricts the mobility of polymer chain segments when 
exposed to an electric field, leading to jet breakage during the electrospinning process. To enhance 
the electrospinnability of chitosan, the utilization of blend systems incorporating other natural or 
synthetic polymers are currently being studied as a highly promising technique. This work aimed to 
investigate the influence of blending PEO into chitosan. Chitosan and polyethylene oxide (PEO) 
solutions were independently prepared with a concentration of 4 wt% in a solvent consisting of 50 
wt% aqueous acetic acid. Subsequently, chitosan/PEO blend solutions were formulated by 
combining the individual solutions, maintaining an 80/20 ratio of chitosan to PEO. Nanofibers were 
produced through the electrospinning process considering some processing parameters. The 
nanofiber morphology was evaluated using scanning electron microscopy (SEM) and the results 
demonstrated that alterations in the processing parameters significantly influenced the 
characteristics of the nanofibers. The addition of PEO to chitosan had an impact on morphology, 
leading to the formation of more uniform fibers avoiding the electrospray effect when a pure 
chitosan solution was used. The electrospinning technique proved efficient in generating nanofibers 
from chitosan/PEO blends. 
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Abstract - The present work aims to prepare conductive polymeric nanocomposite based on vulcanized 
Natural Rubber (NR) as matrix and second phase multi-walled carbon nanotubes (MWCNT), aiming at 
application as piezoresistive sensor. The nanocomposite samples were produced in an open roller mixer, 
in which 100 phr of BN was used as reference, and the amount was kept fixed, as well as the vulcanizing 
agents (sulfur, zinc oxide, etc.) while varying the MWCNT concentrations (from 1 to 7 phr). To evaluate 
the properties of the NR/MWCNT nanocomposite conductive samples, electrical analyses were performed 
in dc and ac regime. Through the studies of electrical conductivity dc ( dc), it was possible to observe in 
which concentration of MWCNT occurred the insulating-conducting transition, that is, to determine the 
percolation threshold, whose value was equal to 2.7 phr. The impedance spectroscopy analysis was carried 
out between the frequency range of 0.01 Hz and 1 MHz. It was possible to observe that the samples 
presented electrical conductivity ac characteristic of disordered solids, that is, frequency dependent 
behavior. For the samples with MWCNT concentrations higher than the percolation threshold, it has been 
observed that the real part of the conductivity ’(f) demonstrated two well-defined regions, i.e., one 
independent of frequency and one dependent. On the other hand, the samples with MWCNT 
concentrations below the percolation threshold showed changes in the conductivity ’(f), and the analyses 
showed that frequency-dependent behavior for the entire frequency range studied. In summary, the results 
obtained in this study indicate that it is possible to obtain a conductive nanocomposite with a low 
percolation threshold, which makes it suitable for applications such as antistatic blankets, piezoresistive 
sensors, and electromagnetic radiation shielding device.
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Abstract - In this study, the preparation and characterization of a conductive polymer nanocomposite
using vulcanized natural rubber (NR) as matrix and multi-walled carbon nanotubes (MWCNT) as
second phase were carried out. The electrical properties of the NR/MWCNT nanocomposite samples
were evaluated with variations from 1 to 5 phr MWCNT. The studies presented in this work include
real and imaginary dielectric permittivity and real and imaginary electrical modulus. The dielectric
properties of insulating materials are first described by analyzing the electrical modulus (M*), which
is commonly used for this purpose. In addition, the electrical modulus also allows the evaluation of
relaxation processes in conductive materials (ionic and electronic), which are obscured when
analyzing the behavior of the real and imaginary dielectric constant (ε*) as a function of frequency.
Due to the excellent electrical properties of the nanocomposite, even at low concentrations of
MWCNT, the samples show potential applications as antistatic coatings and piezoresistive sensors.
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Abstract – In this study, the influence of H2SO4 concentration on the particle size distribution of 
cellulose nanocrystals (NCC) was evaluated, as well as, the surface modification of nanoparticles 
by silanization. Eucalyptus cellulose sheets kindly provided by CENIBRA were hydrolyzed with 
20, 30 e 50 % (v/v) H2SO4 solutions for 40 minutes at 40 °C. The samples were named CV20, 
CV30 and CV50, respectively. Samples were centrifuged at 6,000 rpm at 10°C for 30 minutes until 
pH 6-7. Subsequently, it was lyophilized and characterized according to the size distribution by 
laser dispersion (DLS), zeta potencial (PZ), thermogravimetric analysis (TGA), field emission 
scanning electronic microscopy (FEG), transmission electronic (TEM) and infrared spectroscopy
(FTIR). Samples were lyophilized and redispersed (1% w/v) in 100 mL of anhydrous ethanol by 
sonication at 30% amplitude for 30 minutes. Another solution was prepared with anhydrous ethanol 
and 5 mL of (3-Aminopropyl) triethoxysilane (APTES) under stirring for 30 minutes and acidified 
with acetic acid to pH 4 – 5. The solutions were stirred for two hours. After this time, the solution 
was centrifuged and washed with ethanol and centrifuged again (three cycles) to completely remove 
the residues. The DLS analyses showed that increasing the H2SO4 percentual influenced the particle 
size distribution. Only the CV50 sample showed hydrodynamic diameter of 256 nm and PZ equal to 
-26.0 mV. FEG and TEM microscopies confirmed the obtaining of nanocrystals when 50% (v/v)
H2SO4 was used. TGA analyzes indicate that the reaction with APTES increased the thermal 
stability of the NCCs. However, FTIR spectra not evidenced the surface chemical modification of 
nanocrystals cellulose.
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Abstract 
The development of new materials is a cornerstone to support the improvement of plastic part 
manufacturing processes. Nanocomposites can be used to facilitate the optimisation of process 
cycles, for rotation moulding it is extremely interesting as it has the high processing time. In order 
to promote better processability, a nanocomposite based on linear low density polyethylene (LDPE) 
loaded with graphene (n-GP) and processed under different rotomoulding conditions was 
developed. The effect of n-GP on LDPE properties was evaluated. Thermogravimetry indicated an 
increase in thermal stability when compared with the material without N-GP. Differential scanning 
calorimetry indicated a decrease in crystallinity in the rotomoulded part. The impact strength and 
tensile strength values were increased. By the nuclear magnetic resonance hydrogen technique in 
the time domain, a significant variation was observed in the domain curves and in the longitudinal 
relaxation times, indicating influence of the polymer/filler interaction on the material structure.
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Photovoltaic modules carry layers of Ethylene Vinyl Acetate (EVA), with the objective of sealing
(encapsulant) and protecting the cells against degradation by contact with the environment. 
However, due to the long lifespan of the modules (there is an estimation of at least 25 years with an 
efficiency of 85%) the EVA layer undergoes degradation (yellowing), reducing the degree of 
transmittance and consequently the efficiency of the modules. Thus, this work intends to replace the 
EVA layers by polydimethylsiloxane (PDMS) films with the incorporation of zinc oxide (ZnO) 
nanoparticles. PDMS is a fast curing, transparent and long-lasting material. ZnO nanoparticles have 
been used in the construction of sensors and solar cells, ultraviolet radiation blocking technology 
and even for their self-cleaning and bactericidal properties. Four PDMS films were prepared in the 
ratio of 3.0 g of polymer base to 0.3 g of curing agent. Three different volumes of suspension of 
zinc oxide nanoparticles (50μL, 100μL and 150μL) were then placed on their surface, with the 
purpose of comparing them to the PDMS film without nanoparticles. The films were deposited on 
photovoltaic cells by casting and taken to a stove at 70°C for 3 h. The electric currents (AC) 
generated by the photovoltaic cells were measured before and after the deposition of the films, 
using a 50W reflector. There was an increase in the generated current of 3.9% (50μL) and 11.59% 
(100μL) reaching the concentration limit at 150μL due to the opacity caused by the nanoparticles, 
without increasing the AC in the solar boards.
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Abstract
The impact of microorganisms on human health is a constant concern and an increasingly frequent 
theme in research, since they can cause diseases that are spread by different ways of propagation 
and contagion. Thus, antimicrobials are a fast and effective alternative to minimize the proliferation 
of various harmful agents, and Zinc Oxide (ZnO) is one of those that has gained momentum in 
recent decades. It stands out for the possibility of being presented in the form of micro or nano 
particles, for its broad spectrum of action, low cost of obtaining, and low toxicity when used in low 
amounts. ZnO can be easily incorporated into polymeric materials, widely used by the population in 
general. The objective of this study is to evaluate the antimicrobial effects of ZnO incorporation 
into High Density Polyethylene (HDPE), applied in the form of masterbatch at different 
concentrations, in relation to the properties of the polymer. Microbiological analyses were 
performed according to JIS Z 2801, with the Escherichia coli bacteria. Moreover, mechanical tests 
were also performed in order to evaluate the effect of different concentration if ZnO. Izod impact 
test were performed according to ASTM D 256 and tensile test according to ASTM D 638. The 
main results indicated that the higher the proportion of ZnO (1,0 %m) in HDPE, the greater the 
antimicrobial effect found, and that from 3% the desired effect is already reached in the composite. 
It was also noticed a little reduction in the mechanical properties as the incorporation of the 
inorganic particle increased. The addition of masterbatch (concentrated at 10%) allowed 
homogeneity and dispersion of the particles in the specimens of test, showing little change in 
polymer properties and greater antimicrobial effectiveness.

Table 1: Results antimicrobial and properties analysis
Concentration ZnO (%m) Antimicrobial Activity R Izod Impact (J/m) Tensile Strength (Mpa)

PE no action 130,34 23,50
0,05 -0,27 121,67 23,00
0,30 2,16 114,73 22,50
1,00 2,76 93,81 22,00
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Abstract -Poly(vinyl chloride) or PVC is one of the most versatile polymers worldwide. For its 
processing, additives are incorporated to achieve the necessary properties for each application, 
stabilizers being among the indispensable ones, as PVC undergoes a degradation process when 
exposed to heat sources and ultraviolet radiation. Boron nitride (BN) is a material with excellent 
thermal and chemical properties, in addition to being mechanically robust and insulating. Its 
application to the PVC compound is promising and has the potential to improve the light stability of 
PVC, in addition to being able to positively influence the mechanical properties. The application of 
nanoscale materials in composites has been gaining prominence due to the high surface area of 
nanoparticles, which results in better interactions between materials. Therefore, the present work 
aimed to develop composites and nanocomposites of BN/PVC and evaluate the properties of the 
material. PVC compounds were produced, with a base formulation and application of 0.2%, 0.5% 
and 1.0% of BN in microparticle and nanoparticle. The TEM analysis showed that the BN particles 
have between 0.2-1.0 μm, while the nanoparticles have between 50-200 nm. The FTIR results 
showed that there was a bond between BN and PVC in the region of the 800 cm-1 band. In the 
evaluation of resistance to weathering, it was evident the protection that BN provided to PVC, in the 
sample in which there is no presence of this material, there was a significant change in color to 
yellow, indicating degradation. Comparing composites and nanocomposites, nanocomposites 
showed the best performance, especially the sample with 1% of BN nanoparticles. In the tensile 
test, it was identified that the application of BN resulted in increased tensile strength, where the 
nanocomposites showed superior results. Therefore, it was possible to confirm that the application 
of BN increased the resistance to weathering and improved the mechanical performance of PVC 
compounds, where the application of nanoparticles showed superior results.
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Polypyrrole (PPy) is a redox-active aromatic heterocyclic conductive polymer having a
pentagonal planar structure ((C4H4NH)n). Its vast range of conductivities is due to its amazing
ability to alternate between oxidized conductors and reduced insulators [1]. Carbon quantum dots
(CQDs) are discrete nanoparticles with dimensions smaller than 10 nm, presenting high solubility in
different media, the possibility of introducing functional groups and photoluminescence properties
[2], which can be produced by electrochemical oxidation of ultrapure graphite rods. This work
reports the fabrication and characterization of PPy/CQDs nanocomposites on silicon substrates. For
the formation of the nanocomposite, the electrolytic cell is submerged in a aqueous solution of
pyrrole monomer (Py), CQDs and dodecylbenzene sulfonic acid (DBSA). CQDs are simultaneously
incorporated during the potentiostatic electropolymerization process of PPy using a fixed potential
of 1.2 V and a deposited charge of 10-30 mC, with the electrochemical parameters strictly
controlled. Optical microscopy images showed that the CQDs arranged themselves in the matrix in
branched fractal structures, with higher density near the edges, where the electric field is more
pronounced, suggesting that the intensity of the electric field along the sample influences the
distribution of CQDs and formation of structures in the PPy matrix. From cyclic voltammetry
measurements, it is verified that the current levels and the integral of the i(v) curve of the
nanocomposite is greater than that of the pure PPy, indicating that the CQDs increased the electrical
conductivity and the specific capacitance of the nanocomposite. Electrochemical impedance
spectroscopy was used to study conductivity and charge transfer rates. Through the Nyquist
diagrams and fits using the Randles circuit model, the charge transfer resistances were estimated,
where the nanocomposite presented a lower value compared to the pure PPy, suggesting a faster
electronic transfer rate. The addition of CQDs increases the polymeric films electrical and
electrochemical properties.

References
1. L. X. Wang; X. G. Li; Y. L. Yang Reactive and Functional Polymers 2001, 47, 125.

https://doi.org/10.1016/S1381-5148(00)00079-1.
2. R. Jelinek; in Carbon Quantum Dots: Synthesis, Properties and Applications, P. Araujo, Ed.; Springer, Tuscaloosa,

2016; Vol. 1, 1-14.

Fundings: CNPQ, FAPESC, INEO, LCME.

Keywords: Conductive Polymers; Polypyrrole; Carbon Quantum Dots; Nanocomposites; Electrical Conductivity.

Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

749



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

 
 
 

FLUORESCENCE EMISSION FROM GELATIN CARBON DOT UNDER X-
RAY FLUORESCENT IRRADIATION 

 
Mayara Martins Caetano1, Juliana Cristina Biazzotto2, Roberto Santana da Silva2, and Renata Galvão de 

Lima1* 
 

1 – Instituto de Ciências Exatas e Naturais do Pontal-ICENP, Federal University of Uberlândia (UFU), Ituiutaba, MG, 
Brazil,  

2 – Faculdade de Ciências Farmacêuticas de Ribeirão Preto, University of São Paulo (USP), Ribeirão Preto, SP, 
Brazil,  

mayara.caetano@outlook.com.br 
 
Abstract – Carbon dots (CDs) are nanoparticle which have characteristics of semiconductors and 
important photoluminescence properties[1]. CDs synthesis processes aim at sustainable 
methodologies and greener approach. CDs from natural polymers have been synthesized through a 
hydrothermal method[2]. In this work the gelatin carbon dots (CDg) were obtained from gelatin in 
aqueous suspension with different percentages of ethanol by hydrothermal method. The carbonized 
solid was dissolved in water, sonicated and centrifugated to separate the CDg as a yellow aqueous 
suspension and a solid agglomerated polymer. Both yellow aqueous suspension and the solid 
agglomerated polymer showed fluorescence emission under (Fig. 1a-b). The higher % of ethanol in 
the preparation provides appearance of a band in the visible region (~500 nm) under UV and x-ray 
fluorescence excitation. 

 
(a) 

 
(b) 

Figure 1. Fluorescence emission spectra ex=320 nm (a) for yellow aqueous suspension and x-ray 
fluorescence excitation (b) for solid carbonized (red line) and solid agglomerated polymer (black line). 
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Abstract 
In submarine electrical cables, low-density cross-linked polyethylene (XLPE) is one of the most 
widely used dielectric materials due to its mechanical, electrical, and thermal stability properties1. In 
this work, aiming to increase its thermal conductivity, without compromising the insulating capacity, 
a hybrid nanocomposite with hexagonal boron nitride (hBN) and multi-walled carbon nanotubes 
(MWCNT) was formulated2.3. The choice of fillers was conducted observing the high values of 
thermal conductivity associated with the electrically insulating nature of hBN, while the MWCNT 
was used carefully to improve the thermal transport without electrical resistivity loss3. The 
nanocomposite was obtained by melt mixing in a torque rheometer using hBN silanized with (3-
aminopropyl) triethoxysilane (APTES) and MWCNTs. Differential exploratory calorimetry and gel 
content measurements (Table 01) showed no strong evidence of changes in matrix morphology. It is 
worth noting that without the presence of the nanotubes, which formed clusters dispersed throughout 
the network, almost twice as much hBN would be required, according to the Lewis-Nielsen model4. 
Therefore, based on the methodology employed, it was possible to build a thermally percolated hybrid 
network, with low filler fraction and without any loss in electrical conductivity.

Table 01

XLPE Hybrid
Gel content 46% ± 3% 48% ± 1%
Degree of crystallinity 32,8% 30,1%
Volumetric resistivity 1,8.1016±0,2.1016 Ω.cm 2,4. 1016 ± 0,5. 1016 Ω.cm
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Fractals are infinitely complex patterns that are self-similar at different scales and sizes,
which rise in situations far from thermodynamic equilibrium. In nature, common examples of
fractal-type aggregations include snowflakes, plants and crystals [1]. Carbon quantum dots
(CQDTs) are particles less than 10 nm in size that have interesting optical and electrical properties
such as photostability, size-dependent emission and high conductivity [2], which, depending on the
conditions, can form fractal-like structures. Polypyrrole (PPy) is an intrinsically conductive polymer
that has a pentagonal planar structure ((C4H4NH)n), and its wide range of conductivities is due to its
amazing ability to alternate between oxidized conductors and reduced insulators [3]. The fabrication
of fractal structures of PQCs on a PPy matrix can modify some of the optical, electrical, and
electrochemical properties of these materials, making them candidates for applications in various
devices, such as analytical sensors, biosensors, photocatalysts and optoelectronic. In this work, we
report the formation of fractal structures induced by an electric field on a PPy matrix with PQCs.
The PPy/PQCs matrix was formed by electropolymerizing pyrrole monomer (Py) on a silicon
substrate at a constant potential of 1.2 V, with simultaneous incorporation of the PQCs in the
polymeric structure and control of the deposited charge. The fractal aggregations are then generated
by applying constant potentials to the polymeric matrix of PPy/PQCs using the chronoamperometry
technique and a KCl solution as an electrolyte. Optical microscopy images revealed the formation
of nanocomposites with a DLA-type fractal pattern along the entire length of the nanocomposite
edge from applied potentials of 0.15 V. Chronoamperometry measurements using only pure water
did not result in samples with fractal structures, thus indicating that the use of KCl as an electrolyte
can play a catalytic role, stimulating the formation of these structures adjacent to the periphery of
the nanocomposite film.
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Abstract - The safe and efficient elimination of microbes such as bacteria, fungi, and viruses,
including the SARS-CoV-2 virus, through biocidal surfaces remains a major technological
challenge1. Currently, leather is used in different consumables in the industry and provides
comfortable conditions for the growth of these infectious microorganisms 2. This study explores the
use of SiO2-AgNPs composed of silica (SiO2) and Ag nanoparticles (AgNPs) to functionalize
leather with excellent virucidal and bactericidal capable of inactivating the SARS-CoV-2 virus and
the Staphylococcus aureus (S. aureus) bacteria, respectively. The leather functionalized with SiO2-
AgNPs was characterized by SEM, EDS, AFM, FTIR, and XPS techniques. The immobilization of
nanoparticles in the collagen fibers of leather results in a superficial modification, increasing the
roughness of the material and the contact angle between the leather and the SiO2-AgNPs. The
treated leather reached an effectiveness of 99.93% against SARS-COV-2 and 99.99% against S.
aureus. These results indicate that the functionalized leather with enhanced biocompatibility and
biocidal activity is an efficient cleaning strategy with a low risk of degeneration that may be applied
in various fields.
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Abstract – Polymers are essential materials in modern society and have been improving the 
properties of commercial products applied in the biomedical area1. However, a higher level of 
sustainability still needs to be achieved. A possible alternative is the rational design of biomaterials 
and the replacement of synthetic polymers by natural polysaccharides. Our project aims to 
investigate the structural properties of galactomannan hydrogels and its ability as a carrier of 
nanocapsules containing α-bisabolol, an anti-inflammatory and non-allergenic molecule for 
biomedical purposes. The semisolid solution of nanocapsules was prepared by interfacial deposition 
of preformed polymer2. Five hydrogels’ formulations were carried out by solubilizing 1.5 g of 
galactomannan in 10 mL of suspension of polymeric nanocapsules for 2 hours at 50 ºC. Then 20, 40 
and 60% of crosslinking agent were added to the hydrogels. The presence of nanocapsules in the 
hydrogel matrix was evaluated by light scattering techniques (DLS) and nanoparticle tracking 
analysis (NTA). Swelling degree was performed at pH 4 and 7.4, for 24 and 48 h. DLS results 
demonstrated that the nanocapsules maintained their stability showing sizes of approximately 190 
nm. NTA analysis corroborated to this result, since the NTA presented relative frequency values 
between 0 and 300 nm. The swelling degree of the modified galactomannan hydrogels was higher
when compared to the unmodified gels, suggesting structural changes in the polysaccharide
network. However, additional analysis for undertaking this behavior needs to be performed in order 
to investigate the effect of BTCA on polymer chains. Our preliminary results for galactomannan 
formulations shows an innovative and unprecedented combination that brings together the 
advantages of galactomannan in the formulation of hydrogels, combined with the recognized ability 
of polymeric nanocapsules in controlling the drug release rate and protecting the skin against 
irritability and allergies3.
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Abstract - This work discusses the development of multifunctional hybrid polymer nanocomposites 
based on a bio-polyamide and different 2D materials, i.e., graphene oxide, hexagonal boron nitride, 
and molybdenum disulfide. We explore the potential for these materials to be used in emerging
fields and investigate the degree of interaction between the nanomaterials and the polymer matrix.
The methodology involved exfoliating the nanomaterials in liquid media and then processing them 
with the polymer matrix through melt compounding in a twin-screw extruder and further preparing 
samples through injection molding. The tensile properties, thermal conductivity, and dielectric
relaxations of the composites were evaluated. It was observed that while thermal conductivity was 
not sensitive to the type or content of filler, the mechanical behavior of the polymer was 
significantly affected. The Young's modulus was reduced due to microstructural changes and 
lubricity effects of the nanosheets, but the overall energy absorbed by the material was improved 
depending on the nanofiller. The different levels of filler-polymer interactions, filler dimensions and 
dispersion, are supported by the investigation of molecular dynamics and microstructure, which 
show that the macromolecular mobility of the polymer chains was more strongly hindered by 
graphene oxide and hexagonal boron nitride than by molybdenum disulfide. In summary, this work 
introduces novel bio-based polyamide nanocomposites with adjustable properties based on the 
nanomaterials added, which have potential for use in various emerging fields.
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Abstract
In this work, after the PART01[1], the best combination of Carbon Black (CB) trimodal mixture, 
with 3 different medium particle sizes was evaluated on LDPE colorimetric and rheological 
properties, through a Design of Experiments (DOE). It was determined that, the mixtures between 
small (S) and medium (M) particles developed greater Tinting Strength (TS) with lower viscosity,
because of their synergistic blend. Already, in PART02[2], the blends (F18 and F13) had its 
dispersion improved by studying the twin-screw extrusion, evaluating the Specific Mechanical 
Energy (SME). It was also obtained higher TS with lower viscosity, determining that 600 rpm at 10 
kg/h of feed rate (SME: 0.29 kWh/kg) called F18-P03, where it was developed the best results, 
mainly in TS. So, in this PART03, F18-P03 was filled[3] with CaCO3, micro (D50: 2.5 m) or
nanoparticulate (D50: 40 nm) both at 10 or 20 wt%, to improving the economic aspect and 
mechanical properties[4,5], maintaining TS, TT, filter pressure value (FPV) and low viscosity[6], 
already obtained previously. Unfortunately, CaCO3 has high refractive index and worked as low-
performance white pigment, reducing TS, increasing FPV and interfering with viscosity of matrix, 
but to a lesser extent with nanoparticle at 10% (F18-P03-N10). In this way, it was possible to 
reduce the TT by almost 50%, in relation F18-P03, however, the TS reduced by 17% and the FPV 
increase from 1.5 to 50 bar, in addition, a considerable increase in the viscosity. As for the 
mechanical properties, the Young´s Modulus increased by 18% due to the growth in matrix 
stiffness, explained by the Law of Mixtures[7], but the toughness was reduced, since the tensile 
strength (Fmax) and specific deformation (Fmax), decreased by 8 % in relation to F18-P03. The 
properties balance must be associated with utilization of formulation, as extrusion or injection 
molding, which require specific concentrate characteristics.
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Abstract - A polymer is a macromolecule derived from the repetition of functional units (monomers) 
produced by a polymerization reaction and which have covalent bonds. Hydrogels are three-
dimensional hydrophilic polymers that exhibit electrical conductivity by adding conductive charges, 
providing the material with greater electronic mobility. Graphene is a carbon-based material formed 
by a layer of independent sp² hybrid atoms, with a two-dimensional honeycomb crystalline structure, 
its oxide (OG) being a derivative of graphene and commonly synthesized by the well-known 
Hammers method. The reduction of graphene oxide (OGr) restores the structure and some of the 
properties of graphene, thus influencing different applications. This work plan aims to analyze the 
relationship between the electrical properties of the alginate hydrogel with the incorporation of OG, 
OGr, OG with nitrogen doping, and OGr with nitrogen doping, thus aiming to analyze the potential 
of each compound for the manufacture of conductive hydrogels. The materials used in this research 
were synthesized from the polymerization of sodium alginate with the incorporation of 1% in the 
mass of the particles. Its characterization was carried out using X-ray diffraction techniques, UV 
spectroscopy, cliclovoltametry, and charge and discharge tests, in acid, neutral and alkaline media. 
Based on these analyses, variations in the electrical resistivity of the hydrogels were observed, as well 
as in their charge storage capacity, thus indicating the possibility of this system in applications that 
require controlled conductivity and resistivity. It can be noticed that nitrogen doping in graphene 
oxide brings about changes regarding its hydrophilicity and surface tension shift.
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Abstract – The dyeing of synthetic polymeric fabrics using natural dyes presents several challenges 
that hinder their large-scale use, such as low water affinity and low color fastness.1 In this context, 
nanoencapsulation has proven to be a robust tool for improving the technological properties of 
natural compounds, and curcumin (derived from Curcuma longa L.) appears as a promising natural 
dye that can range in color from orange to yellow. The objective of this study was to evaluate the 
influence of pH (3 and 8), temperature (70 and 100°C), bath ratio (20 and 50), and encapsulating 
agent (PVP and Poloxamer 407) on the dyeing of polyamide using curcumin nanoparticles. A 
factorial design (24-1, significance level of 5%) was applied, and the color after dyeing, wash 
fastness, and staining on multifiber fabric (ISO 105-C06:2010) were evaluated. The nanoparticles 
obtained by the solid dispersion technique exhibited nanoscale sizes (Dynamic Light Scattering) 
and irregular morphology (Transmission Electron Microscopy). When comparing the colors of the 
fabric before and after dyeing, the results indicated lower coloration (ΔE), brightness (ΔL), and hue 
(Δh) at higher dyeing temperatures, and the use of Poloxamer 407 as an encapsulating agent favored 
dyeing. Only pH had an influence on color fastness, as increasing pH led to a reduction in the 
absolute value of Δh by 0.90. There was no significant change in total color difference (ΔE) when 
comparing the color of the fabric before and after the colorfastness test. The multifiber fabrics did 
not experience staining during washing, indicating good anchoring of the nanoparticles to the 
polyamide fibers. In conclusion, curcumin nanoparticles show promise for dyeing polyamide, 
encouraging further research for application in other synthetic fibers.
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Abstract - Diabetes Mellitus (DM) is a global health problem that impairs the quality of life and 
brings high costs to public health [1]. Diabetic foot infection (DFI) is a severe complication of DM 
due to bacterial infection of lesions, which can cause lower limb amputations and even the patient's 
death [2]. In this study, polycaprolactone (PCL)/Pluronic nanofibers containing the methylene blue 
dye (MB) were developed to investigate the antimicrobial potential under visible light. The bandages 
were obtained using the electrospinning technique using different dye concentrations: 1mg/mL 
(MPCL-F-B1), 0.5 mg/mL (MPCL-F-B2), or 0.1 mg/mL (MPCL- F-B3). The micrographs by 
Scanning Electron Microscopy (SEM) demonstrated fiber formation. X-Ray Diffraction (XRD) and 
Fourier Transform Infrared Spectroscopy (FTIR) were realized, and it was possible to observe the 
characteristic peaks and infrared absorption bands, respectively. The presence of the dye in the 
bandage and the non-toxicity of the materials were proved. The photodynamic therapy test indicated 
the effectiveness of the bandages in antimicrobial terms under visible light (660 nm), and the 
membranes containing MB demonstrated remarkable antibacterial activities against the Gram-
positive bacteria Staphylococcus aureus ATCC 25923, with about 99% of inhibition. These results 
suggested that the membrane is a promising material and could be used for the treatment of DFU and 
in other applications in areas resistant to bacterial infections.
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Abstract
The Principle of Combined Action (PCA) can be used to produce multiphase materials containing 
different constituents to obtain bests results regarding their combined properties when compared to
with its constituents individually. In addition, the component phases must be chemically distinct 
and separated by an interface [1,2]. Several studies about polymeric composites[3,4] have 
demonstrated significant improvements in mechanical, as well as barrier properties, flame 
retardancy, thermal distortion resistance, mainly with nanoparticles, due to surface phenomena [5]. 
In this study, the mechanical properties of polymeric composites containing calcium carbonates 
(CaCO3) microparticulate (D50 1.7 m) and nanoparticulate (D50 40nm) were determined and 
compared. The mineral fillers were characterized by XRD, SEM and BET, to determine its physical 
chemical properties[6]. After that, they were dispersed [7] at 20% in homopolymer polypropylene 
(PPh 10g/10min), with addition of 10% of compatibilizer maleic anhydride functionalized 
polypropylene [8] (PP-g-MAH), via twin screw extrusion (ZSK25 L/D40), varying the screw 
rotation speed (N: 250 and 500 rpm) and feed rate (Q: 10 and 15 kg/h), thus producing 8 CaCO3
concentrates (masterbatch). Subsequently, each one was diluted in PPh by injection molding, 
generating composites with 0.5, 1.5, 5.0 and 10.0 wt% of CaCO3. The final composites were
characterized by XRD, SEM, Mechanical Tests, and Activation Volume (indirectly determined by 
Tensile Strength Fmax, at different test speeds). Based on the results, the parameters that generated 
the best performance were 500rpm and 10kg/h, so, the nanocomposite Impact Strength increased by 
7.8%, Young's Modulus by 9.3% and Tensile Strength (Fmax) by 7.3%, in relation to 
microcomposite, besides, there was a significant increase in the degree of crystallinity with the 
nanoparticle. The Deformation (Fmax) remained similar for both. It was observed that higher 
rotations provide greater energy to the system, improving the particles dispersion in the matrix, and 
this fact significantly reflected on these mentioned properties[9].
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Abstract – Since most nanofiber processes are carried out in the liquid phase, one of the most 
important factors to obtain individualized cellulose nanofibers is the drying technique 
(dehydration)1. The cellulose fibers can have a variety of morphologies and properties depending on 
the technology used for the water dehydration process1,2,3,4. This work aim to analyze different 
drying techniques applied to nanocellulose structures and the dried material properties. 
Microfibrillated cellulose (MFC) produced from bleached eucalyptus kraft pulp was provided by 
Suzano SA (Aracruz/ES, Brazil). MFC was dried by freeze drying at -20 °C1, oven dried at 60 °C 
until a constant weight4 and spray dried at 140 °C2. Dried materials morphology was examined 
using scanning electron microscopy (SEM) to verify the changes in the MFC structure due to the 
drying process (Fig 1). Viscosity was measured to compare rheological behavior after the drying 
process. The results showed that difference between viscosity measurements of never dried and 
redispersed MFC is due to the dimension of the MFC and its interaction with the system.

Figure 1 – SEM micrographs of never dried (a) and spray dried (b) MFC with magnification 10 kx.  
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Abstract- Cancer is one of the primary causes of death in industrialized countries. Conventional 
therapeutic methods are capable of destroying tumors, but they also damage healthy tissues. In this 
study, we utilized (1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine-DPPC) mixed with F127 
Pluronic to obtain DDPC/F127 liposomes as a promising alternative in drug delivery systems
(DDS) for cancer therapy.1 Compared to traditional liposomes they exhibit surprising improvements 
in stability and blood circulation. In addition, Photodynamic Therapy (PDT) has been studied as a 
less invasive alternative for cancer treatment.2 The liposomes obtained by solid dispersion were 
used for the transport and solubilization of curcumin (CUR), whose anticancer photoactivity has 
been reported.3 Aiming to increase its singlet oxygen generation through Metal Enhanced Singlet 
Oxygen Generation, CUR was combined with silver nanoparticles (AgNPs).4 To obtain 
DPPC/F127/AgNPs, silver nitrate (AgNO3) was reduced in situ by photoinduction with UV-Light5

using sodium citrate (Na3C6H5O7), as a reductant and stabilizer agent, the passive incorporation was 
employed to include CUR and obtain DPPC/F127/AgNPs/CUR. The liposomes prepared were 
characterized by dynamic light scattering (DLS) and its hydrodynamic diameter (DH), 
polydispersity index (PI), and zeta potential (ZP, ζ) were determined. Transmission Electron 
Microscopy (TEM) was utilized to evaluate the morphology of the liposomes. AgNPs and CUR 
incorporated in liposomes were analyzed by UV-Vis and Fluorescence spectroscopy. In general, 
liposomes of DPPC/F127 (uncharged) presented DH of 70.34±0.24 nm, PI<0.25 and ζ close to zero. 
In situ synthesis of AgNPs followed by incorporation of CUR raised the DH to 125.9±1.84 nm for 
DPPC-F127/AgNPs/CUR keeping the PI<0.25 and ζ close to zero, confirming drug incorporation.
Furthermore, TEM micrographs agree with the scattering technique. As desired, the plasmonic 
absorption spectra of the AgNPs overlapped the absorption spectrum of the CUR. Thus, the samples 
obtained so far are promising in the development of DDS for the loading of active drugs in PDT.
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Abstract - Several strategies have been proposed to protect metals against corrosion 
triggered by environmental factors, among them the use of organic coatings, especially
alkyd resins, which have good heat resistance, excellent brightness, and low cost. 
However, these coatings have some limitations, such as high permeability and low 
adhesion, hindering their application. Some researchers have sought to increase the 
efficiency of alkyd resins against corrosion by adding nanocomposites of organic and 
inorganic particles to the formulation. An example of this strategy is the addition of 
nanomaterials of the porphyrin type, which can decrease corrosion rates through 
adsorption on the surface of the metal, forming a protective film capable of reducing water 
absorption, in addition to having an extended π electronic system, allowing them to act 
as chelating agents with strong binding capacity and interaction with metal surfaces. The 
porphyrin macromolecules used in this work were of natural origin, derived from 
cardanol, a major constituent of cashew nutshell liquid (CNSL), whose double-bond 
positions allow numerous functionalizations, and vanillin, an aromatic compound 
containing two functions (aldehyde and phenol) that can be chemically modified to obtain 
new derivatives. We synthesized and characterized (by UV-Vis, FT-IR, 1H NMR, TGA) 
a meso-porphyrin and its meso-metalloporphyrin derivative of zinc from cardanol and 
vanillin, and incorporated these nanocomposites in alkyd resins to ascertain their potential 
as anticorrosive agents through analysis of electrochemical properties, adhesion, hardness 
and chemical resistance. The results showed the efficiency of the porphyrin
nanocomposites in alkyd resins to act as a physical barrier, preventing oxygen, water, and 
ions from acting on metal structures, providing greater adhesion and extending the life of 
coatings.

References
1. A. M. Deyab; G. Mele; A. M. Al-Sabagha; E. Bloise; D. Lomonaco; S. E. Mazzetto; C. Clemente. 

Progress in Organic Coatings. 2017, 105, 286-290. http://dx.doi.org/10.1016/j.porgcoat.2017.01.008. 
2. N. M. A. Lima; T. T. Bezerra; M. O. Almeida; N. L. C. Rodrigues; C. H. C. Braga; J. I. S. Miranda; 

V. G. P. Ribeiro; G. F. Guimarães; J. M. Teixeira; D. Lomonaco; G. Mele; S. E. Mazzetto. 
Photodiagnosis and Photodynamic Therapy. 2020. 1. 102083-1. 
https://doi.org/10.1016/j.pdpdt.2020.102083. 

Keywords: Nanocomposites, Porphyrins, Coatings, Corrosion, Agroindustrial waste.

763



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

NANOCOMPOSITES OF POLYSTYRENE/PSEUDOBOEHMITE TREATED 
WITH OCTADECYLAMINE

Renan Barreto Santos1, Joe Müller Barbosa Silveira1, Ayrton Andre Bernussi2, Isabella Tereza Ferro Barbosa3,
Juliano Martins Barbosa1, Renato Meneghetti Peres1, Antonio Hortencio Munhoz Jr.1*

1 – Department of Materials Engineering, Mackenzie presbyterian University  (UPM), São Paulo, SP, Brazil 
*ahmunhoz@yahoo.com

2 – Texas Tech University (TTU), Lubbock, Texas, EUA
3 – Senac (SENAC), São Paulo, SP, Brazil

Abstract - Pseudoboehmite is a synthetic aluminium oxyhydroxide made up of nanoparticles and is 
generally obtained by the sol-gel1 process. Its use is extensive, being used in drug-controlled release 
due to the high specific surface area2,3 and obtaining nanocomposites4. In addition, some ceramic 
nanoparticles are recognized in the literature for improving mechanical and thermal properties, among 
others4,5. This study was performed to determine how high-impact polystyrene composite containing 
pseudoboehmite nanoparticles behaves when the pseudoboehmite is treated with octadecylamine to 
improve the compatibility of the ceramic with the polymer. Several techniques characterized 
Pseudoboehmite, and it was observed from the X-ray diffraction results that the only crystalline phase 
present was pseudoboehmite. High-impact polystyrene (HIPS) was donated by the company 
UNIGEL. The impact resistance and tensile strength tests show that the composites in which 
pseudoboehmite treated with octadecylamine were used showed higher values than the composites 
containing only pseudoboehmite and HIPS. It was also observed that adding treated pseudoboehmite 
to HIPS considerably reduced the Heat Deflection Temperature (HDT) and the Vicat softening 
temperature.
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The present work aims to study the encapsulation of the oily extract of Chenopodium ambrosioides 
L. (erva-de-santa-maria in Brazil) inside lignin nanocapsules. Due to the biodegradability and 
biocompatibility that lignin offers, along with the medicinal and repellent properties of 
Chenopodium ambrosioides L., this study is aimed at potential applications in the medical, 
veterinary, and agricultural areas. The objective of performing the encapsulation of this active is to 
control its delivery to the chosen environment and extend its effect for a longer period. In this study,
it was analyzed the ‘one-pot’ synthesis of the nanocapsules by using an antisolvent technique. The 
samples were submitted to thermal, chemical, and morphological characterization analyses, as well 
as loading analyses, encapsulation efficiency and degradation stability. Trough the SEM images of 
the obtained nanocapsules, with 0 and 1 month of shelflife presents in the Fig. 1, it was observed 
that the method was effective in entrapping the oily extract. Presenting a loading efficiency of 64%
and an average diameter of 258 ± 110 nm.

Figure 1 – SEM images of the nanocapsules with 0 and 1 month of shelflife (A and B respectively).
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The use of natural gums for the synthesis of nanoparticles has been gaining momentum due to their 
multiple and lucrative applications in the industry, as well as their widespread availability1. 
Utilizing these gums facilitates the formation of polymeric films and enables antibacterial 
applications1. This study aims to produce films containing gum from the cashew tree (Anacardium 
occidentale) and silver nanoparticles in order to evaluate their antibacterial properties. The films 
were characterized by ultraviolet visible (UV-Vis) spectroscopy, dynamic light scattering (DLS), 
and zeta potential, in addition to the Artemia salina bioassay and antibacterial evaluation. The UV-
Vis spectra of silver nanoparticles (AgNPs) revealed a characteristic peak in the 400 nm range, 
indicating surface plasmonic resonance2. DLS reveals a mean dimension of 4.94 nm and a Zeta 
potential with a charge of -9.94 mV. Against Artemia salina, no toxicity was detected. The 
antibacterial test revealed that nanoparticle-containing films inhibited bacterial growth. In 
conclusion, coatings containing silver nanoparticles demonstrated an antibacterial inhibiting effect 
and a lack of toxicity towards Artemia salina. Furthermore, the nanoparticles in the polymeric 
matrix exhibited stability and narrow size distribution.
References 

1. BAR, Harekrishna et al. Green synthesis of silver nanoparticles using latex of Jatropha curcas. Colloids and 
surfaces A: Physicochemical and engineering aspects, v. 339, n. 1-3, p. 134-139, 2009.
doi:10.1016/j.colsurfa.2009.02.008

2. MELO JR, Maurício Alves et al. Preparação de nanopartículas de prata e ouro: um método simples para a 
introdução da nanociência em laboratório de ensino. Química nova, v. 35, p. 1872-1878, 2012.
doi:10.1590/s0100-40422012000900030

Fynding: CNPq, CAPES and FAPEPI

Keywords: films, polysaccharide, silver nanoparticles.

766



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

PHOTOSTABILIZATION OF HYBRID NANOCOMPOSITES BASED ON
EPDM RUBBER, CARBON BLACK AND GRAPHENE OXIDE

Lucas P. de Lima1,2, Patrícia M. S. Souza1,2*, and Guilhermino J. M. Fechine1,2

1- School of Engineering, Mackenzie Presbyterian University, São Paulo, Brazil
2 - MackGraphe (Mackenzie Institute for Research in Graphene and Nanotechnologies), Mackenzie Presbyterian

Institute, São Paulo, Brazil
* patriciasinohara@gmail.com

EPDM rubber is a synthetic elastomer that when exposed to sunlight can be degraded over time, 
which requires the use of photostabilizers to slow this process. Some studies show that there is no 
effectiveness in the use of certain photostabilizers in EPDMs due to possible chemical reactions 
between them and the elastomeric matrix [1]. This work aims to produce and characterize 
nanocomposites based on EPDM, carbon black - CB (90 phr) and graphene oxide (GO) in order to 
evaluate the effect of GO as photostabilizer [2]. Two compositions were made using GO in the EPDM 
matrix (0.2 phr and 0.5 phr) in a Haake internal mixer and then molded and exposed to UV radiation 
incessantly for up to 672 hours (60°C). A composition containing 0.3 phr of the photostabilizer 
Tinuvin P was also prepared and exposed to UV radiation. Prior to accelerated aging, tensile test, 
hardness and swelling tests show that GO can act as an accelerating vulcanization agent. After 
exposure to UV radiation, the composition that had the lowest percentage change in its mechanical 
properties was that of 0.5 phr of GO, indicating that this nanomaterial may have acted as a filter, 
blocking the passage of UV radiation. The infrared spectra indicate the production of hydroxyl and 
carbonyl groups in all samples after irradiation, however, more intense for the base material (EPDM
+ CB). Tinuvin P was not effective for photostabilization of the material (when compared to GO) as 
it was consumed during vulcanization. These results show that GO may have acted both as an 
accelerating vulcanization agent before degradation and as a protective filter against UV radiation. 
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Abstract - Electrospinning of alginate proposes several challenges due to its polyelectrolytic 
characteristics, tendency for high gelation at low concentration, high electrical conductivity, high 
surface tension and its own rigid and extended molecular structure [1]. This work sought to 
chemically modify sodium alginate by adding a 2,2'-(Ethylenedioxy)bis(ethylamine) (EDEA) to its 
carboxylic groups in order to obtain single fibers and later core-shell fibers of polycaprolactone 
(PCL) and modified sodium alginate (ALG-NH3). The addition of EDEA to the alginate backbone 
was confirmed through H1 NMR and FTIR with the appearance of typical absorption vibrations at 
2890 cm-1, 1700 cm−1 and 1243 cm−1. TGA analysis show that the ALG-NH3 presents a two-stage 
degradation with onsets at 48°C and 237°C. XRD analysis showed that the ALG-NH3 presents an 
amorphous halo. For the electrospinning of ALG-NH3, PVA was added in three different ratios 
(PVA:ALG-NH3 = 4:1, 3:2 and 1:1) in order to obtain better fibers. A voltage of 14 kV at the 
needle and -1 kV at the static collector and flow rates of 0.05, 0.03 and 0.02 mL/h were used. The 
ratio of 4:1 presented fibers with defects, whereas the fibers obtained with the 3:2 ratio presented a 
few beads and the 1:1 presented several defects, in comparison the unmodified alginate fibers did 
not yield fibers with as much regularity of the fibers. Finally, in order to obtain core-shell fibers, a 
10% (w/v) solution of PCL in 2,2,2-trifluoroethanol as the shell and a 4:1 mixture of 10% (w/v) 
PVA and 2% (w/v) ALG-NH3 as the core were used. The same voltage was used to produce fibers 
whereas the shell flow rate was varied between 0.5-0.1 mL/h and the core between 0.05-0.02 mL/h. 
Several Janus nanofibrous structures were obtained as well as core shell fibers in different 
conditions, as observed via Fluorescence microscopy.
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Acrylonitrile Butadiene Styrene (ABS) is a terpolymer known by rigidity and strain resistance. The 
addition of two-dimensional fillers (2DF) is an approach to improve physical properties of polymers
due to their exceptional intrinsic properties. Graphene nanoplatelets (GNP) and hexagonal boron 
nitride (h-BN) were employed to create ABS/GNP and ABS/h-BN nanocomposites. The 2DF were
exfoliated in water and isopropyl alcohol. The masterbatch was produced by solid-solid deposition 
[1], followed by extrusion, then, it was prepared nanocomposites with 0.25, 0.5, 1.0 and 2.0 wt.%. It 
was produced specimens for tensile test, dynamical mechanical analysis (DMA) and thermal 
conductivity, by injection. The thermal conductivity of ABS is 0.20 W/mK and increased 13% with 
0.25 wt% of h-BN, indicating the thermally conductive pathway. The storage modulus increased
with 1 wt% of 2DF. The tan delta shifted to higher temperatures with lower filler content, indicating 
increasing in glass transition, associated to the restriction of chain mobility. Also, low 2DF contents 
influenced on tan delta peak, rinsing it from 1.6 to 2 in nanocomposites with 0.5 wt%, indicating 
compatibility and uniform dispersion between filler and matrix. The effectiveness coefficient is 
lower in the nanocomposites with 0.25 wt% of GNP and with 0.5 wt% of h-BN, indicating good 
effectiveness of these samples or a proficient distribution of the filler in the matrix. The ABS/h-BN
presented higher Young´s Modulus and stress them ABS/GNP. The toughness increased in the 
ABS/h-BN with 0.25% of filler. The high specific area of 2DF could provide an excellent contact to 
the matrix, improving the properties of the nanocomposite. However, higher filler loads can conduct 
to an opposite response. Moreover, the exfoliation process may decrease the specific area due to the 
break of the flakes. The results showed that the 2DF can produce a material with improving 
mechanical and thermal properties to apply in materials for heat dissipation.
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Nowadays, it is very important to find new uses or add value for polymer wastes to be sold on as a 
new revenue stream. The present study focuses on the synthesis of silver nanoparticles (AgNPs) using 
silver nitrate (AgNO3) as a precursor and polyurethane (PU) waste as a reducing agent. The PU waste 
is from mechanical recycling of refrigerators. Various proportions of AgNPs were synthesized, 
ranging from 10% to 60% Ag based on the weight of PU. Characterization of the PU waste was 
performed using thermogravimetric analysis (TG) and scanning electron microscopy (SEM). In 
addition to these techniques, the AgNPs were further characterized using energy dispersive X-ray 
spectroscopy (EDS) and X-ray diffraction (XRD). TG analysis revealed that the thermal 
decomposition of the PU waste occurred by a complex mechanism, comprising methylene diphenyl 
diisocyanate (MDI) and an unidentified polyol. The incorporation of AgNPs into the PU waste did 
not significantly affect its thermal stability. XRD results confirmed the presence of AgNPs in the PU 
waste. Residual peaks originating from the contaminants presents in the PU waste were also detected. 
Utilizing Scherrer’s equation, the average size of the AgNPs was 10.82 nm. SEM images exhibited a 
morphology characterized by particles sprinkled with AgNPs and contaminants, which were further 
confirmed by EDS analysis.

Figure 1 – SEM image of PU/AgNPs (a); XRD pattern of synthesized AgNPs (b).
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Abstract - The increasing complexity and challenges in efficiently treating effluents have led to the 
search for new methods and procedures for water decontamination. Among these methods, advanced 
oxidation processes (AOPs) have stood out, with heterogeneous photocatalysis being one of the most 
effective techniques. Zinc oxide (ZnO) nanoparticles have been studied for treating contaminated 
water due to their high electron mobility and photostability. ZnO has also demonstrated higher 
photocatalytic performance compared to titanium dioxide, another commonly used material for 
effluent treatment. In this project, ZnO nanoparticles were synthesized using reagents such as zinc 
acetate, sodium hydroxide, and ethanol. Photocatalysis tests were conducted under UV light 
excitation using methylene blue, phenol, and ibuprofen as model contaminants. The degradation of 
these contaminants was measured in intervals of 30 min with a spectrophotometer at 273 cm-1. 
Successful acquisition of ZnO nanoparticles was confirmed as demonstrated by the Tyndall Effect 
test and SEM microscopy image. While promising results were achieved in the degradation of 
methylene blue and ibuprofen, the degradation of phenol did not reach the expected levels when 
compared to the literature. These differences might be related to the crystalline purity of the obtained 
ZnO, particle morphology, and the catalyst production process. In fact, the use of different production 
methods can impact photocatalysis effectiveness. The results suggest that the initial contaminant 
concentration and the amount of catalyst used had an influence on the degradation efficiency. One of 
the future steps includes incorporating these nanoparticles at cellulose-based material’s surface such 
as filters.
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Abstract: This work investigated the preparation and characterization of hydrogels based on 
sodium alginate and montmorillonite clay (Cloisite Na+), in order to form a polymeric 
network with good thermal stability and a high swelling degree. The polysaccharide 
concentration was 3% w/v and the clay content was 0.5% or 2%. The samples were 
characterized by thermogravimetry (TGA) and degree of swelling (Q). The results presented 
are valuable for understanding how the biodegradation of the polyelectrolyte complex occurs, 
aiming at planning future strategies to increase the time of action of the material in the soil.

Keywords: sodium alginate; clay; calcium chloride; measurement of swelling degree; thermal stability.

Introduction

Hydrogels are crosslinked hydroretentive polymers that are capable of absorbing and 
retaining a large amount of water [1]. They consist of one or more three-dimensionally 
structured polymer networks formed by macromolecular chains connected by crosslinks or 
physical interactions [2].  In this work, the crosslinking agent chosen was calcium chloride 
(CaCl2), because it is an easily accessible, inexpensive, and potent crosslinker of
polysaccharides. Alginate is a polysaccharide produced mainly from brown algae and is 
composed of 1000-3000 building units linked together in an alternately rigid and flexible 
chain [3]. The binding of alginate with Ca2+ ions forms strong, insoluble spots. The clay used 
in this work was the commercial montmorillonite Cloiste Na+, which is organophilic, i.e., 
contains organic molecules intercalated between the structural layers [4]. The objective of 
this work was to prepare a composite material based on sodium alginate with concentration of 
3% w/v and montmorillonite clay (MMT) at different concentrations (0.5 and 2.0%), using 
CaCl2 as a crosslinking agent, and thus produce a high-performance end product, i.e., with 
good thermal stability, high solvent resistance and high swelling degree (SD).

Experimental
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Preparation of the sodium alginate solution 
The aqueous solution of sodium alginate was prepared at a concentration of 3% (w/v) under 
magnetic stirring at room temperature until complete solubilization, which took 24 h. 
 
Preparation of the hydrogels 
To prepare the hydrogels, the two clay concentrations were achieved by weighing 1 g for the 
preparation at 0.5% concentration and 4 g for the preparation at 2.0% concentration. The clay 
was solubilized in a small amount of deionized water for complete delamination and kept 
under stirring for 1 h. After that, 200 mL of the aqueous sodium alginate solution (3% w/v) 
was mixed with 1 g of solubilized clay, and the same amount of sodium alginate solution 
with the 4 g of solubilized clay. The two mixtures were left under magnetic stirring for 24 h 
at room temperature until the mixtures were completely solubilized. The mixtures were 
poured over the 0.3 mol/L calcium chloride crosslinking solution under stirring, and were left 
in contact with this solution for 24 h. After this time, the samples were washed with 
deionized water, frozen (-4 °C), and freeze-dried for 48 hours. 
 
Characterization 
The thermal degradation behavior of the hydrogels was analyzed using a TA Instruments 
thermogravimetric analyzer (TGA), model TGA Q50, Series 0050-0390. The analysis was 
performed in the range of 50 to 800 °C with a heating rate of 20 °C/min. 
 
Swelling degree  
For determination of the swelling degree, the dried hydrogels were weighed to determine the 
dry mass. Then a volume of deionized water sufficient to cover the entire sample was added. 
After 1, 3, 6 or 24 hours, the water was removed and the swollen samples were weighed on 
an analytical balance. 

 
Results and Discussion 
 
Figure 1 shows the swelling profile of the produced samples. The swelling time (1, 3, 6 or 24 
hours) of the hydrogels was evaluated for the two clay concentrations. 
 

 
Figure 1. Swelling degree of the hydrogel samples 
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Based on the graph presented above, it is possible to note that regardless of the clay 
concentration, all hydrogels produced had a swelling degree higher than 100%, which 
characterizes them as superabsorbent materials. However, the hydrogel containing the lower 
clay content achieved a higher degree of swelling. This could be attributed to a greater 
flexibility of the alginate chains with water, while with higher clay content, this swelling was 
lower.

Figure 2 shows the TG and DTG curves of the samples of calcium alginate with clay at the 
two concentrations studied.

(a)                                                                            (b)

Figure 2. TG and DTG curves: calcium alginate 3% + clay 0.5% (a) and calcium alginate 3% + clay 
2.0% (b).

The graphs of the thermogravimetric analysis presented in Fig. 2 show that the material 
produced with higher MMT clay content (2%) had greater thermal stability, presenting a 
higher residue (Fig.2 b).

Conclusion

The experimental results demonstrated that hydrogels based on calcium alginate and MMT 
were absorbent materials, since they presented SD greater than 100%. The clay concentration 
in the composition of the hydrogels influenced the properties of the final product. The 
hydrogel with the highest clay concentration (2.0%) had the greatest thermal stability. 
However, the hydrogel with a lower clay concentration (0.5%) had higher absorbent capacity. 
We can conclude that these nanostructured hydrogels would have good performance as soil 
conditioners, since the clay helps to increase the thermal stability of the material.
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Abstract – Poly(vinyl alcohol) (PVA) nanofibers have been widely utilized in various applications, 
predominantly in biomedical and food packaging fields, on account of this polymer's exceptional 
chemical and mechanical properties, ease of processability, biocompatibility and cost-effectiveness. 
Despite its benefits, however, PVA-only nanofibers are known to be fragile and vulnerable to aqueous 
environments. To overcome these limitations, the development of PVA composites has been pursued.
Through solution blow spinning (SBS) method, composite nanofibers can be obtained at high 
efficiency and low cost, allowing potential scalability for commercial production. Within this 
framework, the present work targeted to prepare and characterize PVA/Cellulose nanocrystals 
(CNCs) nanobiocomposite fibers – as the incorporation of this nanofiller reportedly enhances the 
mechanical strength, improve water resistance and provide greater stability to its matrices – using a 
self-made SBS apparatus. To achieve this, 7 distinct solutions of PVA/CNCs were produced by 
mixing and dispersing, via ultrasonic treatment, different percentages of diluted CNCs suspensions
in 10 – 16% w/v aqueous PVA solutions. The resultant solutions were composed of 0%, 1%, 2%, 3%, 
4%, 5%, 6% w/v CNCs. They were solution blown and SBS solution parameters (concentration and 
viscosity) and process parameters (air pressure, work distance and nozzle diameter) were determined 
and adjusted, when needed, for each solution, ensuring alignment with their respective ideal 
spinnability ranges. Acquired fiber samples were analyzed according to morphology, crystalline 
structures, chemical interactions, thermal properties and wettability using scanning electron 
microscope (SEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), 
differential thermal analysis (DTA) and water-surface contact angle, respectively. Obtained results
validate the successful integration of CNCs into the PVA matrix. To assess the effects of this 
reinforcement incorporation, comparative analyses were performed, examining characterization 
results of PVA/CNCs nanofibers in relation to PVA-only nanofibers and relevant literature outcomes.
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Abstract – The study of cellulose nanomaterials has grown quickly in response to the rising need 
for environmentally friendly substitutes for fossil-derived products1. Because of its high elastic 
modulus and strength, microfibrillated cellulose (MFC), a mechanically fribrillated pulp primarily 
made up of nanofibrils, is a very desirable material2. Challenges associated with using MFC in such 
composites extend beyond polarity and include the need to create a homogeneous blend of the 
components as well as the low temperature stability of cellulose, which may present processing 
problems2,3,4. The goal of this study is to verify MFC loading content as well as the potential effects 
of MFCs low moisture content on the morphological, mechanical, thermal, and processing aspects 
of the composite. Never dried MFC cellulose (wet fiber web 4 wt % solid content) and MFC dried 
using the spouted bed drying method was used as reinforcement and PP composites were prepared 
in an internal mixer. SEM micrographs (Figure 1) revealed pronounced MFC agglomeration with 
never dried MFC (Fig 1b) that occurred during the mixture processing. Large MFC agglomerates 
can act as defects/stress concentrations points that can decrease the composite properties.

Figure 1 – SEM micrographs of PP (a) and composites with (b) never dried and (c) spouted bed dried MFC.
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Abstract - The current world reality, driven by global challenges such as global warming, has 
promoted developing and improving sensors and nanosensors. Nanoscience has enabled the 
production of increasingly smaller nanostructures with unique characteristics, facilitating the 
miniaturization of technology. The change in property from bulk material to nanomaterial is due to 
the confinement of its carriers, either in one, two, or three spatial dimensions. Nanofibers developed 
through the electrospinning technique have gained space in their application in nanosensors due to 
obtaining different diameters, morphologies, and compositions, which have consolidated the 
technique. In addition to polymeric fibers, other classes of materials have been used as sensors, such 
as oxides, particularly zinc oxide (ZnO). A composite material can be advantageous compared to 
the materials that compose it individually. In this work, the main focus is the development of a 
composite formed by ZnO nanoparticles and poly(vinylidene fluoride), PVDF, for application in 
gas sensors. PVDF and PVDF/ZnO samples were produced by varying the stress parameter, and the 
composite was prepared by varying the proportion of nanoparticles. The morphological analysis 
includes scanning electron microscopy (SEM), and spectroscopy analysis includes Fourier 
transform infrared (FT-IR) and ultraviolet-visible (UV-Vis), in addition DC electrical conductivity 
measurements.
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Abstract - - Prolonged drug release aiming for less toxic administration and providing a higher quality of 
life is a current topic. The need for prolonged release matrices is evident for the correct treatment of 
rheumatic fever, a pediatric heart disease treated with monthly intramuscular administration of penicillin G 
benzathine [1] until 21 years of age. Organic-inorganic hybrids [2], including Siloxane-polymer hybrids, are 
particularly interesting for drug release applications [3]. In this study, we prepared Siloxane-PMMA (poly
(methyl methacrylate)) hybrid materials via the sol-gel process, presenting covalent bonds between the 
polymer chains and siloxane nanoparticles. Samples without Penicillin and containing 30% by mass of 
Penicillin G were prepared and characterized. In both families, infrared spectroscopy (FTIR) indicates the 
absence of the carbon-carbon double bond (C=C) between 1580 e 1680 cm-1, suggesting that nearly all 
monomers were polymerized. In the samples with Penicillin G, the presence of the carbon-carbon double 
bond derived from the β-lactam ring of the drug at 1588 cm-1, along with the detection of the characteristic 
hydroxyl group band at 3308 cm-1, indicates that the hybrid matrix preserves the chemical integrity of the 
drug and illustrates the hydrophilic nature of the active compound and its water-retaining capacity in the 
material. The absence of peaks in the X-ray diffraction (XRD) pattern of the samples with Penicillin reveals 
that the drug has lost its crystalline structure and is, therefore, dispersed on a molecular scale in the matrix. 
The results of thermogravimetric analysis (TGA) show that the drug's degradation starts only around 200°C 
and does not significantly affect the PMMA degradation steps. Ongoing studies aim to develop Siloxane-
PEO-PMMA hybrids to monitor drug release in a biological environment by changing the ratio between 
hydrophobic PMMA and hydrophilic PEO (polyethylene oxide), as well as reducing the moderate toxicity 
associated with PMMA.
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Graphene has been studied in several areas due to its unique properties. One of the research fields of 
such material is on its insertion as nanofiller in polymeric matrices [1]. Acrylonitrile Butadiene 
Styrene (ABS) is one of the most widely used engineering polymers in various applications, 
especially in electronic equipment and automotive industry due to its good mechanical properties and 
low-cost processing. Several strategies have been used by the industry for the recycling of ABS to
reduce the environmental impact of these materials. This project aims to develop a strategy using 
graphene (Gr) and graphene oxide (GO) in post-consumer ABS, recovering its mechanical (tensile 
and impact) properties. The nanocomposites were obtained by the mixture in the molten state, where 
the insertion of the filler in the polymer is made in a twin-screw extruder. Three compositions of the 
ABS/GO system were made (0.05, 0.1 and 0.3 wt.%) while for Gr systems the compositions were 
0.5, 1 and 2 wt.%. Tensile and impact tests for all compositions and neat polymer were performed. 
The results showed an increase in tenacity (area under the stress x strain curve) for the 
nanocomposites, especially for 0.1 wt.% of GO with more than 200% when compared to the neat 
polymer. This may be due to the phenomenon of over lubrication of the stacked sheets of GO in the 
polymer [2]. The impact test showed an improvement, mainly with 0.5 wt.% of Gr content, reaching 
160% more resistance when compared to the neat polymer. The results showed that there is a good 
interaction between the ABS matrix and both fillers (GO and Gr) leading to the mechanical properties 
recuperation of the polymer matrix after its processing.
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Abstract – Due to aging process or delamination of the ethylene vinyl acetate (EVA) layers that 
protect (encapsulate) the solar cells the performance and useful life of photovoltaic modules is 
compromised, reducing the efficiency of photovoltaic cells. Here, we propose to replace the EVA 
layers by a composite of polydimethylsiloxane (PDMS) with the incorporation of graphene oxide 
nanoparticles. PDMS (silicone) can be deposited directly on the surface of the solar cells by casting, 
presenting fast curing, transparence in the region of interest and chemical inert. PDMS (Sylgard®

184, Sigma-Aldrich) in a 1:10 curing agent ratio (3 g: 0.3g) can be used to disperse the 
nanostructures throughout the polymer volume prior to the drying process. Different samples with 
quantities of graphene nanoparticles were tested, 50, 100, 150 and 500 microliters by sample, cured
at 40°C during 3 h. Comparing the current generated before and after the deposition of composite 
films over the photovoltaic cell, as increased the amount of graphene oxide in the composite 
increases the current, reaching 3.4% for 500 microliters. In the next step high concentration of 
graphene oxide suspensions will be tested and the response of cells in solar simulator.
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Abstract - Nanocomposites are materials which can present modified properties due to several 
factors [1]. Among them, the nanoparticle and the amounts added in polymeric matrices may be 
considered the main factors. Using theses variables, unique properties may be reached and can be 
handled to specific applications. The commercial introduction of materials using carbon nanotubes 
is a competitive differential to new products and industries, bringing direct advantages, because the 
manipulation of materials in a nanoscale might be difficulted due to the nanoparticles and matrices 
characteristics [2]. This work aims to incorporate and evaluate the influence of single wall carbon 
nanotubes (SWCNTs) in thermoplastic materials. To do so, SWCNTs were applied in linear low-
density polyethylene (LLDPE) and polypropylene (PP). The nanoparticles TUBALL™ MATRIX 
beta 809 were applied in the amount of 1% w/w for each matrix. The mixtures were extruded 
according to supplier recommendations. The materials were analyzed in a simultaneous thermal 
analysis (STA), for differential scanning calorimetry and thermogravimetric analysis, and the 
electrical behavior was analyzed with a surface resistance meter. The results indicated that the 
nanoparticles did not present a significant influence on the thermal properties of nanocomposites
when compared to the pure matrix (LLDPE Tm123,38ºC and PP Tm167,24ºC). The electrical 
investigation indicated a dissipative characteristic for the materials (near 105 OHMS). This behavior 
represents a technological advantage to the industry use PP and PE as dissipative materials for 
health and security applications, for example [3]. This project is ongoing research and will 
investigate statistically if this behavior remains.
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The main objective of this work is to study the properties of electrospun mats of Poli(Láctic
Acid)(PLA) with Graphene Nanoplatelets(GN) and Ionic Liquid (IL) as nerve conduits. The
focus is to achieve desirable properties for a neuroregenerative conduit, as for example,
biocompatible mats, with porous structure and electrical conductivity [1]. It were used
biocompatible materials, conductive nanoparticles (GN) and IL were used to increase the
particle dispersion. Moreover, electrospinning was used to produce a 3D porous structure. To
manufacture the membranes, the process starts by preparing the electrospinning solution,
where PLA is solubilized using Dichloromethane(DCM) and Dimethylformamide (DMF),
followed by adding IL that will assist in dispersing GN[2]. Then the solution was sonicated
through the ultrasonic, right after the solution was transferred to a syringe so that it can be
sent to the electrospinning system where the membrane will be formed using a fixed collector
[3]. As for experimental results it obtained images from Scanning Transmission Electron
Microscopy (SEM) of all membranes, control (PLA, PLA+IL) and the remaining increasing
in GN mass 0.5%, 1%, 2%, 4%. It was observable that the electrospun mats had a 3D
structure with continuous fibers randomly oriented. IL did not influence the morphology and
led to a decrease of fibers diameter. Adding GN introduced small punctual flaws on the
fibers, from agglomeration of graphene, however fibers stayed uniform, there also was an
increase in diameter proportional to the amount of GN added. From Infrared spectroscopy it
was observed that only the addition of IL resulted in the emergence of new bands at 3300 and
1750, possibly by the higher affinity with water.
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Abstract - Water based ink has become a relevant area to research since the news regulations 
requirements have asked from industry alternatives with low quantity volatile organic compounds 
(VOC) in their formulation. These news resins produce translucent and transparent films with low 
environmental impact and diverse appliances at industrial uses. It is known that for a material to be 
considered as a nanocomposite it is needed to have nanometric dimensions, their use has been 
shown a new trend, once they modify the final properties of the material. In this class of materials, 
the carbon nanotubes (NTC) have been studied and developed on applications of materials 
reinforcements, because their insertion brings benefits at the final compound properties, such as the 
mechanical increasement and electric properties.  The formulated ink has a composition of 100 
grams of resin to 28 grams of hardener (100/28), with a 0.5% inclusion of NTCs. The modified ink 
was subjected to dispersion ultrasound for one hour. As a way to validate the experiment, the 
impact test was conducted using steel spheres launched onto a painted substrate to determine the 
potential energy the ink could absorb without rupturing. The adhesion test followed the standard 
established by ABNT NBR 11003:2023, and the viscosity test followed the standard ABNT NBR 
5849:2015. The results suggest that the manufactured ink exhibited good potential energy 
absorption properties in the impact test, as it did not fracture at any point. However, the presence of 
heterogeneity between the ink and NTCs significantly decreased the adhesion between the film and 
the substrate. Regarding the viscosity test, an average flow time of 22.97 seconds was obtained, 
characterizing the ink as fluid.
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Abstract - The aim of this study is to evaluate the effect dispersion of carbon black (CB) 
aggregates with the thermomechanical properties of the epoxy. For the dispersion of CB (mass 
fractions 1,5, 3 e 5%) in the epoxy, the block copolymer was used poly (ethylene glycol)/poly
(propylene glycol)/poly (ethylene glycol) (PEG-b-PPG-b-PEG) with a molecular weight of 14,600 
g/mol in the mass fraction of 10%. The characterizations performed included scanning electron 
microscopy (MEV-FEG) and transmission electron microscopy (MET) analyses. It was observed 
that the block copolymer contributed to the dispersion of CB. The morphological analyses showed 
that increasing the percentage of carbon black led to increased nanoparticle aggregates in the 
nanocomposites with and without the block copolymer. The nanocomposites with 1.5%, 3%, and 
6% CB exhibited linear or branched aggregate structures, both in the presence and absence of the 
copolymer. Except for the 6% CB sample without the block copolymer, which presented a 
spheroidal and ellipsoidal cluster shape.  This suggests that the block copolymer played a role in 
dispersing these nanoparticles in the epoxy matrix. It is believed that the potential contribution of 
the block copolymer in the dispersion of nanoparticles in the matrix may result in an increase in the 
values of the thermo-mechanical properties of the nanocomposites compared to the nanocomposites 
without block copolymer, given that the aggregates of this material were larger, therefore, dynamic 
mechanical analysis (DMA) wiil be performed. 

Keywords: epoxy, PEG-b-PPG-b-PEG, carbon black, mechanical properties
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Abstract – Due to their unique characteristics, such as the formation of small pores, nanofibers 
have a variety of interesting applications [1] including the biomedical field, such as drug release, 
tissue engineering, and wound dressings [2]. However, for in situ applications such as wound 
dressings, miniaturized and more affordable portable electrospinning devices have been studied [3]. 
In this study, membranes composed of polymeric nanofibers were produced by electrospinning 
from an aqueous solution of poly (vinyl alcohol) (PVA), aiming to evaluate the influence of 
material parameters on the produced nanomembranes. A full factorial experimental design 32 was 
employed, and nine samples were produced in triplicate, using nine different solutions, which were 
combinations of three types of PVA with different molecular weight (Mn) ranges (low, medium, 
and high) at three different concentrations (8%, 9%, and 10%), dissolved in deionized water. A 
commercial electrospinning apparatus was used, and the selected and fixed process parameters were 
electrical voltage of 8 kV, collector/capillary distance of 6 cm, flow rate of 1.2 mL/h, and a static 
flat metal collector surface. These parameters were chosen to resemble those of a possible in situ, 
portable electrospinning system. The produced samples were evaluated using scanning electron 
microscopy (SEM). Among the nine different types of polymeric solutions employed, only four 
allowed the formation of nanomembranes under the specified conditions, with the smallest average 
fiber diameter being obtained with medium Mn PVA (average molecular weight range of 85,000 to 
124,000 g/mol) at 8 wt% solution concentration. It exhibited an average fiber diameter of 95 nm 
and porosity of 49.6% (both measured through digital image processing software ImageJ). 

Figure 1 – a) SEM image of a sample with the smallest average diameter, b) diameter distribution histogram.
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Abstract - The steel pipes used in the oil and gas sector are exposed to severe environmental 
conditions[1], so the metallic surfaces must have superhydrophobic characteristics. The coating 
with an epoxy resin matrix (ER) added with silica particles is the focus of this work. To prepare the 
coatings, commercial silica (AEROSIL® 200) was initially functionalized in situ using the 
Stober[2] method with organosilane modifiers containing fluorine and glycidyl groups with epoxy 
resin. Additionally, silica was also synthesized through hydrolysis and condensation of TEOS, 
functionalized with organosilanes in the epoxy matrix. Subsequently, the coating was applied by 
spray under a pressure of 20Pa, on a metallic substrate positioned at a 30º angle parallel to the 
compressed air gun, with a distance of 30 cm. The qualitative evaluation of the anticorrosive 
capacity of the coatings was made through measurements of the contact angle (AC) of water 
droplets (5 μL). The coating prepared from commercial silica with a fluorine-based modifying 
agent JTIS (ER/silica-modifier: 60/40 – 0.5g fluorsilane – 0.1g glyme), presented an AC of 154º. 
The coating from silica-TEOS, evolved in lower AC, the JTEOSIS sample (ER/silica-modifier: 
60/40 - 1g fluorsilane – 0.2g glyme) presented AC of 141º. The superhydrophobic coating (JTIS) 
has a 10º sliding angle, self-cleaning power and greater abrasion resistance. This result can be 
explained because the Stöber method is associated with the addition of water[3], which impaired the 
hydrophobic characteristic of ORMOSIL, due to an inefficient removal of water injection that 
interact by hydrogen bonding with the hydroxyls on the surface of the particle of silica.
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Abstract - Natural rubber latex (NRL) and lignin are promising renewable materials with unique
characteristics, demonstrating remarkable adhesion properties1. However, the potential synergy 
resulting from the combination of both biopolymers is poorly explored. Herein, we investigated the 
incorporation of NRL with lignin extracted by different pretreatments (organosolv, alkali, and Kraft)
to develop a water-based adhesive. The nanoscale interaction between NRL and lignin was 
investigated by atomic force microscopy (AFM), revealing an intrinsic interaction with NRL 
according to the lignin extraction route. The mechanical properties of NRL-lignin films corroborated 
with the observed nanoscale interaction, indicating an ideal lignin pretreatment method for NRL-
based adhesive formulation. The colloidal characterization demonstrated the solubilization of lignin 
in NRL, evidencing the chemical compatibility between these components, with colloidal stability 
reaching 50 days. As a proof-of-concept, various substrates were successfully adhered using the 
selected lignin in NRL water-based adhesive formulation. Shear mechanical tests of the bonded 
substrates exhibited superior performance of dried and underwater NRL-lignin joints in comparison
to neat NRL. Notably, the adhesion strength was enhanced by 200%, 74%, 71% and 27% on glass, 
aluminum, polypropylene (PP) and wood substrates, respectively, in dry conditions. Furthermore, the 
adhesive demonstrated outstanding performance compared to certain commercial adhesives. These 
findings demonstrate the notable potential of NRL-lignin adhesive in bonding substrates with varying
levels of hydrophobicity and porosity. The strategic selection of a lignin extraction route and the 
facile mixing of the components resulted in a sustainable adhesive with exceptional properties and a 
high potential for commercial applications.
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Abstract – The addition of carbon materials such as graphene nanoplates (GNP) and carbon 
nanotubes (CNT) in polymeric blends enables application as functional electromagnetic packaging 
[1]. In this work, poly (lactic acid) (PLA) and poly (3-hydroxybutyrate-co-3-hydroxyvalerate) 
(PHBV) was chosen as the biodegradable polymeric matrix and the synergistic effect of the addition 
of GNP and CNT on the mechanical and electromagnetic properties was evaluated. PLA/PHBV 
blends (80/20) with the addition of 1 wt% CNT and/or 3 wt% GNP were processed using a double-
screw extruder (AX Plásticos, model AX16:40DR). Tensile samples were inject-molded and the 
mechanical (tensile test) and electromagnetic properties were obtained. Regarding the mechanical 
properties, the synergistic effect was significant, the hybrid nanocomposite (with the addition of 
1wt% CNT and 3 wt% GNP) present high ultimate tensile strength and elastic modulus compared to 
the nanocomposites with individual fillers. Analyzing the electromagnetic properties in the X band, 
it was observed that the hybrid nanocomposite presented a total attenuation (SET) of 7.5 dB at 10 
GHz, a higher value than the individual nanocomposites (PLA/PHBV/CNT with SET of 6 dB and 
PLA/PHBV/GNP SET of 2 dB). These results drive the search and study of new contents of these 
carbon materials in the PLA/PHBV blend to reach the values of commercial applications. 
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The electrospinning is used to produce nanofibers from hydrogel solutions resulting in materials,
such as membranes, that in presence of bioactive substances are explored in medical devices. 
Normally, the biopolymers with high viscous or emulsification properties are used in this technique, 
generating biomaterials with high surface area, roughness or porosity, resulting in an interesting 
functionality, capable to accelerate the healing process in occlusive dressing. However, recently 
new procedures based in electrospinning demonstrated the possibility to obtain nanoparticles, 
promoting an environment media to encapsulate bioactive substances with some adhesion on 
specific surface. Think in this situation, this work aimed to develop hydrogels systems, analyzing 
some conditions in the electrospinning process to obtain nanoparticles. The hydrogel aqueous
solutions were prepared at concentrations of 1.5%wt. Considering this concentration, blends with 
other hydrocolloids (gellan gum-GL, gelatin-GLT and collagen-COL) was produced at different 
proportions (%), being 80/20% and 60/40% with fucogel®-FCG polymer in higher percentage. The 
rheological characteristics (pseudoplasticity), surface tension, electrospinning and scanning electron 
microscopy (SEM) were evaluated. The 1.5wt% hydrogel solutions showed pseudoplasticity (n<1), 
with viscoelastic characteristics, with the highest resistance to flow being the mixtures of FCG with 
GL and GLT, with surface tension values between 45 and 65 mN/m, indicating a surfactant 
character of the adopted hydrocolloids. In the electrospinning tests, only solutions with 100% FCG 
(1.5 wt%) showed flow and taylor cone formation, with a voltage of 10KV and a needle tip with a 
gauge of 24 and 25. Through the SEM analyses, it was observed that in the spinning process 
conditions was able to produce spherical particles with dimensions in the range of 50 to 550 nm of 
the FCG solution. The results indicate the viability and versatility of the electrospinning process, 
giving us a new field to explore this technique for biomedical applications.
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Abstract - The fabrication of nanostructured devices by traditional deposition methods such as
spin coating and drop casting, limits the possible active area of these devices. With the slot die
deposition technique, it is possible to make much larger active areas than other coating
techniques, in many different substrates, allowing printing polymer nanoparticles in a similar
way to a roll-to-roll printer inside the laboratory, facilitating the industry scalability of these
nanostructures devices. The main goal of this study was the production of donor and acceptor
nanoparticles in a stable suspension in water, which is a non-toxic and not harmful to the
environment solvent, synthesized by miniemulsion technique, obtaining an adequate dispersion
for film depositions. Slot-die films both in glass and acetate substrates with superficial treatments
were made for comparing the possibilities of transferring the technique to other types of flexible
substrates in the future. The morphological study of the films showed that the slot die coating
printing methodology successfully produced an homogeneous film of the smaller nanoparticles
with diameters of approximately 30 nm both in acetate and glass substrates. The characterization
of the P3HT and P3HT:PCBM nanoparticles were also made for confirming the nanostructure
and charge transfer of these materials for further applications, such as in organic photovoltaics.
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SYNTHESIS AND STABILIZATION OF SILVER NANOPARTICLES IN 
COPOLYMERIC MICELLES COMBINED WITH ROSE BENGAL 
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Abstract- Every year cancer statistics get even worse, being one of the main public health problems 
worldwide. In the face of this alarming situation, the development of new therapeutic modalities 
such as Photodynamic Therapy (PDT) has stood out in recent years as a promising alternative in the 
treatment of these malignant neoplasms1. In this study, Rose Bengal (RB) was used as a 
photosensitizer associated with silver nanoparticles (AgNPs) synthesized in the presence of the 
triblock copolymer Pluronic® F-1272,3. To obtain the nanostructured systems of F-127/AgNPs/RB, 
it is necessary to combine the solution of the silver nitrate precursor in the presence of a 
reducing/stabilizing agent, in this case, the F-127, which through the photoinduction process using a 
UV-LED (5 W of potency, λmax of 370 nm) lead to the production of AgNPs. Finally, the 
photosensitizing drug, RB, was incorporated into the sample by the passive addition method. The 
samples were characterized by electronic absorption, fluorescence emission, and dynamic light 
scattering (DLS) spectroscopy. In general, the samples showed absorption bands and hydrodynamic 
diameter consistent with literature data, evidencing the formation of micelles incorporated with
AgNPs and RB. Regarding the properties of the photosensitizer used, studies to determine the pKa 
were carried out to elucidate its protolytic equilibrium in micellar midea. The electronic absorption 
spectra were obtained in 40 solutions with different pH values and then a computational set
(MASDA was used for the multivariate treatment of these data. Two pKa values were defined, 2.7
and 4.7, in addition to the protolytic and tautomeric equilibria of the RB. Thus, it was found that in
the tests carried out, the predominant proteolytic species is the dianion, precisely the one that 
presents the highest molar absorptivity and, therefore, the best photophysical parameters. In this 
scenario, the results obtained so far demonstrate the project's promising character and its potential 
application in PDT.
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Abstract - Water contaminated with potentially toxic elements has highly damaging impacts on the 
ecosystem. Currently, chromium compounds have been identified as one of the most toxic 
pollutants to human health. In this work, alginate granules incorporated with clay mineral 
functionalized with ionic liquids were developed aiming at a promising application in the 
decontamination of water through the adsorption of Cr (III) and Cr (VI). The adsorbents were 
prepared based on sodium alginate (2%) and montmorillonite functionalized with chloro-
methylimidazole (IL-CL) and zwitterionic (ZIL) ionic liquid (5%) or pure ionic liquids (30%), to 
improve their compatibility with metal ions. Despite the excellent adsorptive capacity, the direct 
application of clay minerals is complex, as the fine granulometry of the mineral is a limiting factor. 
Hence, the production of hydrogel granules as support generated with lyophilization is interesting 
for the formation of porous structures. The beads were characterized by Scanning electron 
microscopy (SEM) and Fourier transform infrared spectroscopy (FTIR). Preliminary adsorption 
tests were carried out in batches, evaluating the influence of effects such as temperature, pH of the 
medium and the amount of adsorbent on the removal of contaminants. The supernatant was 
analyzed by Atomic Absorption Spectrometry (AAS) to quantify the metal ion in solution. The 
characterizations could confirm the presence of pores in the samples and the incorporation of ionic 
liquids and montmorillonite in the produced beads. The adsorptive tests demonstrated that this 
material has potential for application in the removal of chromium, reaching an adsorption capacity 
of approximately 12 mg/g of active material, 25 times greater when compared to the use of pure 
alginate. The evaluation of the coadsorption of both substances are ongoing studies in this work, as 
well as the optimization of the adsorption process of a single substance seeking a better response in 
the adsorptive capacity of the materials.
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SYNTHESIS OF POLYANILINE IN BACTERIAL CELLULOSE OBTAINED 
FROM KOMBUCHA TEA FERMENTATION
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Abstract - Bacterial Cellulose (BC) has been getting much attention since last decade due to its 
numerous applications in polymer science, including as substrates for deposition of conducting 
polymers in order to improve their mechanical properties. Polyaniline (Pani) is one of the most 
popular conductive polymers with an easy synthesis and properties suitable for many electronic 
applications. However, its major disadvantages are the poor solubility and the infusible quality, 
which results in difficult processability and limits its practical applications. Composites with 
cellulosic materials and polyaniline (Pani) into the BC matrix have been studied as Pani electrodes 
in many applications, but the presence of an insulating network causes reduction in the conductivity 
values and the evaluation of electrochemical properties of the composites are difficult to explore. 
The main cause is that polyaniline synthesis occurs on the surface of the BC membrane and do not 
penetrate through all the membrane thickness, causing the formation of a 3D electrode with an inner 
insulating material that is resistive to current flow. In this work, we propose an easier synthesis of 
BC-Pani composites, using the well-known interfacial polymerization of aniline methodology, that 
promotes the polymer formation through all the high superficial area of BC by forcing monomer 
and oxidant to penetrate into the BC matrix by vacuum filtration. Infrared Spectroscopy (FT-IR) 
proved Pani formation and Scan Electron Microscopy showed it was deposited even in the inner 
surface of BC. This simple methodology produced a conductive membrane combining the 
mechanical properties of BC with the redox properties of polyaniline, which were observed by 
Cyclic Voltammetry and Electrochemical Impedance Spectroscospy.
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THERMAL PROPERTIES CHARACTERIZATION OF PBAT 
NANOCOMPOSITES WITH GRAPHENE OXIDE AND CARBON BLACK
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Abstract –Nanocomposites of poly(butylene adipate-co-terephthalate)-PBAT and graphene oxide
(GO) (0.05%, 0.1%, 0.25% and 0.50% in mass), aiming food packaging application, and 
nanocomposites based on PBAT, graphene oxide and carbon black (CB) (0.25% or 0.50% in mass 
of GO, with 1.5% of CB in mass), aiming mulch films application, were prepared by melt mixing 
using a extruder. The GO was obtained from exfoliation of graphite oxide (GrO) by an adapted 
Hummers method [1]. Raman analysis was conducted for GrO and for GO suspension. XRD GrO 
results indicated a peak of (002) plane at 2Ɵ = 10º (d spacing of 0.89 nm) due to the increase in 
planar spacing from graphite oxidation. TGA GrO results showed three mass loss stages: water 
elimination until 100ºC; removal of oxygen functional groups among 100 and 350 ºC; and oxidative 
pyrolysis of carbon framework [2], with mass loss of 14%, 42% and 29.5%, respectively. Raman 
analysis resulted in ratio ID/IG of 0.973 and 0.998 for GrO and GO, respectively, showing the 
presence of defects in their structure due to occurrence of oxidation [1]. The TGA results indicated 
that T5% (temperature of 5% of mass loss) was at least 10ºC higher for most of the nanocomposites, 
in relation to the neat PBAT. The formulation with higher contents of GO and CB, presented T5%
of 356ºC, similar to neat PBAT (355ºC). The crystallization temperature (Tc) increased in the 
presence of CB, around 15ºC related to neat PBAT, indicating its influence as nucleating agent. In 
the second heating the melting temperature presented a small variation (121 to 126.6 ºC), and the 
crystallinity degree also varied in a small range (5.5 to 7.7%). In general, the results indicated
improvement of thermal stability of nanocomposites with GO and CB related to neat PBAT, 
indicating its great potential for packaging and mulch films.
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AND USE IN ELECTRORHEOLOGICAL FLUIDS

Keven Pimentel Delgiudice Gomes1*, Jéssica Pereira S. da Silva1 and Bluma Guenther Soares1,2,

1 –Department of Materials Engineering Metallurgical and Materials (PEMM-COPPE)-Federal University of Rio de 
Janeiro, Rio de Janeiro, RJ, Brazil 

pimenteldelgiudice@gmail.com
2- Institute of Macromolecules Professora Eloisa Mano (IMA), Federal University of Rio de Janeiro, Rio de Janeiro, 

RJ, Brazil 

Abstract - Electrorheological (ER) fluids consists of a two-phase suspension, where phase-
polarized particles are dispersed in an insulating medium such as silicone oil. When an external 
electric field is applied causing a rapid liquid−solid state transition and rapid increase of viscosity in 
the ER fluid [1-2]. After removing the electric field, the ER fluids return to their original liquid 
state. A variety of organic and inorganic materials have been used in ER fluids, such as silica, 
titanium dioxide (TiO2) [3-4]. However, the performance of ER fluids depends on several factors, 
including the dielectric properties and polarizability of the particle. TiO2 are promising for ER 
materials because they have high dielectric property and polarizability. However, the ER properties 
are poor and the polarizability limited due to the scarcity of active groups on its surface [4]. The 
objective of this work is to increase the polarizability of TiO2 nanoparticles and thereby improve the 
ER effect. In this work, particles of titania encapsulated with imidazole sulfonate ionic liquid were 
prepared. The synthesis was performed using the sol gel method, using 1g of IL and 12g of titania 
tetrabutoxide. The ER fluids were prepared at 40% w/v, using silicone oil and with the aid of a 
sonicator for 20 min. The Electrorheological properties were evaluated as a function of the electric 
field, and a shear stress of 8.6Pa was observed for the sample with pure titania particle. The particle 
modified with zwitterion presented a shear stress of 645Pa. This result shows that the presence of 
ztwitterion imidazole sulfonate promoted an increase in polarity in the TiO2 particle and 
consequently increased the ER response. Furthermore, the thermal properties were investigated 
through thermogravimetric analysis (TGA). The dielectric properties were also evaluated in order to 
investigate how this property influences the ER response. As well as Fourier transform infrared 
spectroscopy (FTIR) with the objective of showing the presence of functional groups that prove the 
encapsulation of the ztwitterion, the electrical conductivity and particle density were also evaluated.
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Abstract
In situ forming hydrogels have promise for many biomedical applications, especially for drug delivery. The hydrogel 
precursor solution can be injected at the target site, where it undergoes a sol-gel transition to afford a hydrogel. In this 
sense, the most important characteristic of these hydrogels is a fast gelation after application. We described herein an 
all-polysaccharide fast in situ forming hydrogel of carboxymethyl chitosan and a hydroxyethyl cellulose functionalized 
with aldehyde groups, which were appended by an acetal functionalization, followed by acid deprotection, thus, 
avoiding the breaking of the pyranose ring, as it would occur in periodate oxidation, the most common method to add 
aldehyde groups in polysaccharides. Through the simple mixing of the polysaccharide solutions, a fast gelation 
occurred, and an all-polysaccharide hydrogel was obtained after 1 min, indicating the potential use of this system as an 
in situ forming hydrogel.

Keywords: In situ forming hydrogel, fast gelation, polysaccharides.

Introduction
In situ forming hydrogels have promise for many biomedical applications, including tissue 
engineering, cell culture, wound healing, and drug delivery. For this type of hydrogel, the precursor 
solution can be injected at the target site, where it undergoes a sol-gel transition to afford a 
crosslinked hydrogel [1]. This feature allows the precise application of the hydrogel at the interest
region, resulting in the local release of encapsulated bioactive compounds, and also permit the 
filling of irregular-shaped and deep lesion sites, as well as a better mouldability of the hydrogel to 
those sites, which improves its biocompatibility with the surrounding tissue [1]. On the other hand, 
the use of polysaccharides to prepare in situ forming hydrogels is very attractive due to their general 
non-toxicity, biocompatibility, biodegradability, and renewability [2]. In this context, hydroxyethyl 
cellulose (HEC) is an interesting polysaccharide derivative for the preparation of hydrogels due to 
its favorable mechanical and thermal properties, and water solubility [3]. Other interesting 
polysaccharide is carboxymethyl chitosan (CMCHT), obtained through the carboxymethylation of 
chitosan, since it has well-known bacteriostatic, hemostatic, and bioadhesive properties [2]. Herein, 
we selected these two polysaccharides to prepare an all-polysaccharide in situ forming hydrogel. To 
enable gelation, the HEC was functionalized with aldehyde groups, which reacted with the amine 
groups from CMCHT, forming imine bond crosslinks, and resulting in a hydrogel network. In this 
work, however, the aldehyde groups were not inserted into the HEC structure by common periodate 
oxidation, which would result in a significant DP loss, and a drop in the chemical stability of this 
polysaccharide derivative [2]. Instead, the aldehyde groups were appended in the HEC structure by 
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a two steps procedure. First, acetal moieties were introduced in the HEC, followed by an acid 
hydrolysis reaction to deprotect the aldehyde groups. Through this procedure, reactive aldehyde 
groups were appended in HEC without destroying its saccharide structure. We hypothesize that the 
aldehyde-functionalized HEC can be employed as a polysaccharide partner of CMCHT to prepare 
an all-polysaccharide hydrogel. We also hypothesize that the HEC-Ald and CMCHT solutions will 
quickly gel upon mixing, enabling in situ gelation of the resultant hydrogel. 
 
Experimental 
 
General procedure for the synthesis of the aldehyde-functionalized HEC 
The synthesis of the aldehyde-functionalized HEC was executed in two steps, firstly appending 
acetal groups, which were deprotected by acid hydrolysis to afford the aldehyde groups. The 
Scheme 1 summarized the experimental procedure employed. Briefly, to the HEC containing the 
acetal groups (labeled as HEC-Acetal), HEC (0.5 g) was dissolved in DMF (20 mL) for 2h at 60 ⁰C. 
After cooling, NaOH (1.95 g) was added into the system, which remained under vigorous stirring 
for 30 min. Afterwards, 2-chloroacetaldehyde dimethyl acetal (8 mL) was added drop-wise into the 
reaction flask. Finally, NaI (9 g) was added in the reaction flask, which remained under vigorous 
stirring for 48 h at 70 ⁰C under N2(g) atmosphere. The HEC-Acetal was recovered by extensive 
dialysis in water for 2 days, and subsequent freeze-drying. To convert the acetal groups to 
aldehydes, the HEC-Acetal (0.5 g) was dissolved in diluted HCl (0.2 M, 20 mL), and the resultant 
solution was stirred for 8 h at 80 ⁰C. Then, the solution was neutralized to pH 7 by adding some 
drops of a NaHCO3 solution (5%-m/v). The neutralized was dialyzed against water for 2 days, and 
the aldehyde-functionalized HEC (denoted as HEC-Ald) was recovered by freeze-drying.  
 

 
Scheme 1. Illustrative scheme for the synthesis of HEC-Ald. The structures drew were not meant to 
shown regioselectivity; they are depicted that way for clarity. 
 
General procedure for the synthesis of carboxymethyl chitosan 
The carboxymethyl chitosan (CMCHT) was prepared by reacting chitosan (deacetylation degree of 
76%) with monocholoroacetic acid in the presence of NaOH. Briefly, chitosan (4 g) was dispersed 
in a mixture of isopropanol (32 mL) and distilled water (8 mL) under stirring for 2h at 50 ⁰C. 
Afterwards, monochloroacetic acid (6g) was dissolved in isopropanol (8 mL), and this solution was 
added in the reaction flask, which was stirred for 4 h at 50 ⁰C. The CMCHT was recovered 
precipitation after adding ethanol (200 mL) in the reaction flak. The precipitated CMCHT was 
separated by filtration, dialyzed against distilled water for 3 days, and freeze-dried. The 
DS(carboxymethyl) was estimated as 1.14, according to 1H-NMR analysis (data not shown).   
 
General procedure for the preparation of the HEC-Ald/CMCHT hydrogel 
To prepare the hydrogel, certain amounts of HEC-Ald and CMCHT were dissolved in PBS (pH 
7.4), and the resultant solutions was incubated at 37 ⁰C until gelation. Here, the total solid content of 
the hydrogels (5%, 10%, and 15%), and the HEC-Ald:CMCHT weight ratio (1:1, 5:1, and 1:5) were 
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varied to investigate the best conditions for the hydrogel preparation, which were defined as those 
conditions that resulted in a shorter gelation time.   
 
Results and discussion 
 
Synthesis of the aldehyde-functionalized HEC (HEC-Ald) 
First, the HEC was functionalized with acetal moieties by reacting it with 2-chloroacetaldehyde 
dimethyl acetal through a simple etherification reaction (Scheme 1). In the presence of a base, the 
hydroxyl groups of HEC are deprotonated, being converted to the nucleophilic alkoxide groups, 
which displace the chloro atom from the 2-chloroacetaldehyde dimethyl acetal reagent following a 
nucleophilic substitution (SN2) mechanism. As a result, acetal moieties are introduced in the HEC 
structure. A summary of the experimental conditions tested for this reaction is shown in Table 1. 
Unfortunately, the reaction did not occur by simply reacting HEC with 2-chloroacetaldehyde 
dimethyl acetal in the presence of sodium hydroxide (NaOH) as base (Table 1, entry 1). Probably, 
under these conditions, a competing elimination reaction is favored instead of the nucleophilic 
substitution [4]. Considering that iodide (I‒) is a better leaving group than chloride (Cl‒), sodium 
iodide (NaI) was added into the reaction medium to generate in situ the 2-iodoacetaldehyde 
dimethyl acetal product in hopes of its capture by the alkoxide groups of HEC [5]. Upon addition of 
NaI (Table 1, entry 2) the reaction occurred, and the formed HEC-Acetal had a modest DS of 0.12, 
which was not increased by the addition of a higher amount of NaI (Table 1, entry 3). Replacing 
NaOH for sodium hydride (NaH), a stronger base with a higher potential to deprotonate the 
hydroxyl groups of HEC, decreased the DS of the obtained HEC-Acetal (Table 1, entry 4). This 
find indicates that the competing elimination reaction was favored in the presence of NaH. 
Increasing the quantity of 2-chloroacetaldehyde dimethyl acetal also reduced the DS of the obtained 
product (Table 1, entry 5), which suggest the feasibility of this reactant to the elimination pathway 
(i.e. the competing elimination of Cl‒ is favored instead of its substitution by the alkoxide groups 
from HEC). Indeed, the reaction did not occur using a low amount of the acetal reagent (Table 1, 
entry 6). Likewise, when the amount of NaOH was reduced, in an attempt to reduce the alkalinity of 
the medium, and, thus, disfavor the elimination reaction, the reaction also did not occur (Table 1, 
entry 7). Performing the reaction for a longer time (96 h) also did not result in a higher DS (Table 
1, entry 8).  
 

Table 1. Experimental conditions employed in the synthesis of the HEC-Acetal. 
Entry Acetal reagent 

(equiv to ‒OH) 
Base  

(equiv to ‒OH) 
NaI  

(equiv to Acetal) 
DS(Acetal) 

1 15 10 ‒ ‒ 
2 15 10 1 0.12 
3 15 10 2 0.12 
4a 15 10 1 0.09 
5 20 10 1 0.06 
6 10 10 1 ‒ 
7 15 5 1 ‒ 
8b 15 10 1 0.12 

aNaH was used as base. 
bThe reaction was performed for 96 h. 
 
Therefore, after defining the best conditions for the synthesis of the HEC-Acetal (those described in 
the entry 1 of Table 1), the acid deprotection reaction of this derivative was optimized. All 
reactions were conducted in diluted HCl (0.2 M), however, time and temperature were varied, and 
the conversion efficiency was estimated from the reduction of the intensity of the acetal moiety 
signal in the respective 1H-NMR spectrum of the obtained products. The deprotection was first 
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conducted at room temperature (~25 ⁰C) for 48 h, and only a conversion of 53% was achieved. 
Thus, the temperature was increased to 50 ⁰C, while reducing the reaction time to 24 h in order to 
avoid a significant drop in the DP and molecular weight of the product due to the acid hydrolysis of 
the glycosidic bonds. Again, only a low conversion efficiency of 50% was obtained in these 
conditions. However, when the temperature of the reaction was raised to 80 ⁰C, and the reaction 
time reduced to 8 h, a conversion efficiency of 100% was achieved. The complete conversion of the 
acetal groups to aldehydes in this conditions is evident from the analysis of the 1H-NMR spectrum 
of the obtained product, which is shown in Fig. 1. As assessed, in the spectrum of the obtained 
HEC-Ald product, it is not possible to observe the signal from the methyl protons of the acetal 
moieties (at 3.50 ppm), while the signal from the hydrated form of the aldehyde groups is clearly 
observable (at 4.90 ppm) [1]. The molecular weight of this derivative was estimated by size 
exclusion chromatography (SEC). Expectedly, the molecular weight of the HEC-Ald was reduced 
in comparison to the starting HEC (from 105 kDa to 30.5 kDa). However, it is important to mention 
that the monosaccharide structure was not destroyed by this reaction, as it occurs in the common 
periodate oxidation, which also would induce a certain chemical instability to the polysaccharide 
derivative [2]. Moreover, a high conversion of the acetal groups to aldehyde is important for the 
further use of the HEC-Ald in the preparation of a hydrogel with CMCHT.  
 

 
Figure 1. 1H-NMR spectrum of HEC, HEC-Acetal, and HEC-Ald. D2O was used as solvent. 

 
Preparation of the HEC-Ald/CMCHT hydrogel 
Supposedly, upon mixing, the HEC-Ald and CMCHT solutions undergo a sol-gel transition due to 
the reaction of the aldehyde groups with the amine groups, and the formation of imine bonds (C=N) 
between the polysaccharide chains. The formed imine bonds act as crosslinks of the hydrogel 
network. Typically, the formation of such bonds is a fast process, being attractive for the 
preparation of in situ forming hydrogels. Thus, to investigate the potential of HEC-Ald and 
CMCHT solutions as precursors of this type of hydrogel, the total solid content of the precursor 
solution, and the HEC-Ald:CMCHT weight ratio were varied. The results of these experiments are 
shown in the Fig. 2. The first important find is that the hydrogel was only formed in the presence of 
both HEC-Ald and CMCHT. A second relevant find is that the gelation process is faster as the 
amount of CMCHT increased. It is important to mention that a higher amount of CMCHT also 
means a higher quantity of amine groups (bottom of Fig. 2). Typically, the formation of imine 
bonds is boosted by an excess of amine [2]. Besides, considering that the amine groups from 
CMCHT have a limited nucleophilicity due to steric hindrance, an even higher amount of amine is 
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expected to be necessary for the imine bonds formation, which was the trend observed in the 
experiments. The gelation was also faster as the total solid content of the hydrogel precursor 
solution increased from 5% to 15% (w:w), likely due to additional hydrogen bonding and 
entanglements between the polysaccharides [3]. These additional interactions seemed to favor the 
imine bond formation, and boost the gelation process. Consequently, the hydrogel formulation with 
a total solid content of 15% (w:w), and a HEC-Ald/CMCHT weight ratio of 1:5 was able to form a 
hydrogel within 1 min. The gelation time range of this formulation is very attractive to prepare in 
situ forming hydrogels because the low-viscosity solution can be easily injected without needle-
clogging, and gelling only at the target site. According to the results, by tailoring the solid content 
and weight ratio between the polysaccharides, an in situ forming hydrogel can be prepared by 
simple mixing of the HEC-Ald and CMCHT solutions. 

 
Figure 2. Summary of the experimental conditions tested for the hydrogel preparation. 

 
Conclusion 
In this study, we have successfully demonstrated the preparation of a potential all-polysaccharide in 
situ forming hydrogel of carboxymethyl chitosan (CMCHT) and an aldehyde-functionalized 
hydroxyethyl cellulose (HEC-Ald). The HEC-Ald derivative was prepared by appending acetal 
moieties into the HEC structure, followed by an acid deprotection reaction, affording the reactive 
aldehyde groups. Through this process, the destruction of the pyranose ring (i.e. monosaccharide 
structure) of HEC was avoided. Then, by simple mixing of the CMCHT and HEC-Ald solutions, a 
fast gelation occurred, and the hydrogel was obtained after 1 min, indicating its potential as an in 
situ forming hydrogel. The prepared hydrogel will be fully characterized in the future, where its 
spectroscopic and rheological properties, swelling and degradation behaviors, and potential use as 
drug carrier will be evaluated.   
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Abstract - The objective of this work was to produce and characterize active polymeric biocomposites using PBAT as a
matrix, cactus fibers (CF) as a reinforcement material, and clove essential oil (CEO) as an active antimicrobial agent. 10
and 20% of fibers and 10% of CEO were used and the morphological, chemical, thermal, mechanical and antimicrobial
properties were analyzed. By SEM, good adhesion was observed between the matrix and the fiber, by FTIR there was
no chemical change due to the presence of the fiber and the appearance of a characteristic band of eugenol, indicating
its incorporation in the composite. By TGA, a decrease in Tonset was observed with the addition of the CEO. The
melting temperature remained close to that of pure PBAT. Stress at break decreased for all samples, with a significant
increase in elastic modulus and a marked reduction in strain. Finally, the antimicrobial activity of CEO against E. coli
and S. aureus bacteria was proven, and the antimicrobial potential of active films against E.coli bacteria was also
verified. Thus, the composites have the potential for application in the food packaging industry, with the possibility of
reducing the volume of PBAT by 20%.

Keywords: PBAT, cactus fiber, clove essential oil, antimicrobial composite.

Fundings: Capes - Coordenação de Aperfeiçoamento de Pessoal de Nível Superior. Facepe - Fundação de Amparo a
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Introduction
A biocomposite consists of a composite material in which at least one of the constituents is a natural
derivative, so its composition is quite diverse. The applicability of vegetable fibers in biocomposites
has been studied, aiming to evaluate their influence on the material characteristics and viability for
several applications, as well as mechanisms to improve their properties [1].
A high-value fiber can be extracted from the cactus, a species of the Cactaceae family and is
characterized as a succulent plant abundant in arid and semi-arid regions of many countries, such as
Brazil, Mexico, Bolivia, Argentina, the United States, Italy, Israel, and South Africa [2]. Its fibrous
material, present in various parts of the plant, has the potential to act, for example, in composite
materials [3].
Poly (butylene adipate co-terephthalate) (PBAT) is a versatile polymer that can be used with cactus
fiber to produce biocomposites. PBAT was developed by the German company BASF in 1998 and
is commercially known as ECOFLEX®, consists of a copolyester formed by monomeric units of
1,4-butanediol, terephthalic acid, and adipic acid is a biodegradable thermoplastic polymer that has
excellent properties for packaging preparation, whose mechanical characteristics are similar to low-
density polyethylene, in addition to being approved by Food and Drug Administration (FDA) [4].
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An active biocomposite can be formed by inserting an antimicrobial agent such as clove essential
oil. It is scientifically known as Syzigium aromatic, which is a vegetable with several medicinal
properties, presenting a very specific aroma. The essential oil extracted from its leaves, flower buds
and other parts of the plant has several constituents in its composition, which give it numerous
properties, such as antimicrobial, anti-inflammatory, and antioxidant [5].
Thus, this work aimed to produce and characterize antimicrobial active biocomposites of PBAT
reinforced with cactus fiber and added with clove essential oil as the active agent.

Experimental

Scanning Electron Microscopy (SEM)
The samples were fractured using liquid nitrogen and metalized with gold, at 5mA and 20 nm thick,
for 2 minutes, in a Sanyu Electron equipment, model SC-701 Quick coater. Analyzed in a TESCAN
MIRA3 microscope, with a high brightness FEG source and high vacuum at 10 V.

Fourier transform infrared spectroscopy (FTIR)
Samples were analyzed with Total Attenuated Reflectance (ATR) accessory in the region from
4000 cm-1 to 650 cm-1, with 16 scans and 4 cm-1 resolution, on a Spectrum 400 spectrometer (Perkin
Elmer).

Thermogravimetric Analysis (TGA)
Performed in Mettler Toledo equipment, model 1STAR, and System, under nitrogen flow with a
flow rate of 50 mL.min-1. Measurements were recorded in the temperature range of 35 to 600 °C, at
a heating rate of 20 °C.min-1, in alumina crucibles, with sample mass weighing between 3 and 10
mg.

Differential Scanning Calorimetry (DSC)
The DSC curves were obtained in the temperature range from 0 to 200 °C with a heating rate of
30 °C/min in the first heating stage and 10 °C/min for the second and third stages. Mettler Toledo
equipment, model 1STAR, and System were used under a nitrogen atmosphere (50 mL.min-1).

Tensile properties
The elastic modulus, maximum tension at the break, and elongation at break were analyzed in an
Emic Static Test Equipment, Trd 22 cell, a load of 500 N, and traction speed of 50 mm/min., at
room temperature and without humidity control. The test was performed on 5 specimens (CP), for
each composition, and their production was based on ASTM D638: 2014 CP type V.

Antimicrobial activity of CEO and composites
The antimicrobial activity of the essential oil was evaluated by the disk-diffusion technique in agar
according to the methodology described by Silva et al., (2019) [6] using the microorganisms S.
aureus and E. coli.
The antimicrobial activity of the composites was based on the methodology proposed by Dobre et al.
(2012) [7].

Results and Discussion

The images obtained by SEM can be seen in Fig 1.
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Fig 1. Cross-section morphology of PBAT and biocomposites.

For the PBAT, Fig 1 (a), a smooth and uniform surface can be observed, with the addition of 10%
(Fig 6 (b)) and 20% of fibers (Fig 6 (c)) there is the appearance of a fiber agglomerate with the
presence of porosities. This aspect may be indicative of a low chemical affinity between PBAT and
fibers.

Similarities to the pure PBAT spectrum were observed in the infrared spectrum for composites with
10% and 20% cactus fibers. The appearance of broadband referring to the hydroxyl group at around
3340 cm-1, which is found in abundance in vegetable fibers, becomes more visible, presenting itself
as an indication of the presence of fibers in the samples [8]. Some peaks were also more intense,
highlighting the regions at 1710 cm-1, referring to the non-conjugated -C=O- stretching, and 726
cm-1, referring to the rotation of the methylene group -CH2.
For composites with CEO, a faint band appears at around 1509 to 1520 cm-1, which may be
indicative of the presence of CEO in the composites due to the presence of eugenol [9].

Tab. 1 shows the degradation temperatures of the samples.

Tab 1. Degradation temperatures obtained by TGA and DTG and results obtained by DSC

Samples TGA DSC
Tonset (°C) Tmax.deg (°C) Tc (ºC) Tm (ºC) Xc (%)

PBAT 376 416 76.69 120.83 16.29
PBAT/CF10 376 414 77.50 121.47 16.79
PBAT/CF20 374 415 79.00 122.09 17.47
PBAT/CF10/CEO 369 416 72.94 118.28 16.95
PBAT/CF20/CEO 367 414 75.56 118.70 17.20

Based on the values shown in Table 1, it can be seen that the degradation temperatures of the
PBAT/CF10 and PBAT/CF120 composites remained close to the temperature of the PBAT since
the temperature range for degradation of cactus fibers is around 350 °C [8].
For the composites incorporated with clove essential oil, a reduction in the values of Tonset can be
seen, while Tendset and Tdeg.max remained constant. Indicating that the oil favored a reduction in the
degradability of the composites, but did not change the final thermal stability.
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By differential exploratory calorimetry (DSC) it is observed in Tab. 1 that the addition of fibers to
PBAT favored an increase in Tm and Tc, while with the addition of CEO the opposite occurs, a
reduction in these values. However, the Tm is still within the PBAT melting range. Regarding the
degree of crystallinity, there is a slight increase for all composites, when compared to the pure
polymer [10].

In the mechanical tensile test, stress at break, modulus of elasticity, and elongation at break were
measured, whose values with their respective standard deviations are shown in Tab 2.

Tab 2. Tensile mechanical properties of PBAT and composite samples.

Samples Stress at break
(Mpa)

Modulus of elasticity
(MPa)

Elongation at break
(%)

PBAT 12.43a ± 0.51 34.40a ± 0.56 774.47a ± 71.81
PBAT/CF10 9.41c ± 0.47 60.68b ± 3.45 243.55b ±127.68
PBAT/CF20 8.55d ± 0.56 53.64c ± 4.36 421.03c ± 76.19
PBAT/CF10/CEO 9.30b,c ± 0.12 98.35d ± 5.92 104.21d ± 25.07
PBAT/CF20/CEO 8.74b,d ± 0.14 89.24e ± 4.34 72.80d ± 15.06

It can be seen, from Tab 2, that the values for all properties studied varied significantly (p<0.05)
with the increase in fiber concentration and with the incorporation of oil. It is estimated that the
fiber reinforcement promoted a decrease in the tensile strength of the samples, gradually reducing
the stress at rupture with the increase in fiber content, by up to 25%. Elongation at break also
decreased significantly.
Regarding the CEO incorporation, there was an increase of up to 200% in PBAT, indicating that the
presence of oil and fiber promoted an increase in the rigidity of the PBAT matrix.
Vegetable fibers, for example, are generally rigid materials, and therefore, their incorporation into
the polymeric matrix should result in samples with a higher modulus of elasticity [11].
The addition of essential oils such as CEO has the characteristic of reducing the tensile strength and
modulus of elasticity of the polymer [4].

The halo obtained by the disk-diffusion test can be seen in Fig. 2.

(a) (b)
Fig. 2 - Inhibition halos: (a) E. coli and (b) S. aureus

From the halo test (Fig. 2), it was possible to confirm the antimicrobial potential of the CEO. For E.
coli bacteria, a halo of 6.50 ± 0.25 was obtained and for S. Aureus the halo was 6.25 ± 0.25. Clove
oil showed inhibitory potential, but with resistance according to the National Committee for
Clinical Laboratory Standards [12].
For the microbial analysis of the samples by measuring the absorbances, it was found that the
medium containing only E. Coli showed a higher microbial growth when compared to the other
samples. After 48 hours of incubation, the PBAT/CF10/CEO sample showed the lowest microbial
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growth. The samples containing the fibers showed high microbial growth, higher than that observed
for the PBAT. Indicating that the fibers can be a source of food for the analyzed bacteria. Thus, the
antimicrobial potential was proven for the added samples.

Conclusions
It can be concluded that the addition of fibers did not change the thermal properties of PBAT, while
the addition of CEO reduced the initial degradation temperature of PBAT, and increased Tm and Tc.
There was a reduction in tensile strength and elongation, however, there was an increase in the
stiffness of the samples with the addition of fibers. These characteristics were more accentuated by
the presence of oil. In general, it is concluded that the development of a biocomposite using PBAT,
cactus fiber, and clove essential oil is possible, but a better optimization of the number of fibers is
necessary to improve the characteristics of the PBAT.

Acknowledgments
Capes - Coordenação de Aperfeiçoamento de Pessoal de Nível Superior. Facepe - Fundação de
Amparo a Ciência e Tecnologia de PE

References

1. C. C. M. Fornari Junior, Fibras Vegetais Para Compósitos Poliméricos, Editus, Ilhéus, 2017.
2. Y. Mohamed-Yasseen; S. A. Barringer; W. E. Splittstoesser. Journal of Arid Environment, 1996,

32, 347–353. https://doi.org/10.1016/j.carbpol.2020.116178.
3. C. Sáenz; E. Sepúlveda; B. Matsuhiro. Journal of Arid Environments, 2004, 57. 275–290.

https://doi.org/10.1016/S0140-1963(03)00106-X.
4. M. F. Andrade; I. D. L. Silva; G. A. Silva; P. V. D. Cavalcante, P. V. D.; T. F. Silva; Y. M. B.

Almeida; G. M. Vinhas; L. H. Carvalho. LWT - Food Science and Technology, 2020, 125,
109148. https://doi.org/10.1016/j.lwt.2020.109148.

5. R.S. Affonso; M. N. Rennó; G. B. C. A. Slana; T.C.C. Franca. Revista Virtual de Química,
2012, 4, 146-161. https://doi: 10.5935/1984-6835.20120012.

6. A. J. Silva; L. P. Oliveira; J. C. P. Rezende; I. S. Saraiva. Sinapse Múltipla, 2019, 8, 33-40.
http://periodicos.pucminas.br/index.php/sinapsemultipla.

7. L. Dobre; A. Stoica-Guzun; M. Stroescu; I. Jipa; T. Dobre; M. Ferdeş; Ş. Ciumpiliac. Chemical
Papers, 2012, 66, 2, 144-151. https://doi.org/10.2478/s11696-011-0086-2

8. A.N. Balaji; K. J. Nagarajan. Carbohydrate Polymers, 2017, 174, 200-208.
https://doi.org/10.1016/j.carbpol.2017.06.065.

9. J. C. C. Lima; J. C. N. Pereira; M. F. Andrade; G. S. Góis; I. T. A. Simões; M. A. A. D. Silva; Y.
M. B. Almeida; G.M. VINHAS. Research, Society and Development, 2021, 10, 4, 1-14. DOI:
http://dx.doi.org/10.33448/rsd-v10i4.14340.

10. K. Fukushima; W. Meng-Hsiu; S. Bocchini; A. Rasyida; M. Yang. Materials Science and
Engineering: C, 2012, 32, 6, 1331-1351. https://doi.org/10.1016/j.msec.2012.04.005

11. F. V. Ferreira; I. F. Pinheiro; M. Mariano; L. S. Cividane; J. C. M. Costa; N. R. Nascimento; S.
P. R. Kimura; NETO, J. C. M.; L. M. F. Lona. Polymer Composites, 2019, 40, 3351-3360.
https://doi.org/10.1002/pc.25196.

12. CLSI. 2018. M02 Performance Standards for Antimicrobial Disk Susceptibility Tests. Clinical
and Laboratory Standards Institute, 13th Edition.

808



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

INFLUENCE OF COMPATIBILIZER AGENT ON THE PROPERTIES OF 
GREEN POLYETHYLENE COMPOSITES REINFORCED WITH BAMBOO 

FIBER

Mariane W. Bosenbecker1, Eduarda V. Silva1, Juliano Marini2, Amanda D. de Oliveira1* 

1 – Postgraduate Program in Materials Science and Engineering – PPGCEM/UFPEL - Rua Gomes Carneiro, Pelotas, 
RS, Brazil

2 – Department of Materials Engineering (DEMa), Federal University of São Carlos (UFSCar), São Carlos, SP, Brazil

Corresponding author: amandaoliveira82@gmail.com

Abstract 

For polymer composites, a weak interfacial bond can cause problems during processing and affect the thermal 
properties of the resulting composites. A compatibilizing agent was used to address this limitation. To improve the 
interfacial bonding between bamboo fiber (BF) and low-density green polyethylene (LDBPE) matrix, polyethylene 
grafted with maleic anhydride (PE-g-MA) was employed. The composites were produced by the melt mixing method. 
Mass concentrations of 5 and 10% bamboo fiber and 3% maleic anhydride (AN) were applied. The composites were 
used in the form of pellets for the characterization of the material obtained. Through the results of the differential 
scanning calorimetry analysis it was possible to observe that the compatibilizing agent has a great influence on the 
thermal properties of the LDBPE composites.

Keywords: bamboo fiber, compatibilizing agent, composites, polyethylene grafted with maleic anhydride.

Introduction 

Agroindustrial residues (coconut, rice husk, and sugarcane bagasse, among others), along 
with natural fibers, such as flax, jute, hemp, and sisal, are widely used as reinforcement in 
thermoplastic composites. In addition, other lignocellulosic fibers, such as bamboo, are being 
explored for this purpose. These fibers belong to an extensive botanical family, with several 
applications and uses [1,2].

Bamboo is known for its rapid renewal and growth can be used at an age of 3 to 4 years, 
compared to wood, bamboo can renew itself faster. It mainly consists of cellulose, lignin, and
hemicellulose. Other constituents are protein, fat, pectin, tannins, pigments and ash [3]. The 
structural properties of bamboo based on the strength/specific mass and stiffness/specific mass 
ratios surpass those of wood and concrete and are even comparable to those of steel [4]. Bamboo 
has several applications in different sectors, including the manufacture of laminates, flooring, 
beams, plywood panels and other industrial products. However, bamboo processing results in a 
large amount of waste that could be recycled and reused, bringing additional economic and social 
benefits [5].

To improve the matrix-reinforcement interaction, compatibilizing agents that provide greater 
adhesion between the phases can be used. Polymers such as polyethylene have been modified with 

809



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

maleic anhydride [6]. The use of maleic anhydride is a common method employed to address the 
lack of compatibility between the polymer matrix and plant fiber reinforced composites and 
chemically alter the resin by adding polar groups to the chain through grafting reaction with acrylic 
acid or AN. The effect on the incorporation of the reinforcement to the maleated polyethylene 
matrix can be understood by the esterification reaction, where hydrogen bridges of the cellulose 
interact with the AN to reduce the susceptibility of the material to moisture [7, 8].

In this context, this work aims to develop composites of low-density green polyethylene and 
bamboo fiber as reinforcement, initially evaluating different proportions of fiber addition in the 
composite and then using compatibilizer to evaluate the best interaction between fiber and polymer 
matrix.

Experimental

Materials

The collection of the raw material to obtain the bamboo fiber happened in a bamboo grove 
located in the countryside of Morro Redondo/RS. The polymer used was the low-density green 
polyethylene, known commercially as SLD4004 resin, which has a minimum content of 96% 
renewable source, determined according to ASTM D6866. Polyethylene grafted with maleic 
anhydride was used as a compatibilizing agent.

Preparation of the composites

To obtain the composite, the melt mixing method was used. For this, a single screw extruder 
was used, with a temperature profile of 140°, 145° and 150°C, corresponding to zones 1, 2 and 3, 
respectively. The composite materials were prepared with 5 and 10% by mass of bamboo fiber and
3% by mass of PE-g-MA.

Differential Scanning Calorimetry (DSC)

The differential scanning calorimetry (DSC) analysis was performed to investigate the 
melting temperature (Tm), crystallization temperature (Tc), and degree of crystallinity of the 
materials studied. An equipment from TA Instruments, model Q-1000, was used, with nitrogen as 
carrier gas, at a constant flow of 50 ml/min. The samples were initially heated from room 
temperature to 200 °C at a heating rate of 10 ºC/min, remaining at this temperature for 3 minutes. 
Afterwards were cooled down to 30 ºC at a rate of 10 ºC/min for the determination of the 
crystallization temperature (Tc) and again heated up to 200 °C at a rate of 10 ºC/min. The samples 
obtained after the extrusion process were analyzed. Crystallization and melting thermograms were 
recorded from the first cooling and second heating cycles. The crystallinity degree (Xc) of the 
studied materials was determined using Equation 1 [9]:

Eq. (1)

Where ΔHm is the experimentally obtained melting enthalpy, ΔH0 the melting enthalpy of the 
hypothetical 100% crystalline LDPE (277.1 J/g) and Ø is the mass fraction of the reinforcement [9].
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Results and Discussion  
 
Differential Scanning Calorimetry (DSC) 

 
Fig 1 shows the DSC thermograms of the cooling and second heating, respectively, of LDPE 

and composites. The corresponding values of melting temperature (Tm), melting enthalpy (ΔHm), 
crystallization temperature (Tc), crystallization enthalpy (ΔHc) are shown in Table 1. 

 
Table 1 - Thermal parameters obtained from the DSC analysis. 

Samples Tm (°C) Tc (°C) ΔHm (J/g) ΔHc (J/g) Xc (%) 
LDBPE 111.9 97.7 69.4 63.4 23.7 
LDBPE/5%BF 112.1 97.3 63.6 61.0 22.8 
LDBF/10%BF 112.2 97.3 61.4 57.8 23.3 
LDBPE/5%BF/3%AN 112.5 96.8 63.4 59.3 22.7 
LDBPE/10%BF/3%AN 111.3 97.6 64.3 66.5 24.4 

 
The DSC thermograms showed only one endothermic and one exothermic transition and 

were also very similar to each other, which is a predominant characteristic of semicrystalline 
materials. An endothermic peak can be observed for the pure polymer at 111.9°C, which 
characterizes the melting temperature of LDBPE [10]. Overall, all samples showed Tc around 96-
97°C and Tm of approximately 111-112°C regardless of the concentration of reinforcement used or 
whether it was modified by the addition of compatibilizer, indicating that the size distribution of the 
LDBPE crystallites was not considerably affected [11].  

Referring to ΔHm, a significant decrease in the enthalpy of the composites was observed 
when compared to the polymeric matrix pure. Besides, the ΔHc also showed an decrease for the 
LDBPE/5%BF, LDBPE/10%BF and LDBPE/5%BF/3%AN composites compared to the polymeric 
matrix. When added different concentrations of fiber and 3%AN, it was found different behaviors in 
enthalpy values in relation to the matrix: while the use of 5%BF (LDBPE/5%BF/3%AN) was 
responsible for decreasing the enthalpy of crystallization, 10%BF (LDBPE/10%BF/3%AN) caused 
an increase in this value. In addition, the composites had a progressive decrease of Xc when 
compared with the LDBPE, with exception of the sample LDBPE/10%BF/3%AN. 

 

  
Figure 1 - DSC thermograms of LDBPE and composites: (a) cooling and (b) second heating. 
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Conclusions 
 

Green polyethylene composites reinforced with bamboo fibers are a promising and 
sustainable material for various applications. Green polyethylene, produced from renewable 
sources, has a smaller carbon footprint than traditional polyethylene, making it an environmentally 
friendly choice. Apparently, the bamboo fiber does not alter the melting and crystallization 
temperatures of the composites in relation to the matrix, but reduces the degree of crystallinity. For 
the compatible samples, it can be concluded that the LDBPE/10%BF/3%AN composition presented 
a higher value in the degree of crystallinity, in relation to the pure polymer and in relation to the 
other composites. 
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Abstract –
Epoxy matrix composites are widely used in applications in industry, including oil and gas, 
automotive, aeronautic and aerospace. Service conditions are various and environmental factors 
such as temperature, humidity, UV radiation or aggressive fluids may lead to the formation of 
microcracks and degradation of the polymeric matrix, which affect the properties of the composite. 
This work shows aging studies of epoxy-matrix composites, including observed chemical 
alterations and variations in mechanical properties of the composite material. The influence of 
different environmental agents on alterations of the epoxy matrix are discussed, along with changes 
in mechanical properties of the composite material. Investigations related to healing of composite 
materials with the addition of self-healing agents, which may potentially heal microcracks and 
extend service life of composite materials, are presented. Results show that the epoxy matrix is 
altered by environmental aging, with changes in mechanical properties of the composite. Planning 
of future studies related to aging of epoxy matrix composites are presented. 
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Abstract – The need to manufacture lighter vehicles, primarily targeting the new fleet of hybrid 
vehicles to be launched by 2030, has further motivated the automotive sector to invest in the 
development of composite materials [1]. The great world demand for composites in several sectors 
of the industry has resulted in the concern with sustainable routes for the return of the product to the 
production cycle, becoming an essential factor to make the use of this material feasible [2]. The main 
objective of this work is to study different techniques for recycling thermoset composite materials 
(carbon fiber/epoxy) from the production process of parts in the automotive sector. The composites 
were recycled using three routes: mechanical recycling (grinding), thermal recycling, and chemical 
recycling. Mechanical recycling resulted in a ground residue with the presence of particle 
agglomerates, with a mass loss of 3.4%, and the average size of the particles distributed between 3.5 
and 4.5 mm. Thermal recycling was performed by pyrolysis in a tubular oven and it was carried out 
in times of 20, 45, and 60 min and resulted in clean carbon fibers in 60 min. Chemical recycling was 
performed with hydrogen peroxide (H2O2) and tartaric acid (TA) reagents in a 2:1 ratio (H2O2/TA) 
and resulted in fibers released after 180 min. The three routes studied are promising for the recovery 
of carbon fibers, which can be reused for the development of new composite materials. 
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Abstract – The new paradigm in industry is preserving the environment and at the same time to be competitive and
answer to emerging challenges for new materials. Natural fibers contributes to the development of natural products as
those referred on this work. Thermoplastics composites, WPC, reinforced with several natural fibers and agro wastes were 
developed for structural applications, and with their properties depending mainly of the resin, additives, fillers and
processing conditions. Troducts were fabricated at commercial scale in the company Eko-Tech, Botucatu, SP, using a
conical extruder line. All the fibers were micronized and blended with PVC, additives and CaCO3. WPC versus decking
of natural wood proved to completely viable and even cheaper for the consumer, as it does not demand constant
maintenance. Its durability and appearance over time collaborate to be a competitive product in the market. Its plea for
non-deforestation (illegal wood), it also makes WPC a material with an environmental advantage. The waste utilization
in its production also makes it a standard product of the circular economy model and biomass cascade use.
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Introduction
As the name suggests, wood plastic composite (WPC) is a material created from a unique mixture
of reforested wood (eucalyptus), various natural fibers (coir, pineapple, banana, sisal, bamboo, rice
husk, etc.), additives and plastic resins (PVC, HDPE, PP or ABS). Worldwide, sawdust, cellulose,
bamboo, peanut shells, various natural fibers and unused woodworking materials such as bark,
shavings, are combined with plastic powder to form WPC, and this can even be recycled to create a
new WPC, making WPC the best recyclable commodity.
WPC is an exciting material due to the fact that is created from a substance that starts out as a paste,
it can be molded into virtually any shape and size, including arched or bent shapes. This innate
flexibility also extends to color - WPC can be dyed or colored to suit virtually any design scheme.
From a functional point of view, the natural fiber and plastic composite is moisture and rot resistant,
which means it will aesthetically and fully last longer than regular wood. WPC is more heat resistant 
than regular wood, creating a product that can be used in places where regular wood can bend or 
warp. Also, can be used for a variety of construction projects in the same way as natural wood.
Drilling, planning, sanding; everything is done as easily with WPC as with wood. Construction 
professionals may even find that wood fasteners such as nails and screws hold WPC better than 
regular wood. WPC is less likely to split or break when screws are used near the end of the planks, 
which can be a common problem when using real wood. WPC. It is a mixture of natural fibers,
calcium carbonate and thermoplastic resins (PVC). Among its properties WPC profiles are
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produced to resist weathering and exposure to UV rays, and also have the characteristic of being self-
extinguishing in case of fire. It is a strong, high-quality flooring option, and can also be used for 
decks, railings, fences, pergolas, truck floors, pallets (PBR), landscaping, baseboards, skirting boards, 
frames, jambs, windows, doors, external or internal cladding, facades, to make door and window 
frames, furniture, etc. 

 
Experimental 
The products are prepared by the process of continuous extrusion, mixing the grounded fiber elements 
(rice husk or wood, inorganic fillers (calcium carbonate), plastic additives (flowing, stabilizers, etc., 
and heated thermoplastic resins, which are molded into the desired shape. Even recyclable 
thermoplastics can be used to prepare solid WPC. The option for PVC was due to several factors, 
including flammability, low carbon footprint, environment stability and cost. 

 
The profiles were produced in a conical twin screw extruder, JWELL brand (126/60 mm), using a 
compounder. The tests follows the ASTM D7031-11 (ASTM, 2011) standard for WPC-based 
products. The resin used was from the company Braskem, SP 765 RA resin, with density 0.54 ±0.02 
and particle size granulometry ≥250μm≤2% and ≥63μm≤95%. The natural fibers tested were 
micronized rice husk and sandpaper powder from Eucatex Company (Botucatu, SP). In all blends 
calcium carbonate is used. The blends tested are listed in Table 1. The additives are from the company 
Baerlocher. 

 
Table 1. Blends compositions tested. 
ITENS Treatment 1 Treatment 2 
 PCR Mass % PCR Mass % 
PVC 100 50 100 50 
Calcium carbonate 36.70 14.25 36.70 14.25 
Rice husk 63.80 30  - - 
Wood powder (from MDF waste) - - 63.80 30 
Baerlocher 1856 2.12 1 2.12 1 
Baerlocher R531 4.24 2 4.24 2 
Lubvin 0.64 0.3 0.64 0.3 
Lubstab 4.24 2.0 4.24 2.0 
Soyflex 0.32 0.15 0.32 0.15 
Pigment (red and black) 0.64 0.3 0.64 0.3 

 
The ductile properties of the composites were measured by a universal testing machine, brand Emic, 
model DL 3000. The blends produced were evaluated for their fluidity, in a flow index meter 
(MFI), brand Electra, according to the ASTM F1238 standard. Samples for flexural strength followed 
the ASTM D638-14 protocol, with a test speed of 50mm/min at room temperature and 50% relative 
humidity. Flexural properties were measured according to the ASTM D790-15B procedure, with 
a speed of 14mm/min, length of 52mm. The impact strength of the sample was measured in 
accordance with ASTM D256-10. Surface hardness was measured using a Zwick hardness tester, 
following the Shore D scale (ASTM D2240). All samples were packaged and labeled 48 hours before 
testing. For impact resistance, the tests were carried out in a Tinius Olsen impact analyzer, model 
892, with a 6,779 J (5 ft.lb) pendulum at room temperature, following the standards for the Izod test 
(ASTM D-256- 97). 

 
Results and Discussion 

 
The testes for determination of physical-mechanical properties were carried out following ASTM 
(American Standard for Testing Materials) standards: 

 
1. Impact Resistance - Izod impact resistance determination test carried out based on ASTM D256- 
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10 standard - Method A. Hammer used in the test with a capacity of 1J. Specimens obtained by 
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machining and conditioned 24 h after notching at 23±2ºC and 50±5% relative humidity. Test carried 
out on specimens without notch. The result obtained was reported when there was complete breakage 
with a mean of triplicates of 33.5 J/m, with a standard deviation of 4.21 J/m. 
2. Determination of Bending Properties - Test carried out based on ASTM D 790-10 standard – 
Method A. Test specimens obtained by machining. Test speed 2.0 mm/min. Specimens conditioned 
at 23±2°C and 50±5 % relative humidity. Universal Testing Machine EMIC DL3000 with Class 1 
load cell. 
- Maximum Stress in Flexural, MPa 49.9 
- Modulus of Elasticity, MPa 2128 
3. Determination of Water Absorption - Test performed based on ASTM D570-98 standard. The 
specimens were immersed in distilled water for a period of 24 hours at room temperature. Test 
specimens in the form of plates obtained through a hot press (MH Equipments). Determination of 
Water Absorption, 1.2% 
4. Density Determination - Test carried out following the ASTM D2395:2002 standard: 1.5 g/cm3. 
5. Determination of water absorption and air humidity behavior – Test carried out according to 
ASTM D1037:2006ª. Result showing no effect or no or very low damage (just wets the surface). 
6. Weather and UV resistance UV chamber test: the product surfaces treated with Sayerlack Polisten 
deck varnish, formula designated for WPC, showed extremely high resistance. 
7. Skid resistance: DIN 51097 standard - classification C (highest) 
8. Durability (resistance to fungi that affect wood: The product was exposed at humid conditions 
(shower box) and showed no fungi attack or warping. 
9. Material weight: The hollow decks weighed 2.533 kg/m (145 mm x 25 mm), which corresponds 
to 17.73 kg/m2. The wainscoting was 1.17 kg/m linear. The rod was 2.15 kg/m linear. The benzene 
ring was 5.57 kg/m linear. 

In Figure 1, Figure 2 and Figure 3, it is possible to observe the final products using the 
blends of PVC, calcium carbonate and rice husk. 

 

Figure 1 – Dimensions: rod – 40 x 30 mm; beam – 90 x 40 mm; massive deck – 100 x 20 mm. 
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Figure 2 – Profiles for pergolas and fences (dimension: 140 mm external distance from each side).

Conclusions

The products developed showed in the present publication represents a category with many existing
and emerging applications, varying from civil construction (structural and non-structural),
automotive, airplanes, boats, etc. Although most of the WPCs are used for exterior decking and

Figure 3 – Use of WPC wainscoting with a typical composition.
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other exterior board applications. It is a fast growing market in Europe, steady growth in USA and 
Canada, and an exponential growth in China and Southeast Asia. In our case, we consider not only 
the use of wood residues as reinforcement agent, but a whole set of natural fibers, such as coir, sisal, 
bamboo, rice husk, etc. The circular economy will pose an important role for the WPC market, since 
will reduce the pressure over the hardwood products, reduce the cost and weight and one of  the most 
important one, to improve material properties such as strength and durability. Under the current 
pressure to reduce the fossil carbon footprint of the materials, natural fibers can offset the amount of 
non-renewable materials used in a product. 

 
New developments will focus on improving material qualities, durability, low maintenance, cost 
and weight reduction, improve the perceptions amongst consumers. The incorporation of 
nanocellulose and biochar are the two goals for the present list of products available. 
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Abstract - This work developed technical fabrics for reinforcement in polyester matrix composites. The composites 
were tested under tensile stress and it was observed that the test direction influenced the mechanical performance of the 
composites. The use of hybrid fabrics kevlar/glass demonstrated to be a good alternative for the composites, particularly 
for the THA fabric. 
Keywords: Kevlar; composites; hybrid fabric

Introduction 
Composite material can be defined as the assembly of two or more materials, the resulting 

combination having properties superior to the properties of each of the constituent materials [1].
Fiber, yarn and fabric are some of the forms of reinforcement that are commonly applied to fiber 
reinforced composites and these forms have been widely applied, although when high performance 
technical textiles are used these materials exhibit high properties [2- ]. Composite materials are a 
type of technical textile that is made by combining two or more materials to create a stronger, more 
durable product. The materials used in composite manufacturing can vary, but they typically 
include a combination of fibers, resins, and additives. This material can be customized to meet 
specific strength, weight, and performance requirements [6,7]. They are commonly used in 
aerospace, automotive, and marine applications, as well as in structural and architectural building 
designs [8-10].

A hybrid composite is a type of technical textile that is made from a combination of 
different materials, such as fibers, polymers, and metals. By combining multiple materials, hybrid 
composites can offer a unique combination of properties, such as high strength, durability, and 
thermal resistance. They are applied in a wide range of industries, including aerospace, defense, 
automotive, and marine applications and commonly used in structural engineering and building 
design, where they can provide increased strength and stability to structures [11;14].

Kevlar is a type of technical textile that is known for its exceptional strength and durability. 
It is made from a synthetic polymer called poly-paraphenylene terephthalamide (PPTA). The fibers 
are five times stronger than steel, making them ideal for use in a wide range of applications, 
including body armor, bulletproof vests, helmets, and various types of industrial equipment. These 
materials are lightweight and flexible, yet incredibly strong. Its unique properties are due to the way 
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the fibers are spun and woven together, creating a material that is resistant to cuts, abrasion, and 
impact. Kevlar is also resistant to heat, making it suitable for use in high-temperature environments. 
Kevlar reinforced composites are composite materials that use Kevlar fibers as reinforcement. 
Kevlar is a high-strength synthetic fiber that is commonly used in body armor, vehicle armor, and 
other applications where strength and durability are essential. When used as reinforcement in 
composites, Kevlar fibers provide added strength and stiffness to the material, making it more 
resistant to damage and deformation [1;3;5;9;10]. 
 Hybrid fabric-based Kevlar is a type of Kevlar reinforced composite that uses a combination 
of Kevlar and other types of fibers to create a material with specific properties. By combining 
different types of fibers in this way, it is possible to create composites with a wide range of 
properties, making them suitable for many different applications [5]. 
 Hybrid structures are made up of different materials that are combined in such a way as to 
take advantage of the individual properties of each of the components. In this way, it is possible to 
obtain materials with unique characteristics that are not present in pure materials. Another 
advantage of using hybrid structures is the possibility of reducing the costs of the production 
process, since less of the expensive noble metals are used to produce a particular material for a 
specific purpose. Therefore, the careful combination of these different components can lead to the 
development of new materials with better characteristics than their predecessors. This makes the use 
of these materials suitable in many advanced industrial applications where superior performance is 
required without dramatically increasing the cost of the final product [10-14]. 
 Hybrid composites can show specific properties, depending on their composition and the 
structure of the reinforcement. Hybrid fabric reinforced composites exhibit high strength due to the 
combination of different reinforcing fibers. Because there are several types of fabrics available with 
varying fiber types or weaves that can be combined into hybrid laminates tailored towards specific 
requirements or environments [12-15].  
 
Experimental  

In this study, three composites were produced: Kevlar fabric reinforced isophthalic polyester 
resin (TA); hybrid kevlar fabrics reinforced isophthalic polyester resin (THV) and hybrid kevlar 
fabrics reinforced isophthalic polyester resin (THA). The composition of the fabrics was described 
in Table 1.  

Table 1 – Technical sheet of fabrics. 
Sample Composition Grammature 

(g/m2) 
TA 100% aramid 109 

THV 65% aramid/ 35% glass 
fiber 

80 

THA 85% aramid/ 15% glass 
fiber 

96 

 
The composite was produced using compression molding. Laminate made of layers of biaxial 

fabrics produced using aramid fiber and development in laboratorial scale using handloom machine. 
The structure of the fabrics is plain weave. 6 Layers of fabrics are cutup with the mold dimensions 
(200x150 mm) and disposed in the mold. The isophthalic polyester resin RESAPOL LP 8847 is 
catalyzed  using SUPERBUTANOX M50 0.05% v/v, octoate at 6% metal at a concentration of 
0.02% v/v and DMA at a concentration of 0.01% v/v. The mold closed and the system pressed less 
than 5 ton for 12h at room temperature. The fiber content of the composites as around 24% (6 
layers) 

Tensile testing was carried using SHIMADZU AG-X 300 KN, at room temperature and 1 
mm/min test speed and pre-tensile 1 Kgf, along the warp and weft direction out according to ASTM 
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D 3039 standards The fracture surfaces are evaluated using SEM SHIMADZU model VEGA3 
LMU operating at 15 kV. 

 
Results and Discussion  
 Based on the results of table 1, it is observed that despite the low reinforcement content of 
the composites, the use of the developed technical fabrics acted as a reinforcement element in the 
composites.  
 Comparing the results of the TA composites with the hybrid composites, THV and THA, it 
is observed that when tested in the warp direction the modulus is similar. This behavior is 
associated with the presence of aramid in the warp.  However, for the THA composite tested in the 
warp direction when compared to the THV, the modulus was higher. This fact can be explained by 
the presence of aramid and glass in the weft of the THA fabric. 
 

Table 2 – Tensile properties of the composites 
COMPOSITE s (MPa) E(Mpa) e (%) 
Bare Resin 25±5 670±75 3,5±0,8 
TA 221±10 4931±191 7±0,4 
THV (weft direction) 207±14 4780±208 6,5±0,4 
THV (warp direction) 69,4±4 2479±207 4,1±0,3 
THA (weft direction) 214±20 4456±319 7,2±0,5 
THA (warp direction) 112,7±12 3042±242 5,4±0,6 

 
Figure 1 – SEM images of the fracture surface of isophthalic polyester resin A)500x B)800x 

 
Figure 2 – SEM images of the fracture surface of TA composite (A) 500x; (B) 1250x 
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Figure 3 – SEM images of the fracture surface of THV composite tested in warp direction (A) 
500x; (B) 700x 

 
Figure 4 – SEM images of the fracture surface of THV composite tested in weft direction (A) 500x; 

(B) 700x 

 
Figure 5 – SEM images of the fracture surface of THA composite tested in warp direction (A) 

500x; (B) 700x 

 
Figure 6 – SEM images of the fracture surface of THA composite tested in weft direction (A) 500x; 

(B) 700x 
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Conclusions  
 The technical fabrics produced were efficient as a reinforcement element.  
 The hybridization of the reinforcement structure becomes an alternative for composites in 
view of the stress request. Considering the use of glass fibers in the weft of the fabrics and 
combining with the aramid fiber, there is the possibility to produce soft composites with excellent 
mechanical performance.  
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Abstract - Thermoplastic starch is a natural biodegradable polymer with a capability to substitute petroleum based
polymers in some applications. However, its high hydrophilicity results in limitations. The production of a blend with
corn starch (CS) and polyvinyl alcohol (PVA), a synthetic polymer, could decrease the limitations of CS. Three methods
were used to produce blend films (B) of CS/PVA with a 75/25 weight proportion. The first method started by mixing
both polymers before the plasticizing of the CS. In the second method the PVA was added after the plasticizing. In the
third method, the solubilization of the PVA and the plasticizing of CS were performed separately. Moisture absorption
(MA) and contact angle (CA) characterizations had great results. MA was lowered in all of the blends compared to the
CS film. The CA of the third blend film compared to the CS film was increased by 17%. All of the results showed that
there are benefits to adding PVA to CS, especially with the third method.

Keywords: biodegradable, starch, polyvinyl alcohol, blend, film.

Introduction
The global impact of plastic waste has increased the search for alternatives in the industry.

According to European Bioplastics, the biodegradable plastic market is expected to grow 12.6% in
2023 [1]. Many substitutions for biobased and biodegradable materials have been successful, but
not all applications have suitable options of materials to reduce the pollution. The most common
biodegradable polymers still have restrictions or disadvantages relating to properties, cost and large
scale production.

Thermoplastic starch is a biodegradable and biobased source for polymeric material that has
been largely studied to use as flexible packaging. Starch contains amylose and amylopectin that can
be plasticized into a transparent film. It represents 29% of the studies on biodegradable films on
Science Direct website (data found researching: “polymeric biodegradable films” and “polymeric
biodegradable films starch”) [2]. The advantages of using starch are the low cost, multiple sources
and easy processing into films. However, its high hydrophilicity results in poor mechanical
properties of films produced with this material. It is necessary to use additives, nanofillers or to
produce blends using synthetic polymers to improve those properties [3].

Polyvinyl alcohol (PVA) is a synthetic polymer which is also biodegradable and biobased. It
is water soluble, which facilitates the production of miscible blends with starch by casting. The
production of a blend with starch and PVA, could lower the water interaction properties of both
polymers.

This study aims to produce and characterize starch/PVA blend films. The films will be
produced by casting using 3 different methods. The goal is to improve properties and select an
optimum method to produce such films to be used as flexible packaging.

Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

827



Experimental
Materials

Corn starch (CS) was received from donation. Polyvinyl alcohol (PVA) was obtained from
Dinâmica Química Contemporânea Ltda. The plasticizer, glycerol, was obtained from Vetec
Química Fina Ltda.

Production of Films
The films were produced by casting method altering some of the process variables, resulting

in 3 blends: B1, B2 and B3. All of the blends were made with CS (75%), PVA (25%), glycerol
(33% w/w of CS) and distilled water.

The first method (B1) started by mixing corn CS and PVA with glycerol in distilled water.
The solution was heated under stirring for 1 hour for the complete plasticizing of the starch. The
second method (B2) consisted in the plasticizing of the starch for 30 minutes, with posterior
addition of the PVA. The solution was stirred for another 30 minutes, maintaining the heat, until the
total solubilization of the PVA. In the third method (B3), the plasticizing of the starch and the
solubilization of the PVA were performed separately, during 30 minutes. Next, the PVA solution
was added to the starch solution, then mixed with heat for 10 minutes.

In this study, all of the filmogenic solutions contained a volume of about 75-100 ml
distributed in a 330 cm² silicone mold. The amount of polymeric materials (either CS, PVA or both)
per film was 4 g. All of the methods used were followed by the evaporation of the solvent in an air
circulating oven for 24 hours. After that, the films were peeled from de molds and placed in a silica
desiccator until characterization tests. Similar methods were performed to the production of 100%
CS and 100% PVA films.

Colorimetry
The optical and colorimetric analysis of the films was made by using a portable

spectrophotometer (BYK), following the ASTM D2244-22 norm. The dimensionless parameters
obtained were: luminosity (L*), color (a* and b*) and gloss (g). L* varies from white (100) to black
(0). The color parameters vary from red (+a*) to green (-a*), and from yellow (+b*) to blue (-b*).
And the gloss indicated whether there is more or less reflection of light on the surface of the film.
Three measurements were made on each film composition against a white background.

Moisture Absorption
The moisture absorption of the films was measured through the ASTM D5229 method. The

film samples were left in closed recipients with sodium chloride saturated saline solution, kept in an
oven at 30°C with a relative humidity of 75%, according to the ASTM E104 - 02 norm. Each
composition of film was tested with 5 samples.

Thickness
The thickness measurement of the films was done using a micrometer (Mainard, M-73010).

Five measurements on 5 samples of each film composition were made.

Contact Angle and Surface Energy
The contact angle of the films was measured by Surftens 3.0 software using photos taken by

a digital microscope with a magnification of 1,600 times. The photos were taken 1 second and 1
minute of residency on the films. The angles were measured of 10 drops of water and 10 drops of
diiodomethane for every film composition. The surface energy was calculated by the Surftens 3.0
software.
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Results and Discussion
The results of the characterization of the films will be used to compare the 3 methods for

producing the blends, and to evaluate the effect of the PVA addition to CS. Fig 1 shows a
comparison of the visual aspects of the 5 film compositions on different backgrounds. None of the
samples seem to have any colors. PVA film is the most transparent film. B2 and B3 films are more
translucent than the other films, especially B2. Fig 1 also shows that the blends have good
miscibility, due to the fact that they have an homogeneous surface. The low standard deviation
values of colorimetry and contact angle also confirm that.

Figure 1 – Samples of the films on black background (left) and on written background (right).

The colorimetry parameters, at Table 1, confirm results previously discussed. The
luminosity of the films decreased less than 1% in all of the blends compared to both CS and PVA
films. An average of 89% means that the films are very close to the white background used in this
test. The color parameters (a* and b*) revealed that the films have an inclination to shades of red
and blue. The gloss has decreased on all of the blends, which can be observed as the translucency in
Fig 1. The decreases were 2% for B1, 34% for B2 and 12% for B3, compared to the CS film. PVA
film had double the gloss of CS film. The lowered gloss on the blend films indicates that a complex
of PVA and starch was formed by hydrogen bonding, which reduces the transmittance of light,
resulting in more translucent films compared to the transparent PVA film [4].

Table 1 – Colorimetry parameters of the films.

Film L* a* b* g

CS 89.65 ± 0.04 0.26 ± 0.02 -1.30 ± 0.05 60.87 ± 14.29

PVA 89.40 ± 0.25 0.45 ± 0.03 -1.52 ± 0.11 120.19 ± 7.42

B1 88.89 ± 0.22 0.29 ± 0.02 -1.21 ± 0.10 58.55 ± 4.17

B2 89.00 ± 0.09 0.21 ± 0.00 -1.09 ± 0.09 27.16 ± 1.14

B3 89.26 ± 0.03 0.31 ± 0.01 -1.31 ± 0.06 48.48 ± 4.63

Moisture absorption comparison is shown in Fig 2. All of the blends showed lower
absorption, compared to the CS films (50.50%), especially the third blend, which had a 10%
reduction. However, PVA film had the lowest absorption of moisture (25.87%), being the most
hydrophobic composition. The explanation for the decrease of moisture absorption of the blends is
that methyl groups substitute the hydroxyl groups of the amylose and amylopectin structures [5]. It
is important to consider that the moisture and the water absorption of the films impact directly on
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their biodegradation. The water is important because it allows the microorganism to grow. On the
other hand, films with higher moisture content have lower mechanical properties, caused by an
impact on the film’s physical aspect, which can preclude the use as packaging material.

Figure 2 – Percentages of weight gained by moisture absorption of the films with 75% of relative humidity
in 24 hours.

After 24 hours, the moisture absorption increased less than 5% for each film. This means
that the highest absorption rate occurred within the first 24 hours.

The thickness of the blends were: 183 μm (B1), 164 μm (B2) and 129 μm (B3). The CS film
had the lowest thickness (91 μm) and the PVA film had the highest (275 μm). B1 and PVA had the
highest standard deviations. The moisture absorption can be related to the thickness of the films.
Higher weight results in higher absorption. Amongst the blends, B1 had both the highest absorption
and the highest thickness, followed by B2 and B3. The CS and PVA films showed opposite results.
CS had the highest absorption with the lowest thickness, and PVA had the lowest absorption with
the highest thickness. All of the films contained the same amount of polymeric materials (CS, PVA
or both), however the volume of filmogenic solution per cm² can easily be controlled to manipulate
the thickness of these films to decrease their moisture absorption.

The contact angle of the 3 blends compared to the CS film had increased, according to
results in Fig 3. B1 increased 5%, B2 increased 4% and B3 increased 17% 1 second after the drop.
B3 also had less than 2% difference of contact angle from the PVA film. Which means that the
hydrophilicity of the third blend greatly increased with only 25% addition of PVA. The blends also
had increases between 25 and 35% on the contact angle after 1 min of residency.

Figure 3 – Contact angles of the films with distilled water with one second and one minute of residency of
the drops.
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The number of polar groups directly affects the contact angle, because they create hydrogen
bonds with water and increase the wettability of the surface [6]. It is noticeable that there are fewer
hydroxyl groups on the blends than on the CS film.

To estimate the compatibility of the blends, the surface energy and the interfacial tension
were calculated. Table 2 shows the surface energy data obtained by Surftens 3.0. Antonoff’s method
indicates that the interfacial tension is a subtraction of the surface energy of both polymeric films
(CS and PVA) [7]. The results vary from 0.46 mJ/m² (1 s) to 10.82 mJ/m² (1 min), which concludes
that the compatibility of the polymers is very high, resulting in highly miscible blends.

Table 2 – Polar (P), dispersive (D) and total (T) surface energy of the films in mJ/m² calculated with one
second and one minute or residency of water and diiodomethane drops on the films.

Film
1 s 1 min

P D T P D T

CS 9.79 ± 0.87 30.64 ± 1.10 40.43 ± 1.31 25.81 ± 1.56 25.62 ± 1.03 51.44 ± 1.60

PVA 3.65 ± 0.62 37.24 ± 1.71 40.89 ± 2,20 4.39 ± 1.01 36.23 ± 2.05 40.62 ± 1.87

B1 8.01 ± 1.82 31.45 ± 1.51 39.47 ± 2.17 16.01 ± 1.39 29.22 ± 1.42 45.22 ± 1.77

B2 7.21 ± 0.64 34.13 ± 0.50 41.34 ± 0.71 12.30 ± 1.10 31.14 ± 0.73 43.44 ± 0.67

B3 3.70 ± 0.97 34.51 ± 1.24 38.21 ± 1.24 11.13 ± 0.94 30.94 ± 1.26 42.08 ± 1.04

Conclusions
The process of producing starch/PVA blends by casting is very simple and shows

remarkable results. The general aspect of the films were good, except for the gloss loss. Moisture
absorption and water contact angle results showed a lower hydrophilicity of the blend films,
compared to the CS film. Those results indicate an advantage of producing starch/PVA blends,
especially because it only takes an addition of 25% of PVA to make such an improvement on the
hygroscopicity of starch. The characterization results indicate that the blends are apparently
miscible. The plasticizing and solubilization processes, when performed separately (B3), improved
the properties of the blends.
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Abstract – Copolymers have been presented as an alternative to increase the fracture toughness (KIc) of thermoset 
systems. In this work, epoxy matrix systems incorporated with Poly (ethylene glycol)-block-poly (propylene glycol)-
block-poly (ethylene glycol) triblock copolymer (PEG-b-PPG-b-PEG) in different molar mass M̅n 4400 g/mol (BC44) or 
with 5800 g/mol - (BC58), both content 30% of PEG group in their structure, at concentrations 10, 20 and 30 wt. % were 
studied. At microscopy analysis, the samples with lower M̅n copolymer presented in fracture surface composed of self-
assembled spherical/ellipsoidal domains, indicating phase separation. The glass transition temperature (Tg) reduced with 
increase of amount of block copolymer related to the epoxy matrix. The most evident reduction for the system with the 
highest M̅n copolymer and 30wt%. In the toughness test, the samples BC 44 showed the lowest values, and only with 10 
wt.% of BC58 the KIc was higher than pure epoxy.
Keywords: Triblock Copolymer; Toughness; Thermosets. 
Fundings: The authors would like to thank the financial resources provided by CNPq and FAPESC/PAP. 
(PROAP/AUXPE).

Introduction
High-performance thermosetting resins, such as epoxy resin based on bisphenol A diglycidyl 

ether (DEGEBA), are related to applications in science and several industrial sectors, mainly those 
related to engineering [1]. However, due to its brittle nature, this material has low fracture toughness 
compared to other engineering polymers, such as thermoplastics, since the crosslinked structure 
restricts molecular movement [2]. Based on this, incorporating triblock copolymers in epoxy systems 
has been presented as an alternative to improve fracture toughness [3,4]. On the other hand, studies 
have shown that adding block copolymers increased the system's mobility and decreased the glass 
transition of epoxy [5]. 
A large number of investigations have been carried out in the last two decades to obtain a better 
understanding of the behavior of thermoset systems modified by the addition of block copolymers 
[6-12]. Block copolymers are the focus of many research activities motivated by their intrinsic 
abilities to form micro or nanostructures [13].
Among the most investigated epoxy/copolymer systems are mixtures of epoxy with poly(ethylene 
oxide)-block-poly(propylene oxide) diblock copolymer (PEO-PPO) [14-16].The PEO block is mainly 
responsible for the physical interactions with epoxy-crosslinked aromatic amine [10, 16-18].The 
popularity of PEO and PPO block copolymers is due to their commercial availability, including 
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different proportions of each block, as well as the simplicity of the experimental procedure and the 
absence of any synthesis or chemical reaction with the system epoxy [12]. 
Silva et al (2018), studied the influence of adding triblock copolymer (PPG-PEG-PPG) to the epoxy. 
One of the copolymers contained 10% PEG while the other contained 50% PEG, the molar mass of 
both copolymers was similar. A miscible blend was obtained for 50% PEG and an immiscible blend 
for 10% PEG. The authors concluded that regardless of the position of the copolymer blocks, what 
influenced the miscibility of the systems was the fraction of PEG in the copolymer. Therefore, the 
objective of this work is to verify the influence of the molar mass of two PEG-b-PPG-b-PEG triblock 
copolymers on the thermal and mechanical properties of epoxy matrix systems. 
 
Experimental Section 
General Information: For the matrix phase of the blends, the epoxy resin Bisphenol A diglycidyl ether 
(DEGEBA) was used, and the triblock copolymer Poly (ethylene glycol)-block-
poly(propyleneglycol)-block-poly(ethylene glycol) (PEG-b-PPG-b-PEG M̅n 4400 g/mol (BC-44) 
and PEG -b-PPG-b-PEG, M̅n ~5800 g/mol (BC-58), both composed of 30% PEG block. Based on 
the company's Data Sheet, the copolymer with M̅n 4400 g/mol has a dynamic viscosity of 1,200 cP 
at 25°C and is in liquid form at room temperature [19]. Conversely, the copolymer with M̅n ~5800 
g/mol is in a solid state at room temperature and has a dynamic viscosity of 350 cP at 60°C [20].  
The hardening agent used for crosslinking the system was 4,4'- Diaminodiphenylmethane (MDA) 
≥97.0% (GC)—All materials were obtained commercially from the company SIGMA – ALDRICH. 
Initially, resin and copolymers (10, 20 or 30 wt.%) were mixed for 10 min at 75 (± 5) °C in a digital 
magnetic stirrer for melt of resin, so as to the copolymer with higher molar mass. Then, the hardener 
(28.5 wt.% about the amount of epoxy) was added and mixed for 7 min. Subsequently, the mixture 
was poured into silicone molds, which were cured in an oven at 100 °C for 24 hours.  A post-cure 
step was carried out in an oven for 1 h at 140 °C. The identification of the developed systems is 
represented in Table 1. 
 
Table 1– Identification of the systems  

 Copolymer 
Sample PEG-b-PPG-b-PEG 4400 g/mol (BC44) PEG-b-PPG-b-PEG 5800 g/mol (BC58) 
wt.% 10 20 30 10 20 30 

BC44-10 x      
BC44-20  x     
BC44-30   x    
BC58-10    x   
BC58-20     x  
BC58-30      x 

 
Characterization: The toughness test was carried out with SEBN (single-edge-notch bending) 
specimens, a 5 kN load cell, speed of 10 mm/min according to ASTM D5045. After the toughness 
test, the fractured region of the specimen was covered with gold and the scanning electron microscopy 
test (SEM-FEG) was performed. Differential scanning calorimetry (DSC) test was carried out under 
nitrogen atmosphere, with two heating cycles and one cooling cycle. The first heating was from 25 °C 
to 250 °C at a rate of 15 °C/min, followed by cooling from 250 °C to -75 °C at a rate of 10 °C/min. 
The second heating cycle was performed from -75 °C up to 250 °C, also at a rate of 10 °C/min. 
 
Results and Discussion  
Figure 1 (A) shows SEBN toughness samples, and (B, C and D) are FEG images of the fractured 
region. Through FESEM microscopy of the fracture surface, Fig 1B, C and D, the visual observations 
made on the samples in Fig. 1A can be confirmed. On the fracture surface, phase separation can be 
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observed in the samples with the lowest molar mass copolymer (BC44), where the sample containing 
30 wt.% triblock copolymer with M̅n 4400 g/mol (BC44-30) presents BC self-assembled in 
spherical/ellipsoidal domains in the epoxy matrix, Fig.1C. In contrast, the sample containing 30 wt.% 
BC M̅n ~5800 g/mol (BC58-30) shows a homogeneous surface (Fig. 1D), with no visible phase 
separation, similar to the standard epoxy sample (Fig.1B).

                     A)                                                                             B)

                             C)                                                                              D) 

Figure 1 – Phase morphology A) cured samples; FESEM of B) EPOXY, C) BC44-30, D) BC58-30.

Figure 2 – DSC curves for A) Second Heating, B) First Cooling

From differential scanning calorimetry (DSC) (Fig. 2), it was observed that all samples containing 
wt.% of BC showed a decrease in the glass transition temperature (Tg) when compared to the sample 
containing only epoxy (Fig. 2A), which showed a Tg of 181 °C. This reduction can be associated with 

  EPOXY   BC44-10   BC44-20   BC44-30   BC58-10   BC58-20   BC58-30
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repulsive interfacial interactions in systems with a change in mobility and systems with phase 
separation [21]. Increasing the amount of copolymer in the samples, the melting temperature (Tm) 
approached the value of the pure copolymer (Fig.2A). Though samples with BC58 did not show 
visible phase separation under microscopy, thermal events related to the copolymers in the system 
were observed, which indicates the possible formation of nanophases undetectable by FESEM [22]. 
Similar behavior was observed in the crystallization temperature (Tc) of the samples with BC58 
(Fig.2B), except for the sample with 10 wt.%, which did not present the exothermic peak 
corresponding to the crystallization. This could be due to the low amount of BC in the matrix or 
partial miscibility of the copolymer in the matrix [5,23].  
 

 
Figure 3 – Fracture Toughness. 

 
From the toughness test (Fig.3), it was noted that all samples with BC44 showed a decrease in fracture 
toughness (KIc) about the standard epoxy sample, with the most significant reduction (23%) attributed 
to the sample with 30 wt.% BC. On the other hand, the sample with 10 wt.% BC58 showed an increase 
in KIc of 9%, which was expected considering that adding copolymers in thermosetting systems tends 
to increase the fracture toughness, because they can trigger mechanisms that absorb more energy [22, 
24]. However, for the samples with 20 and 30 wt.% of BC58, this did not happen, with the sample 
with 20 wt. % BC presenting similar toughness to the system with pure epoxy, while for the sample 
with 30 wt.% BC, there was a reduction of 22%. 
In addition, as both copolymers have a similar PEG-PPG structure, the increase in the amount of 
copolymers in the system may have led to saturation of the system, causing the PPG block to decrease 
the PEG/matrix interaction, causing an accumulation of internal stresses that favor early fracture of 
the system [5,25], which was more evident in the samples with lower molar mass copolymer.  
 
Conclusions  
In this work, two copolymers were presented, with identical block position and PEG fraction, 
differing only in molar mass and viscosity. Two distinct morphologies were obtained, one miscible 
and the other immiscible and/or partially miscible. As the difference in M̅n is small between the 
copolymers, the results suggest that the viscosity of the system interfered with the miscibility between 
the epoxy and the copolymer, where the copolymer with the lowest viscosity, CB58, at a mass fraction 
of 10% obtained increases of up to 9% in KIc. 
 
 
 
 
 

835



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

Acknowledgements 
Authors are grateful for the funding support from FAPESC – Brazil (PAP 2021TR854), CAPES - 
Brazil (PROAP/AUXPE) and Multi-User Facility infrastructure from Santa Catarina State 
University's Technological Sciences Center. 
 
References  
1. Q. Liu; X. Bao; S. Deng; X. Cai, Journal of Thermal Analysis and Calorimetry 2014, 118. 

https://doi.org/10.1007/s10973-014-4017-7.  
2. L. Wang et al. Reactive and Functional Polymers 2022, 176, 105299. 

https://doi.org/10.1016/j.reactfunctpolym.2022.105299 
3. D. B. Dwyer et al. Journal of Analytical and Applied Pyrolysis 2021,153,104978. 

https://doi.org/10.1016/j.jaap.2020.104978. 
4. R. Pandita et al. Materialstoday: Proceedings 2020, 4. 

https://doi.org/10.1016/j.matpr.2020.05.398. 
5. B. L. Silva; R. H. Bello; L. A. F. Coelho. Polymer International 2018, 67. 

https://doi.org/10.1002/pi.5633.  
6. Q. Guo et al. Journal of Polymer Science Part B: Polymer Physics 2006, 44. 

https://doi.org/10.1002/polb.20747.  
7. M. Larrañaga et al. Polymer 2005, 46. https://doi.org/10.1016/j.polymer.2005.05.102 
8. J. M. Dean et al. Journal of Polymer Science Part B: Polymer Physics 2001, 39. 

https://doi.org/10.1002/polb.10062. 
9. S. Ritzenthaler et al. Macromolecules 2002, 35. https://doi.org/10.1021/ma0121868. 
10. E. Serrano et al. Macromolecular Rapid Communications 2005, 26. 

https://doi.org/10.1002/marc.200500131.  
11. Q. Guo et al. Macromolecules 2003, 36. https://doi.org/10.1021/ma0340154.  
12. M. Martin-Gallego et al. Composit Part A 2015, 71. 

https://doi.org/10.1016/j.compositesa.2015.01.010 
13. A. V. Ruzette; L. Leibler. Nature Materials 2005, 4. https://doi.org/10.1038/nmat1295. 
14. S. M. George at al. Industrial Engineering Chemistry Research 2013, 52. 

https://doi.org/10.1021/ie400813v.  
15. R. Pandit et al. Nepal Journal of Science and Technology 2012, 13. 

https://doi.org/10.3126/njst.v13i1.7445.  
16. J. P. Pascault; R. J. J. Williams. Epoxy polymers: new materials and innovatiom. 1 Ed. Weinheim: 

Wiley-VCH, 2010. 1-12. 
17. T. Wang et al. High Performance Polymers 2014, 27. 

https://doi.org/10.1177/0954008314542473.  
18. M. Larrañaga et al. Polymer International, 2007, 56. https://doi.org/10.1002/pi.2289. 
19. SIGMA-ALDRICH. “Material Safety Data sheet”, available at: 

https://www.sigmaaldrich.com/BR/pt/product/aldrich/435457. 
20. SIGMA-ALDRICH. “Material Safety Data sheet”, available at: 

https://www.sigmaaldrich.com/BR/pt/product/aldrich/435465.  
21. K. W. Putz et al. Macromolecules 2008, 41. https://doi.org/10.1021/ma800830p. 
22. B. J. Cardwell; A. F. Yee. Journal of Materials Science 1998, 33. 

https://doi.org/10.1023/A:1004427123388. 
23. X. L. Jiang; Y. Fan. Journal of Applied Polymer Science, 2011. 124. 

https://doi.org/10.1002/app.35307. 
24. S. Balakrishnan; P. R. Start; D. Raghavan; S. D. Hudson. Polymer 2006,46. 

https://doi.org/10.1016/j.polímero.2005.10.053. 
25. M. Larrañaga et al. Polymer International, 2004, 53. https://doi.org/10.1002/pi.1574.  

836



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

EFFECT OF pH ON THE ADSORPTION OF METHYLENE BLUE IN 
PECTIN/MONTMOROLINITE COMPOSITE HYDROGEL

Wilson B. F. Filho1, Mirlene P. Vitorino1,*, Karine P. Naidek1,2, Alexandre T. Paulino1,2,†

1 – Postgraduation Program in Applied Chemistry, Santa Catarina State University (UDESC), Joinville, SC, Brazil
2 – Department of Chemistry, Santa Catarina State University (UDESC), Joinville, SC, Brazil

Email: *mirlene.vitorino19@gmail.com; †alexandre.paulino@udesc.br

Abstract 

Water is one of the most widely used sources around the world as it is useful for the sanitation, human life, 
agriculture, livestock, and so forth. It is worth mentioning that the use of water has economic and social aspects that 
contribute to the world population. Many aqueous wastes generated by textile industries are harmful to the society due 
to their toxicity. Some residues are widely known as emerging pollutants, and when inappropriately disposed in the
environment cause environmental impacts to the biome. Adsorption techniques are eco-friendly, low-cost, efficient 
strategies for the removal of emerging pollutants from water. Adsorption processes are affected by pH, temperature, 
ionic strength, pollutant concentration, and so forth. As pH is one of the most important parameters to study adsorption 
of pollutants in solid matrices due to electrostatic interactions between adsorbent and adsorbate, we have evaluated the 
effects of pH on the adsorption of methylene blue in pectin/montmorillonite composite hydrogels. In view of this, the 
point of zero charge on the hydrogel structure was determined to comprehend the adsorption phenomena. Overall, it 
was noticed that the point of zero charge significantly affects the adsorption due to changes of charges on the adsorbent 
structure by varying the solution pH.

Keywords: pH. Pectin. Montmorillonite. Methylene Blue. Hydrogel

Introduction 

The industrial sectors are responsible by generations of high amounts of chemical residues 
that have to be adequately treated before disposing [1]. The disposal of wastes without proper 
treatment and management causes negative impacts on the environment due to their toxicity. It is 
important to monitor the impacts caused in the environment due to disposal of chemical substances 
as the emerging pollutants with the aim of proposing specific environmental legislations to control 
the pollution from textile industries. The effective degradation of various emerging organic 
pollutants present in the environment has become a technological challenge as the conventional 
treatment methods are not capable of purifying waters and wastewaters with high efficiency.

Advanced oxidation, membrane-filtration, electrochemical, adsorption are widely employed 
water and wastewater treatment techniques for the solution purification. Adsorption is considered a 
promising technology due to high efficiency, low-cost and easy operation [2]. Moreover, this 
technique contributes to the green chemistry [3]. In this sense, biodegradable adsorbent biopolymers
as hydrogels and membranes based on polysaccharides are interesting and economically viable
adsorbents for adsorption studies of emerging pollutants in water. Then, the aim of this work was to
propose strategies to reduce the environmental pollution of waters contaminated by methylene blue 
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via adsorption studies under effects of pH, using pectin/montmorillonite hydrogels as adsorbent 
matrix.  
 
Experimental  
 
Synthesis of composite hydrogel 

 
The pectin/montmorillonite hydrogel was synthesized in two steps: i) modifying pectin with 

glycidyl methacrylate, and ii) subsequent hydrogel synthesis by using acrylamide and potassium 
persulfate as described by research group [4, 5]. For the synthesis of the composite hydrogel 
containing montmorillonite (MMT), different masses of clay mineral (1, 5 and 10 wt-%) were 
added during the hydrogel crosslinking. 

 
Point of zero charge 
 

To determine the point of zero charge, it was analyzed the final pH after the equilibrium of 
each of them. In a specific range for each material the pH value was constant or with small 
variations, and from these values, taking an arithmetic mean, it was possible to determine the point 
of zero charge for each hydrogel. 

 
Effect of pH on the adsorption of methylene blue in hydrogel 

 
The effect of pH of methylene blue on the adsorption in hydrogels was evaluated by placing 

100 mL of buffer solutions and pH values varying from 3 to 9, in 125-mL erlenmeyer flasks. For 
pH 3.0 and 4.5 was used 0.01 mol L-1 acetic acid buffer solution, whereas for pH 5.5 and 6.5 was 
used 0.01 mol L-1 potassium phosphate buffer solution, and for pH 7.5 and 9.0 was used 0.01 mol L-

1 ammonium hydroxide buffer solution. All the experiments were performed in duplicate, collecting 
aliquots of methylene blue in solutions after adsorption processes at specific time. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

838



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

Results and Discussion  
 

Point of zero charge 
 

Figure 1 shows the point of zero charge values for different pectin hydrogels. 
 

 
Figure 1 – Point of zero charge (pHPZC) for pectin hydrogel (a) and composite hydrogels containing 1 (b), 5 (c) and 10% 
(d) montmorillonite. 

The point of zero charge values calculated for the four hydrogels in (a), (b), (c), and (d) were 
5.15, 6.13, 6.70, and 6.46, respectively. This indicates that the hydrogel structures are affected by 
the solution pH. In this case, their surfaces will be negatively charged at pH higher than the pHPZC, 
with adsorption preferential of cationic pollutants, and positively charged at pH lower than the point 
of zero charge, with adsorption preferential of anionic pollutants. Depending on the pH, these types 
of hydrogels could be useful for the removal and selective separation of cations and anions in 
aqueous solutions.  

 
 
 
 
 

839



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

 
 
 

Effect of pH on the adsorption studies 
 

Figure 2 shows effects of pH on the adsorption of methylene blue in pectin hydrogels. 
 

 
Figure 2 - Adsorption capacity (qe) of the pectin hydrogel (PCTM), pectin composite hydrogel containing 1 (PCTM-
MMT 1%), 5 (PCTM-MMT  5%) and 10 % (PCTM-MMT 10%) of montmorillonite at different pH values.  

 

As example, the adsorption capacity of PCTM, PCTM-MMT 1%, PCTM-MMT  5%, and 
PCTM-MMT 10% for methylene blue were, respectively, 1.702, 1.866, 1.720 and 1.737 mg of dye 
per g of dry hydrogel, at pH 6.5. Similar results were noticed for other pH values due to presence of 
ionized carboxyl groups on the polymeric networks of the hydrogels. When the pH is higher than 
the pKa of this group, which is 4.0, stronger intermolecular interactions take place between 
hydrogel negatively charged and cationic dye (in this case, methylene blue). At this pH, the 
carboxyl groups are dissociated to form COO-, increasing the number of ionized groups and the 
pollutant adsorption capacity. Moreover, electrostatic repulsion forces inside the hydrogel networks 
will also be increased, expanding the polymer chains, and favoring the intrapore diffusions. It also 
increases the adsorption capacity of cationic dyes such as methylene blue [5]. 
 
Conclusions  
 

Pectin hydrogels demonstrated to be interesting biomaterials for the removal and selective 
separation of cationic and anionic pollutants in water and wastewater. However, high amounts of 
clay minerals in the hydrogel networks can significantly affect the adsorption capacity due to 
competition of cations and anions of the clay minerals with pollutants by the active adsorption sites 
of the hydrogels. The adsorption studies were also significantly affected by the solution pH. The 
best experimental conditions for the adsorption studies indicated percentages of pollutant removal 
ranging from 59% to 75%. As a conclusion, pectin hydrogels could be used as alternative 

840



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

adsorbents for the adsorption, removal, and selective separation of cationic and anionic dyes in 
aqueous solutions.  
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Abstract - Environmental issues caused by polymeric materials residue is an emerging problem. Biodegradable and
biobased materials are great alternatives that need improvement on their properties. This study aims to produce and
characterize starch/PVA blend films with lignin. The goal is to improve properties of the starch/PVA blend film and
select an optimum amount of lignin. Flexible films were produced by casting using 75% of starch, 25% of polyvinyl
alcohol and varying quantities of lignin (0, 0.5, 1 and 2%). Optical and water interaction properties were evaluated. The
addition of lignin made the films more translucent and with an orange color. Moisture absorption dropped 34% with the
incorporation of the additive. The film with 0.5% of lignin had a significant improvement of all the properties tested,
showing a potential to be applied as flexible and biodegradable packaging material.

Keywords: biodegradable, starch, polyvinyl alcohol, lignin, film.

Introduction
The global impact of plastic waste has increased the search for alternatives in the industry.

According to European Bioplastics, the biodegradable plastic market is expected to grow 12.6% in
2023 [1]. Many substitutions for biobased and biodegradable materials have been successful, but
not all applications have suitable options of materials to reduce the pollution. According to data
obtained by ABRELPE, almost 71 tons of plastic packaging residue was collected and directed to
recycling in the year of 2022 in Brazil [2]. Biodegradable polymers are still a better option than
recycling. But the most common biodegradable polymers, such as starch, still have restrictions or
disadvantages relating to properties, cost and large scale production.

Thermoplastic starch/Polyvinyl alcohol (PVA) blends are made using two biobased
biodegradable polymers, a natural one (starch) and a synthetic one (PVA). Starch represents 29% of
the studies on biodegradable films on Science Direct website (data found researching: “polymeric
biodegradable films” and “polymeric biodegradable films starch”) [3]. The advantages of using
starch are the low cost, multiple sources and easy processing into films. However, its high
hydrophilicity results in poor mechanical properties of films produced with this material. The PVA
addition to starch shows lower water interaction properties, improved mechanical and barrier
properties, and also has excellent compatibility [4]. This blend has potential to be used as flexible
packaging, but since both polymers are hydrophilic, the use of additives, such as lignin, can have an
even greater impact on the water interaction properties of the film.

Lignin is an aromatic natural and renewable polymer which is extracted from plants. It
represents one of the largests residues in the paper industry [5]. When used as an additive to starch
films, lignin can increase the elasticity modulus and lower the hydrophilicity. Different properties
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can also be introduced to the films by adding lignin, such as: antioxidant, antimicrobial, flame
retardant and ultraviolet radiation blocking [6].

This study aims to produce and characterize starch/PVA blend films with lignin. The films
will be produced by casting using 3 proportions of the additive, to evaluate its effects on the films.
The goal is to improve properties of the starch/PVA blend film and select an optimum amount of
lignin to produce films and use them as an biodegradable substitute to flexible packaging.

Experimental
Materials

Corn starch (CS) and lignin were received from donation. Polyvinyl alcohol (PVA) was
obtained from Dinâmica Química Contemporânea Ltda. The plasticizer, glycerol, was obtained
from Vetec Química Fina Ltda.

Production of Films
The films were produced by casting method. The composition of the blends was: CS (75%),

PVA (25%), lignin (0, 0.5, 1 and 2% w/w of polymers), glycerol as plasticizer (33% w/w of CS) and
distilled water as solvent.

The first step of the production of the films was the removal of the lignin insoluble particles.
Distilled water was added to lignin (0.4% w/v), and then filtered using a tulle fabric. Different
volumes of the solution were used for each film composition: B (0% lignin), BL05 (0.5% lignin),
BL1 (1% lignin), BL2 (2% lignin).

Next, a mixture of starch, water, glycerol and lignin solution was stirred for 30 minutes, with
the temperature starting as 40ºC and increasing slowly until 90ºC. After that, the PVA was added to
the solution, and stirred for another 30 minutes, maintaining the heat. The filmogenic solution was
distributed in a silicone mold, followed by the evaporation of the solvent in an air circulating oven
for 24 hours. The films were peeled from de molds and placed in a silica desiccator until
characterization tests.

Characterization Tests
Colorimetry

The optical and colorimetric analysis of the films was made by using a portable
spectrophotometer (BYK), following the ASTM D2244-22 norm. The dimensionless parameters
obtained were: luminosity (L*), color (a* and b*) and gloss (g). L* varies from white (100) to black
(0). The color parameters vary from red (+a*) to green (-a*), and from yellow (+b*) to blue (-b*).
And the gloss indicated whether there is more or less reflection of light on the surface of the film.
Three measurements were made on each film composition against a white background.

Moisture Absorption
The moisture absorption of the films was measured through the ASTM D5229 method. The

film samples were left in closed recipients with sodium chloride saturated saline solution, kept in an
oven at 30°C with a relative humidity of 75%, according to the ASTM E104 - 02 norm. Each
composition of film was tested with 5 samples.

Thickness
The thickness measurement of the films was done using a micrometer (Mainard, M-73010).

Five measurements on 5 samples of each film composition were made.

Contact Angle
The contact angle of the films was measured by Surftens 3.0 software using photos taken by

a digital microscope with a magnification of 1,600 times. The photos were taken 1 second and 1
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minute of residency on the films. The angles were measured of 10 drops of water for every film
composition. The surface energy was calculated by the Surftens 3.0 software. All of the films were
tested using the smoother surface, the one which was in contact with the silicon mold.

Results and Discussion
The results of the characterization of the films will be used to evaluate the effect on the

lignin on the blends and to compare the different proportions of lignin. The thickness of the films
were (in μm): 164 (B), 141 (BL05), 171 (BL1) and 178 (BL2). The difference of thickness was up
to 26%, with an increase of thickness with the increase of lignin, except for the B film.

Fig 1 shows a comparison of the visual aspects of the 4 film compositions on different
backgrounds. All of the films have good transparency. The color of the films gets darker with the
increase of lignin proportion. Some insoluble particles can be visible, with quantity increasing with
the increase of lignin content.

Figure 1 – Samples of the films on black background (left) and on written background (right).

The colorimetry parameters, at Table 1, confirm results previously discussed. The
luminosity of the films decreased 10%, 15% and 29% with the addition of 0.5%, 1% and 2% of
lignin, respectively. The color parameters (a* and b*) revealed that the lignin films have yellow and
red colors, forming a shade of orange. Both color parameters increased with the raise of lignin
content. The B film is the film with the lowest gloss. The increase of lignin reduced the gloss of the
films. The transparency of the films is related to the size of the particles, if they are about the size of
the wavelength of the visible spectrum, they will be more opaque. Also, the ultraviolet radiation
blocking, which is important in food packaging applications, can be observed in films with lignin
[7]. Further testing should be done to evaluate this property.

Table 1 – Colorimetry parameters of the films.

Film L* a* b* g

B 89,00 ± 0,09 0,21 ± 0,00 -1,09 ± 0,09 27,16 ± 1,14

BL05 80,10 ± 0,62 2,11 ± 0,22 10,34 ± 0,68 69,91 ± 5,76

BL1 75,70 ± 0,46 3,26 ± 0,14 15,67 ± 0,38 54,64 ± 0,24

BL2 63,25 ± 0,70 8,13 ± 0,41 26,08 ± 0,88 45,18 ± 2,72

Moisture absorption comparison is shown in Fig 2. The absorption decreased an average of
34% with the addition of lignin. BL2 showed the lowest humidity absorption. Those results were
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similar to many researches using lignin in starch films. The explanation for the decrease of moisture
absorption is that lignin, PVA and starch created a strong interaction that reduced the mobility and
the diffusivity of the matrix material [8].

Figure 2 – Percentages of weight gained by moisture absorption of the films with 75% of relative humidity
in 24 hours.

After 24 hours, the moisture absorption of the film without lignin increased 4.1% and the
films with lignin lowered their mass between 2 and 6%. This means that the highest absorption rate
occurred within the first 24 hours for all of the films.

The water contact angle of the films is shown in Fig 3. The only film with an increase of
contact angle was the one with the least amount of lignin (BL05). BL1 and BL2 presented with a
decrease of contact angle of 13 and 15%, respectively. However, the film without the additive had
the highest contact angle after 1 minute of residency of the water drop.

Those results do not prove that the hydrophilicity of the films decreased with lignin, they
actually go against the moisture absorption results, but the moisture absorption is not only related to
the surface. A reason for this could be because more hydroxyl groups are present on the surface of
the film, causing the water contact angle to reduce.

Figure 3 – Contact angles of the films with distilled water with one second and one minute of residency of
the drops.
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Conclusions
The process of producing starch/PVA blends with lignin is very simple and shows

remarkable results. The general aspect of the films were good, except for the presence of some
insoluble particles. A different approach on lignin filtering is being considered for the continuation
of this research. The films were translucent with an orange color, and have potential to block
ultraviolet radiation. Moisture absorption results were excellent even with the smallest amount of
lignin. BL05 had the highest contact angle. The difference between the BL05 and the film with the
lowest moisture absorption was less than 2%. Also, BL05 was thinner and had the best optical
properties. It is noticeable that an addition of 0.5% of lignin resulted in a film with superior
properties than 0, 1 or 2%.
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Abstract - Lignin is a renewable material, cheap, and available in large amounts, thus the interest in its valorization is 
growing both in industry and in academic research areas. One possible approach is the formation of polymeric 
nanofibers blends by electrospinning. However, mixing lignin with polymers in aqueous solution is not so simple due to 
the low solubility of lignin molecules, so one solution is to chemically modify the lignins and make them soluble in 
water, thus allowing the production of mixtures in aqueous media. In this context, the nanofibers blends obtained from 
this solution by the electrospinning technique are highly attractive due to the unique combination of high 
surface/volume ratio, porosity, flexibility, mechanical performance, simple processing, and relatively low cost. Thus, 
this study proposed the production of electrospinning nanofibers blends from modified lignin and PVAl aqueous 
mixtures in the perspective of new products with high added value.

Keywords: Blends. Nanofibers. Electrospinning. Lignin. PVAl.

Introduction 
The modification of polymers through the formation of blends is a consolidated technology that was 
developed in 1960. This technique stands out for presenting advantages such as modification of the 
glass transition temperature, increased fracture resistance, flexibility, improvement of optical 
properties, effectiveness, and improvement of the pure polymer at low cost. One of the main 
objectives of the use of blends is to gather the maximum performance of the agreed polymers, 
without drastically changing the properties of their components [1,2].

The polymeric blends obtained through the physical mixture of two or more polymers are made 
without the need to use intentional chemical reactions between the substances. Mixtures can be 
molded by solution and by mechanical mixing in the molten state [3]. According to Zarrintaj et al. 
(2020), miscibility is one of the extremely important factors in the mixture of polymers. When you 
have immiscible polymers, they become prone to phase separation and affect the surface topology 
of the blends. Thus, the materials used must be biocompatible and/or non-toxic, and in this profile, 
the polymers derived from nature, also known as biopolymers, are included [4].

The use of lignin biopolymers has grown due to the improvements that new technologies provide, 
in addition to the various properties that this material presents: high thermal stability, antioxidant, 
biodegradable, antimicrobial actions, and performance in several industrial and chemical areas. 
Thus, these materials are considered environmentally safe alternatives for the development of new 
polymeric mixtures and new applications, such as the production of nanofibers [5].
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Nanofibers are nano-scale materials that have small pores connected to randomly deposited fiber 
layers. They are part of a new class of raw materials used in various applications with high-added 
value, like filtration [6], catalysis [7], energy conversion and storage systems [8], sensors [9], 
semiconductors [10], adsorbers [11] and so on. Above all, these nanofibers, with different aspects 
and specific diameters, are obtained from polymeric solutions through an electrospinning process. It 
is an electrohydrodynamic technique that results in the movement of a fluid through the application 
of an electrostatic field [12]. 

In this context, electrospun nanofibers blends were produced from polymeric aqueous mixtures, 
using polymer polyvinyl alcohol (PVAl) and different concentrations of carboxymethylated kraft 
lignin (CML-Na). They were characterized by morphological (SEM), structural (FTIR), and thermal 
(TGA) analysis, and correlated for the application of new materials. 
 
Experimental  
Preparation of PVAl/CML-Na solution mixtures 
The isolated lignin was supplied by the Suzano Pulp and Paper industry. It was subjected to a 
carboxymethylation reaction using ethanol, sodium hydroxide, and monochloroacetic acid. After 
obtaining the modified lignin (CML-Na), the polymeric aqueous solution mixture were prepared 
using PVAl at 6 % (w/v) and CML-Na at 5, 10, and 15% (v/v). Each solution was homogenized in a 
magnetic stirrer for 30 minutes at 100 rpm. 
 
Electrospinning  
The electrospun nanofibers blends were produced following the experimental conditions proposed 
by Gois (2020), with some adaptations [13]. The system used was developed at the Polymer 
Recycling Laboratory (LABREPOL), with the assembly of the basic components of the process: 
high voltage source (with a capacity of up to 30 kV); flow controller; metallic fixed collector; 
isolation chamber. The polymer/lignin solution mixtures (PVAl/CML-Na) were subjected to the 
electrospinning process with a flow rate of 0.5 mL h-1, a high voltage direct current source of 15 kV 
and a distance established between the tip of the needle to the collector of 10 cm. 
 
Characterization of electrospun nanofibers blends 
For the characterization of the formed product, morphological, structural, and thermal analyzes 
were carried out. Scanning Electron Microscopy (SEM) was performed using a Shimadzu SSX-550 
model equipment for morphological evaluation and dimensioning of the produced nanofibers, with 
magnification of 2000 times and voltage acceleration of 5 kV. In the structural evaluation of the 
nanofibers, Absorption Spectroscopy in the Infrared Region by Fourier Transform (FTIR) was 
performed with KBr wafers in the region of 400 to 4500 cm-1, resolution 4 cm-1, 32 scans, with a 
Shimadzu IR Prestige-21 equipment. Finally, the thermal part was observed by Thermogravimetric 
Analysis (TGA), using 7 mg of the sample that was heated, in alumina crucibles, up to 850 ºC, at a 
heating speed of 10 ºC min-1, under an oxidative atmosphere at 50 cm3 min-1. 
 
Results and Discussion  
 
The surface micrographs of electrospun PVAl/CML-Na nanofibers blends are shown in Fig. 1. We 
can observe that there was the formation of threads, with diameters smaller than 600 nm, even in 
different concentrations of lignin. It can also be observed, that with the increase in the concentration 
of lignin in the solution, the spacing between the formed threads decreases. In addition, another 
observation is related to the presence of polymeric agglomerations in the fibers (beads) formed by 
spraying jets during electrospinning of the lowest concentration of lignin present in the solution, as 
can be seen in Fig. 1a. As the concentration of CML-Na increased, fibers were more homogeneous, 
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spaced, and with a lower frequency of beads. That is, at higher concentrations there is no formation 
of beads because with the increase in viscosity, the viscoelastic force increases, which prevents the 
partial breaking of the charged jet, allowing the electric force to stretch it much more uniformly, 
occurring during the path to solvent evaporation more efficiently [13]. 
 

 
Figure 1 – SEM of electrospun PVAl/CML-Na nanofibers blends in concentrations of a) 5 %; b) 10 
%; c) 15 % (w/v) of CML-Na. 
 
From the FTIR curves presented in Fig. 2, the molecular structure and the identity of the functional 
groups present in the fibers can be elucidated. In the case of polymeric blends, we verified the 
presence of the functional groups of the two materials used, which constitute the nanofibers: PVAl 
and CML-Na, and the increase in the modified lignin content intensifies the peaks related to it [14]. 
 

 
Figure 2 – FTIR graphs of a) PVAl and CML-Na, and b) PVAl/CML-Na electrospun nanofibers 
blends. 
 
The main evidenced points, characteristic of both PVAl and CML-Na, were the bands in the region 
of 3420 and 1631 cm-1, related to OH elongation and asymmetric carboxylate elongation 
respectively, and around 2915 cm-1, whose characteristic is asymmetric CH2 and symmetric 
carboxylate elongation. The peaks at 1619, 1257 and 1167 cm-1, which indicate, respectively, 
vibration C=C aromatic ring, deformation of the guaiacyl ring and stretching of C-C and C-O 
sensitive to substitution of the aromatic ring, and typical character of HGS lignin (p-hydroxyphenyl, 
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guaiacyl, syringyl), are specific only for CML-Na [15,16]. Thus, as the concentration of 
carboxymethylated lignin in the blends increases, the behavior of the presented spectra becomes 
like that of CML-Na, which shows the presence of the main characteristic groups of lignin and that 
the mixture occurred effectively [17]. 
 
As for the thermal study, we can observe in Fig.3 the comparison of the thermal behavior between 
the individual materials before electrospinning (PVAl and CML-Na) and for the electrospinning 
nanofiber blends samples. It was possible to verify a decrease in the thermal stability of the PVAl 
when CML-Na was added in all concentrations of 5, 10 and 15%. Considering that CML-Na also 
has greater thermal stability, we can therefore conclude that the synergistic action of the mixture 
between CML-Na and PVAl leads to the production of a material with lower thermal stability. An 
increase in thermal stability was to be expected because of a possible increase in intermolecular 
interactions, mainly by hydrogen bonds, but what was observed was the opposite, that is, a 
reduction in thermal stability, which may then indicate that the mixing between these two 
compounds leads to a decrease in intermolecular interactions and consequently a reduction in 
thermal stability. 
 

 
Figure 3 – TGA curves PVAl, CML-Na, and PVAl/CML-Na electrospun nanofibers blends. 
 
Conclusions  
 The use of polymeric aqueous solution mixtures showed excellent viability since it allows the 

production of electrospun fibers in regular sizes of up to 600 nm. Electrospinning using water as a 
solvent was not an obstacle to the formation of wires it even proved to be efficient in the 
evaporation process. 
 The nanofibers blends formed by the combinations of PVAl and CML-Na were successfully 

obtained, in which the morphology of the materials was verified by the SEM. Increasing the 
concentration of modified lignin decreases the spacing between the formed nanofibers, making 
them more uniform, with emphasis on CML-Na 15 % (v/v), which in mass percentage (in grams) 
corresponds to 71.4 % of CML-Na present in the blend. 
 In FTIR was verified functional groups of PVAl and CML-Na in the electrospun nanofibers which 

demonstrates that the formation of the blends was efficient. The similarities between the spectra are 
related to the concentration each the added materials. 
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 As for thermal properties, it is observed that the mixture of PVAl/CML-Na decreased thermal 
stability, probably due the reduction in the intermolecular interaction in the resulting blends. 
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Abstract - Graphene nanoparticles (GnP) was selected as an alternative reinforcement, nanofillers, to enhance the 
mechanical properties of polypropylene (PP-homo and PP-copolymer) and using compatibilizer, maleic anhydride 
graphitized with polypropylene (PP-g-MA) in a twin-screw extruder. The effect of GnP loading and the use of the PP-g-
MA compatibilizer were studied. The influence on the mechanical properties of tensile strength, elongation, IZOD impact 
strength, and melting temperature in PP-homo and PP-copolymer were investigated and compared. Their improvement 
was observed up to a certain amount, depending on whether it is a homopolymer or copolymer. The PP copolymer has a 
greater affinity with graphene and the compatibilizer due to the elastomeric comonomer present in the copolymer.

Keywords: graphene nanoparticles, polypropylene, homopolymer, copolymer.

Funding: CNPq, CAPES, FAPESP (nº 2019/01231-2) Foundations.

Introduction

A graphene nanoparticle (GnP) is a single layer of carbon atoms packed into a honeycomb 
structure [1]. Following the independent discovery of graphene in 2004, a revolutionary amount of 
research was conducted to fully exploit graphene's exceptional properties. GnPs are graphene 
nanocrystals layered in the structure of platelets stacked by Van der Waal forces. The incorporation 
of GnPs in conventional polyolefins has promising potential in a wide range of applications due to 
their excellent thermal, mechanical, and electrical properties. Such composites can be employed in 
the fields of electronics, automotive, aerospace, sensors, and much more. Among many polymers, 
polypropylene (PP) is one of the most widely used thermoplastics due to its excellent physical and 
mechanical properties, chemical resistance, recyclability, high processability, and low cost [2]. The 
PP application field includes packaging, textiles (ropes and mats), automotive components, etc.

Due to the high potential of PP composites incorporated with GnPs, researchers extensively 
study the various properties of these materials, the performance of the composites is highly dependent 
on the physical characteristics of the GnPs. For example, Liang et al. [3] showed that the tensile 
modulus of pure PP (1.25 GPa) was 100% improved and reached up to 2.5 GPa with the use of GnPs
with diameters smaller than 10 microns and thickness smaller than 5 nm. Chunhui et al. [4] also 
revealed that flexural strength is inversely proportional to graphite size. The crystallization behavior 
of the polymer matrix is also influenced when GnPs are present. Therefore, the size of GnPs must be 
chosen carefully to maximize performance. However, few studies systematically investigate the 
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influences of a wide range of GnPs sizes, ranging from a few to hundreds of microns, on the various 
properties of composites. Several physical properties, such as the number of particles per unit volume 
and surface area, vary with the size of the GnPs and therefore will also have to be considered when 
discussing various properties of composites.  
 In the work of the authors, Wang et al. [5] observed that the tensile properties of PP-GnP as 
the graphene concentration increased, the tensile strength and modulus increased, and the elongation 
at break decreased. The mechanical properties of the composites decreased at higher temperatures, 
165 °C and 170 °C, due to more intense melting. Therefore, the melting temperature of 160°C was 
chosen as the ideal temperature. Furthermore, the compaction time is also a significant factor in the 
preparation of PP-GnP. For thermal properties, the single melting temperature analyzed decreased 
with 0.3% GnP loss of 6°C and 0.5% GnP loss of 4 °C, and the other thermal properties will be 
analyzed in another work. It was observed that both the use of GnP and the compatibilizer 
significantly influence the melting temperature of pure PP. The melting temperatures and crystallinity 
of PP-GnP increased as the amount of graphene increased, indicating that graphene also acts as a 
nucleating agent. The mechanical properties of the PP-GnP composites also increased with increasing 
graphene content, which indicates an effective charge transfer between the PP and GnP matrix 
(graphene). The melting composition can affect the dispersion of the composite PP-GnP and the 
interfacial interaction between graphene and PP chains, S. Natarajan et al. [6]. The melting 
temperature can lead to the orientation of molecular chains and graphene to hot stretching. Graphene 
agglomeration can interfere with the interfacial adhesion between PP composites, worsen the 
interfacial interaction between Graphene and the PP matrix and induce molecular orientation of the 
composite. 
 
Experimental 
 
Materials and processes± 
PP homopolymer and copolymer (Braskem), GnP (Pro Cene), and PP-g-MA. 
Extrusion of homopolymer and copolymer PP composites, with amounts of 0.3% GnP and 0.015% 
PP-g-MA and 0.5% GnP and 0.015% PP-g-MA in mass. The PP samples – homo and copolymer, the 
selected graphene and compatibilizer were extruded in a twin-screw extruder in composite grains. 
Injection of test specimens - The granulated composite material was injected, for the following test 
specimens: tensile strength, Izod impact, hardness, and melting temperature, according to the 
ASTM/ISO.  
Characterization of composites 
The characterized mechanical properties and the corresponding ASTM/ISO standards: 

 Tensile strength and elongation (ASTM D638), carried out at CETER-IPEN, São Paulo; 
 Impact resistance - IZOD (ASTM D256), carried out at UNIGEL - São José dos Campos/SP; 
 Surface hardness (ASTM D785), performed at Thermoblend - Santana de Parnaiba/SP; 
 Melting temperature (ISO 11357), carried out at Thermoblend - Santana de Parnaiba/SP. 
 Statistically significance: - reference of 10 samples. 

 
Results and Discussion 
 
 The influence of the compatibilizer (PP-g-MA) and graphene (GnP) on the mechanical 
properties of homopolymer PP composites with amounts of 0.3% and 0.5% of GnP +PP-g-MA mass 
were analyzed. 
 Table 1, it is shown the results of the characterization of the PP-homopolymer, PP-
homopolymer + GnP (0.3% and 0.5%). 
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Table 1: Results of the characterization of the PP-homopolymer, PP-homopolymer + GnP (0.3% and 0.5%) 
 

MATERIAL 
 

Graphene 
% 

Melt 
Temp 
(oC) 

Tensile  
Mpa  

Elongation 
(%) 

Hardness 
Shore D 

IZOD  
w 

notch 
(J/m) 

WO 
notch 
(J/m) 

w notch 
(kJ/m) 

WO 
notch 
(kJ/m) 

PP HOMO 
PURE 0 180±1.0  34.7±3.6 86.7±3.6 71±1.0 60.4±7.7 NB* 5.3±0.8 NB* 
PP HOMO + 
GRAPHENE 0.3 174±1.0 34.9±1.0 77.1±14.3 71±1.0 86.5±3.9 NB* 7.3±0.4 NB* 
PP HOMO + 
GRAPHENE 0.5 176±1.0 34.4±4.0 73. ±8.2 72±1.0 71.9±3.2 NB* 6.3±0.3 NB* 

                                NB* - no break 
The curves of the mechanical properties of the PP-homopolymer, PP-homopolymer + GnP (0.3% and 
0.5%) are shown in Figure 1. 
 

  

 

 
 

Figure 1: Results of the mechanical properties of the PP-homopolymer, PP-homopolymer + GnP (0.3% and 0.5%) 
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 Tensile strength, with the incorporation of 0.3% GnP, increased by 0.2 MPa, and with a 
5% GnP decrease of 0.3 MPa. Elongation with the incorporation of a 0.3% GnP decrease of 9.5% 
and with a 5% GnP decrease of 13.3%. IZOD impact with 0.3% GnP an increase of 26 J/m and with 
0.5% GnP increase of 11 J/m. (NB*- no break). Thermal properties, melting temperature, the only 
analyzed, the addition of 0.3% GnP decrease of 6 °C (180 ºC-174 °C), the addition of 0.5% GnP 
decrease of 4 °C (180 ºC-176 °C), and the other thermal properties are still being evaluated. It was 
observed that both amounts of graphene and compatibilizer significantly influence the melting 
temperature compared with homo PP pure.  
 The influence of the compatibilizer (PP-g-MA) and graphene (GnP) on the mechanical 
properties of PP-copolymer composites with amounts of 0.3% and 0.5% of GnP in mass was 
analyzed. 
 Table 2, it is shown the results of the characterization of the PP-copolymer, PP-copolymer 
+ GnP (0.3% and 0.5%).  
 

Table 2: Results of the mechanical properties of the PP-copolymer, PP-copolymer + GnP (0.3% and 0.5%) 

          NB* - no break 
The curves of the mechanical properties of the PP-copolymer, PP-copolymer + GnP (0.3% and 0.5%) 
are shown in Figure 2. 

 
Figure 2: Results of the mechanical properties of the PP-copolymer, PP-copolymer + GnP (0.3% and 0.5%) 
  

MATERIAL 
 

Graphene 
% 

Melt 
Temp 
(oC) 

Tensile  
Mpa 
(+-) 

Elongation 
(%) 

Hardness 
Shore D 

IZOD  
w notch 

(J/m) 
WO notch 

(J/m) 
w notch 
(kJ/m) 

WO notch 
(kJ/m) 

PP COPO 
PURE 0 168 ±1.0 26 ±0.9 42.1±2.2 52 69.3 ±3,2  NB* 6.6 ±0.,3  NB* 
PP COPO + 
GRAPHENE 0.3 171 ±1.0 28 ±0.8 53.3±2.9 67 176.0±5,1  NB* 15.9 ±0.5  NB* 
PP COPO + 
GRAPHENE 0.5 172 ±1.0 28.4±0.7 42.9±2.9 67 166.7±5,3  NB* 14.6 ±0.5 NB* 
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 The tensile strength, incorporation of 0.3% GnP, increased by 2.0 MPa and with a 5% GnP 
increase of 2.4 MPa. The resistance to elongation with the incorporation of a 0.3% GnP increase of 
11.2% and with a 5% GnP increase of 0.8%. The IZOD impact strength with a 0.3% GnP increase 
of 106.7 J/m; and with 0.5% GnP increase of 97.4 J/m. There is an ideal amount for addition of up to 
0.3% GnP because beyond this amount there will not be a significant increase in the mechanical 
properties. The slipping effect of the GnP has a great influence on the results and an increase in the 
cost of the PP composite with GnP with quantities above. For thermal properties, melting 
temperature, GnP with 0.3% increased 3°C (168 ºC-171 °C), GnP with 0.5% increased 4 °C (168 ºC-
172 °C), and the other thermal properties will be analyzed in future work complement. It was 
observed that both the GnP load and the compatibilizer significantly influence the melting 
temperature of pure PP copolymer. 
 
Conclusions 
 
 PP-homopolymer composites with GnP and PP-g-MA: There is an ideal amount for 
adding up until 0.3% GnP because beyond this amount there was a drop in the mechanical properties, 
due to the agglomeration effect and the slipping effect of the GnP and an increase in the cost of the 
PP composite with GnP with amounts above. 

  PP-copolymer composites with GnP and PP-g-MA: It was observed that both the GnP 
loading and the compatibilizer have a significant positive influence on the mechanical properties and 
melting temperature of pure PP copolymer. The PP copolymer has a higher affinity with graphene 
and compatibilizer due to the elastomeric comonomer ethene, present in PP copolymer, which 
facilitated the interaction with graphene. 

 This work can provide an effective strategy to produce PP-GnP composites. Graphene 
additions with high intrinsic mechanical characteristics can improve the mechanical properties of the 
polymers and, simultaneously, improve the interfacial properties of PP-GnP. 
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Abstract - The Covid-19 pandemic has expanded the use of Non-Woven Fabric (NW), as seen in the manufacture of 
disposable masks on a large scale. As a consequence, environmental problems related to its disposal have intensified. In 
this context, the objective of this work was the reuse of polypropylene (PP) from post-consumer non-woven masks in the 
production of a virgin (vPP) and recycled (rPP) polypropylene blends. The influence of rPP on the physical-chemical and 
mechanical properties of the blends was evaluated. The post-consumer masks underwent cleaning and size reduction
steps. The specimens were produced with different rPP contents by extrusion, pelletizing, and hot compression molding. 
The results showed that the higher the concentration of rPP in the blend, the lower its mechanical strength as its stiffness 
increases. However, blends with 50% rPP achieved properties equivalent to vPP, mainly concerning tensile strength.
Keywords: Blend, Polypropylene, Non-Woven Fabric, Waste Reuse, Covid-19 Pandemic.

Introduction
As the contamination of Covid-19 advanced, a growing demand for Personal Protective 

Equipment (PPE) could be observed, especially procedure gowns and surgical masks, whose mostly
raw material is NW [1, 2]. NW is a PP-based polymeric material, convenient and low-cost. However, 
the indiscriminate use of it and improper disposal represent serious environmental risks since its 
decomposition can take hundreds of years [4]. The recommendation is to use disposable masks only 
once, for a maximum of 8 hours of activity [3], which favors waste generation. A possible strategy to 
reuse NW is to apply it in producing polymeric blends [5]. Generally, recycled polymer costs 40% 
less than virgin polymer; thus, replacing virgin polymer with recycled polymer provides cost 
reduction and increased competitiveness, in addition to helping to preserve the environment [6].
PP is one of the most commercialized thermoplastic polymers in the world, including in the 
composition of polymeric blends [7, 8, 9, 10], presenting advantages such as low cost, recyclability,
and high thermal stability [11]. However, the recycling results in the loss of the mechanical and 
thermal properties of the polymers because they are submitted to high temperatures and high shear 
rates [12]. Some studies show the gradual loss of PP properties from sequential processing cycles, 
indicating the number of cycles supported by the PP related to the evaluated properties [10]. Even so, 
studies specifying blends with recycled NW are less frequent in the literature. Therefore, this work 
aimed to produce and evaluate the effects of adding rPP from the recycling of NW masks on 
polymeric blends' physical and mechanical properties. The masks were selected because of their ease 
of collection.
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Methodology 
 

Raw Materials and Molding Procedures to produce polymeric blends, vPP supplied by 
Piramidal, produced by Braskem, with a fluidity index equal to 3.5 g/10 minutes and density of 0.905 
g/cm³ and NW residue from the controlled disposal of surgical masks were used. The masks were 
washed with water and detergent in a Colormaq LCB washing machine, soaked in water with 0.1% 
v/v chlorine for one minute, rinsed, and dried in the open air. Then, the parts not composed of PP 
(elastic bands, wires, etc.) were removed and discarded. The remaining material was fragmented in a 
Marconi knife mill, model MA 580, with a 1.75 mm sieve attached. rPP and vPP were processed by 
varying the rPP content by 0, 25, 50, 75, and 100% m/m in a Thermo Scientific single screw extruder, 
model HaakE Polylab, with a temperature of 175 ºC in the three heating zones and 45 rpm. After 
being extruded, the material was pelletized in an AxPlástico Pelletizer, Model AX Gran, in grains of 
approximately 3.70 mm in length. The samples were molded from pelleted grains by hot compression 
in a hydraulic press with heating, SOLAB brand, model SL11, at a temperature of 180 ºC and 25 MPa 
of closure for 5 minutes samples were withdrawn after resting for 30 minutes under pressure equal to 
the molding pressure. Figure 1 presents a flowchart with the raw materials and processes of producing 
samples from blends and control samples (composed entirely of vPP or rPP). 
 

 
Figure 1 – Photograph of raw materials, the cleaning processes, separation of NW, and production of samples. 
 
Tensile and flexural strength tests were carried out using an Instron Universal Testing Machine, 
model EMIC 23-20, following Standards D638 [13] and D790 [14], respectively. After 24 hours of 
immersion, the water absorption test was performed following the conditions and formula of Standard 
NBR 9486 [15]. Masses were determined using a METTLER TOLEDO precision scale, model 
PG203-S. The results were obtained from the arithmetic mean of 6 samples tested, with a precision 
of 0.1%. 
 
 
Results and discussion 
 Photographs of the samples of the pure polymers, virgin and recycled, 100vPP and 100rPP, 
respectively, and the blends are shown in Figure 2. The visual appearance is due to the blue pigment 
used in some of the layers of NW that make up the masks. The specimens of the blends showed 
heterogeneities, which became more visible with the higher rPP content. Heterogeneities may have 
occurred due to contaminants in the PP, such as pigments, which are present in some fabric fibers. 
Heterogeneity can be improved by processing in extruders with higher mixing power or shear.  
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Figure 2 – samples photographs of pure polymers and blends with some contents of the vPP and rPP. 

 
The tensile test results for the materials are shown in Figure 03. Compared to vPP, rPP showed 

a 25% decrease in tensile strength and a 75% reduction in elongation at break. Young's modulus 
(Figure 03 b) for rPP is 20% higher than for rPP. There is an increase in the stiffness of the polymer. 
Barbosa et al. [10] studied blends of recycled PP and virgin PP produced by extrusion processing, 
then molding the specimens by pressing. The authors obtained values of mechanical properties similar 
to those obtained for the rPP/vPP blends. 

The 75vPP25rPP and 50vPP50rPP blends showed tensile strength, stiffness, and deformation 
values until failure intermediate to those of the pure materials: vPP and rPP. In addition, the values 
are similar to each other, considering the standard deviation. The variations were attributed to the 
heterogeneities observed in the test specimens, as seen in Figure 2. The 25vPP75rPP blend presented 
the evaluated mechanical properties, tensile strength, deformation until failure, and stiffness more 
like the rPP.   

 
 

Figure 3 – Graphs of (a) Tensile strength and Elongation at Break and (b) Tensile modulus of 
elasticity for PPV and rPP and vPP/rPP blends. 

 
Figure 4 presents the results of tension and deformation at maximum force for the flexion test. 

Comparing the pure materials, vPP and rPP, it was verified that there was a loss of 39% in flexural 
strength, changing from 53.6 MPa to 32.9 MPa. As observed in the tensile test, the bending 
deformation drastically reduced for the rPP concerning the vPP. 

The values of flexural strength and maximum flexural deformation obtained for the blends 
with higher vPP contents, 75 and 50 %m/m, are similar to those obtained for pure vPP, considering 
the standard deviation. As for the 25vPP75rPP blend, the values obtained are intermediate to those of 
the pure materials. 
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Figure 4 – Graph of (a) Resistance to flexion and deformation 

 
Table 1 presents the average water absorption values of pure materials and blends after 

immersion in water for 24 hours. All materials showed low water absorption. Only rPP showed higher 
water absorption than the others, which can be associated with additives at low levels. The blend 
samples generally did not show pores capable of contributing to water absorption. 

 
Table 1 – Water absorption values (%) for materials based on vPP and PPR. 
 

Sample  Water absorption (%)   Sample  Water absorption (%) 
100vPP 0.013 0.009  25vPP75rPP 0.014  

75vPP25rPP 0.012 0.020  100rPP 0.037 0.026 
50vPP50rPP 0.014 0.012    

  
Conclusion 

The vPP and vPP blends, with contents varying between 25 and 75% by mass of the polymers, 
were successfully obtained and characterized. The results obtained from the mechanical tests of 
traction and flexion and water absorption were compared to materials containing pure polymers, vPP 
and rPP. The PP from NWs (rPP) showed worse mechanical properties than virgin PP since it was 
previously processed. Generally, the blends with contents of up to 50% of rPP presented the 
mechanical properties evaluated in the tensile test intermediate to those of the pure materials. The 
properties determined in the bending test for the same blends are similar to those of pure vPP, 
considering the standard deviation. The blends containing 75% NW by mass showed lower 
mechanical properties than the others. In addition, it was verified that the hydrophobicity of the blends 
did not show significant variation, evaluated by the absorbed water content. 

Notably, the number of disposable masks used during the pandemic was very high, and, 
despite the reduction, they continue to be used, especially in hospital environments. Other non-woven 
items are also used in different sectors. With this, the work showed a promising path for the 
environmentally more appropriate destination of pandemic waste, such as NW from disposable 
masks, compared to disposal in landfills or incineration processes. If there is an interest in producing 
colored materials, the pigment used is also used according to the device used. 
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Abstract - The experimental determination of cure-dependent viscoelastic properties is of utmost importance for the 
processing and use of materials based on epoxy resin for structural application. Although this complex topic is frequently 
addressed in the literature, there are different standards of the curing process and few general guidelines to obtain the best 
curing cycles. Hence, three different cure conditions applied to epoxy were conducted in this work, including their 
preparation and evaluation. Dynamic mechanical analysis (DMA) is commonly used to characterize epoxy resin at 
temperatures ranging from room temperature above their glass transition temperatures. The viscoelastic behavior of epoxy 
resin and properties such as storage modulus, loss modulus, and damping were experimentally evaluated. The analysis
was conducted from 35 to 220 °C in an equipment operating in its three-point bending mode at 1 Additionally, the cure 
degree was evaluated by Fourier transformer infrared (FTIR). Hz. The epoxy resin samples were submitted to three curing 
conditions: First - the epoxy resin (1st cycle) was cured at room temperature for 24 h with a post-cure at 120 °C for 1h; 
Second, the epoxy resin (2nd cycle) was cured in an oven at 100 °C for 4 h; and the Third - the sample was prepared by 
mixing epoxy resin, hardener, and accelerator in a proportion 100:38:1, cured at room temperature without post-cure, 
named epoxy resin (accelerator). The FTIR analysis shows the cure degree was achieved for the three curing conditions
studied, with a confirmation of the decrease/disappearance of bands at 858 and 917 cm-1. Also, DMA results showed the
epoxy resin (2nd cycle) exhibited an improvement in E’ (2300 MPa) and E'' (137 MPa) compared to other cure 
experiments. Further, the epoxy resin (1st cycle) showed a higher Tg (135ºC) in relation to other cycles. To conclude, the 
mobility of the epoxy chains was affected by different curing cycles. Also, the accelerator without post cure is not capable 
to give the fully cure.

Keywords: Dynamic mechanical analysis, DMA, epoxy resin, curing cycle.

Introduction
Epoxy resin is one of the main thermosetting polymers and is versatile in advanced engineering 
materials applications. Thus, the curing process involving these materials is one of the most important 
and complex steps in manufacturing polymeric composites, as it uses a certain level of energy that 
promotes the polymerization of the matrix. In addition, the curing process obeys the mixture in 
stoichiometric quantities and homogenization to guarantee the material's expected properties [1].
The curing reaction of epoxy resins is carried out through the hardener, which initiates the formation 
of three-dimensional crosslinks. Depending on the mechanism, external energy is necessary. The 
thermal profile applied to cure the system resin/ hardener is called the curing cycle and consists of 
heating phases, temperature levels, and controlled cooling. The change in density, viscosity, and 
shrinkage phenomena can affect the cured material. Moreover, the curing process can be accompanied 
by a post-curing cycle, where the aim is to achieve the final properties of the polymeric matrix, such 
as the highest cure degree [2]. Furthermore, it is convenient to define a minimum glass transition 
temperature where the thermal and mechanical stability of the epoxy resin can be achieved.
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However, for the curing process to occur, these matrices depend on curing agents that catalyze the 
formation of crosslinks, which directly affects the mechanical properties of the material [3]. Trying 
to understand the curing process of an epoxy resin more effectively can also contribute to selecting a 
resin that meets needs related to processability and performance. 
Hence, measuring and understanding the cure-dependent viscoelastic properties is of significant 
interest for epoxy matrices processing for structural application. This study's main objective is to 
study the effect of different curing cycles or conditions on dynamic mechanical epoxy resin 
properties. Moreover, this study is expected to determine the best curing cycle for the analyzed 
material, thus choosing the cycle that makes the epoxy matrix more resistant to the stresses applied 
to the material. 
Additionally, DMA is a technique typically capable of measuring subtle transitions in thermosetting 
polymers, thus through this analysis, phenomena such as Tg (glass transition temperature) and the 
impact of crosslinking on the curing cycle of highly crosslinked resins are usually only measurable 
by DMA because methods such as DSC can’t be sensitive enough [4]. Furthermore, DMA has become 
an essential technique for determining the viscoelastic properties of fiber-reinforced composites and 
analyzing the influence of fibers on the curing process and their impact on their properties. 
 
Experimental 
Materials 
 
All experimental tests were performed with a commercially available Araldite LY 5052 epoxy resin 
and Aradur 5052 hardener from HUNTSMAN, USA. 
 
Specimen manufacturing  
All the specimens were prepared by mixing proper quantities of epoxy resin and hardener in a 
proportion of 100:38. The epoxy resin was submitted to three curing conditions: First - the epoxy 
resin (1st cycle) was cured at room temperature for 24 h with a post-cure at 120 °C for 1h; Second, 
the epoxy resin (2nd cycle) was cured in an oven at 100 °C for 4 h; and the Third - the sample was 
prepared by mixing epoxy resin, hardener, and accelerator in a proportion 100:38:1, cured at room 
temperature without post-cure, named epoxy resin (accelerator).  
 
Methods  
FTIR spectra were collected using a Fourier transform infrared spectrometer (NICOLET IS10 from 
Thermo Scientific). Each spectrum was recorded in the 400 – 4000 cm−1 with a resolution of 4 cm−1 
and 128 scans.  
The Dynamic Mechanical Analyzer used to characterize the epoxy specimens was a NERZSCH, 
model 242 E Artemis. The test was conducted over flat rectangular specimens with 50 × 10 × 2.5 mm 
dimensions using a three-point bending fixture with a free length of 20 mm. Then, the analysis was 
performed with a constant heating rate of 2 °C/min, 1 Hz frequency at 35 to 220 °C range.  
 
Results and Discussion 
An investigation of its chemical behavior was carried out using the FTIR technique to better 
understand the epoxy resin curing process and the effect that the different curing cycles and conditions 
can have on the material properties. Fig. 1 shows the spectra of the epoxy resin at the end of its curing 
process for each condition, and in the detail, the highlighted bands at approximately 845 and 914 cm-

1, correspondent to the stretching of the C-O bond related to the epoxy ring's vibrations. Note that the 
intensity of bands 845 and 914 cm-1 at the end of epoxy resin (1st cycle) and resin epoxy (accelerator) 
decreased and practically disappeared in cycle 2nd, suggesting that the epoxy rings reacted during 
curing and became part of the epoxy network. Moreover, the decrease or disappearance of these bands 
corresponds to the curing of the epoxy resin [6]. 
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Figure 1. FTIR spectra of the epoxy resin with different cure conditions. The inset shows the subtraction 

spectra the highlighted bands at approximately 845 and 914 cm-1. 

Fig. 2 shows the dynamic properties vs. temperature for all specimens. Also, Tanδ (damping ratio), 
storage modulus (E’), and loss modulus (E”) curves for all specimens as a function of temperature 
can be found. It is observed that the different curing conditions were able to cause differences in the 
dynamic properties of the epoxy resin. From this Fig.2 we can determine the gel time (crosslinks have 
progressed to forming an “infinitely” extended network across the specimen) of the specimens studied 
by crossover the curves E’, E". As we can observe (see Fig. 2), the gel time changed according to the 
different curing conditions. 
The corresponding values from Fig. 2 have been provided in Table 1. It is evident from Table 1 that 
2nd cycle has the highest peak of Tanδ (0.57). This is attributed to strong molecular mobility provoked 
by curing at higher temperatures. Furthermore, this higher Tanδ indicates that the capacity energy 
absorption by the material is higher [7]. Also, Tanδ peak values for the 1st cycle and accelerator 
samples decreased 33% and 27%, respectively, in respect to the 2nd cycle, which means the post-cure 
process and the insertion of the accelerator in the curing cycles reduced the ability of the material to 
dissipate more energy. The 1st cycle allows a higher Tg occasioned by the post-cured process. 
However, the post-cured on the epoxy resin decreases the material's stiffness due to reduced chain 
mobility caused by additional cross-linking in the post-cured samples [4]. 

Table 1 shows a variation of the E’ of the epoxy resin with different cures. The 2nd cycle exhibited a 
storage modulus of 2300 GPa, an increase of 155% compared with the 1st and epoxy resin 
(accelerator), which revealed a similar storage modulus of 900 GPa. This means that the 2nd cycle 
increased the epoxy matrix capacity to support mechanical constraints with recoverable viscoelastic 
deformation. In particular, the stiffness is substantially increased within this cycle. Regarding the 
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reduction of E′ to 1st and epoxy resin (accelerator), the lower molecular mobility of the polymer chain 
for these specimens implies the loss of stiffness [8].  
Also, in Table 1, the epoxy resin epoxy resin (accelerator) exhibits the lowest loss modulus value, 28 
MPa, because of the increasing molecular mobility of the polymer chain caused by the accelerator. 
Around 380% improvement in the E″ is observed for epoxy resin 2nd cycle compared to epoxy resin 
1st cycle. This may be attributed to the strong resistance to molecular mobility offered by crosslink 
networks [9].  
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Figure 2. The dynamic properties vs. temperature of the epoxy resin with different cures. A) Specimen cured 
in an oven at 100 °C for 4 h. B) At room temperature for 24 h with a post-cure at 120 °C for 1h. C) 

Specimens cured with the accelerator at room temperature for 24 h. At frequency level 1 Hz. 

Table 1. Dynamic mechanical analysis of epoxy resin with different cures. 

Specimen Tg from Tanδmax 
[°C] 

 

Peak height 
of Tanδ curve 

 

Storage 
Modulus 

(E’max) [MPa] 
 

Loss Modulus 
(E”max) [MPa] 

 

Epoxy resin (1st cycle) 135 0.38 900 38 

Epoxy resin (2nd cycle) 100 0.57 2300 137 

Epoxy resin (accelerator) 100 0.43 900 28 

 
Conclusions 
 
The FTIR analysis confirmed that the different epoxy resin cures could cure the materials analyzed 
with the decreased/disappearance of the 858 and 917 cm-1 bands. DMA results showed a considerable 
effect of curing cycles on the viscoelastic properties of the epoxy resin. Amongst the specimen’s 
analyses, 2nd cycle exhibited an impressive improvement in E’ (2300 MPa) compared to other 
specimens. Further, the storage modulus was higher when the specimens were cured at higher 
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temperatures, contributing to the epoxy matrix achieving a greater crosslink. This made o epoxy resin 
more resistant to support mechanical stress. 
Moreover, the 2nd cycle has the highest peak of Tanδ (0.57). This higher Tanδ indicates that the 
capacity energy absorption by the material is higher. It is very worth mentioning that loss modulus 
also follows an improvement for the 2nd cycle. This may be attributed to the strong resistance to 
molecular mobility offered by the crosslink networks formed in higher temperatures. Furthermore, 
the different temperatures used to cure the epoxy resin were able to modify the properties of the 
thermosetting matrix, in addition, the use of the accelerator did not contribute to the gain of properties. 
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Abstract – Luffa cylindrica fibers, better known as vegetable sponges or loofahs, already possess various characteristics 
for technological applications. With the intention of obtaining superior properties, modification and incorporation of a 
metallic nanoparticle were performed. The vegetable sponge was initially treated with sodium hydroxide to decrease the 
lignin percentage of the material. Zinc ferrite nanoparticles were synthesized through the co-precipitation method in a 
solution to anchor them onto the fiber surface. The Luffa cylindrica/ZnFe2O4 material was characterized by FTIR, SEM, 
XRD, and TEM. The results demonstrated a reduction in the lignin percentage after alkaline treatment and the attachment 
of zinc ferrite nanoparticles onto the fiber surface, resulting in a material with potential for technological applications.

Keywords: Natural fibers, metallic nanoparticles, composites, alkaline treatment.

Introduction 

To improve the properties of the vegetable sponge, one alternative could be the incorporation 
of metallic nanoparticles. For instance, zinc ferrite nanoparticles have a wide range of applications 
due to their physical and chemical properties, as well as their high surface area, which results in 
increased reactivity. Moreover, they exhibit high thermal and chemical stability, making them 
attractive for use in composite materials and in water treatment and environmental pollutant processes 
[1].

Vegetable sponge fibers have already been used as a support for metallic nanoparticles. For 
instance, a combination of nickel and zinc ferrites with calculated proportions was used to evaluate 
the electrical properties of the material [2]. In another study, ferrites were prepared using the 
combustion method for the degradation of organic dyes [3]. A different combination of zinc and 
aluminum oxides was investigated for water decontamination purposes [4]. Considering the 
advantages offered by ferrites, zinc ferrite stands out due to its reliance on easily accessible and low-
cost reagents.

The structure of the zinc ferrite nanoparticles, represented in Figure 1, is classified as spinel 
structure, characterized by a three-dimensional crystal lattice composed of zinc and iron atoms. The 
spinel structure is one of the most common crystal structures in inorganic materials and is known for 
its high thermal, chemical, and mechanical stability [3,4].
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Figure 1 - Chemical structure of zinc ferrite (ZnFe2O4)

Based on the information presented, the objective of this study was to modify and 
characterize Luffa cylindrica fibers with zinc ferrite nanoparticles, aiming for future applications in 
geopolymers matrices and the field of contaminant removal in aqueous solutions.

Experimental 

In order to obtain the vegetable sponge (VS) with specific characteristics for modification 
with nanoparticles, an alkaline treatment was performed using sodium hydroxide (NaOH) through 
two methods. The first method involved weighing 5.0 g of powdered vegetable sponge and adding 
0.5 mol.L-1 sodium hydroxide solution under constant stirring for 1 hour at room temperature. The 
mixture was then filtered, washed with distilled water, and dried in an 80°C oven until a constant 
mass was achieved. The second method utilized a 0.1 mol.L-1 sodium hydroxide solution and involved 
heating the mixture at 100°C, followed by the subsequent steps as previously mentioned.

Both methodologies were applied to powdered vegetable sponge and natural fiber vegetable 
sponge. All samples, before and after treatment, were analyzed using Fourier-transform infrared 
spectroscopy (FTIR), X-ray diffraction (XRD), and scanning electron microscopy (SEM) to evaluate 
possible changes in morphology and assess the effectiveness of the alkaline treatment in lignin 
removal or reduction.

For the synthesis of Luffa cylindrica/ZnFe2O4, a solution of zinc chloride (ZnCl2) and iron 
chloride (FeCl3) was initially prepared in the stoichiometric ratio of 1:2, respectively. The vegetable 
sponge, previously treated by the two methods mentioned, was added to the solution along with 
sodium hydroxide (NaOH) to adjust the pH and induce precipitation. The system was maintained 
under constant stirring and heated at 60°C for 1 hour, followed by drying in an oven at 75°C for 24 
hours. For treatment method 1, the material was identified as BVFe1, while for treatment method 2, 
it was labeled as BVFe2. The same procedure was repeated with the fibers of the vegetable sponge 
treated by the two alkaline methods, resulting in BVFe3 for method 1 and BVFe4 for method 2.

The characterization of the modified vegetable sponge with zinc ferrite nanoparticles was 
carried out using techniques such as Fourier-transform infrared spectroscopy (FTIR), scanning 
electron microscopy (SEM), X-ray diffraction (XRD), and transmission electron microscopy (TEM).

Results and Discussion

Initially, the results obtained from the FTIR analysis of the pure vegetable sponge and Luffa 
cylindrica/ZnFe2O4 are presented (Figure 2).
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Figure 2 - FTIR of the pure vegetable sponge (a) and the Luffa cylindrica/ZnFe2O4 material (b). 

In the spectrum (Fig. 2a), several characteristic bands of lignocellulosic materials were 
observed. These include a band at a wavelength of 3330 cm-1, corresponding to the stretching 
vibration of the -OH bond present in the cellulose structure, and a band at 2920 cm-1 representing 
symmetric (-CH3) and asymmetric (-CH2) stretching vibrations, which can be attributed to the methyl 
and methylene groups present in cellulose, hemicelluloses, and lignin. These results are in accordance 
with the findings of Martinez-Pavetti et al. [5]. 

In the spectrum (Fig. 2b), two prominent bands at wavelengths of 1032 and 1383 cm-1 were 
observed, corresponding to the Zn-O bonds present in the zinc ferrite nanoparticles, as also reported 
in the study by Kesraoui, Bouzaabia, and Seffen [4]. 

 
The Figure 3 shows the X-ray diffraction (XRD) diffractogram of the pure vegetable sponge 

(VS) and Luffa cylindrica/ZnFe2O4 (powdered) samples. 

 
Figure 3 - Diffractogram of the pure vegetable sponge sample (a) and the BVFe1 and BVFe2 materials (b). 

 
The data demonstrated peaks at 2θ values of 15, 22, and 37.8 for the pure vegetable sponge, 

which correspond to the crystalline portion of cellulose. These values are consistent with the findings 
of Martinez-Pavetti et al. [5]. The calculation of the crystalline portion of the material was performed 
by determining the area of the peaks in the diffractogram, following Eq. 1, where l_crystalline is the 
area of the crystalline portion and l_amorphous is the area of the amorphous portion. The calculation 
resulted in a crystalline content of 34.79% for the pure vegetable sponge. 

[% crystallinity =  x 100] (1) 
 

For the Luffa cylindrica/ZnFe2O4 compositions, crystallinity values of 51.98% were 
observed for BVFe1 and 53.68% for BVFe2. These values are higher compared to the pure vegetable 

(a) (b) 
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sponge due to the addition of an inorganic material with a crystalline structure. These findings are 
consistent with those reported in the literature by other authors [1,2]. 

After the addition of zinc ferrite nanoparticles, the appearance of peaks corresponding to the 
spinel structure of the ferrite nanoparticles was observed at 2θ values of 35.2°, 56.5°, and 62.1° [5]. 

Regarding the SEM analysis, the obtained images for the powdered Luffa 
cylindrica/ZnFe2O4 (a) and (b) and the fiber samples (c) and (d), as shown in Figure 4, it was observed 
that in the BVFe2 sample, the nanoparticles were fixed on the surface, possibly due to the high surface 
area of the powdered sponge. In contrast, in the images (c) and (d) of the vegetable sponge fiber, a 
more pronounced uniformity in the distribution of the nanoparticles was observed. 
 

  

  
Figure 4 – SEM images of the powdered Luffa cylindrica/ZnFe2O4 samples (a) and (b) and the fiber samples (c) and (d). 

A study conducted by Kesraoui, Bouzaabia, and Seffen [4] with vegetable sponge fibers also 
observed a greater uniformity in the distribution of metallic nanoparticles along the fibers compared 
to the powder form. This characteristic is advantageous for applications such as water 
decontamination using the fiber and metal oxides. 

The TEM analysis was also performed for the samples, and the results are shown in Figure 
5. 

 

Figure 5 - The TEM image of the synthesized material with vegetable sponge fiber at a zoom of 100,000x 

The TEM image of Luffa cylindrica fiber showed the presence of deposited ferrite 
nanoparticles on the vegetable sponge. The light gray regions indicate that the fiber is serving as a 

(a) (b) 

(d) (c) 
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support for the ferrite nanoparticles, which has been previously studied by Ahmad et al. and Yang et 
al. [2,3]. Additionally, an agglomeration region can be observed, which may be attributed to the 
preparation method of the suspensions and the magnetic interaction between the ions, as explained 
by the authors [2,7,8]. 

The diameter of the ferrite nanoparticles ranged from 7 nm to 22 nm, and it was directly 
measured by the analysis equipment. This particle size is consistent with authors who synthesized 
ferrite nanoparticles using the co-precipitation method [1,7,8]. 

Through the performed analyses, it was possible to evaluate the compositions obtained by 
incorporating coprecipitated ferrite nanoparticles into Luffa cylindrica fibers. 

 
Conclusions 
 
The conducted analyses revealed a modification in the crystallinity of the material after the 

addition of ferrite nanoparticles, with metallic nanoparticles being fixed at the nanoscale on the 
surface of the Luffa cylindrica fibers, as observed in the SEM and TEM images. These findings 
indicate the formation of a material with organic properties from Luffa cylindrica and inorganic 
properties from zinc ferrites. Further studies will be conducted in the future to explore the potential 
of this material in various applications. 
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Abstract – Using the Simplex Axial design of experiments technique, polymeric composites of polydimethylsiloxane 
(PDMS), filled with hybrid fillers of carbon nanotubes (CNT) and graphene nanoplatelets (GNP) were analyzed 
concerning their electromagnetic absorptivity in the Ku frequency band (12.4 to 18 GHz). For a confidence level of 
95% (α = 0.05), linear, quadratic and special cubic models were adjusted to the experimental data. Special cubic model 
provided statistical significance (p-value = 0.0192) and high prediction capacity (R2 = 0.9639), confirmed by the 
adjusted coefficient of determination (adjusted R² = 0.8918). The resulting equation and the Pareto chart of standardized 
effects revealed that, for this property, CNT was the most influential component because of its morphology, which 
facilitates the structuration of the conductive network. Despite that, the synergistic effect of CNT and GNP was evident, 
both in electromagnetic absorptivity and electric conductivity.
Keywords: PDMS, hybrid fillers, electromagnetic shielding, absorptivity, design of experiments.

Introduction
In modern routine, we live surrounded by electroeletronic equipment, which continuously emits 
electromagnetic waves (EMW). These random emissions produce invisible pollution in the 
environment, manifesting as electromagnetic interference (EMI) in other equipment [1] and is 
potentially harmful to human health, causing headaches, fatigue, nervousness, insomnia and ever 
cancer [2]. In order to mitigate the effects of such pollution, the concept of EMI shielding emerged, 
consisting of a barrier that stops the propagation of EMW from a medium to another. Classicaly, 
metals are the chosen material for such application, however, their shielding mechanism is mainly 
based on wave reflection. In this sense, only the environment beyond the shield is protected against 
unwanted EM radiation, which does not contribute to solve the EM pollution problem. Researchers 
turned their attention to materials with EM absorbing properties [3,4], with special attention to 
conductive polymeric composites (CPC) [5]. 
CPCs are produced by incorporing conductive fillers into insulating polymeric matrices. 
Carbonaceous fillers, such as carbon nanotubes (CNT), graphene nanoplatelets (GNP), graphite (G) 
and carbon black (CB) are the most popular conductive fillers, for their relatively good interaction 
with the carbonic chains of polymers. Beyond a specific amount of filler mixed in the polymer, 
called electric percolation threshold, the conductive particles are too close or in contact with each 
other, structuring a conductive network inside the matrix [6], tunning the electrical condutctivity of 
the originally insulating composite. The percolation threshold must be reduced to avoid processing 
problems and damage to mechanical properties of the material, and a commonly used strategy to 
reduce it is combining two different fillers, to obtain a synergistic effect on the material’s properties 
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[7]. CNT, for exemple, presents high conductivity and high aspect ratio, which favors the formation 
of the conductive network; GNP, on the other hand, besides high conductivity, has a plate-like 
morphology, improving the chances of interaction with EMW [8], making the two particles good 
candidates for combination in hybrid fillers. 
PDMS is an elastomeric polymer of the silicone family. It is the most simple silicone with amazing 
properties such as high flexibility, thermal and chemical stability, hidrophobicity, optical 
transparency and lubricating effect, also being comercialy cheap and available [9,10,11]. Most 
important, it is a non-toxic material, biocompatible and environmentally friendly, being widely used 
in medical supplies [12]. 
Design of experiments (DOE) consists of a group of statistical concepts used to optimize useful data 
gathering, with the least number of experiments possible. Mixture design is used when the 
material’s properties are function of the components’ relative quantities, and not their absolute 
amount. Axial simplex centroid is a mixture design technique in which, for a system of 3 
components, 10 experiments are needed: 3 pure samples, 3 binary samples and 4 ternary samples. 
This method is distinguished from the classic simplex centroid because it presents 3 additional 
points in the ternary mixture region, axial to the centroid point, making it a better predictor of the 
ternary region of the experimental space [10]. The result of the statistical treatment is a 
mathematical model adjusted to the experimental data, relating the desired property to the ratio of 
each component in the mixture. Linear, quadratic and special cubic models are commonly used for 
mixture designs and, as the complexity of the model increases, the number of parameters increases 
as well. The result of the mathematical modeling is a response surface, which predicts the property 
value for any mixture composition within the experimental space and determines the composition 
that maximizes its value [8,13]. 
The objective of this work was to statistically evaluate the synergistic effect of CNT and GNP in the 
electromagnetic absorptivity of PDMS composites, using the axial simplex centroid technique to 
adjust three different complexity models to the experimental data. 
 
Experimental 
PDMS kit SylgardTM 184 Silicone Elastomer, provided by Dow Chemical Company; Carbon 
nanotubes NC7000, produced by Nanocyl S.A.; Graphene nanoplatelets xGnP Grade M (average 
diameter 25 μm) provided by XG Sciences Inc. 
Fillers were dispersed in the polymer base using an ultrasound mixer FisherbrandTM Q500 (500 W, 
20 kHz) for 30 min. The curing agent was added and the mixture was degassed in vaccum for 15 
min. Curing was conducted at 100 °C for 35 min.  
Electromagnetic absorptivity (RL) was determined from the S-parameter (S11), mesured in the Ku-
band (12.4 to 18 GHz), using a vector network analyzer (VNA) PNA-L from Agilent Technologies, 
coupled with a wave guide and using metal-backed configuration, with a metal plate fixed to the 
sample holder. Samples had 2 mm thickness. 
Alternate current electric conductivity (σAC) was measured in a dielectric interface Solartron SI 
1260, from Agilent Technologies. Measurements were conducted in 0.1 V, from 10 mHz to 100 
kHz, with samples of 1 mm thickness and 25 mm diameter. The surface of the samples was 
previously covered with a thin layer of gold, to improve the contact with the electrodes. 
Composition of the samples prepared is presented in Table 1. Mass content of fillers (CNT and 
GNP) was fixed from 0% to 2%. The models adjusted to the experimental data was the linear, 
quadratic and special cubic, presented in Eq. 1, 2 and 3, respectively. Statistical treatment of data 
was conducted in Statistica V14.0 software, considering a confidence level of 95% (α=0.05). 
 

           (1) 
         (2) 
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          (3) 

= Desired property = RL (dB).  

 = ratio of component i. i = 1 for PDMS; 2 for CNT; 3 for GNP. 

A, B, C, AB, AC, BC, ABC = parameters of the models. 
 
Results and Discussion 
Electromagnetic absortivity, or reflection loss (RL), is a parameter that allows the evaluation of the 
electromagnetic absorption capacity of absorbing materials. The experimental data adjusted to the 
models was the average RL values for each sample in the Ku-band frequency range, according to 
Table 1. The statistical results for the three evaluated models are presented in Table 2. 
 

Table 1 – Absorptivity and electric conductivity (0.01 Hz) of the DOE samples 
Real components (wt%) Pseudo-components (wt%) RL (dB) σAC (S/m) 
PDMS CNT GNP PDMS CNT GNP   

100 0 0 1 0 0 5.27 3.45 x 10-13 
98 2 0 0 1 0 15.95 1.75 x 10-4 
98 0 2 0 0 1 6.49 4.38 x 10-12 
99 1 0 0.5 0.5 0 5.02 1.38 x 10-5 
99 0 1 0.5 0 0.5 5.84 2.30 x 10-12 
98 1 1 0 0.5 0.5 12.15 2.65 x 10-5 

98.67 0.67 0.67 1/3 1/3 1/3 15.57 3.53 x 10-3 
99.33 0.33 0.33 2/3 1/6 1/6 8.22 2.47 x 10-4 
98.33 1.33 0.33 1/6 2/3 1/6 12.08 9.31 x 10-5 
98.33 0.33 1.33 1/6 1/6 2/3 10.48 1.19 x 10-4 

 
Table 2 – Statistics of three different complexity models adjusted to RL 

Model R² Adjusted R² p-value 
Linear 0.5466 0.4170 0.0628 

Quadratic 0.7085 0.3442 0.5807 
Special cubic 0.9639 0.8918 0.0192 

 
Among the three evaluated models, only special cubic presented statistical significance, since its p-
value is inferior to the significance level of 0.05. The coefficient of determination (R²) revealed that 
it also has the strongest prediction capacity, since its coefficient is very close to unity, which was 
confirmed by the adjusted R². In addition, adjusted R² values show that the increase in the model’s 
complexity, with the addition of the ternary parameter (ABC), was beneficial for the predicition 
capacity of the special cubic model, compared to the quadratic model, since there was a considerate 
increase in this parameter. In short, the special cubic model can explain 89% of the variance in RL 
caused by the ratio of components in the mixture, which is a satisfactory result. 
The values for the special cubic model parameters are presented in Table 3. Numeric analysis 
allows to identify the most relevant components and interactions that contribute to the property of 
the material. Among the unitary paramenters, that refer to the individual contribution of the 
components, parameter B, referent to CNT, is of greatest influence in absorptivity, followed by 
parameter C, referent to GNP. Concerning the binary parameters, BC, which refers to the 
interaction between CNT and GNP, is 3 orders of magnitude higher than AB and 5 orders of 
magnitude higher than AC. Naturally, parameter A, referent to pure PDMS, and the binary 
parameters that involve the polymer (AB and BC) have inferior contribution to absorptivity 
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compared to the parameters referent to the fillers, since PDMS has negligible electromagnetic 
properties. 
 

Table 3 – Parameters of the adjusted special cubic 
model 

Parameter Value 
A 5 
B 57036 
C 480 

AB -57674 
AC -429 
BC -24695673 

ABC 25206618 
 

 
Figure 1 – Pareto chart of standardized effects 

 
The statistical analysis of the parameters of the model, using the Pareto chart of standardized effects 
(Figure 1), confirms the greatest contribution and statistical relevance of parameter B, referent to 
the individual contribution of CNT, followed by parameters C and ABC. 
The highlighted performance of CNT in the electromagnetic absorptivity in PDMS composites is 
justified by the electric condutcivity of the composites, presented in Table 1. Composites filled with 
CNT presented conductivity 6 and 7 orders of magnitude higher than those with the same amount of 
GNP, and such behavior has already been observed in literature [14,15,16]. The main difference 
between CNT and GNP is the morphology of particles, which is of paramount importance for the 
structuration of a conductive network of filler particles. Due to its high aspect ratio [17], CNT 
presents nearly 1D particles, which easily connect with each other. GNP, on the other hand, has 
plate-like particles, presenting limited mobility and possibility of interconnection. A properly 
structured network produces intense polarization, charge dissipation and ohmic losses [18,19], 
contributing to the dissipation (absorption) of EM radiation in the interior of the composite. 
 

 
Figure 2 – Response surface for the special cubic model adjustment to the absorptivity data in the Ku band 
 
The response surface for the adjusted special cubic model (Figure 2) shows that the best results for 
electromagnetic absorptivity is in the ternary mixture region, between the centroid point and the 
CNT vertex. Despite CNT presenting more relevant contribution to absorptivity (numerical and 
statistically), the synergistic effect of fillers is evident for this property. Synergy can also be 
observed in the conductivity results, since all of the ternary composites presented better results than 
binary composites with only GNP. The best performance was achieved by centroid point CNT/GNP 
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0.67:0.67%, which presented higher conductivity than CNT 2%, even with smaller amount of filler 
added. 

Conclusions 
Three different complexity mathematical models were adjusted to the electromagnetic absorptivity 
experimental data of PDMS composites filled with hybrid filler of CNT and GNP. Special cubic 
was the only model to present statistical significance, also presenting the strongest prediction 
capacity. In addition, the synergistic effect of the hybrid filler in the absorptivity of PDMS 
composites was statistically verified, and similar behavior was also observed in electric 
conductivity of the prepared materials.  
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Abstract - This work aims to investigate the influence of the hybridization effect on the mechanical behavior and 
failure mechanism of fiber-metal laminates (FML) produced with hybrid reinforcement of natural and synthetic fibers. 
Fiber-metal laminates were obtained using metallic layers of 2024-T3 aluminum sheets and carbon, glass, and sisal 
fibers prepregs. Hybrid FMLs were fabricated using a hot-pressing process. Data related to strength, modulus and strain 
were obtained through tensile tests coupled to the Digital Image Correlation (DIC) technique, then the results were 
interpreted using analysis of variance (ANOVA). Analysis of stress-strain curves indicated that the difference in elastic 
properties between metallic and FRP layers largely affected the FML delamination process, and directly influenced the 
tensile load and deformation behavior of the laminates. The mechanical results indicated that the interface between the 
sisal composite and the metallic layer strongly depends on the nature of the fiber, which also controls the intensity of 
residual stresses.

Keywords: Fiber-metal laminates. Hybrid composites. Mechanical properties. DIC. Residual stresses.

Introduction
Fiber metal laminates (FMLs) are hybrid structural materials composed of thin layers of metal alloy 
sheets and fiber-reinforced polymer composites. Fiber-to-metal composite technology combines the 
advantages of metallic materials and fiber-reinforced polymer matrix systems [1]. FMLs are an 
excellent example of obtaining a material with improved behavior through the combination of the 
mechanical properties of its constituents. A more recognized classification for FMLs is based on the 
organization and composition of their constituent materials. In general, FMLs can be classified 
mainly by base metals in their composition and polymer composites, consisting of a fiber-
reinforced matrix [2].
The composite layers commonly used in FMLs are of the Fiber Reinforced Polymer (FRP) type and 
can be classified according to the reinforcing fibers and constituent polymer matrices. Carbon and 
glass fibers are the most commonly investigated and used fibers in FMLs [3]. Despite that, 
composites based on renewable sources or biocomposites have emerged as ecologically friendly 
alternatives to traditional composite materials due to recent environmental and sustainability 
concerns [4]. Biocomposites reinforced with natural fibers have been used in many applications and 
highlighted because they have low cost and non-abrasive properties during processing [5].
Due to the wide application of FMLs in engineering structures, their mechanical properties have 
been extensively investigated in terms of experimental methods, numerical techniques, analytical 
models, flexural performance, impact resistance, and fatigue performance, among others. The study 
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of these properties, coupled with other analysis techniques, such as Digital Image Correlation (DIC) 
has constantly been increasing. This method can be applied to measure full-field deformation of the 
hybrid composite specimen. Studies on the tensile behavior of FMLs using the DIC technique have 
been conducted by many researchers [6,7], and they concluded that the strain rate of FML is 
dependent of the materials layers. The degree of strength increase depends on the stacking sequence 
of FRP layers. From this point of view, this work aims to evaluate the structural performance of 
hybrid fiber-metal laminates with natural and synthetic fibers through tensile test DIC-monitoring.

Experimental 
Preparation of prepregs
Sisal fibers (Sisalsul, Ltd.) were used, available in natura, and with an approximate length of 80 
cm, unidirectional carbon fiber (UC300), and glass fiber E (VEW130) fabrics, were from the 
Barracuda Advanced Composites. An Araldite® LY 1564 epoxy resin was used as a polymer 
matrix with the curing agent Aradur® 22962, both from Huntsman Advanced Materials.

Initially, the sisal fibers were subjected to a chemical treatment based on a solution of 5% (w/v) 
sodium hydroxide (NaOH) tested and validated through previous studies [8]. The matrix solution 
was prepared at room temperature by mixing the DGEBA epoxy monomer with the curing agent.
The unidirectional fabrics of sisal, carbon, and glass (50 v%) were impregnated with the matrix 
solution through manual lamination. The prepregs were packed, protected from the weather with a 
polyethylene film covering each face of the material and stored in a refrigerator at -18 °C for the 
subsequent production of fiber-metal laminates.

Manufacturing of FMLs
The aluminum alloy used for lamination of the FMLs was the aircraft aluminum 2024-T3 in the
form of 0.5 mm thick sheet. Aiming better adhesion to the polymer composite, the sheets were 
subjected to an anodizing process. The unidirectional prepregs used are sisal/epoxy, carbon/epoxy, 
and glass/epoxy with a fiber fraction by volume of about 50 v%.
The material distributions in different FMLs were [AL/0/AL], and organized the 06C nomenclature, 
which represents in sequence: the unidirectional direction (0°), the number of layers of composite 
(6, 4, 2, or 1), and the type of prepreg used (C - carbon, G - glass, or S - sisal). The FMLs were 
manufactured using the hot compression molding technique in a hydraulic press with 300 x 300 mm 
heated plates (WABASH, 10000 psi). Before the pressing process, the prepregs were maintained at 
room temperature for 1 h and then stacked on the aluminum layers with seven different
combinations. The set of layers was deposited on a peel ply film followed by a release film layer, as 
shown in the diagram in Fig. 1. Then, the material was inserted into the press, where a pressure of 5 
MPa was applied to the set. The plates were then heated at a heating rate of 5 °C/min from room 
temperature to 80 °C. Then, the set was kept in isotherm for 30 min. The heating was stopped after 
the curing time, and the composites were removed from the press. In the end, the laminates 
presented excellent dimensional stability.

Fig. 1. Layer stacking scheme for pressing the FMLs with unidirectional (UD) polymer composites.
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Mechanical characterization coupled to DIC
The specimens for the Tensile Test with DIC were prepared according to ASTM D3039 [9]
recommendations with dimensions of 200 x 25 x 3 mm. Tensile tests were performed according to 
ASTM D3039 [9] on a universal mechanical testing machine INSTRON 8801 with a 100 kN load 
cell. 5 CPs were tested for each group, and the test speed was 2 mm/min.
Data related to the deformation of the specimens during the tensile test was collected using the DIC 
technique with the Q-400 system from Dantec Dynamics. In this procedure, two cameras were 
installed in front of the mechanical testing machine with a focus adjusted to the position of the 
specimen analyzed, where the sample surface was uniformly illuminated by a red lamp between the 
cameras (Fig. 2). During the test, images were captured at 1 s intervals. The recording started with 
the beginning of the tensile test in such a way that the data obtained in both methods could be 
synchronized later. The images' analysis and the deformations in the X and Y axes were performed 
using the ISTRA 4D software (Dantec Dynamics).

Fig. 2. Experimental configuration of the tensile test with DIC-monitored.

After the tensile test, photographs were taken of each specimen to analyze the failure mechanism. 
The observed failure modes were associated and identified according to ASTM D3039 [9]. In 
addition, failures were correlated with the composition of constituent layers, failure stresses, and the 
occurrence of delamination in each group of FMLs.

Results and Discussion
In the tensile tests, the stress-strain curves (σ - ε) of the FMLs with single reinforcement (carbon, 
glass, and sisal), as well as hybrid FMLs (sisal/carbon and sisal/glass) were obtained. The strain
presented in the curves of Fig. 3 represents the y-axis strain obtained by the DIC technique. 
Structure failure mechanisms for each set of specimens were captured and analyzed.
The maximum stresses and strains were recorded at failure, describing a typical tensile failure of a 
ductile material. In general, the samples failed at the specimen center in the maximum shear plane 
of stress. Thus, the stress hardening effect is negligible from the stress-strain curve presented.

Load cell

Hydraulic upper
grid

Hydraulic lower
grid

Specimen

Camera
(left view)

Red LED
lighting

Camera 
(right view) 
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Fig. 3. Stress-strain curve of FMLs. 
 
The mean values of the tensile properties tested, including Young's modulus (E), failure stresses 
(σy), failure strains (εf), and Poisson’s ratio (n) are summarized in Tab 1. The standard deviation 
values are also provided. 

 
Tab 1. Summary of tensile properties of FMLs. 

FML FRP Prepregs 
sequence 

Young's modulus 
E (GPa) 

Failure stress 
σy (MPa) 

Failure strain 
εf (%) 

Poisson's ratio 
v 

Carall Carbon 36.2 ± 0.64 948.8 ± 38.59 1.11 ± 0.06 0.34 ± 0.02 
Glare Glass  22.3 ± 0.28 604.5 ± 19.89 2.10 ± 0.54 0.36 ± 0.09 
Siral Sisal 22.2 ± 1.27 262.6 ± 9.23 1.86 ± 0.08 0.33 ± 0.01 
CaSiral Carbon/ Sisal/ Carbon 34.6 ± 1.13 880.3 ± 39.75 1.30 ± 0.10 0.33 ± 0.03 
SiCarall Sisal/ Carbon/ Sisal 33.6 ± 1.63 828.6 ± 16.76 1.31 ± 0.08 0.33 ± 0.09 
GlaSiral Glass/ Sisal/ Glass 21.4 ± 1.64 492.0 ± 27.39 2.12 ± 0.16 0.35 ± 0.08 
SiGlare Sisal/ Glass/ Sisal 21.4 ± 0.43 507.2 ± 17.49 2.07 ± 0.12 0.36 ± 0.09 

 
The data shows that Carall FML presented the highest tensile strength, which was expected since 
this material has only carbon fiber composite reinforcement. It can be noted that the FML 
hybridization did not significantly affect its mechanical properties since the CaSiral and SiCarall 
groups obtained a reduced strength of 7.2% and 12.7%, respectively. The same behavior was 
observed for the hybrid FMLs with sisal and glass fibers. As expected, Young's modulus of FMLs 
with carbon fiber was higher than that of the other groups. According to Hu et al. [10], carbon fibers 
have a higher modulus of elasticity than aluminum. Thus, during the tensile test, the fibers sustained 
the stresses distributed along with the composite length to guarantee a higher resistance. 
To compare the different tensile and failure response mechanisms of FMLs, Fig. 4 displays the 
digital images correlated to the tensile test. Unlike the strain results presented in the stress-strain 
curves, the images show the displacements at the y-axis from the specimen’s front surface during 
the tensile test. The images presented were taken at the last moment before the failure of each 
specimen. It is noted that once the 0° fiber layers break, the deformation of the entire FML 
specimen occurs only in the metallic layers. More importantly, the deformation is located around 
the fiber break point (due to the lack of fiber -bridge effect [6]). 
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   (a)    (b)    (c)    (d)    (e)    (f)   (g) 

Fig. 4. Experimental configuration of the tensile test DIC-monitored. Carall (a), Glare (b), Siral (c), CaSiral 
(d), SiCarall (e), GlaSiral (f), SiGlare (g). Red color indicates larger displacement. 

 
In general, it is possible to observe in Fig. 4 that the hybrid composites (d, e and f and g) present, on 
average, a smaller displacement at rupture when compared to the non-hybrid FML. This 
phenomenon can be confirmed by analyzing the DIC image of the Siral FML. Since it contains low 
modulus natural fibers, it consequently presents a smaller displacement until rupture because the 
properties of this material were transferred to the hybrid composite [8]. 

 
Conclusion 
Sisal fibers FMLs and sisal/ synthetic fibers FMLs were obtained successfully. According to the 
stress-strain curves of the hybrid materials produced, the most efficient distribution of layers occurs 
when sisal fibers are concentrated in the core of the FML since these fibers present a certain amount 
of moisture, affecting the adhesion region between the FRP and the metal layer. In general, the 
hybrid composites offer a smaller displacement at rupture when compared to the non-hybrid FML. 
It was found that the FML hybridization did not significantly affect its mechanical properties, and it 
can provide an eco-friendlier and sustainable when compared to the traditional FML materials. 
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Abstract
The use of biodegradable polymers has grown every year, due to environmental concerns, being used in several 
applications, such as packaging and 3D printing. It is common the use of composites due to your combination of 
properties. In this work, has tried the compatibilization of Poly (Lactic Acid), or PLA, with Crystalline Nanocellulose 
using a Polyethylene grafted with Maleic Anhydride (PE-g-AM), combined with the use of an Elongational Flow 
Device couple in a monoscrew extruder to improve the dispersion of NCC in polymeric matrix. The results appoint that 
the compatibilization it wasn’t possible, necessitating a new approach, such as using a different compatibilizer or 
modify the process conditions. In other side, the elongational flow improved the dispersion of PE-g-AM particles and of 
NCC in the composites.
Keywords: PLA, Compatibilitzion, elongational flow, Nanocellulose

Introduction
Biodegradable polymers, also known as ''biopolymers'', are gaining attention as an 

alternative to overcome the issues related to nonbiodegradable polymeric waste, as it shows 
excellent stability and high durability and tends to accumulate in the environment [1–4].
Biopolymers are prone to degrade naturally due to the effect of microorganisms or enzymes 
depending on environmental conditions [1], like cellulose, lignin, and starch. Another class is the 
natural-based or bio-based synthetic polymers derived from renewable resources, such as poly 
(lactic acid), or polylactide (PLA), which have been applied in food packaging, compost bags or 
agriculture [2].

PLA is a high molar mass aliphatic thermoplastic polymer (>100,000 g mol-1) with
excellent combination of properties outstanding properties, such as low toxicity, easy processability, 
and biodegradability. This polymer is obtained from renewable sources and stands out due to its 
good mechanical properties and moderate thermal stability [3]. PLA is usually used in 3D printing 
and packaging, but has limitations such as brittleness, slow rate of crystallization, and hydrolysis.

In the last years, numerous studies have proposed the reinforcements of biodegradable 
polymers with cellulose nanocrystals (CNC) as an alternative to improve the mechanical and 
thermal properties while maintaining biodegradability [4]. CNC offers high rigidity and good
thermal stability. Furthermore, they are biodegradable, biocompatible, non-abrasive, and have a 
non-toxic character [3]. CNCs are obtained by removing the amorphous region of the crystalline 
cellulose, isolating the veins (also called whiskers or rods), typically by acid hydrolysis.

To improve the CNC adhesion between the polymer blend components, coupling agents can 
be used [2]. The PE-g-MA (polyethylene grafted maleic anhydride) aims to increase the adherence 
between the polymeric phases to obtain a blend by a series of consecutive reactions due to the load 
exchange mechanism between phases. Depending on the monomer added, the chain polarity can
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change, allowing secondary physicochemical interactions between the components of the mixture 
[2]. Overall, compatibilization using agent coupling may increase phase adhesion and decrease the 
size of the dispersed particles. 

To enhance the dispersion of CNC particles, an elongation flow device was used. In general, 
common devices of processing of melt polymers, like extrusion and mixers [5], make use of shear 
flow to promote and enhance the dispersion of second phase. But also known that elongational flow 
is more effective to dispersion when compared with shear flow, due the ability of break 
agglomerates and redistribution in polymer matrix [6].  

Composite processing typically is based on conventional methods such as pultrusion, 
injection molding, and extrusion, and their final properties depend on the mixture homogenization 
and processing conditions, such as dispersion and temperature, among others [3]. Therefore, the use 
of an elongation flow in addiction of shear flow of conventional processing enhances the dispersion 
of second phase particles in the polymeric matrix, what would improve the properties of processed 
material.  

The compatibilization of PLA with other reinforcements combined with the utilization of 
elongational flow can create a wide range of new composites, with enhanced properties and, 
consequently, new applications. This study aims to investigate the effects of CNC and PE-g-MA in 
PLA obtained by the extrusion process. Moreover, it aims to evaluate the impact of controlled 
extensional flow, using the device developed by GOES et al. [7]. Furthermore, the study aims to 
investigate how the compatibilization process can influence act on the polymer interface and 
modify the properties of PLA filaments.  
  
 
Experimental  
Materials 
PLA (grade: 4042D, 92% L-lactive units, Nature Works) was used as the polymeric matrix. 
Cellulose nanocrystals (CNC 9005-22-5, Celluforce) were used as the reinforcement phase, and 
polyethylene grafted with 1% maleic anhydride (PE-g-MA, Polybond® 3039, Chemtura) content, 
and MFI of 4 g/10 min-1 (ASTM D1238, 190°C, 2,16 kg-1) was used as a coupling agent. 
 
Processing of compositions 
PLA, CNC and PE-g-MA were dried for 24 h at 60 °C. The compositions are presented in Table 1. 
In this process, the biocomposite precursors were initially pre-mixed and then processed by a mini 
single screw extruder homemade, of three zones, in temperatures of 170-170-200°C and 20 rpm. 
The filaments were extruded through a ring-shaped matrix with and without elongation flow device 
(EFD), which consist in 5 pairs of rings of brass, with opening 2-4 and 2-8 mm alternating. The 
obtained filaments were cooled using a water bath system (25°C) and finally collected by a 
filament winder.  

Table 1 – Composition of filaments 
Sample code PLA (% wt) PE-g-MA (% wt) CNC (% wt) 

PLA 100 0 0 
PLA/PE-g-MA 95 5 0 

PLA/CNC 99 0 1 
PLA/PE-g-MA/CNC 94 5 1 

 
Characterization of filaments 

The mechanical behavior of filaments was realized in a universal testing machine Shimadzu 
AG-1, with force cell of 10 kN and strain rate of 5 mm min -1, where was obtained the tensile 
strength of material. 
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The rheological behavior of the composites was evaluated in the TA Instruments DHR-2 
parallel plate oscillatory rheometer. The interval between the plates used was 1 mm. All 
measurements were performed at 200 ºC under the nitrogen atmosphere and 0.1 to 700 rad s-1 
angular frequency range.

DSC analysis was performed using Shimadzu's DSC 60 equipment following the ASTM 
D3418-15 guidelines. Samples went through a heating cycle at 10º C min-1 rate and cooling at 5 ºC 
min-1 rate. Two heating ramp ranging from 30 to 200 ºC was performed, followed by colling from 
200 to 30 ºC. PLA and PE-g-MA crystallinity degree (Xc) was calculated using Eq. 1:

                                                 (1)
where Xc is the crystallinity percentage, ΔHm is the crystalline melting enthalpy of the sample 
obtained by DSC [14], ΔHcC is the crystallization enthalpy occurring during heating, and, in case of 
PE-g-MA, the value is zero. ΔHmo is the equilibrium fusion enthalpy for the theoretically 100% 
crystalline material, in this case, 93,6 J g-1 of PLA [3] and 293 J g-1 PE-g-MA.

Results and Discussion 
Mechanical Properties

In this mechanical test the filament produced through extrusion were subjected to testing and 
the corresponding values of Tensile Strength are presented in Table 2.
Table 2 Tensile Strength of Filaments.

Sample w/o EFD (MPa) EFD 2-4 (MPa) EFD 2-8 (MPa)
PLA 55,9 ± 4,2 56,3 ± 4,3 58,3 ± 5,1

PLA/PE-g-MA 51,0 ± 4,4 52,6 ± 3,3 40,9 ± 7,1
PLA/CNC 55,0 ± 1,6 56,8 ± 3,2 42,1 ± 10,1

PLA/PE-g-MA/CNC 46,7 ± 6,8 53,9 ± 2,1 50,9 ± 5,0

There was not a significant variation in tensile strength of the compositions, although some 
compositions (highlighted in red) exhibited a significant reduction. In the three compositions, the 
quality of the extruded filament was poor, with low dimensional control and some defects such as 
agglomerates and excessive fragility. The statistical tests did not reveal significative difference
among the remaining compositions.

Still, the values are compatible with the properties of PLA commonly use in polymer 
processing process. The composition that showed low properties also show low quality of filament 
when are processed, like superficial defects, presence of agglomerates and low dimensional control.

The next steps will involve  testing 3D printing of filaments, observing the quality and 
proprieties of printed pieces.

Rheological Analysis
The parallel plates rheometry assay was performed for all compositions. Fig. 1 shows an overall 
reduction in the complex viscosity values when the angular frequency increased, confirming the 
shear thinning behavior of biocomposites. Minimal differences were in modulus and rheological 
behavior among of composites. However two formulations exhibited very low viscosity (PLA/CNC
EFD 2-8 and PLA/PE-g-MA EFD 2-8). These compositions also exhibited low mechanical strength
as indicated in Table 1.
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Figure 1 Complex viscosity (η*) of the biocomposites as a function of the angular frequency (ω). 

 
 
 
Morphological Analysis 

SEM analysis was used to evaluate the obtained biocomposites, and the result are showed in 
Fig 2. The analysis revealed the presence the two phases with distinct morphologies. The 
continuous phase correspond to PLA while “spheres” are the PE-g-MA 
Figure 2 SEM of PLA/PE-g-MA with EFD 2-8 

  
 The particles of PE-g-MA had a diameter size of 250 μm before the extrusion processing. 
However, after the production of filament, they showed a size variation ranging from 2-25 μm at 
most. The presence of interface between the PLA and the PE-g-MA, what’s is a indicative of a low 
level of compatibilization between materials. This can possibly be attributed to chemical differences 
between the PLA and the PE, combined with presence of an rigid polymeric matrix. The results in 

889



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

the work of NUNES et al, what used the PLA/PBAT with PE-g-MA [3], demonstrated effective 
compatibilization with a continuous polymeric matrix. 
 
Differential Scanning Calorimetry - DSC 
 Table 2 shows the thermal transitions of composites, as well the crystallinity of material.  
Table 2 Thermal Transition of Composites after extrusion 

Composition TG PLA (°C) TCC PLA (°C) TM PE (°C) TM PLA (°C) ΔH (J g-1) XC (%) 
PLA w/o DFE 62,8 99,7 --- 179,9 23,8 24,7 

PLA/PE-g-MA w/o DFE 63,3 96,7 127,8 178,8 25,9 28,3 
PLA/CNC w/o DFE 62,9 99,5 --- 179,2 27,5 28,9 

PLA/PE-g-MA/CNC w/o DFE 63,4 96,3 127,4 178,9 24,1 26,6 
PLA DFE 2-4 61,9 98,9 --- 179,1 31,2 32,4 

PLA/PE-g-MA DFE 2-4 62,9 95,2 126,2 178,2 26,9 29,4 
PLA/CNC DFE 2-4 62,5 99,0 --- 178,9 25,9 27,1 

PLA/PE-g-MA/CNC DFE 2-4 61,9 94,7 127,9 178,1 28,3 31,2 
PLA DFE 2-8 62,5 99,0 --- 179,4 29,7 30,8 

PLA/PE-g-MA DFE 2-8 64,6 94,7 127,3 178,6 28,7 29,8 
PLA/CNC DFE 2-8 62,5 97,4 --- 178,3 32,0 33,6 

PLA/PE-g-MA/CNC DFE 2-8 62,6 96,2 127,5 178,6 33,2 36,7 
Differences in thermal transitions between PLA and PE-g-MA are hardly noticeable, 

however the use of Elongation Flow Device (EFD) led to an improvement of crystallinity of 
composites. This improvement can be attributed to the enhanced dispersion of particles in matrix 
polymeric, as related by GOES et al. [7]. Moreover, using rings with larger difference of diameter 
also contributed the improved dispersion.  

 
Conclusions  
The compatibilization of PLA and CNC using PE-g-MA was not effective, requiring adjustments, 
such as changing the compatibilizer and/or processing conditions for futures studies. On the other 
hand, the use of elongational flow improve the dispersion of particles in matrix polymer, resulting 
in better properties of the composites and filaments produced by extrusion. 
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Abstract -
The development of biodegradable materials has been increased due to petroleum-based material waste. In this work, 
thermoplastic corn starch (TPS) was reinforced with viscose yarn waste (VW) to produce TPS/VW biocomposites, 
prepared by mechanical stirring and processed by extrusion-compression molding technique. Corn starch (CS), TPS and 
VW were characterized, as well as, TPS/VW biocomposites. CS showed different shapes and 46.4 % of index 
crystallinity. TPS matrix presented 40.6 % of crystallinity index, a homogeneous surface without rough regions. VW 
showed smooth surface composed by a mixture of cellulose I and II. The results of the tensile tests of TPS/VW 
biocomposite containing 40 wt. % of VW contents achieved the greatest increase in tensile strength (336 %) and 
Young’s modulus (862 %), indicating a good interaction of fiber/matrix due to their chemical. TPS/VW biocomposites 
processed by extrusion-compression molding technique present potential application in engineering area.
Keywords: Biopolymers. Mechanical stirring, Mechanical testing. Microstructural analysis.
Fundings: UFABC, CAPES and FAPESP.

Introduction
Polymers materials have been used as an alternative for metal and ceramic materials applications. 
They present low weight and cost, and good design for several products and areas. Thus, 
conventional polymer waste is causing some social and environmental problems. Aiming the 
reduction of using polymeric petroleum-based materials, researchers are developing biodegradable 
materials from biopolymers like starch [1-2].
Starch is a polysaccharide consisted of amylose and amylopectin chains accountable of amorphous
and crystalline regions, respectively. Starch is organized in granules with semi-crystalline structure. 
Amylose chain is linear and flexible with helical segment composed of α-D-glucose units joined by 
α-1-4-glycosidic bonds. Amylopectin is a large and highly branched chain by α-1-6-glycosidic 
bonds of the α-1-4-D-glucose backbones. It is more packed and denser than amylose due to its
double helix conformation [3, 4]. Starch is widely studied due to its low cost and high production, 
highlighting its potential in research above other biopolymers. Unlike thermoplastics behavior, 
native starch presents melting temperature above its thermal degradation and is brittle. In addition, 
it is difficult to handle and has a limited range of applications. Some alternatives processes may 
overcome these drawbacks [5, 6]. Thermoplastic starch (TPS) can be produced by destructuring and 
modifying native starch granules under heat and shear in the presence of plasticizers, such as water
and glycerol. TPS can be used in applications for no long time of use [5]. Furthermore, TPS 
properties and processing conditions are similar to those used for polyolefins. Thus, the most 
conventional method used in the preparation of TPS is extrusion. Also, TPS can be prepared in 
classical plastic processing technologies, such as film casting and compression molding. However, 
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the research on TPS biocomposites has been increased due to the drawbacks of TPS, such as poor 
mechanical strength and water-sensitivity. The reinforcements in the polymeric matrix to produce 
TPS biocomposites are bio-based materials like lignocellulosic or natural fibers [2, 7].
The natural fiber present similar chemical composition with the starch chains and is an interesting 
alternative to incorporate in the starch matrix for obtaining better performance. The renewability 
and biodegradability properties of the natural fibers provide good environmental benefits and 
potentialize their application [2, 7]. Whereas lignocellulosic fibers are made up of cellulose and 
some non-cellulosic compounds, the regenerated cellulosic fibers are composed only by cellulose 
structure, which impacts the physical and mechanical properties, and also the chemicals
interactions. Both fibers present low cost and easy processability, which are interesting properties 
for a reinforcing phase [2]. Viscose fiber is a regenerated cellulosic fiber produced by the classical 
viscose process. The regeneration, extrusion and xanthogenation of cellulose occur in the presence 
of acids compounds. The fabric is composed by viscose fiber yarn and a certain amount of viscose 
yarn waste (VW) is a subproduct generated during the fabric weaving process [8, 9]. An alternative 
to recycle these VWs is the application as reinforcement in TPS biocomposites.
In this work, TPS/VW biocomposites were prepared by a two-step method, including mechanical 
stirring followed by extrusion-compression molding (EX) technique. CS, TPS, VW and TPS/VW 
biocomposites were characterized by X-ray diffraction (XRD), scanning electron microscopy 
(SEM) and tensile test.

Experimental
Materials
Native corn starch (CS) was obtained from the local market. Viscose yarn waste was supplied by Cs 
Franco Ind. Com. Textil Ltd., Cabreúva-SP, Brazil. Glycerol (Dinâmica®, 99,5 %), citric acid 
(Sigma-Aldrich®, 99,5 %) and deionized water (Spencer®) were used as received.
Preparation of TPS and TPS/VW biocomposites
Mechanical stirring at 80 ºC was performed to prepare TPS and TPS/VW biocomposites. Deionized 
water (87.0 wt.% of dry base), glycerol (26.0 wt.% of dry base) and citric acid (0.9 wt.% of dry 
base) were used as plasticizers for the TPS process. The corn starch aqueous suspension was mixed 
and heated at 80 (± 5) ºC under magnetic stirring (from 800 to 1200 rpm) until the viscosity 
significantly increased forming the starch gelatinized. Thus, a granular morphology was obtained 
formed the material obtained was cooled at room conditions for 5-7 days. For TPS/VW 
biocomposite, granules materials were prepared containing VW contents of 10, 20, 30 and 40 wt%, 
called TPS/VW10, TPS/VW20, TPS/VW30 and TPS/VW40, respectively.
Extrusion-compression molding technique
A single screw extruder with a 420 mm screw operating at 40 rpm was used to carried out the 
extrusion of granules materials. 90, 100 and 110 °C were the temperatures from feed to die zone, 
respectively. Finally, a ~15 cm length extruded strand was compression-molded in a hydraulic press 
for 3 min at 105 (± 1) °C under a load of 3 tons into metal plates. The extrusion-compression 
molding (EX) technique was performed to obtain TPS-EX and TPS/VW-EX biocomposites films, 
which were air-cooled for 24 h.
X-ray diffraction (XRD) characterization
The diffraction patterns were measured on an X-ray diffractometer (Bruker AXS®, model D8 
Focus) with a CuKα radiation (λ = 0.1541 nm) at 40 kV and 40 mA. Scattered radiation was 
detected in the range of 2θ = 5º-70º, with data acquisition taken at intervals of 2 º.min-1.
The crystallinity index (χc) of CS sample was calculated using the diffraction halo height intensity 
method (Eq. 1), where Ha (a.u.) and Hc (a.u.) are the maximum intensity of the halo related to the 
amorphous region and crystalline region, respectively [10].y g p

(1)
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The χc of VW sample was calculated using the classical and most described method in literature for 
cellulose that is the diffraction peak height intensity method (Eq. 2), where I020 (arbitrary units, a.u.) 
is the maximum intensity of the (020) peak for cellulose II at around 22º 2θ and Iam (a.u.) is the 
intensity at 16º 2θ, related to the amorphous scattering [11].g

(2)
Scanning electron microscopy (SEM) characterization
Samples morphologies were characterized by SEM measurements performed on a JEOL-JSM-
6010LA microscope instrument with an accelerating voltage of 10 kV. A gold layer (~ 30 nm) was 
coated on the surface of each sample using a Sputtering Leica ACE200 to avoid charging. TPS/VW 
biocomposites morphology was characterized by SEM measurements on cryogenically fractured 
samples.
Tensile test characterization
Tensile tests of TPS and TPS/VW biocomposites were performed according to ASTM D882-10 in a
universal testing machine (EMIC®, model DL-10000) using a 0.5 kN load cell at a rate of strain of 4 
mm/min and a gauge length of 50 mm.

Results and Discussion
The SEM micrographs of CS and cryogenic fracture surface of TPS-EX are presented in Fig 1. CS 
showed different granule shapes and sizes ranging from 8 to 53 μm, as previous reported in the 
literature [4, 12]. TPS-EX sample showed a homogeneous surface without rough regions due to the 
shear provided by the screw. The extrusion process breaks the granules and increases the 
gelatinization efficiency of the starch [13]. Fig 1 also shows the morphology of VW and is observed 
smooth surfaces of fibers composed of microfibrils with average width of 6 (± 3) μm. This kind of 
morphology depends on the steps of the classical viscose process that removes non-cellulosic 
compounds [14, 15].pppp

Figure 1 – Scanning electron micrographs of CS, cryogenic fracture surface of TPS-EX, and VW.
X-ray diffractogram of CS is shown in Fig 2 and the peaks at 2θ = 15.1°, 17.2° and 22.9º are related 
to its A-type crystalline structure, rich in amylopectin chains. The A-type crystalline structure is 
consisted of amylopectin chains with 23–29 glucose units length that carry no branches themselves
and arrange as densely packed double helices in a staggered monoclinic lattice [3]. In TPS-EX
diffractogram, Fig 2, peaks at 2θ = 17.1° and 22.2° related to the A and B-type crystalline 
structures, respectively, are observed. This B-type crystalline structure found can be attributed to 
amylose crystallization or even to amylopectin recrystallization [13]. In addition, the peak at 2θ = 
19.8° is related to processing-induced VH-type crystalline structure formed by the crystallization of 
amylose in single helices involving glycerol or lipids [4]. Depending on storage conditions and 
starch sources, the crystalline index (χc) can range from 20 % to 45 % [12]. The χc value for CS 
was 46.4 % and for TPS-EX was 40.6 %, as expected [4, 5]. Starch granules are destructed during 
gelatinization and preparation of TPS, and an amorphous material is obtained [5]. Fig 2 also shows 
the VW diffractogram and peaks at 2θ =12.5º and 21.4º related to the (11̅0) and (020) planes of 
cellulose II, respectively, are observed [15]. A first subtle peak was observed at 2θ =16.1º, related to 
the (110) crystallographic plane of cellulose I phase, indicating the presence of an unchanged phase 
after the viscose production [15]. Overlapping the peaks around at 20.5º due to the presence of 
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amorphous content, it is the peak related to the (110) crystallographic plane of cellulose II phase [8, 
9]. The χc value of viscose fiber can range from 41 % to 78 % and the obtained for VW was 73.3 
%, highlighting its potential to reinforce polymeric composites [8, 15].
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Figure 2 – X-ray diffractograms of CS, TPS-EX and VW.
The cross-section morphology of the TPS/VW-EX biocomposites performed by SEM is presented 
in Fig 3. The SEM micrographs of the TPS/VW-EX biocomposites reveal decreasing void content
as the VW content increases, suggesting the strong fiber/matrix bond due to their chemical 
similarity by intermolecular hydrogen bonds and Van der Waals forces [6]. The absence of cracks
on the TPS/FV40-EX biocomposites matrix indicates it as the potential candidates for achieving the 
better mechanical properties.

Figure 3 – SEM micrographs of TPS/VW-EX biocomposites after cryogenic fracture.
Mechanical properties, as tensile strength, Young’s modulus and elongation at break, of the TPS-
EX and TPS/VW-EX biocomposites films were obtained by tensile test, Fig 4. Increasing VW 
content, the average tensile strength values of the TPS/VW-EX biocomposites were all increased. 
The film of TPS/VW40-EX biocomposite shows average value of tensile strength of 4.94 MPa, 
which corresponds to a 336 % increase compared to TPS-EX film (1.47 MPa). This result supports 
the SEM micrographs, indicating the improvement in the mechanical properties due to the even 
mixing of starch and fiber that enhances the interface binding force and suggests the good 
interaction of fiber/matrix in the biocomposites. The film of TPS/VW40-EX shows average 
Young’s modulus value of 124.41 MPa that corresponds to 862 % increase in stiffness compared to 
TPS-EX film (14.43 MPa). This result can be attributed to the high χc value of VW performed by 
XRD analysis, showing the influence of VW on the TPS mechanical properties and the importance 
of reusing VW for new applications, as composites reinforcement.
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Figure 4 – Mechanical properties of TPS/VW biocomposites: error bars represent standard deviations.
The average elongation at break values of the TPS/VW10-EX biocomposite (7.84 %) shows an 
increase of 164 % compared to TPS-EX film (4.77 %), indicating a significant variation in ductility. 
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However, TPS/VW40-EX biocomposite achieved the better mechanical result and showed average 
value of elongation at break of 3.00 % that is 37 % less than elongation at break value of TPS-EX 
film (4.77 %). A biocomposite better than TPS in mechanical properties was produced. 
 
Conclusions 
TPS/VW-EX biocomposites with VW content (10-40 wt.%) were successfully processed by two-
step method, including mechanical stirring followed by extrusion-compression molding technique. 
TPS/VW40-EX biocomposite showed tensile strength average value of 4.94 MPa, increasing 336 % 
on TPS-EX film property (1.47 MPa). The screw shearing provided breaking CS granules for 
achieving better mechanical properties. In addition, the recycling importance of VW was showed in 
its interesting properties as reinforcement to be used in biocomposites of TPS matrix. 
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Abstract - The nanocomposite films from jute fibers can be promising for application in electronic devices. Silver 
nanoparticles (AgNPs) can be added to these films to provide their conductivity. Additionally, plasticizing these films 
can improve the physical or chemical properties, allowing more application options for these conductive films. This work 
studied the transmittance and thermal stability of regenerated cellulose films (RCF) by adding AgNPs and plasticizers.
Carboxymethylcellulose (CMC), Sorbitol, and Glycerol plasticizers were incorporated at 15 wt.% to produce the 
nanocomposite films containing 0.5 wt.% of AgNPs. Further, the films were characterized by Ultraviolet-visible
Spectroscopy (U–Vis), thermogravimetry and its derivative thermogravimetry (TGA/DTG), and Fourier Transform 
Infrared (FTIR) Spectroscopy analyses. An average size of 9 nm for AgNPs was verified. Incorporating AgNP in the 
films decreased the transmittance in relation to pure RCF and reduced the thermal stability temperature. The thermal 
stability of the studied samples ranged from around 197 °C to 230 °C. In addition, sorbitol exhibited better responses 
from higher transmittance and thermal stability than CMC and glycerol in RCF and nanocomposite films.

Keywords: jute fiber; regenerated cellulose films; silver nanoparticles; transmittance; thermal stability.

Introduction
Plant-derived fibers composed of lignocellulose and possessing a significant proportion of 

cellulose have garnered considerable interest due to their plentiful, renewable, and naturally occurring 
polymers. Jute (Corchorus capsularis) is among the natural fibers which stand out as one of the most 
abundant and cheapest sources of cellulose, having several applications on a world scale and being 
surpassed by cotton [1]. Cellulose can be applied in various forms, such as fibers, films, and 
composite materials, for several industrial uses [2]. Among these forms, conductive cellulose films 
are studied primarily for their applications in high-value electronic devices such as sensors, 
transistors, solar cells, supercapacitors, electromagnetic shielding, and other elements [3]. The 
regeneration of cellulose can carry out the manufacturing of these films. For this, cellulose's fibrous 
and semi-crystalline structure must be broken down in a dissolution process and then undergo a 
subsequent coagulation step [3]. Systems that use alkaline solutions such as sodium hydroxide 
(NaOH) for cellulose dissolution are considered more cost-effective, and toxic substances are not 
used or produced throughout the process. As a result, water becomes a potential coagulant in the 
NaOH aqueous dissolution system because it is easily accessible and presents controlled results, such 
as porosity [4].

Conductive materials such as metals, inorganic oxides, conductive polymers, and carbon 
materials can be physically or chemically introduced into their structure. Metals exhibit high 
conductivity and low transmittance. Inorganic oxides exhibit high conductivity and transmittance 
without flexibility, conductive polymers exhibit excellent flexibility, although relatively low 
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conductivity and transmittance, and carbon materials exhibit relatively moderate conductivity and 
transmittance [3]. Due to their excellent conductivity, metal nanoparticles such as silver can be 
applied in regenerated cellulose films. These conductive films can be promising candidates for the 
manufacture of electronic components, as seen in previous works [5]. A homogeneous morphology 
was also observed, without agglomerates, indicating an increase in the degree of molecular orientation 
of the films obtained by the regenerated process of the samples, probably due to the plasticizing effect 
of carboxymethylcellulose (CMC), used to stabilize the silver nanoparticle solution. This effect can 
improve the physical and chemical properties of the films, allowing for more application options for 
these conductive films. 

Plasticizers derived from renewable sources such as glycerol and sorbitol are polyols 
compatible with RCF films that can improve the mechanical flexibility of films and modify other 
physicochemical properties, as thermal stability improvement  [6]. In addition to conductivity, factors 
such as transmittance, chemical composition, and application temperature range should be studied. 
Then, in this work, we evaluated the transmittance and thermal stability of the regenerated cellulose 
film of jute fibers by adding silver nanoparticles (AgNPs) and plasticizers. CMC, Sorbitol, and 
Glycerol were used as plasticizing agents. 
 

Experimental  
Synthesis of silver nanoparticles and Characterization 

To obtain the nanoparticle solution, 450 mL of an 18.0 x 10-6 mol/L sodium borohydride 
(NaBH4, 98%, Dynamic) solution was kept below 3 °C in an ice bath and added to an Erlenmeyer 
flask under vigorous magnetic stirring. Through a burette, 150 mL of a 9.0 x 10-6 mol/L solution of 
silver nitrate (AgNO3, 99.9%, Neon) was added at an additional rate of 1 drop/s. The chemical 
reaction between NaBH4 and AgNO3 in those concentrations resulted in a AgNPs at 250 ppm. To 
avoid silver nanoparticle aggregation, the solution was stabilized with 0.6 g of CMC (Sigma–
Aldrich), which it has the function to coat the nanoparticles. The silver nanoparticle solution, prepared 
by drying a small drop on a copper grid, was characterized by Transmission Electronic Microscopy 
(TEM) in the JEOL JEM 1011 equipment, with a voltage of 40 kV. Size measurements and statistical 
analysis of silver nanoparticles dimensions were taken from TEM images using the ImageJ software.  
 
Obtaining Regenerated Cellulose Films with Silver Nanoparticles  
The bleached jute cellulose was obtained in previous work [5]. Then, it was ground in an automatic 
analytical mill Quimis Q298A for 30 seconds. Depending on the sample, as showed in the Table 1, 
each solution was prepared as followed: To obtain the RCF film, 2.2 g of cellulose was dissolved in 
100 mL of a pre-cooled solution (-12°C for 18 h) containing 8% (w/v) NaOH solution. To achieve 
the cooling conditions, the solution was kept in a freezer for at least 18h to reach around -12oC 
equilibrium. Also, to obtain the RCF with the AgNPs, 26 mL of nanoparticles solution at 250 ppm 
was added to achieve 0.5 wt.% of silver nanoparticle content, before the pre-cooling. To prepare the 
RCF films with the plasticizers, the CMC, sorbitol (98%, Dynamic), and glycerol (98%, Synth) in an 
amount corresponding to 15 wt.% with respect to cellulose were added to the pure RCF solution. 
Also, the same process was performed for the nanocomposites, which resulted in nanocomposites 
containing 15 wt.% of plasticizer and 0.5 wt.% of silver nanoparticle. To dissolve the solution, all 
samples were submitted under vigorous stirring at 3000 rpm and room temperature every 7 min.  
 
Table 1 – Composition of regenerated cellulose films. 
Sample Plasticizer 

(wt.%)  
AgNP 
(wt.%) Sample Plasticizer 

(wt.%) AgNP (wt.%) 

RCF - - RCF - Sorbitol 15% Sorbitol - 
RCF - AgNP - 0.5% RCF - Sorbitol - AgNP 15% Sorbitol 0.5% 
RCF - CMC 15% CMC - RCF - Glycerol 15% Glycerol - 
RCF - CMC - AgNP 15% CMC 0.5% RCF - Glycerol - AgNP 15% Glycerol 0.5% 
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To mold the films and regenerate the cellulose, the mixture containing cellulose, and 
nanoparticles was subjected to centrifugation at 4000 rpm for 10 min to exclude the undissolved part 
and perform degassing. Then, 7 mL of the resulting solution was poured onto a polypropylene Petri 
dish with a diameter of 85 mm. The RCF and nanocomposite films were pre-dried at room 
temperature for 18 h until gelation. Afterward, the sample was immersed in a water bath (distilled 
water) at room temperature for 15 min to coagulate and regenerate the cellulose. Finally, the films 
were dried at room temperature for 48 h before the characterization. 
 
Ultraviolet-visible Spectroscopy (UV–Vis)  

The RCF and nanocomposite films were assessed with the Evolution 220 Thermo Scientific 
equipment to determine the transmittance. The transmittance spectra of the films were analyzed 
across wavelengths ranging from 200 to 800 nm. 
 
Thermogravimetric Analysis (TGA)  
The jute fibers and the fibers from each treatment step until cellulose was bleached and the RCF film 
was characterized via thermogravimetry analysis (TGA: SDT Q600 TA Instruments). Approximately 
10 mg of each sample was analyzed in alumina pans. The analysis was conducted under a nitrogen 
atmosphere (flow rate 50 mL/min) and a heating rate of 10 °C min-1 from 30 to 600 °C.  
 
Fourier Transform Infrared (FTIR) Spectroscopy  

FTIR spectra of RCF and nanocomposite films were obtained using a Fourier-transform 
infrared spectrometer (NICOLET IS10, Thermo Scientific) by transmittance accessory from 500 to 
4000 cm 1 with 64 scans collected at an interval of 4 cm 1. 
 
Results and Discussion  

Figure 1a shows the transmission micrograph of the silver nanoparticle solution synthesized 
in this work. Through the micrograph, it is seen that the nanoparticles have a homogeneous size. The 
average size found for the nanoparticles was 9.0 ± 2.0 nm, with spherical characteristics within the 
range normally obtained in the literature using the synthesis method from silver nitrate and sodium 
borohydride solutions [7]. 

The UV-Vis results are presented in Figure 1b and the transmittance values for the films at 
550 and 800 nm. The transmittance curve for all RCF films was observed throughout the wavelength 
range between 200 and 800 nm [5]. Figure 1b reveals low transmittance of the RCF - CMC - AgNP, 
RCF – Glycerol and RCF - Glycerol - AgNP films in the UV region, suggesting that these samples 
have anti-UV properties. In the visible region of the spectra, there was an increase in transmittance 
in all films. In addition, the transmittance of silver nanocomposites decreased with the incorporation 
of plasticizers due to these components providing increased absorption in accordance with seen in the 
literature  [6]. 

The RCF sample obtained a high transmittance value, as reported in some studies with similar 
applications for regenerated cellulose films [3]. Incorporating sorbitol into RCF - Sorbitol increased 
the transmittance value to greater than pure RCF. However, containing plasticizers in RCF-CMC and 
RCF- Glycerol samples decreased the transmittance in relation to RCF, with the latter experiencing 
a significant decrease upon adding glycerol.  

The presence of a transmittance band near 300-400 nm for the nanocomposite films containing 
AgNPs, indicates the existence of this component in the samples. The bands in this wavelength range 
are related to these spherical metal nanoparticles. As observed in the spectra, AgNPs with smaller 
sizes exhibit an absorption peak at shorter wavelengths [7]. Regarding the nanocomposite films, the 
RCF - Sorbitol - AgNP sample had lower transmittance than the RCF – AgNP. However, it was the 
plasticizer with the best result compared to the other plasticizers, with the RCF - CMC - AgNP sample 
having the highest loss of transmittance. 
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Figure 1 – (a) Transmission micrograph of the AgNP solution, (b) UV-Vis spectra of RCF and 
nanocomposite films.

The TG and DTG curves of RCF and nanocomposite films are shown in Figure 2a. A thermal 
event occurs at temperatures below 100°C for all samples due to moisture loss  [5]. Also, there are 
information regarding the thermal stability temperatures of the samples and the temperature of the 
main degradation peak corresponding to cellulose, which ranged from approximately 253°C to 
334°C. The least thermally stable samples with cellulose degradation peaks shifted to lower 
temperatures were those with glycerol, probably due to this component degrading at lower 
temperatures [6]. The most thermally stable sample is the RCF, where the incorporation of both 
plasticizer and AgNP influenced to decrease in the stability of the samples.

Figure 2 – a) Curves TGA, DTG, and thermal stability temperatures for RCF and nanocomposite 
films. (b) Fourier-transform infrared spectroscopy (FTIR) spectra for the same samples.

The FTIR spectra of the controlled regenerated cellulose and nanocomposite films are shown 
in Figure 2b. The absorption bands around 3440 cm-1 indicate the presence of cellulose due to the 
stretching of the hydrogen-bonded O-H, and around 2900 cm-1 corresponds to the stretching of the 
C-H functional group [6]. For nanocomposite films, a shift was observed in the C=O stretching from 
1636 cm-1 to 1642 cm-1, possibly due to the interaction between silver nanoparticles and the carbonyl 
group, suggesting coordination between them [5,8]. The absorption band around 1410 cm-1 is 
associated with the symmetrical bending of CH2 in cellulose, indicating correspondence with the 
cellulose II polymorph. A doublet at 1333-1311 cm-1 and a band at 1365 cm-1 were observed, 
corresponding to the angular bending of the COH and HCC bonds, ordinarily present in crystalline 
cellulose [9]. The peaks between 997 and 1200 cm-1 are also characteristic of cellulose. The peaks at 
1170 cm-1, 1040-1070 cm-1, and 894 cm-1 are related to the stretching of the C-O vibrations and C-H 
deformation of the skeletal pyranose ring of cellulose [5]. At 997 cm-1, there is a CO stretching peak.
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No chemical bond between cellulose and NaOH was identified from the FTIR. A peak relative to 
glycosidic bonds is around 894 cm-1 [10]. In the films with glycerol, the appearance of a peak around 
850 cm-1 is observed, corresponding to the vibrations of the O-O groups [11].  
 
Conclusions 

Incorporating AgNPs and plasticizers in nanocomposite films decreased the transmittance in 
relation to RCF films due to these factors causing an increase in sample absorption, making it difficult 
for light to pass through. AgNPs nanocomposite films were less thermally stable than RCF without 
nanoparticles. Incorporating plasticizers also contributed to a drop in thermal stability, with RCF 
being the most stable sample. Sorbitol was the plasticizer that exhibited better transmittance and 
thermal stability compared with CMC and glycerol in RCF and nanocomposite films. The FTIR 
spectra made it possible to visualize the film's functional groups, characteristic of cellulose and 
plasticizers used. Furthermore, it also showed band shift, possibly the interaction between AgNPs 
and the carbonyl group in films. 
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ANTIOXIDANT PROPERTIES OF BIOPOLYMERIC ONION (ALLIUM 
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Materials considered biodegradable and originating from agro-industrial waste have been gaining
increasing prominence in the industrial axis. Besides coming from renewable resources, they have 
unique characteristics, such as non-toxicity, biocompatibility and, biodegradability. Recently, our 
research group prepared onion-based bioplastics, with promising results regarding their thermal, 
mechanical and, barrier properties. It is therefore a promising material to be employed in the 
packaging area. In the present work, the effect of Laponite clay concentration on the antioxidant 
properties of onion-based films was investigated. The films were prepared via hydrothermal, a 
methodology protected by BioSmart Nano. The material were investigated by X-ray diffraction 
(XRD), field emission scanning electron microscopy (FE-SEM), contact angle, Fourier transform 
infrared spectroscopy (FTIR-ATR), water vapor barrier properties (WVP) and antioxidant activity. 
The XRD data indicate an increase in the crystallinity in the laponite-containing materials FTIR 
analyses indicated a band at approximately438 cm-1, characteristic of the deformation of the Mg-O 
and S-O groups of the clay, confirming the modification. SEM results indicated a relatively irregular 
surface that decreased with increasing clay content. Data of transmittance in the UV region indicate 
a value equal to zero, suggesting that the analyzed materials can act as blockers of the passage of this 
type of radiation, which can allow for a longer shelf life of foods.These results are supported by the 
data obtained in the antioxidant test, in which the modification of the films with 5 and 10% of 
Laponita increases the antioxidant potential of the films and reduces the hydrophilic characteristic.
Thus, the results suggest that the formation of Laponite and onion composites can be an important 
strategy for the development of natural polymers in the area of packaging for food contact.
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Abstract - Polysulfone is commonly used to prepare filtration membrane due to its availability, low 
cost, ease of processing and high thermal, mechanical and chemical resistance. However, it presents 
low hydrophilicity, resulting in fouling onto membrane surface. Generally, chemical modifications 
are employed but thermal, chemical and mechanical resistance are decreased. Aiming to reduce 
hydrophobicity and to maintain the original resistances, composite technology is employed, by 
adding a ceramic material into polymer matrix. Hence, preparation and characterization of mixed-
matrix polysulfone-Recam® and polysulfone-Recam®-silver nanoparticles filtration membranes is 
presented in this work [1]. Recam® is a carbonous material composed by lightly tilted graphene 
plans and carbon nanotubes. Membranes were prepared by a combination of solution dispersion and 
wet-phase inversion method. These solutions were characterized by coagulation time and rheology 
measurements and membrane morphology was visualized by SEM. Recam® membrane surface is 
dense due to the solvent hydrophilicity and also due to polysulfone chain adsorption onto Recam® 
structure. Inversely, silver nanoparticle membranes have nanopores on their surfaces since diffusion 
is delayed due to high viscosity dispersion. Therefore, in both membranes, two are the factors that 
guide their formation, which are: thermodynamical favoring and rheological hindrance.

Figure 1 - SEM images of polysulfone-Recam® and polysulfone-Recam®-silver nanoparticles surfaces. .LH 
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Figure 1 – (a) PL spectra and (b) UV-Vis spectra of composite films.

DEVELOPMENT AND CHARACTERIZATION OF UPCONVERSION 
COMPOSITE FILMS OF CELLULOSE ACETATE-BUTYRATE/NaYF4:Yb3+,

Er3+ FOR LUMINESCENT THERMOMETRY APPLICATIONS

Matheus V. B. Silva1, Lucas H. Pereira2, York E. Serge-Correales2, Fábio J. Caixeta2, Sidney J. L. Ribeiro2, 
Rosana M. N. Assunção3 and Harumi Otaguro4*
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Abstract – The development of thermometers based on upconverison photoluminescence of 
lanthanide ions has attracted attention as a potential method to measure the temperature of moving 
objects, liquid or gaseous flows and physiological media. These materials exhibit high thermal 
sensitivity and high spatial resolution in short acquisition times1. The hexagonal-phase NaYF4:Yb3+,
Er3+ luminophore (β-NaYF4:Yb3+, Er3+) is one of the best for this, due to its high intensity of visible 
light emission using near-infrared (NIR) radiation as an excitation source2. To combine these
crystals with transparent polymer matrices is needed to keep it stable without losing its 
functionality. In this work, composite films of cellulose acetate butyrate (CAB) and particles of β-
NaYF4:Yb3+, Er3+ were produced aiming at potential application in nanothermometers. The particles 
were synthesized by hydrothermal route with oleic acid (RE/OA) and stabilized with nitrosonium 
tetrafluoroborate (NOBF4) in N,N-dimethylformamide (DMF). The composite films were prepared 
with different concentrations of CAB, particles (1 – 10 %w/w) and plasticizer (Tween 80®) (2.5 –
20 %w/w) using the 2k factorial design. They were characterized with photoluminescence 

spectroscopy (PL), UV-Vis 
spectroscopy, scanning electron 
microscopy (SEM), energy-
dispersive X-ray spectroscopy 
(EDX) and, X-ray diffraction
(XRD). PL spectra showed an 
increase in luminescence with 
higher concentrations of 
particles, however, the 
transmittance percentual was 
lower. In addition, high

concentrations turned the films more brittle. The thermal and mechanical properties will be 
analyzed by differential exploratory calorimetry (DSC) and thermodynamical mechanical analysis 
(DMTA). The thermal sensitivity will be analyzed by PL spectroscopy varying the temperature.
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Abstract – Polyhydroxybutyrate (PHB) is a biodegradable alternative to conventional plastics derived 
from fossil sources. It is known for its impressive thermal and mechanical properties, as well as its 
compatibility with conventional processing machines1,2. PHB has significant potential for applications 
in the medical field and tissue engineering, owing to its biocompatibility with the human body and its 
ability to support cellular therapies. Due to its unique properties3, PHB holds promise for developing 
new materials. This study aims to investigate the thermal and mechanical properties of PHB films using 
the casting methodology. Additionally, we examine the impact of different plasticizers on the film's 
composition to enhance its characteristics. The experimental approach involves obtaining films through 
the solvent evaporation method, where a filmogenic solution is prepared using a suitable solvent. The 
solution is evenly poured into a Petri dish, allowing the solvent to evaporate and form a thin polymer 
layer. To evaluate the effect of plasticizers, they are added at various concentrations to the polymeric 
solution. Subsequently, the obtained samples undergo Fourier-transform Infrared spectroscopy (FTIR), 
Differential Scanning Calorimetry (DSC), and mechanical analysis for a comparative study of the 
results. Three bio-based plasticizers, PM1, PM2, and PM3, were tested at concentrations ranging from 
1% to 3%. While no significant variations were observed in the FTIR and DSC spectra, the PM3 
plasticizer exhibited improved mechanical performance at a 3% concentration. These results indicate 
the optimal conditions for obtaining PHB films with enhanced performance, showing promising 
potential for various applications, such as coatings, membranes, scaffolds, and wound healing.
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Abstract – Natural fibers (NF) as reinforcement in polymeric composites represent an emerging 
alternative in the mechanical, automotive, and aerospace industries, stemming from the growing 
demand for sustainable materials and cost reduction. NF are derived from renewable resources and 
are biodegradable. However, in addition to their ecological characteristics, they are also low-density 
materials, enabling lightweight compositions, which makes these fibers highly attractive. Among 
NF, jute fiber (JF) is a promising material due to its strength, lightweight nature, and reduced cost. 
Therefore, the present study aims to investigate the utilization of JF as a substrate for the deposition 
of carbon nanotubes (CNT) through the electrophoretic deposition (EPD) technique. For the 
deposition method, a solution containing 0.5% (by mass) of CNT in deionized water (H2O) was 
used, and the surfactant Sodium Dodecyl Sulfate (SDS) was added in a 1:520 ratio to the solution 
mass to ensure its stability. The characterization of the samples was performed using 
thermogravimetric analysis (TGA) and electrochemical impedance spectroscopy (EIS). The TGA 
results showed effective deposition of CNT on the fibers, resulting in a residue mass exceeding 
15%. The impedance analysis indicated that the CNT deposition increased electrical conductivity 
by four orders of magnitude. Thus, the acquired results demonstrate the potential of utilizing JFs as 
reinforcement for polymeric composites.
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Abstract – The present work has the purpose to evaluate the viscoelastic properties of a glass-
fiber/polypropylene composite (GFPP) and to estimate its creep and fatigue life. Both creep and 
fatigue experiments were carried on a dynamical-mechanical analysis equipment (DMA) with dual 
cantilever clamp. Creep life was evaluated through time-temperature superposition principle (TTSP) 
as proposed by Tajvidi et al. [1] using 12 min creep experiments with 2 MPa stress at different 
temperatures. The shift-factors used to build the creep master curve were obtained by frequency scans 
on the same temperatures as the creep experiments. The resulting creep master curve was adjusted 
using a power law model with good agreement to the experimental data. Another model, proposed by 
Findley [2] was used, with improvements on the agreement between adjusted and experimental data 
on initial creep times. The proposed models can be used to estimate the creep deformation at a given 
time, being a useful tool to estimate the material creep life, given an acceptable deformation. Fatigue 
tests were carried at 23 °C for 1 million cycles at 4 Hz and the oscillation displacement was controlled 
at 250 μm (0.45% strain), while the required stress was recorded. For the estimation of fatigue life, 
the Fatigue Modulus concept, as proposed by Hwang and Han [3] was used. The method yielded good 
agreement between experimental data and the model. The resulting fatigue life of the composite is 
estimated above 109 cycles. Both of the creep models and the Fatigue Modulus concept showed good 
agreement with experimental data meaning that they are a useful tool for material selection and 
comparison. The information yielded with the short-term experiments can be used to model longer 
term behaviors and, thus, be used as a decision-making tool when selecting a material for a specific 
and desired application.
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EXTRUSION SEQUENCE FOR ENHANCED DISPERSION OF 
MICROFIBRILLATED CELLULOSE IN PLA/PCL BLENDS: IMPACT ON 
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Abstract – The dispersion of microfibrillated cellulose (MFC) within a polymer blend is significantly 
influenced by the order of its introduction and processing during extrusion [1]. Proper extrusion order 
enhances dispersion efficiency, ensuring uniform distribution of MFC throughout the matrix and influencing 
interfacial adhesion with the polymer [2,3]. Improved dispersion promotes the dispersion of MFC as 
individual fibrils, minimizing agglomeration and clustering and resulting in enhanced mechanical properties, 
thermal stability, barrier properties, and biodegradability [4]. This study aims to assess the influence of 
extrusion sequence on the morphology and properties of compatibilized PLA/PCL blends reinforced with 
MFC. The blend composition remained consistent for all samples, with variations limited to the order of 
component extrusion. Four extrusion protocols were used: EXT – all components extruded together in one 
step; EXPLA - MFC extruded with PLA first, followed by PCL and compatibilizer in a second extrusion 
process; EXPCL – MFC extruded with PCL first, followed by PLA and compatibilizer in a second extrusion 
process; EXCOMPAT – PLA, PCL, and compatibilizer mixed in a first extrusion process, with MFC added 
to the blend in a second extrusion. A compatibilized PLA/PCL blend without MFC addition served as the 
control sample to evaluate the influence of MFC dispersion on PCL droplet size within the PLA matrix. In 
the case of an immiscible blend like PLA/PCL, compatibilization is essential to promote interaction between 
the phases and to impart mechanical properties that draw contributions from both components. In this study, 
the compatibility of the blend was assessed through two key factors: the size of the dispersed PCL phase and 
the resulting mechanical properties exhibited by the final blend. Morphological and mechanical 
characterizations were conducted using Scanning Electron Microscopy (SEM) and tensile tests following 
ASTM D638. Analysis of 300 PCL particles in each sample revealed that the EXT protocol promoted a 
smaller PCL droplet size, resulting in improved mechanical properties, particularly tensile strain, which 
reached 80% for the EXT sample compared to an average of approximately 20% for the other samples. 
These findings have significant implications for the design and development of polymer blends with 
enhanced properties in various practical applications, foremost considering that all blends produced in this 
work are biodegradable and biocompatible.
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Abstract – In recent decades, there has been significant interest in utilizing natural fibre-reinforced 
composites (NFC) for industrial applications. Natural fibres (NF) are a biodegradable resource, are 
found in abundance in nature and have low density, which results in composites with attractive 
specific mechanical properties. On the other hand, NC has some limitations, including low thermal 
stability and poor adhesion between the fibre and matrix. A weak fibre-matrix bonding implies poor 
load transfer onto the NF due to their hydrophilic character of them, affecting the mechanical 
performance of the NFC. However, several surface modifications promote an enhancement of the 
interfacial adhesion of the phases, such as coupling agents, polymer treatment and deposition of 
nanostructure carbon materials (NCP) on the fibre surface. Recently, studies have shown that 
introducing carbon nanotubes (CNT) into conventional fibre-reinforced polymer composite 
improves the mechanical and functional properties, including inter-laminar shear strength (ILSS). 
Among the techniques used to introduce CNT on the fibre surface, the electrophoresis deposition 
(EDP), which is a colloidal processing technique based on the movement of charged particles 
suspended in a solution. Commonly, the conventional EDP process applies direct current and low 
voltages. Therefore, this study aims to analyse the effects of CNT deposition through intermittent 
high-voltage electrophoresis deposition (EDP) in the adhesion between epoxy and jute fibre (JF). 
To evaluate the interfacial adhesion of the composite, the apparent ILSS, short beam shear (SBS) 
test, based on ASTM D2344M, is performed using a universal testing machine (Instron). According 
to this norm, the samples (3 samples) must show the relation between the span and thickness around 
4:1, aiming to minimize bending stress and maximize shear stress induced. vacuum-assisted resin 
transfer moulding (VARTM) was used to manufacture the jute fibre epoxy composite (JFEC). 
According to the results of the apparent ILSS evaluated, the incorporation of the CNT on the JF 
surface showed a positive effect on the interlaminar performance of JFEC, resulting in an increase 
of the interfacial adhesion around 10% about composite reinforced with JF as received (without the 
CNT deposition). This enhancement of the mechanical property of the JFEC can be ascribed to the 
nanoscale roughness promoted by the CNT deposition, which can act as mechanical interlocking.
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Lucas H. Staffa1,2, Sílvia H. P. Bettini1 and Marcelo A. Chinelatto2*

1 – Department of Materials Engineering, Federal University of São Carlos (UFSCar), São Carlos, SP, Brazil
2 – Department of Materials Engineering,University of São Paulo (USP), São Carlos ,SP,Brazil mchinelatto@sc.usp.br

Abstract – In physical compatibilization, not all compatibilizer molecules diffuse towards the 
interface, either because they are trapped in a polymeric phase or due to the interface saturation that 
occurs after the critical micellar concentration1. Since interfacial saturation limits the effective 
compatibilizer content at the interface, the investigation of selective localization of compatibilizers 
is essential to defining mixing protocols and optimal content of compatibilizers in a mixture2. The 
aim of this study was to use hybrid AFM tip-enhanced nanoscale IR spectroscopy (AFM-IR) to map
specific chemical groups of two different multiblock copolymers based on poly(ethylene glycol) 
and poly(ε-caprolactone) (PEG-b-PCL) of different block lengths, but same total molar mass, in 
order to estimate its location in a poly(acid lactic) and poly(ε-caprolactone) (PLA/PCL) blend. It
was observed that adding 1 wt% of the smaller block size copolymer there is a majority presence in 
the interface (Fig 1). However, when adding 5 wt%, regardless of the molecular structure, the 
compatibilizers diffused towards the PLA matrix, evidencing interface saturation and a greater 
preference for the PLA phase. Also, the larger block size compatibilizers showed a better 
compatibilizing effect, saturating the interface with lower content, however, segregating more easily 
as a micelle in the matrix.

Figure 1 (a) Surface AFM image and (b) chemical mapping at 1660 cm-1 for PLA/PCL with 1 wt% of
smaller block size copolymer.
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Abstract - Poly (lactic acid)/zinc oxide (PLA/ZnO) composite is a promising material to produce
scaffolds, used in bone regeneration. However, ZnO severely degrades the polymeric matrix. In the
way to prevent PLA degradation by ZnO, this particle can be surface modified. This work proposes 
ZnO surface treatment by plasma, using two functionalization agents: lactic acid (LA) and maleic 
anhydride (MA). The mixtures of ZnO with LA and MA were performed manually in a mass 
proportion of 30:70 (ZnO:LA) and 90:10 (ZnO:MA). The samples were treated by Radio Frequency 
Capacitively Coupled Plasma in times of 5 and 15 minutes with a power supply at 35 W, using 
argon as working gas (36,5 sccm) in a pressure of 6,9x10-1 Torr. Samples treated were washed with 
methanol (for MA) and distilled water (for LA) to remove unreacted molecules, and characterized 
by XPS (X-Ray Photoelectron Spectroscopy) and FTIR (Fourier Transform Infrared Spectroscopy) 
to analyze the influence of the functionalizing agents in the functional groups formed on the surface 
of ZnO, and Thermogravimetric Analysis (TG) to verify the thermal behavior of the treated
particles and non-treated. The analysis of the results indicated that ZnO was functionalized by 
plasma, in different ways with LA and MA. The functionalization of ZnO with LA preferably 
occurs through the formation of a complex between the Zn2+ ion and the carboxylate salt (COO-) 
arising from the dehydration reaction of lactic acid, showing better results for 5 minutes of 
treatment. With MA, functionalization occurs preferably through the formation of C-Zn bonds, with
15 minutes being the time that most favors changes in ZnO. Both functionalizations are possible 
due to the formation of oxygen vacancies caused in the oxide through the plasma discharge. Thus, it 
is concluded that the plasma is an efficient tool to functionalize ZnO, using organic compounds in 
the solid phase.
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Abstract - The membrane separation process (PSM) has stood out significantly in the treatment of 
water and effluents, aiming at its reuse and improvement of its quality, in a scenario characterized 
by the scarcity of water resources. The use of this process separates suspended chemical 
components from the effluent, improving the color, turbidity and pH of the treated water. Due to the 
increase in competitiveness in the industrial sector, which started to demand an increasing 
productivity of processes, it led to the development of some configurations of membranes, such as 
hollow fiber type membranes. These membranes can be produced by different techniques, and the 
most used method is the phase inversion using the immersion-precipitation technique. In this work, 
polysulfone and polysulfone/alumina hollow fiber polymeric membranes were developed using the 
phase inversion method. The samples were characterized by Scanning Electron Microscopy, 
Apparent Porosity and Contact Angle. In addition, the membranes were evaluated through flow 
measurements with distilled water and with synthetic effluent and the turbidity of the permeate was 
analyzed. A change in the morphology in the cross-section of the membranes was verified, as well 
as a correlation between the amount of alumina and the hydrophilicity of the membrane. As the 
alumine concentration increases, the membranes show greater porosity. Thus, this greater number 
of pores can be correlated with the increase in flux inside the membrane. Therefore, the addition of 
alumine to the membranes significantly improved the flux and also resulted in a decrease in 
permeate turbidity.
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SPECTROSCOPIC, ELETRICAL AND MORPHOLOGICAL 
CHARACTERIZATIONS OF CONDUCTIVE POLYMER HYDROGELS FOR 

APPLICATION IN HYBRID SUPERCAPACITORS
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Due to current energy demand, new energy storage and accumulation devices are extensively 
studied. One possible alternative to conventional batteries are the supercapacitors (SCs) due to their 
inherent performance and advantages [1]. In this sense, a new class of materials, called conductive 
polymer hydrogels (CPHs), that combine the benefits of organic conductors like polyaniline (PAni)
and hydrogels emerges as a possibility to form new SCs. They exhibit remarkable synergistic 
properties that associate the expansion and flexibility behavior of hydrogels with the electroactivity 
of the conductive polymers [2]. A synthesis method used to obtain CPHs can be done using
renewable polysaccharides (biopolymers) such as interlaced or copolymerized cellulose in hybrid 
hydrogel networks. This strategy can modify the hydrophilic and mechanical properties of chains of 
hydrogels, and the sorption or desorption of solutes by these systems. An example of a 
polysaccharide obtained through chemical modification of cellulose is the carboxymethylcellulose
(CMC). CMC is a water-soluble polymer that has been used in a wide range of technological 
applications such as in hybrid hydrogels. The objective of this work was to perform spectroscopic 
and morphological characterization of CPHs composed of PAAm/CMC/PAni. The results 
demonstrated that the CPHs obtained from free radical polymerization [3], followed by interfacial 
polymerization of PAni using ammonium persulfate as initiator, presented good reproducibility and 
conductivity values in the order of 10-2 S/cm. The spectroscopic characterization showed 
characteristic bands of CMC and doped PAni, and also confirmed the formation of dendritic 
microcrystals attributed to the fractal growth of Pani, showing their incorporation into the 
composites. Finally, we can highlight that the composites presented good stability, reproducibility 
and electrical performance with potential for the development of new SCs.
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Abstract 

Polymeric membranes have stood out in the industry as efficient tools for treating effluents. In this 
study, polymeric solutions of pure polymers Polysulfone (PSU) and Polyethersulfone (PES) were 
prepared, as well as their blends, adding Polyvinylpyrrolidone (PVP) as a viscosifying agent. These 
solutions were used to produce flat membranes through the phase inversion method. The main 
objective of this work was the development, characterization, and application of these membranes 
in the effluents treatment. Fourier transform infrared spectroscopy (FTIR) analysis demonstrated 
strong interactions among the polymers, indicating the miscibility and compatibility of the 
PSU/PES blend. Contact angle measurements determined that PES matrix membranes had lower 
contact angles than those with PSU matrix, due to the superior hydrophilicity of PES. Scanning 
electron microscopy (SEM) investigations revealed alterations in pore quantity, size, and 
uniformity, as well as the presence of "fingers," in membranes with varying polymer compositions. 
Water flow tests and treatment of a synthetic effluent containing red dye confirmed the superior 
performance of PSU matrix membranes with regard to permeate flux and turbidity removal.
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Abstract – During their useful life, carbon fiber reinforced thermoplastic polymers (CFRTP) are 
exposed to aggressive environmental factors, which can affect and degrade their properties, including 
thermal and mechanical properties, resulting in a decrease in their useful life in service. Polyamide 6 
(PA6) has been standing out, as it requires lower processing temperatures and the same equipment 
used for the processing of conventional polymers [1]. However, PA6 is a highly hygroscopic polymer, 
meaning that the presence of moisture can result in degradation by hydrolysis of the amide group, 
which high temperatures can accelerate. The influence of ultraviolet (UV) radiation combined with 
oxygen and temperature results in photo-oxidative, and thermo-oxidative degradation, respectively, 
causing scission of polymeric chains, and micro-cracking [2]. This work evaluated the effect of 
accelerated aging using a weathermeter machine (after 400 h, 800 h, and 1200 h), on the mechanical 
(tensile test) and thermal (differential scanning calorimetry, DSC) properties. Mechanical properties
results showed that the weathering conditions did not cause a significant effect on the ultimate tensile 
strength (UTS) values, but promoted, initially, an increase in this property, due to the increase in the 
stiffness of the material. Furthermore, as the exposure time increased, there was an increase in the 
degree of crystallinity (Xc) of PA6. This fact may be related to the breaking of intramolecular bonds 
and the reorganization of the polymeric chain that is associated with the crystalline regions, resulting 
in an increase in the crystalline phase and consequently greater stiffness and tensile strength.
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Abstract –The use of polymers in the automotive sector is advantageous due to the reduction in vehicle weight, 
resulting in greater efficiency with lower fuel consumption and consequent reduction in the emission of gases. This 
study aimed to evaluate the possibility of to use PC/ABS blend in an automotive crankcase through computer 
simulation and mechanical tests before and after the degradation test in automotive oil for 135 days at 85°C. The values 
of maximum stress, Young's modulus and flexural modulus did not change significantly between tests performed before 
and after degradation in automotive oil, whereas elongation at break and impact strength decreased significantly, which 
is caused by degradation through cross-linking reactions of butadiene in ABS. Computer simulation showed that 
although there are points of stress concentration in the PC/ABS crankcase design, it can be a cost-effective alternative 
and also offers a 58% weight reduction over the aluminum crankcase. 
Keywords: Aluminum; Automotive; Crankcase; Blend; PC/ABS.

Introduction
In the automotive market, there is a constant search for the partial replacement of metallic 

materials by polymers, blends or compounds aiming at better performance, lower cost and lighter 
weight, which results in lower gas emissions due to lower fuel consumption [1]. For example, for 
every 100 kg of polymeric parts used in a car that weighs about 1 ton, it is estimated a 7.5% saving 
in fuel consumption and a reduction of 2 to 3 times in the consumption of other materials [2].

Due to a constant need to improve and raise the performance level of engines, it is essential that 
there are alternative alternatives to replace metallic materials with polymeric materials. Among the 
various metal parts that make up the vehicle, the crankcase stands out, which is generally made of 
aluminum alloy and has the main function of storing the car's oil, being indispensable for the 
operation of the car, as well as ensuring the lubrication of the vehicle. Engine, avoiding overheating 
and decanting the impurities that passed through the oil filters [3]. The temperature of the oil that is 
stored inside the crankcase, under normal vehicle conditions, is between 40 and 70°C, but if there is 
any type of deregulation in the engine, this temperature can reach between 90 and 100°C [4]. It 
should be noted that, associated with the card, a card protector made of steel is generally used to 
protect the vehicle card from impacts suffered by vehicle circulation. Despite the non-mandatory 
use of the card protector, its use is acceptable to increase the useful life of the vehicle [5].

An alternative for replacing automotive aluminum crankcases is the use of blends that are able to 
provide the ideal balance of properties between the polymers that compose them. The PC/ABS 
(polycarbonate/acrylonitrile-butadiene-styrene) blend stands out [6, 7]. Both PC and ABS have 
been used in the automotive sector for years, however, with the use of a PC/ABS blend we achieved 
a material with good mechanical resistance, good resistance to degradation and good processability, 
which is advantageous for applications of high service life, as is the case in the automotive sector
[6].
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Therefore, this work aimed to study, by means of mechanical tests and computational simulation, 
the viability of replacing the automotive aluminum crankcase with a crankcase manufactured with a 
PC/ABS blend (PULSETM 2000EZ). Comparison of properties between the crankcase 
manufactured in aluminum and the crankcase manufactured using the PC/ABS blend was used for 
the computational simulation. 
 
Experimental 
Obtaining the test specimens 

The blend PULSETM 2000EZ (Trinseo) with PC/ABS composition and fluidity index 
(260°C/5kg) 15 - 20g/10min and density 1.14g/cm³ was used. Initially, the PC/ABS blend pellets 
with 6% (m/m) black masterbatch (Engeflex) were dried for 1 hour at 100 ( 5) °C in an oven 
(Marconi, MA035). Standard ISO I79/1eA and ISO 527 specimens were injected in a Battenfeld 
injection molding machine (SB 1450/400), with 4 temperature zones at 210, 230, 235 and 240 °C. 
Conditioning and dimensions of test specimens  

Prior to performing the mechanical tests, the specimens were conditioned in accordance with 
ASTM D-618, for 40 h at 23 (± 2) °C and relative humidity of 50 (± 10) %. The thickness of the 
specimens were obtained using a Mitutoyo digital specimeter. 
Tensile tests 

The tensile test was performed on an Instron (5566) equipment in accordance with ISO 
527(2019), using 5 specimens with dimensions of (115 x 10 x 4) mm, with 110 mm of separation 
between the grips, speed of 50 mm/min and a load cell of 30 kN. The parameters analyzed were 
maximum stress, elongation at break and Young's modulus. 
Flexion modulus test 

The flexion modulus test was performed on an Instron universal machine (5566), following the 
requirements of the ISO 178 standard, on 5 specimens with dimensions (80 x 10 x 4) mm. 
To carry out the test, the base was gauged so that the supports were 64 mm apart it needs to be 
positioned 16 times the thickness of the specimen. The test was interrupted when the deformation of 
the specimen reached 3.5% of the initial dimensions. 
Impact Resistance 

The charpy impact resistance test was carried out in accordance with ISO 179/1eA on 5 
specimens with dimensions (80 x 10 x 4) mm that were previously notched in a motorized carving 
machine (Ceast) at an angle of 46°. The test was performed on a Resil Impactor (6967 - Ceast), the 
base was used with a distance between the supports of 62 mm and a pendulum of 4 J. 
Computational simulation of an automotive crankcase using PC/ABS blend and alumínio 

The software used to create the mathematical geometry was NX (version 12.0, 2017), a product 
of Siemens Digital Industries Software. No software NX foi usada a análise Pre/Post simulation 
com a função sol 101 Linear statics – Global Constrainsts, que consegue simular deslocamento, 
tensão e reação nos pontos de apoio. For this work, a crankcase project for large vehicles was 
elaborated, aiming at the bus and truck market, where a large volume of oil is needed for each 
vehicle. The oil capacity that a large vehicle crankcase must hold is between 10 and 18 L.  
Automotive oil degradation test 

The bodies and traction, impact and bending tests were submitted to the degradation test, where 
they were submerged in automotive oil 5W30 (Mobil Super) inside a transparent glass container, 
for 135 days at a temperature of 80 (± 5) °C in a greenhouse (De Leo). The bodies and evidence 
were removed from the oil and washed manually 5 consecutive times with neutral detergent and 
then dried in an oven at 80°C for 5 hours. Traction, impact and flexion tests were carried out on the 
degraded specimens following the parameters described above. 
 
Results and Discussion 
Visual appearance of the samples before and after the degradation test in automotive oil 
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Fig. 1 a shows the photograph of the degradation test that the samples of PC/ABS were 
submitted, it is observed that the test specimens remained completely submerged in the oil at a 
temperature of 80 (± 5) °C, which is within the temperature range that the oil in the automotive 
crankcase can reach [4]. During the degradation test, the samples were not subjected to mechanical 
stress and were kept in a closed oven, away from ultraviolet radiation. Both PC and ABS are 
susceptible to photodegradation [8] effect of chemodegradation caused by oil and 
thermodegradation due to crankcase working temperature. 

Fig. 1 b shows the photograph of the specimens before and after the degradation test in oils, 
where it is observed that there was a loss of brightness after the degradation. This result is in line 
with what was expected for the occurrence of degradative processes in the blend, since the 
degradation of ABS causes loss of brightness and the degradation of PC causes yellowing, however, 
due to the black masterbath used in the formulation, it was possible to identify only the change 
brightness [8,9]. The loss of brightness in polymers, mainly in the automotive industry, is a very 
important market factor, however, the automotive crankcase is located at the bottom of the vehicle, 
which makes the loss of brightness irrelevant in this case. 
 

 
Figure 1: Photographs a) Traction specimens submerged in automotive oil during the degradation test; b) 
PC/ABS specimens before and after the degradation test in automotive oil. 
 
Mechanical properties (tensile test, impact test and flexion test) 

The results for the mechanical and tensile, bending and impact tests before and after breaking in 
oil are shown in Fig. 2. Observing the results of the tensile tests shown in Fig. 2 (a, b and c), it is 
noted that for the maximum stress and Young's modulus supported by the blend before and after the 
deficiency test, no significant change in the properties was observed, however, for the elongation 
value had a drastic decrease after the degradation test. For the flexural modulus test, note that the 
values were similar before and after degradation. And for the impact resistance test, it is observed 
that there was about 38% in impact resistance. 

 
 

 
Figure 2: Results of mechanical properties before and after degradation for a) maximum (MPa) stress 
obtained from the tensile test; b) elongation at the break (%) obtained from the tensile test; c) Young's 
modulus (GPa) obtained from the tensile test; d) Flexion modulus (GPa) and e) Impact Resistance (J). 
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The mechanical tests, especially the elongation at break and impact resistance, showed a 
significant change in properties, which is mainly caused by the presence of butadiene in ABS. 
Butadiene has two double bonds in the main chain which makes the two carbons adjacent to the 
double bonds more susceptible to degradation by auto-oxidation. The degradation mechanism of 
butadiene is the formation of crosslinks that makes the butadiene rubbery domain rigid and causes a 
decrease in impact strength. Likewise, the decrease in elongation is explained, due to the greater 
rigidity generated in the degradative process. An alternative to improve resistance to butadiene 
chemodegradation is the use of ABS, which is a copolymer of acrylonitrile, ethylene and styrene, 
because with the replacement of butadiene by ethylene, the effect of chemodegradation is reduced 
[9]. 
Computacional simulation 

Fig. 2 a shows the three-dimensional mesh used to create the simulations in the NX software. 
Fig. 2 b and c show the density comparison between the crankcase made of aluminum and made 
with the PC/ABS blend. The aluminum density used for the simulation was 2.7 g/cm3 [10] and the 
density of the PC/ABS blend is 1.14 g/cm3 (provided by the manufacturer).  

 
 

 
Figure 3: a) Three-dimensional drawing of an crankcase using b) an aluminum alloy; c) PC/ABS blend. 

 
It can be seen that the crankcase made of aluminum weighs 9 kg, if it were manufactured with 

the PC/ABS blend it would weigh 3.8 kg, which is equivalent to a decrease of approximately 58% 
in the weight of the crankcase. Vehicle weight reduction is extremely advantageous for better 
vehicle performance, reduced fuel consumption, as well as implying a reduction in gases generated 
by combustion such as carbon dioxide and carbon monoxide) [2]. In addition to the decrease in 
density, with the manufacture of a PC/ABS crankcase there is a decrease in production costs. 

After making the mesh, the tension applied to the x, y and z axes was evaluated with the 
crankcase made of aluminum and with the PC/ABS blend (Fig. 4).  
 

 
Fig. 4: Computer simulation analysis on the X axis (a, a1 and a2), Y axis (b, b1 and b2) and Z axis (c, c1 
and c2) for aluminum and for the PC/ABS blend. 
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For the simulation, a force of 1000N was applied (obtained from experimental values of 
automakers in São Bernardo do Campo - SP). The tensile mechanical property values used in the 
simulation of the PC/ABS blend were those obtained experimentally before the oil degradation test, 
and the values used for aluminum are those provided by Mezzomo and Moraes, 2020 for aluminum 
1200H14. 

Analyzing the Figures, it is observed that there is a small concentration of tension (greenish tone) 
in the X and Z axis in the PC/ABS crankcase, which indicates a point with less resistance. The 
applied force simulation for aluminum did not show any visible signs of stress (completely blue 
coloration). Therefore, it is noted that the simulation properties of the aluminum crankcase are 
greater compared to PC/ABS, however, they meet the minimum standards required, since they do 
not present a red color, which would indicate rupture of the material with the applied force. The 
points of stress concentration in the crankcase made of PC/ABS can be minimized by studying the 
geometry of the crankcase, which was not evaluated in this work [3]. 
 
Conclusions  
Through computer simulation, it was possible to observe that the crankcase made of PC/ABS is 
lighter and cheaper than the crankcase made of aluminum, which would result in better vehicle 
performance and lower fuel consumption, however, with the simulation of force application on the 
X, Y and Z axes, it was observed that the crankcase showed some points of stress accumulation that 
can be minimized through a more in-depth study of the crankcase geometry. Degradation tests in 
automotive oil showed that there was a decrease in the elongation at break (tensile test) and in the 
impact resistance, which is caused by the presence of the Butadiene monomer in the ABS and 
which causes crosslinking reactions by auto-oxidation, making the structure more rigid. Through 
the analysis of the results obtained in this work, we have an indication that it would be 
economically and environmentally advantageous to manufacture an automotive crankcase using the 
PC/ABS blend, however, for the actual application of the PC/ABS blend in a crankcase, it would be 
necessary to carry out tests of degradation in order to analyze degradation by stress cracking and by 
metallic contaminants present in automotive oil, as well as the evaluation of the best design and 
formulation to avoid stress concentration and minimize degradation in the part. 
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Abstract - Films of a mixture of polyvinyl alcohol (PVA) and chitosan (Ch) modified by the presence of pitaya extract 
(ExPy) in their composition were prepared by solution casting of the PVA/Ch. The properties of the new materials were 
analyzed by thermogravimetric analysis (TGA) and scanning electron microscopy (SEM). The results observed show that 
the pitaya extract caused a slight reduction in the thermal stability of the PVA/Ch blend and modified its morphological 
structure, both on the surface and in the inner part of the polymeric matrix.

Keywords: PVA, chitosan, pitaya, TGA, MEV

Introduction 
The packaging of food is produced with substances like glass, polymers and nanocomposites. 

The properties of these materials should not affect the quality of products and their production have 
been raised due to low cost, protection from moisture, oxigen, heat, odor, microorganisms and still 
possess good tensile strength. However, the packaging prepared from the petrochemical-rooted 
plastics had a crucial effect on the environment [1]. The development of packaging degradable 
materials has become the center of attention, because it is possible to reduce the production of waste 
which is in line with the trends of a sustainable economy [2]. There are many possibilities on how to 
prepare the active packaging considering that there are a lot of different compositions utilized [2]. 
The latest research into active packaging has included the incorporation of natural active substances 
into polymeric matrices. These natural active substances have antioxidant and antimicrobial activities, 
such as essential oils [3,4], extracts of green tea [4], blueberry, red grapes, parsley extract[1], dyes, 
flavors, probiotics and prebiotics [5].  In addition to the antioxidant properties, these natural 
substances improve the stability and increase the shelf life of the product [4].  With that in mind, this 
work aims to incorporate pitaya extract into a polymeric matrix composed of a mixture of two known 
biodegradable polymers: polyvinyl alcohol (PVA) and chitosan (Ch) and its thermal, optical, 
morphological and antioxidant properties were analyzed.

Experimental 
Preparation of the extract of pitaya (ExPy)

The fruit pulp was crushed using a mixer, the infusion was carried out with 400 mL of water 
at 90°C for 10 minutes. Subsequently, the sample was centrifuged at 5000 rpm for 30 minutes. After 
centrifugation, the extract was vacuum filtered. All extracts were stored and frozen in order to remain 
preserved.
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Preparation of polymeric blends (PVA/Ch) with pitaya extract incorporated in the polymeric matrix 

The polymeric blends were prepared according to the literature (with adaptations). Initially, 
0.35 g of chitosan was weighed. The weighed chitosan mass was dissolved in 50 mL of a 1% acetic 
acid solution. The chitosan (Ch) solution was taken to a sonicator for 2h. Subsequently, the solution 
was maintained under magnetic stirring for 15 h at a temperature of 40 ºC. Separately, 5g of PVA 
was weighed and dissolved in 50 mL of distilled water. Then 2 mL of glycerol was added and the 
solution remained under magnetic stirring for 1 h at an average temperature of 50°C. After this period 
of time, the PVA solution, kept under constant agitation, was cooled to room temperature. To obtain 
the PVA/Ch polymeric blend, the Ch and PVA solutions were mixed under magnetic stirring for one 
hour at room temperature. Then, this polymeric solution was sonicated for 15 minutes in order to 
completely homogenize the solution. After this process of preparing the PVA/Ch blend, the ExPy 
was added to the solution and mixed to obtain PVA/Chitosan/ExPy polymeric blends with 9 and 16% 
(v/v) proportion for extract of pitaya. Then, the solution remained under stirring for 10 min at 25°C. 
After sample homogenization, the PVA/Ch/ExPy blends with its extract was poured onto a non-stick 
surface and placed in an oven at an average temperature of 50ºC for 19h. The samples were analyzed 
by the Shimadzu Model TGA/DTG-60H thermogravimetric system. The sample pan was placed in 
the balance system equipment and the temperature was raised from 22 to 650 °C at a heating rate of 
10°C per minute in synthetic air. The micrographs were obtained using the JEOL JSM-7000F 
microscope, under tension of 15 and 5 kV, allocated in the Microscopy and Microanalysis laboratory 
of the Instituto de Biology at UnB. 
 
Results and Discussion  

The thermal property of films was evaluated by means of TGA. It can be seen in Fig. 1 that 
the ExPy demonstrated one thermal degradation stages within a temperature range from 24 to 189°C. 
The mass loss between 80°C and 115°C (Td 112°C) was likely due to the decomposition of 
betacyanins and loss of water. This means that the addition of pitaya extract reduced the thermal 
stability of the polymeric chain. The first stage occurred from 25 to 125°C and was associated with 
the loss of moisture. 

 
 

Figure 1- TGA curves of the (a) chitosan pure film; (b) PVA pure film; (c) PVA/Ch blend pure and (d) pitaya 
extract 
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The chitosan presented three degradation stages in the range temperature from 30 to 600°C 
(Fig. 1). The first stage occurred from 51 to 105°C (Td 67ºC) and was associated with the loss of 
moisture.  The second stage was associated with the thermal degradation of the polymer and occurred 
from 273 to 304°C (Td 293ºC). The degradation of chitosan start with the rupture of the β-glycosidic 
linkages between the N-glucosamine and N-acetyl glucosamine moieties and ends with the release of 
a complex gaseous mixture mainly composed of H2O, NH3, CO, CO2, CH3COOH, and CH4. Third 
stage of degradation is attributed to the further combustion of the residual organic compounds (Td 
506°C) [6]. TG curve for the PVA pure reveals four stages of degradation (Fig.1). The first occurs at 
54,5°C with an equivalent mass loss 3,9%. This first weight loss may be associated with loss of 
volatiles and moisture (water) from the polymeric matrix. In the second thermal event, the moment 
of more expressive degradation takes effect at 265°C with loss of mass equivalent to 74,3 %. The 
third stage of degradation happens at 348°C and shows 20,3% mass loss and the last stage revealed 
mass loss of 0.6% at 477ºC. Thermal analysis of the PVA/Ch pure film revealed four stages of 
degradation within some range of temperature. The first stage of degradation occurs at 75°C 
corresponding to the loss of moisture; the second stage at 210°C that can be associated with the loss 
of amine units from the chitosan polymeric chain [7]; the third stage of degradation takes place at 
346ºC and can be attributed to thermal degradation of the PVA polymeric chain, since pure PVA 
presents a greater mass loss stage close to this temperature. The last stage of degradation occurs at 
490°C and it is probably equivalent to the combustion of polymer chain residues.  

TGA curves of the PVA/Ch/ExP films with 9 and 16% (v/v) of pitaya extract showed four 
thermal degradation stages within a temperature range from 30 to 600°C (Fig. 2). 
 

 

Figure 2- TGA curves of the PVA/Ch/ExPy 9 and 16% films and pure PVA/Ch film. 
 

The second and third stages can be associated with the thermal degradation of the betacyanins 
and of the polymer, while last stages degradation can be attributed to waste burning of the organic 
compounds. The PVA/Chitosan/ExPy blends presented a thermal behavior similar to pure 
PVA/chitosan. The pitaya extract caused a slight Tonset of the PVA/Ch blend.  
In the first stage of degradation, the pitaya extract promoted a slight improvement in the thermal 
stability of the films, however, in the third stage occurs a reduction in Td3 and an increase in mass 
loss can be observed indicating a reduction of the thermal stability. Data can be analyzed through 
Table 1. 
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Table 1 - Values of the Tonset, maximum decomposition temperature and weight loss (%) to each stage of 
degradation of the materials. 
 

Samples Tonset 
(°C) 

Td1 
(°C) 

Weight 
loss (%) 

Td2 
(°C) 

Weight 
loss (%) 

Td3 
(°C) 

Weight 
loss (%) 

Td4 
(°C) 

Weight 
loss (%) 

PVA pure 40.0 54.5 3.9 265.0 74.3 348.0 20.3 477.0 0.6 

Chitosan 51.2 66.0 11.6 292.0 50.6 506.0 36.0 - - 

PVA/Ch blend 
film 

44.2 75.6 6.6 210 33.5 348.0 57.9 492 0.6 

PVA/Ch/ExPy 
9% (v/v)  

45.2 76.0 6.4 206.0 37.6 331.0 54.9 471.0 0.4 

PVA/Ch/ExPy 
16% (v/v)  

50.8 87.0 6.1 200.0 29.3 326.0 61.4 474.0 0.6 

Pitaya extract 80.1 112.0 95.9 - - - - - - 

 
The SEM micrographs of the surface of PVA/Ch blended films, pure and pitaya extract 

incorporated, are presented in Fig. 3. The surface morphology of PVA/Ch pure film shows a compact 
and smooth surface, which means PVA and Ch mixture has good compatibility due to the existence 
of hydrogen bonding interactions between Ch and PVA. The presence of pitaya extract in the 
polymeric film promoted the emergence of holes in the morphology of the materials, indicating the 
incorporation of the extract in the polymeric matrix of blend (Fig.3).  
 

 

Fgure 3 - SEM images of the surface of polymer films prepared by casting solution of (a) PVA/Ch; (b) 
PVA/Ch/ExPy 9% (v/v), (c) PVA/Ch/ExPy 16% (v/v) at 27x magnification and (d) PVA/Ch; (e) 
PVA/Ch/ExPy 9% (v/v), (f ) PVA/Ch/ExPy 16% (v/v) at 200x magnification  
 
These same holes caused by the presence of pitaya extract can be seen inside the material considering 
an increase of 200 and 500x in the image of the materials. 
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 Figure 4 - SEM micrographs of the inside of the polymer films prepared by casting solution of (a) PVA/Ch; 
(b) PVA/Ch/ExPy 9% (v/v), (c) PVA/Ch/ExPy 16% (v/v) at 200x magnification and (d) PVA/Ch; (e) 
PVA/Ch/ExPy 9% (v/v), (f ) PVA/Ch/ExPy 16% (v/v) at 500x magnification  

 
Conclusions  

The PVA/Ch films with pitaya extract incorporated in the matrix polymeric blends were 
prepared using solution casting of PVA mixed with amounts of Ch 50% v/v. Effects of the presence 
of the pitaya extract on the structures and properties were studied. The good blend compatibility 
between the PVA and Ch has been confirmed as expected. However, the presence of pitaya extract 
in two different concentrations promoted a slight reduction in the thermal stability of the blend, as 
well as changes in the morphology of the surface and the inner part of the polymeric material. 
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Abstract – Due to the environmental problems caused by improper disposal of polymers, alternatives are being sought 
to partially replace non-biodegradable polymers. Among these alternatives, biodegradable polymers are found, and in 
this work, the production and characterization of a biodegradable composite composed of sugarcane bagasse with 
biodegradable polyurethane derived from castor oil were carried out. Composites were successfully obtained using 
treated fibers, as alkaline treatment reduces fiber water absorption and allows for the formation of a regular composite. 
The addition of fibers to the polyurethane resulted in increased impact resistance and decreased hardness, showing that 
the fibers act as a reinforcing agent. Biodegradation tests showed that the composite degrades over a period of more 
than 60 days. The study and characterization of biodegradable polyurethane composites with sugarcane bagasse fibers 
prove to be a promising alternative for replacing conventional polyurethane.
Keywords: biodegradable composites, poliuretane, sugarcane bagasse.

Introduction
Due to the high rate of improper disposal of polymeric materials, efforts are being made to find 
alternatives that are less harmful to the environment [1]. Biodegradable materials are considered as 
a viable option for partially replacing non-biodegradable polymers since they have a shorter 
degradation period, thereby preventing unwanted accumulation in the environment [2]. Notably, 
lignocellulosic fibers and biodegradable polyurethane are prominent among the biodegradable 
polymers. Biodegradable polyurethane is a thermosetting polymer comprising a pre-polymer (a 
mixture containing diisocyanate) and a polyol derived from renewable sources like castor oil, 
commonly known as ricin oil [3]. Despite being a thermosetting polymer, polyurethane becomes 
biodegradable due to the use of a polyol derived from vegetable oil, making it consumable by 
microorganisms within a short period and non-toxic in both usage and handling [3]. On the other 
hand, lignocellulosic fibers, which are renewable, consist of three main components: hemicellulose, 
cellulose, and lignin. Among various lignocellulosic fibers, sugarcane bagasse stands out as an 
agro-industrial residue with low added value and high production in Brazil [4]. To utilize sugarcane 
bagasse fiber (BC), pretreatment methods such as water washing to remove sugars or chemical 
treatments can be employed. The commonly used chemical treatment is alkaline treatment with 
sodium hydroxide, known as mercerization, which can partially remove hemicellulose and lignin 
from the fiber composition [4]. A composite material comprising sugarcane bagasse fiber and 
biodegradable polyurethane would offer advantages due to its biodegradability and non-toxic 
nature, making it suitable for diverse applications, including medical purposes. Hence, this study 
aimed to investigate biodegradable composites made of short fibers of sugarcane bagasse and 
biodegradable polyurethane.

Experimental 

Preparation of sugarcane bagasse 
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The sugarcane bagasse was collected at a local market in the municipality of São Paulo. The 
washing process was carried out following the procedures described by Santos and Spinacé, 2017. 
Initially, the sugarcane bagasse was immersed in room temperature water (23 °C) for a period of 72 
hours in a sealed glass container. It was then rinsed with running water to remove impurities. 
Subsequently, it was air-dried for 48 hours at room temperature. After drying, the fibers were 
ground using a food processor (PHILCO) and sieved. After drying, the fibers were sieved and 
designated as BCN (none treated sugarcane bagasse fiber). 
 
Alkaline treatment of sugarcane bagasse  
The alkaline treatment was carried out using an 8% (w/v) sodium hydroxide solution at 80°C on a 
heating plate (Logen) for one hour with manual agitation every 5 minutes. The ratio used was 1 L of 
NaOH solution to 200 g of BC fiber. Subsequently, the fibers were rinsed with running water until 
the washing water reached pH 7 (measured using a pH strip). The drying process was conducted in 
a polypropylene tray in an oven (De Léo) at 70°C for 48 hours. After drying, the fibers were sieved 
and designated as BCT (treated sugarcane bagasse fiber). 
 
Composite preparation  
The composites were prepared using a biodegradable polyurethane resin IMPERVEG (AGT 1315) 
with a ratio of 1:1.2 (w/w) of Component A (pre-polymer) and Component B (polyol derived from 
castor oil). Components A and B of the resin were weighed in a polypropylene container and 
manually mixed for 2 minutes. After complete mixing of Components A and B, 10% (w/w) of dried 
BCN or BCT fibers, previously dried for 12 hours in an oven (DE LEO), were added and 
homogenized. The resin was cured in polycarbonate molds using soybean oil as a mold release 
agent. The total curing period for the resin was 7 days. The composite prepared with PU and BCT 
were referred to as PU/BCT and the composite prepared with PU and BCN were referred to as 
PU/BCN. 
 
Shore A hardness test  
The Shore A hardness test was performed using a durometer (HOMIS, HT - 6510OA), and the 
average hardness value was obtained by measuring the hardness at 10 points on the specimen, 
according to ASTM-D-2240. 
 
Impact Resistance 
The charpy impact resistance test was carried out in accordance with ISO 179/1eA on 5 specimens 
with dimensions (80 x 10 x 4) mm. The test was performed on a Resil Impactor (6967 - Ceast), the 
base was used with a distance between the supports of 62 mm and a pendulum of 4 J. 
 
Biodegradation test 
For the biodegradation test, the fertilized soil (West Garden) was manually sieved, and then 10g of 
soil was diluted in 50 ml of water and homogenized on a magnetic stirrer (Logen) for 10 minutes. 
The pH was measured using a pH strip, and the obtained value was 7. Next, 2 kg of sieved soil was 
added to a refractory container with dimensions of 30x20x7 cm, and 40% (w/w) water was added. 
Then, 5 samples of pure PU, PU with treated fiber, and PU with untreated fiber were inserted into 
the soil. The container with soil and samples was kept at 36°C in a bacteriological incubator for 60 
days, and the samples were removed from the soil and photographed after 7, 45, and 60 days. 
 
Results and Discussion 
 

Uniform composites were successfully obtained using BCT fiber, as shown in the PU/BCT 
composite photo (Fig. 1a). However, for the PU/BCN composite, which utilized BCN fiber, the 
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formation of composites was not possible due to swelling during the curing period, resulting in an 
irregular surface with numerous bubbles (Fig. 1b and c), rendering it unsuitable for testing. The 
successful production of the PU/BCT composite was attributed to the alkaline treatment, which 
partially replaced the hydroxyl groups in the fiber chains and removed amorphous regions. This 
treatment led to reduced moisture absorption from the environment and improved adhesion between 
the fiber and the matrix, enabling the successful fabrication of the composites [5, 7]. On the other 
hand, when using untreated fiber, water absorption occurs during the hardening period (removal 
from the mold after a minimum of 8 hours of curing and full hardness achieved after 1 week), 
resulting in composite swelling, irregularities, and the formation of bubbles. Therefore, despite 
generating waste, the alkaline treatment in this case allowed for the production of high-quality 
composites. 
 
Figure 1: Photographs of (a) PU/BCT composite and (b) and (c) PU/BCN 
composite.

 
 

The results of the Shore A hardness and impact resistance tests conducted on the PU samples and 
PU/BCT composite are presented in Table 1. The hardness of the PU is consistent with values 
reported in the literature for conventional PU (derived from the mixture of a polyol and 
diisocyanate), indicating that the biodegradable PU used in this study possesses similar properties 
[6]. It is noteworthy that the hardness of the PU is slightly higher than that of the PU/BCT 
composite, which can be attributed to the fibers used, as they contribute to a decrease in hardness 
due to their predominant composition of cellulose, hemicellulose, and lignin. 

The impact resistance results demonstrate that the PU/BCT sample exhibits approximately 2.8 
times higher impact resistance compared to PU, indicating that the fibers act as reinforcement 
agents and contribute to a reduction in stiffness in the composite. This finding aligns with previous 
studies on alkali-treated short sugarcane bagasse fibers [7]. Alkali treatment not only reduces the 
hygroscopic nature of the fiber but also decreases the content of hemicellulose and lignin, thereby 
enhancing the reinforcement effect on PU and resulting in a significant increase in impact resistance 
[7]. 
 

Table 1: Results of Shore A hardness and impact resistance tests for PU and PU/BCT. 
Sample Shore A hardness (A) Impact resistance (J) 

PU 93,6 (± 3,6) 0,22 (± 0,01) 
PU/BCT 84,9 (± 4,8) 0,62 (± 0,15) 

 
The photos of the biodegradation test (Fig. 2) showed that the initial signs of material degradation 
began after 45 days of biodegradation testing. By the 60th day of the test, degradation was evident 
through the appearance of erosions, color changes, and soil strongly adhered to the specimens. It is 
also noticeable that the degradation starts with the fibers, which is expected due to their higher 
hygroscopic nature compared to PU [2]. Therefore, the degradation period of the PU/BCT 
biocomposite exceeds 60 days, but visual indications of its degradation can be observed from the 
45th day of composted soil biodegradation testing. 
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Figure 2: Photographs of PU/BCT and PU samples after 7, 45, and 60 days of biodegradation 
testing in composted soil. 

 
 
Conclusions  
A biodegradable polyurethane composite was successfully obtained using only the treated 
sugarcane bagasse fibers. The composite with untreated fibers experienced swelling during the 
curing process, rendering it unusable. The alkaline treatment of the sugarcane bagasse fibers 
reduces the amorphous phase and water absorption, enabling the production of the polyurethane 
composite. The addition of fibers to the polyurethane increased impact resistance and decreased 
hardness, indicating that the fibers acted as reinforcing agents. Biodegradation tests in composted 
soil showed that the composite degrades over a period exceeding 60 days. The use of the 
biodegradable polyurethane composite with treated sugarcane bagasse fibers as a replacement for 
conventional polyurethane shows promise. However, further tests are necessary to facilitate its 
application. 
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Abstract - Natural fibers have been shown to have great potential for use in polymer composites. This study made
composites with Polypropylene (PP), reinforcing their mass with a proportion of 20 wt% from the Brazil nut bur
particles. The composite was processed in a single thread extruder machine, and samples were produced in an injection 
molding machine. Thus, the composite and particulate samples were analyzed using Differential Scanning Calorimetry 
(DSC), Thermogravimetric Analysis (TGA), Derivative Thermogravimetry (DTG) and Scanning Electron Microscopy 
(SEM). The polymer composites have presented a starting point for degradation around 226 ºC, slightly reduced if 
compared to the PP, with 232 ºC, which is also observed too in DSC analysis, showing a reduction in the heat flux 
values, lower than PP. The exploitation of Brazil nuts bur as a composite would be an alternative to using this material 
since the tests have indicated that the raw material has good thermal properties.

Keywords: Brazil nut bur, Polypropylene, Composite, Amazon rainforest.
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Introduction
The search for a technology directed to preserving the environment and raw materials from
renewable sources has motivated worldwide research centers to study the use of natural resources 
and agroindustry by-products [1-2] and research focused on its low-cost applications in the 
manufacture of composites in different regions of the world showed satisfactory results in the last 
decade [3]. The use of natural lignocellulosic fibers has become popular all over the world, as they 
are abundant and low-cost materials that facilitate a number of technical properties [4], have high 
strength, high fracture toughness and elasticity, and have proven to be useful for their diversity, 
versatility, renewability and sustainability [5], abundant, cheap, light in weight, strong and non-
abrasive, and can be excellent reinforcements for plastics, replacing or reducing the use of synthetic 
fibers in several applications [6].
Some European countries with high environmental awareness have established the application of 
Lignocellulosic Fiber Embedded Polymer Composites in automotive applications [7-9], and studies 
carried out in Germany and in the EU predicted great market potential for composites with natural 
fibers [8]. The consistent implementation of improvements and optimization in the production 
process has also advanced using methods to reduce waste, improve inputs, reuse, recycling, 
conservation, and increase energy efficiency. In the Amazon Forest, thousands of families live 
directly from the forest extractivism. A considerable part of the income comes from the extraction 
process of the eatable Brazil nut (Betholletia excelsa). For the commercial extraction of this 
activity, usually only almonds are used and all the rest of the fruit is waste, between 80 % and 90 %.
In Brazil the use wood-plastic composites is still not very significant. Thus, this work will develop a 
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chemical and mechanical analysis of a composite material by adding a proportion of 20 % of mass 
from the Brazil nut fibers to a polymer of the Polypropylene (PP) type. 
 
Experimental 
The PP (PP-H06) was provided Braskem with a melt flow index of 2.1 g/10 min, density 905 kg/m³, 
bendind stress of 15x108 Pa, traction resistance 35x106 Pa, stretching to traction with 10 %, 
Rockwell Hardness R of 102, impact force with IZOD fit at 23 ºC of 3.1x103 J/m, deflection point 
under load of 455x103 Pa at 107 ºC, and 182x107 Pa at 57 ºC and vicat softening point at 10 N and 
154 ºC. 
The company ECONUT provided the Brazil nut burs, at Aruanã's farm in Itacoatiara, an Amazon's 
inland city, Brazil. Were broken into irregular pieces with a bench vice, and then it was made a 
basic washing with running water to remove impurities, such as earth. After washing, the nut burs 
were dried in a Quimis greenhouse (model Q-317M-72) at 60 ºC / 6 hours to remove the moisture. 
The Brazil nut burs were grounded in a knife mill for size reduction. Then, the fibers were classified 
by granulometry with the aid of sieves, and the particles retained in the 0.35 mm mesh were used to 
produce the composite material. These particles were treated with an aqueous solution of sodium 
hydroxide (NaOH) at a 5 % concentration of mass per volume of water under constant agitation for 
one hour. After, the fiber was washed with deionized water until its pH neutralization and then dried 
at 60 ºC / 48h. Drying the particles before the composite's preparation is an essential factor, once 
the water present in it complicates the interaction between particles and matrix. 
In the single thread extruder machine (model ZGH 28950), the composites were produced in the 
form of pellets, with a proportion of 20 wt% Brazil nut bur particles (~ of 0.35 mm) compared with 
the amount of the PP, with temperatures from 190 to 205 ºC among the stages of extrusion. 
To perform the morphology of the composite in SEM, the rupture test was performed (ASTM 
D638) after the injection of the extruded material in an injection machine (model HAITIAN 
HTF60W-II) with a capacity of 35 ton. and injection temperature between 190 to 205 ºC. 
For analysis of PP and composites, the equipment used for DSC was SDT TA Instrument Q600. 
Samples were measured about 10 mg. and the heating rate was 10 ºC/min to a final temperature of 
500 ºC with 5.0 Nitrogen gas flow of 30 ml/min. The crucible used in the tests was the coverles 90 
μl aluminum oxide. The analysis TGA of the composite and the particles was conducted under 
temperature conditions ranging from 10 to 500 ºC in an atmosphere of nitrogen, with a heating rate 
of 10 ºC/min on a Thermal Analyzer STA 449 F3 Jupiter (Netzsch). 
 
Results and Discussion 
Differential Scanning Calorimetry (DSC) 
In Fig 1, it’s possible to observe that reductions in the enthalpy values have been identified at the 
characteristic peaks of the composite compared to the PP. Even if it’s not complete due to initial test 
temperature, the first peak indicates the glass transition temperature (TG) of the material. 
The composite presented a TG equal to 17.9 ºC, while the PP resulted in a lower transition 
temperature equal to 3 ºC. The interaction between fiber and PP may result from this "increase in 
transition temperature". These temperatures are very similar to the study carried out by [10], where 
a thermoplastic starch biocomposite reinforced with 16 % w/w of bleached cellulosic fibers from 
Eucalyptus urograndis presented a TG of 17 ºC, and for the thermoplastic the result was 2 ºC. 
The second endothermic peak is characterized by the melting transition (Tm) and the first fragment 
of degradation in the PP and the composite. They have presented 5.35 and 3.93 mW values, 
respectively, and a very similar temperature value of about 164 ºC for the composite and 165.4 ºC 
for the polymer. In the third peak, representing an exothermic event is typically associated with the 
degradation of the polymer matrix by the heat release. A reduction in the central enthalpy value of 
the composite has been observed to 13.9 mW, while PP showed 24.7 mW at a temperature of about 
300 ºC, and the composite was approximately 282 ºC. However, it has been noticed peaks after the 
final degradation of the composite, which refers to the chemical components of the particulate, 
mentioned in TGA/DTG, as the degradation of cellulose and lignin, resulting in material ashes. 
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Figure 1 - DSC comparison between the composite with 20 wt% of particles and the PP. 
 
Thermogravimetry (TGA / DTG) 
The TGA was performed on the composite to determine the degradation in comparison to the PP. In 
Fig 2 (a), the first variation reduced the composite mass by about 3 to 4 % in a temperature of 164.5 
ºC, where it's located the first evident degradation, withdrawing the water waste still existing. In a 
study developed by [11], the first activation peak was observed at 107-108 °C using injection-
molded composites of cellulose, starch and 5, 10 and 15 wt% by weight of sisal fibers, concluding 
that yes, temperature isn't affected by the addition of fibers at this stage. 
The degradation of the own composite has started at a temperature of 224.4 ºC. From 229 to 375.2 
ºC there was an exponential degradation rate, resulting in a loss in mass of 4 to 69 %. In the study 
[11], the second peak appeared at 180, 176 and 172 ºC for composites with fiber content of 5, 10 
and 15 wt% by weight, respectively. Another phenomenon described by DTG occurred during the 
degradation leap, indicating cellulose degradation, a natural and crystalline element more common 
in rigid fibers [12]. The final degradation temperature of the composite was about 400 °C, in the 
other hand, another distinct peak was noticed in the remaining 13 wt%. This was attributed to the 
lignin degradation, which occurs between 280 to 500 ºC, resulting in about 6 wt% of final. 
In PP, Fig 2 (b), the initial degradation temperature was approximately 232 ºC, which was higher 
than the 1 % composite, and the loss in mass at this point was equal to 1 %. The final degradation 
temperature was 397 ºC, resulting in a mass of 17 % that, at the end of the test, has represented only 
1.88 %. Comparing the composite with the PP, there was a slight reduction in the initial and final 
degradation temperature of the composite and both samples there was a great mass degradation in 
the temperature range between 220 and 400 ºC, approximately (Fig 2). For an amide polyester 
biocomposite with jute fiber, by DTG, the fiber's highest decomposition related to thermal stability 
was at 307 ºC (63.4 % of mass loss) and for the polymer was at 385 ºC (88.88 % of mass loss). The 
thermal stability of the composite between these temperatures was 339 ºC (64.24 % of mass loss). 
 

  
Figure 2 - TGA and DTG (a) composite (b) PP. 
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Scanning electron microscopy (SEM) 
In Fig 3(a), before the mercerization treatment in Brazil nut bur particles, parenchyma cells are 
observed, with an isodiametric circular shape and measuring approximately 40μm, belonging to a 
primary region called exocarp [13]. In addition, waxes, oils and particulate matter are also present 
on the surface of the fiber [14]. 
Fig 3(b), after the mercerization treatment, still shows the presence of parenchyma cells, but with a 
change in their surface structure. The presence of this fibrillar format formed by elongated cells, 
with thick secondary lignified cell walls [13], is called mesocarp. This microfibrillar structural 
shape presents greater roughness than the circular shape, improving adhesion to the polymer during 
use as fillers and which, due to its morphology, tend to increase the tensile strength of the material 
[13]. This exposure to the most central layer also led to the elimination of possible contaminating 
agents, which would compromise the properties of the composite, such as waxes, oils and 
particulate matter that was identified in Fig 3(a), resulting in an effective cleaning and structural 
modification by the process of mercerization. 
 

   
Figure 3 - Brazil nut bur particles (a) before mercerization treatment; (b) after mercerization treatment. 
 
The analysis of the composite was carried out after failure by traction and interrupted areas were 
found, but this was expected due to fractures in the specimen (Fig 4). In terms of the inserted 
reinforcement, there is a distinct interaction between the particles and the matrix, which remain 
fitted and attached to their own polymeric matrix even after the mechanical tests. It’s also important 
to highlight minor surface defects in the fibers and air bubbles, which could be worse if the fibers 
are not treated. The surface treatment of the fiber aims to improve the adhesion between the fiber 
and the matrix, playing an important role in improving the properties of composites [15]. 
 

   
Figure 4 - SEM held in the ruptured area of the composite specimens with 20 % particles. 
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Conclusion 
In the composite there was a decrease in their energies in each characteristic peak, indicating that 
the heat flux is more constant and the energy dissipation is more homogeneous, causing superior 
thermal stability compared to PP. The value of the heat flux in the fusion zone (Tm) decreased by 
more than 26 % in the composite in relation to PP and in the degradation zone there was also a 
decrease of almost 44 % for the composite. The reduction in the initial degradation temperature of 
the composite in relation to PP was almost 3.3 %, but it didn't cause considerable changes in its 
applications and properties. SEM revealed good compatibility and adhesion between the matrix and 
the inserted particles, even without the use of a compatibilizing agent. 
With these results, it's possible to indicate applications for PP reinforced with particulates from the 
Brazil nut hedgehog in furniture sectors that can use the composite material to manufacture chairs, 
tables, doors, cabinets, and other objects that do not suffer such temperature stress. 
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Abstract - Starch foams can be an alternative to the use of expanded polystyrene, as they come from an abundant, 
renewable and biodegradable source. However, for a starch-based foam to acquire good properties, it is necessary to 
incorporate other additives/substances into the system. Therefore, this study aimed to evaluate the influence of 
Cloisite® 30B clay and ramie fibers on the chemical and thermal properties of starch foams. Stirring was done followed 
by a thermoforming step. The samples were evaluated using Fourier Transform Infrared Spectroscopy and 
Thermogravimetric Analysis. Infrared spectra indicated increased water absorption by samples containing ramie fibers. 
The thermal analysis indicated a increase by 5 to 6 ºC in the thermal stability of the foams with the addition of these 
materials. It was concluded that the addition of fibers and clay influenced thermal stability and the fiber is responsible 
for more pronounced water incorporation at the final material.
Keywords: Starch Composite Foam. Ramie Fiber. Clay. Thermal Properties.

Introduction

Plastics is mainly originated from the petrochemical industry, and their worldwide production is 
estimated at 300 million tons per year, leading to increased pollution and depletion of a non-
renewable resource. In addition, food packaging is considered a major source of marine pollution 
[1]. A study involving two Catalan rivers found that they carry about 6 tons of plastic per year to the 
sea [2], contributing to the high content of microplastics that has been detected both in seafood for 
human consumption, and in the soil [3-4]. In Switzerland, around 90% of floodplain soils contain 
microplastics [5].
Expanded polystyrene (EPS), a material widely used in packaging and as an insulator, contributes 
significantly to the socio-environmental impacts of microplastics. Although there are techniques to 
promote the recycling of this polymer, these tend to be costly and cause environmental damage, 
with destinations for EPS being sent to landfills or treatment by incineration, chemical recycling 
and mechanical processes [6].
For this reason, starch is a good alternative to replace EPS, due to its abundance, low cost and 
because it comes from a renewable source [7]. However, for this material to acquire certain 
characteristics of mechanical and structural resistance and water absorption, it is necessary to 
incorporate other additives/substances to the system. Previous studies used grape stalks [8],
pineapple peel fibers [9] and eggshell, shrimp peel or with calcium carbonate as reinforcement [10].
In order to understand the influence of these materials on the composite properties, the chemical 
interactions with the starch matrix and the thermal stability were investigated [11]. The authors
incorporated cotton microfibers and natural rubber in a starch matrix, and it was verified through 
TGA that the ideal temperature to process the composites is in the range of 220°C. They also 
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verified that the addition of higher levels of microfibers led to a small reduction in the thermal 
stability of the composites [11]. Given the above, the present study aimed to evaluate the influence 
of Cloisite® 30B clay and ramie fibers on the chemical and thermal properties of the starch 
composite foam. 
 
Experimental  
Materials: Cassava starch from Pilão Amidos Ltda. (Guaíra – PR) was used. According to the 
technical bulletin, the maximum moisture content is 14% and pH between 4.5 – 6.5. As plasticizing 
agents, glycerol from the brand Anidrol (Diadema - SP) and distilled water were used, which also 
acted as a physical expansion agent [10]. In addition, the following additives were added: guar gum 
from the brand Zona Cerealista (Guarulhos – SP), to prevent sedimentation, and magnesium 
stearate from the brand Bianquímica Comercial (Franca – SP), as a release agent. Ramie fibers were 
supplied by Sisalsul (São Paulo – SP). In addition, organically modified montmorillonite trade 
name Cloisite ® 30B, a natural montmorillonite modified with quaternary ammonium salt, was 
purchased from the Southern Clay Products (USA), and it has a particle size of less than 6μm (d50) 
and basal spacing of 18.5 Å (d001). 
Methods: The ramie fibers were previously cut, shredded and washed with distilled water for 10 
min. Then, the fibers were oven dried for 1 h at 105 °C, as reported by [12] and ground through 2 
mm sieve in a knife mill (SL-31, Solab). Starch foams were produced from different contents of 
fiber, starch and water (Table 1), and the limit of the fiber content used was less than 20 g of 
fiber/100 g of solids, according with the study reported by [13].  
 
Table 1. Content of constituents for sample preparation 

Sample 
denomination 

Starch (g) Ramie 
Fiber (g) 

MMT (g) Water (mL / 100 
g of solids) 

Glycerol (g /100g 
of solids) 

Control 100 0 0 100 5 
MMT5 95 0 5 110 10 

F10 90 10 0 200 10 
F15 85 15 0 200 10 

F10MMT5 85 10 5 250 10 
F15MMT5 80 15 5 275 10 

 
The constituents were stirred with the mixer (Philco PMX700, Brazil) until homogenization. In all 
samples, 2% (w/w) magnesium stearate and 1% (w/w) guar gum were added. The material was 
poured onto a flat grill plates (Black & Decker Plus, Brazil) with dimensions of 20.5 x 20.5 cm and 
coated with Teflon. Then, the mixture was submitted to the molding technique, between 180 and 
220 °C for 5 min. 
Material Characterization: Fourier Transform Infrared Spectroscopy (FT-IR) was carried out by 
the Analysis Center - UTFPR campus Pato Branco, in a spectrophotometer FT-MIR (Spectrum 
Frontier PerkinElmer, USA), using the attenuated total reflectance (ATR) accessory. The spectra 
were recorded in the region range between 4000 and 500 cm-1 with a resolution of 4 cm-1 and 16 
scans. Thermogravimetric analysis (TGA) was carried out by the Federal Institute of Education, 
Science and Technology of Rio Grande do Sul – Campus Farroupilha. A thermal analyzer (Perkin 
Elmer TGA, USA) was used at a rate of 10 ºC.min-1 in nitrogen atmosphere (50 mL.min-1), in the 
range of 25 − 800 °C.  

 
Results and Discussion  
Fig. 1 shows the spectra of starch foams, as well as Cloisite® 30B and ramie fiber. In the spectrum 
of Cloisite® 30B, the characteristic stretching band of free hydroxyl groups (OH-) from the clay 
surface was observed at 3628 cm-1. At 2922 and 2854 cm-1, bands related to the symmetric and 
asymmetric vibration of the CH2 group were observed [14]. The band present at 1464 cm-1 are 
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associated to the vibrations of the CH3 and CH2 groups and at 915, 795 and 517 cm-1, bands are 
characteristic of the octahedral layers of the aluminosilicate. The band at 1003 cm-1 is related to 
Si—O—Si bonds [8]. 
 
Figure 1. Spectra of (a) Cloisite®30B clay, ramie fiber (b) and starch foams: control, MMT5, F10, F15, 
F10MMT5 and F15MMT5 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
As for the ramie fibers, the characteristic bands of the OH- groups, present in the structure of 
cellulose, water and lignin, occurred at 3335 cm-1. The band related to the vibration of C—H, 
present in cellulose and hemicellulose, was observed at 2891 cm-1 and the band at 1737 cm-1 is 
related to the vibrational stretching of C=O of the carbonyl and acetyl groups, present in 
hemicellulose [15]. The band at 1239 cm-1 corresponds to the C—O vibration of esters, ether and 
phenolic groups, which are related to the waxy layer present on the surface of the ramie fibers. The 
low intensity bands at 1161 and 1105 cm-1 are characteristic of hemicellulose and cellulose, due to 
C—O—C deformation or stretching vibrations, and at 1025 cm-1 is related to the stretching 
vibrations (C—O) and (O—H) of cellulose. Finally, the band at 901 cm-1 corresponds to the CH 
deformation, being related to the intensity of the amorphous region [15]. 
In the foam spectra, the bands between 2997 and 3675 cm-1 are associated with both the acetal 
groups (C—O—C) and the OH- groups of starch [8,16]. These bands may be evidence of hydrogen 
bonds between the foam constituents during the thermoforming process, due to the stretching of the 
vibrational complexes that are associated with the OH- groups [8, 17]. The most intense bands were 
observed in samples containing fibers and this may also indicate an increase in the hydrophilicity of 
the foams [18]. 
The bands showed between 2917 - 2025 cm-1 were more intense in the samples containing fibers 
and may be associated with the stretching of the C-H group [16]. The low intensity bands, which 
were observed in the region of 1646 cm-1, are related to the angular bending of the hydroxyl groups 
of water molecules, suggesting interaction between water and other constituents of the foam [16, 
17]. Those bands between 1200 and 900 cm-1 are related to the C—O—C vibrations, which are 
characteristic of starch and other types of polysaccharides. The highest intensity bands were 
observed in samples containing fibers. 
In general, the bands indicate that there was interaction between the constituents of the foam. 
However, it is also possible to observe the high affinity with water, which limited the use of starch-
based materials for dry food storage. According to the data presented, the use of natural fiber 
contributes to an increase in water absorption.  

(a) (b) 
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From the results of the thermogravimetric analysis (TGA) and the first derivative (DTG), the 
thermal stability and the degradation temperature of the starch, fiber and clay foams were analyzed. 
Figure 2 shows the TGA and DTG curves for these materials. For all samples, initial mass losses 
were observed, associated with volatilization of adsorbed and surface water (Fig. 2 b) [11,14].  
For ramie fiber, a second stage of mass loss was observed (Fig. 2 c), which occurred from 246 to 
309 °C and is associated with the decomposition of hemicellulose and pectins [19]. It was also 
verified that the maximum degradation rate of this reinforcement occurred at 384 °C and is 
associated with cellulose decomposition (Table 2) [19]. In the foam curves (Fig. 2 c), the peaks 
corresponding to the maximum degradation rates can be observed, which occurred due to the 
degradation of the anhydroglucose units of the matrix. Starch, as it is present in higher 
concentrations in the formulation, is the constituent that most affects the thermal stability of foams 
[16]. The addition of fibers and Cloisite® 30B led to a small increase in thermal stability and 
degradation temperature, which can be seen in Figure 2 and Table 2.  
 
Figure 2. Thermograms: (a) TG, (b) magnification of the highlighted area and (c) DTG curve 
 

 
 
 
 
 
Table 2. Summary of TGA results: maximum degradation temperature and shoulder temperature. 

Sample denomination Tpico (°C) Tombro (°C) Residual mass (%) 
Cloisite® 30B 285 - 72,25 
Ramie Fiber 384 - 8,60 

Control 335 - 5,74 
MMT5 340 - 7,81 

F10 340 373 6,79 
F15 341 373 6,15 

F10MMT5 340 373 7,76 
F15MMT5 341 371 9,77 

 
In samples F10, F15, F10MMT5 and F15MMT5, the formation of a shoulder can be observed (Fig. 
2 c) at temperatures close to the temperature of maximum degradation of ramie fibers, which is 
more accentuated for samples with higher reinforcement content. This behavior is according with 
Sanhawong et al. [11], who evaluated the effect of latex on cassava starch biofoams reinforced with 
cotton fibers. At the end of the experiment, the starch foams presented residual mass in the range of 
5 to 10% (Table 2). The samples containing Cloisite® 30B (MMT5, F10MMT and F15MMT5) 
showed the highest values of residual mass, due to the predominantly inorganic composition of the 
clays, followed by the samples containing only fiber (F10 and F15). By TGA results, it was verified 
that all the constituents of the foam composite were not affected by the temperature process.  
 
Conclusions 
In this work, preliminary studies were carried out, in order to evaluate the influence of the ramie 
fiber content and the addition of Cloisite® 30B on the chemical and thermal properties of the 
foams. The thermal properties of the foams were not affected by the addition of clays and fibers. 
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Based on the FTIR results, foams containing fiber interact strongly with water, which may limit the 
use of this material for storing low-water foods. The next step of the present study is to produce 
composite foams with reduced wather absorption, by the incorporation of essential oil or silicones. 
For this reason, the FTIR results will be correlate with the water absorption tests. The essential oil 
starts to lose mass at low temperature, near the process temperature, for this reason, understand the 
TGA analysis results is important in order to define the process temperature and to control the 
thermal stability of the foams.  
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Abstract - The use of packaging plays a fundamental role in the food industry, ensuring protection, conservation and 
safety of products throughout the entire supply chain. However, the increased consumption of packaging has raised 
environmental concerns with its disposal, as many of these polymers are resistant to biodegradation. Regarding this 
situation, biodegradable packaging based on biopolymers and natural extracts rich in bioactive compounds appears, 
representing an important alternative. Thus, the present work aimed to produce a multilayer biopolymeric film based on 
chitosan, incorporated with bioactive compounds from jaboticaba peel, aiming to enhance the performance of important 
properties for use in the food industry. The jaboticaba peel extract was obtained using ultrasound assisted extraction 
technique under the conditions of 1 min and 88 °C, showing 89.83±0.05% of antioxidant activity, 159.43±3.71 mg 
GAE.g-1 (b.s.) of total phenolic compounds and 2235.37±34.21 mg.100g-1 (b.s.) of total anthocyanin. The obtained 
extracts were added to the filmogenic solution containing chitosan, for the preparation of multilayer films, using the 
casting method. Thus, by the characterization of the control multilayer film (CMF) and active multilayer film (EMF), it 
was possible to observe a 63.5% change in the film color, as well as an increase in thickness after the incorporation of 
the extract. When analyzing the mechanical properties, it was found that the addition of the extract decreased the tensile 
strength and increased the elongation rate, followed by a reduction of approximately 20% in the film swelling index. By 
the study, it was possible to verify that the material showed potential for use in active food packaging.
Keywords: Packaging; Biopolymer, Bioactive compounds, Ultrasound assisted extraction.

Introduction 
World’s population growth has been affecting the rise of the production of solid residues such 

as food packaging, because of high demand for food, as they have in their composition polymers 
derived from non-renewable sources that lead to environmental and socioeconomic crises. 
Therefore, the development of new materials and technologies to minimize this problem have 
gained prominence in the food industry, such as the development of biopolymeric materials [1, 2].

Biopolymeric materials can be obtained based on proteins, lipids and polysaccharides as base, 
presenting a wide range of applications, including food packaging. These aim to protect the physical 
and biological properties of a certain product. Due to the low mechanical and barrier properties, it is 
necessary to seek strategies to improve them, the addition of plasticizers and the formulation of 
multilayer films [2, 3].

The multilayer biopolymeric structure formulation allows the combination of different 
compositions, thus promoting greater efficiency in food protection, reducing environmental impact 
and material waste. In this sense, chitosan is an important biopolymer, obtained by the deacetylation 
of chitin originating from crustaceans, having antimicrobial properties, flexibility, high permeability 
to water vapor and biocompatibility, becoming an important constituent in the production of 
biopolymeric packaging for food or biological products [4, 5]. 
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Therefore, bioactive compounds become interesting for incorporation in biopolymeric matrix, 
due to their functional properties, such as antioxidant, antimicrobial and anti-inflammatory 
properties that can contribute to improvements to the determined application [6]. 

In this perspective, the addition of a natural bioactive compound to the production of a 
multilayer film, such as jaboticaba peel extract, has potential for incorporation in material for food 
packaging using biopolymeric matrix. Therefore, the present work aims to analyze and evaluate the 
properties of multilayer films based on chitosan incorporated with bioactive compounds from 
jaboticaba peels (Plinia cauliflora) as pontential for food packaging. 
 
Experimental  

The jaboticaba used was obtained in Santa Maria (-29.88926, -53.87125), Rio Grande do Sul. 
For the preparation of the jaboticaba peel sample the following operations were used: manual 
separation, previous washing with running water and sodium hypochlorite solution (3% v/v), frozen 
of peels and lyophilized for 48 h at -50 °C, grinding in an analytical mill and sieving to standardize 
the granulometry of the particles in 0.250 mm, obtaining the jaboticaba peel powder (JPP). 

To the extraction of bioactive compounds contained in the jaboticaba peel, 0.5 g of the JPP 
was used in 50 mL of acidified water with pH 1 (adjusted using hydrochloric acid solution at 0.1 
M), used as a solvent, then the extraction carried out in the ultrasonic sonicator (ECOSONICS 
ULTRONIC QR, Brazil) during 1 min at 88 °C.  

Subsequently, the obtained extract was characterized according to the phenolic contents 
(TPC) according to the methodology described by Singleton and Rossi [7], antioxidant activity 
using the methodology proposed by Brand-Williams, Cuvelier, and Berset [8] and total 
anthocyanins from Avila et al. [9]. 

To obtain the chitosan films, the casting technique was used, according to the methodology 
described by Wang et al. [10]. The film-forming solution was prepared by dissolving 1 g of 
chitosan powder in 75 mL of 1% (v/v) acetic acid solution, along with 0.3 g of glycerol at room 
temperature (± 25 °C). The solution was stirred (100 rpm) for 3 h until it became a homogeneous 
mixture, after the mixture was placed in Petri dishes, followed by drying in an oven during 7 h at 40 
°C, first layer. The second layer was added to the filmogenic solution and 25 mL of jaboticaba 
extract, added on the first layer and subjected to drying in the oven under the same conditions from 
the previous film. For the development of the control multilayer film (CMF) the same process 
mentioned above was used, however the two layers contained the same formulation as the first 
layer. 

Finally, the multilayer film obtained was evaluated according to the color, using a 
spectrophotometer, thickness, using a digital micrometer (Insize-IP65, China), mechanical 
properties according to the ASTM Standard D882-18 [11], where the tensile strength and elongation 
at break of the films were evaluated using a texturometer, swelling index, analyzed according 
methodology proposed by Bunhak et al. [12] and morphological through scanning electron 
microscopy (SEM). 
 
Results and Discussion  

According to the analysis of the extraction of bioactive compounds present in the jaboticaba 
peel, the values obtained were the (159.43±3.71) mg.GAE.g-1 (b.s.) for the total phenolic 
compounds, (89.83±0.05) % for antioxidant activity and (2235.37±34.21) mg.100g-1 (b.s.) of total 
anthocyanins. The antioxidant activity is comparable to the result presented by Avila et al. [13], 
which obtained an antioxidant activity of 78.61 % for the jaboticaba peel extract using the 
maceration method for 1 h. However, we can identify that the extraction method used in the present 
study was more efficient since was obtained showed a higher antioxidant percetage than obtained 
by maceration teechnique and in short time. The total phenolic compounds found was higher than 
reported by Carvalho [14], who obtained 131 mg GAE g-1(b.s) for jaboticaba peel using water as 
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solvent and the maceration technique. Total anthocyanin content reported was also higher than that 
reported by Neves et al. [15] who, using the ultrasound assisted extraction technique and ethanol as 
solvent at 40 °C for 1 h, obtained 672.34 mg.100g-1(b.s). Through the results obtained, it can be 
infer that the use of a acid solvent, as well as a high temperature, favored the extraction process of 
the bioactive compounds. According to Barros [16], acidic solutions can rupture the cell wall of the 
plant matrix and consequently increase the extraction efficiency of bioactive compounds. 

The multilayer films were analyzed, and the results of the color analysis are shown in Table 1, 
followed by the parameters L*, a*, b* e ΔE. 
 
Table 1– Results obtained by analysis of film color. 

Film L* a* b* ΔE 
CMF 89.23 ± 0.72 -2.59 ± 0.31 12.5 ± 2.72 -  
EMF 45.60 ± 2.36 20.96 ± 2.16 52.15 ± 1.02 63.5 

 
From the obtained results, it is possible to observe that the addition of extract to the multilayer 

film (EMF) caused a darker color compared to the control multilayer film (CMF), as demonstrated 
by th L* patameter that indicates luminosity. The a* and b* parameters, responsible for the 
chromatic coordinates, were positive, the first indicating a predominance of the red color and the 
following with a predominance of yellow. The results found by Avila et al. [13] when developing a 
monolayer film based on carrageenan and incorporated with the jaboticaba peel extract were 
positive for the a* and b* parameters, also demonstrating a darker color with the addition of the 
extract, with a color variation of 96.5% compared to the control film. 

The results of the mechanical analysis of the multilayer films and the swelling index are 
shown in Table 2. 
 
Table 2- Results obtained for the mechanical properties of the material. 
Film Thickness (mm)  (MPa) E (%) Swelling index (%) 
CMF 0.136 ± 0.020  11.02 ± 3.95 19.0 ± 4.22 62.02 ± 3.16 
EMF 0.166 ± 0.008 4.41 ± 0.57 33.21 ± 4.07 43.68 ± 4.36 

 
According to the results obtained for the analysis of the tensile strength, a similar behavior 

was observed compared to the study reported by Avila et al. [13], who developed carrageenan 
monolayer films and obtained a decrease in the maximum stress from 10.69±1.61 MPa for the control 
film to 6.08±0.33 MPa for the film incorporated with extract. Besides that, it was verified that the 
addition of extract increased the elongation at the break of the film. This observation corroborates 
the study carried out by Martiny et al. [17], that observed that when incorporation of olive leaf 
extract into carrageenan films resulted in a plasticizing effect to the material. Thus, it was possible 
to observe that in the present study, the development of a multilayer film incorporated with natural 
extract increased the tension necessary for the rupture of the material and was also for increasing its 
elongation. Regarding the swelling index, it was possible to observed that the multilayer film 
incorporated with extract showed a lower swelling index when compared to the control film. This 
fact may be due to the addition of the extract that increased its thickness, making it a more compact 
structure and more resistant to moisture. The values found in this study are close to those reported 
by other studies with chitosan films and other biopolymers. Riaz et al. [18] observed a reduction in 
the degree of swelling, from 57.38% to 40.49%, due to the presence of hydrophilic groups in the 
chitosan molecule when analyzing chitosan monolayer films with Chinese chive root extract. 
According to Rosina et al. [19], the decrease in the swelling index is essential for packaging, to 
avoid the film from absorbing moisture from the environment. 

The multilayer film were also evaluated for their structure by SEM analysis and are showed in 
Figure 1. 
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Figure 1- Images from SEM of the multilayer films (A) CMF (B) EMF. 

 
 

The analysis of the micrograph of the surface of the films showed that all of them present a 
homogeneous surface, indicating a good miscibility between the components. However, clumps 
were observed on the surface of the films, which can be attributed to bubbles due to the chitosan 
solubilization process. Furthermore, during the casting process of the two layers, it is not possible to 
visually distinguish the separation between them, as the layers are composed of the same 
biopolymer. However, in a study conducted by Neto et al. [20], they developed a multilayer film 
using chitosan and konjac glucomannan. A clearly defined interface between the layers with phases 
separation was observed, indicating that the structure of each biopolymers was preserved. This 
difference in results suggests that the choice of materials and the manufacturing process can play an 
important role in the quality and uniformity of the obtained films. 
 
Conclusions  

The extraction of bioactive compounds by ultrasound using acidified water as solvent showed 
satisfactory results in terms of antioxidant activity, total phenolic compounds and total anthocyanin. 
Characterization of the films containing extract showed an increase in film thickness compared to 
the control films. It was possible to identify a reduction in the swelling index from 62.02% of the 
CMF to 43.68% of EMF a decrease in the tensile strength of 11.02 MPa for 4.41 MPa of the EMF, 
while the percentage of elongation increased from 19% of CMF to 33.21% of the EMF. 

The casting technique used to elaborate the multilayer films proved eficiente. Thus, 
homogeneous films with easy plates removal were obtained, presenting uniformity. However, it was 
possible to identify the undesirable presence of bubbles, requiring alternative methodologies to the 
removal, as a step before forming films in the oven.  

Therefore, the multilayer films elaborated in this study exhibited promising characteristics as 
food packaging materials, with good active, mechanical properties and ability to package water-rich 
foods. This result highlights the potential of these films and bioactive compound of jaboticaba peel 
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as a viable option for applications in the food industry. In future stages, it is interesting to study 
methodologies for reducing bubbles after the chitosan dissolution process, as well as improving 
their characteristics and evaluating the antioxidant and antimicrobial action of the films when 
applied to active food packaging. 
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Abstract – This work aimed to develop composites of LLDPE with residues from the pulp (BM) and seed (BS) of 
Bacuri, containing 5, 10 and 15% filler. Analyzing the mixture process, the BS acted as a processing auxiliary, 
decreasing the value of the torque and the specific energy, whereas the BM compounds values were closer to the pure 
LLDPE. The composites viscosity results corroborated the processability, effectively demonstrating that BS increased 
the fluidity of the material. The elongation at break of the composites with BS showed higher results than the BM 
composites, probably due to this greater fluidity of the BS composites. Tensile strength results of all composites 
containing filler were lower than pure LLDPE, with composites with BM showing lower values than composites with 
BS. The morphological analysis indicated that BM produced specimens with more grooves, which explained this lower 
mechanical performance. Despite not demonstrating effective reinforcement, BS and BM could still be used as filler in 
LLDPE, depending on the desired properties of the final product. 

Keywords: LLDPE, Bacuri, Viscosity, Mechanical Properties, Fracture Morphology. 

Introduction
Brazil is a favorable country for the development of various agricultural and forestry crops, due to 
factors related to climate and soil quality, in addition to having large tracts of land available for 
different crops. With regard to agricultural products typical of the northern region and neighboring 
states of the Amazon region, there are several species that stand out for their biodiversity and their 
unique characteristics, presenting great potential in the food industry and in the cosmetics industry.
Natural waste generated due to various economic activities involving species such as cupuaçu, açaí, 
Brazil nuts, ucuuba, bacuri, among others, contribute to the contamination of the environment, 
especially water and soil resources [1].  
The use of these residues in the preparation of polymeric composites can be a viable approach to 
reduce the environmental impact caused by them. However, the use of Bacuri as filler in polymeric 
compositions has not yet been explored, especially in the segment of polymeric films. The Bacuri, 
scientific name Platonia insignis is typically found in the eastern Amazon region, in addition, it can 
also be found in transition areas from the forest biome to the cerrado. Bacuri contains a sweet and 
sour pulp (Bacuri Mesocarp - BM) rich in potassium, phosphorus and calcium, which is consumed 
directly or used in the production of sweets, ice cream, juices, jellies, liqueurs and other delicacies. 
Furthermore, the oil extracted from its seeds is used as an anti-inflammatory and healing agent in 
the cosmetics industry [2-4]. 
The polymeric film industry is always looking for solutions that offer cost reduction without 
significantly altering its productivity and processability. These solutions must keep the product 
competitive in the market, taking into account its minimum requirements, such as mechanical 
resistance, processability, among others, according to the final application of the film. It is possible 
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to lower the overall cost of a polymeric compound by adding filler. ASTM D1566 defines filler as a 
solid material, generally of low particle size, that can be added in relatively large proportions to a 
polymer for technical or economic reasons. 
Linear low density polyethylene (LLDPE) is one of the most used polymers in film production, due 
to its numerous structural advantages, it is an ethylene copolymer obtained from the polymerization 
of ethylene and α-olefins. LLDPE is a thermoplastic that is widely used in packaging, providing 
products to be used in bubble wrap, disposable diapers, sanitary napkins, canvas, bags in general, 
among other applications [5-7]. Therefore, the goal of this work was to develop composites 
containing both dry Bacuri pulp residues, called Bacuri mesocarp (BM), and ground bacuri seed 
residues (BS) in compositions containing LLDPE as a matrix and thus evaluate its mechanical and 
processability properties. 

 
Experimental  
The LLDPE and composites were prepared by melt intercalation in an internal mixing chamber 
coupled to a torque rheometer Haake Polylab OS. The rotor used was of the Roller type, at 150°C, 
with a speed of 60 rpm for 10 minutes. The formulations, in weight content (%), used in this work 
are presented in Table 1.  
 
Table 1 – Composites formulation in weight content (%) 

Composition LLDPE (%) Bacuri Seed (%) Bacuri Mesocarp (%) 
LLDPE 100 0 0 

LLDPE + 5% BS 95 5 0 
LLDPE + 10% BS 90 10 0 
LLDPE + 15% BS 85 15 0 
LLDPE + 5% BM 95 0 5 
LLDPE + 10% BM 90 0 10 
LLDPE + 15% BM 85 0 15 
 
The specimens for the mechanical tests and the rheological analysis were molded by compression, 
according to their respective standards, in a hydraulic press MA 098/A400 with a pressure of up to 
55 MPa at 150°C, for 10 minutes in the hot press and then cooled using the same pressure and time 
in the cold press. Rheological analysis was carried out on a Haake Mars II oscillatory disk 
rheometer as an accessory with 20 mm parallel plate geometry. All tests were carried out at 150°C. 
Complex viscosity (η*) was measured through a strain variation test from 0.01% to 500%, at a 
constant frequency of 1 Hz. The tensile strength test was carried out in a mechanical testing 
machine EMIC DL3000 with a 1000 N load cell and a speed of 100 mm/min, according to ASTM 
D638 standard, type V specimen. The morphology of the composites fractured in liquid nitrogen 
was evaluated by scanning electron microscope FEI Company, model INSPECT S50 with 20 kV 
voltage. 
 
Results and Discussion 
 
Mixture Processability analysis 
The first stage of the analysis consisted of the incorporation of Bacuri residues in the LLDPE 
matrix. Fig 1 shows the evolution of the equipment torque as a function of time (Fig 1A) and the 
specific energy of the mixture as a function of time (Fig 1B). The first peak in Fig 1A refers to the 
addition of LLDPE and, over time, the polymer passes into the molten state, therefore, its fluidity 
increases and the torque decreases drastically. In approximately 3 minutes, the filler was added. The 
total mixing time was 10 minutes. 
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Figure 1 - A: Torque (Nm) over mixing time and B: Specific energy (J/g) over mixing time. 
 
The torque required to perform mixing was lower for samples containing BS when compared to 
BM, which emphasizes that BS can be a better processing auxiliary than BM. This fact becomes 
more pronounced when analyzing the specific energy values (Fig 1B). In Table 2, this effect can be 
better observed when evaluating the final torque and maximum specific energy of the mixtures. 
 
Table 2 - Final torque and specific energy of the mixtures. 

Composition Final Torque (Nm) Maximum Specific Energy (J/g) 
LLDPE 10,0 938 

LLDPE + 5% BS 8,6 828 
LLDPE + 10% BS 8,1 810 
LLDPE + 15% BS 7,6 760 
LLDPE + 5% BM 9,9 903 

LLDPE + 10% BM 10,3 949 
LLDPE + 15% BM 9,5 905 
 
It can be highlighted that the BM mixtures presented values of torque and specific energy much 
closer to the pure LLDPE values when compared to the BS samples, which presented lower values. 
This fact can be explained by the presence of a vegetable oil visually present in greater quantity in 
the seed part compared to the pulp (mesocarp). To prove that the fluidity of the material with BS 
increased in relation to the others, it was necessary to evaluate the viscosity of the material in an 
oscillatory viscometer. 
 
Viscosity analysis 
With the analysis of the complex viscosity of the material as a function of deformation (Fig 2) it 
was evident that both BM and BS acted as a material flow facilitator by presenting lower viscosity 
values compared to pure LLDPE. This processing auxiliary action is more pronounced in the BS, 
corroborating the processability analysis. Looking only the BM results, it is possible to notice that 
the LLDPE + 5% BM and LLDPE + 10% BM formulations had very similar results, meanwhile, the 
LLDPE + 15% BM formulation had lower viscosity. This formulation with a higher BM content 
made the material more brittle, proven in the tensile strength test, with this there was greater ease of 
movement (flow) of the material, reducing the viscosity. The opposite effect to BM was observed 
for BS in an LLDPE matrix. The greater amount of BS, causes an increase in viscosity. Probably, a 
smaller amount of BS brings about the sliding effect of the oil present in the seed, facilitating the 
flow. As the BS was added, a greater interaction between the filler and the polymer may have 
occurred, this interaction may have provided the material with greater resistance to flow, resulting 
in higher viscosities. 
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Figure 2 - Complex viscosity versus deformation. 

Mechanical Results 
Through the analysis of the mechanical results presented at Fig 3, it was possible to verify that the 
BM filler had a bigger damage effect than the BS filler in terms of loss of elongation at break (Fig 
3A) and tensile strength (Fig 3B). The lower BM values can be explained by a lack of compatibility 
between the matrix and the filler. The BM made the material more brittle, decreasing its mechanical 
strength, a fact that was confirmed in the fracture morphology analysis. Among the compounds with 
filler, LLDPE + 5% BS was the one that presented the highest elongation value at break, this result 
is compatible with the viscosity, being the compound containing filler the one that managed to flow 
better and elongate. Of all compounds, the one with the lowest mechanical values was LLDPE + 
15% BM. In fact, the BM increased the fragility of the material, in the analysis of the fracture 
morphology it became more evident that this filler had little compatibility with the polymer and as 
its content in the compounds increased, this fragility became more evident with the decrease in 
mechanical resistance. 

Figure 3 - A: Elongation at break (%); B: Tensile strength at break of LLDPE and BS/BM composites. 

Fracture Morphology 
In Fig 4A it is possible to analyze the fractured surface of pure LLDPE, observing the appearance of 
some “grooves” consistent with the elasticity of the material, which is widely used for making 
films. Fig 4E, Fig 4F and Fig 4G show the fracture morphologies of LLDPE compounds containing 
5, 10 and 15% BM. The appearance of valleys and galleries was evident, consistent with a lower 
polymer charge interaction, this lack of compatibility may have been responsible for the lower 
mechanical results of these BM compounds. Fig 4B, Fig 4C and Fig 4D show the fracture 
morphologies of LLDPE compounds containing 5, 10 and 15% BS, respectively. The morphology 
of the composites with BS showed less holes than those of the BM, which suggests that the BS 
presented greater compatibility with the polymeric matrix, justifying the mechanical results.

  

Elongation at break (%) Tensile strength at break (MPa) A B 
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Figure 4 - SEM of the fractured material in liquid nitrogen, being: A: Pure LLDPE (1200x); B: LLDPE + 
5%BS (1200x); C: LLDPE + 10%BS (1200x); D: LLDPE + 15%BS (1200x); E: LLDPE + 5%BM (1200x); 
F: LLDPE + 10%BM (1200x) G: LLDPE + 15%BM (1200x)

Conclusions 
The BM residue showed a lower compatibility with the LLDPE when compared to the BS, this was 
evident in the fracture morphology results. According to the viscosity and processing results, the BS 
could be used as a processing auxiliary and reduce the energy demand needed to perform the 
mixing of the polymeric matrix with the filler, this effect was much smaller for the BM. The 
formulation with the lowest amount of bacuri seed (LLDPE + 5% BS) was the one that most 
improved chain movement, indicating that this formulation could be used in situations where low 
viscosity was required. Despite the mechanical results for both BS and BM, being lower than pure 
LLDPE, this would not inhibit the commercial use of these formulations, especially in smaller 
amounts of filler, mainly in the case of a waste that, if disposed of in the wrong way, could harm the 
environment. Therefore, the commercial use of these formulations will depend on the minimum 
required properties of the final product. 
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Abstract – Blends of poly (butylene adipate co-terephthalate) (PBAT) and sweet potato starch (SPS) can be an
alternative for the production of biodegradable packaging. However, the hydrophobic matrix of PBAT and the
hydrophilic matrix of starch reduce important properties, so the addition of compatibilizing agents can improve
adhesion between the matrices. Therefore, the study aimed to analyze the insertion of different concentrationsof citric 
acid (CA) and maleic anhydride (MA) in the chemical, physical and mechanical properties of PBAT/SPS blends. In the 
results, no chemical alterations were observed by FTIR. There was an increase in crystallinity, obtained by XRD, for
samples containing compatibilizing agents. By TGA and mechanical tensile tests, the incompatibility of PBAT and 
SPS was confirmed by the appearance of characteristic starch bands, indicating that it may be a stress concentrator.
Finally, it was observed that the addition of CA and MA did not favor improvements.

Keywords: PBAT, sweet potato starch, citric acid, maleic anhydride, compatibilization.

Fundings: Facepe - Fundação de Amparo a Ciência e Tecnologia de Pernambuco.

Introduction
Plastics are the most used materials in the production of packaging in general, this is due to their
numerous properties, including lightness, flexibility, and cost, among others [1]. The development
of biodegradable materials, mainly polymeric blends, which have properties equivalent to
conventional plastics, could be a significant alternative for the reduction/replacement of certain
classes of packaging.
Poly (butylene adipate-co-terephthalate) (PBAT), also known under the trade name Ecoflex®, has
attracted great interest as a potential replacement for high-density polyethylene (HDPE). It is a
biodegradable polymer, with high flexibility, high strength, and good tear resistance, and is
approved for food contact applications. What hinders the high applicability of the PBAT is its high
cost. Therefore, one way to reduce its production cost is to mix it with a more economically viable
material, starch [2].
Starch is the second most abundant natural polymer and can be extracted from several renewable
resources, such as plant tubers, and grain seeds, among others [1]. It is low-cost, renewable, and
biodegradable. However, starch films have low mechanical properties and low water vapor barriers,
making their applications limited to use as food packaging [3].
These two polymers have important characteristics; however, they are incompatible with each other.
Therefore, to improve this characteristic, the object of this study was to analyze the properties of
PBAT/sweet potato starch (SPS) films with different concentrations of coupling agents - citric acid 
and maleic anhydride.
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Experimental 
 
Materials 
PBAT, trade name Ecoflex® F Blend C1200, manufactured by BASF; Sweet potato starch 
purchased at the local market; Glycerol PA. brand VETEC as a plasticizer for sweet potato starch 
and coupling agents Citric Acid (CA) PA – PM:192.12 brand NEON; and Maleic Anhydride (MA) 
P.S. – PM: 98.06 from the DINÂMICA brand. 
 
Sample preparation 
Samples of PBAT, PBAT/SPS (sweet potato starch) and PBAT/SPS/citric acid (CA), and 
PBAT/SPS/maleic anhydride (MA) were produced. The SPS concentration varied from 10% 
(90.10), 30% (70.30), and 50% (50.50) by adding 1.5% (CA1 and MA1) and 0.75% (CA2 and 
MA2) of coupling agents. Initially, the samples of sweet potato starch, 30% glycerol, 20% water, 
and the concentrations of CA and MA about the weight of the starch used were prepared, later the 
PBAT and the starch were conditioned in an oven at 70 ºC for 24 hours to remove moisture and 
then placed in a desiccator. All formulations were prepared in a Thermo Scientific twin-screw co-
rotational extruder, model Haake MibiLab II. The mixing temperature was 130 °C, rotation speed 
70 rpm, and residence time 3 min. The films and specimens were prepared in a Thermo Scientific 
injector, model Haake MiniJet II. The melt temperature remained at 135 ºC, mold temperature at 45 
ºC, holding time of 10 seconds, and pressing pressure of 650 Pa. 
 
Fourier Transform Infrared Spectroscopy (FTIR) 
FTIR was used to visualize the characteristic vibrational bands of PBAT/Starch blends. The test 
was carried out in SHIMADZU IR TRACER 100 equipment. The films will be analyzed under the 
following conditions: mid-infrared region in the range of 4000 to 400 cm-1, resolution of 4 cm-1, and 
45 scans. 
 
X-Ray Diffraction (XRD) 
The XRD was performed in Bruker equipment, model D2 PHASER. The analysis conditions were: 
applied voltage of 30 kV and current of 10 mA (radiation CuKα= 1.5418 Å), in the range of 2θ = 5- 
45° and a velocity of 2°. min-1. Using the OriginPro 8.5 software, the crystallinity index (CI) was 
obtained through Eq. 1. 
 
 

                                       

(1) 

 
Where Ac is the crystalline region's area and Aa is the amorphous region's area. 
 
Thermogravimetric analysis (TGA) 
The samples were subjected to heating from 30 to 600 ºC at a rate of 10 ºC.min-1, in an N2 
atmosphere and a flow rate of 50 mL.min-1 using the METTLER TOLEDO TGA 2 Star System 
equipment. Furthermore, the activation energy (Ae) of the degradation reaction was calculated 
according to Broido's method [4]. 
 
Mechanical tensile test 
From the mechanical tensile test, the values of elastic modulus, maximum stress, and specific 
deformation were obtained for all formulations. The production of the specimens followed the D638 
CP type V standard and the test was carried out in MTS – ExceedTM equipment, model E42, load 
of 500 N and pulling speed of 50 mm.min.-1, at room temperature and without humidity control. Six 
specimens per formulation were used. 
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Results and Discussion 
The infrared spectra and X-ray diffractograms of PBAT, sweet potato starch, and samples with 
different starch concentrations and with 1.5% CA and MA can be seen in Fig 1. 
 

  
Figure 1. (a) Infrared spectra and (b) X-ray diffractograms of PBAT, sweet potato starch, samples with different starch 
concentrations and 1.5% CA and MA. 
 
From the infrared spectra shown in Fig 1 (a), it is possible to verify the absence of bands in the 
regions around 1714 cm-1, 1257 cm-1, and 1105 cm-1, which are not present in the starch spectrum 
and are characteristics of the PBAT. There was a reduction in the intensity of the peak at 996 cm-1, 
characteristic of starch, and an enlargement in the region around 3280 cm-1, for all samples, being 
more accentuated for those with higher starch contents. In general, the insertion of starch altered 
some characteristic regions of the PBAT, intensifying, mainly the region of the OH group. The 
addition of CA and MA did not change the chemical pattern of the samples. 
Therefore, it is seen that the vibrational modes of PBAT were not altered with the presence of starch 
and compatibilizing agents. This behavior may be related to a weak interaction between PBAT, 
starch, CA, and MA, not forming new chemical interactions capable of altering some vibrational 
mode. The hydrophobic matrix of PBAT and hydrophilic starch make these two materials 
incompatibles, making their chemical interaction difficult. 
The X-ray pattern of starch shows a practically amorphous characteristic, with a crystallinity index 
(Ic) of 2.68%, it has an A-type crystalline structure, with the characteristic 2θ peaks at 
approximately position 15.1º, 17.2º, 18.0º and 23.1º. 
The PBAT showed a crystallinity index of 13.4%, and the characteristic diffraction peaks are at 2θ 
= 16.3º, 17.6º, 20.3º, 23.1º, and 25.0º which correspond to the crystal planes (011), (010), (110), 
(100), and (111) [5]. 
The addition of starch reduced the intensity of the peaks, which causes a decrease in the 
crystallinity index of the samples. However, both 1.5% and 0.75% CA and MA improved the 
crystallinity of samples 90.10, 70.30, and 50.50. 
 
From the thermogravimetric analysis, the influence of starch and coupling agents on the thermal 
stability of PBAT can be observed, and thus, the influence of these different concentrations can be 
verified. The thermogravimetric curves, TGA and DTG, can be seen in Fig 2. 
It can be seen that PBAT degradation occurs in a single stage, while starch has three stages of 
degradation. As the starch concentration increases in the samples, new stages of degradation occur. 
Furthermore, it is noted that the coupling agents did not interfere with the degradation temperatures.  
Note that as the starch content in the samples increased, there was a decrease in Tonset, but Tdeg.max 
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practically did not change. Furthermore, there was the emergence of new degradation temperatures 
for the 70.30 and 50.50 groups, characteristic of starch. 
 

  
Figure 2. Thermogravimetric analysis a) TGA and b) DTG for samples containing 1.5% MA and CA. 
 
PBAT starts its degradation process around 381 ºC and maximum degradation around 404 ºC. On 
the other hand, starch starts its degradation process at around 60 ºC due to water evaporation, and 
maximum degradation is around 298 ºC. The Tonset of samples 90.10 (379 ºC), 70.30 (376 ºC), and 
50.50 (351 ºC) decreased with the starch concentration but maintained the final degradation values 
(Tendset) close to those obtained for pure PBAT. 
Finally, it appears that the compatibility between starch and PBAT was not efficient, given the 
appearance of regions of degradation resulting from the two materials together. The different starch 
concentrations did not modify the Tdeg.max of the PBAT but reduced the Tonset of the degradation 
process.  
From the value obtained from Tonset, the temperature at which mass loss begins, we can see that 
the increase in starch concentration reduced the thermal stability of PBAT. Thus, samples 
containing higher starch contents degrade at lower temperatures. Therefore, it is necessary to submit 
the samples to processing temperatures lower than the Tonset to avoid the initiation of the 
degradation process.The values obtained for the activation energy can be seen in Tab 1. Regarding 
activation energy, there was a reduction with increasing starch concentration. This behavior 
indicates that less energy is needed to start the degradation process. This reduction may be a 
consequence of the interaction of starch in the PBAT polymeric chain, reducing inter and/or 
intramolecular interactions, and facilitating the initiation of the degradation process. 
The results obtained from the mechanical traction test and activation energy (Ae) can be seen in Tab 
1. 
 
Table 1. Values of maximum stress, elastic modulus, specific deformation, and activation energy (Ae). 

Samples Maximum tension Elastic modulus Specific deformation Ae 
(MPa) (MPa) (%) (kJ/mol) 

PBAT 13.90 ± 2.43 140.96 ± 8.91 183.27 ± 46.50 278.71 
Starch - - - 65.77 
90.10 10.85 ± 0.61 147.47 ± 7.24 122.46 ±19.38 236.52 
90.10.CA1 9.70 ± 0.42 128.24 ± 10.56 89.69 ± 11.54 210.34 
90.10.CA2 9.35 ± 0.43 134.09 ± 14.77 85.91 ±19.56 210.88 
90.10.MA1 10.05 ± 0.79 137.38 ± 8.31 107.48 ± 4.38 205.81 
90.10.MA2 9.62 ± 0.32 131.27 ± 4.6 97.00 ± 5.75 207.28 
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70.30 7.25 ± 0.20 109.46 ± 2.17 13.08 ± 1.99 150.65 
70.30.CA1 6.95 ± 0.16 99.39 ± 9.33 12.88 ± 2.09 176.99 
70.30.CA2 6.75 ± 0.20 103.37 ± 6.12 10.55 ± 0.51 165.91 
70.30.MA1 6.85 ± 0.26 99.82 ± 5.17 12.11 ± 1.42 179.11 
70.30.MA2 5.90 ± 0.58 89.57 ± 1.29 9.41 ± 1.21 165.91 
50.50 4.55 ± 0.10 75.69 ± 1.97 8.50 ± 0.39 91.52 
50.50.CA1 4.90 ± 0.18 76.87 ± 4.07 8.96 ± 0.63 91.09 
50.50.CA2 4.82 ± 0.25 69.58 ± 1.58 7.98 ± 1.08 84.78 
50.50.MA1 4.00 ± 0.20 65.28 ± 2.43 8.63 ± 0.80 79.15 
50.50.MA2 4.78 ± 0.17 66.37 ± 3.02 8.73 ± 2.05 79.16 
 
For the tensile mechanical test, the PBAT samples and the 90.10 sample showed a ductile behavior 
with high deformation. The 70.30 sample still showed a ductile behavior, however, its deformation 
was significantly smaller compared to the PBAT and 90.10 samples. The sample with 50% starch, 
however, presented a brittle behavior with insignificant deformation. Therefore, it can be confirmed 
that the increase in starch concentration decreases the ductile characteristic of PBAT, which may 
have acted as a stress concentrator, facilitating its rupture. 
Concentrations 90.10 and 70.30, even with lower values than pure PBAT, still have a maximum 
stress value greater than 3.5 MPa, which is the stress required to use polymeric materials in 
packaging [6]. The addition of coupling agents did not improve the mechanical properties of the 
samples. 
 
Conclusions 
 
The results obtained confirmed the incompatibility between the PBAT and sweet potato starch 
matrix. Citric acid and maleic anhydride coupling agents did not alter the properties of the analyzed 
samples. Furthermore, it was observed that the increase in starch concentration considerably 
reduced the mechanical properties of the films, however, the 90/10 and 70/30 samples showed 
appropriate mechanical strength for use as packaging. Finally, studies using higher concentrations 
of CA and MA should be carried out to indicate the efficiency of these agents as compatibilizers for 
the analyzed polymeric matrices. 
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Abstract - This work aims to study the influence of nanocellulose on the crosslinking process of starch matrix 
composite aerogels containing nanocellulose (NC) and evaluate the removal of Cd(II). An increase of 591%, 617%, and 
255% was verified for FTIR deconvolution's crosslinking ratio on the aerogel structure. Concomitantly, the high
crystallinity of composite aerogels was confirmed due to the high degree of crosslinking caused by the addition of NCs 
in the aerogel structure. Nanocellulose caused the densification of the aerogel and the increase of crystalline domains in 
the aerogel, changing chain conformation. In addition, the presence of nanocellulose and its high density of hydroxyl 
groups, seen in the FTIR spectra, significantly impacted the removal of Cd(II), which promoted a growth from 30% to 
99 to 100% of reduction of Cd(II) ions, also increasing the adsorption capacity of composite aerogels compared to NC-
free aerogels.
Keywords: aerogel; nanocellulose; composite.
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Introduction 
Potentially toxic elements (PTEs) are "elements that occur naturally throughout the Earth's crust 
and play important biochemical and physiological roles in plants and animals and biological, thus 
fulfilling various oxidation-reduction reactions in the human body". In high concentrations, PTEs 
are considered environmental contaminants, causing many human diseases through exposure [1]. 
Aerogels have interesting adsorptive properties and high surface area and promote the possibility of 
adsorbent recyclability depending on the structure and the removed contaminant [2]. The so-called 
composite aerogels arise to improve properties and synergistic effects, based on the same theory of 
matrix phase and dispersed phase, to improve the final material's properties, which is given the 
science and technology widely studied for composite materials [3]. Nanocellulose helps control the 
chemical interface, which is essential in the selectivity of adsorbents, improves properties, and 
generates a high specific surface area due to its anisotropic structure. The addition of nanostructures 
in starch aerogels aims to intensify their adsorbent effect and optimize properties to improve 
compatibility and complexation with contaminants [4]. Therefore, this work aims to evaluate the 
influence of nanocellulose on the crosslinking of starch composite aerogels containing 
nanocellulose, as well as the removal of Cd(II) ions from simulated waters.

Experimental 
Composite aerogel preparation
The methodology for preparing the nanocellulose solution was adapted from [5,6]. A sodium 
hydroxide and urea solution were used to disperse the nanocellulose to promote better dispersion of 
the cellulose nanostructures in the corn starch matrix. For this, the dispersed nanocellulose solution 
was added in the sodium hydroxide addition step so that it could be easily homogenized, as shown 
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in Fig. 1. The concentrations of nanocellulose that were added for the development of composite 
aerogels were 1, 3, and 5% by weight [7]. 

 
Fig. 1. Illustrative scheme of composite aerogel preparation containing nanocellulose.  

Characterizations 
The chemical groups present in nanocellulose and modified nanocelluloses were evaluated using 
Fourier transform infrared spectroscopy (FTIR), in a Frontier 94942 FTIR spectrophotometer 
equipment (PerkinElmer, USA), with the coupling of an attenuated total reflectance (ATR) 
accessory, using a spectral resolution of 2 cm-1, 64 scans, with a spectral range of 4000-500 cm-1. 
The crystallinity of nanocellulose and composite aerogels was evaluated by X-Ray Diffraction 
(XRD) using a STOE-

111) monochromat
wavelength of 1.54060 nm and an integration time of 60 s for each 1.05 
were conducted through a mono element evaluation of Cd(II)  ions from a 100 ppm solution, at pH 
4.0, at room temperature, under agitation at 120 rpm, for 12 hours, whose dosage of nanocellulose 
and modified nanocelluloses was 30 g.L-1. The aqueous solutions' efficiency and sorption capacity 
was obtained after testing, subjecting them to measurements in inductively coupled plasma mass 
spectrometry (ICP- gies equipment, model 7900 (Hachioji, Japan), in 
triplicate. 

Results and Discussion  
Fig. 2 presents the FTIR spectra of nanocellulose (NC) and composite aerogels containing different 
concentrations of 0, 1, 3, and 5% cellulose nanostructures. 

 
Fig. 2.a) FTIR spectra for aerogels containing different concentrations of nanocellulose, highlighting 

nanocellulose (NC), and aerogels containing 0%, 1%, 3%, and 5%, respectively, and b) illustrative scheme of 
crosslinking.  
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With the addition of NCs in concentrations of 3 and 5% in the corn starch aerogel, an increase in the 
band's intensity located at 3600-3000 cm-1 was observed, which is associated with stretching the –
OH hydroxyls. It may indicate more hydroxyls due to hydrogen bonds between starch and 
nanocellulose [5]. Furthermore, the peak at 2935 cm-1, which refers to the symmetric and 
asymmetric stretching of –CH bonds, becomes more pronounced at a concentration of 3%. In 
addition, an increase is also seen for the band associated with carbon-hydrogen bonds and angular 
deformations, shearing, and twisting of functional group bonds, as well as peaks at 1386 cm-1, 1160 
cm-1, 1076 cm-1, and 930 cm-1. According to Perumal and Wang and co-workers, the increase in 
some of these peaks may be related to the presence of cellulose nanofibrils in the composite 
aerogel, proving the change in the composite structure compared to the aerogel without 
nanocellulose [8,9]. 

Table 1. Crystallinity, the ratio between the areas of the crosslinking agent peaks (at 1582 cm-1) to the starch 
groups (at 995 cm-1), adsorption capacity (mg.g-1), and adsorption Efficiency (%) of NC, starch-based 

aerogels, and composite aerogels containing NCs. 

Samples Crystallinity 
(%) 

The ratio between the 
areas of the crosslinking 

agent peaks (at 1582 cm-1) 
to the starch groups (at 

995 cm-1) 

Adsorption Capacity 
(mg.g-1) 

Adsorption Efficiency 
(%) 

NC 77.0 - - - 
Aero NC 0% 15.3 1.5 1.0 ± 0.2 30.0 ± 0.5 
Aero NC 1% 74.3 2.1 2.2 ± 0.2 99.4 ± 0.0 
Aero NC 3% 76.0 2.4 2.5 ± 0.2 99.9 ± 0.0 
Aero NC 5% 94.0 1.8 2.5 ± 0.2 100.0 ± 0.0 

Evaluating the ratio between the 1582 cm-1 and 995 cm-1 peaks described in Table 1, we obtained 
ratio values of 1.5, 2.1, 2.4, and 1.8 for Aero NC 0% samples, 1%, 3%, and 5%, respectively. 
Therefore, a 40%, 60%, and 20% increase was verified for the ratio that defines how much the 
aerogel structure is crosslinked. Thus, the composite aerogel samples containing 1 and 3% had this 
increase in value, followed by the concentration of 5% NC. Yue and co-workers synthesized 
polyacrylamide and sodium alginate aerogels containing nanocellulose. They observed that 
nanocellulose provides new hydrogen bonds between the chains of the polyacrylamide and alginate 
matrix, helping to increase the degree of hydrogel crosslinking, characterized as a multifunctional 
crosslinking agent. It promotes structure densification and alteration of intrinsic properties, such as 
increasing the mechanical strength of hydrogels [10]. 
From the crystallinity results presented in Table 1, a higher relative crystallinity of 74.3, 76.0, and 
94.0% were observed for the composite aerogels containing 1, 3, and 5% of NCs than the aerogel 
without NC (Aero NC 0%). Salim and co-workers observed increased crystallinity due to cellulose 
and crosslinked starch in the porous structures of cellulose/polyvinyl alcohol/crosslinked starch 
paper foams. These structures promote nucleation centers, promoting the greater organization of the 
crystalline arrangements of the polymeric system [11], thus causing an increase in the relative 
crystallinity value. On the other hand, when we consider the nanocellulose, there was a small 
decrease in the crystallinity value for the Aero NC 1% and Aero NC 3% samples and an increase 
for the Aero NC 5% sample. De ra
in crystallinity by comparing polysilsesquioxane aerogels containing cellulose nanocrystals [12]. 
However, the relative crystallinity increase of the aerogels was achieved. 
From the adsorption capacity results shown in Table 1, it is observed that there was 2.15 times 
increase in adsorption capacity for the aerogels containing cellulose nanostructures compared to the 
aerogel without nanocellulose (Aero NC 0%). If compared for each composite aerogel versus the 
composite aerogel, this increase is 2.15 for the aerogel containing 1% NC and 2.5 times growth for 
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the 3 and 5% NC aerogels. The adsorption efficiency reached 99 to 100% removal of cadmium (II) 
ions, that is, removing all the contaminant from the medium, with 3.3 times increase in adsorption 
efficiency compared to the aerogel without nanocellulose. Nguyen and co-workers removed 99% 
methylene blue using cellulose nanofibrils and graphene oxide aerogels as adsorbents. They 
mention that the synergistic effect between the structures promotes an increase in removing this 
contaminant [13]. Thus, the increase in adsorption capacity using composite aerogels may be 
associated with some hypotheses. First, because cellulose nanostructures have a high density of 
hydroxyl groups and the presence of carboxyl groups, these groups promote interaction with 
cadmium ions, thus generating interaction and their capture from the aqueous medium by chelation 
effects or electrostatic interaction [14]. 

Conclusions  
The addition of nanocellulose in the starch aerogel matrix generated an increase in the crosslinking 
of the aerogel, which was verified by the deconvolution of the FTIR spectra and controlled by the 
increase in the crystallinity of the aerogel, which is generated by the conformational change of the 
chains due to the high formation of crosslinks, increasing crystalline domains. In addition to the 
impact on aerogel crosslinking, nanocellulose resulted in a higher density of available hydroxyl 
groups, which generated an increase from 30% to 99-100% in adsorption efficiency, and a slight 
increase in adsorption capacity. 
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Abstract - The use of composites can be considered an excellent alternative for the replacement of metals and ceramics, 
precisely because of their properties such as lightness, dimensional stability and mechanical strength, which offer a 
wide range of applications in industry. With this concept in mind, in the present study, composites were developed 
using polyester resin (UP) and different glass fiber combinations of filaments, fabrics (WF) and mats (MAT) produced 
by pultrusion process. The morphological and mechanical properties were evaluated. As for the morphological 
properties, a homogeneous distribution was observed with few voids in the matrix, the UP/MAT sample standing out. 
The fabric-reinforced sample exhibited the highest tensile and impact strength among the composites studied.

Keywords: Composites; Glass fiber; Pultrusion; Polyester resin.

Introduction
Composite materials have great potential for use in industry due to their different properties 

compared to metals [1,2]. A composite material consists of a matrix, called the continuous phase, in 
which polyester resin is commonly used, and a discontinuous phase, which can serve as 
reinforcement and can be composed of different types of fibers, natural and synthetic [3,4]. The 
reinforcement can be made in different ways, such as filaments, i.e., single fibers, nonwovens, i.e., 
an association of short fibers arranged randomly, and woven fabrics, i.e., long fibers arranged in a 
pattern with different orientations [4]. There are several methods for producing composites, and 
their application depends on the matrix and reinforcement used and the type of product desired [5].

Processing of composites by pultrusion is applied in cases where it is a continuous process, 
maintaining the cross-section along the web [6]. The process starts with the use of the matrix, which 
can be done by injection or by an impregnation tank. In the case of the impregnation tank, the 
reinforcements are passed through the tank and impregnated with the resin, which flows through the 
mold and is pulled by a system at the end of the process [7]. This proposal aims to develop 
composites by the pultrusion process with isophthalic polyester resin and different combinations of 
glass fibers, namely filaments, mats and fabrics, validated by the results of morphological and 
mechanical properties.

Experimental
Materials and manufacturing

The isophthalic polyester resin used is from Embrapol, OMEGA 1017 (Brazil), with 
viscosity between 2800 and 3300 cP. The glass fibers are from Owens Corning, in the form of 
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direct roving yarn SE1200, in the form of Unifilo continuous glass fiber fabric (300 g.m-2) and in 
the form of TDS glass fiber fabric, LT0350, with an orientation of 0º and 90º (500 g.m-2). For the 
production of the composites, the pultrusion process was used in collaboration with the company 
Pultrusão do Brazil (Brazil). It was carried out with a pultrusion machine that has three zones: the 
alignment and impregnation zone, the heating zone (180°C) and the drawing zone. In the 
composition of the composites, a total of 55% by weight of glass fiber reinforcement was used in 
the different forms proposed.

Test methods
The composite materials were characterized by morphological and mechanical properties. 

Morphology was studied with a scanning electron microscope (SEM) (MIRA3, Czech Republic), 
the sample was analyzed after a manual fracture and also through a polished surface exposing the 
cross section, being later exposed to gold deposit. For the mechanical properties, in the case of 
tensile strength, a Universal Testing Machine (DL 20000, EMIC, Brazil) was used according to 
ASTM-D638, type I, with a force of 2000 kgf, a base length of 300 mm and a speed of 5 mm.min-1, 
where the test piece has dimensions of 165 x 19 mm, and 10 tests were performed. The impact 
resistance was tested by the Izod method with a notch (45º) following the ASTM-D256-06 
standard. It was performed with a load of 7.5 J provided by a pendulum, which strikes the sample 
positioned vertically, the test was carried out on 10 specimens.

The mechanical properties tests were carried out considering the orientation of the process, 
being the x axis, the entrance of the reinforcements in the pultrusion line, passage through the resin 
bath and other components and entry into the matrix, and the y axis, is the direction perpendicular 
to the matrix entry.

The coding of the composites used in this work was according to the composition of the 
sample, being then polyester resin with filaments and fiberglass blanket (UP/MAT), and, polyester 
resin with filaments and fiberglass fabric (UP/ WF).

Results and Discussion

Figure 1 shows the microscopic images of the developed composites at SEM.

Figure 1 – Photomicrographs of pultruded composites (SEM), (a) UP/MAT and (b) UP/WF.
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The morphology of the specimens allowed observation of the interaction of the 

reinforcements with the matrix. In Fig. 1, dark areas (polyester resin) and light areas (glass fiber) 
can be seen, as well as the presence of agglomerates, which can be explained by the high viscosity 
of the resin used (viscosity between 2800 and 3300 cP compared to an epoxy viscosity of 520 and 
620 cP), which hinders the wettability of the system and promotes the agglomeration of the 
reinforcements. Comparing the types of reinforcements studied, the composites with the cover 
showed a greater interaction between the matrix and the reinforcement. This can be confirmed by 
the presence of resin in the fibers according to the micrographs, and in the samples with the blanket, 
it is possible to notice a more evident interaction between the fiber and the matrix, due to the greater 
presence of resin in the fiber after fracture. 

Table 1 shows the results of the analysis of the tensile strength and impact resistance of 
composites developed with different types of reinforcement, analyzing two directions, parallel to 
the reinforcement and perpendicular to the reinforcement. 

 
Table 1 - Tensile and impact strength in X and Y directions of specimens UP/MAT and UP/WF 

Sample 
Test 

specimen 
orientation 

Tensile 
strength Deformation Tensile 

modulus 
Impact 
strength 

(MPa) (%) (MPa) (kJ/m2) 

UP/MAT X Axle 280 ± 30 13.0 ± 0.1 3479 ± 10 145 ± 5 
Y Axle 31 ± 3.0 4.0 ± 0.3 1498 ± 12 * 

UP/WF X Axle 311 ± 25 13.0 ± 1.1 3174 ± 65 151 ± 12 
Y Axle 87 ± 6.0 7.0 ± 0.6 742  ± 59 * 

*Only specimens in the X-direction were evaluated. 
 

In the evaluation of the types of reinforcement used, the fabric showed better properties, 
with higher values for tensile strength than the blanket, and showed similar values for modulus of 
elasticity and elongation at break, maintaining the variations. This behavior was also observed in a 
study by Rudoy et al. [5], who also analyzed composites made of polyester resin reinforced with a 
mat and reinforced with glass fiber fabric, and the results were 38.5% higher for the fabric 
specimens. This is due to the fact that the fabric is more efficient as reinforcement for mechanical 
forces due to its arrangement, which guarantees greater resistance. As for the direction of the 
sample, the samples taken in the X direction had a higher tensile strength than those taken in the Y 
direction, proving that the resistance is more efficient in the direction parallel to the reinforcement. 
The values obtained for the modulus of elasticity in the tensile direction were higher for the 
specimens taken in the X direction, starting from the filaments and the entry of the set into the die. 
This is mainly due to the resistance that the orientation of the filaments imparts to the composite. 
For impact strength, the specimen with the fabric reinforcement performed better, confirming the 
tensile strength results. Thus, the composite with filaments and fabric exhibited better mechanical 
performance due to the ordering of the fabric, which acts as a more effective barrier against external 
agents (tensile), while the composite with filaments and fabric exhibited better performance. 
Morphologically, due to the randomness of the fabric, it allows a better impregnation of the resin in 
the system, making more difficult the occurrence of voids. 
 
Conclusions 

The present work aimed to evaluate the morphological and mechanical properties of 
polyester resin composites with glass fiber reinforcement, distinguishing between filaments with 
cover and filaments with fabric. With respect to the type of reinforcement, the composites made of 
filaments with fabric showed the best mechanical performance and the composites made of 
filaments with fabric showed the best morphological performance. When comparing the direction of 
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the sample, the machine drawing direction, i.e., parallel to the filaments, was found to be more 
effective. It can be concluded that the performance of composites obtained by the pultrusion process 
varies according to the type of reinforcement used, with better mechanical strength when fiberglass 
fabric is used. 
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Abstract 
The presence of metal ions in contaminated water from industrial processes with toxic potential has led to great 

concern regarding their effects on human health. Conventional treatment processes are inadequate for their removal, so 
new technologies must be investigated. The use of three-dimensional porous systems, such as hydrogels, is a potential 
material for removing these contaminants. The present work aims to investigate the influence of production parameters 
of chitosan hydrogels, using the design of experiments methodology, to evaluate the effect of chitosan and crosslinker 
molar ratio. Different formulations were submitted to the water absorption and metal adsorption tests, and it was 
possible to evaluate that the concentration of chitosan and the chitosan/glutaraldehyde ratio are relevant factors to 
optimize the concentrations of the reagents and the water absorption and metal contaminant adsorption capacities.

Keywords: Chitosan hydrogel, metal ion, water decontamination.
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Introduction 
According to the World Health Organization (WHO), at least 2 billion people use a 

contaminated drinking water source, and by 2025 half of the world's population could live in a 
water-scarce area. Among the main contaminants that raise concern today are microorganisms, 
emerging organic contaminants and metal ions [1]. Among these, the frequency of metal ions in 
water is apprehensive because they present several harmful effects to human health reported, also 
due to their toxic and carcinogenic nature. In addition, they are non-biodegradable, and their 
toxicity, observed even at low concentrations, can be aggravated by bioaccumulation and 
biomagnification phenomena, which increase the degree of exposure along the food chain [2]. 

Given this scenario, several technologies have been applied to treat effluents to minimize the 
impact caused by these metals on health and the environment. Different conventional techniques 
can be used to remove metal ions, such as solvent extraction, ion exchange, chemical precipitation, 
and reverse osmosis [3]. However, these processes are limited because of high cost, generation of 
toxic by-products or long treatment times [4]. Based on the limitations associated with conventional 
processes, new alternatives have been researched, and one process that has shown the potential to 
meet the demands of metal contaminant removal is based on the adsorption process. The adsorption 
is based on the presence of binding sites on the surface of the adsorbent material, which makes it a 
process highly influenced by the surface area of the material. This process is competitive because it 
has low cost, smooth and flexible operating parameters, low energy consumption and high 
efficiency [5].

Hydrogels are three-dimensional polymeric structures produced by crosslinking, which exhibit 
high hydrophilicity and the ability to absorb large volumes of water. The water absorption capacity 
derives from surface groups, such as hydroxyl groups (OH), amines (NH2), carboxylic (COOH), 
amide (CONH2) and sulfone (SO3H) [6]. The high porosity of these materials guarantees them a 
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high surface area that can be used to adsorb different contaminants. In addition, the surface 
characteristics can be modified to control the diffusion process and the adsorption kinetics.

Polysaccharides have attracted much attention in developing hydrogels due to their 
biodegradability, biocompatibility, non-toxicity and low cost. Na and collaborators highlight using
chitin, chitosan, cellulose, starch, alginate, and their blends, copolymers, and composites for metal 
removal in aqueous systems [7]. Chitosan has drawn attention among these materials due to its high 
natural abundance. Moreover, its chemical structure presents amine groups, and as reported by 
Upadhyay and collaborators, these groups guarantee the chitosan hydrogel's capacity to remove 
metal ions [8].

Hydrogels have been studied as potential adsorbent materials in the literature, and the 
mechanism associated with this process is quite complex and depends on the materials used and the 
target contaminant. This adsorption process can involve several simultaneous interactions, including
electrostatic interactions, ion exchange, hydrophobic interactions, coordination interactions 
(chelation), and π-π [9]. Understanding the influence of each mechanism present is fundamental for 
formulating an optimized and robust system that can be applied for metal ion removal in different 
systems.

Based on that, the present work aims to investigate the influence of production parameters of 
chitosan hydrogels, using the methodology of design of experiments. The developed systems were 
evaluated concerning the effect of the proportion of chitosan and crosslinking agent on water 
absorption and metal ion removal properties.

Experimental 
Materials 

In this study, chitosan was provided by Polymar (Fortaleza – Ce). Glutaraldehyde was used as a 
reticulation agent, and analytical standards of the target metal ions (Cd(II), Cr(VI), Cu(II), Mn(II), 
Zn(II), and Ni(II)) were employed for the sorption essays. All reagents were purchased from 
Labsynth Produtos para Laboratórios (SP, Brazil).

Methods
For the development of chitosan hydrogels, an experimental planning study was carried out in 

order to select the optimal condition for hydrogel production. For hydrogel production, the chitosan 
was previously solubilized in a solution of acetic acid (2% v v-1) in different concentrations (1, 2 
and 3% w v-1). For hydrogel formation, glutaraldehyde was used as a crosslinking agent at different 
concentrations (between 1 and 10% v m-1). Response surface planning was employed to evaluate 
the effect of the proportion of chitosan and crosslinking agent, and 18 formulations were generated. 
As variáveis de resposta foram as propriedades de absorção de água e remoção de íons metálicos 
dos hidrogéis desenvolvidos.

Characterization
The water absorption capacity of the hydrogels will be evaluated through the degree of 

swelling, considering mass variation as a function of the time of a sample kept in an aqueous 
medium, according to Equation 1, where Mt is the swelling mass, and Ms is the dry mass.

(1)
A modular ion chromatograph 940 Professional IC Vario (Metrohm, Switzerland) with detection 

limits of μg L-1 will be used for the adsorption studies. To evaluate the potential of the hydrogels, a 
selectivity study was performed using an equimolar solution of copper, nickel, zinc, manganese, 
cadmium and chromium where each metal was at a concentration of 0.17 mmol L-1 so that the 
solution had a total concentration of 1.02 mmol L-1. The solution was prepared at pH 4 to avoid 
precipitation effects that could affect the analysis of the results. For comparison purposes, the 

964



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

samples before the modification were also evaluated. The samples were in contact with the solution 
for 48 h under stirring, and after this period, the aliquots were evaluated using the Ion 
Chromatograph to evaluate the concentration of ions in the solution. 
 
Results and Discussion  

Response surface planning was employed to evaluate the effect of the proportion of chitosan 
and crosslinking agent, generating 18 formulations. The response variables were the developed 
hydrogels' water absorption and metal ion removal properties. Table 1 presents the composition 
variation performed through the experimental planning. After preparation, the samples were washed 
in 3 cycles to remove non-crosslinked glutaraldehyde and then stored for characterization. 

 
Table 1 - Formulations and nomenclature of the samples according to the experimental planning. 

Sample 
Chitosan 

concentration % 
(m v-1) 

Glutaraldehyde 
concentration  

(v m-1) 
Sample 

Chitosan 
concentration % 

(m v-1) 

Glutaraldehyde 
concentration  

(v m-1) 
QH1 2,0 10,0 QH10 2,5 3,2 

QH2 2,0 4,0 QH11 2,0 10,0 

QH3 3,0 3,2 QH12 2,0 1,0 

QH4 2,5 5,5 QH13 3,0 10,0 

QH5 3,0 1,0 QH14 2,5 1,0 

QH6 3,0 1,0 QH15 2,5 7,7 

QH7 2,5 10,0 QH16 3,0 10,0 

QH8 2,0 7,0 QH17 3,0 7,7 

QH9 3,0 5,5 QH18 2,0 1,0 
Note: the colors in the table indicate the concentration of chitosan, red for 2%, blue for 2.5%, and green for 3%. 

 
To evaluate the swelling capacity of the hydrogels, the water absorption test was performed for 

1, 2 and 7 days, and the result is shown in Table 2. 
 

Table 2 - Water absorption of chitosan hydrogels. 
 Absorption (%) Absorption (%) 

Sample 1 day 2 days 7 days Sample 1 day 2 days 7 days 
QH1 158 ± 1 157 ± 4 168 ± 3 QH10 190 ± 9 210 ± 7 200 ± 14 
QH2 201± 3 207 ± 1 210 ± 1 QH11 158 ± 1 159 ± 4 150 ± 10 
QH3 230 ± 5 228 ± 14 241 ± 1 QH12 325 ± 7 343 ± 4 360 ± 16 
QH4 204 ± 33 199 ± 18 199 ± 18 QH13 157 ± 3 154 ± 2 156 ± 1 
QH5 271 ± 4 284 ± 6 305 ± 2 QH14 271 ± 12 281 ± 4 312 ± 6 
QH6 275 ± 2 280 ± 6 295 ± 4 QH15 174 ± 1 160 ± 5 172 ± 2 
QH7 166 ± 1 153 ± 1 157 ± 2 QH16 167 ± 11 165 ± 18 169 ± 23 
QH8 177 ± 9 171 ± 14 170 ± 8 QH17 161 ± 2 159 ± 4,6 165 ± 4 
QH9 178 ± 22 202 ± 7 198 ± 11 QH18 303 ± 3 317 ± 5 357 ± 14 

 
All hydrogels showed a high degree of water absorption, greater than 100%, after 1 day of 

testing, this being a typical behavior of hydrogels, as reported by Liu and collaborators [10]. 
Furthermore, it is observed that some samples stood out with absorption of more than 200%, such 
as samples QH2 to QH6, QH12, QH14 and QH18, with samples QH12 and QH18 exceeding 300% 
water absorption. It is worth noting that QH12 and QH18 represent duplicates of the preparation 
conditions of the hydrogels, so this indicates that the hydrogel using 2% chitosan and 1% 
glutaraldehyde has a high-water absorption capacity. It is observed that the samples with higher 
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water absorption presented the use of a lower content of glutaraldehyde, which may indicate a lower 
crosslinking of the hydrogel structure and allow the availability of functional groups capable of 
absorbing water [11]. 

The metal ion removal performance of the developed hydrogels was evaluated through the 
metal ion selectivity assay, and the result is presented in Table 3. 

 
Table 3 - Percent removal of metal ions from the developed hydrogels. 

 Removal (%) 
Sample Copper Nickel Zinc Manganese Cadmium Chromium 

QH1 75,1 ± 0,3 0,9 ± 4,7 3,70 ± 5,1 11,8 ± 5,4 7,4 ± 0,4 99,8 ± 0,3 
QH2 61,7 ± 0,1 9,3 ± 0,7 4,80 ± 0,4 15,7 ± 0,6 8,5 ± 0,3 100,0 ± 0,0 
QH3 57,0 ± 0,6 6,2 ± 0,3 2,70 ± 0,6 13,3 ± 0,7 7,3 ± 0,2 100,0 ± 0,0 
QH4 64,8 ± 1,5 4,2 ± 1,3 3,60 ± 2,9 10,4 ± 2,9 13,4 ± 4,7 100,0 ± 0,0 
QH5 74,0 ± 6,8 1,5 ± 0,8 1,30 ± 1,8 6,8 ± 10,6 1,9 ± 12,9 100,0 ± 0,0 
QH6 54,5 ± 0,7 0,8 ± 1,1 1,80 ± 1,5 12,3 ± 1,8 8,2 ± 3,1 96,0 ± 0,6 
QH7 44,5 ± 2,6 5,5 ± 0,7 4,0 ± 1,3 14,9 ± 0,1 8,6 ± 3,9 99,7 ± 0,4 
QH8 42,8 ± 4,8 6,9 ± 4,1 3,8 ± 2,0 14,2 ± 1,4 6,0 ± 0,6 100,0 ± 0,0 
QH9 41,5 ± 0,7 6,3 ± 0,2 3,9 ± 0,2 13,6 ± 0,2 11,1 ± 0,1 100,0 ± 0,0 

QH10 45,0 ± 0,4 10,7 ± 0,4 4,8 ± 0,4 18,2 ± 0,3 15,4 ± 0,4 99,3 ± 0,9 
QH11 49,3 ± 0,6 6,3 ± 0,2 0,3 ± 0,2 11,2 ± 0,4 6,0 ± 0,2 100,0 ± 0,0 
QH12 74,0 ± 4,6 5,6 ± 0,3 4,3 ± 1,8 13,6 ± 2,8 10,1 ± 4,0 98,6 ± 1,9 
QH13 58,5 ± 8,8 5,9 ± 1,1 4,6 ± 0,2 15,1 ± 0,9 9,0 ± 5,6 100,0 ± 0,0 
QH14 44,7 ± 4,3 3,2 ± 3,6 2,9 ± 1,5 13,1 ± 0,1 5,6 ± 0,9 97,6 ± 0,4 
QH15 57,3 ± 0,1 9,3 ± 6,6 5,9 ± 0,6 15,9 ± 1,1 11,5 ± 3,4 100,0 ± 0,0 
QH16 34,9 ± 7,4 10,6 ± 2,6 2,7 ± 0,2 14,7 ± 0,6 8,0 ± 2,2 100,0 ± 0,0 
QH17 39,5 ± 5,9 7,0 ± 1,1 3,8 ± 0,5 13,5 ± 2,1 8,9 ± 1,8 100,0 ± 0,0 
QH18 56,0 ± 0,2 5,2 ± 3,0 5,8 ± 0,4 15,5 ± 1,3 12,9 ± 0,8 98,8 ± 1,7 

 
Evaluating the hydrogels, it is observed that there was a low removal rate for 4 of the 6 ions 

evaluated. This result shows a low affinity of the chitosan matrix for removing these ions. The 
interaction of chitosan with metallic ions can occur through functional groups that include 
hydroxyls and amines. However, the crosslinking process promotes the formation of covalent 
bonds, reducing the availability of these groups and possibly impacting the sorption capacity of the 
hydrogels developed. Even so, it is worth noting that the hydrogels presented a significant removal 
potential for copper and chromium.  

In the case of copper removal, a great variation of removal was observed depending on the 
composition employed, which indicates that the degree of crosslinking of the sample should directly 
influence the groups available for interaction and removal of the metal ion. In this sense, the 
samples QH1, QH5, and QH12 stood out, reaching a removal degree of around 70%. Mallik and 
collaborators also highlighted the potential of chitosan for copper removal using chitosan-based 
adsorbents [12]. 

Regarding chromium removal, a total removal was observed under the test conditions, 
considering the deviation between the samples, indicating that the chitosan matrix presents a high 
affinity for chromium removal. The literature corroborates this result and is associated with 
interaction with hydroxyls, protonated amines, and amide groups (SETHI et al., 2022).  

The results of water absorption and removal of metal ions were used as a response to the 
experimental planning developed to select the conditions of preparation of hydrogels that enhance 
the properties obtained. The analysis of the results was performed using the software Design Expert, 
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defining as a condition that the concentration of chitosan was in the range used in the formulations 
and that the concentration of glutaraldehyde was minimized. Based on this condition, the software 
highlighted the samples QH12 and QH18, which replicate the same formulation. Thus, this 
condition was selected as the optimal condition for producing hydrogels with optimum properties 
for metal removal. Furthermore, future work will explore the optimization of the properties of the 
hydrogels obtained by inserting agents with a higher chemical affinity to the other metal ions 
investigated. 
 
Conclusions  

In this work, the design of experiments methodology was used to produce chitosan hydrogels 
and evaluate the relationship between the concentration of chitosan and crosslinking agent with the 
properties of hydrogels. Eighteen different formulations were produced, and it was possible to note 
that the increase in the concentration of crosslinking agent reduces the water absorption properties, 
and the samples with 2% crosslinking agent stood out with absorption higher than 300%. In 
addition, the metal ion removal properties are also impacted in this process due to the lower 
availability of active groups. The hydrogels developed stood out for chromium and copper removal, 
reaching removals of 100% and 75%, respectively, for the conditions studied. The sample using 2% 
chitosan and 1% glutaraldehyde was selected through the response surface analysis as the best 
formulation for preparing the hydrogels. The results demonstrate the success of producing 
hydrogels, aiming to understand the optimal formulation conditions, which can serve as a basis for 
new materials to remove and recover metals in contaminated water. 
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Abstract - This study evaluated the process conditions (crosslinking time and drying temperature) in the development of 
biodegradable starch-based hydrogels for the uptake of potentially heavy metals (copper (Cu2+), zinc (Zn2+), nickel (Ni2+), 
manganese (Mn2+), cadmium (Cd2+), and hexavalent chromium (Cr6+)) by sorption technique. The Amidex 3001 hydrogel 
produced with crosslinking time of 1 h and drying temperature of 90 °C favored the process, reaching a maximum water 
uptake of about 210%. The starch-based hydrogels presented the following metallic affinity order: Cr6+ > Cd2+ > Ni2+ > 
Cu2+ > Zn2+ > Mn2+. Cr6+ sorption capacity was close to 90%, while for the other divalent cations (Zn2+, Cd2+, Ni2+, Mn2+, 
and Cu2+), it was less than 20% regardless of the process conditions (crosslinking time and drying temperature). Thus, 
starch-based hydrogels are efficient alternative for wastewater treatment.
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Introduction
Hydrogels are characterized by being highly porous cross-linked polymer networks, which 

have as their main advantage the ability to retain large amounts of water without generating changes 
in their chemical structure. These networks are formed through the cross-linking of polymer chains.
Hydrogels are commonly used in various applications, such as in drug delivery systems, hygiene 
products, agriculture, pharmaceuticals, and the medical industry [1].

These materials are known to be the new biomaterials of this era for their unique properties 
such as biodegradation capacity, stability in chemicals and biofluids, stable structure, 
biocompatibility and ecofriendly character, as well as wide absorption capacity of metabolites and 
nutrients that are in soluble water [2]. By absorbing metabolites and water-soluble nutrients, 
hydrogels will be able, for example, to retain heavy metals that contaminate humans, bringing various 
effects to the body, such as problems in the nervous system, carcinogenic effects, gene mutations and 
even effects on the reproductive system [3]. 

This contamination is essentially due to the improper disposal of industrial effluents that cause 
the contamination of the extremely important natural resource for the planet: water. The seriousness
of this situation is evidenced by the conclusion generated by the UNESCO World Water Development
Report 2017 (WWAP, 2017), which states that 80% of the industrial and urban wastewater consumed 
returns to the environment without adequate pre-treatment. This has caused negative impacts to the 
ecosystem and generated accumulation in the trophic chains that ends up contaminating humans.
Among the elements that make up industrial effluents, we can highlight heavy metals like cadmium
(Cd), lead (Pb), nickel (Ni), chromium (Cr), arsenic (As), copper (Cu), iron (Fe), among others [4].
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Currently, the use of hydrogels in water treatment is advantageous due to its reusable 
character, attracting greater relevance. In this work, we synthesize hydrogels based on corn starch 
crosslinked with trisodium citrate, which also has the benefit of being a material from renewable 
sources, low cost, non-toxic, abundantly, economically suitable, biocompatible, hydrophilic, and 
biodegradable material. Thus, the aim of this study is to evaluate the process conditions (crosslinking 
time and drying temperature) in the synthesis of biodegradable hydrogels based on corn starch to 
investigate the water absorption capacity and removal of potentially heavy metals (Cu2+, Mn3+, Ni2+, 
Zn2+, Cd2+, Cr6+) from an aqueous medium. 

 
Experimental 
 
Materials 

For the experiments, three starches were used: Amisol 3408, Amidex 3001, and Hylon VII. 
All starches were obtained from corn, but they differ in their amylose and amylopectin contents, with 
Amisol 3408 containing 28 wt% amylose and 72 wt% amylopectin, Amidex 3001 containing 27 wt% 
amylose and 73 wt% of amylopectin, and Hylon VII containing 70 wt% amylose and 30 wt% 
amylopectin. 

Starch-based hydrogels synthesis 

Starch-based hydrogels were prepared according to the methodologies proposed by Camani 
et al. [5]. The different corn starches (Amisol 3408, Amidex 3001, and Hylon VII) were suspended 
in ultrapure water, in distinct lots. After starches dissolution, sodium hydroxide (13 g/L) was added, 
and the mixtures were mechanically stirred. Then, citric acid (19.4 g/L) was added to form the 
crosslinking agent by reaction with sodium hydroxide. The crosslinking process occurred with the 
system under mechanical stirring for 1 or 2 h, in distinct lots. After that, the system was heated at 
90 °C for 1 h in a water bath. Finally, the hydrogels obtained were dried in an oven at 90 °C for 24 h 
or 60 °C for 48 h, in distinct lots. 

Water absorption 

The experiments to evaluate the water absorption by starch-based hydrogels were performed 
in triplicate. Absorption assays were caried out by immersing 0.1 g of dry hydrogel pieces in 50 mL 
of ultrapure water. The samples were taken out ultrapure water at pre-determined intervals, pat-dried 
and the specimens weighted and immersed again. The degree of swelling (DS) can be defined by 
Equation (1). 

 (1) 

wherein,  is the initial dry mass of hydrogels (g) and  is the swollen mass of hydrogels at time t 
(g). 

Sorption assays 

Synthetic solutions of potentially toxic metals (PTMs) were prepared by dissolving the salts 
of zinc nitrate (Zn(NO3)2·6H2O), cadmium (Cd(NO3)2·4H2O), copper (Cu(NO3)2·3H2O ), manganese 
(Mn(NO3)2·4H2O), nickel (Ni(NO3)2·6H2O), and potassium dichromate (K2Cr2O7) in ultrapure water. 
The affinity of starch-based hydrogels for Cu2+, Zn2+, Ni2+, Cd2+, Mn2+, Cr6+ (0.05 mmol/L each) 
were performed using 5g/L of hydrogel in water. The sorption affinity assays were conducted in a 
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shaker incubator at room temperature (~ 25 °C) and pH between 4.0 – 4.5 using HNO3 solution (0.2 to 
1.0 mol/L). After 24 h, PTMs concentrations were determined by ion chromatography, IC (940 
Professional IC Vario, Metrohm, Switzerland). Removal efficiencies (%R) were determined by 
Equation (2). 

 (2) 

wherein,  is the PTMs initial concentration (mmol/L) and  is the PTMs concentration at 
equilibrium (mmol/L). 

Results and Discussion 
 
Water absorption  

Water absorption is an important property to define the end-use applications of hydrogels. 
Figure 1 presents the degree of swelling of the starch hydrogels in relation to the variation of process 
conditions (crosslinking time and drying temperature), as well as the crosslinking process. 

 
Figure 1 – Water uptake (%) of corn starch hydrogels with different contents of amylose/amylopectin and 

crosslinking time/drying temperature. 

 From the water absorption results, all hydrogels showed considerable water uptake during the 
first hour of immersion. After reaching the equilibrium time (~1 h), it was verified that starch 
hydrogels with medium amylose content (Amisol 3408 and Amidex 3001) showed similar behavior 
in terms of water absorption capacity. The highest uptake water capacities were achieved with 
crosslinking time and drying temperature of 1 h and 90 °C, respectively. Under these conditions, the 
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maximum water absorption achieved were around 180 and 210% for Amisol 3408 and Amidex 3001 
hydrogels, respectively. With increasing crosslinking time to 2 h, there was a slight reduction in water 
absorption to about 150 and 180% for Amisol 3408 and Amidex 3001 hydrogels, respectively. 
Additionally, there was a reduction in water uptake (around 90%) by the hydrogels with the reduction 
in the drying temperature to 60 °C in both crosslinking times investigated (1 and 2 h). 

On the other hand, regarding the hydrogel with high amylose content (Hylon VII), there was 
an increase of water absorption from about 45 to 90% with decreasing drying temperature from 90 to 
60 °C and crosslinking time from 2 to 1 h. This indicates that the higher amylose content probably 
increased the rigidity conformation of the hydrogel. This behavior resulted in less molecular chain 
mobility, diffusivity, water retention within the pores, and hydrogel volume. 

Sorption affinity 

 In effluent samples, heavy metals are found with other potentially toxic contaminants at 
varying concentrations, affecting their sorption efficiency due to competition for binding sites [6]. 
Thus, the performance of starch-based hydrogels was also investigated in synthetic wastewater with 
six coexisting ions (Cr6+, Zn2+, Cd2+, Ni2+, Mn2+, and Cu2+) (Figure 2). 

 
Figure 2 – Sorption affinity of PTMs ions (Cu2+, Cd2+, Mn2+, Zn2+, Ni2+ and Cr6+) by corn starch-based 

hydrogels. 

 From Figure 2, the following order of sorption selectivity was found: Cr6+ > Cd2+ > Ni2+ > 
Cu2+ > Zn2+ > Mn2+. Cr6+ removal by Amisol 3408 hydrogel showed values greater than 90%, 
however, this value was reduced to about 20% under the conditions of crosslinking time of 2 h and 
drying temperature of 60 °C. For the Amidex 3001 hydrogel, Cr6+ sorption rate was close to 90% 
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regardless of the process conditions (crosslinking time and drying temperature). The Hylon VII 
hydrogel also showed high Cr6+ removal efficiencies (> 90%), although the preparation with a drying 
temperature of 60 °C and crosslinking time of 1 h achieved a lower Cr6+ sorption rate of around 50%. 
Noticeably, the removal rates of coexisting ions were very low at all process conditions (crosslinking 
time and drying temperature) evaluated, which demonstrated impressive selectivity of starch-based 
hydrogels toward Cr6+ over divalent cations. This is because Cr6+ in the aqueous medium exists in the 
form of oxyanions ([CrO4]2-, [Cr2O7]2-, [H2CrO4], and [HCrO4]-) depending on the pH, and there is 
no competitive adsorption relationship between oxyanions and divalent cations [7]. This indicates 
that the electrostatic interaction of positively charged divalent ions (e.g., Zn2+, Cd2+, Ni2+, Mn2+, and 
Cu2+) with corn starch hydrogels competes slightly with the electrostatic interaction of corn starch 
hydrogels hydrogels with negatively charged oxyanions [8]. 

Conclusions 

The present study showed that starch-based hydrogels is a promising adsorbent for use in the uptake 
of heavy metals, such as oxyanions of Cr6+ in aqueous media. The results showed a direct effect of 
the process conditions (crosslinking time and drying temperature) of the starch-based hydrogels 
synthesis on the water uptake adsorptive process efficiency. The Amidex 3001 hydrogel produced 
with crosslinking time of 1 h and drying temperature of 90 °C favored the process, reaching a 
maximum water uptake and Cr6+ removal of about 210% and 98%, respectively. Therefore, to deeply 
understand the sorption process, additional studies will be carried out, including thermal, 
morphological, and chemical analyses. 
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Abstract - The use of natural raw materials in the manufacture of polymeric composites has been extensively studied, as 
it tends to improve mechanical and thermal properties, in addition to being more environmentally viable. High-Density 
Polyethylene (HDPE) composites reinforced with macaíba bark powder were developed. After being processed, they 
underwent tensile and Izod impact resistance tests, contact angle measurements, and optical microscopy. The material 
loaded with larger granulometry (#25) showed better performance in optical microscopy, contact angle, and also in the 
tensile test. In the impact test, the composites absorbed less energy compared to Pure HDPE, and this can be explained 
by the poor adhesion among the phases. From the analysis, it was evidenced that a good dispersion of the polymer in the 
macaíba bark powder. 
 
Keywords: Composites, Polyethylene, Macaíba. 
 
Introduction  
The use of materials from renewable sources has been extensively studied due to the environmental 
and economic advantages they offer when compared to synthetic materials [1-3]. The macaíba palm 
(Acrocomia Aculeata) is a species native to tropical forests and can be found in several regions of the 
country [4]. The fruit is divided into four parts: epicarp, mesocarp, endocarp, and almond [4-6]. 
Composites are multiphase materials formed by elements (matrix and reinforcement) that aim to 
exhibit superior properties, in many aspects, than each individual component. The addition of correct 
fillers in adequate concentrations results in a new material with better characteristics than the pure 
constituents [7]. In the combination of materials, the geometry and orientation of the reinforcing 
material significantly influence strength, toughness, dimensional and thermal stability. Taking into 
account the composites formed by particulate elements, these can structurally be spherical, cubic, 
tetragonal, or in other ways (regular or irregular). However, most are equiaxed[8]. 
Polyethylene is obtained during the polymerization of ethylene and can be considered as a partially 
crystalline, flexible material, with properties that are influenced by the proportions of the amorphous 
and crystalline phases. Linear high-density polyethylene (HDPE) is highly crystalline with a low 
branching content. HDPE can be used in making crates for drinks, bottles of alcohol and chemical 
products, buckets, drums, pipes for liquids and gas, fuel tanks, packaging for milk, juice, lubricating 
oil, pesticides, etc. [9,10]. 
The fillers do not have a good chemical affinity with the polymeric matrix since the polymers are 
predominantly nonpolar in nature, and the fillers are polar. Therefore, it is necessary to add a 
compatibilizing agent to avoid agglutination of fillers and facilitate their dispersion in the polymeric 
matrix [11]. 
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There are not many studies in the literature related to the use of bark from Acrocomia aculeata in 
polymeric composites. The interest arose in studying the insertion of the bark of Acrocomia Aculeata 
in composites with linear high-density polyethylene, aiming at improving the mechanical properties. 
 
Experimental  
Materials 
The polymer matrix used was High-Density Polyethylene (HDPE), commercial code (IH57), supplied 
by BRASKEM (Brazil). As compatibilized, polyethylene grafted with maleic anhydride (PE-g-MA), 
supplied by Polybond, was used. The reinforcement material was Macaíba Bark - Acrocomia 
Aculeata (CM), purchased in local markets in Campina Grande-PB. 
 
Methodology 
All compounds were dried in a vacuum oven (80 °C) before the process. The HDPE/CM concentrates 
were prepared by melting intercalation using a Thermo Cientific Haake Polylab QC torque 
Rheometer. The procedure for mixing HDPE/CM (1:1) was as follows: 130 °C, 60 rpm, 10 min and 
50 g of material, 25 g of CM and 25 g of HDPE were mixed and placed in the rheometer chamber. 
Subsequently, the material was removed from the chamber and crushed in a knife mill. 
The HDPE L and concentrates were processed using a Werner-Pfleiderer extruder, L/D = 40, ZSK 
18 mm model, Coperion—Germany, configured to operate with a temperature of 180 °C in all zones, 
speed of 250 rpm and feeding rate of 3kg/h. 
Specimens were injected using an Arburg Injector, Model Allrounder 207C Golden Edition—
German. The temperature profile of 180°C was used in all zones with the mold at 20°C. Specimens 
for tensile, impact, flexion and HDT were injected according to the standards ASTM D638 (Type I), 
D256, D790 and D648, respectively.  
 
Characterization of Materials: 
For the optical microscopy analysis, cross-sections of the composite samples were performed in a 
trinocular petrographic optical microscope - OPTON brand. 
Tensile tests were carried out by ASTM D638 on an EMIC universal equipment model DL10000 
using a 50 kN load cell at a strain rate of 50mm/min, operating at room temperature. The results were 
determined from an average of 5 specimens for each composition. 
The IZOD impact resistance was performed on notched specimens using a CEAST Resil 5.5 type 
equipment and a 2.75 J pendulum, by ASTM D 256, at room temperature. 
The surface's wettability degree was evaluated by the portable contact angle, Phoenix-I model from 
Surface Electro Optics - SEO, and the measurements were repeated in triplicate with the drop volume 
of 20 μl of distilled water. 
 
Results and Discussion  
Morphological analysis 
Optical microscopy evaluated the surfaces of materials fractured during the impact test to determine 
their interface properties. Fig. 1 shows the microscopic structure of pure polymer and composites at 
two magnifications (40 and 250) at 25 and 50 mesh. 
Fig. 1 shows that the composite layers need to be better compacted, with no good percolation of the 
matrix in the reinforcement. This suggests that there was probably not good adhesion between the 
phases (matrix and filler), a necessary condition to obtain good mechanical properties [12]. There are 
also (#50) some regions rich in macaíba bark powder (brown), indicated by arrows, a significant 
amount of voids, and agglomerates. Thus, the identified structural defects contributed to the 
mechanical performance presented by the material [13]. The presence of these regions could be more 
interesting, as they can concentrate tensions and reduce the material's mechanical and viscoelastic 
strength, leading to the composite's catastrophic failure. 
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In general, it is observed that the composites present in some regions have a more significant number 
of polymer pockets. These regions are probably related to the parameters used in the injection 
molding process and/or to the rheological characteristics of the polymer. During the solidification of 
the material, a possible variation of injection molding may have occurred, hindering the flow of the 
polymer in the reinforcement, thus impairing the distribution of the matrix in the load [14]. 

40x 

  

250x 

   
 Pure HDPE 75 HDPE +15CM+10PEgMA#25 75 HDPE +15CM+10PEgMA#50 

Figure 1 – Optical microscopy of the cross section of pure HDPE and its composites. 
 
Tensile Test 
Tab. 1 contains data on the tensile test for HDPE and its composites. The insertion of reinforcing 
fillers tends to increase the polymers' strength and modulus of elasticity. Usually, the granulometry, 
concentration, and distribution of the particles influence the interaction between the phases 
(continuous and dispersed) of the composite [16]. It is observed that the shell tends to have a behavior 
more compatible with a filling load than with a reinforcing load [16, 17]. In the material reinforced 
with particles of smaller granulometry, there was a reduction of 8.98% of the maximum strength and 
13.42% of the tensile strength about Pure HDPE; in addition, it was verified that the addition of 
macaíba bark powder promoted a slight increase in the stiffness of the composites by 17.54% and 
10.63%, (75HDPE+15CM+10PEgMA#25) and (75HDPE+15CM+10PEgMA#50) respectively, for 
the larger and smaller grain sizes. This behavior can be explained by weak interfacial adhesion, which 
decreases tensile strength. The presence of the compatibilizing agent was not enough to promote an 
improvement in the adhesion of the filler in the matrix [17]. 
 
Table 1 - Mechanical Tensile Test: HDPE; 75HDPE+15CM+10PEgMA#25 and 
75HDPE+15CM+10PEgMA#50. 

Samples Maximum 
force (kgf) 

Maximum 
Tension 
(MPa) 

Tensile 

strength at 
break 
(MPa) 

Elongation  

(%) 

Elastic 
Modulus 

(MPa) 

Pure HDPE  88,66±5,59 20,27±0,89 5,70±0,0 567,16±0,0 327,61±10,08 
75 HDPE +15CM+10PEgMA #25 87,60±2,11 20,51±0,51 4,97±2,34 37,16±10,30 385,08±13,36 
75 HDPE +15CM+10PEgMA #50 80,7±3,76 17,55±0,27 7,26±4,27 129,66±11,35 362,43±20,91 

The material reinforced with an enormous granulometry load performed better in the tensile test, as 
the maximum force and maximum tension remained close to pure HDPE. At the same time, the 
modulus of elasticity increased considerably, making it more rigid and causing loss of ductility. 
Fig. 2 illustrates Pure HDPE's stress versus strain graph and composites reinforced with macaíba bark 
powder. Samples that approached the averages of maximum force and elastic modulus were used. 
The presence of elastic deformation region followed by flow to a plastic region is observed, which is 
characteristic of thermoplastic polymers and their composites [18]. The insertion of load promoted a 
reduction in the tenacity of the materials, evidenced by the smaller area under the curve until failure. 
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Figure 2 – Stress x strain curves: HDPE; 75HDPE+15CM+10PEgMA#25 and 
75HDPE+15CM+10PEgMA#50 
 
Izod Impact Strength  
Thermoplastic composites generally show high strain rates in the impact test, as there is not enough 
time for the chains to slip and plastically deform [6]. In tab. 2, it appears that the composites absorbed 
less energy compared to HDPE; this happens because the insertion of the load increases the 
heterogeneity of the material, reducing the weight and elasticity of the molecular chain making it 
more fragile. 

Table 2 – Impact strength: HDPE; 75HDPE+15CM+10PEgMA#25 and 75HDPE+15CM+10PEgMA#50. 

Samples (J/m) 
HDPE 492,98±10,86 

75 HDPE +15CM+10PEgMA#25 64,77±2,87 
75 HDPE +15CM+10PEgMA#50 85,94±3,68 

The particle size of the reinforcement particles is one factor that influences the mechanical properties 
because, as the load becomes finer, the specific surface area increases, promoting a better interface 
between the phases that constitute the material [12]. The composite reinforced with particles of 
smaller granulometry showed better results. However, the interaction between the phases was still 
insufficient to increase the energy absorption related to Pure HDPE. The load concentration, 
geometry, and interfacial adhesion contribute to this property's reduction [18]. 
 
Wettability Test - Contact Angle 
Wettability is the ability of a liquid to maintain contact with a solid surface, resulting from 
intermolecular interactions when the two are brought together. A balance of adhesive and cohesive 
forces determines the degree of wetting (wetting). It can be determined from the angle that the liquid 
forms on the surface in contact with the solid, called the contact angle[19]. In polymeric surfaces, in 
addition to surface tensions, other factors such as roughness, chemical heterogeneity, molecular 
orientation, and partial solubility of the polymer influence the contact angle measurements. Tab. 3 
presents the average values of the contact angles obtained, with their respective standard deviations 
relative to the measurements carried out on the surface of the pure polymer and composites reinforced 
with macaíba bark powder. The measurements indicate that the composite produced with larger 
granulometry had lower surface tension. The more excellent wettability is related to the capacity of 
the macaíba powder to be involved in the polymeric matrix. From these results, it can be seen that the 
incorporation of the compatibilizer had little influence on the wettability of the composites. 
Table 3 – Average contact angles: Pure HDPE, 75HDPE+15CM+10PEgMA#25 and 
75HDPE+15CM+10PEgMA#50. 

Materials Contact Angle 
PEAD 69,32 ± 0,48 

75 HDPE +15CM+10PEgMA#25 96,86 ± 0,80 
75 HDPE +15CM+10PEgMA#50 87,64 ± 0,26 
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Conclusions  
The analysis of the HDPE+CM compounds showed that it would be more advantageous to process 
the materials with 15% of the CM bark powder, varying only their granulometry (#25 and #50). The 
reinforced composite with an enormous granulometry load (#25) performed better in the optical 
microscopy, contact angle, and tensile test since the strength and the maximum tension remained 
close to the Pure HDPE. At the same time, the elastic modulus increased considerably, making it 
more rigid and generating a loss of ductility. In the impact strength, the composites absorbed less 
energy than pure HDPE, which the poor adhesion among the phases can explain. Consequently, more 
than the compatibilizing agent was needed to improve this characteristic. From the analysis, it was 
evidenced that there was a good dispersion of the polymer in the macaíba bark powder. 
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DEVELOPMENT OF MAGNETIC COMPOSITES OF POLYPROPYLENE 
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Abstract - This work describes the development and magnetic (FE3O4) characterization of magnetic composites based 
on the extrusion of polypropylene (PP) with the incorporation of magnetite microparticles, propylene-ethylene 
copolymer elastomer (PBE) and compatibilizer (PE-g-MAH). Magnetite-reinforced polymeric matrices have been 
studied in recent years in order to develop materials with technological applications aimed at engineering and 
biomedicine. In order to optimize the use of magnetic composites and their applications, this work intends to promote 
the improvement of the ductility of composites with PP matrix, as well as contribute to a better understanding of their 
properties. The incorporation of magnetite microparticles into the composite was carried out through a twin screw 
extruder with eleven heating zones. The samples were characterized by X-ray diffraction (XRD), and vibrating sample 
magnetometry (VSM). The XRD analysis showed the occurrence of intercalation and exfoliation of magnetite 
microparticles in the composites. The magnetic characterization shows how the saturation magnetization increases with 
the amount of magnetite added to the material. The production and characterization of the magnetic composites 
allowed determining the variation of their properties, according to the magnetite concentration and the presence or 
absence of propylene-ethylene copolymer elastomer and compatibilizer incorporated in the polymeric matrix. These 
properties make this material a promising raw material for the development of products and engineering applications 
based on magnetic polymeric composites. These applications may include, for example, the production of materials 
with an electromagnetic interference shielding function. 

Keywords: Magnetic composite. Magnetite (FE3O4). Polypropylene. Propylene-ethylene copolymer. Compatibilizer 
(PE-g-MAH). Flexibility 

Introduction 
The nature of the magnetoresistance change in magnetic polymeric composites has not yet 

been fully understood (RAMAZANOV et al., 2019). Thus, polymeric compositions with magnetic 
charges and other functional charges are of great interest, both from the theoretical point of view of 
their structure and in relation to their properties and practical application. 

Polypropylene is appreciated for its remarkable and diverse qualities such as low density, 
excellent chemical and corrosive resistance, dimensional stability, recyclability, flexibility, good 
processability and low cost, which have contributed to make it ideal for a wide range of applications 
(MADDAH, 2016). 

Magnetite can be used in technological applications such as heat sinks or packaging for 
electronic devices with shielding against disturbing radio frequencies and microwaves 
(WEIDENFELLER; HÖFER; SCHILLING, 2002). It can also be used in biomedicine due to its 
low cytotoxicity (HAMOUDEH et al., 2007), in computing devices for data storage and in the 
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design of parts for biomedical use that change shape when exposed to the presence of magnetic 
fields (ZHENG et al. al., 2009). 

The incorporation of magnetite particles in considerable concentrations (above 5%) causes 
an increase in the rigidity of the polymers due to the high modulus of elasticity of its crystals (150 
GPa), leading to a reduction in the resistance to impact (KHANDAN; et al., 2020). Thus, this work 
aimed to develop composites with magnetic property, ductility, balanced tensile strength and 
processing fluidity, through the incorporation of magnetite microparticles, propylene-ethylene 
copolymer (PBE) elastomer and PE-g-MAH compatibilizer in the matrix of the PP. 
 
Experimental  

The mixtures of PP, PPMOD, PP10%MAG, PPMOD10%MAG without LLDPE-g-MAH, 
PPMOD10%MAG, PP20%MAG and PPMOD20%MAG were made in a Henchel mixer, with a 
mixing capacity of 5 kg. Each mixture was under cold stirring for 10 min. Sample formulas are 
listed in tables 1 and 2. 

Table 1 - Sample formulas without addition of magnetite microparticles 

  
 
 
 
 
 
 
 

 
 
Table 2 - Sample formulas with the addition of magnetite microparticles 
  

  
 
 
 
 
 
 
 

 
The equipment used to prepare the pelletized samples was a twin-screw extruder with an 

L/D ratio of 56, model EME-20, manufactured by the metallurgical company Scarpa. 
 

1 X-Ray Diffraction (XRD) 
The X-ray diffraction analysis was carried out in the Shimadzu XRD 6000 equipment, using 

Kα copper radiation, wavelength (λ) of 1.54056 nm, voltage of 40.0 kV, current of 30.0 mA and 
angles 2θ ranged from 5° to 70°. 
 
2 Magnetism Measurements - Vibrating Sample Magnetometry (VSM) 

The magnetic properties of magnetite powder (MAG) and samples were verified using the 
EZ9MicroSense vibrating sample magnetometer (VSM). 
 
Results and Discussion  

Materials MAG (%) PP (%) PPMOD (%) 

PP - 100 88 

Magnetite 100 - - 

PBE - - 8 

PEBDL-g-MAH - - 3 

Materials PP10%  
MAG (%) 

PPMOD10%MAG 
without PEBDL-g-

MAH (%) 

PPMOD10
%MAG 

(%) 

PP20% 
MAG (%) 

PPMOD20
%MAG 

(%) 
PP 90 82 78 80 68 

Magnetita 10 10 10 20 20 
PBE - 8 8 - 8 

PEBDL-g-
MAH - - 3 - 3 

979



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

 Figure 01 shows the diffractogram of magnetite, polypropylene with and without 
modification and magnetic composites. The α crystalline phase of polypropylene is evidenced in 
samples PP, PPMOD, PP10%MAG, PPMOD10%MAG without LLDPE-g-MAH, 
PPMOD10%MAG, PP20%MAG and PPMOD20%MAG through the peaks at angles of 13.9º; 
16.8°; 18.3°; 21.2°; and 21.9°; which correspond, respectively, to planes (110), (040), (130), (111), 
and (131). The characteristic diffraction peaks of the β phase correspond to angles (2θ) 16.1º; 25.2°; 
and 28.2º, which correspond, respectively, to the crystallographic planes (300), (310) and (130) 
(LIMA, 2014). 
Figure 01 - X-ray diffractogram of samples MAG, PP, PPMOD, PP10%MAG, PPMOD10%MAG 
without LLDPE-g-MAH, PPMOD10%MAG, PP20%MAG and PPMOD20%MAG. 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 

In the composites (PP10%MAG, PP10%MAG without LLDPE-g-MAH, 
PPMOD10%MAG, PP20%MAG and PPMOD20%MAG) the presence of polypropylene was 
verified in the region from 13 to 28°, which characterize the α and α phases. β of the PP. However, 
a reduction in the characteristic peaks of the α and β crystalline phases of polypropylene is 
evidenced, which indicates a possible synergistic interaction between the phases and, probably, the 
polypropylene is involving the magnetite particles. Similar results were presented by Garzon, et al. 
(2017) and Boery (2019). 

The analysis of the regions of diffraction peaks characteristic of magnetite in the diffraction 
patterns of the magnetic composites (PP10%MAG, PPMOD10%MAG without LLDPE-g-MAH, 
PPMOD10%MAG, PP20%MAG and PPMOD20%MAG) allows identifying the occurrence of 
intercalation and exfoliation of microparticles in composites. This fact is evidenced due to the 
increase in the interplanar distance perceived in the X-ray diffractogram through the displacement 
of the diffraction peaks (angular position) to slightly smaller angles, as can be seen in Figure 01, 
which focuses on the region of 33 and 40° of the diffractogram. 

The analysis of Figure 2 demonstrates that the samples of magnetic composites modified 
with the LLDPE-g-MAH compatibilizer (PPMOD10%MAG and PPMOD20%MAG), showed 
peaks of greater intensity in the characteristic regions of magnetite diffraction, which may infer a 
lower degree of exfoliation of microparticles. These results may suggest that the type of 
compatibilizer used in this study affected the morphology of the composites, that is, it originated 
predominantly intercalated magnetic composites or even that the extrusion process of 
polypropylene and magnetite composites modified with PBE and LLDPE-g-MAH need to be 
adapted in terms of process parameters in order to provide a greater degree of exfoliation of the 
microparticles. 
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Figure 2 - X-ray diffractogram of samples MAG, PP, PPMOD, PP10%MAG, 
PPMOD10%MAG without LLDPE-g-MAH, PPMOD10%MAG, PP20%MAG and 
PPMOD20%MAG. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Magnetism Measurements - Vibrating Sample Magnetometry (VSM) 

From the hysteresis curves, it was possible to determine the values of coercivity (Hc), 
saturation magnetization (Ms) and remanent magnetization (Mr) of the studied samples, which are 
presented in table 3. 
Table 3 - Values of coercivity (Hc), saturation magnetization (Ms) and remanent magnetization 
(Mr) of the MAG, PP, PPMOD, PP10%MAG, PP10%MAG without LLDPE-g-MAH, 
PPMOD10%MAG, PP20% values MAG and PPMOD20%MAG 

 
  
 
 
 
 
 
 
 
 

 In general, it can be observed that the samples with magnetite incorporation showed very 
narrow hysteresis curves with low values of remanent magnetization (Mr) and coercive field (Hc), 
characteristic behavior of a ferrimagnetic soft magnetic material, that is , of non-permanent 
magnets, which magnetize and demagnetize very easily (DINIZ; et al, 2015). 
It is also verified that the coercivity (Hc) of the composites does not depend on the concentration of 
magnetite incorporated in the polymer, this fact can be attributed to the distribution of the 
microparticles and the random orientation of the magnetic moments. Similar results were presented 
by Ramajo, et al., 2009, Guo, et al., 2007 and Garzon, et al. (2017). 

The saturation magnetization obtained in the MAG sample, composed only of magnetite 
microparticles, presented a value of 90.2 emu/g, similar results were found in the works of Posada 
(2015) and Lara-Gonzales (2019) which indicated values of 81.22 emu/g and 84 emu/g, 
respectively. 

    The concentration of magnetite microparticles in the magnetic composite directly influences 
the saturation magnetization. In this study, the highest Ms value obtained in the composites with 
10% magnetite was 13.9 emu/g, whereas in the composite with 20% magnetite an Ms of 15.9 emu/g 

Sample Hc (Oe) Ms (emu/g) Mr (emu/g) 
MAG 67,9 90,2 5,5 

PP 0 0 0 
PPMOD 0 0 0 

PP10%MAG 72,9 8,0 0,6 
PPMOD10%MAG sem 

PEBDL-g-MAH 79,2 4,2 0,3 

PPMOD10%MAG 72,0 13,9 1,2 
PP20%MAG 74,0 15,9 1,3 

PPMOD20%MAG 75,8 15,2 1,1 
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was obtained. In studies, such as the one by Lara-Gonzalez (2019), Ms values at room temperature 
of high-density polyethylene (HDPE) magnetic composites with the addition of 10 and 20% 
magnetite microparticles, with an average particle size of 14 .6 microns were 5.49 and 5.97 emu/g, 
respectively. Posada (2015), obtained Ms values of 17.21 and 25.72 emu/g for HDPE composites 
with the addition of 10 and 20% magnetite microparticles, respectively. The magnetite used in the 
study by Posada (2015) had particles with sizes ranging from 0.8 to 57 microns. With the analysis 
of the Ms values of the magnetic composites in this study and similar studies, with the incorporation 
of 10 and 20% of magnetite microparticles, it is believed that one of the factors that directly impacts 
the Ms value is the dispersion of the microparticles in the composite, which would justify the same 
class of material (magnetite microparticles) presenting such variation in saturation magnetization. 
 
Conclusions  

The analysis of the regions of diffraction peaks characteristic of magnetite in the 
diffractograms of the magnetic composites proved the occurrence of intercalation and exfoliation of 
the microparticles in the composites. The FTIR analysis revealed that the introduction of magnetite 
in the polypropylene matrix does not promote chemical changes in the polymer structure. 

It was also found that magnetite increases the thermal stability of PP and that its impact on 
the fluidity index of the polymeric matrix is insignificant. The values of saturation magnetization 
(Ms) and coercivity (Hc), measured by VSM, prove the magnetic properties of the composites. 
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Abstract - In the last decade, the thermoplastic composites industry has shifted its focus from the 
development of advanced high-performance composites to the development of low-cost engineering 
composites. In this context, compounds consisting of polymer matrices, such as high-density polyethylene, 
loaded with inorganic particulate fillers and reinforced with glass fibers, are inserted (Khanam, P.N.; Al
Maadedd, M.A.A, 2015). In order to expand the field of applications of high density polyethylene, some 
properties such as: high coefficient of thermal expansion, narrow temperature range, low values of 
mechanical properties in traction and flexion for applications that require greater strength and resistance, low 
electrical and thermal conductivity for certain applications, among others, can reach desirable values through 
the development of compounds formulated with this polymer as a matrix (Zhang, S. et al, 2011). Glass fibers 
stand out as the synthetic fibers most used as a reinforcing element in composites, as they have the following 
properties: low coefficient of thermal expansion, ease of processing and low cost (Alam, A.K.M.M, 2011). 
Therefore, the objective of this project is to collect and sanitize recyclable and reusable polymeric materials 
such as HDPE to be a matrix and produce composite materials with fiberglass reinforcement through 
extrusion and plastic injection, observing, in accordance with ASTM D-1238, evaluating the properties 
mechanical, optical and thermal in order to emphasize the reduction of synthetic polymeric materials in the 
environment.
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Abstract 
The goal of this work was to develop PBAT biocomposites with agroforestry residue, evaluating the effects of adding 
different proportions of residue on the mechanical and rheological properties of the material. The residue used was 
Bacuri seed (BS) classified with particle size between 0.84 mm and 0.59 mm and its morphology and thermal stability
were evaluated. Regarding the processing of the mixture, both the torque and the specific energy decreased according to 
the addition of the filler, showing that the BS acts as a processing auxiliary, increasing the fluidity of the mixture, a fact 
that is also proven by the rheological analysis. For the mechanical properties, the addition of BS caused a drop in the 
tensile strength compared to pure PBAT and an increase in the level of elongation, indicating that for the BS contents 
analyzed, this filler presents a potential use as a processing auxiliary and as a filler.

Keywords: PBAT, Bacuri Seed, Biodegradable Polymer, Agroforestry Waste, Organic Filler.

Introduction 
Bacuri, found in the eastern Amazon region and in transition areas from the forest biome to the 
cerrado, is a fruit with the scientific name Platonia insignis. The fruit contains a bittersweet pulp 
rich in potassium, phosphorus and calcium, which is consumed directly or used in the production of 
sweets, ice cream, juices, jellies, liqueurs and other delicacies. Its bark is also used in regional 
cuisine and the oil extracted from its seeds is used as an anti-inflammatory and healing agent in 
popular medicine and in the cosmetics industry [1-3]. Much of the residue of this fruit corresponds 
to the part of the seed that, after extracting the oil, is completely discarded. To date, there are still 
no articles published in international journals on the use of Bacuri seed (BS) as filler in polymeric 
compositions, in particular, in biodegradable polymers such as PBAT.
The PBAT is a synthetic and biodegradable random copolymer of butylene adipate and 
terephthalate that has high thermal stability, elongation at break (as high as 700%), wear, and 
fracture resistance. Its characteristics are similar to low-density polyethylene (LDPE) and linear 
low-density polyethylene (LLDPE), being indicated mainly for the manufacture of packaging films, 
agricultural films (mulch) and compostable garbage bags [4]. Its main advantage compared to 
LDPE and LLDPE is its biodegradation, being a more environmentally friendly polymer, especially 
in a country like Brazil that disposes about 40% of the garbage collected improperly [5]. And the 
main disadvantage of PBAT is its high price compared to other polymers in the same segment on 
the market.
The use of biodegradable polymers in combination with low-price organic fillers has proven to be a 
good approach to produce cost-effective composites in order to address pollution issues and develop 
products with superior mechanical properties. Therefore, the goal of this work was to develop a 
biocomposite containing Bacuri seed residues (BS), and to evaluate the use of 5, 10 and 15 phr of 
this agroforestry residue as filler in biodegradable composites containing PBAT as matrix.
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Experimental 
The BS was received dried and ground. Therefore, the first stage of the work was its granulometric 
classification in a sieve of different opening sizes. The material was used with a granulometry from 
Mesh tyler 28 (0.59 mm) to Mesh tyler 20 (0.84 mm). The BS and the cryo-fractured composites 
morphology was analyzed using a scanning electron microscope (SEM) FEI Company, model 
INSPECT S50, a voltage of 15kV, low vacuum mode, using a backscatter detector (BEI), and the 
samples were covered with gold. Thermogravimetric analysis (TGA) was performed on the Q500 
Thermoanalyser from TA Instruments in a flow stream from room temperature to 800°C, with a 
heating rate of 10°C/min. The PBAT and composites were prepared by melt intercalation in an 
internal mixing chamber coupled to a torque rheometer Haake Polylab OS. The rotor used was the 
Roller type, at 140°C, with a speed of 80 rpm for 15 minutes. The formulations were 0, 5, 10 and 15 
phr (parts per hundred resin) of Bacuri Mesocarp per 100 phr of PBAT, and were named PBAT, 
PBAT5BS, PBAT10BS and PBAT15BS respectively. The specimens for the mechanical tests and 
the rheological analysis were molded by compression, according to their respective standards, in a 
hydraulic press MA 098/A400 with a pressure of up to 55 MPa at 140°C, for 10 minutes in the hot 
press and then cooled using the same pressure and time in the cold press. Rheological analysis was 
carried out on an Anton Paar MCR301 rheometer using a model CTD450 furnace as an accessory 
with 25 mm parallel plate geometry. All tests were carried out at 140°C. Complex viscosity (η*) 
was measured through a strain variation test from 0.01% to 500%, at a constant frequency of 1Hz. 
The storage modulus (G') and the Loss modulus (G”), were measured through an angular frequency 
variation test from 0.1 to 100 rad/s, in the linear viscosity region (10% constant strain). The tensile 
strength test was carried out in a mechanical testing machine EMIC DL3000 with a 1000 N load 
cell and a speed of 100 mm/min, according to ASTM D638 standard, type V specimen. 
 
Results and Discussion  
 
Bacuri Seed Analysis 
Regarding the granulometric classification, for this project it was decided to use the particle size 
between 0.84 mm and 0.59 mm. The BS morphology is presented in Fig 1 (A; B; C) shows irregular 
particles, with low porosity and high roughness. 
 

A 
 
 
 

                     B C 

Figure 1 - Scanning electron microscopy of the Bacuri Seed A: 50x; B: 200x and C: 1000x. 
 
The thermogravimetric analysis of the filler is shown in Fig 2. Note that the BS has excellent 
thermal stability, showing only a small loss of weight related to water loss up to 200ºC and a 
maximum degradation at 391ºC, a value close to the degradation temperature of the PBAT, which 
indicates that the filler should not impair the thermal resistance of the biocomposite. The BS left a 
residue of 8.33%. 
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Figure 2 – Termogravimetric analysis of Bacuri Seed. 

  
Mixture Processability Analysis 
Fig 3 shows the evolution of the equipment torque as a function of time (Fig 3A) and the evolution 
of the specific energy of the mixture as a function of time (Fig 3B). The first peak in the torque 
evolution graph (Fig 3A) refers to the addition of the PBAT and the inflection in the curve at 
approximately 3 minutes refers to the addition of the filler (BS). As the material passes into the 
molten state, its fluidity increases and the torque drastically decreases until it remains constant, a 
sign that the mixture has been homogenized. It was evident that when adding larger amounts of BS, 
the torque needed to keep the mixture at constant speed decreased, indicating that the filler is acting 
as a processing auxiliary, increasing the fluidity of the mixture. This effect is mainly pronounced 
when observing the variation of the slope of the straight line in the evolution graph of the specific 
energy of the mixture as a function of time (Fig 3B). As BS is an oily material, as the mixing time 
elapses, this oil adheres to the polymeric matrix, facilitating the non-linear mixing. With this, it is 
possible to indicate that the BS acted as a processing auxiliary, increasing the fluidity of the 
mixture. In Table 1, this effect can be better observed when evaluating the final torque of the 
mixture and the final specific energy. 
 

 
 

Figure 3 - A: Torque (Nm) over mixing time and B: Specific energy (J/g) over mixing time. 
 
Table 1 - Final torque and specific energy of the mixtures. 

Experiment Final Torque (Nm) Final Specific energy (J/g) 
PBAT 9.9 1452 

PBAT5BS 8.4 1217 
PBAT10BS 7.1 1193 
PBAT15BS 5.3 1054 

 
Rheological analysis 
Fig. 4 shows the variation of the complex viscosity of the material as a function of deformation. The 
viscosities of PBAT and composites were very similar, but as BS was added, the complex viscosity 

A B 
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of the composite decreased, that is, the fluidity of the material increased, corroborating the 
processing results.

Figure 4 - Complex viscosity versus deformation.

The variation of G' and G" with increasing angular frequency are shown in Fig 5A and Fig 5B, 
respectively. The values of G' were very close, which means that the addition of BS had little 
influence on the elasticity of the material, as evidenced by the result of tensile strength. Very close 
G” values were also observed, following the material viscosity results. These results indicate few 
changes in the viscoelastic behavior of the material as filler is added, therefore, few changes would 
be necessary to manufacture a PBAT product with BS compared to pure PBAT.

Figure 5 - Variation of the storage modulus (G') (A) end Loss modulus variation (G”) versus angular 
frequency (B).

Mechanical Results
In Fig 6A and Fig 6B the elongation and the tensile strength at break of the material are shown.

Figure 6 - A: Elongation at break (%); B: Stress at break of PBAT and composites with Bacuri Seeds.

Analyzing the results from elongation at break, for the BS composites, a linearity of the results 
within the experimental error was observed, corroborating the results of G”. This result is an 
indication that when the most important property analyzed is elongation, more BS residues can be 
added as a way to make the final product cheaper. Regarding the tensile strength at break, it was 
evident the decrease of this property as BS was added.

A B

BA
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Fracture Morphology 
The fractured surface of pure PBAT is observed in Fig 7A and Fig 7B, and it is possible to notice 
the appearance of some “scales” consistent with the elasticity of the material. Fig 7(C-H) are 
presented the morphologies of the composites of PBAT with BS, in these micrographs it is possible 
to verify the presence of holes resulting from the detachment of BS from the polymeric matrix 
(PBAT). The chemical difference between polymers and natural fillers in composites could cause 
low compatibility between both materials generating voids or gaps at the interface, which lead to 
reduction in some mechanical properties, especially tensile strength. 
 

  

  

    

 
 
Figure 7 - SEM of the fractured material in liquid nitrogen, being: A: PBAT (50x); B: PBAT (500x); C: 
PBAT5BS (50x); D: PBAT5BS (500x); E: PBAT10BS (50x); F: PBAT10BS (500x); G: PBAT15BS (50x); 
H: PBAT15BS (500x). 
 
Conclusions  
Bacuri Seed is low-cost filler and PBAT/BS composites are biodegradable, environmental friendly, 
and cost effective. For the analyzed BS contents, the filler proved to be able to be used as a 
processing auxiliary or as filler, but not as reinforcement, as it did not effectively improve the 
mechanical results. Products based on these compounds have great potential since their mechanical 
Properties are still suitable for several applications. 
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EFFECT OF INCORPORATING RECYCLED FLEXOGRAPHIC 
PHOTOPOLYMER PLATE PARTICLES INTO AN EPOXY MATRIX
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Abstract – A thermosetting epoxy polymer composed of diglycidyl ether of bisphenol A and triethylenetetramine was 
modified by incorporating flexographic photopolymer plate residues. The residues were processed in two ways: a) by 
grinding and performing particle size classification (PP) and b) by polyester layer separation and grinding the 
elastomeric fraction by cryogenic grinding (ER). Both residual particles were incorporated into the epoxy at 
concentrations of 2.5, 5 and 7.5 wt%. The main results indicate that PP was not efficient as a modifier of the epoxy 
system, was observed a reduction in mechanical properties (maximum tensile strength and deformation) in the samples
with PP. When the ER is incorporated, an increase in tensile property, deformation capacity and impact resistance was 
observed in samples. Scanning electron microscopy analysis showed a greater presence of voids in formulations 
produced with PP, which corroborates the decrease in the tensile strength of these samples.

Keywords: Epoxy, residues, elastomer residue, mechanical properties.

Introduction
The use of residues as reinforcement or fillers in polymeric compositions is a practice that 

has gained great prominence in recent years and continues to grow, since it contributes to the 
valorization and reuse of discarded materials. In addition, these materials also promote specific 
changes in the polymeric material, such as increasing stiffness, improving toughness or even 
reducing product costs. The recycling and valorization of residues produced in processes reduces 
costs and provides new opportunities for limiting the use of natural resources; as a direct 
consequence, there is a reduction in environmental impact and production costs [1].

One of the fastest growing sectors in recent years is polymer packaging. Among all 
polymeric materials, flexible films are becoming increasingly popular, mainly due to their 
versatility, light weight, strength and printability, among other properties [2,3]. However, as a result 
of this activity, one of the main residues generated from the production of flexible packaging is 
photopolymer plates used in the flexography step of polymeric film production. Photopolymer plate 
residues are essentially formed by two distinct materials: (I) a base polyester, which has the goals of 
supporting the photopolymer plate and guaranteeing its dimensional stability, and (II) a 
photopolymer elastomer. Photopolymers are light-sensitive materials (photosensitive) responsible 
for the formation of graphics and counter graphics. During exposure to UV radiation, photopolymer 
monomers polymerize (crosslinking the plate material), leaving these areas resistant to chemical 
action during the development process. No exposure areas are removed during this process [4]. 
These materials have a relatively short lifespan, and after that, they are usually sent to landfills. 

Despite the large industrial consumption of these materials in the plastic packaging sector, 
there are few solutions or applications for their reuse or even relevant publications about the 
recycling or reuse of these plates used in flexographic printing. However, it is known that the use of 
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recycled elastomers, when incorporated into other resins in small amounts, can modify the 
properties of the polymer matrix, such as toughness and impact resistance.  

For thermoset materials, one of the polymers that has been investigated with combinations 
of elastomer residues is epoxy. Epoxy-based resins are thermosetting polymers that are relatively 
easy to process and relatively inexpensive. This material is often used as a matrix in high-
performance composites. However, although most epoxy-based resins have high stiffness and 
specific strength, they are fragile due to their highly crosslinked network structure [5,6]. Thus, an 
undesirable property of epoxy is its low resistance to crack propagation, which makes it a fragile 
material. Several methods have been proposed to increase the strength of epoxy resins, one of the 
most successful methods is the use of composite materials based on “epoxy-rubber” due to their low 
cost and easy fabrication, and their use is increasing due to their performance and wide range of 
functional properties [5,7,8]. Among the different epoxy modifiers, rubber particles have good 
performance as a hard and tough modifier of polymer matrices [9-11]. Epoxy resins can be 
modified by incorporating a particulate elastomer, which will lead to the formation of a second 
phase in the material, altering the material’s morphology. The incorporation of an elastomeric phase 
in a thermoset matrix is a common means of increasing fracture toughness, as reported by Almeida 
et al. (1998) [12], and according to Kaynak et al. (2003) [13], the main advantage of this method is 
the control of particle size and volume fraction. According to Tang et al. (2012) [14], the major 
toughening mechanisms involving rubber particles are debonding/cavitation, localized shear 
banding of matrix, as well as rubber particle bridging. However, with the improvement in fracture 
toughness and/or tensile strength, other desirable properties of rubber-epoxy resins, such as the 
elastic modulus and failure strength may decrease significantly [14-16].  

Thus, this study aims to evaluate the influence of the use of the residue of photopolymer 
plates discarded from the plastic packaging industry as a modifying agent of mechanical properties 
in an epoxy system composed of diglycidyl ether of bisphenol A and triethylenetetramine 
(DGEBA/TETA). 
 
Experimental  
Materials 

The residue of useless photopolymer plates originating from the flexography process of 
polymeric packaging was kindly provided by Canguru Plásticos Ltd. located in Criciúma/SC, 
Brazil. Bisphenol A diglycidyl ether epoxy resin (DGEBA), with the trade name Araldite F, and 
cold curing agent triethylenetetramine (TETA), with the trade name Aradur 951, were purchased 
from Maxepoxi Industrial e Comercial Ltd. The toluene used to separate the components of the 
photopolymer plates was obtained from Dinâmica Química Contemporânea Ltd. 

 
Methods 

In this study, the photopolymer flexographic plates were recycled and evaluated in the form 
of two residues used as epoxy resin modifiers: (I) residues in their natural form, by which only 
mechanical processes of grinding and granulometric classification were applied, called 
photopolymer plates (PPs), and (II) residues after phase separation (constituents), preferably 
achieved using the elastomeric fraction of the material, called elastomer residues (ERs). In 
condition II, first, the components of the useless photopolymer plate were separated, in which a 
Soxhlet extractor was used by adopting the methodology described by Cordeiro et al. (2010) [4]. 
Subsequently, the PPs and ERs were processed by mechanical grinding using a Mecanofar MF160 
knife mill with a Ø 10 mm sieve. After this step, the natural plates were micronized by a mechanical 
process using a knife mill and particle size classification, while the ER was again micronized by a 
cryogenic process using a Netzsch Attritor highenergy mill operated at 1400 rpm for a grinding 
time of 3 h in a cryogenic atmosphere with liquid nitrogen. In the end, particles with particle sizes 
smaller than 24 mesh (0.5 mm) were obtained in both processes. 
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In the preparing of the sample PP or ER/epoxy, was used a stoichiometric ratio between the 
epoxy resin (DGEBA) and the curing agent TETA of 0.67; the resulting sample was denoted 13 
PHR (13 grams per 100 parts of resin). Both residues (PP and ER) were added at percentages of 0 
(no modifier), 2.5, 5 and 7.5 wt% to the epoxy/DGEBA system. First, the resin was weighed and 
manually mixed with the curing agent (TETA), PPs and ERs in a beaker (50 mL) for approximately 
1 minute in the proportions described with the aid of a glass rod. The mixtures were placed under 
vacuum for 15 minutes to remove the bubbles and then poured into a stainless-steel cast previously 
coated with aluminum film and release agent to facilitate extraction. The specimens were cured at 
room temperature and characterized after 10 days of production.  

Morphological analysis of the ER, PP residue and epoxy was performed by scanning 
electron microscopy (SEM) using a JEOL JSM-6390 instrument. Due to the need to obtain a 
conductive surface, the samples were covered with a thin film of gold applied by sputtering a 
Denton Desck IV vacuum metallizer. The mechanical properties of epoxy with and without 
modifiers were determined by measuring tensile strength with Emic DL10000 equipment using a 10 
kN load cell and speed of 1 mm·min-1 according to the ASTM D638 standard. All tests were 
conducted at 25 ± 2°C. Five specimens were used to determine the tensile strength property of each 
sample. 
 
Results and Discussion 

Fig 1 shows the micrographs obtained by performing SEM on the PPs and ER after 
processing. The milling method interfered with the morphology of the particles. The plate milled by 
a mechanical process only (and particle size classification) resulted in more irregular particles with 
great variation in particle size and morphology. In the rubber particles ground by a high-energy 
cryogenic process, the size and morphology of this material were uniform. The mean size observed 
in the ER particles was 250 ± 53 μm. 

 

 
Figure 1 – SEM micrographs of the PPs (a and b) and ER (c and d) after processing. 

 
Table 1 shows the tensile strength and impact strength results obtained from the mechanical tests 
performed on the epoxy and epoxy modified with PPs and ER. It was observed that the PP particles 
did not bring significant variation in the impact strength of the epoxy. The ER particle increased the 
impact strength by up to 21.3% (Epoxy/ER5 sample) when compared to unfilled epoxy. Although 
and within experimental errors, 5 wt% of ER seems to be sufficient to bring a significant change in 
impact property compared to neat epoxy resin. The presence of the PP modifier, when compared to 
unfilled epoxy, tends to reduce the tensile strength of the epoxy and considerably reduce the 
deformation capacity of these samples with the 3 evaluated contents. The ER modifier, on the other 
hand, increases the tensile strength at contents of 2.5 and 5 wt% and does not significantly change 
the deformation of materials modified with ER compared to pure epoxy, except for the epoxy/ER 
2.5 sample, which showed a significant improvement in deformation capacity. This fact may be 
associated with the shape of the ER being more regular than that of the PP, as well as the removal 
of impurities from the photopolymer plate and the presence of voids in the epoxy matrix, as will be 
shown below. A similar ultimate tensile strength reduction behavior of epoxy with rubber particles 
was also reported by Manjunatha et al. (2010) [17]. 
 

991



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

Table 1 – Tensile properties of epoxy with and without PP and ER modifiers. 

 
Many authors attribute the decrease in the elastic modulus and increase in the deformation 

capacity of the epoxy system to the incorporation of rubber particles [5,10,17,18], a fact not 
observed in the samples with ER and PP particles, which suggests that these particles presented a 
reinforcing and non-toughening character. Interestingly, the sample reinforced with PP showed a 
decrease in tensile strength, but an increase in the elastic modulus, which is possibly associated with 
a decrease in the deformation capacity of the sample. Samples reinforced with ER particles showed 
an increase in tensile strength and an increase in modulus, when compared to pure epoxy, but lower 
when compared to samples reinforced with PP. This fact may be associated with the greater 
deformation capacity of these samples. PP particles probably cannot transmit the same 
characteristics observed using conventional rubbers, which suggests that PPs are more rigid than ER 
or conventional rubbers.  

To understand the failure mechanism associated with the inclusion of PP and ER particles, 
the failure surfaces of the specimens were examined using SEM. Fig 2 shows the SEM micrographs 
obtained for the fracture region of the samples after the tensile strength test. The absence of holes 
and voids in pure epoxy was observed, and all samples modified with PPs and ER showed voids. 
Comparatively, the epoxy samples with the PP residue seem to have more bubbles than the samples 
with ER. This may be because PPs contain residue of paints and solvents, which during processing 
can volatilize and generate these bubbles. When ER undergoes the phase separation, cryogenic 
grinding and drying process, this component is reduced by the extraction of the solvents used in the 
process. 

According to Irez et al. 2020 [5], in a study on epoxy modification using EPDM residues as 
the elastomeric phase, a reduction in the tensile strength was also observed with the addition of the 
elastomer. The authors credit this reduction to the low interfacial adhesion between the elastomer 
and the epoxy causing the formation of voids. Crosslinked elastomers provide few active sites on 
the surface of rubber particles, which makes it difficult to form chemical bonds with epoxy. 
Additionally, due to this low compatibility, voids can form in the epoxy matrix, which gives rise to 
low tension transfer from the matrix to the rubber particles, reducing the overall stiffness of the 
compounds. During solidification, different concentrations of rubber and epoxy can bring some 
inequalities in the balance of internal tensions, which leads to void formation at the existing 
interfaces. Furthermore, with the increase in the content of recycled rubber particles, the possibility 
of observing agglomerations increases. Therefore, these agglomerations could create weak parts 
(weak points) in the composite. Consequently, when the composites are subjected to loading, these 
voids and agglomerates mentioned above constitute the weak points of the composite where cracks 
can start/occur. This state results in premature failure. This mechanism may be associated with the 
low tensile strength response of samples reinforced with PP. Fig 3 shows SEM micrographs of the 
epoxy/ER5 sample, with emphasis on the particle-fiber interface region. The particles show 
moderate interaction with epoxy, with regions with good wettability and interaction (Fig 3a) and 
regions of voids (Fig 3b) caused both by the presence of agglomerates, by the volatilization of 
particle components such as moisture or residues of paints or by changing the viscosity of the resin. 
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Figure 2 – SEM micrograph of (a)pure epoxy, 
(b)EP/PP 2.5; (c)EP/PP 5; (d)EP/PP 7.5; 
(e)EP/ER 2.5; (f)EP/ER 5; and (g)EP/ER 7.5. 

 
 

Figure 3 – SEM micrograph showing the 
interface region in the epoxy/ER composite with 
(a) good interaction and (b) weak interaction in 
the interface region.  

 
Conclusions 

The DGEBA/TETA epoxy system was modified by two different residues from flexographic 
photopolymer plates in different mass fractions, and the impact of incorporating these two types of 
particles from photopolymer plate residues on the mechanical properties of epoxy was analyzed. 
The processing and separation of the polyester fraction contributes to the production of an epoxy 
system with superior mechanical properties (tensile and impact strength). The incorporation of PP 
particles was not effective in improving the deformation/elongation capacity of the epoxy when 
subjected to mechanical tensile action, which suggests that the incorporation of this material brings 
a reinforcing and non-toughening characteristic to the epoxy. However, after beneficiation and 
phase separation, the epoxy samples modified with ER particles showed an improvement in their 
maximum stress and deformation properties. By morphological analysis of the fracture region, 
voids were observed in all samples containing PPs and ER, a fact not observed in pure epoxy. The 
processing of the residue of photopolymer plates, with the separation of the polyester fraction, 
contributes to the production of more homogeneous particles, which makes this material more 
applicable for epoxy modification. 
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Abstract - A blend commonly used in the automotive and electronics industries is ABS/PC, a mixture of two 
engineering thermoplastics that combines polycarbonate's toughness and thermal resistance with the excellent 
processability of acrylonitrile-butadiene-styrene. The fire resistance of ABS/PC can be improved using flame retardants. 
However, these additives may alter mechanical and thermal properties. In this study, different ABS/PC blend 
formulations were produced with varying proportions of non-halogenated flame retardant, with and without impact 
modifier. The changes caused by the combination of additives were assessed regarding mechanical strength, 
processability, and flame retardancy. The flame retardant reduced mechanical and thermal properties such as 
elongation, impact resistance, and heat deflection temperature while increasing tensile modulus. When the impact 
modifier was added, tensile modulus and impact strength were partially recovered, with no significant interference with 
elongation, tensile strength, heat deflection temperature, and flammability.
Keywords: Polymer blend. Polycarbonate. ABS. Flame retardant.  

Introduction 
One of the strategies used to develop new materials is the creation of polymer blends. These blends 
allow for cost reduction without compromising desired properties, enable the control and 
adjustment of properties without creating entirely new polymers, facilitate the formation of high-
performance mixtures by combining synergistic polymers, and promote the reuse of industrial and 
post-consumer waste [1].
The Acrilonitrile-Butadiene-Styrene/Polycarbonate (ABS/PC) blend is a commercially important 
blend with enhanced properties and cost reduction. It offers increased impact strength and heat 
deflection temperature (HDT) compared to neat ABS and improved processability, low-temperature 
toughness, and cost efficiency compared to PC. This blend finds extensive use in automotive and 
electro electronic components [2].
In applications such as household appliances, lighting, and electrical components, it is crucial to 
enhance the fire resistance of polymers, which can be achieved by incorporating flame retardants 
that reduce the material's flammability. However, due to their persistence, bioaccumulation, and 
toxicity, conventional flame retardants containing halogenated components with bromine pose risks 
to human health and the environment. As a result, there is a growing need to explore non-
halogenated flame retardants to ensure their effectiveness and minimize their negative impact on 
engineering properties. This shift is driven by socio-environmental legislative measures like 
REACH (Registration, Evaluation, Authorisation, and Restriction of Chemicals) and RoHS 
(Restriction of Hazardous Substances), as well as the Stockholm Convention [3].
Therefore, this study aims to compare the effects of using a non-halogenated phosphorus-based 
flame retardant in an ABS/PC blend. Not only the fire resistance will be analyzed but also the 
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engineering properties of the compound, considering variations in proportions, additives, and 
processing conditions. 
 
Experimental  
Proprietary PC and ABS were used. The non-halogenated flame retardant (FR) used was a low 
melting point (101-107°C) polymeric phosphate ester, containing 10.7% phosphorus, with a density 
of 1.3 g/cm3. This FR is widely used in the industry and recommended for application in ABS/PC 
blends, in addition to offering processing advantages compared to other non-halogenated additives 
currently available for the same purpose. 
To recover the impact strength affected by the addition of FR, a random copolymer of ethylene and 
methyl acrylate was used, as impact modifier, containing between 27 and 31% methyl acrylate, with 
a melting point of 61 °C, and a density of 0.95 g/cm3. Modified anhydrous citric acid was used as 
stabilizer, with a melting point of 153 °C and density of 1.66 g/cm3.  
To delay the thermooxidative degradation of the compound in the presence of heat two antioxidants 
were used: (1) based on phosphite ester containing up to 0.2% 2,4-di-tert-butylphenyl and a melting 
point between 183 and 187 °C. (2) a thioether with a melting point between 50 and 55 °C. 
All the materials were donated by a company from the thermoplastic manufacturing sector in the 
state of São Paulo, Brazil. 
PC, ABS, and additives were tumble-mixed and melt-blended in a Thermo Scientific HAAKE 
PolyLab OS RheoDrive corotating twin-screw extruder (16 mm, L/D =25). Test specimens were 
injection molded in a Battenfeld HM 60/350 injection molding machine. Prior to extrusion and 
injection molding, PC and ABS were oven dried in a vacuum oven for 4 h at 120°C and 80 °C, 
respectively.  
Injection molding was carried out at a temperature profile between 185 °C and 200 °C, and a mold 
temperature of 60 °C. The injection molded specimens were subjected to the following tests: tensile 
at 50 mm/min according to ASTM D638, Izod notched impact according to ASTM D256, using a 
5.3J pendulum, three-point bending at 1,3 mm/min (span = 50 mm) according to ASTM D790, heat 
distortion temperature (1,82 MPa) according to ASTM D648. It should be mentioned that tensile 
strength and strain at break were obtained using a crosshead speed of 50 mm/min, distance between 
grips of 50 mm and an extensometer with 500% maximum strain. To determine tensile modulus a 
50 mm extensometer with a 10% strain capacity and a speed of 5 mm/min up to 2% strain were 
used. The modulus was then obtained from the slope of the straight line formed in the range 
between 0 and 0.3% strain. Except for HDT testing, in which 3 specimens were used, for all other 
tests 5 to 10 specimens were used.  
 
Results and Discussion  
The mechanical test results are depicted in Figure 1 and Table 1. To assess potential statistical 
differences in the means among different formulations, all results underwent analysis of variance 
(ANOVA). 
Figure 1 shows the variation in mechanical properties with varying contents of flame retardant and 
impact modifier. When FR is incorporated into the blend, the impact strength (Fig. 1a) decreases 
substantially (compare 30/70/0/0 with 30/70/12/0). When 3 phr of impact modifier is added, the 
impact strength is partially recovered (30/70/12/3). A significant drop in the strain at break can also 
be seen after the incorporation of FR. However, contrary to impact strength, the impact modifier 
does not result in partial recovery of the property. As shown in Fig 1b, incorporating the FR in the 
blend increases tensile modulus, indicating that FR is a relatively rigid filler. Rigid particulate fillers 
tend to reduce the ductility, toughness, and impact strength of ductile matrices, as is the case of PC 
and ABS, and this reduction is more significant when there is a lack of compatibility between the 
filler and the matrix [4]. 
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Regarding the reference sample, 30/70/0/3, formulations 30/70/10/3, 30/70/12/3, and 30/70/15/3 
showed a reduction in strain at break of 64%, 89% and 87%, respectively. 
In the study by Hou et al. [5], the strain at break values decreased when adding FRs compared to 
neat PC/ABS (up to 10% reduction with 14% TPP). They attributed this to decreased PC content 
when higher amounts of FRs were used. 
Furthermore, according to Pogorelcnik et al. [6], excessive amounts of FRs can also lead to poor 
dispersion in PC/ABS, causing adverse effects on tensile properties. 
 

 
(a) 

 
(b) 

 
(c) 

 
 

 

 
(d) 

 
Table 1- UL-94 flammability test results 

 

 
(e) 

 
 

Figure 1 - Variation in blend properties after incorporation of flame retardant and impact modifier. 
 
Previous studies have shown that the lack of compatibility between non-halogenated flame 
retardants and polymer matrices reduces specific mechanical properties, such as impact and tensile 
strength. However, when a compatibilizer is used, the mechanical properties can be partially or 
fully recovered [7]. 
According to Fig 1e, the HDT for different concentrations of FR also exhibits a trend of decreasing 
values with increasing FR content. Several studies report the adverse effects of incorporating FR on 
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mechanical properties, chemical resistance, and HDT. They also mention that certain FRs can 
interfere with the action of other additives, especially photo stabilizers [5,8]. 
Table 1 presents the flammability test results, classifying the 30/70/10/3 formulation as a failure in 
flame retardancy, according to the UL-94 standard, as this blend could not extinguish the flame 
applied to the test specimens. In this sample, no FR was added, and the ABS incorporated into the 
blend inhibits the intrinsic flame propagation characteristic of PC, contributing to the observed 
dripping and high flames. On the other hand, the other formulations that used FR exhibited fire 
resistance; however, they did not show significant changes among the different concentrations of 
FR used. 
 
Conclusions  
The findings obtained by incorporating a non-halogenated flame retardant demonstrate notable 
effects on various mechanical properties of ABS/PC compounds. Specifically, the results indicate 
an enhancement in fire resistance and tensile modulus, along with a substantial reduction in strain at 
break. However, a slight decrease in tensile strength, as well as a decline in impact strength and 
thermal deflection temperatures, were observed with increasing concentrations of the additive. It is 
worth noting that all tested concentrations of the flame retardant adhered to the V2 classification as 
per the UL94 standard, which establishes criteria for assessing the flammability levels of plastic 
materials. 
In conclusion, using flame retardants exhibits potential as a feasible solution in ABS/PC 
composites. Despite the positive effects on fire resistance and tensile elastic modulus, incorporating 
these additives entails some mechanical drawbacks. Nevertheless, these drawbacks can be partially 
mitigated by applying impact modifiers. 
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Abstract –Polymeric composites have gained attention in the aerospace sector and have been used in parts of aerospace 
vehicles such as aircraft. These vehicle types are continuously exposed to environmental conditions, which can cause 
irreversible damage in the long term. This study evaluated the long-term hygrothermal effects on carbon fiber/epoxy-
based composite through 21 months and the effect of drying the aged polymeric composite (APC) on recovering 
mechanical properties. APC dynamic mechanical results showed a reduction of the glass transition temperature (Tg) of 
the epoxy network by approximately 10 ºC from 5 months of aging due to the plasticizing moisture effect. The Tg of the 
dried APC increased by approximately 30 ºC, and the storage modulus enhanced by about 20 %, both attributed to the 
post-curing reaction. The APC interlaminar properties, measured by the interlaminar shear strength test, were reduced 
compared to the unexposed material. The initial interlaminar shear strength was not recovered even after APC drying. 
The results showed that the longer the exposure time, the worse the recovery of the properties due to the irreversible 
degradation of the composite. 
Keywords: polymeric composite, degradation, DMA, ILSS,  
 
Introduction 
Composite materials are composed of two or more components. The combination of the properties of 
each constituent results in the final material properties, providing numerous advantages and 
applications. Due to the technological advancement in polymeric composites, these materials have 
been widely used in the aerospace industry. Nevertheless, these materials are sensitive to long-term 
environmental exposure, such as the ones an aircraft is exposed to during its life cycle. The main 
environmental conditions that cause material aging are temperature and humidity, which can severely 
degrade the polymeric composite [11]. The presence of moisture can promote swelling and 
plasticizing effects of the polymer matrix, or degrade the fiber-matrix interface, reducing mechanical 
properties of the composite [7]. The environmental effects caused by hygrothermal aging can be 
reversible for a short exposure period. However, when exposure occurs in the long term, the effects 
may be irreversible due to the water molecules bonding with the polymeric networkand its penetration 
into the composite structure. Moreover, regulatory agencies require knowledge of composite behavior 
under environmental conditions for aerospace applications. 
The acceleration of the composite aging can be reached using a climatic chamber, in which the 
moisture and temperature conditions are controlled [1]. The accelerated aging test has the advantage 
of being faster than the natural exposure of the composite. This study investigates the performance 
of cured carbon fiber/epoxy composite after long-term hygrothermal aging. In addition, the recovery 
effect in mechanical performance after drying the aged composite was also evaluated.  
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Experimental 
The composite material, a unidirectional carbon fiber pre-impregnated with epoxy resin (DGEBA), 
was manufactured by Toray Industries, INC. The material was cured in an autoclave at (177±5)°C, at 
a heating rate of (1.7±1.1)°C.min-1,under the pressure of (85+15) psi. The curing temperature was 
maintained for 180minutes. Before releasing pressure, the vessel was cooled to 60 °C using a cooling 
rate of (2.78±1.1) °C.min-1. 
All samples were dried according to ASTM D5229 (procedure D) at a temperature of (60°C±5)°C 
until they reached the effective moisture equilibrium. This parameter is used for both samples after 
hygrothermal conditioning or oven drying. The effective moisture is reached when the mass of the 
material changes by less than 0.020% after the employed procedure. 
For the aging process the specimens were submitted to additional conditioning periods of 10, 16, and 
21 months. After each aging period, the specimens were dried at (60°C±5)°C in an oven until they 
reached the equilibrium at dry conditioning. Reference specimens were not exposed to hygrothermal 
aging. The average absorbed moisture content was defined as the ratio between the mass of the 
conditioned specimen and the mass of the oven-dried specimen. The specimen weightings were 
performed weekly, according to Procedures A [1].  
Interlaminar shear strength tests, ILSS, were performed using testing equipment MTS Criterion Series 
40, in flexion mode at a 3-point clamp, applying a transverse load speedof1.27mm/min until failure 
according to ASTM D2344. 
The viscoelastic properties of the specimens were obtained using the equipment DMA 8000, 
PerkinElmer, with dual-cantilever clamp, and a heating rate of 3°C.min-1 from -100°C to 300°C, 
frequency of 1HZ, the amplitude of 20 m, according to the standard ASTM D7028. 
 
Results and Discussion 
The laminates were analyzed when exposed to the effective moisture (85±5)% and temperature 
(70±5)ºC. Fig 1 shows the variation of absorbed moisture by carbon fiber/epoxy composite specimens 
with two different thicknesses during long-term exposure to a hygrothermal environment. It is 
possible to notice how quickly the mass of the composite increases when conditioned for 140 (121/2) 
days. After this period, there was a slight progressive increase in absorbed moisture until 
approximately 320 (181/2) days. After that, the moisture absorption remained almost constant until 
780 (281/2) days. The specimens with different thicknesses showed similar absorbed moisture curves.  
It is worth noting that the moisture absorption increased even after achieving the moisture equilibrium 
defined by ASTM D5229, which is reached by a material when there is no additional change in its 
average moisture content over a specified time period. The time period used in this work was XX 
weeks. The diffusion process governs the moisture penetration into the composite, which involves 
the absorption of water molecules by the polymeric matrix and their transporting through the 
composite pre-existing microvoids. Several diffusion models describe the moisture transport into 
polymers, and the most well-known is the Fick model [2]. The Fick model behavior for a moisture 
absorption curve is represented by a growing trend followed by a saturation plateau [2]. However, in 
the present study as shown in Fig 1, a two-stage diffusion model (non-Fickian) can better explain the 
moisture absorption behavior by the studied polymeric composite. Berens and Hopfenberg [4] studied 
and described the first moisture absorption stage as diffusion-controlled and the second, dependent 
on molecular relaxation and degradation of the polyvinyl chloride material. The second stage of 
moistures absorption can occur through different mechanisms such as by the interaction of part of the 
absorbed moisture with the polar groups of the epoxy phase, interrupting a possible additional cross-
linking of the polymeric network. It is worth mentioning that most of the composite prepregs reach 
around 93% of curing degree, meaning that some polymer chains are kept unreacted and available for 
the additional curing reaction [12]. Other mechanisms that can occur in the second stage are the 
induction of damages in the fiber/matrix interface, such as debonding and cracking [5]; and the 
polymer relaxation, which occurs when the penetrant molecule enters the polymer chain and 
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generates an osmotic stress large enough to lead to molecular relaxation [4,2].DMA and ILSS tests 
were performed to understand better the effect of aging on the composite and are presented as follows. 

 
Figure 1-Variation of absorbed moisture by the carbon fiber/epoxy composite under the hygrothermal aging. 
Specimens of composite with different thickness:(- -)3.06 mm and(- -) 1.91mm.  

Literature [5,6] reports that the effects caused by moisture are reversible, and some properties can be 
recovered, suggesting that the drying process effectively removes the water absorbed by the 
polymeric composite. Moisture absorption can cause the plasticization of the epoxy network. Other 
effects, such as hydrolysis, saponification, and leaching, can occur after increasing hygrothermal 
aging time, increasing molecular mobility, and reducing the Tg values [7]. 
The results in this study showed that removing the most absorbed water from composites was possible 
after the short-term exposure (5 months) and non-exposed specimens by drying them at 60°C until 
reach equilibrium (approximately 4 months). On the other hand, for the composite under long-term 
hygrothermal exposure (10,16 and 21 months) it is possible to observe most water molecules 
remaining in the composite molecular structure.  
Dynamic mechanical (DMA) analysis was used to evaluate the aging effects on the viscoelastic 
properties of the composite after hygrothermal aging (APC) and after drying. The behavior of the Tg 
of the composite was monitored. In Fig 2-a, the variation of the Tg values, obtained by the maximum 
peak of the tanδ curves of APC and dried APC, are shown as a function of the aging time. The Tg of 
the APC decreased by about 10 ºC, from 195 ºC down to 185 ºC, after being conditioned for 5 months, 
and this value remained practically constant throughout the 21 months of aging. This behavior 
indicates a possible post-curing reaction of the epoxy network occurring during long-term aging, 
which should mask the effect caused by plasticization. Drying the aged composites caused an increase 
in Tg values by approximately 30 ºC compared to the non-exposed composite. This result can be 
attributed to post-curing effects [6], which according to Adamson [6] can occur during aging, even 
keeping the aging temperature as low as 70 ºC. The Tg behavior of the APC and dried APC showed 
that even though moisture removal is possible by drying the specimens at 60ºC, the irreversible post-
curing reaction occurred during the aging and the drying process, causing a changing of the polymeric 
phase molecular structure, which affect the polymeric composite performance.  
The variation of the storage modulus (E’) at 100ºC is shown in Fig 2-b. The E' value slightly reduces 
for carbon fiber/epoxy composite after 5 months of conditioning. The E' increases from 10 months of 
aging and stabilizes until 21 months, and it was similar to the E' value observed for unexposed 
composite. The reduction in E' at 5 months of conditioning is probably due to the plasticizing effect 
of the polymer matrix, while its increase with aging time should be associated with the post-curing 
effect. Aged composite drying caused an increase in E' values. Above 16 months of aging, the dried 
APC showed E’ values approximately 20% superior to the unexposed reference composite. The DMA 
results show that the E' and Tg of the fiber carbon/epoxy composite are predominantly affected by 
post-curing reactions during the aging and drying process.  
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Figure 2:Variation of DMA parameters obtained for the carbon fiber/epoxy composite submitted to the 
hygrothermal aging, and after the drying the aged composite. (a) Glass transition temperature (Tg) and (b) 
Storage modulus (E’) at 100ºC.  

The interlaminar shear strength (ILSS) results are shown in Fig 3. As expected, all epoxy-carbon 
composites aged before drying presented a reduction in interlaminar shear strength properties 
compared to the non-exposed sample. This response is due to the presence of water molecules in the 
laminate, which results in the collapse of Van der Waals interactions, weakening the adhesion 
between carbon fiber and epoxy network interface [9]. In addition, the moisture diffusion mechanism 
contributed to the reduction of mechanical properties due to the loss of interfacial adhesion, inducing 
microcracks. 

 
Figure 3:Interlaminar shear strength of carbon fiber/epoxy composite submitted to the hygrothemal aging. 
 
This behavior was also found in the literature [9] for a composite of carbon fibers and epoxy resin 
conditioned at 60°C and 100% relative humidity. However, different from the literature, in the present 
study the carbon fiber/epoxy composites gradually increased the interlaminar shear strength after the 
hygrothermal exposure period. A similar result was found in the literature [10], observing a slight 
improvement in mechanical properties caused by aging, which was attributed to post-curing reactions 
of the polymeric matrix. The interlaminar shear strength was also evaluated after drying the aged 
specimens, which presented a partial recovery of this property compared to the unexposed composite. 
According to the literature [4], the water absorbed by the laminates usually results in reversible 
plasticization of the matrix, reducing the Tg. However, the association of humidity and temperature 
can cause significant changes in the composite stiffness due to degradations during aging, as seen in 
this study. 
 
Conclusions 
The study aimed to evaluate how long-term hygrothermal aging affects epoxy-based composite and 
the effectiveness of drying to recover its mechanical properties. The non-Fickian model better 
explained the water absorption of the polymeric composite and its diffusion behavior, which occurred 
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in two stages, the initial stage controlled by Fick’s diffusion. The second stage of water absorption 
seemed to be controlled by interfacial debonding and possible relaxation of the polymeric phase that 
allowed slight increases in water absorption. The hygrothermal exposure led mainly to irreversible 
degradation of the composite, causing a decrease in its Tg associated with the plasticizing effect. 
Additionally, drying the aged composite caused an increase in Tg, which was attributed to post-curing 
reactions. ILSS test showed that the interlaminar properties decreased compared to the unexposed 
material, and even after composite drying, it can not recover the initial interlaminar shear strength. In 
addition, it was evident that the longer the exposure time, the worse the recovery of the properties of 
the polymeric composite, which can be attributed to irreversible material degradation. 
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Abstract  
The objective of this work was to manufacture films based on ethylene-vinyl acetate copolymer (EVA) with 28 wt % of 
vinyl acetate and thermoplastic starch (TPS)plasticized with 30 wt% glycerol. The blends (70, 60, and 50 wt% of EVA) 
were characterized according to microstructure and barrier properties. The combination of TPS-EVA resulted in films 
with homogeneous surfaces. The introduction of EVA into the starch matrix led to the formation of films with lower water 
vapor permeability (WVP), resulting in greater stability for relative humidity and lower WVP.  
 
Keywords: microstructure, starch, ethylene-vinyl acetate, water vapor permeability 
 
Introduction  
Starch in its native form is widely used as a filler, but its melt-processing by conventional methods, 
in the presence of plasticizers such as glycerol, leads to a thermoplastic matrix (thermoplastic starch, 
TPS) useful for many applications such as in packaging, food packaging and biomedical applications 
[1,2]. The plasticized starch can be industrially processed with traditional melt-processing methods 
such as extrusion, injection molding, and film blowing. The overexploitation of natural resources and 
accelerated climate change has led industries to incorporate more environmentally friendly materials 
and technologies into their processes. Despite the aforementioned advantages, the mass application 
of TPS is limited by its poor mechanical properties and high moisture adsorption, coupled with the 
structural instability resulting from changes in these properties as a function of time and the relative 
humidity to which they are exposed.  
An interesting approach to improve the properties and the stability during the application of 
thermoplastic starch is by blending with other hydrophobic polymers such as polyethylene (PE), 
polycaprolactone (PCL) and ethylene-vinyl acetate (EVA) [3,4,5]. Copolymers of ethylene-vinyl 
acetate (EVA) are a class of widely used polymers, with a wide range of industrial applications such 
as flexible packaging, membranes, cable and wire, hose and tube, photovoltaic encapsulants, footwear 
and biomedical applications. Da Róz et al. [7] reported the processing of compatible EVA/TPS 
blends. The study showed the addition of 2.5 wt % of hydrolyzed EVA improves the mechanical, 
thermal and water absorption characteristics of TPS. Sessini et al. [5] observed that blending 
biodegradable polymers such as TPS with non-biodegradable polymers like EVA leads to the increase 
of compostable polymer percentage in partially-degradable materials, giving possible solution for the 
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end-life of these materials after their use, also observed that EVA/TPS (19 wt% vinyl acetate (VA) 
and native pea starch) and their nanocomposite blends are immiscible in the spherical TPS 
microdomains with an inhomogeneous size distribution are dispersed in the EVA matrix. 
Furthermore, phase detachment was observed indicating poor adhesion between the EVA and TPS 
phases. However, in the case of nanocomposites, a more homogeneous size distribution of the 
spherical microdomains of the TPS was observed compared to the pure blends, as well as a strong 
decrease in phase disconnection, indicating better compatibility between the different polymeric 
phases probably due to the addition of nanoclays. Thus, the objective of this study was to prepare 
blends of TPS and EVA, using corn starch and EVA with 28% acetate, where there was a variation 
in the incorporated EVA content (70, 60 and 50% by weight). In order to obtain a better understanding 
of the microstructure and barrier properties, the mixtures were characterized by scanning electron 
microscopy (SEM) and water vapor permeability (WVP). 
 
 
Experimental  
The blends were produced with native cornstarch (Cargill, USA), ethylene-vinyl acetate copolymer 
with 28 wt % of vinyl acetate (Brasken Brazil) and glycerol (Dinâmica, Brazil). Blends of 30, 40, and 
50 wt% TPS (70:30 w/w starch/ glycerol) were manually mixed with 70, 60, and 50 wt% EVA and 
extruded to produce pellets. The extrusion was carried out in a pilot single-screw extruder (SEIBT 
extruder, model ES-35-FR BGM, EL-25 model, Brazil). After this time, the pellets were extruded 
to produce films in a two-rolls calender mixer MH-300 (MH Equipamentos, Brazil).  
 
Microstructure Properties 
The samples were fractured in liquid nitrogen and analyzed using a Scanning Electron Microscope 
(SEM TM3000, Hitachi), operating at an accelerating voltage of 5 kW.The samples were  deposited 
on a 70 mm diameter and 50 mm high support, prepared with a carbon tape. The images were 
collected at 300 x magnification. 
 
Water Vapor Permeability (WVP) 
The trays water vapor permeability (WVP) was determined gravimetrically according to the ASTM 
E-96-00 [8] under a relative humidity gradient of 33-64 %. The tests were conducted in duplicate. 
 
Results and Discussion 
The WVP of the blends ranged from 1.7×10-6 to 2.8×10-6 g.(m.Pa.day)-1 (Tab.1), are similar when 
compared to the neat EVA (2.3 × 10-6 g/m.Pa.day). The addition of starch in the EVA blends did not 
change the permeability of the films, indicating good interaction between the two matrices. 
The permeability results are in accordance with films produced with Ecoflex® F Blend C1200 [9]. 
For this reason, the studied blends could be used in future applications such as packaging. 
Furthermore, the WVP of the biodegradable polymer poly (butylene adipate-co-terephthalate) 
(PBAT) is around 3.3x 10-6 g/m.Pa.day under a 0-85 RH gradient and PBAT/TPS blends (50:50 w/w) 
are around 3.0x10-6 g/m.Pa.day [10]. Olivato et al. [11] evaluated the WVP in films of TPS/PBAT 
(50:50) using 0-75% as RH gradient and reported values of 5.4 × 10–6 g /m.Pa.day. 
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Table 1. Water Vapor Permeability (WVP) of the films. 
 

Sample Water Vapor Permeability (VWP) 
g.(m.Pa.day)-1 

 
Neat EVA  2.354E-06 

30 TPS 2.492E-06 
40 TPS 1.715E-06 
50 TPS 2.841E-06 

 
The surface scanning electron microscopy (SEM) results of the films are shown in Fig 1. The structure 
was compact, smooth, and shows the presence of small starch granules in images with 50% TPS (a) 
and 40% TPS (b). when mixing two polymers through the extrusion process, one must ensure that 
there is a good distribution associated with a good dispersion of the dispersed phase over the matrix, 
as observed in Figure 1. If poor dispersion occurs, it may result in polymeric agglomerates, possibly 
due to entanglement of the polymeric chains that can cause an impediment to the transmission of 
stresses, in Figure 1o, are starch granules (TPS) dispersed in the EVA matrix and with uniform sizes 
indicating a good dispersion and distribution.  
 
 

 
 
 
Figure 1.  SEM micrographs of surfaces samples: (a) 50 TPS, (b) 40 TPS, and (c) EVA pure 
 
Conclusions  
In this work, a good interaction of blends of EVA with 28% acetate and corn starch (EVA/TPS,) was 
observed, in which both polymeric phases showed partial miscibility (compatibility) with the 
homogeneous distribution of TPS in the polymeric matrix. The mixture of biodegradable and 
renewable polymers, such as TPS, with non-biodegradable polymers, such as EVA, is an alternative 
to increase the percentage of compostable polymers in partially degradable materials. 
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Abstract 

The production of alternative materials from renewable sources and more environmentally friendly is a goal that many 
researchers have been pursuing around the world. The formation of polymeric composites with plant fibers is a 
promising path, due to the intrinsic properties that plant fibers have. In addition to considerable mechanical properties, 
natural production in harmony with the environment and biodegradability are important factors for the continuity of life. 
This work seeks to understand, even partially, the mechanism of interaction that occurs between the coconut vegetable 
fiber and the polymeric polyester matrix. Morphology is one of the most important aspects for the fiber-polymer 
interaction and this work modified the fiber surface with the application of an inverted sucrose layer. The composites 
were evaluated using a three-point bending test and demonstrated that fibers treated with inverted sucrose were bether
in mechanical strength.
Keywords: Fiber, Composite, Polymer.

Introduction

Society is facing several challenges, facing the population growth of our era. The increase in 
consumption due to the increase in population requires a solution to the demand and production of 
goods from the productive sector. Until now, our society has been based and sustained itself on 
finite energy sources, such as oil. In the case of materials, many types used by industry also come 
from non-renewable sources, such as metals for example [1-3]. However, this extractive system is 
causing concerns about the future discontinuity of supply. On the other hand, the plant kingdom 
offers renewable resources and correct and environmentally friendly production. Vegetable fibers 
are an example of this, where they constitute a natural polymer with high abundance and relatively 
low cost. These materials are biodegradable and do not harm the carbon cycle, being naturally 
incorporated by decomposition and reused in the construction of new cellulosic chains. Due to this, 
many researchers have been interested in making composites with plant fibers. The addition of 
fibers to synthetic and natural polymers forces the displacement of the polymeric matrix by the 
presence of fibers, thus decreasing proportionally their amount. In the same way, the fibers can add 
greater properties to the new material, increasing its application capacity. Composite materials are 
materials that can express the properties of the constituent materials, thus seeking to explore the 
potential of each material that is present. This would be a huge gain for engineering, as the sum of 
the properties would increase the composites' capacity in relation to their properties [4-7]. And in 
fact this can happen if there is a perfect union between the constituents of the composite. The strong 
union between the two materials will link the properties of both and form a new material with the 
sum of the two properties. But, in the real case of forming polymeric composites with vegetable 
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fibers, this union depends on many factors. The first and perhaps not the main one is the polar 
nature of fibers and polymers. In sum, there is the fiber morphology, aspect ratio, physical surface, 
chemical composition that needs to adjust and be compatible with the polymeric network. For this 
reason, many studies have explored the surface modification of plant fibers, using numerous 
artifices and possible reactions [8-10]. 
The alteration of the coconut fiber surface was evaluated in this work. Coir fiber coating with an 
inverted sucrose solution was studied. The aim is to reduce the morphological characteristic that 
appears in an accidental and irregular way in the coconut fiber. Inverted sucrose is a material from a 
renewable source, biodegradable and which has affinity with cellulosic chains. This process 
presents low aggressiveness to the environment and low cost of use and application. Preliminary 
results showed a gain in relation to the same composite built with untreated natural fibers. 
 
Experimental 
 
Coir fibers were visually selected and cut into regular lengths of 20 mm. The so-called natural 
fibers were not treated and the so-called coated fibers were treated as follows: The fibers were 
placed in an alkaline solution bath consisting of sodium bicarbonate at a concentration of 8% w/w. 
The bath time was 60 minutes at rest and 30 minutes in ultrasound. A Unique model Ultra Clear 
1400 device was used. Afterwards, the fibers were removed from the solution and washed in water 
three times and, using a paper filter, placed in an oven for 120 minutes at 115 ± 5 ºC. Afterwards, 
the fibers were cooled to room temperature for 60 minutes and placed in an inverted sucrose 
solution at a concentration of 50 g of sucrose, 1 g of citric acid and 100 g of distilled water. The 
solution was heated to 100 °C for one minute and allowed to cool to room temperature. The fibers 
after processing in ultrasound were weighed using an analytical scale with two decimal places, 
Marte model M2K. The coated fibers were placed in an oven for 120 minutes at 115 ± 5 ºC before 
composite formation. The composites were made with unsaturated polyester and methyl ethyl 
ketone initiator in the proportion of 2% w/w. The composites were post-cured at 80°C for 60 
minutes. Flexion tests were performed according to ASTM D790 procedure B. 
 
Results and Discussion 
 
The morphology of vegetable fibers is peculiar to each species. Coconut fibers have a fatty layer 
covered by scales made of wax and pectin. This natural condition may favor the impact resistance 
of the fruit, but it does not favor the physical and chemical coupling and interaction with most 
polymeric matrices. The fatty layer prevents physical contact with the fibrous bundles, preventing 
any chemical interaction with the polymeric matrix. Fig 1 shows the image of the surface of the 
natural coconut fiber (A) and the fiber after treatment in alkaline sodium bicarbonate solution and 
ultrasound (B). 
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Figure 1 – Image of the surface of natural coconut fiber (A) and after treatment in alkaline solution (B) 
 
The alkaline solution treatment is able to remove a large part of the superficial fatty layer of the 
coconut fiber. Fig 2B, shows the surface of the coconut fiber after treatment with alkaline solution 
and demonstrates that the original scales of the fiber were changed to a more uniform and less 
bumpy layer. At the same time, the globular particles were removed from the natural fiber. Fig 2 
shows the globular particles on the surface of the coconut fiber (A) and the accommodation of the 
particles after removal (B). 

  
 
Figure 2 – Image of globular particles on the surface of coconut fiber (A) and housing without globular 
particles (B). 
  
 The globular particles present on the surface of the coconut fiber are globules with a shape 
tending to spheres, but with great irregularity and star-shaped points. This condition could favor the 
mechanical anchoring and the coupling of the polymeric matrix, promoting a physical interweaving 
between the fiber and the resin. On the other hand, the irregularity of the particles and the pointed 
star-shaped appearance can act as irregular points of interaction with the polymeric matrix. In this 
way, the relevance of the particles would be weak points of interaction and that can nucleate the 
population of cracks that will lead to the rupture of the composite body. The treatment applied to 
coconut fibers significantly reduced surface irregularities and minimized fiber morphology. This 
can be a positive point in the sense of equalizing the morphological conditions of the fiber. From 

  A   B 

  A   B 
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this condition, the fibers were immersed in an inverted sucrose solution and placed in an oven, in 
order to form a cover on the surface. The specimens were evaluated according to the three-point 
bending test. The results presented in Fig 3 demonstrate that the fibers treated with inverted sucrose 
presented superior results in relation to the natural fibers. The morphological conditions of the 
treated fibers were the main factor for the increase of the mechanical resistance of the composite. 
Smoothing the surface reduces the amount of imperfections and favors contact with the polymeric 
matrix. The flatter and more regular surface disfavors the accommodation of gases or moisture that 
could settle in the recesses or micro reliefs, thus allowing greater physical contact with the 
macromolecular chains. 

 
 

Figure 3 - Flexural strength in three points of composites with polyester and natural coconut fiber and 
coated with inverted sucrose. 
 
The tests of the bending test carried out with the composites, presented variable results when 
analyzed individually. The polyester resin has a high viscosity, which makes it difficult to 
homogenize the initiator, which is the precursor of the cross-linking reaction. As a result, dispersion 
requires agitation of the resin and at the same time has a tendency to incorporate gaseous particles 
from the atmosphere. The final result of the composite is the combination of process conditions and 
the interaction and properties of the fibers. For this reason, there was dispersion in the results of 
flexural strength of the samples. Table 1 presents the flexural strength results. 
 
Table 1 – Three-point flexural strength values of composites made with polyester and natural fibers and 
fibers covered with inverted sucrose. 
 

Specimens Natural (MPa) Coated (MPa) 
1 3,62 3,66 
2 2,5 3,52 
3 3,37 5,44 
4 3,32 3,5 
5 3,03 3,58 

Conclusions 
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The results showed that the treatment of coconut fiber with an alkaline solution of sodium 
bicarbonate was enough to modify the surface of the coconut fiber, reducing the amount of globular 
particles and promoting an increase in the number of cavities. Three-point bending tests recorded an 
increase in bending strength in all composites made with fiber covered with inverted sucrose 
compared to composites made with natural fiber. 
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Abstract
Annually, the Central Bank of Brazil issues millions of banknotes. In addition to issuing banknotes, the institution is 
responsible for maintaining the quality of the circulating medium by collecting and removing inadequate banknotes 
from circulation. The consequence of their short useful life and withdrawal of a large number of banknotes from 
circulation due to poor conservation is the generation of a large amount of waste. Consequently, the elimination of 
banknote waste without effective direction has led to a significant accumulation of this residue. According to the 
proposed law, the Central Bank is responsible for properly managing its waste. In these circumstances, studies and 
improvements are necessary to develop processes that are efficient in the recovery or reuse of banknote waste.
The banknotes are made from cotton fiber paper coated with a polymeric resin. A possible destination for this waste is 
its use as a filler or reinforcement for polymers. Furthermore, in view of the amount of polypropylene waste generated 
and its loss of mechanical and thermal properties when recycled, the banknotes can be used to maintain or improve the 
properties of recycled polymers. In view of this perspective, the present work aims to propose a reduction in the 
accumulation of waste banknotes and polypropylene in the environment, to develop and evaluate the properties of the 
use of notes as reinforcement in recycled polypropylene.Polymeric composites were developed by using recycled 
polypropylene (PPR) as the polymeric matrix and the banknote residues (BK) as filler. The composites PPR-BK were 
elaborated by homogenizing the matrix and filler, using a laboratory homogenizing machine, in concentrations of 10, 
20, and 30% in mass of the banknote residues. The assessment of the properties was carried out through the 
characterization by Infrared Spectroscopy (FTIR), Contact angle, Tensile Test, and Accelerated Weathering 
Test.According to the results, the incorporation of banknote residues as filler contents to recycled polypropylene 
provided an increase in the hydrophilicity of the composites compared to pure PPR, and the polymer exhibited better 
mechanical properties against weathering. The composites at a concentration of 10% w/w provided an increase in the 
Young’s modulus values and maximum resistance against traction when compared to those not exposed to weathering. 
Furthermore, the incorporation of filler contents at a concentration of 10% w/w provided an increase in the Young’s 
modulus in relation to the matrix exposed and non-exposed to weathering.

Keywords: Polypropylene, recycled, banknotes, filler, composites.

Introduction
The banknotes have a short useful life, with a period of use until they become unsuitable for 

circulation due to their dire conditions. In addition to issuing and monitoring, the issuing 
institutions are responsible for the activity of sanitation of the circulating medium, aiming to keep 
the money in circulation with good conditions of use, thus assuming responsibility for the waste 
generated. This activity, in general, is regulated by law, providing principles and guidelines related 
to solid waste management.[1] In Brazil, the banking network collects millions of banknotes each 
year, and those not in good circulation conditions are destroyed. Incineration is used to destroy 
banknotes, but this technique has become increasingly inadequate as it allows for releasing toxic 
waste into the environment. [2]
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Currently, banknotes are crushed and compacted, consequently, there is a large 
accumulation of waste without specific direction.[3] In this context, due to the growing concern with 
solid waste management and the enormous environmental impact they generate, studies and 
improvements of processes that are efficient in recovering or reusing waste banknotes are 
encouraged. Among the reported destinations, there is everything from composting to the use of 
banknote waste as fuel in cement kilns (co-processing), in the manufacture of ecological bricks, 
production of recycled paper, furniture items, among others. [4];[5]  

Considering that banknotes are made from cotton fiber paper coated with a polymeric resin, 
a possible destination for this waste is its use as filler or reinforcement for polymer. [6]  

The addition of fillers can be used to maintain or improve the properties of polymers being 
useful when it comes to the polymer recycling process.[2]; [7]; [8] The recycling has been used as an 
alternative to reduce the amount of plastic waste discarded in the environment, [9]; [10] although some 
properties of polymers are compromised when they are subjected to processing conditions, high 
temperatures and shear (mechanical recycling). The mechanical recycling is a generally more 
environmentally friendly method for reusing polymers. Furthermore, the recycled material offers 
savings in terms of market prices, when compared to virgin products, since it has a 40% lower cost 
than that of virgin resin. [11]  

Chibani et al. (2016) [12] developed polypropylene (PP) reinforced with up to 20% m/m of 
the cardboard waste. The results obtained showed that the increase in the fiber content increases the 
modulus of elasticity of the polymer. However, elongation at break and tensile strength decreased 
with this increase in fiber content. Leon et al. (2016) [13] evaluated polypropylene reinforced with 
residual bamboo particles through extrusion and compression molding. Residues were classified 
according to size and added in different proportions to the PP. It was found that the increase of 
bamboo particles in the composite material causes increases in moisture, density and water 
absorption properties. Filho et al. (2017) [10] conducted studies on the effect of thermal and 
mechanical properties on recycled and pure PP and cellulose fibers in proportions of up to 40 %wt. 
It was found that the recycled polypropylene (PPR) composites, with 30 %wt in fibers, and the 
virgin PP composites, with a percentage of 20% in fibers better mechanical strength. 

In view of this perspective, to reduce the accumulation of waste banknotes and 
polypropylene in the environment, the present work aims to develop materials using recycled 
polypropylene as a polymer matrix and waste banknotes as filler. The composites PPR-BK were 
characterized using Infrared Spectroscopy (FTIR), Contact angle, Tensile Test, and Accelerated 
Weathering Test. 
 
Experimental  

Recycled polypropylene (PPR) was supplied in granular form by RCA Plásticos Company. 
The banknotes (BK) were provided by the Central Bank of Brazil's Department of Circulation and 
had particle sizes ranging from 2.0-3.0 mm. The PPR and the BK residues were placed in the 
mixing chamber of a Homogenizer (Drais) model MH-100 from the brand MH Equipment. The 
banknote contents were used at 10%, 20%, and 30% wt of the mixture. After the polymer melted, 
homogenization was maintained for approximately 5 seconds. Then, the equipment was turned off, 
and the mixture obtained was removed. The same procedure was performed with the pure matrix 
(PPR). The materials obtained through homogenization were ground in a knife mill, Marconi model 
MA 580.The infrared spectroscopy was performed with the Shimadzu IRPrestige-21 
Spectrophotometer with an ATR accessory. Thirty scans were performed in the region between 
4000 and 400 cm-1 at room temperature.  

The measurements of the sample contact angle (θ) were carried out in triplicate on different 
regions of the samples. It used a wettability test apparatus at an ambient temperature of 24 °C. The 
samples were placed on the support, and then deionized water of standardized volume (10.00 μL) 
was dripped onto the sample's surface. The images were obtained by filming the test using the 
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AMCap program, and the contact angle (θ) was calculated using the ImageJ program. The contact 
angle (θ) was given by measuring at least twice three drops deposited on each film. Later, the 
arithmetic mean of the measurements and the standard deviation were calculated. 

The tensile tests were carried out in the Instron universal testing machine, model EMIC 23-
20, operated at room temperature ( 23°C). The materials were submitted to the test using clamps 
for tensile testing at a test speed of 50 mm.min-1. The results were obtained from an average of 6 
specimens tested for each composition of exposed materials and not exposed to weathering. 

 
Results and Discussion 

In the FTIR spectrum of the recycled polypropylene and PPR-banknotes (Fig. 1), it was 
possible to identify the typical bands of the polymer groups at 2950, 2866, and 2840 cm-1, which 
refer to the asymmetric stretching of methylene (νasym.C-H3), the symmetrical stretches (νsym.CH3) 
and (νsym.CH2), respectively. Two bands associated with the deformations of the methyl group (-
CH3) in the region of 1376 cm-1 (νsym.CH3) and 1453 cm-1 (νasym.CH3) can be observed. There are 
also low-intensity bands at 842 and 725 cm-1 corresponding to the angular deformations of the C-H 
bonds (δC-H), and at 1170 cm-1 for carbon-carbon stretching (νC-C) of the polymer chain. [12];[14];[15] 
;[16] The bands in the 500-400 cm-1 range can be attributed to the stretching of the iron-oxygen bond 
(νFe-O), corresponding to the pigments in recycled polypropylene. Black inorganic pigments 
applied to plastics are made up of iron oxides (Fe3O4, (FeCO)Fe2O4). [17] Furthermore, the 
contamination of recycled polypropylene by low-density polyethylene was identified in the FTIR 
spectrum of the PPR due to the appearance of the characteristic low-density PE bands. The main 
bands that characterize polyethylene appear in the range of 2918 and 2840 cm-1, and 1463 cm-1 
corresponding to the C-H stretching vibrations and the vibration deformation band of the CH2 
group, respectively. Bands associated with the amorphous/crystal form of PE are also noted at 720-
730 cm-1. [18];[19] The material analyzed (commercial recycled PP) may have another polymer in its 
composition in addition to polypropylene as recycled. 

The banknotes spectrum (Fig. 1) shows typical cellulose bands, associated with the 
cellulosic O-H stretching and asymmetric stretching C-H in the range of 3500 and 3200 cm-1 and at 
a wavenumber of 2900 cm-1, respectively. The band at 1312 cm-1 is associated with the C-O-H (δC-
O-H) bending vibrations, and at 1052 and 1000 cm-1, they correspond to the stretches of the C-O-C 
bonds.[16]; [20];[21];[22] It was also possible to detect the presence of bands attributed to the metal-
oxygen bonds, corresponding to the pigments present in the banknote, pearl effect pigments. 
Among the numerous pigments used, these have a metallic appearance resulting from different 
thicknesses and combinations of titanium and iron oxides on mica, providing the effect of 
iridescence.[23] The bands in the region between 600 and 420 cm-1 correspond mainly to the 
stretching of the metal-oxygen bonds (νTi-O, νFe-O) of the titanium (TiO2) and iron (Fe2O3) 
oxides present 

 

 
Figure 01- FTIR spectrum of the recycled polypropylene (PPR) and PPR-banknotes.  

(a)Banknotes; (b) PPR; (c) PPR-10BK; (d) PPR-20BK; (e) PPR-30BK. 
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Fig 2. shows the contact angle measured between the drops of water on the surface materials at 
the top and the average values of the contact angles. It was observed that all samples presented a 
mean contact angle characteristic of hydrophilic materials. In the case of recycled polypropylene, 
the high hydrophilicity, when compared to non-recycled PP, is justified due to pores on the surface 
of the polymeric films and the presence of metallic oxides, as shown in the FTIR spectra. For 
composites, the hydrophilicity is higher compared to pure PPR, which is justified by adding 
banknotes composed of cotton fibers. The hydroxyl groups (–OH) present in the chemical structure 
of the fibers promote hydrogen bonds between the cellulose of the cotton fiber and the water 
molecules. [24] The hydrophilicity did not vary significantly with the banknote content added.

  
Figure 02- Contact angle.

The tensile tests of the composites (PPR-BK) and recycled polypropylene (PPR) were 
conducted to evaluate the influence of fillers on the mechanical properties of the materials before 
and after exposure to weathering. The results of the tensile tests of the materials exposed to 
accelerated weathering (PPR) and those not exposed to weathering (PPRS) are presented in Fig.3.

Figure 03- Maximum tensile e Young's modulus.

According to the results obtained from the tensile tests, the incorporation of banknote waste 
as filler content in recycled polypropylene led to changes in its mechanical strength properties. The 
incorporation of filler content promoted an increase in its stability against degradation when 
exposed to weathering. The composites at a concentration of 10% w/w (PPR-10BK) showed an 
increase in Young's modulus values and maximum resistance against traction when compared to 
non-exposed materials (PPR-10BK).

The incorporation of composite filler increased Young's modulus in relation to the matrix, 
particularly for composites that were exposed to weathering. Furthermore, the incorporation of filler 
contents at a concentration of 10% w/w provided an increase in composite Young's modulus in 
relation to the matrix, for both exposed and non-exposed materials. This better result is due to the 
fact that higher filler contents can compromise its dispersion in the matrix, and consequently, the 
dispersed phase starts to act as a defect, which leads to early matrix rupture and a compromise of its 
mechanical properties.
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Conclusions 
It was concluded that the incorporation of waste money bills as filler into recycled 

polypropylene provided materials with better mechanical properties against weathering. The results 
showed that the incorporation of banknote waste at a concentration of 10% w/w improved the 
strength of the composites, producing materials with higher values of Young's modulus and tensile 
strength in relation to the pure matrix when exposed to weathering. Therefore, the banknote 
residues acted as reinforcement fillers for the recycled polypropylene when exposed to weathering. 
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Abstract - Due to the increasing demand for sustainable materials, the use of plant extracts and natural polymers has 
become attractive. In this study, sodium alginate membranes with the addition of red araçá extract were developed and 
evaluated for potential applications in topical dressing. The addition of the extract resulted in a significant reduction in 
water vapor permeability (WVP), indicating a more efficient mass diffusion barrier. Water solubility increased from 
50.18% (MC) to 41.43% (ME), demonstrating improved membrane stability. The mechanical properties for MC and 
ME showed a tensile strength of 8.468 and 6.676 MPa, respectively, and an elongation at break of 6.676 and 8.190%, 
respectively. It can be concluded that sodium alginate membranes with the addition of red araçá extract exhibit 
promising characteristics for use in wound dressings, offering mechanical strength, appropriate permeability, and 
physical stability. These results suggest that these membranes could be an interesting alternative to synthetic polymers 
for medical applications.
Keywords: Biopolymers, Bioactive, Phenolic Compounds, Topical Dressings

Introduction 

Due to the growing demand for sustainable and renewable materials, the use of plant 
extracts and natural polymers has become attractive. These options can be an alternative to 
synthetic products, obtained from finite sources and are polluting and harmful to the environment. 
Among the different types of biopolymers, sodium alginate stands out as a polysaccharide 
synthesized by brown algae, which possesses wound healing properties and non-toxicity, making it 
useful in biomedicine. It is even possible to add new characteristics and enhance its functions [1]. A 
sustainable way to improve this material is through the application of natural extracts obtained from 
plant matrices with bioactive properties, which can confer antioxidant action to the product.

In this regard, araçá, Psidium cattleyanum Sabine, a typical fruit from Rio Grande do Sul, 
emerges as a potential source of bioactive compounds and can be found in two morphotypes: 
yellow and red. Both contain phenolic compounds in their composition, with the red araçá standing 
out for its high content of anthocyanins in its epicarp, compounds responsible for its coloration. 
These compounds can be used to add bioactive properties to sodium alginate, making it even more 
useful in the field of biomedicine [2].

Therefore, the present study aims to produce sodium alginate membranes activated with red 
araçá extract and characterize them in terms of thickness, water vapor permeability (WVP), water 
solubility, and mechanical properties.
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Experimental  
 

Maceration was apllied for the extraction of bioactive compounds from the epicarp of red 
araçá, similar to the one used by Avila et al. [3] for extracting jabuticaba peel.  The samples were 
obtained in the city of Candiota, RS. For this purpose, the samples were previously sanitized with 
2% sodium hypochlorite, lyophilized at -50°C for 24 h, ground, and sieved through a 60 mesh sieve 
to standardize their particle size (dp < 0.272 mm). The extraction was performed by maceration 
using a ratio of 1 g of sample and 50 mL of 40% (v/v) ethanolic solvent in a Dubnoff bath at a 
temperature of 70°C for 2 h under constant agitation at 80% of the equipment's capacity. 

The sodium alginate membranes were prepared using an alginate with a viscosity between 
300-400 CPs at 20°C (Êxodo Científica). A 2% (w/v) solution of the biopolymer was prepared [4]. 
using a mechanical stirrer at 600 rpm. Then, 2 % (w/v) of glycerol were added to the mixture as a 
plasticizer. The solution was stirred until the plasticizer was completely dissolved, and then 
transferred to an ultrasonic bath for 30 min to remove any remaining air bubbles. Subsequently, the 
solution was distributed onto a Petri dish and dried in a forced convection oven at 40°C for 24 h. 
After removing the membranes from the oven, they underwent a crosslinking process by immersion 
in a 0.1% (w/v) CaCl2 solution and 1% (w/v) glycerol for 1 h, followed by another drying step at 
30°C for 12 h. To obtain the active membranes, with plant extract present in their formulation, the 
same procedure was followed, but with the addition of 1% (w/v) of previously lyophilized extract. 

Membranes were characterized Thickness of the membranes was measured using a digital 
micrometer (Insize, model IP65), with 10 random measurements. The water vapor permeability 
(WVP) test was conducted following the standards ASTM E96/96 by [5]. 30 g of anhydrous 
calcium chloride (CaCl2) were weighed and sealed with the membranes in Falcon tubes. The tubes 
were placed in desiccators, where the relative humidity was maintained at 50%. After staying in the 
desiccator for 10 days, the samples were weighed to check the mass gain of CaCl2. 

The water solubility of the membranes was determined using the method proposed by [6] 
with modifications. The analysis was performed in triplicate, with samples measuring 2x2 cm. 
Initially, the samples were dried in a forced circulation oven at 60°C for 24 h and weighed. Then, 
the samples were immersed in water under agitation at 50 rpm for 24 h at room temperature. The 
suspension was filtered, and the residue was dried at 60°C for 24 h and subsequently weighed. 

The membranes were also evaluated for their mechanical properties, tensile strength, and 
elongation. The standard ASTM D822 by [7] was used for this purpose, and the tests were 
conducted using a texture analyzer (Stable Micro Systems, model TA.TX). Through these tests, the 
tensile strength and percentage of elongation at break were quantified. 

Finally, a statistical analysis was conducted using the Tukey test, through statistical software 
(STATISTICA 7), to determine if there were significant differences in thickness, WVP (Water 
Vapor Permeability), water solubility and mechanical properties between the control membranes 
and the membranes incorporated with red araçá extract. 
 
Results and Discussion  
 

The results obtained for the analysis of thickness, water vapor permeability (WVP), water 
solubility, tensile strength, and elongation at break are presented in Table 1. 
 
Table 1. Characterization of membranes  

 MC ME 
Thickness (mm) 0,135 ± 0,022 ª 0,1172 ± 0,016 a 
WVP (g/msPa) 2.479.10-09 ± 5.940.10-¹¹ ª 1.906.10-09’ ± 2.244.10-10 b 

Water solubility (%) 50.18 ± 1.86 a 41.43 ± 0.67 b 
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Tensile strength (MPa) 8.468 ± 1.248 ª 6.676 ± 0.360 ª 
Elongation at break (%) 15.372 ± 2.575 ª 8.190 ± 1.468 b 

. 
 The results obtained for thickness are consistent with those reported in the literature, which 

[8] also reported similar thickness values of 0.131 ± 0.020 mm and 0.144 ± 0.016 mm for the 
sodium alginate control film and sodium alginate films with green propolis extract, respectively. 
Additionally, the thickness of the membranes showed no significant difference with the addition of 
the natural extract. 

Regarding the WVP values, there was a significant difference, indicating a reduction in this 
parameter with the addition of red araçá extract. The water vapor permeability (WVP) values for the 
MC and ME membranes were 2.479.10-09 ± 5.940.10-11 g/m.s.Pa and 1.906.10-09 ± 2.244.10-10 
g/m.s.Pa, respectively. Previous studies have reported similar values for sodium alginate 
membranes cross-linked with Ca2+. Rhim et al. [9] obtained a value of 1.0870.10-09 ± 0.09.10-09 
g/m.s.Pa using a 1% (w/v) CaCl2 solution. The cross-linking of the membranes had a positive 
impact on their barrier properties, reducing the segmental mobility of the polymer and limiting the 
exchange of moisture between the environment and the anhydrous calcium chloride inside the 
tubes. 

The water solubility obtained is consistent with the value reported by Chen et al. [10], which 
is 49.7 ± 0.2%. The same pattern was also observed when adding sodium alginate membranes, with 
a constant decrease in this parameter with increasing thymol content. Therefore, the results obtained 
in this study are favorable for application in topical dressings, since wounds on the skin release 
exudate, which the material will come into contact with. 

The tensile strength values obtained were 8.468 ± 1.248 MPa for the control membrane and 
6.676 ± 0.360 MPa for the membrane with the extract. These results are higher than those reported 
by Bakar et al. [11], who described a value of 4.0 ± 1.0 MPa for control sodium alginate membranes 
and values ranging from 4.0 ± 0.4 to 5.1 ± 0.8 MPa for sodium alginate membranes with different 
concentrations of Ageratum conyzoides extract. According to [12], this may be due to particles 
present in the red araçá extract that interact with the polymeric matrix, forming defect points or 
stress concentration points in the membranes. Thus, [13, 14] suggest that tensile strength values 
around 11.5 MPa are favorable for application as topical dressings 

The crosslinked sodium alginate membranes with and without the addition of extract 
showed good mechanical strength, flexibility, and favorable thickness for use as dressings. In the 
crosslinking process, it was possible to decrease the water solubility of the material, with a mass 
loss due to solubility of approximately 50% and 41% for MC and ME, respectively. It was also 
observed that the material is permeable to water vapor, contributing to a moist environment. 
Therefore, the use of alginate membranes with the addition of red araçá epicarp extract presents 
itself as an interesting alternative to synthetic polymers for various applications, such as dressings. 

Finally, the results for elongation at break were consistent with the literature. Rhim et al. [9], 
who developed crosslinked membranes using two methods (film blending and film immersion), 
obtained values ranging from 8.2 ± 2.2 to 3.4 ± 1.4 % for crosslinked sodium alginate membranes at 
different concentrations of CaCl2 solutions. It is also possible to observe a significant decrease in 
this parameter due to the addition of red araçá extract.  

 
Conclusions  
 

The crosslinked sodium alginate membranes, both with and without the addition of the 
extract, exhibited good mechanical strength, flexibility, and suitable thickness for use as dressings. 
In the crosslinking process, it was possible to reduce the water solubility of the material, resulting in 
a mass loss of approximately 50% for MC and 41% for ME. Additionally, it was observed that the 
material is permeable to water vapor, contributing to its application in a moist environment. 

1019



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

Therefore, the use of alginate membranes with the addition of red araçá epicarp extract 
presents itself as an interesting alternative to synthetic polymers in various applications, especially 
in the field of topical dressings. The combination of good mechanical properties, flexibility, reduced 
water solubility, and water vapor permeability makes these membranes suitable for promoting 
wound healing and maintaining a favorable environment for tissue regeneration. In future steps, it 
would be interesting to study the release of bioactive compounds present in the membranes with the 
extract and their wettability. 
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Abstract – In this study blends of cassava starch with poly(butylene succinate) (PBS) were developed, containing citric 
acid. The materials were processed in a Haake torque rheometer and samples were obtained for characterization by 
thermal pressing. The concentration of citric acid in the compositions ranged from 0 to 5%. The samples were 
characterized by water absorption and water weight loss tests. The absorption results indicated possible reduction of the 
hydrophilic character of the starch blends, as a consequence of the presence and effect of the citric acid concentration. 
However, the weight loss results showed that there was a greater loss of material in water for the samples containing the 
acid. Thus, the water absorption results were influenced by the loss of material, causing the impression that the water 
absorption of the samples was lower.

Keywords: Starch, Poly(butylene succinate), Citric acid, Blends.

Introduction

Conventional petrochemical-based polymers such as polyethylene and polypropylene are often used 
in the production of plastic packaging because of their properties such as flexibility, strength, 
transparency, etc. [1]. However, most synthetic polymers have a difficult degradability, causing 
their accumulation when disposed of in the environment [2]. Starch is a polymer with advantageous 
characteristics, which makes it a very interesting material in replacing some polymers of 
petrochemical origin [3], because it is biodegradable, has high availability and low cost [3-4].

From its native state, starch undergoes a process defined as gelatinization, whose product is called 
thermoplastic starch (TPS) [5-6]. Thermoplastic starch is a biodegradable, renewable, low-cost raw 
material polymer [7], but its high sensitivity to water and low mechanical properties make its 
application limited [7-8]. However, some alternatives have been proposed to circumvent these 
limitations, such as blending between TPS and another biodegradable polymer [8-9].

Poly(butylene succinate) (PBS) is a biodegradable aliphatic polyester, which can be an 
environmentally friendly alternative to be blended with starch [8], another possibility involves the 
chemical modification of starch [10], through the use of crosslinking agents such as carboxylic 
acids [11]. Therefore, this work was developed with the objective of investigating the influence of 
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varying the concentration of citric acid, on the physicochemical properties of starch-based blends 
with PBS.

Experimental

Materials

The commercial cassava starch was purchased in the city of São Carlos-SP and produced by Amafil 
Indústria e Comércio de Alimento Ltda. The poly(butylene succinate) (PBS) with code TH803S, 
was produced by Xinjiang Blueridge Tunhe Chemical Industry Co., Ltd., with flow index of FI = 
18±2 g/10min and melting temperature of 114°C. The reagents used was glycerol from Exodus 
Scientific and citric acid from Synth.

Preparation of the compositions

The materials were dried in an oven with hot air circulation from TECNAL, model TE-394/2, at 
100°C for 30 min. After drying, with the exception of PBS, the starch, glycerol, and citric acid were 
premixed. The materials were processed in a Haake torque rheometer, model Rheomix 600p and 
with "roller" type rotors, at 120°C and a speed of 80 rpm for 10 min and then were pressed in a 
thermal press at 120°C for 2 min to obtain the specimens. Cassava starch 70 wt.%, PBS 30 wt.%, 
and glycerol 25 wt.% were used. The citric acid was varied in 0, 1, 3 and 5 wt.%. The glycerol and 
citric acid content was based on the dry starch content.

Characterization tests

Water absorption

The test was performed following the ASTM D570-98. The samples were previously dried in an 
oven with hot air circulation, of the TECNAL model TE-394/2, at 50°C for 24 hours. Then, the 
samples were weighed to obtain the value of the initial dry weight ( ) and after weighing, they 
were immersed in 100 mL of distilled water remaining for 1, 3, 5, 7, 9 and 11 hours in immersion. 
For each immersion time reached, the samples were removed and weighed again to obtain the value 
of wet weight ( ). The percentage of absorbed water was calculated using Eq. 1. The 
measurements were performed in triplicate.

(1)

Weight loss in water

After finishing the water absorption test, the wet samples that were immersed in distilled water were 
again dried in an oven at 50°C for 24 hours. Then they were weighed, obtaining the value of the 
final dry weight ( ). The weight loss test was performed according to ASTM D570-98. The 
measurements were performed using Eq. 2 and in triplicate. is the initial dry weight of the 
samples before the absorption test.

(2)
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Results and Discussion

One of the main limitations of thermoplastic starch is associated with its sensitivity to water, due to 
its hydrophilic character [12]. Therefore, physicochemical analyses of the starch blends were 
performed, through water absorption and weight loss in water tests.

Water absorption

Fig.1 illustrates the results of the percentage of absorbed water of the pure starch blends and with 
citric acid (1-5%).

Figure 1 – Percent water absorption of TPS/PBS blends without and with citric acid (0-5%).

The results showed that regardless of the immersion time, the samples without acid were those that 
exhibited the highest percentage of absorbed water. This behavior was already expected, as a 
consequence of the hydrophilic character of starch, resulting from the presence of hydroxyl groups 
present in its structure [13]. Possibly, the samples did not absorb a higher percentage of water due 
to the hydrophobic nature of the incorporated PBS [14].

For the samples containing citric acid, the absorption decreased as the concentration of the acid 
increased. This may have occurred, due to the replacement of hydroxyl groups naturally present in 
starch, by hydrophobic ester groups [15], resulting from the esterification reaction between the 
hydroxyl group of starch and carboxyl of citric acid [16]. Another possible condition observed in 
the work of Prachayawarakorn and Tamseekhram [17], which contributes to reduced water
absorption, is crosslinking reactions. However, only the results of water absorption are not 
sufficient to state that there was cross-linking of the samples, because it may occur only 
esterification reactions, which also contribute to a lower absorption.

Regarding the effect of immersion time, as the time increased the greater was the amount of water 
absorbed for all samples, regardless of composition. However, it was expected that the percentage 
of absorption of the samples would reach a constant value in longer times, but it was observed that 
for some samples, the absorption reduced after 9 hours. This result may have occurred due to the 
starch granules in their native state, which were not completely gelatinized during processing, 
dissolving the samples in water.
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Weight loss

The weight loss results of the pure blends and the blends with different citric acid contents are 
illustrated in Fig. 2. The results were obtained after the water absorption test.

Figure 2 – Percent weight loss of starch blends as a function of immersion time.

For each exposure time, the results showed that the weight loss of the samples became increasingly 
greater along with the increase in citric acid content, especially for the sample containing 5% of the 
acid. Furthermore, regardless of composition, weight loss increased with the time the samples were 
immersed in water. However, it was expected that the samples without acid would present a higher 
value of weight loss, in relation to the samples containing the acid.

As mentioned in the previous result, if there were esterification and/or cross-linking reactions of the 
starch promoted by the presence of citric acid, there would be fewer hydrophilic groups available to 
react with water molecules, so less weight loss would occur. Therefore, this greater loss may have 
occurred due to the acid hydrolysis of the starch chains during processing, which made the samples 
more soluble in water [18] or as a result of the dissolution of starch granules that were not 
completely gelatinized.

From these results, it was observed that the lower water absorption of the samples with citric acid 
demonstrated in the previous result, occurred due to the loss of material solubilized in water and not 
through esterification and/or cross-linking reactions, as was proposed. If these reactions were to 
occur, not only would the absorption be lower, but also the weight loss for the samples containing 
the acid would decrease. Thus, the calculation of the percent absorption will contain an error,
because the values of the wet weight measurements will be lower than the actual value, due to the 
loss of material during immersion. These results also confirm, because at longer immersion times 
there was a reduction in absorption, due to the loss of material in the water.

Conclusions

The physicochemical analysis of the starch blends demonstrated, that although the samples 
containing citric acid presented a lower absorption in function of the citric acid content, differently 
it was observed in the results of weight loss a greater loss for the samples containing acid, 
influencing the absorption results. Thus, possibly the processing conditions were not so effective to 
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provoke the necessary reactions or interactions between the citric acid and the starch, so as to hinder 
the absorption and the loss of material in water. 
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Abstract – UHMWPE is widely used for manufacturing total hip arthroplasty components. However, during its useful 
life, the interaction of UHMWPE with metallic or ceramic parts can lead to loosening of the implant and/or loss of 
properties. Therefore, modifications of this polymer in the form of blends have been widely used as an alternative to 
obtain materials with specific properties. In this work, the wear resistance of LLDPE/UHMWPE blends with different 
component proportions was evaluated using the Slurry abrasion method. Toughness and hardness properties were also 
determined as well as the wear surface morphology. The results indicated that with the increase of UHMWPE in the 
blend there is a decrease in the volumetric loss, which characterizes a greater to wear resistance and greater hardness.

Keywords: Blends; LLDPE; UHMWPE; Wear Resistance.

Introduction 

The formation of blends from the mixture of two polyethylenes is being increasingly 
evaluated for several applications. The use of UHMWPE is increasing mainly due to the search for 
the modification of its characteristics and, consequently, the expansion of the applicability of this 
material, or in some cases, just to facilitate its processing [1].

One of the possibilities for forming UHMWPE blends for applications in orthopedic 
prostheses is HDPE. They are similar in terms of molecular structure, crystalline melting 
temperature, permeability and chemical inertness, but UHMWPE exhibits exceptional low 
temperature impact strength, high abrasion resistance, excellent resistance to stress cracking 
development, low coefficient of friction, and high resistance to fatigue [2]. Despite these properties, 
with UHMWPE, total hip prosthesis loosening still occurs due to wear of the acetabulum and 
research aims to minimize this deficiency [3].

Currently, the wear caused by the polymer-metal tribological system is the main reason for 
failure in total hip and knee prostheses, due to the release of particles and, consequently, formation 
of the inflammatory process and subsequent loosening of the prosthesis.

Lucas et al. 2011 [4] evaluated the abrasion resistance of the HDPE/UHMWPE system, 
where they identified an increase in wear resistance with the increase in the percentage of 
UHMWPE. The wear mechanism observed for blends of this type (HDPE/UHMWPE) is 
characterized by the formation of fibrils, and this process is stronger and contains higher levels of 
fibrils in samples containing a higher amount of UHMWPE. In this context, this work obtained 
blends of LLDPE with different concentrations of UHMWPE and carried out the evaluation of wear 
resistance through the Slurry abrasion method.
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Experimental  
 
Materials 
 

In this work, linear low-density polyethylene (LLDPE) of commercial grade ML 3601 – U 
with hexene comonomer, fluidity index of 3.3 g/10 min and density of 0.939 g/cm² was used as 
matrix. UTEC 6540 commercial grade ultra-high molecular weight polyethylene (UHMWPE) was 
added to the LLDPE in powder form, with a density of 0.925 g/cm². The polyethylene used is 
produced and sold by Braskem. 
 
Methods 
 

Advanced brand press was used, with a plateau heated by electrical resistances, pressure of 
60 kgf/cm2 and opening speed of 200 mm/second. For stress relief from the forming process, the 
specimens were immersed in water for 1 hour, at a controlled temperature of 90 °C. The time and 
temperature parameters used in the process of conformation of the plates were established 
according to the thermal properties of the LLDPE, therefore, the samples were heated to 160°C for 
30 min and presented adequate conditions of conformation. 

The wear resistance was determined using the Slurry abrasion method, according to ISO 
15527 standard. average diameter of 80μm and a concentration of 3g. The specimens, in the form of 
plates, with dimensions of 10x10x3cm were obtained from all formulations. 

To determine the tenacity, a tensile test was carried out in an EMIC equipment, model DL 
200, following the ISO 527 type 5A standard without the use of an extensometer and displacement 
rate of 50mm/min. 

The Vickers microhardness test was carried out with a model HMV Shimadzu 
microhardness tester with a point in the shape of a pyramid at 136°, a load of 1.961N for 15 seconds 
at 10 different points. The assay was performed at room temperature on a flat, scratch-free plate. 
After removing the drilling load, the length of the indentation diagonals was measured with a 
resolution of 1μm. 

The morphology of the mixtures was investigated by scanning electron microscopy using a 
JEOL Scanning Electron Microscope (SEM), model Carry Scopy JSM-6510LV from JEOL, with 
an accelerating voltage of 20kV. 
 
Results and Discussion  
 

The type of wear occurring in the blends was evaluated using the Ratner-Lancaster 
correlation (Fig. 1). Through this correlation, Lancaster in 1968 showed that the wear resistance of 
polymers is associated with the ability of these materials to plastically deform without fracture, that 
is, their toughness [5]. It is observed that a linearity in the correlation was not identified, which may 
characterize that the wear mechanism was not purely abrasive. Briscoe 1981 [6] recommends that it 
is difficult to identify only one wear mechanism in polymers, due to interfacial connections. 

With the increase of UHMWPE in the mixture, a decrease in tenacity is identified (Fig 2). 
The amorphous and crystalline phases govern the tensile and abrasive performance of polyethylenes 
[6]. Some studies show that the amorphous phase strongly contributes to the increase in wear 
resistance, the crystalline phase does not have a significant influence on this property. Thus, the 
addition of UHMWPE reduces toughness, which predicts a reduction in wear resistance in blends 
with higher concentrations of this polymer [5;7]. 
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Figure 1 - Ratner-Lancaster correlation for abrasive wear:σy e y  

 
Some authors report the correlation of wear resistance with energy absorption capacity. Good 

abrasion resistance is related to the ability to absorb energy by its own deformation and low 
coefficient of friction [8]. The property that characterizes the absorption of energy for a material is 
its tenacity, therefore, the greater the tenacity of the material, the greater the resistance to abrasion 
[9]. With the increase of UHMWPE in the mixture, a decrease in tenacity is identified (Fig. 2), 
which can be related to its immiscibility in the melting state and the liquid-solid phase separation 
due to the different crystallization rates between LLDPE and UHMWPE [10]. 

 
 

Figure 2 - Variation of absorbed energy for LLDPE/UHMWPE blends 
 
Fig. 3 shows the variation of Vickers micro hardness of the blends. It is observed that the 

greater the percentage of UHMWPE in the blend, the greater the hardness. Studies involving PE 
have observed a relationship between hardness and crystallinity, although direct proportionality 
between them is not observed over a wide range of crystallinity. Molinari and Tuckart 2016 [11] 
evaluated the variation of micro hardness with crystallinity, where they identified that hardness 
shows an increasing tendency with increasing crystallinity level. 
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Figure 3 – Vickers micro hardness variation with LLDPE/UHMWPE blend.

The wear surface morphology for the blends (Fig. 4) demonstrated a typical feature of the 
adhesion wear mechanism, where a small piece of material is removed from one surface and 
becomes attached to the adjacent surface [12-13].

Figure 4 - Micrograph of the wear surface for the blends: (a) 85/15; (b) 70/30 and (c) 55/45.

Conclusions

The presence of abrasive wear was identified in blends of LLDPE and UHMWPE in images 
obtained by SEM. However, the evaluation through Ratner-Lancaster correlation indicated that the 
wear mechanism is not purely abrasive. The addition of UHMWPE reduces the tenacity of the 
blends by changing the morphology by increasing the presence of crystalline phase which in turn 
influences the increase in hardness.
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Abstract - The objective of this work was the preparation of blends (High Density Polyethylene (HDPE)/Ultra High 
Molecular Mass Polyethylene (UHMWPE), using a Haake internal mixer with subsequent compression molding. The 
blends were prepared by melting the mixture of 0, 10, 20 and 30% (w/w) of UHMWPE in HDPE. The processability of 
the blends was evaluated by Torque Rheometry. From the percentage of 20% (w/w) of UHMWPE, there was an increase 
in the torque with the mixing time, not being observed its stabilization. There was an increase in temperature and mixing 
energy due to the increase in HDPE viscosity. Furthermore, higher levels of UHMWPE made its dispersion in HDPE 
more difficult, impairing the processing of these blends. Blends with 10 and 20% (w/w) of UHMWPE were more 
thermally stable than HDPE.
Keywords: Blends, processability, torque rheometry, thermogravimetry.

Introduction 
High density polyethylene (HDPE) has good flow properties, can be processed by traditional 
processes such as injection molding, extrusion and so on. Its chemical structure is one of the simplest, 
being able to be constituted by only hydrogen and carbon and it has a high chemical resistance. In 
addition, it is durable and resistant, so it can be converted into pipes, fuel tanks and even hoses [1,2]. 
On the other hand, in UHMWPE, the polymeric chains are much superior to those of HDPE. This 
ensures that certain properties of the material (UHMWPE) are preferable in relation to other types of 
PE, such as high abrasion resistance, high chemical resistance, good mechanical properties and 
flexibility [3]. This allows the UHMWPE to be used in several fields, as well as in prostheses and 
other surgical instruments, due to its good biocompatibility and chemical resistance [4]. The 
expectation is that by mixing HDPE with UHMWPE, the properties of the blends will be even more 
interesting than those of neat HDPE, expanding its applicability in more attractive markets.
The objective of this work was to prepare HDPE blends with contents of 10, 20 and 30% by weight 
of UHMWPE in order to verify its effect on the processability of HDPE and thermal stability.

Experimental 
Materials
Ultra-high molecular weight polyethylene (UHMWPE) commercial powder (UTEC batch 3041) and 
High Density Polyethylene (HDPE) IA58 (Braskem/Brazil) and Irganox antioxidant (Sigma-
Aldrich/Brazil).
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Preparation of (HDPE/UHMWPE) Blends 
For the preparation of the blends, the process of blending by melting was used. Blends of 0, 10, 20 
and 30% (w/w) of UHMWPE were made and named: HDPE, UH10, UH20 and UH30, respectively, 
with the addition of 1% of irganox, an antioxidant. Before processing, the materials were dried in an 
oven at 70 °C for 24 hours. First, the melting takes place in a Haake Mixer (PolyLab model 
RHEOMIX OS), then the material was chopped and molded by compression in a hot press 
(MARCONI model MA 700). 
In the Haake melting process, a temperature of 190 °C was used for a time of 15 minutes and a speed 
of 50 rpm. In the press a temperature of 190 °C was used for 5 minutes with a pressure of 12 tons, 
resulting in a film. 
 
Processability of Blends by Torque Rheometry 
Using the torque rheometer, the unit of mixing energy consumed (Wu) to disperse the UH particles 
within the HDPE matrix can be investigated, as other authors have also studied for other polymeric 
materials [5-7]. According to [8], Wt [J] is total mixing energy, being determined from the area under 
the curve of torque versus time during the test, according to Equation 1. 
 

      (1) 
 

Where N is the rotor speed [rpm], t1 and t2 are the initial and final times [min], respectively, and M 
is the mixing torque [N.m]. 
 
In addition, the mixing energy unit (Wu) measures the total energy consumed to disperse the UH in 
the HDPE matrix at a certain level, according to the determination made for other polymeric materials 
[6,7], through Equation 2. 
 

        (2) 
 

Where Wu [J] is the total mixing energy and Vb is the volume [m3] of the rheometer's mixing 
chamber. 
 
Thermogravimetry (TG) 
Thermogravimetric curves were obtained from a Shimadzu DTG model 60H thermal analyzer. The 
samples were placed in a platinum crucible with weights ranging from 10 to 13 mg and heated from 
room temperature to 800 °C with a heating rate of 20 °C/min under a nitrogen flow of 20 ml/°C. 

 
Results and Discussion 
Blend mixtures in the torque rheometer provided information on flow behavior during processing, 
reflecting changes in the material being processed [9]. Therefore, the torque value when the polymer 
is molten is associated with the viscosity of the melt, as well as with the processability of the blends 
[10,11]. The torque curves in Fig. 1a show that in terms of the initial mixture in the first minutes, the 
blends melted with behavior similar to HDPE, resulting in a gradual decrease in the torque value. 
With the passage of mixing time the blend with 10% UH reached a stable torque as well as the HDPE. 
However, blends with 20 and 30% UH showed an increase in torque with time, possibly indicating 
molecular orientation caused by the addition of UH. Since the occurrence of thermal degradation can 
be ruled out due to the addition of blends with 1% antioxidant. In Fig. 1b it is observed that the 
temperatures in the stability region between the samples were increased as the UH was added, 
indicating that thermal modification occurred in the blends. Fig. 1c shows the energy expended during 
the mixing of pure HDPE and blends. The presence of UH in HDPE caused an increase in energy 
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consumption during mixing. As UHMWPE has a very high molecular mass, more work was required 
to carry out the mixtures and, consequently, a greater expenditure of energy as a function of time. 
The processability of blends compared to neat HDPE can become more costly with this increase in 
energy consumption. 
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Figure 1: a) curves of torque versus time; b) curves of mixing temperature versus torque; c) curves of mixing 
energy versus time. 
 
Table 1 presents process parameters obtained from the curves of torque versus time, obtained at 50 
rpm for 10 min to better clarify the effect of UH on the flow behavior of HDPE. The total mixing 
energy (Wt) of the blends and the required energy (Wu) to disperse UH in HDPE were calculated 
using equations 1 and 2, respectively. The addition of UH increased Wt, indicating more energy 
expenditure in processing the blends, a similar result observed in Figure 1c. This same trend was 
verified in the width at mid-height of the torque peak (dx). In addition, Wu indicates greater difficulty 
in dispersing higher amounts of UH in HDPE. Regarding the interval ( T) between the temperature 
obtained in steady-state torque (Tstb) and the test temperature, it is observed that the addition of UH 
increased T, suggesting that greater friction occurred between HDPE and UH macromolecules, 
according to [8] in styrene butadiene rubber (SBR) composites with carbon black. On the other hand, 
[12] observed an increase in T in blends of polystyrene and recycled styrene butadiene rubber and 
attributed it to an increase in the mechanical work of mixing due to the strong interfacial interaction 
between the constituents of the blend. 
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Fig. 2 the TG and DTG curves of neat polymers and blends with 10, 20 and 30% (w/w) of UHMWPE. 
The data obtained through the TG and DTG curves are available in Table 1. 
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Figure 2: a) TG curves and b) DTG curves for the neat polymers and blends. 
 
Table 1: Moisture of mixing energy (Wu), total mixing energy (Wt) obtained in the torque rheometer and data 
from thermogravimetry. 

Where dx: peak torque width at half height; T: temperature during the experiment; Tstab: torque stabilization 
temperature; Ti: initial degradation temperature and Tp: DTG peak temperature (maximum degradation rate). 
 
It is possible to verify an increase in the degradation temperatures of the blends compared to the neat 
HDPE. This indicates that the presence of UHMWPE in the matrix causes the material to have a gain 
in thermal stability due to shifting the degradation temperatures to higher values. Blends of 10 and 
20% UHMWPE in HDPE are the most thermally stable as the values of (Ti) increased from 422 ºC 
to 430 ºC and 431 ºC respectively. 
 
Conclusions  
The mixture of HDPE with UHMWPE can represent gains in HDPE properties due to the excellent 
properties of UHMWPE. Therefore, it was of interest in this work to investigate the processability of 
the blends at a rotation rate of 50 rpm. From 20% of UHMWPE, there was an increase in torque with 
time, indicating molecular orientation, as well as the mixing energy, the torque stabilization 
temperature were increased, suggesting difficulty in dispersing the ultra high molecular weight 
polymer in HDPE and consequent greater energy expenditure for the production of blends with higher 
levels. The UHMWPE provided gains in thermal stability in the blends. 
 
 
 
 

Sample Wt (J) Wu (J/m3) dx Tstab (N.m) ΔT Ti (°C) Tp (°C) 

HDPE 54.84 7.9x10-7 0.183144 203.6 °C 13.74 422 478 

UH10 65.19 9.4x10-7 0.303776 205.7 °C 15.63 430 489 

UH20 100.74 1.5x10-6 0.282546 209.1 °C 19.63 431 485 

UH30 174.15 2.5x10-6 0.255846 219.5 °C 27.34 425 480 

UHMWPE - - - - - 422 478 
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Abstract – Foam composites reinforced with vegetable fibers offer an attractive combination of excellent mechanical 
properties and reduced density, providing a sustainable alternative for manufacturing thermal and acoustic insulation 
panels when compared to polymer composites. This study explores the effects of incorporating medium-density 
fiberboard (MDF) powder to create a foamed composite of poly(ethylene-co-vinyl acetate) (EVA)/MDF. The 
composites were foamed using azodicarbonamide as a thermal expansion agent. Remarkably, the presence of MDF 
powder with varying particle sizes in the cellular composite did not significantly impact the density, hardness, 
resistance to continuous cycles of bending, and resilience of the resulting panels. These findings demonstrate the 
potential of using MDF as a filler material in EVA foam composites without compromising their desirable properties, 
offering promising opportunities for sustainable waste management and eco-friendly construction materials. 

Keywords: composite, MDF, foams, EVA.

Introduction 
In Brazil, a large part of the raw material used in furniture manufacturing comes from agglomerated 
wood panels, mainly medium-density fibers (MDF), sets of particles or wood fibers, joined by a 
thermosetting polymer such as urea formaldehyde and paraffin under appropriate pressure and 
temperature [1]. The use of MDF produces waste in the form of scraps that are often used as a 
source of heat for boilers, but if instead of being reused as a heat source, the waste scraps were 
reconstituted, these scraps would generate around 630000 new panels [2]. The use of MDF waste, 
when compared to the use of solid wood waste, is a topic that is little explored and has limited 
publications in Brazil [3]. Composites using wood waste can be divided into two groups: wood-
polymer composites (WPC), which contain sawdust and natural fiber composites (NFC) reinforced 
with wood fibers or particles [4]. 
On the other hand, polyolefin foams are used in different applications, due to their interesting 
properties, such as surface-volume ratio, empty volume, low pressure loss, resistance, and 
toughness. Depending on the polymer used in the foam formation, there may be variations in the 
physical, mechanical, and electrical properties. In the case of polyolefin foams, the properties will 
depend on the processing parameters and type of formulation, with compression molding being the 
most common technique for the production of polyolefin foams. Among the different polyolefins to 
produce foams with different properties, there are polyethylenes, polypropylene, and ethylene-vinyl 
acetate (EVA). EVA foams are used in various applications, such as shoe soles and midsoles, sports 
equipment, and panels for insulation. [5] 
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The present study aims to obtain expanded WPC, with an EVA matrix, with different contents of 
MDF powder (0, 10, 20, 30, 40, and 50 PHR). The behavior regarding resilience, density, hardness, 
and deformation after 100000 cycles of bending, compression deformation, and abrasion wear will 
be evaluated. 
Experimental 
Materials 
The composites formulation used EVA (HM 728 Braskem). The calcium carbonate CaCO3 (Natural 
C-Carbomil), zinc oxide ZnO (Brasóxidos Br-500), stearic acid (AES) (Baerocid SP-1 V 
Baerlocher), dicumyl peroxide (DCP 40 SPA Retilox), azodicarbonamide (ADCM Sinochem) and 
zinc stearate ((C18H35O2)2 (Minerios Ouro Branco) were also used. MDF was obtained from the 
sawdust of furniture companies in Bento Gonçalves-RS. Different formulations with the variation 
of MDF mass were produced and are shown in Table-1 
Table 1 : EVA/MDF composite formulations 

Sample EVA 
(PHR) 

Sawdust  
MDF 
(PHR) 

CaCO3 

(PHR) 
ZnO 

(PHR) 
Stearic 

acid 
(PHR) 

DCP 
(PHR) 

ADCM zinc 
stearate 
(PHR) 

MS 0 100 0 5 9 2 1 15 1 
MS 10 90 10 5 9 2 1 15 1 
MS 20 80 20 5 9 2 1 15 1 
MS 30 70 30 5 9 2 1 15 1 
MS 40 60 40 5 9 2 1 15 1 
MS 50 50 50 5 9 2 1 15 1 

 
 
The materials were mixed in an intensive H&M mixer, and passed through a double roll calender to 
form the sheets that were expanded in a hydraulic press at 180°C, at a pressure of 3kgf. They were 
kept in the press for 6 minutes before being opened. 
 
Characterization Methods 
 
The particle size was determined according to ASTM D6913-04(2009). The density of the sheets 
was obtained according to ASTM D 3575. The percent deformation was determined through 
adaptation of ASTM D3575 compression deformation. Resilience was determined according to DIN 
53512 and the Ascer C type hardness according to ASTM 2240. 
 
Results and Discussion  
 
Particle size of MDF 
In Table 2, the particle sizes present in the MDF powder are shown. The majority of particles are 
retained in sizes 48 (0.354 mm), 65 (0.230 mm), and 100 (0.149 mm) mesh, corresponding to 74% 
of the sample. Particle size can influence the size of foam cells, since particles distributed in the 
polymer matrix can facilitate the migration of gas generated by the expansion agent to the region of 
the fiber/matrix interface, influencing the rheological and mechanical properties of the composites. 
Finer particles produce composites with higher density and thicker cell walls at the edges of the 
cells, providing composites with higher cell density and more homogeneous cell size. [09] 
 
 
 
 

1042



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

 
 
Table 2: Particle size distribution of MDF powder. 
 

strainer Volume (g) % Accumulate (%) 
    
    

Mesch 10 0.5 0.5 0.5 
Mesch 20 1.0 1.0 1.5 
Mesch 28 1.84 1.84 3.34 
Mesch 35 11.88 11.88 15.22 
Mesch 48 20.21 20.21 35.43 
Mesch 65 28.05 28.05 63.48 
Mesch 100 26.33 26.33 89.81 
Mesch 150 5.62 5.62 95.43 
Mesch 200 4.57 4.57 100.00 
Mesch 270 0.00 0.00 0.00 

 
-10+ 200 
 
Density of expanded panels 
The differences in densities observed in Table 3 were not significant among the composites, 
possibly due to the higher concentration of particle size between 80-100 mesh. According to 
Zimmermann and colleagues, this particle size influences the formation of more uniform cells and 
good cell density, promoting the formation of high-quality panels with little density variation, even 
at different load levels. [9] 
 
Table 3: Density of different composites 

Sample  Density (Kg.m-3) Standard Deviation 
MS0 0.445 0.0017 
MS10 0.385 0.0030 
MS20 0.424 0.0439 
MS30 0.414 0.0416 
MS40 0.414 0.041 
MS50 0.396 0.039 

 
 
Deformation after 100000 cycles, Resilience %, and Hardness 
In Table 4, it is observed that even with the addition of MDF powder at different concentrations, 
there is no deformation after 100000 cycles, probably due to the fact that the formed cells did not 
collapse with the addition of MDF. Paiva and colleagues obtained similar results when adding 
crosslinked, ground EVA waste with diverse particle size distributions and at different percentages 
[11]. The resilience of the 10, 20, 30, and 40 PHR samples showed similar behavior, around 40%, 
while the sample without MDF powder showed a resilience of 50%. This behavior was expected 
since wood has a higher elastic modulus than EVA, and its introduction into the matrix causes a 
loss of elastic property of the matrix, but there was no variation observed among the different 
compositions, possibly due to the EVA enveloping all MDF particles, absorbing the energy. In the 
sample with 50 PHR, the resilience dropped by 60% compared to pure EVA, possibly indicating the 
saturation level of the EVA matrix, causing MDF agglomeration and compromising the elasticity of 
the composite and reducing its energy absorption capacity. Hardness depends on the foam 
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formulation and also on the type of cell and its density. In this study, a hardness of 75 Asker C was 
observed for pure EVA, while the hardness of the composites varied from 70 to 85. 
 
 
 
 
 
Table 4: Results of deformation after100.000 cycles, resilience, and hardness of EVA foams with the 
addition of MDF power. 
 

Sample  deformation after100.000 cycles 
(%) 

Resilience (%) Hardness Asker C 

MS0 0.00 50 75 
MS10 0.00 40 70 
MS20 0.00 40 80 
MS30 0.00 40 85 
MS40 0.00 40 85 
MS50  0.00 30 80 

 
Conclusions  
Therefore, the obtained results demonstrate that the addition of MDF powder has the potential to be 
used as a filler in expanded EVA sheets. This is because no significant losses have been observed 
compared to pure EVA. The proposed WPC (Wood-Plastic Composite) could be beneficial in 
reducing improper disposal in the environment, either through landfill deposition or incineration of 
MDF waste. This could significantly contribute to more sustainable waste management practices. 
However, it is important to emphasize that further analyses should be conducted to confirm the 
feasibility of using these EVA panels, following the ASTM D 3575 standard, which establishes the 
standard test methods for flexible cellular materials made from olefin polymers. 
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Abstract – The growing demand for carbon fiber reinforced thermoplastic (CFRTP) is due to easy 
processing, combined with good mechanical properties, especially lightness, which results in a 
reduction in fossil fuel consumption. Additionally, CFRTP is 100% recyclable and is being 
increasingly used in the aerospace and automotive industries [1]. Along with this growing demand, 
comes the need to understand the performance of components during their service life, and 
consequently the modes of failure or premature and unexpected damage that can occur during service
[2,3]. In this way, the application of fractographic studies has been growing, as it is an extremely 
important means of aiding the interpretation of fracture aspects of composite materials applied in the 
most diverse sectors. The objective of this work was to analyze the morphology of the tensile fracture 
using scanning electron microscopy, SEM, and optical microscope, MO, of laminates developed from 
the mechanical recycling of semipreg scraps of carbon fiber (CF) reinforced poly(phenylene sulfide) 
(PPS) composites from the manufacturing of the aerospace industry, aiming to contribute to more 
sustainable waste management and the reduction of the use of natural resources, and that presents the 
desired quality to be reinserted in the industrial production process for non-structural components. 
Through the morphological analysis of the fracture surfaces, it was possible to identify the failure 
modes and the main fractographic aspects present on the fracture surface. Furthermore, from the 
images obtained, it was possible to increase knowledge of the behavior of the recycled composite in 
service or even to have information for preventive corrections in the processing and the feasibility of 
using thermoplastic composite scraps, in addition to contributing to the understanding of the way of 
failure of this class of materials. As a result, it was possible to observe in the micrographs of the 
fracture surface, the layers of the semipreg CF/PPS scraps ordered, and the absence of visible defects, 
as well as the identification of the direction of crack propagation through the DAFFs (Directly 
Attributable Fiber Failures).
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Abstract - In tissue engineering, guided bone regeneration (ROG) emerges as a form of treatment for bone defects. It 
can use bacterial cellulose (CB) as a scaffold, as it has a porous nanostructure in 3D with good mechanical properties, is 
biocompatible and has high water retention capacity. This study aimed to synthesize CB hybrid biocomposites 
containing hydroxyapatite (HAP) partially replaced by mg/zn and mg/sr. The samples were characterized by porosity 
analysis, FTIR, TGA, MEV/EDS and DRX; The antimicrobial properties test was also performed. The results 
demonstrated HAP crystals incorporated into the CB; The samples produced had pure CB thermal stability, and the 
studied concentrations and biocomposites did not have antimicrobial activity. However, EDS analysis confirmed the 
incorporation of Mg, Zn and Sr elements, which may benefit the scaffold, promoting bone regeneration.
Keywords: Bone regeneration; Bacterial cellulose; Hydroxyapatite; Biocomposites.
Fundings: The authors acknowledge the financial support of CAPES and UNIVILLE for the project. 

Introduction 
Bone defects are deformities that affect bone tissue, originating in trauma or disease. About 20 
million surgeries are performed annually to treat such defects, and they usually need some graft to 
repair the injury [1]. Guided bone regeneration (ROG) emerged as an alternative to treat these bone 
defects and induce tissue repair. This technique aims to form an isolated space using scaffolds, 
which are surgically implanted barriers to guide bone regeneration and not allow the passage of 
fibrous tissues or other soft tissues to the injured area [2]. The scaffolds used in Rog need to be 
suitable biological substitutes, similar to the extracellular matrix of bone tissue [3-4]. Thus, 
bacterial cellulose (CB) membranes can be an excellent barrier option, as they are considered a 
natural, biocompatible biomaterial [5] and have a surface that allows the adsorption of other 
substances, forming biocomposites and further enhancing its use [3]. Thus, incorporating calcium 
phosphate sources, called Hydroxyapatites (HAP) in CB, would provide bone connection 
properties, and this biocomposite could act as scaffolds [1,3]. The partial replacement of HAP 
calcium (CA) with other metal ions found in the man's body has had benefits, as it enhances the 
physicochemical properties of the material and, consequently, improves the biological response of 
bone implants [6]. Magnesium (Mg) plays an essential role in bone growth, as it stimulates the 
propagation of osteoblasts, and their absence can cause bone fragility [7]. Zinc (Zn) is fundamental 
to bone metabolism and may promote apoptosis of osteoclastic cells, inhibiting bone resorption and, 
consequently, the mineralization of the bone matrix [8]. Strontium (Sr) can stimulate bone 
formation by proliferating osteoblasts and inhibiting osteoclastic cells, reducing bone resorption [9: 
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4]. Thus, based on this context, this work studied the partial replacement of hydroxyapatite with the 
hybrid composed of Mg/Zn and Mg/Sr in the bacterial cellulose membranes, aiming to produce a 
biocomposite for the application in guided bone regeneration.  
 
Experimental  
CB Synthesis and Biocomposites Production  
The CB was synthesized by Komagataeibacter hansenii and cultivated in mannitol at 30 ° C in 
static conditions for 9 days. The membranes were purified with 0.1 m to 80 ° C NaOH for 60 min, 
washed with distilled water to pH 7, and sterilized. 
For the preparation of the control sample, CB was immersed in a vial containing 40 mL of the 1st 
immersion solution (CaCl2 0,1 M, pH 6.58, 24 h, 80 rpm) aiming at the production of a material 
containing only hydroxyapatite (HAp). The membranes were washed with distilled water and 
immersed in 40 ml of the 2nd immersion solution (Na2HPO4 0,06 M, pH 8, 24 h, 80 rpm) [10].  
In order to partially replace the calcium of the HAP with another metal ion, hybrid samples were 
prepared. The 1st immersion solution contained: CaCl2, MgCl2 e ZnCl2 (0,1 M, pH 6); or CaCl2, 
MgCl2 and SrCl2 (0.1 M, pH 6.2) in the proportions described in Table 1. The membranes were in 
these hybrid solutions at 24 h and 80 rpm. After this period, they were washed with distilled water 
and placed in the 2nd immersion solution (Na2HPO4 0.06 m, pH 8, 24 h, 80 rpm). The 
concentrations of the solutions were determined based on the 1.67 ratios between the metal and the 
phosphorus of the apatites [11]. 
 
Table 1 - Concentration and nomenclature of samples 
Sample Concentration HAp % (V/V) 

Ca+2 Mg+2 Zn+2 Sr+2 

C CB/ HAp - Control  100 - - - 
M1 CB/ 1% Mg – 4% ZnHAp  95 1 4 - 
M2 CB/ 2,5% Mg – 2,5% ZnHAp 95 2.5 2.5 - 
M3 CB/ 4% Mg - 1% ZnHAp 95 4 1 - 
M4 CB/ 1% Mg – 4% SrHAp 95 1 - 4 
M5 CB/ 2,5% Mg – 2,5% SrHAp 95 2.5 - 2.5 
M6 CB/ 4% Mg - 1% SrHAp 95 4 - 1 
 
Characterization of Biocomposites 
CB membranes and formed biomaterials were lyophilized and then characterized by porosity 
techniques, FTIR/ATR, MEV/EDS, TGA and DR-X. The antimicrobial properties of the samples 
were analyzed by the Bauer disk diffusion technique [12]. 
 
Results and Discussion  
The porosity of the biomaterials was determined according to Zeng and Ruckenstein [13], where the 
results obtained indicated that after the incorporation of the HAp partially replaced by Mg-Zn and 
Mg-Sr, the biocomposites had an average porosity of 64%. However, there was a 34% decrease in 
its percentages compared to pure CB, as the inorganic material was deposited on the surface. 
Suggesting that the deposition of the HAP occurred on the surface and inside the CB [2]. In the fir 
spectra analyzed (Fig 1), it was possible to observe a slight band curvature in the region between 
3500-3200 cm-1, indicating the presence of the CB hydroxyl group. This milder presence of 
hydroxyls may indicate a broad HAP cover on the CB matrix, suggesting its mineralization. There 
was also a reduction in band intensities between 1160 and 1110 cm-1, indicating a good connection 
between CB and HAp, improving biocomposite stability [2]. In all spectra, it was possible to 
observe the presence of intense bands in 1030 and 962 cm-1, indicating the presence of the 
phosphate group in the biomaterials produced. Another band that presented relevance in the samples 
analyzed is located at 880 cm-1, which corresponds to the carbonate ion (CO3-2), suggesting the 

1048



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

absorption of carbon dioxide in the air [2]. An apatite containing carbonate in CB fibers produces a 
material similar to bone tissue apatite [10]. 

Figure 1 – FT-IR/ATR analysis of biocomposites: A) CB/HAp Mg/Zn; and B) CB/HAp Mg/Sr. 

The thermal degradation profile of the biocomposites (Fig 2) indicated the presence of 5 stages of 
mass loss for most samples. The 3rd stage of degradation is the most prominent and occurs at 
temperatures between 340 - 386 °C. This thermal event is characteristic of CB's degradation, 
causing its depolymerization and dehydration, resulting in carbonaceous waste [2, 10]. Pure CB 
degradation occurs at around 300 °C [5, 2]. The analyzed biocomposites presented this stage at a 
higher temperature, suggesting higher thermal stability than pure CB. Notably, all samples had a 
high percentage of waste (55.56% - 80,30%), confirming the presence of an inorganic phase in 
biocomposites due to the deposition of HAP in CB fibers.  

Figure 2 – TG and DTG curves of biocomposites: A) CB/HAp Mg-Zn; B) CB/HAp Mg-Sr.

Partially replaced biocomposites diffractograms (Fig 3) have a decrease in the grade of crystallinity 
when compared to the CB/HAP control sample, indicating that partial replacement of Ca ion by 
Mg/Zn or Mg/Sr caused a reduction of 30 % on average, in their crystallinity degree [8]. The 
characteristic peaks of CB (2θ ≈ 14.5 and 22.6º) were observed in the analyzed samples. Already 
the HAp has diffraction peaks at 2θ ≈ 26º and 32º. Other lower peaks are typical of HAp, found at 
2θ ≈ 33º, 40º, 46º and 54º [2]. All biocomposites produced demonstrated these characteristic peaks 
of the HAp, confirming the incorporation of phosphate sources into the CB fibers, which was also 
observed in the FTIR analyses. 

A B

A B
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Figure 3 – Ray diffractograms - X of biocomposites: A) CB/HAp Mg-Zn; B) CB/HAp Mg-Sr

The micrographs obtained (Fig 4) show a dense layer of HAp crystals on the CB/HAp-control surface 
compared to pure CB. These crystals are in a relatively globular or rosetta form and rosetta format and 
blades, indicating that biocomposite mineralization was adequate. EDS analysis for the control biocomposite 
confirmed the presence of the Ca and P elements [2]. Partial replacement of Ca ions with Mg-Zn hybrid 
lightly altered crystal morphology compared to the control sample, as they were in lamellar and needle 
format. It was observed that the higher the concentration of Zn in the samples, the greater the presence of 
needle crystals, and the more acidic pH favors this condition [14]. The samples partially doped by the Mg-Sr 
hybrid showed a high density of lightly globular blades shaped crystals, and the formation of crystals in CB 
fibers occurred evenly and homogeneously. EDS's analysis confirmed the presence of the CA, P, MG, Zn or 
Sr elements for each sample. 

Figure 4 – Surface micrographs A) CB pura; B) CB/HAp - Controle; C) CB/1%Mg - 4%Zn; D) 
CB/2.5%Mg – 2.5%Zn; E) CB/4%Mg - 1%Zn; F) CB/1%Mg - 4%Sr; G) CB/2.5%Mg – 2.5%Sr; H) 
CB/4%Mg - 1%Sr; I) EDS CB/HAp – Control; J) EDS CB/HAp Mg-Zn; K) EDS CB/HAp Mg-Sr. 

No biocomposite had antibacterial action for E. coli and S. aureus microorganisms, ie, no bacteria 
growth inhibition halo was observed. This fact can be justified by the low concentration of the used 
Mg, Zn and Sr elements [15]. However, incorporating these metal ions enables the promotion of 
other characteristics to biocomposites produced; thus, they can be used as scaffolds. 

A B
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Conclusions  
The bacterial cellulose membranes presented themself as a suitable matrix for inserting metal 
apatites. The results show that partially replaced HAp biocomposites have maintained a good 
percentage of porosity and hydroxyls available to make calls. The FTIR test showed that phosphate 
groups were incorporated into the CB. Carbonated apatite was also observed, which makes the 
biomaterial closer to the bone tissue apatite. TGA's analysis indicated the presence of the inorganic 
phase in CB, suggesting the formation of metal apatites; In addition, the biocomposites produced 
had higher thermal stability than pure CB. The results obtained by the DRX analysis confirmed the 
presence of HAp crystals and peaks, indicating the incorporation of the Mg, Zn and Sr. MEV 
analyses confirmed the mineralization of the CB matrix with HAp crystals. In the concentrations 
studied, biocomposites did not have antimicrobial activity. However, EDS analysis confirmed the 
incorporation of Mg, Zn and Sr elements into biocomposites, which may benefit scaffold, 
promoting bone regeneration. 
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Abstract – In this study, open cell polyurethane (PU) foams with the addition of microcrystalline cellulose (MCC) were 
formulated and chemically modified with organosilane to be used as an absorbent system for oil spill cleanup in water. 
The influence of MCC concentration on mechanical properties and chemical treatment with organosilane were 
evaluated. In addition, the sorbents were characterized based on their surface modification and sorption capacity. The 
main results indicated that the surface treatment on the solid fraction of the foams was effective, pointed out by the 
contact angle, thus increasing the hydrophobicity of the samples. As the MCC content increases in the composition, the
compressive strength tends to be higher and the thickness of the organosilane layer increases, due to the increased 
roughness of the PU higher the density, which negatively affects the sorption capacity of the samples. However, the 
results obtained in the samples showed hydrophobic and oleophilic character.
Keywords: Polyurethane foams. Nanocellulose. Oil spill.

Introduction
Oil contamination has been an environmental problem since the beginning of its large-scale 
extraction and use. The total global volume of tanker oil spill in the year of 2022 was approximately 
15,000 tonnes, according to ITOPF (International Tanker Owners Pollution Federation) [1]. Oil 
spills usually occur during the extraction and transportation process, causing economic, 
environmental, and social impacts. Oil spilled into water is spread immediately. Its volatile 
components can undergo evaporation and contaminate the air. Simultaneously, the oil can be 
emulsified in oil-water, making it difficult to extract and remove [2].
To minimize the impacts caused by oil spills, some techniques for water-oil separation have been
studied, such as: flotation, centrifugation, adsorption, gravimetric separation, electrochemical, and 
biodegradation. The sorption process has been highlighted as a technique for treating industrial 
effluents and an efficient and economical alternative for remediating areas affected by oil spills. In 
this process, there are simultaneous involvement of absorption, adsorption, and desorption 
processes, where in absorption the oil is accumulated within the system and in adsorption the oil is 
retained on the surface of the solid part of the sorbent.[3]
Polyurethane (PU) foams are formed by a polymerization reaction between a di-isocyanate or tri-
isocyanate and a hydroxylated (polyol), generating a polyurethane chain. The PU’s application can
include upholstery to reinforced materials with sorption capacity. Among the properties of the 
foams, when produced with high open cell concentrations, viscoelastic properties allow sorption 
and desorption of oils. The development of the oleophilic and hydrophobic properties are related to 
sorption and desorption, by the use of certain reagents as organosilanes for modifications during the 
preparation of the foams [4].
Microcrystalline cellulose (MCC) is generated from purified and partially depolymerized cellulose.
MCC can be produced from a lot of cellulosic sources, but cotton and wood are usually the main 
sources for the fabrication. The most common applications of MCC include a binder and filler in 
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food, medical tablets, and especially as a reinforcement agent in the development of polymer 
composites. MCC is considered as a potential reinforcement to turn the composites into a 
biodegradable material and to reduce the costs, meanwhile keeping the desired properties [5]. 
In view of the difficulty involved to clean up oil spills in the water sources around the planet, urge 
the need to create alternative options that are capable of sorption the oil. With the knowledge that 
polyurethane foams can acquire hydrophobic and oleophilic properties based on the addition of 
organosilane chemical treatment [6]. Also, when microcrystalline cellulose is added to obtain the 
composite, there is the goal to improve the mechanical properties. 
 
Experimental  
Materials 
For the development of PU foams, Voranol WL 4010 polyol and Voranate™ T-80 TDI toluene 
diisocyanate (TDI), supplied by Dow Brasil Sudeste Industrial Ltda., were used. The amine catalyst 
(Dabco® 2033 Catalyst) was supplied by Air Products, and the organometallic tin octanoate catalyst 
(Kosmos® 29) was supplied by Evonik Industries. The surfactant, commercially known as Niax 
silicone L-595, was supplied by Momentive Performance Materials Inc. Methylene chloride, a 
deionizing agent supplied by Brasil Sudeste Industrial Ltda, and deionized water were used. 
Microcrystalline cellulose (MCC), Sigmacell Type 20 grade, particle size approximately 20 μm, 
code S3504, was supplied by Sigma-Aldrich S.A. For the hydrophobic coating of PU foams, 
triethoxyvinylsilane (TEVS) (supplier code: 175560) and tetraethoxysilane (TEOS) (supplier code: 
13190) were used, both supplied by Sigma-Aldrich.The oils used for the sorption tests were as 
follows: Ipiranga SAE 5W30 oil (lubricating motor oil) with a density of 0.86 g.cm-3 at 20 ºC and a 
kinematic viscosity of 70 cSt at 40 ºC, soybean oil (vegetable oil–cooking oil) with a density of 
0.91 g.cm-3 at 20°C and a kinematic viscosity of 32 cSt at 40 °C, kerosene (fuel oil) with a density 
of 0.78 g.cm-3 at 20 °C and kinematic viscosity of 2.2 (max) cSt at 40°C. 

 
Methods 
The PU foams formulated with MCC concentration, expressed in parts per hundred polyols (pphp). 
Four levels of MCC were used in a standard composition of flexible PU foams, considering a 
theoretical density of 10 kg.m-3. The formula consisted in 100 pphp of methylene, 80 pphp of 
diisocyanate, 6 pphp of water, 0.3 of amine, 3.3 of silicone, 0.5 of octoate, and 22 of chloride. The 
amounts of MCC varied according to the sample, being for PU 1 without the addition of MCC, 
PU.C10 with 10 pphp, PU.C20 with 20 pphp, PU.C30 with 30 pphp, and PU.C40 with 40 pphp. 
PU foams were produced by the batch method using a Fisaton 715 propeller mixer with a rotational 
speed of 2500 rpm. Initially, water, amine, silicone, and different concentrations of MCC were 
added to the polyol and stirred for 80 s. Then, tin octanoate was added and mixed for 40 to 50 s. 
Thereafter, TDI and chloride were added to the blend with vigorous stirring for approximately 10 to 
15 s and then the mixture was poured into a mold for free expansion, to form the foam. Expansion 
time was approximately 1 min. The foam was cured for 48 h in a controlled temperature of 23 °C. 
The treatment for PU foam hydrophobization was carried out using an organosilane-based coating. 
At first, organosilane hydrolysis was carried out by a solution of water:alcohol (70:30) with 1% 
(mass) of organosilane TEVS and 1% (mass) of TEOS. Acetic acid (approximately 10 mL for each 
liter of solution) was added dropwise to stabilize the pH of the solution to 4.5. The solution was 
stirred for 2 h. After this, foam samples (25 x 25 x 25 mm³) were immersed in the solution and 
stirred slowly with a magnetic bar stirrer for 4 h. Later, the foams were removed from the solution, 
the excess liquid was drained, and the samples were dried (with the occurrence of concomitant 
organosilane curing) at 120 °C for 4 h. 
  
Characterization 
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To perform the analysis of the density of the samples, five specimens, each sized 25 x 25 x 25 mm³, 
were used per sample, and the densities of the foams were calculated using Eq. 1 as described in 
ASTM D3574-11.

                                                                         (1)

Where ρf is the foam density (kg.m-3), mf is the mass (g) and vf is the volume (mm3) of the 
specimen, which was calculated from the measurement with a caliper. Sample morphology was 
evaluated by field emission scanning electron microscopy (FEG-SEM) using a Shimadzu device 
(Superscan SS-550 model) and a Tescan microscope (model Mira3). The test was performed on five 
specimens, all samples were precoated with gold (Au) and 15 kV voltage was used. The foam area
was observed vertically, in the direction of expansion of the samples. The compressive strength 
tests of the PU foams were carried out in a universal testing equipment EMIC model DL 2000 with 
specimens measuring 50 x 50 x 25 mm³ and compression speed of 50 mm.min-1. The tension 
required to reduce the thickness of the specimen by up to 80% of its initial thickness was evaluated, 
according to ASTM D3574-11. The hydrophobicity of a material can be evaluated by the contact 
angle of a drop of water deposited on its surface [7]. When this contact angle is greater than 90° it is 
convenient to define it as hydrophobic

Results and Discussion 
Fig. 2 shows the results of bulk density of PU foams with different content of MCC and after 
treatment with organosilane, where the samples containing organosilane represented by PU.S.
Increasing the content of MCC causes an increase in the bulk density of the samples, a result 
already expected, since cellulose is an additional composition. It is also necessary to consider that, 
with the addition of cellulose to polyol, there is a proportional increase in the viscosity of this 
phase, which impacts the restriction of the expansion capacity of the foam, coupled with the fact 
that cellulose fibers occupy the empty spaces within the polyurethane molecules and can promote 
an increase in foam density [8].

Figure 2: Density of PU samples with different 
MC contents and with (PU. S) and without (PU) 
organosilane-based hydrophobic treatment.

Figure 3: Static sorption capacity of PU foams 
with different cellulose contents.

It is also observed that after the hydrophobic chemical treatment, all samples showed higher density 
values in relation to their analogues without the treatment, a fact associated with the incorporation 
of organosilane layers on the surface of the solid fraction of the foam. It is noteworthy that, 
compared to the pure PU sample (that had approximate increase of 7%), and the samples containing 
MCC, after chemical treatment, showed a more expressive increase in density, with an increase of 
27% for PU.C10, 29% for PU.C20, 20% for PU.C30 and 14% for PU.C40. The increase in density 
of the foams with MCC may be associated with the higher surface roughness of the solid fraction, 
which may have caused the formation of thicker layers of organosilane on the surface of the foam 
solid fraction. 
Fig. 4 presents the micrographs obtained by SEM of the PU samples with different levels of MC 
and with and without hydrophobic treatment. It is possible to observe that, after the treatment with 
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organosilane (a), the samples presented a rigid coating layer, in which during the cutting of the 
samples, it was fragmented, exposing more evident the organosilane coating layer, as seen in the 
images (b) and (c). The pure PU (a), before chemical treatment presents a smoother surface, which 
may contribute negatively to the adhesion of the organosilane on the surface, and under mechanical 
stress, deteriorate and can be removed more easily. The presence of MCC at figure (d) and (e), 
thicker layers of organosilane were observed, and no significant tricks and detachments were found, 
camparatively to the PU and as observed in the micrographs. 

 
Figure 4: SEM microscopy of (a) untreated pure PU, (b) pure PU with organosilane, (c) and (d) untreated 
PU.C40 and (e) and (f) PU.C40 with organosilane. 
 
The hydrophobic character of the PU foams was determined by measuring the contact angle of their 
previously pressed foam obtained by a mechanical press surface, with water (polar liquid), which is 
defined as the angle between the solid surface and the tangent line of the liquid phase at the solid 
phase interface. The contact angle obtained in all samples silanized with the liquid of maximum 
surface tension was greater than 110º at time t=0, indicating a surface with hydrophobic 
characteristics. The cellulose-reinforced foams showed a slight increase in the angle, due to the 
greater interaction of the foam surface with the organosilane and the stability that the addition of 
cellulose brings to the foam. The contact angle of the water with the substrate surface is related to 
the functional groups present on the solid surfaces of the PU foam. After 5 min of the test, the water 
droplet measurements on the silanized PU foam showed a slight decrease in the contact angle 
compared to t=0, probably due to the migration of water into the compensated porous structure [9]. 
The foam without the chemical treatment showed higher water migration into the foam after 5 
minutes. 
According to the results all the samples treated with the organosilane showed hydrophobic 
character. The larger the contact angle, considering water as the fluid, the greater the selectivity and 
the interaction of the foam with the oil, enabling greater efficiency in oil removal, as well as playing 
an important step in the beginning of the oil sorption process [10]. Fig. 4 presents the static sorption 
capacity of PU foams with different cellulose contents, coated with organosilane and evaluating the 
influence of different types of oils. Firstly, a higher sorption capacity is observed for PU foams with 
more viscous oils. This phenomenon is mainly attributed to oil desorption after removal from the 
system. More viscous oils have greater difficulty in flowing out of the foam and require longer 
desorption times, thus a greater amount of oil is retained inside the foam. As the adopted desorption 
time was 30 s for all samples, it was expected that the foams would have a higher sorption capacity 
for more viscous oils. The sorption process is directly influenced by the viscosity of the oil, and oils 
with high viscosity have an easier anchorage and retention in porous polymer systems compared to 
less viscous oils [11] 
In a comparative analysis between the samples studied, with increasing cellulose content in the PU 
foams there is a tendency for the sorption capacity of all the oils to decrease. This reduction is 
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directly associated with the raise in density of the foams with increasing MCC content since the 
morphology of the cell structure of the foams was similar. Duong & Burford [12] studied the effect 
of sorption capacity of PU foams by evaluating the density of PU foams, the viscosities of oils and 
temperature on the sorption behavior of oils in different PU foams. They reported that the sorption 
capacity increases significantly with decreasing density of the foams, due to the raise in the number 
of open cells, cell morphology and, that this behavior also depends on the oil viscosity as well as the 
oil temperature (test temperature). The data presented in Fig. 3 show the sorption capacity in grams 
of oil per gram of sorbent, i.e., as the foam density increases, there is a tendency for the sorption 
capacity to decrease, because the increase in sample mass (constant volume) is directly related to 
the sorption capacity of the foam. 

 
Conclusions  
The development of the polyurethane foams reinforced with microcrystalline cellulose chemically 
modified with organosilane was succeed as an absorbent system, as it is possible to visualize in the 
results of the contact angle test and in the sorption capacity of the samples. Creating a mechanism 
that meets part of the need for oil-in-water removal. It was also observed that the content of MCC 
increases the compressive strength, and the thickness of the foams. Although, the use of MCC in the 
composition is responsible for a higher density which negatively affects the sorption capacity of the 
samples, that was seen during the characterization stage. Nevertheless, the samples obtained 
showed hydrophobic and oleophilic character designed for the research conducted. Turning the use 
of microcrystalline in polymeric foams attractive, especially attached to the relatively low-cost and 
lower density when compared to the inorganic fillers conventionally used. 
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Abstract - The search for sustainable materials has led to the increased use of thermoplastic composites reinforced with 
fibers from renewable sources, mainly vegetable fibers. However, chemical treatments and coupling agents are often 
necessary to improve interfacial fiber-matrix adhesion due to these fibers' hydrophilic nature. Thus, one of the current 
challenges is to find a method to improve this adherence efficiently and sustainably. As an alternative, the present study 
aims to analyze the influence of different organic acids as a coupling agent in composites with post-consumer high-
density polyethylene (HDPEpc) matrix reinforced with curaua fiber (FC). The samples were characterized using 
thermogravimetric (TGA) and differential scanning calorimetry (DSC) techniques. The results showed that, like the 
effect observed with maleic anhydride grafted polyethylene (PEgAM), using organic acids improves the thermal 
stability of the HDPEpc/30FC composites. Suggesting that using organic acids can be a viable alternative to chemical 
treatments and coupling agents of synthetic origin.
Keywords: coupling agent, high-density polyethylene, curaua fiber, injection molding, thermoplastic composite.

Introduction
The use of recycled materials and natural fibers in the production of composites has become 
increasingly common in recent years, aiming at environmental sustainability and cost reduction [1–3]. 
However, due to these fibers' hydrophilic nature, chemical and physical treatments and coupling 
agents are often necessary to improve adhesion between the natural fibers and the recycled 
polymeric matrix [4]. Thus, one of the current challenges of this process is to find a method to 
improve fiber-matrix adhesion efficiently and, at the same time, sustainably. Coupling agents of 
organic origin are being researched for their use as coupling agents in composites reinforced with 
vegetable fibers as an alternative to synthetic coupling agents to solve this problem [5–7]. Castro et 
al. used canola and castor oil as coupling agents in high-density biopolyethylene (HDBPE) 
composites reinforced with curaua fiber (FC). The authors reported that incorporating vegetable oils 
could be used to modify the properties of the fiber-matrix interfaces for materials prepared from 
hydrophilic fibers, such as lignocellulosic fibers, and hydrophobic matrices, such as HDBPE [5].
Poletto, Zattera, and Santana, in addition to maleic anhydride grafted polypropylene (PPgAM), used 
hexanoic (C6), octanoic (C8), decanoic (C10), and dodecanoic (C12) acids as coupling agents in 
recycled polypropylene (PPr) composites reinforced with wood flour. The authors observed that 
using organic acids improved interfacial adhesion and, consequently, improved the mechanical and 
thermal properties of the materials [6]. Lima used citric acid, lauric acid, palmitic acid, and PPgAM 
as coupling agents in PP/Bamboo Fiber composites. The author reported that among the organic 
acids, citric and palmitic acids showed similar behavior to PPgAM regarding the composite 
materials’ mechanical, physical, and thermal properties [7].
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Based on the positive results observed with the use of oils and organic acids, it is certainly 
justifiable to carry out new studies that explore the use of different types of organic acids as 
coupling agents, highlighting citric acid (C6H8O7), found naturally in many citrus fruits such as 
lemons, oranges, and tangerines; the malic acid (C4H6O5), found naturally in various fruits, such as 
apples, pears, and grapes, and is also present in some plants and animals; the tartaric acid (C4H6O6), 
who can be found naturally in many fruits, such as grapes, dates, and bananas, as well as some 
plants, such as tamarind; and the myristic acid (C14H28O2), a saturated fatty acid, found naturally in 
many plants and animals, including nuts, seeds and vegetable oils [8, 9]. 
In short, organic acids are natural chemical compounds that can be found in various organic sources 
such as plants, fruits, flowers, and other living organisms [10]. These compounds can have a wide 
range of properties, including the ability to bind to other components, which makes them potential 
coupling agents in polymer matrix composites reinforced with plant fibers. Therefore, to replace the 
synthetic coupling agent, PEgAM, with an organic coupling agent, the present study aims to 
analyze the influence of different organic acids on compatibilized reinforced post-consumer high-
density polyethylene (HDPEpc) composite materials with curaua fiber (FC). 
 
Experimental 
Materials 
For the formulation of composites, was selected the post-consumer high-density polyethylene 
(HDPEpc) as a polymeric matrix, coming from jars/packaging of manipulated products; curaua 
fiber (FC) as reinforcement; maleic anhydride grafted polyethylene (PEgAM) as synthetic coupling 
agent. And to find an alternative for PEgAM were used as organic acids, citric acid (AC), malic 
acid (AMá), myristic acid (AMi), and tartaric acid (AT) from Êxodo Científica. The compositions, 
in percentage of mass, of the evaluated samples are specified in Table 1. 
 
Table 1 – Samples’ Formulation. 

Sample HDPEpc (%) FC (%) Coupling Agent (%) 
HDPEpc 100 - - 

s/AA 70 30 - 
PEgAM 67 30 3 

AC 67 30 3 
AMá 67 30 3 
AMi 67 30 3 
AT 67 30 3 

 
Then, the materials were mixed and homogenized in the HAAKE Rheomix OS Polylab mixing 
chamber to obtain the composite material. This mixture underwent a process of granulometry 
reduction, and later, the specimens were made by the injection molding process in a Mini-Jet II 
piston injector. 
 
Characterization Methods 
The thermal characterization of the samples was conducted using the techniques of 
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). To perform the 
analysis related to the mass variation as a function of temperature was used TGA equipment, Q50 - 
TA Instruments, programmed in the temperature range of 25 to 1000 °C with a heating rate of 20 
°C/min, under an N2 atmosphere (10 mL/min), as established in the ASTM E-1131 standard. And to 
obtain the melting temperatures and enthalpies of the samples, it was used DSC equipment, Q20 - 
TA Instruments, programmed in the temperature range of 25 to 200 °C with a heating/cooling ramp 
of 10 °C/min, under an N2 atmosphere (50 mL/min), according to the ASTM D-3418 standard. 
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Results and Discussion
Thermogravimetric Analysis (TGA)
The TGA/DTG thermogravimetric analysis evaluated the samples' thermal stability and 
degradation. In Fig. 1 are presented the thermogravimetric curves (TGA) and the derived from 
thermogravimetric curves (DTG) of the samples analyzed.

Figure 1 – Curves of the analyzed samples: (a) TGA and (b) DTG.

In Fig. 1-a, it is observed that the FC has three stages of mass loss, the first corresponds to moisture 
and some low molecular weight extractives present in plant fibers, the second to hemicellulose and 
to cellulose (in a more significant proportion of mass) and the third to lignin. In counterpart, for the 
injected HDPEpc sample, only one stage of decomposition is observed, corresponding to the 
polymeric matrix. In turn, two principal decomposition stages can be observed for samples of 
composite materials. The first stage, between 250 and 400 ºC, where a shoulder and a maximum 
peak occur, corresponds to fiber degradation (hemicellulose and cellulose, respectively). In the 
second stage, between 425 and 525 ºC, the most significant loss of mass occurs, corresponding to 
the decomposition of the polymer. Moreover, lastly, it follows a slow degradation, which may 
correspond to lignin and residues/ashes present in the samples.
In Fig. 1-b, the DTG curves complement and confirm the information obtained from the TGA 
curves. In the composites, one shoulder and two peaks can be observed, with the shoulder and the 
peak having the lowest intensity (between 250 and 400 ºC) corresponding to the components of the 
curaua fiber and the highest intensity peak (between 425 and 525 ºC), corresponding to the 
polymeric matrix, HDPEpc.
As shown in the approximation of Fig. 1-a, initially, the PEgAM and s/AA samples showed greater 
thermal resistance, which may be due to the influence of impurities and other extractives more 
resistant to decomposition present in these samples. However, after a 10% mass loss, the AC 
composite acquired a thermal resistance analogous to the PEgAM sample. Other authors observed 
similar behavior, suggesting that the composites coupled with citric acid have a more significant 
interfacial interaction due to the reaction of the functional groups of citric acid and the hydrophilic 
groups on the surface of the curaua fiber [7]. The results obtained through the analysis of the 
TGA/DTG curves of the samples are shown in Table 2.
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Table 2 – Results of the analyzed samples’ thermal properties (TGA/DTG).

Sample
TGA DTG

T (°C) 5%wt T (°C) 10%wt HDPEpc (%) FC* (%) Ash (%) 1st Tp (°C) 2st Tp (°C)
FC 84.47 279.14 - 95.03 4.97 375.30 -

HDPEpc 401.63 421.42 98.12 - 1.88 - 471.35
s/AA 306.52 345.30 70.94 27.16 1.90 373.85 493.01

PEgAM 313.05 345.94 68.50 27.69 3.81 374.81 496.48
AC 298.43 345.43 69.66 26.35 3.99 373.18 496.03

AMá 280.39 337.60 69.09 27.08 3.83 366.61 496.54
AMi 278.02 336.94 69.72 26.50 3.78 365.80 496.08
AT 281.31 339.54 69.77 26.27 3.96 372.04 497.26

* Included the loss of moisture mass and fiber extractives.

Differential Scanning Calorimetry (DSC)
To evaluate the thermal behavior and the effect of different coupling agents us the composite 
materials (HDPEpc/30FC), a thermal analysis by DSC was conducted through three scans. Fig. 2 
shows the curves obtained through the second heating of the DSC technique.

Figure 2 – Second heating curves of the samples analyzed using the DSC technique.

In Fig. 2, it can be observed that the composites' melting peaks are less intense than the peak of 
HDPEpc, suggesting that the fiber may be affecting the crystallization of the composite material. 
This could be due to several factors, including the size, shape, and orientation of the fibers, as well 
as their interaction with the polymeric matrix. These results corroborate previous studies, which 
indicated that the presence of FC can hinder the crystallization of the composite material, reducing 
the mobility of the polymeric chains in the region close to the fibers [11]. Data obtained through the 
DSC curves were used to calculate the degree of crystallinity of the samples with Eq. 1.

                                                     (1)

Where (Xc) is the crystallinity index; (ΔHm) is the melting enthalpy of the sample; (ΔHºm) is the 
melting enthalpy of the PEAD, hypothetically, 100% crystalline. In literature [12], the most frequent 
value found for the melting enthalpy of HDPE is 293 J/g; and (W) is the mass fraction of the 
polymers in each sample.

As shown in Table 3, the s/AA sample has a low degree of crystallinity, 67.33%, when compared to 
the other analyzed composites. However, it is noted that there was an increase in the degree of 
crystallinity of the AC and AMá samples, indicating an improvement in the fiber-matrix interaction, 
where the composites were compatibilized with organic acids that also can act as a flow agent [7]. 
Furthermore, when compared to the s/AA composite, the addition of coupling agents in the
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HDPEpc/30FC composites caused an increase in the enthalpy of fusion, highlighting AMá. This 
higher energy required for melting to occur suggests that the addition of organic acids provides 
better adhesion between the phase fiber-matrix of the composite material. This is because when a 
material melts, it is necessary to provide energy for the molecules to separate and for the material to 
change phase. If there is a strong interaction between the phases because of using a coupling agent, 
this required energy may be greater [13]. 
 
Table 3 – Melting temperature (Tm), melting enthalpy (ΔHm), and degree of crystallinity (Xc) of the samples. 

Sample Tm (°C) ΔHm (J/g) Xc (%) 
HDPEpc 132.87 241.40 87.55 

s/AA 132.39 138.10 67.33 
PEgAM 132.00 152.00 77.43 

AC 133.09 162.60 82.83 
AMá 132.88 167.80 85.48 
AMi 131.46 148.40 75.59 
AT 132.16 159.10 81.05 

 
Conclusions 
Based on the results obtained in the present study, it can be concluded that incorporating organic 
acids into the composite materials was beneficial for the thermal stability and the degree of 
crystallinity of the materials, as well as the addition of the synthetic coupling agent, PEgAM. Thus, 
it is evident that using organic acids can be a viable and sustainable alternative to chemical 
treatments and coupling agents of synthetic origin. Furthermore, using a recycled polymeric matrix 
combined with reinforcement and compatibilizer of natural origin appears as an excellent option to 
produce environmentally sustainable materials. 
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Abstract - The agro-industrial sector has been expanding more and more and with its high demand, the agro-industrial 
residues generated do not have an environmentally correct destination. In order to minimize the use of residues that do 
not damage the environment and contribute to a better circular economy, the use of macadamia residues (RM 5-20% by 
weight) in polyurethane foams based on castor oil under aging was analyzed. Physical, morphological, and mechanical 
properties were determined before and after outdoor exposure to observe the impact after weathering. RM contributes to 
increasing the compressive behavior in non-exposed samples and after exposure, the results suggest that the degradation 
can act by increasing the reticulation density even with the structural alterations presented as yellowing and voids. 
These results suggest a promising material for the circular economy.

Keywords: Macadamia residues, Castor oil based Polyurethane; Composites, Natural exposure

Introduction
Currently, the agricultural industry is experiencing exponential growth, which favors the 

global economy, however, there is also a high volume of organic waste being generated. This fact
causes damage to the environment if not discarded or reused correctly Tavares et al. [1]. An
alternative so that these residues do not cause negative impacts on society is the reuse to produce 
new material since agro-industrial residues have a low cost, good biodegradability, and high 
mechanical resistance. Among the industrial residues, the production of whole Macadamia nut 
stands out. Global macadamia production in 2021 was 241,420 tons with shells, which is equivalent 
to 65,835 tons in the form of grains and 175,585 tons of waste INC et al. [2]. The disposal of 
macadamia nuts is a problem due to the high costs associated with landfills, so reuse ends up being 
more viable since it can have applicability in several sectors such as energy generation through 
incineration, hydro chars processing, and polymer matrix reinforcement. Researchers have sought 
methods of reuse so that waste is not discarded in the environment. Silva et al. studied the reuse of 
PP-based composite macadamia and obtained satisfactory results in improving the properties 
analyzed Silva et al. [3]. Another attractive to reuse this waste could be using a filler in 
polyurethane foams (PU) Costa et al. [4]. Polyurethane foams (PU) are a versatile family of 
materials mainly obtained by combinations of polyols and polyisocyanates. Due to the multiplicity 
of their structures, PUs can be used in various forms and applications. Cellular materials are the 
largest part of this market (more than 60 %) with segments including the furniture, automotive, 
bedding, insulation, building, or construction markets Gandara et al. [5].
In this work, the macadamia residues in castor oil-based polyurethane foams were studied to 
evaluate the physical, morphological, and mechanical properties before and after natural exposure.
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Experimental 
Preparation of the composites and neat PU
Composites were manufactured using the situ foaming method Costa and Gandara et al. [4, 5]. First, 
the pristine PU manual mixing of castor oil-based polyol and prepolymer was made respecting the 
proportion of 1:1 for 50 s at room temperature (27 °C) in molds. After 24 h, foams were removed 
from the molds to guarantee their complete expansion, and then the samples were cut for the 
characterization tests. The composite foams were synthesized from the macadamia nutshell residues 
(MR) mixture with the castor oil-based polyol, and after that, the prepolymer was added to the 
mixture. The sequential steps for the foam were analog to the neat PU foam. Samples were named 
PU/MRX%, where X represents the percentage of macadamia nutshell residues (5, 10, 15, and 20 
wt%) inserted in the PU. 

Characterization of the composites and neat PU
Stereomicroscopy (optical microscopy) of the samples was realized using the ZEISS DISCOVERY 
V12 stereomicroscope to inquire about the surface pores' morphological aspect, shape, and 
distribution. The average density of the neat PU and their composites were determined in triplicate 
by cutting the foams into cubic shapes (10x10x10 mm3). The specimens were weighed, and their 
mass was divided by the calculated volume.
Neat PU and its composites were subjected to compression tests by an EMIC testing machine 
(model DL2000) with pneumatic grippers with a 5 kN load cell, following the ASTM D 695-15 
standard, with 5 mm.min−1 at 20% deformation. The dimensions of the samples of the specimens 
were 50×50×25 mm and positioned between the two parallel plates for compression.
Neat PU and its composites underwent natural environmental aging for 12 months (November 2021 
to November 2022) following ASTM G-7 and ASTM G-147 standards. The test was performed in 
quintuplicate for each type of sample. The samples were evaluated and weighed during the first 
week, after ten days, and once a month for 12 months. The mass loss of the samples after 
environmental aging was determined by the difference between the sample mass after exposure to 
the open air (mf) and the sample mass before exposure (m) as described by Eq. (1). 

Eq. (1)

Results and Discussion 
Morphological analysis of pure PU foam showed a porous surface with a high content of closed 
cells and pore distribution with an average size of 1485 ± 531 μm, as observed in Fig. 1. However, 
the insertion of macadamia residues altered these characteristics. Analyzing the morphology of the 
composites was observed that the pore sizes gradually decreased according to the insertion of 
macadamia residues (MR), highlighting the PU/MR20% samples, which showed a reduction of 40 
and 44%. A similar trend was obtained by Gandara et al. when developed a new composite material 
based on sugarcane bagasse fibers reinforced in polyurethane for the sorption of vegetal oil Gandara 
et al. [5]. According to Tiuc et al. the natural fiber acts as a nucleating agent for the formation of 
pores Tituc et al. [6]. With the nucleation of a greater number of cells occurring at the same time, 
the availability of gas decreases for cell growth, causing the formation of smaller pores Czlonka et 
al. [7]. In addition, PU composites presented open and interconnected pores with different 
sizes/shapes Costa et al. [4]. The foam density of pure PU and its composites directly influences 
the type of PU foam structure and its mechanical performance Silva et al. [8]. The densities 
presented by the composites reinforced with MR corroborate their morphologies (Fig. 1). 
Composites with the lowest MR contents showed lower density due to open pores and lower 
amounts. On the other hand, composites with higher MR content had higher density due to more 
closed pores and greater quantity. After environmental aging was observed a yellowing, voids, and 
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a slight increase in pore size, which caused a decrease in the density. This fact can be occurred due 
to a combined effect of temperature, humidity, and UV radiation. Also, this change after 
environmental aging interfered in the mechanical Properties and mass loss. 
 

 
Figure 1- Optical microscopy (40x) and photographs of composites reinforced with macadamia residues 

before and after natural aging (both in the rise direction). 
 

Analyzing the data obtained, it is noted that neat PU has a compressive strength of 0.24 ± 0.01 MPa. 
In the literature, a similar result was reported Nguyen et al. [9]. When incorporating MR in the PU 
matrix, the particle size exerted some influence on the compressive strength values. The 
PU/MR20% composite obtained a compressive strength increase of 12.5% compared to the pristine 
PU foam. When studying polyurethane composites and palm sheath residues, Moghim et al. [10] 
reported a trend toward this increase in strength, which can be attributed to the interaction of the 
isocyanate groups of the PU matrix and the O-H groups of the cellulosic fibers. An unexpected 
increase in the compressive strength of the exposed samples after environmental aging was also 
observed, which resulted in resistant and less brittle foams. This fact must be related to humidity, 
thermal effects, and wind. The humidity affected in the mass loss, as can be observed in Fig. 2. The 
results obtained in the first week of weight loss for pure PU and its composites showed a significant 
weight gain for all samples on the 50th day (11/Nov/2021) compared to the other days of the aging 
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period. A possible hypothesis for this behavior is the absorption of water due to the rainy day and 
also the chemical degradation such as the cleavage of the urethane group present in the polymeric 
chain Gandara et al. [5]. Thus, the formulation of new foams containing MR may be a viable way to 
manage this waste. 
 

Table 1: Data of the compressive strength of foams before and after natural aging. 
Samples Before environmental 

aging 
After environmental 

aging 
Compressive strength 

(MPa) 
Compressive strength 

(MPa) 
Neat PU 0.24 ± 0.01 0.44 ± 0.05 

PU/MR5%  0.23 ± 0.03 0.38 ± 0.03 
PU/MR10% 0.21 ± 0.02 0.44 ± 0.10 
PU/MR15%  0.21 ± 0.05 0.37 ± 0.03 
PU/MR20% 0.27 ± 0.02 0.38 ± 0.07 

 

 
Figure 2- Graphic of the mass loss x environmental aging time (day).        

Conclusions  
The effect of macadamia residue (MR) used as reinforcement in polyurethane (PU) foams based on 
castor oil was evaluated under environmental aging. Optical microscopy showed that the addition of 
MR in PU foams caused a nucleating effect producing foams with higher density and smaller cell 
sizes than neat PU. In the exposed samples, a slight increase in pore size was observed. However, 
environmental aging caused yellowing, voids, and roughness gain of the materials compared to non-
aging samples. The compressive strength of the composites increased according to the addition of 
macadamia residues. An unexpected increase in the compressive strength of the exposed samples 
after natural aging was also observed, which resulted in resistant and less brittle foams. All changes 
in PU/MR after environmental aging occurred due to a combined effect of temperature, humidity, 
and UV radiation. Thus, after the studies presented, there was evidence of a reduction in pores after 
the addition of fiber, a decrease in density, and an increase in mechanical resistance. Therefore, it is 
concluded that these PU/MR composites in different amounts of 5, 10, 15, and 20% are an 
environmentally correct way to dispose of MR waste and promising for various applications, thus 
contributing to the circular economy. 
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Abstract - This study was carried out to investigate the impact of incorporating bentonite clay in different concentrations
(0.25%, 0.75% and 1.25%) in biocomposites consisting of alginate and starch obtained from mesocarp babassu coconut. 
The main objective was to analyze the physical and mechanical properties of these materials. The results showed that as 
the clay concentration increased, the moisture content and solubility of the composite also exhibited a corresponding 
increase.  Additionally, it was observed that the water vapor permeability and thickness of the biocomposites increased 
proportionally with the addition of clay. Regarding the mechanical properties, the tensile strength and Young's modulus 
exhibited a linear correlation with the concentration of bentonite, whereas elongation demonstrated a proportionate 
decrease. The Fourier Transform Infrared (FTIR) spectra showed interactions among these components that contributed 
to the stabilization and properties of the formed biocomposites.
Keywords: Biocomposite, Bentonite, Alginate, Babassu, starch

Introduction
The consumption of synthetic polymers, known as plastics, has expanded by approximately 

36% since 2010, becoming the most widely used polymers in our contemporary society. It is evident 
that these compounds are employed in various sectors such as packaging, automotive, 
pharmaceutical, information technology, among others, providing invaluable benefits to human 
needs. However, considering environmental principles, the concern becomes urgent in the face of the 
current scenario, as the exploitation of non-renewable degradable sources leads to serious 
consequences for the environment, in addition to the excessive amount of time it takes for such 
material to decompose. In view of this panorama, one of the alternatives adopted to mitigate these 
challenges is the use of biopolymers, which are biodegradable materials and, being from natural 
sources, are more environmentally friendly in terms of producing fewer greenhouse gases [1-3].

The babassu coconut mesocarp starch (BCMS), which is a natural polymer, presents 
advantages in terms of environmental protection, cost-effectiveness, absence of toxicity, ease of 
degradation, abundance in the state of Maranhão - Brazil, among others, which makes it one of the 
critical points of green materials research. Although it has relatively good biocomposite formation 
properties, its mechanical properties are insufficient. Therefore, aiming to enhance the mechanical 
capabilities of starch-based materials, many researchers add various substances, such as plasticizers 
and crosslinking agents.

The use of bentonite clay as a reinforcing agent presents itself as an efficient alternative to 
significantly enhance mechanical, thermal, and water vapor permeability (WVP) properties. This clay 
is predominantly composed of montmorillonite (Al2O3.4(SiO2).H2O), a phyllosilicate mineral with a 
sheet-like structure, belonging to the 2:1 clay mineral family. This family is characterized by the 
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presence of tetrahedral and octahedral sheets that interconnect to form layers. The tetrahedral sheets 
consist of silica-oxygen tetrahedra, while the octahedral sheet is composed of aluminum, iron, or 
magnesium, coordinated to tetrahedral sheets through six oxygen molecules. These layers are linked 
together by interlayer cations, hydrogen bonds, or van der Waals forces [4-5]. 

Sodium alginate, obtained from marine algae, is a linear polysaccharide composed of β-D-
mannuronate and α-L-guluronate, linked by 1-4 glycosidic bonds. It is a material with characteristics 
such as biodegradability, biocompatibility, and absence of toxicity, which make alginate an attractive 
material for numerous applications in the food, pharmaceutical, textile, biomedical, paper industries, 
and industrial waste treatment [6-7]. 

Therefore, this study aimed to evaluate the biocomposites composed of BCMS, alginate, and 
bentonite clay through characterizations of moisture content, water solubility, WVP, mechanical 
properties, and Fourier Transform Infrared Spectroscopy (FTIR). 
Experimental 
Materials 

Sodium bentonite clay (BrasilMinas Indústria e Comércio Ltda, Brazil), sodium alginate 
(Isofar, Brazil), Mesocarp of Babassu Coconut obtained on the campus of the Federal University of 
Maranhão (UFMA, Brazil), glycerol, calcium chloride dihydrate, sodium hydroxide (NaOH), sodium 
metabisulfite, and ethyl alcohol (Synth, Brazil) were used. 
Purification of Babassu Coconut Mesocarp 

For starch extraction, the mesocarp powder underwent a successive sieving process using a 
fine mesh with an aperture size of 0.053 mm. Subsequently, the obtained material was washed in a 
solution containing sodium metabisulfite (1:2 w/v) to prevent starch browning. After agitation for 10 
minutes, the solution was vacuum-filtered. Then, several washes were performed using a 0.05 mol/L 
NaOH solution, followed by washes with absolute ethanol to remove organic residues present in the 
extracted starch. Finally, the material was filtered again and placed in a controlled-temperature oven 
at 40°C for 24 hours. 
Development of Biocomposites 

Three compositions were prepared with different clay concentrations (0.25%, 0.75% and 
1.25%) by adding 400 ml of distilled water to a 600 ml beaker, stirred using a "turrax" (10000 rpm) 
and maintained at a temperature of 80ºC. Then, 3g of BCMS (obtained in the previous step) was 
added and stirred for 15 minutes. The solution was cooled at 70ºC, and 8g of sodium alginate was 
gradually incorporated. Next, the in natura sodium bentonite clay was added to the solution (at the 
defined concentrations), maintaining at a constant temperature of 70ºC. To increase its plasticity, 5 
ml of glycerol were added in the solution, which was then cooled to a temperature of 40ºC. Finally, 
30 ml of 1% CaCl2 (crosslinking agent) were added. Due to rapid crosslinking, the solution was added 
to the mixture at a maximum flow rate of 1 ml/min and stirred for a period of 20 minutes to obtain a 
homogeneous solution. The resulting biocomposites were carefully placed on acrylic plates and 
subjected to a drying process in an air-circulating oven, maintaining a constant temperature of 40ºC 
for a period of 18 to 20 hours. After the drying process was completed, the biocomposites were 
removed from the plates and stored in desiccators with a relative humidity of approximately 43%. 
Characterization 

The biocomposites were characterized as follows: 1) Moisture content (ω) - determined by 
the gravimetric technique using the AOAC methodology (Association of Official Analytical 
Chemists) [8]; 2) Water solubility (S) - determined according to the methodology proposed by Irissin-
Mandata with modifications [9]; 3) Thickness (δ) - determined using a digital micrometer (resolution 
of 0.01 mm), with nine measurements taken at random points on the biocomposites; 4) Water vapor 
permeability (WVP) - using the ASTM E96/E96M-16 method [10]. 5) Mechanical properties - 
evaluated through tensile tests using a universal testing machine (BIOPID, Brazil). The elongation at 
break (e), tensile strength (TS), and Young's modulus (E) were determined according to ASTM D882 
standards [11]; 6) Fourier Transform Infrared Spectroscopy (FTIR) - analyses of the in natura 
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bentonite clay, BCMS, sodium alginate, and biocomposites were conducted using an IRPrestige-21 
spectrometer, Shimadzu. The spectral scan was performed in the range of 4000 to 400 cm-1, 
employing the Attenuated Total Reflection (ATR) mode; 7) Statistical Analysis - quantitative data 
were expressed as mean values ± standard deviation. Analysis of variance and Tukey's test were used 
to determine statistically significant differences (p<0.05) between the data using Statistica V.9. 
Results and Discussion  

Figure 1 shows the Fourier Transform Infrared Spectroscopy (FTIR) spectra of BCMS (a), 
sodium alginate (b), sodium bentonite (c), and the biocomposites (d). 

The BCMS (Fig. 1a) exhibits absorption bands at 3291 cm-1 (O-H stretching vibrations), 2911 
cm-1 (symmetric stretching of CH2), 1627 cm-1 (adsorbed H2O vibrations and C=O stretching), 1322 
cm-1 (N-H stretching and C-H bending), as well as absorptions in the region between 1200 and 600 
cm-1 (carbohydrate vibrations). Sodium alginate (Fig. 1b) shows absorptions at 3448 cm-1 (-OH), 1637 
cm-1 (asymmetric stretching vibration of COO groups), 1419 cm-1 (symmetric stretching vibration of 
COO groups), and 1099 cm-1 (C-O stretching). Sodium bentonite (Fig. 1c) exhibits absorptions at 
3695 cm-1 (OH stretching vibration), 796 cm-1 (Al-Mg-OH stretching), 938 cm-1 (carboxylic acid 
group OH bending), 1421 cm-1 (alkane H bending), 698 cm-1 (Si-O stretching), 539 cm-1 (Si-O-Al 
stretching), and 470 cm-1 (Si-O-Si stretching). However, analyzing the FTIR of the biocomposites 
(Fig. 1d), the spectra reveals several characteristic absorptions suggesting interactions between these 
components. The absorption at 3841 cm-1 indicates the possibility of hydrogen bonding between the 
hydroxyl (OH) groups present in BCMS and sodium alginate and/or bentonite. The absorption at 
2336 cm-1 suggests an interaction between BCMS and (C=O) groups present in bentonite and/or 
sodium alginate. The absorption at 2125 cm-1 indicates a possible ionic or electrostatic interaction 
between BCMS and the (COO-) groups of sodium alginate. Finally, the absorption at 1873 cm-1 
suggests physical interactions between BCMS and bentonite through (Si-O) or (Si-O-Al) bonds. 
These interactions can contribute to the stabilization and properties of the biocomposites [12-15]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1 – FTIR: (a) BCMS, (b) Sodium alginate, (c) Sodium bentonite, and (d) Biocomposites. 
Table 1 presents the characterization data of biocomposites based on BCMS, sodium alginate, 

and different concentrations of sodium bentonite clay. 
Due to its highly porous layered structure, clay is recognized for its water retention capacity 

within its layers, which becomes more evident with increasing clay concentration. This phenomenon 
is clearly observed in the present study, as shown in Table 1. It was found that as the clay 
concentration increased, the corresponding moisture content was recorded as 14.25%, 16.70%, and 
19.49% for the concentrations 0.25%, 0.75% and 1.25% of clay, respectively. Simultaneously, the 
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material solubility also increased proportionally with the addition of bentonite, presenting values of 
18.64%, 32.59%, and 47.95%. This trend can be attributed to the absence of attractive forces between 
the molecules present in bentonite, which favored water absorption and resulted in higher moisture 
content and solubility of the biocomposite. Previous research documents that biocomposites 
composed of alginate crosslinked with calcium exhibit high moisture content and solubility close to 
100%. However, the incorporation of BCMS and clay in the biocomposite resulted in a slight 
reduction in hydrophobicity, indicating that these components provided a structure that stabilized the 
biopolymers, reducing such properties [16-17]. 
Table 1: Moisture content (ω), water solubility (S), thickness (δ), water vapor permeability (WVP), tensile 
strength (TS), elongation (e), and Young's modulus (E). 
Clay concentration (%) 0.25 0.75 1.25 

ω (%) 14.250±0.002a 16.700±0.002b 19.49±0.002c 
S (%) 18.640±0.220a 32.590±0.310b 47.95±0.370c 
δ (mm) 0.147±0.001a 0.165±0.004b 0.214±0.001c 

WVP[(g.mm)/(m2.dia.k] 3.840±0.040a 5.832±0.071b 8.625±0.051b 
e (%) 2.538±0.055c 2.001±0114b 1.494±0.045a 

TS (MPa) 1.055±0.024a 1.211±0.084b 1.389±0.031c 
E (MPa) 42.142±1.103a 53.217±2.986b 93.064±3.371c 

Mean ± standard deviation of repetitions. Means with lowercase letter in each column indicate no significant 
difference at (p<0.05) according to Tukey's test. 

It is also possible to observe an increase in WVP with values of 3.84, 5.83, and 8.62 
(g.mm)/(m2.day.kPa), as well as an increase in thickness to 0.14, 0.16, and 0.21 mm of the 
biocomposites with the addition of clay. It was expected that the presence of clay would reduce 
permeability; however, a weak electrostatic interaction effect resulted in higher porosity and the 
emergence of cavities in the polymeric structure of the materials. These cavities, by increasing the 
available empty spaces, facilitate the movement of water vapor through the material. This property 
becomes even more evident as the biocomposites become thicker [18]. 

The addition of bentonite to the biocomposites has shown a significant linear effect on the 
improvement of mechanical properties such as TS and E, while a decrease in elongation occurs. The 
results obtained in this study revealed a progressive increase in TS of the biocomposites as the 
bentonite content was gradually increased. The recorded values were 1.06 MPa, 1.21 MPa, and 1.39 
MPa. This increase in tensile strength can be attributed to the presence of bentonite, which acts as a 
reinforcing agent in the biocomposite matrix. Additionally, a linear increase in the Young's modulus 
was also observed. The recorded values were 42.14 MPa, 53.22 MPa, and 93.06 MPa for increasing 
concentrations of bentonite. The observed increase in Young's modulus indicates a higher stiffness 
and resistance of the biocomposite to deformation, which is consistent with the results obtained for 
TS. On the other hand, there was a decrease in the elongation of the biocomposites. The recorded 
values were 2.53%, 2.00%, and 1.49%. This reduction in elongation can be attributed to the increased 
stiffness of the biocomposite due to the presence of bentonite. The higher stiffness may limit the 
material's deformation capacity before rupture occurs, resulting in lower elongation. Additionally, 
both glycerol and cross-linking agent present in the biocomposite influenced its mechanical 
properties. Therefore, the increase in bentonite concentration resulted in an increase in tensile strength 
and Young's modulus [19-21]. 
Conclusions 

In this study, it became evident that bentonite clay at different concentrations significantly 
impacted various properties, such as water retention, solubility, WVP, and mechanical properties, 
indicating that higher clay concentrations contributed to higher moisture content and solubility of the 
material. Additionally, the weak electrostatic interaction resulted in increased porosity, which 
influenced WVP and allowed for more efficient movement in the biocomposites. Regarding the 
mechanical properties, bentonite acted as a reinforcing agent, increasing TS (tensile strength) and 
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Young's modulus, while reducing elongation. These findings highlight the potential of bentonite clay 
as a promising component in the formulation of biocomposites with enhanced properties for various 
applications, such as in the biodegradable materials industry. Future investigations can focus on 
optimizing concentrations and combinations of components to further explore the properties and 
applications of these improved biocomposites. 
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Abstract – In this work, the phase separation by microscopy and the mechanical performance under tensile test and 
fracture toughness of systems with triblock copolymer (PEG-PPG-PEG; M̅n ~ 1100 g/mol - EPE) or with (PPG-PEG-
PPG; M̅n ~ 3300 g/mol – PEP), in concentrations of 10 and 20 wt.% in the epoxy matrix, were evaluated. Microscopic 
analysis showed that, only the pure matrix and the system with 10 wt.% EPE did not present visible phase separation and 
maintained the mechanical resistance of the pure matrix. In the other systems, self-assembled spherical domains of 
triblock copolymers were visualized and resulted in lower tensile strength than the pure epoxy. On the other hand, the 
system with 20 wt.% of PEP obtained a 10% increase in toughness in relation to the matrix. In this way, we see that the 
increase in the molar mass of the copolymer decreased the miscibility of the copolymer in the matrix and benefited the 
toughness of the epoxy.

Keywords: Triblock copolymer; Toughness; Strength.
Fundings: The authors would like to thank the financial resources provided by CNPq and FAPESC/PAP. 
(PROAP/AUXPE).

Introduction 
Epoxy resins represent a group of prepolymers widely known for their ease of adhesion to other 
materials and their thermosetting three-dimensional structure when cured. These resins are commonly 
cured using hardeners with an amine functional group. However, the crosslinking reaction reduces 
the system's mobility and gives it the nature of brittle fracture [1,2]. Incorporating block copolymers 
(BC) in epoxy systems has emerged as an alternative to improve their mechanical properties, 
especially fracture toughness [1,3].
These epoxy/block copolymer systems have attracted the attention of researchers due to the self-
assembled and nanophase-separated structure presented by some BCs that can generate 
nanostructured thermosets with different properties [1,3,4]. Recent studies have shown that the 
incorporation of block copolymer in nanocomposites also helped in the stabilization of carbon 
nanoparticles and increased the fracture toughness. The addition of different block copolymers (PPG-
b-PEG-b-PPG) resulted in an increase in the mobility of the matrix and a decrease in the glass 
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transition temperature, except for copolymers that presented phase separation. That could be caused 
by the unfavorable physical interaction between the epoxy and the PPG group [5,6].  
Thus, this work aims to study the influence of the addition of triblock copolymers on the mechanical 
properties of the epoxy matrix and its correlation with the phase morphology of the systems. 
 
Experimental Section 
General Information:  As the matrix phase was used bisphenol A diglycidyl ether (DEGEBA) epoxy 
resin and 4,4'-diaminodiphenylmethane hardener. For the blends systems, triblock copolymer was 
added, being poly(ethylene glycol)-block-poly(propylene glycol)-block-poly (ethylene glycol) (PEG-
PPG-PEG) M̅n ~ 1100 g/mol or poly(propylene glycol)-block-poly(ethylene glycol)-block-
poly(propylene glycol) (PPG-PEG-PPG), M̅n ~3300 g/mol, referred to in this work as EPE and PEP, 
respectively. Both copolymers are composed of 10% PEG blocks. All materials were obtained from 
the Sigma-Aldrich. 
Preparation of blends: Resin and copolymers (10 and 20 wt.% about the amount of the matrix) were 
mixed for 10 min at 75±5 °C in a digital magnetic stirrer. Then, the hardener (28.5 wt.% about the 
amount of resin) was added, and the mixing was continued for another 7 min. Subsequently, the 
mixture was poured into silicone molds, and cured in an oven at 100 °C for 24 hours and post-cured 
for 1 h at 140 °C.  
All systems were evaluated by field emission microscopy (FESEM), photography, tensile test 
according to DIN53504 and fracture toughness according to SENB specimens and ASTM D5045. 
The identification of the developed systems is represented in Table 1.  
 

Table 1– Identification of the systems 

Components 

Identification 

Pure Amount of block copolymer (%(m/m) 

10 wt.% 20 wt.% 

PEG-b-PPG-b-PEG 1100g/mol - EPE-10 EPE-20 

PPG-b-PEG-b-PPG 3300g/mol - PEP-10 PEP-20 

Resin (DEGEBA) EPOXY - - 
 
Results and Discussion  
Fig.1A shows SENB samples of all prepared systems. It can be observed that the only translucent 
samples are the pure epoxy and the EPE-10 system, 10% PEG-b-PPG-b-PEG in the epoxy matrix, 
and the other systems were opaque. This difference may be associated with the phase separation of 
the systems and may indicate that the copolymer with a lower molar mass and the PEG component 
at the tips form a miscible and/or partially miscible system with the addition of 10 wt.% in the matrix. 
From the fracture microscopy of the samples (Fig.1B, 1C, 1D, 1E and 1F), it can be observed that the 
samples with pure epoxy (Fig.1B) and EPE-10 (Fig.1C) present homogeneous phase fracture surface. 
In contrast, 20wt.% PEG-b-PPG-b-PEG (Fig.1D) as well as both composition  
 (10 and 20wt.%) of PPG-b-PEG-b-PPG (Fig. 1E and Fig.1F, respectively), presented a fracture 
surface composed of self-assembled spherical/ellipsoidal domains resulting from the spinodal 
decomposition of the copolymer during the cure process, indicating phase separation. This result 
corroborates what was observed in Fig.1A about the translucency of the samples, where sample EPE-
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10 was similar to the matrix, meaning, it did not form microscopic phases as observed in the other 
samples.
   

A)

C)

E)

B)

D)

F)

Figure 1 – Phase morphology A) Cured samples, B) Epoxy, C) EPE-10, D) EPE-20, E) PEP-10. F) PEP-20

Considering that the PPG group presents low dispersion in the matrix phase, a  phase separation was 
observed in the samples in which the amount of copolymer was increased by 10wt. % to 20wt.% 

EPOXY      EPE-10          EPE-20    PEP-10         PEP-20
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(EPE-10) and in those with copolymer with the biggest molar mass and the PPG group at the ends of 
the chain (PEP-10 and PEP-20). The phase separation can be associated with the low affinity between 
the epoxy resin and the PPG block of the copolymer, which indicates that the favorable interaction 
between the PEG and the matrix was not enough to stabilize the microphases formed during curing, 
which resulted in a system composed of circular micelles [6,7]. Furthermore, regardless of the PEG 
position, if there is sufficient fraction for the PPG to form the nucleus and the PEG stays at the ends, 
immiscibility occurs with the epoxy phase [8].  
The addition of 20 wt.% of PPG-b-PEG-b-PEG (PEP-20) in the epoxy resulted in systems with the 
highest fracture toughness (KIc) (Fig. 2A), increase about 10% in relation to the pure matrix. On the 
other hand, EPE-20 sample, which also formed copolymer micelles, decreases 8% the fracture 
toughness in relation to the matrix. This result is very interesting, and contradicts the literature, which 
states that the position of the PPG block at the end is unfavorable to toughening. [6].      
Both systems with 10 wt.% triblock copolymer have similar fracture toughness as the matrix, and the 
KIc value of the sample without phase separation (EPE-10) is subtly lower than the sample with self-
assembled spherical/ellipsoidal domains (PEP-10). Furthermore, in the samples with 20 wt.% of 
copolymer, the difference is much greater, with an increase of 10% of PEP-20 in relation to the EPE-
20 system. Thus, probably the size of the PEG block of the PEP copolymer with a molar mass of 
3300 g/mol influenced the interaction between the self-assembled micelles and the epoxy matrix, 
causing an improvement in the interfacial adhesion and thus resulting in more tenacious systems. 
The increase in KIc for systems with copolymer with higher molar mass, separated by macrophases, 
was also observed by Larrañaga et al. (2007), who suggested that the presence of self-assembled 
spherical/ellipsoidal domains in the matrix hinders crack propagation and results in higher values of 
fracture toughness when compared to miscible or microphase-separated systems. 
 

 
     

Figure 2 – Mechanical tests A) Fracture toughness and B) Tensile 
 
For the tensile test, the samples with phase separation showed the lowest values of ultimate stress. 
Samples containing 10 wt.% and 20 wt.% of the PPG-b-PEG-b-PEG copolymer were reduced by 
28% and 19%, respectively, compared to the epoxy. Similarly, the sample containing 20 wt.% of 
PEG-b-PPG-b-PEG exhibited a reduction of 10%. On the other hand, the system that did not present 
the copolymer self-assembled spherical/ellipsoidal domains in the microscopies obtained similar 
resistance to the pure matrix. A decrease in maximum supported stress is expected in systems with 
soft phases, as with chain mobility increases, lower is the hardness and tensile strength supported by 
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the specimen [9,10]. Furthermore, phase separation, could lead to internal stresses accumulation, 
resulting in sample early fracture [11]. 
 
Conclusions  
In this work it was possible to verify the influence of the position of the PEG block and the molar 
mass of the triblock copolymer in the phase separation and mechanical properties of the epoxy. The 
samples with the higher molar mass copolymer resulted in toughness system highest than the pure 
epoxy. The system with the higher molar mass copolymer (3300 g/mol), and thus the longer PEG 
block, resulted in a tougher system than the pure matrix or the systems with the 1100 g/mol molar 
mass copolymer. In this way, the size of the PEG block positively influenced the fracture performance 
of the systems, and in systems with a longer block, even in the center of the structure (PEP-33), the 
adhesion of self-assembled spherical/ellipsoidal copolymer domains the matrix was more efficient, 
increasing the energy expended in the fracture. 
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Abstract – This study focuses on the development of composites using unsaturated polyester reinforced with different 
weight percentages (10%, 20%, and 30%) of fibers derived from the leaf of Agave angustifolia var. marginata (FAAM). 
The mechanical properties of the composites were evaluated through tensile testing, while their thermal properties were 
analyzed using thermogravimetry (TG) and derived thermogravimetric (DTG) techniques. The results revealed that the 
inclusion of FAAM led to notable improvements in the modulus of elasticity, tensile strength, tenacity, and maximum 
strain at break of the composites. However, the incorporation of FAAM did not significantly impact the thermal properties 
of the composite materials. These findings contribute to the understanding of the potential applications of FAAM based 
composites in various engineering fields, where enhanced mechanical performance is desired without compromising 
thermal stability.

Keywords: lignocellulosic fiber, agave fiber, mechanical proprieties, biocomposites.

Introduction

Environmental concerns regarding the generation of plastic waste and the implementation of 
regulations have motivated the development of environmentally friendly materials with 
characteristics capable of meeting the new demands of modern industry [1,2]. In this context, plant 
fibers, known as lignocellulosic fibers (LFs), have been used as substitutes for different synthetic 
fibers (glass, carbon, aramid) in the production of composite materials [1,3,4]. Research indicates that 
FLs have several advantages over synthetic fibers such as low cost, low density, biodegradability, 
recyclability, non-toxic and easily available. These factors triggered the insertion of a wide variety of 
FLs as a reinforcing agent in polymeric composites [5-7].
The A. angustifolia var. marginata is a succulent plant of the botanical genus Agave, belonging to 
the Agavaceae family, so that the fibers extracted from its leaves present a great potential for 
application in the production of green composites [8]. A recent study [9] showed that with different 
fiber volume fractions and fiber lengths, the bending and tensile behavior of the polyester/FAAM 
composite was significantly improved. The maximum tensile strength was found for a fiber volume 
of 25% and fiber length of 20 mm. However, the thermal properties of these materials were not 
evaluated. From then on, this study sought to investigate in more detail the influence of the 
incorporation of long FAAM in polyester composites. Considering that, the research focuses on the 
application of in nature fibers, of long size and oriented in the polyester matrix. This study is based 
on the investigation for further information on the tensile and thermal properties of reinforced 
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composites with contents of 10%, 20% and 30% by weight of FAAM in the unsaturated polyester 
matrix. 
 
Experimental  
 
Obtaining the composites 
 
The leaves of A. angustifolia var. marginata were collected in the southern region of the state of 
Espírito Santo (Alegre-ES), from plants found in garden beds. After collection, the thorns from the 
margins and tips of the leaves were removed and then washed with water to remove impurities from 
the leaf surface. For fiber extraction, the sheets were subjected to a pressing process using a two-roll 
manual mill. After being macerated, they were immersed in water for a period of 18 hours to facilitate 
the removal of unwanted parts present in the leaves. To extract the fibers, the leaves were scraped, 
and small bundles were manually removed and washed in running water to completely remove the 
mucilage. The fibers were dried in an oven with air circulation at 60°C for 3 hours, and then cut for 
the manufacturing step of the composites. For the preparation of the polymer composites, polyester 
resin (UC 2120 AC PLUS) and butanox catalyst (M-50) supplied by Redelease (Brazil) were used in 
the proportion of 2% of catalyst in relation to resin, as recommended by the manufacturer. 
The composite samples were made in silicone molds with the addition of 10, 20 and 30% by weight 
of FAAM, with long and aligned fibers with about 112 mm in length, occupying the total length of 
the mold. The mixture of resin and catalyst was poured into the mold containing the fibers and 
homogenized in them, ensuring soaking and wettability. This mixture was inserted until completing 
the mold volume. 
The specimens were prepared according to the pre-established dimensions for specimens for tensile 
tests according to ASTM D638 standard [10]. Then, the molds were placed in a pressure reactor at 
90 Psi (Isostatic) at room temperature for at least 24 hours until the polymerization process was 
completed, with the reach of the specimens. 
 
Characterization  
 
For maximum stress analysis, the five composite samples were produced according to the standard 
for each fiber composition, based on ASTM 638 [10]. The samples were submitted to traction tests 
in a universal machine of the model DL 10,000 EMIC at room temperature, with a crossover speed 
of 1mm/min and load cell of 5000 N until the rupture of the specimen. The powder samples of the 
composites passed in the mesh sieve #40 and retained in the mesh #60 were thermally analyzed using 
a Setaran Thermogravimetric Analyzer, model LabSys Evo, with heating conditions from room 
temperature up to 800 °C and heating rate of 10 °C/min in nitrogen atmosphere. 
Analysis of variance (ANOVA) was used to find distinctions between the samples with Tukey's test 
was applied with 5% significance. 
 
Results and Discussion  
  
The Fig. 1 presents the representative graphs for the properties of maximum stress strength, strain, 
modulus of elasticity and toughness of the composites. The Fig. 1-a indicates that with the increase 
of the fiber content in the composite higher values of maximum stress are obtained, which are 
associated with the strength of the composites when reinforced by fibers [9]. It is observed that the 
average strength of composites with 20% by weight of FAAM had a percentage increase of 180±9%, 
while composites reinforced with 30% by weight of FAAM had an increase of 293±2% compared to 
the pure matrix, with associated deviation (percentage variation) compared to neat polyester. It was 
observed that there was no significant difference between the tensile strength values of the composite 
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of 10% by weight of FAAM with the polymer without fiber addition.  In observation to Fig. 1-b, it is 
noted that pure polyester exhibited higher strain values, which is related to its higher elastic 
deformation capacity compared to the fiber-reinforced matrix. This fact is notorious when analyzing 
the graph in Fig. 1-b, where, for composites, strain increased from 3.2% to 5.6% with increasing 
reinforcement, however, the pure matrix strained 12.0%.

Figure 1- Variation with the percentage of FAAM (% by weight) for medium values of: (a) resistance to 
maximum stress, (b) deformation, (c) modulus of elasticity and (d) toughness of composites with 10, 20 and 
30% fiber. The letters "a", "b" and "c" in the graphs highlight the perceptible distinctions between the analyzed 
groups found in the statistical analysis.
*Values followed by at least one letter between dots indicate non-significant distinctions in a 95% confidence 
condition (p<0.05).

From Fig. 1-c, it is seen that with the increase of the concentration of FAAM in the polyester matrix 
the greater the resistance to elastic deformation, that is, the greater the stiffness of the composite 
materials [11]. Statistical comparisons indicate that there was a significant difference between FAAM
reinforced composites and neat polyester.
This behavior is also observed for toughness (Fig. 1-d), in which the average values of toughness 
increase as fiber is added, due to the increased strength of the material, but this occurs when fiber 
contents above 10% by weight are incorporated. It observed a percentage increase of 142±33% and 
234±24% for the composition of 20 and 30% of FAAM, respectively, in relation to the polyester 
matrix, evidencing an increase in energy absorption until the rupture in traction of composite 

(a) (b)

(c) (d)
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materials, which is in line with other works such as Shahzad (2017) and Sathiamurthi et al. (2021) 
[12, 6]. 
 
The thermogravimetric analysis was performed in order to investigate the thermal stability and 
degradation properties of FAAM-reinforced composites with 10, 20 and 30% by weight of fiber. The 
Fig. 2 shows the behavior of thermal degradation for the polyester and the developed composites. 
 

 
Figure 2 - TGA and DTG thermogram for polyester and composites with 10, 20 and 30% FAAM. 
 
From the thermogravimetric curves, it is initially observed an almost imperceptible stage between 
25°C to 123°C that is associated with moisture loss by evaporation [13] due to the influence of the 
hydrophilic character of plant fibers. The beginning of an accentuation corresponds to the thermal 
degradation of the polyester and composites that started at a temperature close to 196°C, becoming 
intense from approximately 298°C.  Between 200°C and 300°C, polyester had 7.18% of loss of its 
mass, while composites reinforced with 10%, 20% and 30% of FAAM presented, respectively, 
8.57%, 9.13% and 7.22% of initial mass loss. Thus, both polyester and composites showed good 
thermal stability up to approximately 200°C. 
In general, the insertion of FAAM provided less thermal stability to the polymeric composites 
compared to the pure matrix. This behavior can be better verified by the TGA curve, in which the 
intense degradation of the materials was identified, at about 298°C for polyester and 295°C, 293°C 
and 292°C for composites reinforced with 10, 20 and 30% fiber, respectively. It is evident that the 
thermal property of the fiber-reinforced composite was influenced by the addition of FAAM fibers in 
the polyester matrix, where the peaks of maximum degradation for the composites were shifted to 
slightly lower temperatures [14]. 
 
Conclusions  
 
The addition of FAAM in the unsaturated polyester matrix influenced significant improvements in 
the mechanical tensile strength of the composites, so that the insertion of 30% by weight of FAAM 
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demonstrated greater efficiency in the mechanical strength of the composites, with an increase in the 
percentage variation in relation to the pure matrix of 293%, resulting from the efficiency in the load 
transfer between the fibers and the polyester matrix. As for the thermal properties, the FAAM 
provided little significant variations in the stability of the composites, so that both the polyester and 
the composites showed a good thermal stability up to approximately 200°C.  The results show that 
FAAM have reinforcing properties and can be applied in the manufacture of polymeric composite 
materials. 
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Abstract - The use of starch to obtain biodegradable films of thermoplastic starch (TPS) has several advantages, such as 
being natural, renewable, abundant and low cost. However, generally, TPS has low values of mechanical properties and 
high hydrophilicity. The addition of natural fibers to TPS is an effective method to improve its performance. In this 
context, this work used barley bagasse fibers (BSG), industrial residue of beer production, as reinforcement in composites 
based on TPS, in order to obtain composites with better mechanical properties and lower hydrophilicity. Composites of 
TPS were developed, with incorporation of barley bagasse fibers without modification and modified by alkaline treatment 
and carbonization. The films were produced using a microwave appliance for heating and molded by tape casting. Contact 
angle measurements were then performed in the developed films. The addition of modified fibers reduced the 
hydrophilicity of the films.
Keywords: Thermoplastic starch, composite, brewer’s spent grain, natural fibers, wettability.

Introduction 
Starch is one of the important natural polymer materials, which has the advantages of abundant 
resource, low pollution-free cost, biodegradation and renewable [1]. To make it suitable for industrial 
applications such as packaging, starch needs to be processed in the presence of a plasticizer, with the 
application of heating and mechanical shear stresses, to obtain the product termed thermoplastic 
starch (TPS) [2]. However, TPSs have low mechanical strength and high-water sensitivity. Thus, to 
overcome these disadvantages, there is a need to incorporate reinforcing fillers, such as 
lignocellulosic fibers or nanofibers, to produce new low-cost starch biocomposites with improved 
properties [3]. Natural fibers are potential reinforcements that are currently in great demand due to 
their natural abundance and susceptibility to biodegradability, and when used as fillers or 
reinforcement in natural polymers, the resulting products are environmentally friendly and of 
improved physical properties [2].
In recent years, the use of vegetable fibers obtained from agricultural waste has received great 
attention due to the wide source, low price, abundant content of lignocellulose material and high 
added value [3]. Agricultural residues include straw, bagasse, rice husks, coffee beans and forest 
activity residues. Brewer’s Spent Grain (BSG) is the main industrial by-product of beer production, 
and is generated in large quantities. Being composed basically of the insoluble solid fraction and not 
degraded of the barley grain [4]. The inclusion of BSG fibers in biodegradable materials based on 
thermoplastic starch represents a promising alternative to improve polymer performance, producing 
new value-added products [5].
Although natural fibers have good properties, it is common to make modifications such as alkaline 
treatment and fiber pyrolysis. The surface treatment by alkaline solution, alters the topology and 
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morphology of the fiber, by removing non-cellulosic surface compounds such as oils, waxes and 
impurities, allowing the best interaction with the polymer matrix [6]. And in pyrolysis, part of the 
organic matter is decomposed and volatilized, obtaining a porous and high carbon material [7]. 
Thus, the application of BSG fibers in thermoplastic starch matrix composites is an option in the 
development of sustainable composite materials, improving properties such as hydrophilicity of TPS. 
 
Experimental  
Preparation of BSG 
The BSG supplied by Bamberg Brewery (Sorocaba-SP, Brazil) was dried, ground and sieved in sieves 
of 35 and 100 mesh. 
 
Alkali treatment 
The alkaline treatment in the fibers was performed based on the methodology used by [8], with 
adaptations. Approximately 10 grams of BSG fibers were placed in a beaker containing 200 ml of 
sodium hydroxide solution (5% NaOH) for 30 minutes. After this time, the fibers were washed with 
approximately 2 L of deionized water until reaching the pH close to that of water, and were then 
vacuum filtered and dried in an oven with air circulation at 50°C for 24 hours. 
 
Biochar 
The biochar was performed by the pyrolysis of the ground BSG, using muffle of the brand JUNG, 
model N1100, at 200, 300 and 400ºC, for 3 hours, in porcelain crucibles with lid. After reaching room 
temperature, it was passed through 100 mesh sieve. 
 
Preparation of TPS/BSG composite films 
Cornstarch Farmal CS3650 (Ingredion, Brazil) was used to prepare TPS films. The TPS was produced 
using 10 wt% cornstarch, 5 wt% glycerol (Alphatec, Brazil), and 85 wt% deionized water. For the 
composites, 1wt% of BSG was added.  
The samples were named according to the size of the sieve used (35 and 100), treatment used to 
prepare the fibers: BSG (untreated fibers), BSG-T (alkaline treated fibers) and BSG-B (biochar) and 
fiber pyrolysis temperature (200, 300 and 400). 
The method of film preparation used was defined according to our previously reported study [9]. 
Briefly, a microwave heating device was used, under 450 W power, with breaks for manual agitation. 
During the first minute, the breaks were every 20 seconds. In the sequence, the breaks were performed 
every 10 seconds until a gelatinized mixture with gel aspect was obtained. The films were cast by 
tape casting, with the device leveling blade opening at 1.2 mm. Then, the films were taken to the oven 
without air circulation, with a temperature of 30°C, until complete drying. 
 
Contact Angle Measurements  
Contact angle measurements were performed using a Ramé Hart goniometer, model 250 Standart, 
using distilled water as solvent. Measurements were performed immediately after the drop on the film 
surface, measurements were performed in triplicate for each sample. 
 
Results and Discussion  
In Fig 1 it is possible to observe the images and the mean values of contact angle for the TPS and the 
composites. The angles obtained for both the surface of the TPS films and the surfaces of the 
composites were less than 90°, indicating that the samples have hydrophilic characteristics. 
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Figure 1 - Contact angle images and measurements for TPS and composites. 
  
The TPS films presented angle value of 59°. This value is similar to those found in the literature, 
ranging from 30 to 59° [3, 10-12]. 
When untreated fibers (TPS/BSG35 and TPS/BSG100) were incorporated into the TPS, no 
improvement in the hydrophilic characteristics of the composites occurred. However, when treated 
or biochar fibers (TPS/BSG35-T, TPS/BSG100-T, TPS/BSG-B200, TPS/BSG-B300 and TPS/BSG-
B400) were incorporated, there was an increase in contact angle values, as can be observed in figure 
1. The addition in the values of contact angle indicate that the alkaline treatment and carbonization 
of the BSG fibers resulted in the reduction of wettability of the surface of the composites, making 
them less hydrophilic. This may be related mainly to the improvement of the chemical interaction 
between the fibers and the polymer matrix [12]. Therefore, the surface wettability of composites is 
mainly related to the degree of crosslinking between fibers and starch macromolecules [11]. These 
properties are also in accordance with the mechanical properties observed in a previous publication 
[13], where the BSG fibers treated in alkaline solution, or biochar, when added in TPS films, acted 
as reinforcement, increasing the values of tensile strength of the composites in relation to the TPS 
films without the incorporation of fibers. 
 
Conclusions  
The use of alkaline treated fibers and biochar significantly altered the contact angle values of the 
composites, for higher angle values, indicating that the composites became less hydrophilic. The 
reduction of hydrophilicity minimizes the absorption of water by the material, a characteristic that 
can interfere with mechanical properties in a negative way. One of the main limitations of TPS use is 
due to its high hydrophilicity, so the reduction of this characteristic provides greater applicability of 
this material. 
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Abstract - Environmental concerns are contributing to the growing interest in renewable materials. Among natural 
polymers, starch stands out due to its high biodegradability without producing toxic waste. Biodegradable polymers are 
those that at the end of their life cycle are degraded by the action of microorganisms. This study aimed to evaluate the 
biodegradability of thermoplastic starch (TPS) composite films, and brewer's spent grains (BSG) fibers modified by 
alkaline treatment in 5% NaOH solution and pyrolysis at 400 °C. The test was performed by mass loss analysis of film 
samples that were inserted into the soil and removed every 7 days, in a period of 7 weeks. The results showed that TPS 
composites with the addition of BSG fibers with or without alkaline treatment, had a higher biodegradation potential, 
making them more sensitive to attacks of microorganisms. While TPS composites with the addition of pyrolyzed BSG 
fibers, maintain biodegradability like TPS without fiber incorporation.
Keywords: Thermoplastic starch, composite, brewer’s spent grain, natural fibers, biodegradability.

Introduction
Biodegradability is the term that defines the potential of organic molecules, including polymeric 
materials, to be broken down into smaller molecules by the action of microorganisms [1].
Biodegradable materials when released into the environment are colonized by microorganisms and 
decomposed into gases such as CO2, CH4 and N2, water and biomass [2]. Bio-based and 
biodegradable materials represent an alternative to reduce the environmental impact of non-
degradable polymers, with technical and economic feasibility, exhibiting a wide range of applications 
in various fields such as biomedical materials, cosmetics, packaging among others [3]. Thermoplastic 
starch is one of the biopolymers that stands out for its high biodegradability, in addition to low cost 
and abundance [4].
However, thermoplastic starch also has some disadvantages that restrict its applications, such as 
strong hydrophilic character and low mechanical properties, particularly in wet conditions [5]. To 
improve the physical and thermochemical properties, biopolymers are often improved for final 
product applications, through the development of composites, through the incorporation of natural 
fiber reinforcements [6]. Cellulose, hemicellulose, and lignin are the main components of natural 
fibers, which have properties such as high mechanical strength, low density, and toxicity, are 
biodegradable and low cost, and can act as reinforcement or load in TPS composites [7]. Natural 
fibers derived from industrial process residues can be used as reinforcement in TPS composites, such 
as barley bagasse (BSG). 
BSG is the main industrial by-product of beer production, generated in large quantities [8], and it
consists basically of the insoluble and undisturbed part of the barley grain, which are the husks and 
pericarp layers [9]. The inclusion of BSG fibers in TPS-based materials represents a promising
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alternative to improve polymer performance and maintain its biodegradability [3]. Despite the good 
properties of natural fibers, it is common to use modifications such as alkali treatment and fiber 
pyrolysis. 
The alkaline treatment of fibers is based on the surface treatment, by changing the topology and 
morphology of the fiber, due to the removal of superficial non-cellulosic compounds, such as oils, 
waxes and impurities, allowing improvement of the interaction with the polymer matrix [10]. And in 
pyrolysis, much of the organic matter is decomposed and volatilized, removing most of the functional 
groups, obtaining a porous and high carbon material [11].  
Thus, this study aimed to study the influence of modifications in BSG fibers on the biodegradability 
of TPS composite films, through the analysis of mass loss of samples incubated in soil. 
 
Experimental 
Preparation of BSG 
The BSG supplied by Bamberg Brewery (Sorocaba-SP, Brazil) was dried, ground and sieved in a 100 
mesh sieve. 
 
Alkali treatment 
The alkaline treatment in the fibers was performed based on the methodology used by [12] with 
adaptations. Approximately 10 grams of BSG fibers were placed in a beaker containing 200 ml of 
sodium hydroxide solution (5% NaOH) for 30 minutes. After this time, the fibers were washed with 
approximately 2 L of deionized water until reaching the pH close to that of water and were then 
vacuum filtered and dried in an oven with air circulation at 50°C for 24 hours. 
 
Biochar 
The biochar was performed by the pyrolysis of the ground BSG, using muffle of the brand JUNG, 
model N1100, at 400ºC, for 3 hours, in porcelain crucibles with lid. After reaching room temperature, 
it was passed through 100 mesh sieve. 
 
Preparation of TPS/BSG composite films 
Cornstarch Farmal CS3650 (Ingredion, Brazil) was used to prepare TPS films. The TPS was produced 
using 10 wt% cornstarch, 5 wt% glycerol (Alphatec, Brazil), and 85 wt% deionized water. For the 
composites, 1wt% of BSG was added. The samples were named according to the treatment used to 
prepare the fibers: BSG (untreated fibers), BSG-T (alkaline treated fibers) and BSG-B (biochar). 
The method of film preparation used was defined according to our previously reported study [13]. 
Briefly, a microwave heating device was used, under 450 W power, with breaks for manual agitation. 
During the first minute, the breaks were every 20 seconds. In the sequence, the breaks were performed 
every 10 seconds until a gelatinized mixture with gel aspect was obtained. The films were cast by 
tape casting, with the device leveling blade opening at 1.2 mm. Then, the films were taken to the oven 
without air circulation, with a temperature of 30°C, until complete drying. 
 
Evaluation of biodegradability 
Biodegradation tests were performed based on the method described by MARTUCCI and 
RUSECKAITE, 2009 [14]. Samples of films with known weight (Wi), previously dried in an oven at 
105°C for 6 h. The samples were buried in moist soil. The evaluation of weight loss (WL) was 
performed in triplicate, removing the soil samples, and cleaning them with the aid of a brush to 
remove the excess soil from the sample. Subsequently, the samples were oven dried at 105ºC for 6 
hours and weighed (Wf). Samples were taken from the soil every 7 days over a period of 7 weeks. 
The weight loss (WL) of the material was calculated using the equation 1:  
 

%WL= Wi-Wf
Wi

 x 100                                                                (1) 
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The samples were photographed before being inserted into the soil and were also photographed every 
7 days after being removed from the soil, during the period of 7 weeks, for later comparison. 
 
Results and Discussion 
At the initial stage of degradation of the films in the soil, the diffusion of water causes the effect of 
swelling in the films, which in turn increases the bacterial attack. According to the data, on the seventh 
day, the film samples showed mass loss values between 18 and 28% (Fig 1). 
 

 
Figure 1 -Mass loss during the biodegradation test of TPS and composite films TPS, TPS/BSG, TPS/BSG-T 
and TPS/BSG-B. 
 
During the test, the composites TPS/BSG and TPS/BSG-T showed similar behavior, as can be 
observed in Fig 1. After 21 days, the samples showed a mass loss greater than 40%, and on the 42nd 
day it was no longer possible to separate the fragments from the soil samples for weighing. This result 
is like the result obtained in a previous study [13], where TPS films were developed with 10% glycerol 
and untreated barley bagasse fibers with different grain sizes (35, 60 and 100 mesh) and the films 
also showed advanced degradation after the 21st day.  
TPS and TPS/BSG-B composites also showed similar behavior. On the 28th day the samples 
presented mass loss between 22 and 24%. And at the end of the test the mass losses for the films TPS 
and TPS/BSG-B were 48 and 53%, respectively. 
The accelerated degradation of the composites containing the fibers with or without alkaline treatment 
can be attributed to the affinity between the moisture in the fibers and the soil microbial activity. That 
is, composites that absorb more water increase microbial activity and, consequently, increase the rate 
of degradation. Studies suggest that TPS composites with higher fiber contents have greater 
biodegradation potential, making it more susceptible to microbial attack [15]. 
As for the composite TPS/BSG-B, which obtained the lowest biodegradability when compared to the 
composites TPS/BSG and TPS/BSG-T, may be related to the reaction at high temperature during the 
pyrolysis process, where much of the organic matter present in the fibers is decomposed and 
volatilized, removing most of the functional groups [16]. 
Figure 2 shows the photographs of the samples of films taken from the soil weekly. 
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Figure 1 - Images of samples of TPS and composites TPS/BSG, TPS/BSG-T and TPS/BSG-B after removal 
from the soil. 

 
Observing the TPS samples (Figure 2), only after 21 days it is possible to observe small yellowish 
spots, caused by the action of microorganisms and the color change of the samples, due to the 
formation of biofilm on the surface of the samples. After 35 days it is noted the intensification of the 
spots, now also present green spots, but still with the preserved shape, and without cracks. After 42 
days, it is possible to observe the beginning of the degradation of the sample and the presence of 
cracks. And after 49 days, fragments of the samples were removed in an advanced state of 
degradation. 
For the samples of the composites TPS/BSG and TPS/BSG-T, from the 7th day it is possible to 
observe the action of microorganisms, by means of yellowish and greenish stains, indicating the 
formation of microbial biofilm and the fracture of some samples. And after the 42nd day, it was not 
possible to weigh the remaining samples, because it was not possible to clean the material fragments, 
when trying to clean the fragments, they fragmented into smaller parts. The total degradation of the 
material was therefore considered. 
For the TPS/BSG-B composite samples, it should be noted that there were no significant changes in 
the appearance of the samples until the 35th day. Only after 42 days was a significant visual change 
observed in the samples; at the end of the test the TPS/BSG-B samples showed mass loss of 
approximately 54%. 
 
Conclusions 
All the developed composites were biodegradable. The composites containing fibers with or without 
alkaline treatment presented higher biodegradation potential, due to higher affinity of the fibers with 
the soil microbiota, making them more susceptible to attacks of microorganisms. While TPS 
composites with addition of biochar, maintain biodegradability similar to TPS without fiber 
incorporation. 
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Abstract
The use of Kevlar in the field of ballistic and stabbing protection has been studied by researchers in polymeric 
composites for this purpose. This study presents additional knowledge on energy absorption and dissipation in Kevlar 
fabric structures impregnated with non-Newtonian fluid, especially targeting the improvement under impact protection 
that is deeply associated with STFs, as well as color change, accelerated ageing (QUV) and penetration depth (drop 
tower test). In addition, Fourier transforms infrared spectroscopy (FTIR), Scanning Electron Microcopy (SEM) were 
performed. The research shows that there was a good distribution of STF particles on the surface of the Kevlar fabric, 
promoting increased friction between the yarns and the interfilament, further increasing performance and, consequently, 
improving the mechanism of energy absorption and dissipation and, also, the effectiveness of penetration in relation to 
non-impregnated Kevlar® fabric. Regarding the protection efficiency against UV exposure (250–400 nm region), there 
was a significantly decreased compared to those non-impregnated Kevlar® woven with STFs. The FTIR analysis 
showed that the ageing conditions, after UV exposure, did not produce new functional groups, that is, there was no 
chemical modification. Finally, Kevlar fabric impregnated with STFs improved penetration depth performance with the 
blades independent of the blade type with up to 81% increase in resistance. This result was improved due to interactions 
between the STFs nanoparticles, yarns and even high-performance woven impregnated with non-Newtonian fluid.

Keywords: Ageing process, Woven, Silane, Stab resistance, Photodegradation.

Introduction
Kevlar® is a popular synthetic fiber widely used in the production of high-performance protective clothing, 

including body armor, due to its excellent strength and abrasion resistance properties. However, it is known that 
Kevlar® fibers are susceptible to degradation when exposed to ultraviolet (UV) radiation, which can compromise the 
material's overall stability and effectiveness in protecting against external threats. To address this issue, researchers 
have explored the use of shear thickening fluids (STFs) to enhance the stab resistance of Kevlar® fabrics. STFs are non-
Newtonian fluids that exhibit a sudden increase in viscosity in response to external stress or impact, thus reducing the 
likelihood of penetration by sharp objects. This paper aims to investigate the influence of UV sensitivity on the stab 
resistance of Kevlar® fabrics impregnated with STFs, with the goal of developing more durable and reliable protective 
clothing for various applications [1].

Santos, Thiago, et al. 2018 studied the influence of silane coupling agent in non-Newtonian fluid, in the impact 
resistance and flexibility results [2]. The stab performance for Kevlar impregnated with silane agent showed results 
significantly higher than others fabrics non-impregnated, authors associated this results with the formation of siloxane 
bonds due to the coupling agent. Santos, Thiago Félix dos, et al. 2019 studied the influence of silane agent on shear 
thickening fluid (STF) under mechanical properties of the composite for ballistic protection. the silane compound is a 
type of coupling agent that can act on this adhesion because it increases the friction between the particles [3]. Santos,
Santos, Thiago F, et al. 2020 studied through experimental design of 23 with 2 replicates and 3 central points in order to 
verify the penetration (drop tower) and friction force among the yarns (yarn pull out tests) in the Kevlar® woven fabrics 
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impregnated with NNFs to support new possibilities of development and production of new high efficiency impact 
protection panels [4]. Currently, it is known that fabrics impregnated with STFs seem to have excellent durability, 
however, the conditions of use can influence the useful life of the material. In their study Tsinas, Zois, et al. 2022, 
investigated some of these factors that favor the aging of STFs, as well as fabrics for impact protection applications. 
For, the effects of aging strongly limit the useful life cycle of these protective armor. Up to the present moment, 
Żurowski, Radosław, et al. 2022 studied comprehensive analyzes of STF aging products to demonstrate the limitations 
of the wide usage of innovative materials. Exposure to UV light gives an overview of the stability of the STFs and their 
shelf life, especially when the accelerated aging process was used and the aged STFs were obtained. 

This work aims to analyze the influence of UV radiation in fabrics impregnated with STFs. For this, proposes 
to study photodegradation phenomena action in high-performance materials used for stabbing protection, consisting of 
Kevlar® woven impregnated with STFs. Were performed color change analysis (∆E), accelerated ageing (QUV), 
penetration depth (drop tower test), Fourier transforms infrared spectroscopy (FTIR) and Scanning Electron Microcopy 
(SEM). 
 
Experimental 
Manufacture and Characterization of Kevlar® Woven Impregnated with STFs. 
This paper shows the coupling agent silane aminopropyltrimethoxysilane (APTES), polyethylene 
glycol with molecular weight 400g/mol (PEG 400), ethyl alcohol (99% ethanol), and silica 
nanoparticles (7nm). High-performance Kevlar® woven composed of Aramid (poly ρ-phenylene 
terephthalamide) was used in all experiments. Kevlar® woven structure (1x1) with a density of 7 
weft/cm and warp/cm, respectively, count number 3750 ± 16 dTex in both directions (weft and 
warp) and a grammage of 497 ± 25g/m².  
 
Preparation of shear thickening fluids. 
The preparation was carried out with 86% ethanol and 2% aqueous solution by weight, while 
APTES was added (3% by weight) then mixed via ultrasonication so 5 min was allowed for 
hydrolysis and silanol formation; then, silica nanoparticles (4% by weight) were added and mixed 
for 15 min (ultrasonication). Finally, polyethylene glycol (5% by weight) was added to the mixture, 
and the solution was mixed again for 3 min to complete the preparation of Shear Thickening Fluids. 
 
Impregnation of Shear Thickening Fluids in Kevlar woven. 
The impregnation process used was denominated as ‘foularding’, in which, Kevlar® woven was cut 
with dimensions of 8cm in length and 8cm in width. After that, Kevlar® woven was immersed in 
STFs for 5 min. Then, Kevlar® woven passed through two compressing rollers of foulard with the 
speed of 3m / min, under the pressure of 0.5 bar, to extract the STFs excess in Kevlar® woven. 
Finally, ethanol was subsequently removed through stinted evaporation process in the laboratory 
under 75 ºC for 90s condition, as well as, the final pick-up (%) of impregnated Kevlar® fabric was 
calculated and exhibited 25%. Thus, 3 overlapping layers were prepared for each target. 
 
Results and Discussion 
Analysis of SEM in impregnated and non-impregnated Kevlar® woven with STFs. 

The SEM results showed the non-impregnated Kevlar® woven and the nanoparticles presence distribution in 
impregnated Kevlar® woven with STFs as shown in FIG.  1. 
There is no presence of the STFs or distribution of nanoparticles over the surface of the non-impregnated Kevlar® 
woven and in the filaments of the fabric as in FIG.  1(a). However, FIG.  1(b) displays the STFs presence and 
nanoparticles distribution under and between the filaments as well as still: few nanoparticles are dispersed over the 
surface of the fabric filaments, and there is also a higher concentration of the nanoparticles in the inter-filaments space 
acting mainly to increase the friction at low shear rates, favoring the performance of the impregnated Kevlar® woven. 
Finally, the analysis concludes that the distribution of the nanoparticles and interaction between the nanoparticles of the 
STFs and filaments (Kevlar® woven) has a fundamental role in the impact strength characteristics improvement of the 
impregnated Kevlar® woven.  
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FIGURE 4. SEM of the (a) non-impregnated and (b) impregnated Kevlar woven with STFs. 

 Analysis of reflectance spectrophotometer in impregnated and non-impregnated Kevlar® woven with STFs. 
The diffuse-reflected spectrophotometry was used for measuring the color change, in which the light reflected on 

the Kevlar® woven (impregnated and non-impregnated with STFs) was collected in an integration sphere and calibrated 
with the measurement of a pure white standard (100% reflection) and a pure black standard (zero reflection) over the 
entire wavelength spectrum of visible light near-ultraviolet (250–400 nm) and near-infrared (700–850 nm). 
The impregnated Kevlar® woven effectively increased color change (ΔE), as observed in FIG.  2a; i.e. the protection 
efficiency against UV exposure decreased significantly compared to those non-impregnated Kevlar® woven with STFs. 
The non-impregnated Kevlar® woven exhibited smaller color change (3.4) compared to the impregnated Kevlar® woven 
with STFs (20), that is, the impregnated Kevlar® woven showed color change about 6 times larger than the non-
impregnated Kevlar® woven as shown in FIG.  2b. and FIG.  1(b). Thus, impregnated Kevlar® woven showed larger 
color change about 592.9% compared to non-impregnated Kevlar® woven, meaning the impregnated Kevlar® woven 
with Shear Thickening Fluids were more sensitive to UV exposure corresponding to the wavelength of 340 nm (UVA). 
It was understood then that the impregnation of Shear Thickening Fluids in Kevlar® woven did not promote the 
improvement of UV protection (when increased sensitivity to UV) since the silica nanoparticles present in the Shear 
Thickening Fluids absorb the visible UV region 250–400 nm). 

 

 
FIGURE 2. (a) Color change and (b) FTIR in impregnated and non-impregnated Kevlar woven with STFs. 

 Analysis of FTIR in impregnated and non-impregnated Kevlar® woven with STFs. 
The changes produced by the exposure to UV were evaluated by comparing the FTIR spectra of the impregnated 

and non-impregnated Kevlar® woven before and after exposure to the photodegradation in QUV (during the 180 hours), 
as shown in Fig.  2a.  
Surface degradation reactions can be observed in the FTIR spectra of Kevlar® woven (impregnated and non-
impregnated) before and after UV exposure. Even though no evolution of a new peak is observed after UV exposure, 
the intensity of the amide-related peaks changes significantly (as exhibited in peak at about 1100 cm-1). In this case the 
biggest change after accelerated photo-aging occurs at the peak of amide I. Then, the increase in the intensity of the 
C=O stretch peak (1100 cm-1) as a consequence of the oxidation of the amide groups. The transmitting characteristics of 
each wave number on impregnated and non-impregnated Kevlar® woven of the FTIR spectra were related to the amide 
group and the aromatic ring; at 1307 cm−1 and 1539 cm−1, a combination occurs in the flexing and stretching of N-H and 
C-N groups (amide III and II), respectively. As to the wavenumber at 1639 cm−1, which corresponds to the stretching of 
the C O group (amide I), and the vibrations in the wavenumber at 2819 cm−1 and 2916 cm−1, such measures were 
attributed to the stretching of the C-H groups as well as of aldehydes groups, and still; the wave number at 3317 cm−1 
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corresponds to the N-H stretch, which occurs when the carbonyl and amine were in trans configuration.  The FTIR 
spectrum showed that the ageing conditions, after UV exposition, did not produce new functional groups. However, the 
intensity of the main wave number varies after ageing (1307 cm-1, 1539 cm-1, 1639 cm-1, 2819 cm-1, 2916 cm-1, 3317 
cm-1).  
As exhibited on TABLE 1, the intensity of the wavenumber at 1307 cm−1 (amide III) increased after exposure to UV for 
both impregnated and non-impregnated Kevlar® woven with STFs. This indicates a partial chain scission, generating 
amide (N-H groups). However, the intensity of the wavenumber at 1537 cm−1 (amide II) decreases only for the non-
impregnated Kevlar® woven with STFs, which indicates the scission in the main chain. The normalized wave number 
intensity attributed to 1640 cm−1 (amide I), decreased after exposure to UV for the non-impregnated Kevlar® woven 
with STFs and increased the impregnated Kevlar® woven with STFs. 
The ageing promoted by UV caused scission of the C-N bonds of the macromolecule main chain, forming oxidized 
species. On the other hand, after the exposure to UV, it was observed an increase in the intensity of wave number at 
2815 cm−1 for the non-impregnated Kevlar® woven and intensity decrease in this same wave number of impregnated 
Kevlar® woven with STFs, while the intensity of wave number at 2915 cm−1 – the non-impregnated Kevlar® woven 
with STFs – does not significantly vary and impregnated Kevlar® woven with STFs increasing the intensity of wave 
number after the exposed. Finally, the normalized intensity of the band corresponding to 3316 cm−1 (amide) does not 
significantly vary after the exposed ageing for non-impregnated Kevlar® woven with STFs, but there was an increase 
(13.6%) of wave number intensity at 3316 cm−1 in impregnated Kevlar® woven with STFs. 
 
TABLE 1. The intensity of the FTIR characteristic bands of the impregnated and non-impregnated Kevlar® woven, 
normalized by the 820 cm−1 wave number, before and after exposure to UV. 
 

Wavenumber (cm-1) 

Normalized Intensity 
Non-impregnated Kevlar woven Impregnated Kevlar woven 

Non-exposure to 
UV 

Exposure to 
UV 

Non-exposure to 
UV 

Exposure to 
UV 

1307 1.07 1.10 1.06 1.13 
1537 1.14 1.10 1.08 1.15 
1640 1.20 1.14 1.07 1.18 
2815 1.36 1.44 1.10 1.00 
2915 1.37 1.36 1.08 1.24 
3316 1.34 1.35 1.08 1.25 

 
Observations suggest that exposure of Kevlar® woven impregnated with Shear Thickening Fluids promotes larger 
sensitivity to UV, producing scission in the macromolecule main chain by photolysis and/or photodegradation and 
subsequently photo-oxidation.   

 Analysis of drop tower test in impregnated and non-impregnated Kevlar® woven with STFs.  
the results of the (Drop Tower) test impact using 2 types of stabbings (S1 and P1) for the impregnated and non-

impregnated Kevlar® woven with STFs revealing the penetration depth of each blade (P1 and S1) about impregnated 
and non-impregnated Kevlar® woven with STFs. It was observed that the impregnated Kevlar® woven with STFs 
compared to the non-impregnated Kevlar® woven with STFs exhibited significant performance in the penetration depth 
(independent of the blade type) as shown on FIG.  4. However, the geometry type of the blade’s stabbings (as shown on 
FIG.  3c and FIG.  3d) influence the effectiveness of the penetration, once the sharpness of the cutting blade and angle 
of the blade stabbing tip favors the impact. 

 

 
Figure.  4. Penetration depth with the blades ‘‘S1 and P1’’ in impregnated and non-impregnated Kevlar with STFs. 
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In addition to the impregnated Kevlar® woven with STFs exhibiting a significant reduction in penetration depth, 
absorption behavior, and in dissipation of residual kinetic energy of impact as shown on FIG.  4; it promotes a 
significant increase in the penetration resistance (50% for blade S1 and 81,7% for P1) when compared to the non-
impregnated Kevlar® woven with STFs as listed on FIG.  4. Finally, the impregnated Kevlar® woven with STFs 
exhibited the best impact protection performance, independently of the blade types (S1 and P1), once they presented 
lower values of penetrations depth and consequently good absorption behavior and dissipation of residual kinetic energy 
from impact. This result was attributed to the increase in friction associated with the Shear Thickening Fluids because 
the latter ones promoted an increase in the friction between the yarns eventually resulting in the best mechanism of 
resistance absorption and dissipation to the impact, as well as the larger performance of impact resistance as shown on 
FIG.  4. 
 
Conclusions 
The research shows the increase in friction between the yarns and inter-filament further the performance of the STFs 
(Kevlar woven impregnated) and consequently improvement of the mechanism of absorption and dissipation of energy 
and still, the efficacy of penetration compared to non-impregnated Kevlar® woven. The aging time of STF samples 
corresponds to approximately three months of natural aging indoors, and the aging causes visible changes in their 
appearance. From the above results it is clear that these Kevlar woven impregnated with non-Newtonian fluid undergo 
severe degradation and accelerated photo-ageing upon exposure to UV, due to high UV Sensitivity.  It has been 
observed that the effective effectiveness of innovative materials based on shear thickening fluids may be compromised 
due to the marked increase in UV sensitivity and photo-aging. The aging time of causes visible changes in appearance 
of Kevlar woven impregnated with STFs.  Our results reveal the necessity of development of new STFs that under 
during exposure to UV conditions it has stability to photo-aging, deterioration, low UV sensitivity, and significantly 
reduce the deterioration of their properties (photo-aging stability). 
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Abstract – The use of natural adsorbents to remove emerging contaminants from water has grown in scientific and non-
scientific areas; however, depending on the characteristics of these contaminants, the efficiency of these materials is 
limited. In the present work, polyethyleneimine (PEI), a synthetic polymer, was grafted onto the fibers of Luffa 
Cylindrica (LF), a natural sponge, as a strategy to increase its capacity to adsorb drugs used during the Covid-19 
pandemic, such as ampicillin (AMP) and nitazoxanide (NIT). Characterization analyses demonstrated that the physical-
chemical and morphological properties of LF changed after PEI grafting (LF-g-PEI). Experimentally, it was observed 
that the grafted LF allows enhancing the AMP adsorption by 30% and NIT by 36% compared to raw LF. Based on 
these finds, LF grafted with PEI can be ranked as a prominent adsorbent capable of treating water contaminated by 
drugs used during Covid-19.

Keywords: Adsorption, sponge gourd, emerging contaminants, pharmaceuticals, water treatment.

Introduction 
In March 2020, the World Health Organization (WHO) declared a global pandemic due to 

the potentially lethal effects caused by the new coronavirus (Covid-19) [1]. Since then, there has 
been an increase in the production and consumption of drugs to deal with the consequences caused 
by the virus, diagnosing the virus, and even mitigating or preventing contamination [2]. Higher drug 
consumption resulted in a higher volume of discarded pharmaceutical waste [3]. Among the many 
drugs used during the Covid-19 pandemic, there is ampicillin (AMP), which is an antibiotic widely 
used to treat bacterial infections that affect humans and animals, such as bacteria that can reach the 
respiratory system, the main organ affected by the Covid-19 virus [2]. Drugs with antiparasitic 
properties, such as nitazoxanide (NIT), have also been used. This drug has high antiviral activity 
and is used in the treatment of protozoa and various types of helminths, and various viral infections 
too [4]. The hydrophobic nature of some drugs limits their removal by conventional treatment 
plants. To solve this issue, the adsorption technique has been widely applied to remove this class of 
contaminants. Among the various adsorbent materials used, those developed from agricultural 
biomass products are a great adsorbent alternative because they are bioavailable and renewable [5]. 
Luffa Cylindrica (LF) is an example of this type of biomass. LF is a subtropical plant that due to its 
ecological, structural, and morphological characteristics, has attracted attention for applications in 
adsorption. However, it has a hydrophilic nature, which limits its ability to adsorb contaminants 
with a hydrophobic nature [6].

Aiming at the development of a potentially applicable adsorbent in the removal of AMP and 
NIT drugs from post-Covid-19 wastewater, the present work proposed combining the structural and 
functional characteristics of LF with polyethyleneimine (PEI). PEI is a synthetic polymer that has 
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several primary, secondary, and tertiary amine groups in its structure [7]. This polymer was grafted 
onto LF using Glutaraldehyde (Glut) as a crosslinking agent. It is expected that the amine groups 
from PEI make it possible to increase the adsorbent properties of LF concerning AMP and NIT 
drugs [8]. To evaluate this hypothesis, a series of batch adsorption studies were carried out. 

 
Experimental  
Grafting of PEI onto LF: Firstly, the raw LF sponge was cut into small pieces (cubic shape, 1 cm3), 
thoroughly washed with an ethanol/H2O solution (70:30 v/v) three times, and oven-dried at 50 °C 
for 24 h. The clean LF (1.30 g) was added to a beaker filled with distilled water (200 mL) and kept 
under vigorous stirring. A second solution was prepared, where 0.65 g of PEI was solubilized in 65 
mL of water. The PEI solution was added by drop to the LF dispersed solution. The reaction 
mixture was stirred at 50 °C for 5 h. Then, 306 μL of glutaraldehyde (Glut) was added to the 
reaction mixture and kept under stirring at room temperature (~20 ºC) for 2 h. Afterward, the PEI 
grafted sponge (LF-g-PEI) was recovered, washed with distilled, and oven-dried at 50 °C for 24 h. 
Characterization: The samples LF and LF-g-PEI samples were characterized by Fourier transform 
infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), and scanning electron 
microscopy (SEM).  
Adsorption studies: Batch experiments were performed to evaluate the ability of the prepared 
sponges to adsorb AMP or NIT from the aqueous medium. Specific amounts of LF or LF-g-PEI 
were added to Erlenmeyer flasks filled with AMP or NIT aqueous solutions (30 mL) at fixed initial 
concentrations (C0) and pH values. After 3 h, the concentration of these solutions was analyzed 
again by UV-Vis spectroscopy.   
 
Results and Discussion  

FTIR analysis was used to characterize the chemical composition of LF and LF-g-PEI 
sponges and confirm the grafting of PEI onto LF. As seen in Fig. 1, the spectrum obtained for LF 
exhibited characteristic bands ascribed to its major components (i.e., cellulose and lignin). The 
broadband centered at 3447 cm-1 is attributed to the O–H stretching (‒OH groups) of cellulose and 
lignin, while bands at 2925 and 2855 cm-1 are attributed to the C–H stretching of CHx groups of 
cellulose [6]. Bands in the range 1650‒1550 cm-1 are due to the combination of C=O stretching and 
C=C aromatic stretching of the lignin moiety [9]. The lignocellulosic nature of LF is also denoted 
by the presence of two bands at 1419 and 1254 cm-1, attributable to the C–H stretching of –CH3 
groups and C–O stretching of –OCH3 groups present in the lignin structure. The band at 1050 cm-1 
is due to C–O–C stretching of pyranose rings, typically observed for polysaccharides like cellulose 
[10]. In the branched PEI spectrum, broadband related to the overlapping of N‒H bond stretches of 
secondary and primary amines was observed between 3559 and 3104 cm-1. The bands observed at 
1655 and 1601 cm-1 are characteristic of the bending of N‒H bonds of primary and secondary 
amines, respectively [11]. 

The spectrum obtained for LF-g-PEI showed the characteristic bands of their precursor 
materials and some new bands, which confirm PEI grafting on the LF backbone. A band at 3385 
cm-1 is due to the overlapping stretching of O–H bonds from LF and N–H bonds from PEI [8]. 
Also, there is an increase in the intensity of the bands referring to the stretching of the C–H bonds 
of the CHx groups (2925 and 2855 cm-1) and the appearance of a new band around 800 cm-1 
referring to the bending of the C–H bonds [12]. The Schiff base structure, denoted by the C=N 
bond, was confirmed by the observance of a new band at 1642 cm-1. The appearance of this bond is 
due to the grafting of the amino group of PEI with the aldehyde group of Glut. The flexion band of 
the N–H bond of PEI was shifted to a lower wavelength (1567 cm-1) after grafting it onto the 
cellulose skeleton of the LF, and the band at 1163 cm-1 referring to the stretching of the C–N bond 
of PEI [11]. Therefore, the FTIR analysis indicates the grafting of the PEI onto the LF using Glut as 
a grafting agent. 
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Figure 1: FTIR spectra of LF, PEI, LF-Glut, LF-PEI, and LF-g-PEI.  

 
The TGA/DTGA curves for the LF and LF-g-PEI samples are shown in Fig. 2a and 2b. As 

can be seen, LF and LF-g-PEI samples exhibited three weight-loss stages within the temperature 
range of 30‒500 °C. All samples showed a weight loss of  5% in the first stage (30 to 100 °C) due 
to the evaporation of free water molecules. The second stage of LF (from 230 to 300 °C) was 
attributed to the thermal depolymerization of its hemicellulose moieties. The third stage (from 320 
to 400 °C) of LF is related to the depolymerization of cellulose [6]. The LF-g-PEI sponge showed 
TGA/DTGA curves similar to those obtained for LF; however, PEI grafting on the LF backbone 
increased the temperature ranges associated with the thermal degradation of the LF structure. These 
data indicate that PEI grafting onto the LF skeleton occurred and resulted in fibers with higher 
thermal stability. The increase in the thermal stability of the fibers is related to the new chemical 
bonds that were formed during the grafting process with Glut, which is a crosslinker known to 
increase thermal stability [11]. 

 
 

 
Figure 2: (a) TGA and (b) DTG curves of LF and LF-g-PEI. 

 
Images obtained by SEM for LF (Figs. 3a-b) show the surface of fibers is rough and dense 

without porosity [6]. After the grafting reaction (Figs. 3c-d) the surface of LF-g-PEI fibers shows 
dendritic wrinkles; however, this surface remains dense and without porosity [12]. Furthermore, it 
can be said that the PEI grafting process on the LF skeleton occurred uniformly, as the morphology 
described above can be observed in the entire length of the analyzed fibers [11]. 
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Figure 3: Images obtained by SEM from LF (a) x55 and (b) x1000 and LF-g-PEI (c) x55 and (d) x1000. 

 
In Fig. 4 it is observed that the adsorption kinetic behavior for AMP and NIT is similar. 

Overall, the adsorption capacity (qt) values computed for the adsorption of both drugs on LF and 
LF-g-PEI increased as the contact time goes on. Until 10 min of contact, the adsorption process runs 
fast due to the excess of adsorption sites available on the adsorbents. These sites are occupied over 
time, and the adsorption kinetics slowed down until reaching the equilibrium condition. Herein, 
adsorption equilibrium was reached after 60 min of contact between the drug solutions and the 
modified material (LF-g-PEI). The maximum adsorption capacity of LF-g-PEI was 11.46 mg/g for 
AMP removal and 29.59 mg/g for NIT removal. The grafting of PEI resulted in a material, LF-g-
PEI, with an adsorption capacity 30% higher in AMP removal and 36% higher in NIT removal, 
when compared to the adsorption capacity of LF. Therefore, it can be said that the insertion of PEI 
in the LF structure played a crucial role in improving the adsorption performance of the material, 
considering that LF-g-PEI has a greater number of active sites. 
 

 
Figure 4: Adsorption capacity for (a) AMP and (b) NIT on LF and LF-g-PEI as a function of the contact 

time. 
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Conclusions  

In the present work, it was possible to conclude that a simple and effective modification of 
the LF with PEI was performed, aiming to improve the adsorption capacity of two emerging 
contaminants (AMP and NIT). The modification of the LF was carried out by a grafting reaction 
with PEI using Glut as a cross-linking agent. Until now, grafting has been confirmed by FTIR, 
TGA, and SEM techniques. The characterization of LF-g-PEI revealed that grafting, which changed 
its chemical composition also changed its thermal stability and morphology. Furthermore, the 
adsorption experiments demonstrated that PEI grafting significantly increased the adsorption 
capacity of LF-g-PEI compared to LF and that it can adsorb AMP and NIT. Together, these results 
indicated that high adsorption capacities are achieved using minimum dosages of the modified 
adsorbent (30 mg) and mild experimental conditions. 
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Abstract - Currently, studies on composites have significantly increased, which is justified by the combinations that can 
be made between a polymer and a reinforcement. Polyurethane (PU) foam has been used for various applications such as 
medical science, automobiles, coatings, adhesives, sealants, paints, textiles, marine industries, wood composites, and 
apparel [1]. The addition of materials such as fibers, metals, and waste, among others, to pure PU often provides an 
improvement in properties, enabling the PU foam to be used in different applications. In this study, polyurethane (PU) 
foams were synthesized from castor oil-based polyol and methylene diphenyl diisocyanate (MDI) with a ratio of 1:1, 
reinforced with the 5 and 10 wt.% magnesium (Mg) as the metallic reinforcement coming from a machining process 
waste. The effect of Mg on PU/Mg foam composites was evaluated on morphology, density, and wettability. As a result, 
the hydrophobicity of the composite increased compared to pure PU, and the density varied due to the low density of 
magnesium. The results showed that the composite content of 10 wt.% of Mg has a lower density and higher contact 
angle, compared to the other samples.

Keywords: Magnesium residue, Castor oil based Polyurethane, Composite, Morphology

Introduction 

PU has been highlighted as a very versatile material compared to other polymers, with properties 
altered by the amount of isocyanate and polyol added to the mixture. Characteristics such as flexibility 
and hardness come from the isocyanate due to its short chains that promote more compact segments. 
In contrast, polyol has the particularity of generating long segments that consequently present more 
flexible chains [1].
Reinforced polyurethane has been widely used to construct, repair, reinforce, and protect civil 
engineering infrastructures [2]. With these applications comes the need to study these composite 
materials, to verify the properties arising from the added reinforcement and thus determine the 
feasibility of use in these areas. An example of studies already carried out was particulate aluminum, 
in which increased density and thermal stability compared to pure polyurethane foam were observed 
[3].
Among reinforcements, magnesium can be highlighted, because it is the eighth most present element 
in the Earth's crust, representing 2.5% of the material available on the entire surface [4]. Properties 
such as low density (1.74 g/cm3) and corrosion resistance are characteristic features of this element 
compared to aluminum, for example [5]. Also, it presents a market value lower than other materials 
and significant characteristics for various applications. An example of these properties is its ability to 
remain stable due to the formation of an oxide layer produced at normal temperatures [6].
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An application of PU reinforced with Mg is in the area of bone tissue engineering [6]. Classified as a 
biomaterial, magnesium presents biocompatibility, and its degradation is non-toxic to the human 
body. The idea of the study was to develop a coating composed of magnesium and polyurethane to 
mitigate the wear process of the titanium surface through corrosion and to increase the adhesive 
strength between the surface of the orthopedic prosthesis and the substrate [7]. It can be affirmed that 
the study of the physical and morphological properties of the composite with magnesium 
reinforcement is of great value to promote further studies on magnesium. In this context, the aim of 
this work was to study the addition of Mg as reinforcement on PU foam. 
 
Experimental  

Materials 

Magnesium powder (Mg) was obtained as waste from a machining process. Polyurethane company 
(Minas Gerais, Brazil) supplied the polyol (Biopol L40ACX, 796  mg KOH g ), derivative from 
castor oil, and isocyanate (Biopol p-MDI, 4,4-diphenylmethane diisocyanate, solvent-free, and 
average %NCO equal to 30–32).  

Polyurethane foams and composites 

Samples of neat PU, PU+5%Mg, and PU+10%Mg were produced. The polyurethane foams were 
manufactured by mixing polyol and isocyanate (prepolymer) in a mass ratio of 1:1. The mixture of 
the reagents was done manually at room temperature for 50s, the temperature reached in the 
polymerization process was around 55 °C because it was an exothermic reaction. To produce the 
composites, the waste magnesium powder (5 and 10 wt.%) was mixed to the polyol for 2 min and 
then added to the isocyanate, by following the procedure above. After 24 h, the foam was removed 
from the molds. 

Characterization 

Density 

The materials specimen’s dimensions (10 × 10 × 10 mm3) were cut and weighed to analyze the 
apparent density. Densities were determined, by dividing the weight of the specimens by the 
calculated volume. The values presented correspond to the average density determined for five 
samples of each material. 

Morphology 

The PU and its composites foams morphology was examined by Optical microscopy (OM) and 
scanning electron microscopy (SEM). A BTK B100 (DIGILAB) metallographic microscope was used 
to observe the foam's surface. The analysis of foam's morphology and distribution of cell sizes was 
conducted by examining cellular structure images captured with Hitachi TM3000 scanning electron 
microscopy. The observations were carried out under high-vacuum conditions and at an accelerating 
voltage of 5 kV.  

Contact angle 

A contact angle goniometer Ramé-Hart (300-F1) measured the surface hydrophobicity of PU foams 
and their composites, using the DROP image-standard software. Therefore, 5 μl droplets of the water 
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solution were deposited on the surface of each composite and PU. The average of five measurements 
was evaluated. 

Results and Discussion 
 
Fig. 1 shows the representation of the samples in 3D and the images collected from the optical 
microscope and contact angle. The addition of Mg in the PU matrix significantly reduced the pore 
size compared to the neat PU and, consequently, increased the number of pores per area, as shown in 
the OM column (Fig. 1). The particles of Mg can act as a nucleating agent for the formation of pores, 
and with the nucleation of a greater number of cells occurring at the same time, the availability of gas 
decreases for cell growth, causing the formation of smaller pores [8]. In Figure 1.c., the results of the 
contact angle for all samples are shown. The Pu+10%Mg exhibited an 18% increase in the contact 
angle when compared to neat PU. This result shows that addition of Mg increases hydrophobicity of 
composite. 

 

Figure 1. Schematic representation of pure PU and composites:  (a) 3-D samples representation, (b) 
OM images at 40x magnification, (c) contact angle (CA) images. 

 
 
Figure 2 shows the SEM images of the PU+5%Mg and PU+10%Mg samples, revealing both open 
and closed cells. As the amount of Mg added to the foam increased, the cell size decreased, leading 
to a reduction in density [8]. In Figure 2c, the cell size of the Pu+10%Mg sample is highlighted, 
indicating a decrease compared to the PU+5%Mg sample. This observation is consistent with the 
results obtained from the contact angle measurements, which showed a higher contact angle for the 
PU+10%Mg sample compared to the PU+5%Mg sample. The decrease in hydrophobicity can be 
attributed to the tendency of pore size reduction caused by the interaction between the polymeric 
chains and the magnesium reinforcement [8], resulting in smaller pore sizes as the amount of pores 
increases 
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Figure 2: SEM images of PU + Mg composites with the respective percentages and magnifications: 
(a) PU+5%Mg 40x, (b) PU+5%Mg 100x, (c) PU+10% Mg 40x, (d) PU+10% Mg 100x.  

 
 

Conclusions  
In this study, a composite using magnesium residue (Mg) as a reinforcement (5 and 10 wt%) on castor 
oil-based polyurethane (PU) foam was developed for new studies and applications. The Mg addition 
in PU materials reduced the porous size, promoting increased hydrophobicity and  reduction in 
density. Results also indicated that the adding the Mg to PU foam influenced the morphological and 
physical properties. For this reason, the addition of magnesium contributes to the development of a 
unique composite, presenting a more porous material, hydrophobicity and being less dense than pure 
PU. 
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Abstract - Polyvinylidene Fluoride (PVDF)/Thermoplastic Polyurethane (TPU) blend crosslinked with Hexamethylene
Diamine were prepared through melt blending in an internal mixer. The study investigated the mechanical behavior and
gel content as a function of crosslinking agents in the polymer blend. The results showed that the addition of amine
improved the mechanical properties of the blend, and as the higher the amount of amine, the greater the increase in the
material's gel content could be observed.
Keywords: Polymer blend; Polyvinylidene Fluoride; Thermoplastic Polyurethane; Amine.

Introduction
Polymer blends are widely studied due to their unique properties, which combine the characteristics
of two or more distinct polymers. This procedure enables the production of new polymeric
materials in a shorter period of time and sometimes at a lower cost [1]. The blend produced and in
this work combined polyvinylidene fluoride (PVDF) and thermoplastic polyurethane (TPU). This
combination allows the production of materials with good mechanical, chemical, and thermal
properties [2].
It is mentioned that PVDF is a polymer with high chemical and thermal resistance, and has several
applications in industry, from the production of pipes to the manufacture of medical devices[3]. On
the other hand, TPU has interesting properties such as flexibility and resistance to abrasion, which
makes it possible to use it in several areas, such as the production of footwear and coatings.
However, obtaining homogeneous blends between these polymers is a challenge, due to their
different chemical and physical characteristics.
In addition, TPU can be dynamically crosslinked with amine, which has been used to improve the
mechanical properties of thermoplastic polymers such as polypropylene (PP) where dynamic
crosslinking with amine can improve the mechanical properties of PP, such as impact resistance and
the rigidity[4].This technique consists of adding an amine to the TPU, during melt blending , which
reacts with the isocyanate groups present in the polymer chain, promoting the formation of
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crosslinks. This process increases the rigidity of the TPU, which improves its mechanical properties
[5].
It is noted that the study of the mechanical behavior and gel content of these blends is important to
assess the feasibility of their use in practical applications. This foundation is important to justify the
relevance of the study and to indicate the direction that will be followed in the research, making it
possible to develop new materials with better performance and lower cost, which can boost the
polymer industry.
In this work polyvinylidene fluoride (PVDF)/thermoplastic polyurethane (TPU) blend crosslinked
with Hexamethylene Diamine were prepared through melt blending in an internal mixer. The study
investigated the mechanical behavior and gel content as a function of crosslinking agents in the
polymer blend.

Experimental

Materials
Poly(vinylidene fluoride)(PVDF) (Kynar®, density 1.78 g/cm³, melt index 1.90 cm³/10 min),
Elastomer thermoplastic polyurethane (TPU) (density 1.20 g/cm3, index fluidity 5.04 g/10 min),
kindly donated by the company Matoflex Ltda.
Hexamethylenediamine 98% (MM 116.20 g/mol, density 0.89 cm3, Surface tension 71.5 mN/m in
1g/L at 20 °C) and Dimethylformamide (DMF) were commercially acquired

Preparation of Blends
The melt blending of PVDF, TPU and amine was done in a Haake torque rheometer
(Rheomix-600P) equipped with two counter-rotating roller blades, at 190°C and 100 rpm for 10
min. At that moment, materials were prepared in the following proportions: 60/40 wt/wt of
PVDF/TPU with concentration of 0, 1, 2 and 4 phr of amine as crosslinking agent.

Mechanical properties
The test specimens of the tie type were prepared in accordance with the ASTM D 638 standard by
means of hot pressing with approximately 1.5 MPa of pressure at a temperature of 180°C for 10
min. Tensile strength tests were done in accordance with ASTM D638-14 using an Instron 2300
Series 23 equipment, with a 5 kN cell and a displacement speed of 5 mm/min at room temperature.

Gel Content
The tests were done based on the ASTN D2765 - 11 Standard. Samples were weighing
approximately 0.3 g on an analytical balance. Then, the samples were placed in 120-mesh metallic
cages. These were previously weighed, and fixed with metallic wire being coupled to a
condensation system formed by a round-bottom flask containing dimethylformamide (DMF). This
apparatus were heated by a blanket and coupled to a ball condenser, which in turn was connected to
a cooling flow. The samples remained for 6 hours under flow. At the end, the samples were dried in
an oven for 12 hr and weighed in order to determine the gel content of the samples based on the
following Equation 1:

Gel Content = x 100 (1)  1 − 3 − 4( )2 − 1( )⎡⎣ ⎤⎦
At where,

W1 = cage weight (sealed on three sides, one side open).
W2 = weight of sample and cage (sealed on three sides, one side open).
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W3 = weight of polymer sample and cage, after being clamped, closed.
W4 = sample and cage weight after extraction and drying.

Results and Discussion

Gel Content
The results are displayed in Tab.1.

Table 1: Gel content of materials
Material Gel content (%)

PVDF 0,6

TPU 9

PVDF/TPU 0 Amine 9

PVDF/TPU - 1 phr Amine 25

PVDF/TPU - 2 phr Amine 30

PVDF/TPU - 4 phr Amine 51

Table 1 shows the rising in gel content as a function of amine concentration in the blend. It was
demonstrated that there was formation of crosslinked chains due to the reaction of an amine group
with the isocyanate. This reactive group was formed in higher temperature, during melt processing,
due to the dissociation equilibrium of the TPU [5].

Tensile Test
The mechanical properties are shown in Tab. 2 and Figure 1. We observed that the blend had an
increase in the tensile strength as compared to the neat polymers. This trend indicated a possible
synergistic effect in the blend. The blends with 1 and 2 phr of amine had almost the same values for
tensile at break. However the blend with 4 phr of amine had the lowest value. This behavior could
be associated with a partial fragmentation of TPU crosslinked phase due to low shear during
processing [6]. The elongations at break were lower for the blend with 2 phr of amine, mainly due
to the higher crosslinking density which restricts the macromolecular movements. The same trend
could not be observed in the other blends. This behavior needs to be further elucidated.

Table 2:Mechanical behavior of the PVDF,TPU and the 60/40 blend of pure polymers and with the addition
of amine.

Material
Tensile Strenght at
Break (MPa) Elongation at Break (%)

PVDF 59 42

TPU 45 1388

PVDF/TPU 0 Amine 64 52

PVDF/TPU - 1 phr Amine 66 69

PVDF/TPU - 2 phr Amine 66 54

PVDF/TPU - 4 phr Amine 47 59
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Figure 1 - Stress–strain curves of the PVDF/TPU blends (weight
ratio: 60/40) with various contents of amine.

.

Conclusions
Tensile tests showed that the material had its mechanical behavior modified. The addition of amine
promoted an increase in the degree of crosslinking of the material, causing to the blend an
increasing in mechanical strength and reduced elongation at break in the blends with the addition of
amine at 2 phr .The results obtained showed that there were improvements in the mechanical
resistance of the PVDF/TPU blend, which became possible with the addition of the amine
crosslinker, allowing future applications to be more effective in terms of material use.
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Abstract – Mixed matrix polymeric materials filled with inorganic particles have been studied in order to take advantage 
of the synergy between the flexible, versatile and moldable characteristics of polymers and the superior strength, the 
chemical resistance, and the thermal stability of inorganic additives. In this study, the effect of incorporating lamellar 
double hydroxide nanoparticles containing different molar ratios of metals on the thermal, mechanical, and gas permeation 
properties of films based on PEBAX® was evaluated. PEBAX® is the trade name of thermoplastic elastomers made of 
poly(ether-block-amide) with distinct properties in terms of lightness and ease of processing, good resistance to most 
chemicals, flexibility and high mechanical strength. The particles in the matrix changed the thermal resistances of films 
based on PEBAX® and improved their mechanical properties and CO2/CH4 separation performance. Hydrotalcite-like 
with more anions favors the transport of CO2.
Keywords: Mixed matrix films; gas permeation; PEBAX®; hydrotalcite-like compounds; CO2/CH4 separation.

Introduction

Mixed matrix polymeric films containing inorganic fillers present superior characteristics as 
compared to the pristine materials, mainly when the particles are nanodispersed and well embedded 
among the polymer chains [1,2]. Lamellar double hydroxide (LDH) nanoparticles, a 2D material, can 
be synthesized with different combinations of metal ions and types of compensation anions, which 
gives it different interplanar distances, and hydration water contents. Thus, they can be tailored to fit 
well in a specific polymer in order to produce a promising material for a given application. LDH 
nanofillers have been incorporated into polymeric matrices to improve the mechanical properties, 
resistance to flammability, and general physical properties of polymers [2].
Thermoplastic elastomers made of poly(ether-block-amide) under the trade name PEBAX® are
lightness and ease of processing, presenting good resistance to most chemicals, flexibility and high 
strength. Mixed matrix films based on PEBAX® copolymers developed for a wide spectrum of 
applications (e.g., biomedical, olefin separation, gas separation, fuel cells and sensors) [3,4].
Recently, mixed matrix films produced by the LDH nanodisperse into PEBAX® 1657 presented 
simultaneous enhancements in CO2 permeability and CO2/CH4 selectivity [5,6] when compared with 
the pristine polymer. Despite PEBAX® 2533 presents the highest CO2 permeability among 
copolymers from PEBAX® series [4,7], it was not found in any gas permeation tests involving films 
produced with LDH nanodisperse in this material. Further, the influence of the LDHs metallic 
structure on gas permeation in mixed matrix membranes has not still been reported.
Thus, this work aims to evaluate the influence of the Mg/Al ratio in LDH and solid content on 
mechanical and thermal properties of mixed matrix films produced by the dispersion of LDH fillers 
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into PEBAX® 1657 or PEBAX® 2533. In addition, it is also intended to evaluate the effect of such 
variables on the permeability of CO2 and CH4. 
 
Experimental 
 
The hydrotalcite-type materials were synthesized by the co-precipitation method at constant pH, as 
described elsewhere [8], using molar x-ratios (x=Al/(Mg+Al)) equal to 0.20, 0.25 and 0.33. The mixed 
matrix films were produced by a method adapted as proposed elsewhere [9,10]. Firstly, a solution 
with 10 wt% of one PEBAX® was prepared by dissolving the polymers in the appropriate solvent: 
ethanol/water (70/30) for PEBAX® 1657 and isopropanol/n-butanol (50/50) for PEBAX® 2533. 
The Thermogravimetric Analysis (TGA) was performed in a SDT Q600 TA Instruments under N2. 
Fourier transform infrared spectroscopy (FTIR) spectra were obtained using a Frontier MIR/FIR 
spectrometer Perkin Elmer. X-ray diffraction (XRD) measurements were carried out on a Rigaku 
Miniflex. After coating the samples with gold, images of scanning electron microscopy (SEM - 
acronym for Scanning Electron Microscopy) were obtained with a JEOL microscope, model JSM-
IT200, with an electron beam by field emission. The mechanical tests were carried out in an EMIC 
universal testing machine, DL-2000. Modulus of elasticity and stress at break were determined 
according to ASTM D882-12. 
The permeability tests were performed in a system which was designed to measure the permeability 
of a single gas through the constant volume/variable pressure method [11–13]. All reported results 
for permeability tests have uncertainties less than 10% of the mean within a 95% confidence interval, 
between 3 and 5 samples were analyzed. 
 
Results and Discussion 
 
Characterizations of LDH are shown in Fig.1. The wideband at 3427-3480 cm-1 can be attributed to 
the stretching of OH groups connected to Al3+ and Mg2+ in the layers [14]. The characteristic peaks 
of LDHs in the  planes (003), (006) and (009) observed in XRD confirm the formation of a 
hydrotalcite structure [8]. Smooth changes are observed in crystalline structures of hydrotalcite-type 
compounds when they are synthesized with different x ratios, for example, the intensity of the 3 
antisymmetric vibration FTIR band of CO3

-2 around 1362-1655 cm-1 (Fig 1a), decrease as lower x 
ratios, because of the lower content of compensation anions in the interlayer of the LDH. This effect 
is due to the decline in the force of attraction between the positively charged layer, confirmed by the 
shift of the XRD characteristic peaks of (003) plane to smaller angles as x-ratio is reduced (Fig 1b). 
As a result of wider interlayer spaces and lower anion content, it is observed an increase of the 
interlayer water content, confirmed by an intensified FTIR bands for water bending vibration (1616-
1642 cm-1), shifted to higher wavenumber as x ratio decreases. Because the electrostatic attraction of 
the layer decreases, water removal becomes easier to the HT-0,20 (Fig 1c). The decomposition 
profiles (Fig 1c) are in accordance with those reported in the literature for hydrotalcite compounds, 
with a total weight mass loss of ~43% by mass up to 750 °C [15].  
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Figure 1 – Characterization of LDHs: (a) FTIR spectra; (b) X-ray diffractograms; (c) TG/DTG curves.   
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Comparing cross-section morphology of the films produced with pristine PEBAX® 1657 (Fig. 2) and 
of those carrying 5 wt% of LDH with x equal to 0.33 (denoted by 1657 0.33 5%), it is reasonable to 
say that the LDH particles were well dispersed and embedded in PEBAX® matrix without interface 
defects. These nanodisperse morphology was also confirmed by the EDS mapping of Mg and Al in 
the cross-sectional of 1657 0.33 5% film, although no extra interaction strength was identified among 
the LDH nanoparticles and the PEBAX® chains. Thus, all characteristic bands of FTIR of the matrix 
remained unchanged after the addition of LDH (Fig 3a and 3b), as also observed elsewhere [5]. Both 
FTIR spectra of pristine PEBAX® 1657 and PEBAX® 2533 are in accordance with the literature 
[10,13]. It is worth noting an increase in the broadband intensity around 3500 cm-1 as LDH content 
grows up to 5 wt%. Besides, the first peak of the LDHs around 2θ equal to 11° were observed in the 
diffractogram for all mixed matrix films (Fig 3c). Similar results were obtained with the other mixed 
matrix films produced in this work. Further, all films reached peaks around 2θ equal to 24°, in the 
crystalline region of the polyamide segments. The amorphous segments of the material were 
confirmed by the halo around 2θ equal to 20° related to the PEO segment [16]. Note that the intensity 
of these peaks decreased when the LDH content grows up to 5% (Fig 3c). At this composition, LDHs 
seem to interfere on the crystalline domains of PA-6 in PEBAX® 1657 and improve the thermal 
resistance of the PEBAX® 2533 (Fig 3d). Comparing the mixed matrix films based on PEBAX® 1657, 
it is noted that the mass loss of those filled with LDH with x equal to 0.33 starts at higher temperatures, 
followed by those filled with LDH with x equal to 0.25 and 0.20 (Fig.3e), which follow the same 
trend presented by the pristine LDHs.  

No significant changes were observed in the transport of gases through films with 2 wt% of 
LDH. The pristine PEBAX® 2533, due to its longer PEO segment, produces films with elastic 
modulus 10 timers lower than those observed for films based on PEBAX® 1657, but similar stress at 
break (Figs 4a and 4b). The introduction of LDH promotes, on average, an increase of 35% in elastic 
modulus regardless of filler content or x-ratio adopted. Due to these noted elastomeric feature of 
PEBAX® 2533 (Fig 4b), which is little affected by the presence of different types of LDH at levels 
of up to 5 wt%, no significant gain was observed in CO2 permeability, nor in its selectivity related to 
CH4 (Fig 4c). Even though the fillers add some other diffusion mechanism to the films, the 
introduction of the different LDHs do not contribute any extra freedom degree to the gas permeation 
through the original polymeric matrix. Operating pressure has a subtle effect on CO2 permeability, 
but no gain in selectivity, probably due to the compaction of the flexible PEBAX® 2533 matrix, which 
reduces the free volume available for gas diffusion. 
  On the other hand, there is a significant improvement in the CO2 transport properties through 
PEBAX® 1657 films with 5 wt% LDH with x-ratio of 0.25 and 0.33 to 0.5 bar (Fig. 4c). Such 
improvements at lower pressure suggest an activated diffusion mechanism to the CO2, since the 
simultaneous increase in permeability and selectivity data cannot be attributed only to the slight 
changes in mechanical properties (Fig 4a and Fig 4b). Compensation anions and hydration water in 
LDH interlamellar galleries participate in the facilitated transport of CO2 [6]. Such facilitated 
transport seems to be dominated by the anion content, since the best performance is achieved by 
fillers with x-ratio equal to 0.33. Furthermore, the increase in selectivity suggests that the creation of 
tortuous pathways caused by the presence of LDHs leads to restriction of CH4 diffusion. Facilitated 
CO2 transport is less noticeable at 4 bar, as this diffusion mechanism is negatively affected as 
transport agents approach saturation. 
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Figure 2 – Cross-section SEM images of pristine PEBAX® 1657 (SED 25.0 kV) (a, x800), (b, x30.000), and 
1657 0.33 5% (SED 20.0 kV) (c, x1000), (d, x50,000). (e) EDS map of the cross-section of 1657 0.33 5%.   
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Figure 3 – FTIR spectra for films based on (a) PEBAX® 1657 and (b) PEBAX® 2533; (c) X-ray 
diffractograms for pristine PEBAX® and composite films (5 wt%); TGA for films based on (d) PEBAX® 
2533 and (e) PEBAX® 1657. 
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Figure 4 – (a) Mechanical properties of pure PEBAX® 1657 and composite materials; (b) mechanical 
properties of pure PEBAX® 2533 and composite materials; (c) CO2/CH4 separation performances of pure 
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Conclusions 
 
The dense films were successfully prepared by the solution-casting method. The conducted studies 
show that the presence of the particles in the matrix can change the thermal resistances, improve the 
mechanical properties and CO2/CH4 separation performance. Incorporation of 2% LDH in PEBAX® 
1657 resulted in a 20% increase in elastic modulus and 10% increase in tension at break. In PEBAX® 
2533, on the other hand, the addition of 2 or 5 % resulted in a 30 % increase in elastic modulus. The 
introduction of LDHs has improved the permeability and selectivity of the PEBAX® 1657 matrix. 
The presence of LDHs in these films favored the permeability to CO2, while it hindered the diffusion 
of methane. The best result shows a selectivity increase of 110% in 1657 0.33 5% at 0.5 bar compared 
to the neat material. This indicates that hydrotalcite-like material with more anions favors the 
transport of CO2. 
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Abstract: The high consumption of compounds classified as emerging contaminants (ECs) has accelerated the 
deterioration of the environment, particularly the hydric resources. As a strategy to abate this scenery, this study aims to 
develop adsorbent materials based on Luffa cylindrica (LF) modified with β-cyclodextrin (β-CD) via grafting reaction. It 
is envisaged that this modification enhances the capacity of LF to adsorb ECs from water. Characterization analyses 
confirmed the modification, which imparted thermal and morphological changes in the LF fibers. A spectrophotometric 
assay determined that the amount of β-CD per gram of modified material is around 530 mg. Currently, adsorption 
experiments are in progress to evaluate the effect of the β-CD grafting on the adsorption efficiency of the modified LF.
Keywords: Adsorption, sponge gourd, water treatment.

Funding: Débora R. S. dos Santos thanks the CNPq/Brazil for her PIBIC fellowship.

Introduction
As well reported, population growth has generated a high amount of a new group of pollutants 

compounds known as emerging contaminants (ECs). The release of these compounds into the 
aqueous environment impacts human health and aquatic organisms. Overall, ECs encompass a variety 
of substances (such as pharmaceuticals, cosmetics, steroid hormones, and agrochemicals) [1,2].
Although the sale of this drug has been banned in several countries (USA, Spain, Finland, etc), some 
countries, such as Brazil, continue to sell it in the form of pills or gel formulations. Nimesulide, when 
compared to other anti-inflammatory drugs (diclofenac, ibuprofen, and piroxicam), is more effective. 
Therefore, it has a high consumption, which is directly related to its appearance in water and 
wastewater. In view of the lack of knowledge about its safety profile and the necessity to protect 
human health and biodiversity, the removal of this contaminant from water/wastewater is crucial to 
maintain the ecosystem and sustainable development [3]. So, different methods have been developed 
(including filtration, precipitation, coagulation, centrifugation, flotation, etc.) and utilized for this 
task. Amongst them, adsorption processes using agricultural biomass products as adsorbent materials 
have gained attention because they offer advantages such as high removal efficiency, absence of toxic 
secondary contaminants, natural availability, and biodegradability [1,2]. In this sense, the natural 
Luffa cylindrica (LF) is a good candidate for adsorption due to its structural and morphological 
properties (e.g., high macro porosity, tenacity, resistance, and rigidity) [4]. Despite this, LF has a few 
numbers of active sites on the surface of its fibers to interact with EC molecules [5]. To overcome 
this limitation, a new strategy using cyclodextrin (CDs), such as β-cyclodextrin (β-CD), is proposed 
to modify the cellulosic matrix of LF. Cyclodextrins are a group of cyclic oligosaccharides constituted 
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by six (α-CD), seven (β-CD), and eight (γ-CD) glucopyranoside units. The β-CD have a structure that 
looks like a cup or a cone (toroidal shape), its primary hydroxyl groups are positioned outside at the 
edges of its structure, and their secondary hydroxyl groups are responsible for intramolecular H-bonds 
and cannot rotate. This arrangement configuration results in rigid chains and the external cavity of β-
CD shows a hydrophilic surface combined with a hydrophobic nature of the internal cavity, allowing 
the formation of inclusion complexes with EC molecules, for example [6]. The combination of 
cellulose/cyclodextrin is generally focused on controlled drug delivery, adsorption, and separation of 
various compounds. Based on this, the modification of the LF fibers with β-CD using citric acid as a 
crosslinker is proposed in this study as a strategy to increase the ability of LF to adsorb EC, like 
nimesulide, from the aqueous medium.  

 
Experimental  
Grafting of β-CD on LF: Firstly, raw LF was cut into cubic pieces (1 cm3), washed with an EtOH/H2O 
(70:30 v/v) solution three times, and oven-dried at 50 °C for 24 h. The purified LF (2 g) was added 
to a NaOH solution (5 w/v-%, 200 mL), which was stirred for 2 h at 50 °C. The sample, labeled as 
LF(NaOH), was recovered, washed with distilled water until neutral pH (pH ~7), and then oven-dried 
at 50 °C for 48 h. For the grafting reaction, an aqueous solution was prepared by dissolving 5 w/v-% 
of β-CD, 2 w/v-% of citric acid, and 2 w/v/-% of sodium hypophosphite in 10 mL of H2O. 
Approximately 1 g of LF(NaOH) was immersed in this solution for 30 minutes, allowing the sponge 
fibers to absorb the solution. After 30 min, the sample was removed from the solution and oven-dried 
at 80 °C for 5 min. A curing process was made on the sponge (where the β-CD grafting with citric 
acid occurred), which consisted of exposing the sponge to a temperature of 150 °C for 15 min. After 
this time, the sponge was washed with distilled water at 50 °C for 5 min. Finally, the LF(NaOH)-g-
β-CD sample was washed again with distilled water at room temperature, oven-dried (50 °C for 24 
h), and stored for later characterization and use. 
Characterization techniques: The samples of modified sponges were characterized by morphological, 
surface, and thermal decomposition properties, through chemical and analytic techniques such as 
FTIR, TGA, SEM, and phenolphthalein method.  
  
Results and Discussion  

The FTIR technique was used to characterize the chemical structure of LF, LF(NaOH), 
LF(NaOH)-g-β-CD sponges, and β-CD. In Fig. 1a, the spectrum of LF after alkaline treatment 
(LF(NaOH)) is observed, where a band around 3447 cm-1 associated with stretching of O‒H bonds 
of the hydroxyl groups present in cellulose and lignin is present. The bands observed at 2925 and 
2855 cm-1, which are attributed to the stretching of C‒H bonds of CHx groups in cellulose, show that 
after the alkaline treatment, cellulose became more available on the surface of the material, as can 
also be observed in the range of 1650‒1550 cm-1 corresponding to the combination of stretching of 
C=O and C=C bonds of the aromatic ring of the lignin fraction [7]. After treatment with NaOH, the 
band around 1050 cm-1 referring to the stretching of the C‒O‒C bond of the pyranose rings becomes 
more intense due to the alkaline treatment that increases the cellulose fraction on the surface of the 
fibers [8]. 

For the LF(NaOH)-g-β-CD spectrum, Fig. 1b, the presence of characteristic bands of its 
precursor materials was observed with some changes. A decrease in the intensity of the band related 
to the stretching of the O‒H bond of the hydroxyl groups (3444 cm-1) of the sponge and β-CD, which 
were being consumed due to the grafting mediated by the citric acid. Moreover, it was observed that 
the bands related to the stretching of the C‒H bond of the ‒CHx groups of cellulose were shifted to 
2196 and 2847 cm-1, respectively, due to the overlap of the vibration of the CH2 groups of β-CD. The 
grafting of β-CD onto the sponge structure using citric acid as a crosslinker was confirmed by the 
emergence of new bands between 1600 and 1740 cm-1, corresponding to the stretching of the C=O 
bond of the ester groups formed during the grafting process [9]. Considering the results observed with 
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the FTIR analysis, it is believed that the grafting of β-CD onto LF(NaOH) using citric acid as a 
crosslinking agent has occurred. 

 

 
Figure 1: (a) FTIR spectra of LF and LF(NaOH) and (b) FTIR spectra of LF(NaOH), LF(NaOH)-g-

β-CD and β-CD. 
 

TGA analysis was performed for LF, LF(NaOH), and LF(NaOH)-g-β-CD samples, as shown 
in Fig. 2. The TGA curves exhibited an initial weight loss (~6%) for all samples, corresponding to 
the evaporation of free water molecules that are adsorbed in the sponge fibers. After the alkaline 
treatment, no weight loss stage related to hemicellulose depolymerization in LF(NaOH) was 
observed.  For the LF(NaOH), the last stage occurred between 260 and 380 °C, where 61% of its 
weight was lost. The LF(NaOH)-g-β-CD presented the second weight loss with a maximum of 248 °C 
due to the citric acid decomposition. Also, as in the other samples, the last stage (from 290 to 380 °C) 
resulted in 54% of the weight loss, related to the depolymerization of cellulose and degradation of β-
CD. The increase in temperature in this last stage occurs because more energy is required to 
decompose the material after the grafting process [10]. This temperature increment to the 
decomposition of LF(NaOH)-g-β-CD is associated with the grafting reaction, corroborating the FTIR 
data [11]. 

 
Figure 2: (a) TGA and (b) DTG curves of LF, LF(NaOH) and LF(NaOH)-g-β-CD. 

 
Images obtained by SEM were analyzed to investigate the morphology of the LF(NaOH) and 

LF(NaOH)-g-β-CD samples (Fig. 3). It can be observed that after the alkaline treatment, LF(NaOH) 
fibers have a smoother surface morphology with fewer striations and irregularities. Additionally, the 
sample surface appears to be a group of coalesced fibers. Despite the severity of the alkaline 
treatment, the fibers maintained their integrity [4]. On the other hand, the morphology of the sponge 
after the β-CD grafting process is completely different from that of the LF(NaOH) sample. It was 
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observed that the LF(NaOH)-g-β-CD sample presents a more rugged morphology but without 
porosity [8]. 

 
Figure 4: Images obtained by SEM from LF(NaOH) [(a) x55; (b) x1000] e LF(NaOH)-g-β-CD [(c) 

x55; (d) x1000]. 
 

The quantification of β-CD was performed by a spectrophotometric method, measuring 
changes in the UV-Vis absorption of phenolphthalein. In short, changes in the absorption of the 
phenolphthalein peak (552 nm) in basic pH occurs due to the formation of a complex between the β-
CD cavities and phenolphthalein, reducing the concentration of free dye in solution [12]. In Fig. 4, it 
can be observed that as the sponge mass increases, the absorption band of phenolphthalein decreases. 
Therefore, by using the constructed calibration curve, it was estimated that there is approximately 
15,9 mg of β-CD in a sample of 30 mg of LF(NaOH)-g-β-CD. This confirms the presence of β-CD 
in this sample and corroborates the changes observed in the FTIR, TG/DTG, and MEV analyses. 

 

 
Figure 4: Scanning curves of phenolphthalein solution with different mass of LF(NaOH)-g-β-CD. 

 
Conclusions 
In this study, an alkaline treatment was performed on the LF sponge to make it more reactive for 
chemical modifications. The post-alkaline treatment sponge (LF(NaOH)) was modified with β-CD 
through a grafting reaction using citric acid as a crosslinking agent. So far, the material has been 
characterized by FTIR, TGA, and SEM techniques. The characterization of LF(NaOH)-g-β-CD 
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revealed that grafting resulted in changes in the material's chemical composition, increased thermal 
stability, and a change in fiber surface. Also, the presence of β-CD in the samples was confirmed by 
the analysis of the phenolphthalein adsorption, using different masses of LF(NaOH)-g-β-CD. So far, 
the next step for this study is to test the modified sponge to adsorb nimesulide from the aqueous 
medium. 
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Abstract - The inadequate destination and final disposal of expanded polystyrene has been causing numerous 
environmental problems, being fundamental the development of alternative materials, such as starch foams. However, it 
is necessary to improve structural and mechanical characteristics of these materials. In this context, this study aimed to 
evaluate the influence on the morphology and mechanical properties of starch foams containing Cloisite 30B clay and 
ramie fibers. Stirring was done followed by a thermoforming step. Good expansion of the material and a reduction in 
density were observed with higher fiber contents. There was an increase from 17.5 to 75.71% in impact resistance with 
the addition of fibers and/or clay, in relation to the control sample. Likewise, there was an increase in modulus (3.67 –
17.43%) and flexural strength (3.90 – 7.14%) with the addition of ramie fibers. In general, an improvement in the 
mechanical properties and density of starch foams were observed.
Keywords: Starch Composite Foam. Ramie Fiber. Clay. Mechanical Properties.

Introduction
Plastics have brought advantages to society, due to their mechanical strength and durability, but 
their inadequate disposal have been causing serious environmental problems. Coming mainly from 
the petrochemical industry, their worldwide production is estimated at 300 million tons per year, 
leading to increased pollution and depletion of a non-renewable resource [1-2]. Expanded 
polystyrene (EPS), a material widely used in the manufacture of packaging and in insulation 
applications, contributes significantly to the socio-environmental impacts of microplastics. 
Therefore, it is essential to develop biodegradable materials from renewable sources, such as starch, 
which has been investigated for the production of food packaging [3-4].
Unlike EPS, for a starch-based foam to achieve adequate structural and mechanical resistance 
characteristics, it is necessary to incorporate other additives/substances into the system. The 
presence of the plasticizer increases the mobility of amylose and amylopectin macromolecules, by 
weakening intermolecular hydrogen bonds. The increase in the mechanical properties of starch 
foam, in general, can be achieved by incorporating natural fibers and agro-industry residues, which 
are abundant and biodegradable. Cassava starch foams have already been reinforced with grape 
stems [5], pineapple peel fibers [6], eggshells, shrimp shells or with calcium carbonate [7] and 
coconut waste fibers [8].
Ramie fiber, which is found in Paraná, for many years was an important source of income for small 
producers, as it was used in the production of flax. [9]. However, there was a 91% drop in its 
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production between the 1970s and 1990s. with the arrival of Chinese synthetic linen [9]. Therefore, 
the use of ramie fibers can encourage its production, leading to job creation. These fibers are 
extracted from the stem of a plant belonging to the Urticaceae family and the Boehmeria genus.
Given the above, the present study aimed to evaluate the influence of Cloisite® 30B clay and ramie 
fiber on the morphology and mechanical properties of cassava starch composite foams.

Experimental 
Materials
Cassava starch from Pilão Amidos Ltda. (Guaíra – PR) was used. According to the technical 
bulletin, the maximum moisture content is 14% and pH between 4.5 – 6.5. As plasticizing agents, 
glycerol from the brand Anidrol (Diadema - SP) and distilled water were used, which also acted as a 
physical expansion agent [10]. In addition, the following additives were added: guar gum from the 
brand Zona Cerealista (Guarulhos – SP), to prevent sedimentation, and magnesium stearate from 
the brand Bianquímica Comercial (Franca – SP), as a release agent. Ramie fibers were supplied by 
Sisalsul (São Paulo – SP) and Cloisite ® 30B, a natural montmorillonite modified with quaternary 
ammonium salt, was purchased from the Southern Clay Products (USA), with a particle size of less 
than 6μm (d50) and basal spacing of 18.5 Å (d001).
Fiber treatment
The ramie fibers were previously cut, shredded and washed with distilled water for 10 min. Then, 
the fibers were oven dried for 1 h at 105 °C, as reported by Romanzini (2012), and ground through 
2 mm sieve in a knife mill (SL-31, Solab).
Starch Foam Production
Starch foams were produced from different fiber contents, starch and water (Table 1), and the limit 
of the fiber content used was less than 20 g of fiber/100 g of solids, according with the study 
reported by Vercelheze et al. (2012). 

Table 1. Content of constituents for sample preparation
Sample 

denomination
Starch (g) Ramie 

Fiber (g)
MMT (g) Water (mL / 100 

g of solids)
Glycerol (g /100g 

of solids)
Control 100 0 0 100 5
MMT5 95 0 5 110 10

F10 90 10 0 200 10
F15 85 15 0 200 10

F10MMT5 85 10 5 250 10
F15MMT5 80 15 5 275 10

The constituents were stirred with the mixer (Philco PMX700, Brazil) until homogenization. In all 
samples, 2% (w/w) magnesium stearate and 1% (w/w) guar gum were added. The material was 
poured onto a flat grill plates (Black & Decker Plus, Brazil) with dimensions of 20.5 x 20.5 cm and 
coated with Teflon. Then, the mixture was submitted to the molding technique, between 180 and 
220 °C for 5 min.
Material Characterization
The density was determined according to the ASTM D 3575 (2001) standard. Five specimens with 
dimensions of 2 cm x 2 cm were used. The mass was determined on an analytical scale and the 
dimensions were measured with a manual micrometer. To determine the density, Eq. 1 was used 
and the arithmetic mean of the 5 samples was calculated.

                                                                    (1)
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The morphology of the material was analyzed by Scanning Electron Microscopy, using a Field 
Emission Scanning Electron Microscope (FEG-SEM) (Tescan Orsay Holding MIRA 3 - LMU, 
Czech Republic). For this, fractured impact test samples were used. Images of the surface and the 
cross-section of the formulations were obtained. The samples were dried in an oven at 105 °C for 
24 h, cut and stored in a desiccator for one week. Then they were covered with a thin layer of gold. 
Acceleration of 10 kV was adopted.The impact test followed the ASTM D256-10 (2018) standard. 
The analysis was conducted using a 0.5 J pendulum. The specimens without notching were cut with 
dimensions of 63.5 x 12.5 mm with varying thicknesses. The flexural strength and modulus of 
elasticity were performed according with ASTM D790:17 standard, using a universal testing 
machine (INSTRON 5969R, Brazil), operating with a load cell of 500 N. The test was performed 
with a strain rate of 0.01 mm/mm/min. Five specimens were analyzed, with dimensions of 125 x 25 
mm. The samples were previously stored for 48 h at 23 ± 2 °C and 50 ± 5% relative humidity. 
The density and the mechanical tests results were submitted to the analysis of variance (ANOVA), 
with a significance of 95%, and the Tukey Test. Data that do not show significant difference 
between them were identified with the same superscript. 

 
Results and Discussion  
Fig. 1 shows cross-sectional micrographs of the samples. In all formulations, voids were observed, 
resulting from the water evaporation stage, showing that the material expanded. 

  

 

Figure 1. Scanning electron microscopy of the cross-section of the samples at 50x magnification: (a) 
control; (b) MMT5; (c) F10; (d) F15; (e) F10MMT5; (f) F15MMT5; (g) ramie fiber in the F15 foam; (h) clay 

in the F15MMT foam. 
 
In samples containing Cloisite® 30B and fiber (Fig. 1 b; c; d; e; f), it was observed a denser outer 
layer with small air cells, with average diameter of 0,2 mm, while the inner layer is formed by large 
cells, with diameter between 0,6 and 0,9 mm. This structure, called sandwich, is characteristic of 
starch foams obtained through thermoforming, has been previously observed in the literature 
[13,12] and could be explanined by the surface contact with the heated mold, that dries quickly and 
does not expand a lot [14]. The internal air cells, which are larger and open, are formed with the 
water vapor liberation, which leads to the rupture of the structure [5, 14]. 
For the internal structure, the F10 sample presented smaller open cells than the F15 sample. The 
samples produced with fibers and clays showed large and irregular air cells, which justifies the low 
density of these foams.  
The results of the thickness and density analysis are shown in Tab. 2. The thickness of the samples 
ranged from 2.46 to 3.80 mm, with a significant difference between the formulations, possibly to 

Small 
air cells 

Large 
air cells 

    

1123



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

the equipment used in the thermoforming, which did not allow the use of uniform processing 
conditions. Authors who used a hydraulic press obtained foams with no significant difference in 
thickness [12].  
The starch foam densities ranged between 0.1209 and 0.3211 g/cm3, in accordance with values 
reported in the literature [12]. The smallest values for density were presented by samples F15 and 
F15MMT5, which contain 15% of fibers. Vercelheze et al. (2012), who produced starch foams with 
sodium montmorillonite and sugarcane bagasse fibers, observed the same behavior. The authors 
attributed this reduction in density to the improvement in expansion capacity with the incorporation 
of fibers and nanoclays. The F10 sample is denser than the F15. This may be related to the structure 
(Fig. 1 c; d), in which it is observed that the former has smaller air cells.  
 
Table 2. Thickness, density, impact resistance, modulus of elasticity and flexural strength of starch foams 

Sample 
denomination 

Thickness 
(mm) 

Density 
(g/cm3) 

Impact 
resistance (J/m2) 

Modulus of 
elasticity (MPa) 

Flexural strength 
(MPa) 

Control 3,82a 0,2286b 177c 109a 1,54abc 
MMT5 2,94b 0,3211a 208bc 67b 1,23bc 

F10 2,22d 0,2729b 275ab 128a 1,65ab 
F15 2,72bc 0,1579c 293a 113a 1,60ab 

F10MMT5 2,43cd 0,2290b 311a 62b 0,88c 
F15MMT5 2,60c 0,1208c 262ab 54b 0,40d 

 
Tab. 2 also shows the impact resistance results of the starch foams. It was observed that the addition 
of ramie fibers significantly improved the impact resistance of the foams, as samples F10 and F15 
showed an increase of 55.37 and 65.53%, respectively, in relation to the control sample. This 
behavior may be associated with good dispersion of the fiber in the matrix, as can be seen in Fig. 1 
1g. . An increase of 17.5%1 was also verified in the impact resistance of the MMT5 sample in 
relation to the control sample, possibly associated with the addition of Cloisite® 30B. The same 
behavior was observed for F10MMT5 sample, which showed resistance 36% higher than F10. In 
the case of F15MMT5, the opposite occurred, as there was a 31% decrease in relation to F15. This 
may have occurred because the samples produced with this formulation had large open cells close 
to the surface and because of the clay agglomeration, observed in Fig.1 .f;h. 
Samples F10 and F15 showed the highest values of modulus of elasticity and flexural strength. 
While the modulus was 3.67 and 17.43%, respectively, higher than the modulus of the control 
sample, the flexural strength was 3.90 and 7.14% higher. According to Sanhawong et al. (2017) this 
is due to the satisfactory transfer of stresses between the matrix and reinforcement, which occurred 
due to the good adhesion via hydrogen bonds between the ramie fibers and the starch, and the good 
dispersion of the reinforcement in the matrix. 
The MMT5 sample, which is the densest, showed modulus of elasticity and impact resistance of 
38.53 and 20.12%, respectively, lower than the control sample. According to Machado, Benelli and 
Tessaro (2020), foams with higher densities end up being more rigid and less flexible. This decrease 
may also be associated with the clusters that were observed in the micrographs (Fig. 1), which may 
have led to the decrease in these properties. 
Despite having low density, samples F10MMT5 and F15MMT5 showed the lowest values of 
modulus of elasticity and flexural strength. According to Vercelheze et al. (2012) the addition of 
combined fibers to clays may have reduced starch-starch interactions. In the case of the F15MMT5 
sample, it could also be related to the large voids close to the surface (Fig. 1). This is because in 
flexural results, the surface ends up being subjected to the highest stress values [16]. 
 
Conclusions 
In this work, preliminary studies were carried out on the properties presented by starch foams, with 
the intention of evaluating the influence of the ramie fiber content and the addition of  
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Cloisite® 30B on the morphological and mechanical properties of the foams. The foams presented a 
good visual appearance, with no cracks. The micrographs also indicated the formation of a 
sandwich-like structure, according with information related in the literature.  
The addition of 15% fibers led to a large reduction in density, but the same did not occur for 
samples containing 10% of this reinforcement. The mechanical properties were greatly influenced 
by these constituents, as they led to increased impact resistance. The addition of fibers also led to an 
increase in modulus and flexural strength, while the addition of clays may have led to a reduction in 
these properties. 
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Abstract – Nanocellulose-based aerogels are promising adsorbent materials due to their high mechanical properties and 
the high removal capacity of pollutants in this water. Therefore, a nanocellulose-based aerogel using biomass-based 
nanocellulose was obtained by NaOH/urea dissolution, followed by freeze-drying, washing, and freeze-drying, and this 
aerogel was evaluated from mechanical performance and cadmium removal. The obtained aerogels were structurally 
stable, with a shrinking rate of 19.2 ± 2.2%, density of 0.1 ± 0.0 g.cm-3, and 95 ± 2% porosity. The material reached a 
compressive modulus of 26.2 ± 7.4 kPa, compressive strength at a break of 1012.5 ± 12.0 kPa, and 85.5 ± 2.3% 
compressive strain. A 100% cadmium (II) adsorption rate was achieved for higher adsorbent dosages (0.5 g) and 
concentrations of contaminants (100 ppm). A possible adsorption mechanism may be linked to the high density of 
available hydroxyl groups, showing nanocellulose-based aerogels as a possible robust green alternative adsorbent for 
cadmium (II) contaminated waters.
Keywords: aerogel; nanocellulose; adsorption.
Fundings: FAPESP - 2019/16301-6, 2022/01382-3, and 2020/13703-3, CNPq - 308053/2021-4 and 403934/2021-4, and 
CAPES.

Introduction 
One of the most intriguing properties of aerogels is their high surface area. It provides many 
applications, such as thermal and acoustic insulation, gas adsorption, remediation of contaminated 
areas, sorption and desorption of metal ions and drugs in the body, energy storage, and catalysis [1]. 
It can also be easily separated from an aqueous solution and has a low processing cost, making it an 
ideal adsorbent solution widely used for removing organic and inorganic pollutants from 
contaminated water. Aerogels are versatile materials, where several factors such as precursor 
materials and their proportion, processing techniques, drying methods, additives, and crosslinkers, 
among others, can change their intrinsic characteristics, highlighting the pore size, surface area, and 
consequently, its final properties such as density, shrinkage rate, mechanical performance, and 
removal of PTEs [3,4]. Therefore, the objective of this work is the applicability of a nanocellulose 
aerogel from eucalyptus residues for mechanical performance in compression and removal of bivalent 
cadmium from simulated water.

Experimental 
Cellulose nanostructures isolation and nanocellulose-based aerogel synthesis
For the isolation of cellulose nanostructures, the eucalyptus sawdust residue was first subjected to 
microwave-assisted pre-treatments, in which mercerization with sodium hydroxide was applied, 
followed by bleaching with hydrogen peroxide [4]. After obtaining the pre-treated fibers, they were 
subjected to two subsequent mechanical methodologies for isolating cellulose nanostructures. 2% 
(m/m) of the pre-treated fibers were dispersed in an aqueous solution and first subjected to 
homogenization at high shear rates using an Ultra-Turrax (Model T 25 digital, IKA) at 10,000 rpm 
for 20 minutes [5]. The same solution was taken to ultrasonication, performed in a high-intensity 
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ultrasound SONIC-750W, Vibracell, Sonics (MRC Ltd, Holon, Israel), using the power of 100 KJ, 
frequency of 70% at 60 °C, during 30 and 60 minutes [6]. Nanocellulose was prepared in duplicate. 
Therefore, for the synthesis of nanocellulose aerogels (Fig. 1), 6 g of nanocellulose were 
homogenized in 40 mL of an alkaline solution of NaOH (3.4 g) and urea (6.0 g) pre-cooled at -12 °C 
using a water ice bath. The solution was maintained at low temperatures (between 0 and -12 °C) until 
complete homogenization of the cellulose, which then received volumes of 1 mL of pure 
epichlorohydrin, being homogenized again. The mixtures were ultrasonicated using a high-intensity 
ultrasound (Sonics 750 W, Vibracell, Sonics) for 10 and 20 min, at a power of 100 kJ, with an 
amplitude of 40%, and then subjected to mechanical stirring for 1 h. The homogenized dispersion 
rested for 3 h. The resulting dispersions were neutralized with an acid HCl solution (10 mol.L-1), 
adjusting the pH of the samples. The resulting colloidal solutions were frozen in molds at -6°C for 24 
h and taken to freeze-drying at -98°C for 48 h, using a lyophilizer (Lyophilizer Liotop K105) to obtain 
nanocellulose aerogels. After freeze-drying the nanocellulose hydrogels, the samples were immersed 
in distilled water three times to remove the excess crosslinking agent [7].

Fig. 1. Illustrative scheme of nanocellulose aerogel preparation using eucalyptus-based wastes. 

Results and Discussion 
The nanocellulose aerogel obtained a stable, dense, and continuous interconnected structure [8], as 
found by Dilamian and Nozoori. In addition to the stable and dense structure obtained, an acceptable 
shrinkage rate for aerogel is 25% [9], so the aerogel developed in this work had a shrinkage rate of 
19.2 ± 2.2%, that is, 5.8% lower than the acceptable shrinkage rate, showing less impact of the freeze-
drying process, as well as the stability of the crosslinked structure of the aerogel. The aerogel also 
obtained apparent density and porosity of 0.1 ± 0.0 g.cm-3 and 95 ± 2%, respectively. Besides, Fig. 2 
shows the stress versus deformation curves for the nanocellulose aerogel to evaluate the mechanical 
performance of nanocellulose aerogels. 

Fig. 2. Stress (KPa) versus strain (%) for nanocellulose aerogel.

g g
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Evaluating the aspect of the stress versus strain curve shown in Fig. 2, three distinct regions are 
verified, with emphasis on linear elasticity, flow, pore densification, and collapse [10]. As for the 
mechanical performance values, Table 1 elucidates the values of compressive modulus, maximum 
strength at break, and compressive strain, respectively. 

Table 1. Mechanical compressive performance values for nanocellulose aerogel. 
Mechanical Performance Values AeroNanocellulose 

Compressive Modulus (kPa) 26.2 ± 7.4 
Compressive Strength at Break (kPa) 1012.5 ± 12.0 

Compressive Strain (%) 85.5 ± 2.3 

The compressive modulus reached 26.2 ± 7.4 kPa, consistent with the literature that reached values 
close to 44 kPa, attributing this lower result to the highly porous structure and higher pore volume 
[11]. Therefore, one hypothesis that explains the low modulus is the high porosity and pore density 
[12], which generates a higher concentration of compressive stress in the pore structure, decreasing 
its rigidity, that is, making the material more fragile. 
In addition to changing the compressive modulus, the compressive strength at break reached values 
of 1012.5 ± 12.0 kPa and compressive strain of 85.5 ± 2.3 %, respectively. A hypothesis observed by 
the modulus is the high porosity, as well as the average pore size, which allows the aerogels to have 
greater deformation. In addition, as a higher proportion of nanocellulose by weight was used to 
develop the aerogel, there is a greater densification of the structure [13], and together with the increase 
in relative crystallinity, this leads to a better mechanical performance of this aerogel.  
From the adsorption systems of the bivalent cadmium ion [Cd(II)], the nanocellulose aerogel was 
tested as an adsorbent. After the respective adsorption times, the evaluation of the adsorption capacity 
and adsorption/removal efficiency were performed by Inductively Coupled Plasma Mass 
Spectroscopy (ICP-MS). 
First, for the system that contained only TNT (without the presence of the nanocellulose aerogel), it 
showed imprecision and a large analytical deviation after 48 h of testing and at an initial concentration 
of 20 ppm, reaching an adsorption capacity of 0.03 ± 0.05 mg.g-1 and efficiency of 0.2 ± 0.3%. For 
an initial concentration of 100 ppm, after 48 h of testing, an adsorption capacity of 1.2 ± 1.0 mg.g-1 
and an efficiency of 10.0 ± 6.1 % were achieved. Possibly the TNT (non-woven fabric), which is 
made of PP, only absorbed the content on its surface (in some cases), due to the wettability of its 
fibers by water. Wei and co-workers stated that TNT made from PP has characteristics such as 
disordered fiber structure, high specific surface, low cost, and degradable nature, but due to its 
hydrophobicity and inert chemical structure, these result in low affinity with water and adsorption of 
metals [14]. Table 2 and 3 shows values of adsorption capacity and efficiency for the systems 
containing the bivalent cadmium ion at the initial concentration of 20 ppm and 100 ppm, varying the 
dosage, related to the measured times, respectively. 

Table 2. Results of adsorption capacity (mg.g-1) for the systems containing the bivalent cadmium ion at the 
initial concentration of 20 ppm and 100 ppm, varying the dosage, related to the measured times, respectively. 

Adsorption Capacity (mg.g-1) 
Systems with an Initial Concentration of 20 ppm t = 12 h t = 48 h 

AeroNanocellulose w0.5 g 1.1 ± 0.1 1.1 ± 0.1 
AeroNanocellulose w3.0 g 0.7 ± 0.4 0.7 ± 0.4 

 
Systems with an Initial Concentration of 100 

ppm t = 12 h t = 48 h 

AeroNanocellulose w0.5 g 5.4 ± 0.8 5.4 ± 0.8 
AeroNanocellulose w3.0 g 2.6 ± 0.1 3.1 ± 0.9 
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Table 3. Results of adsorption efficiency (%) for the systems containing the bivalent cadmium ion at the initial 
concentration of 20 ppm and 100 ppm, varying the dosage, related to the measured times, respectively. 

Adsorption Efficiency (%) 
Systems with an Initial Concentration of 20 ppm t = 12 h t = 48 h 

AeroNanocellulose w0.5 g 100.0 ± 0.0 100.0 ± 0.0 
AeroNanocellulose w3.0 g 100.0 ± 0.0 100.0 ± 0.0 

   
Systems with an Initial Concentration of 100 

ppm t = 12 h t = 48 h 

AeroNanocellulose w0.5 g 100.0 ± 0.3 100.0 ± 0.1 
AeroNanocellulose w3.0 g 100.0 ± 0.0 100.0 ± 0.0 

Evaluating the adsorption capacity (Table 2) of the nanocellulose aerogel, regarding the adsorption 
time, no difference was noticed between 12 and 48 h of contact between the aerogel and the aqueous 
solution containing the bivalent cadmium. It is due to the adsorption saturation process of the 
nanocellulose aerogel in 12 h of contact. Mo and co-workers observed the same adsorption 
equilibrium phenomenon in 10 h of contact of cellulose nanofibrils aerogels obtained by oxidation 
with TEMPO [15]. As for the adsorbent weight used, the aerogel containing less weight (0.5 g) had 
better adsorption capacity than the aerogel containing 3.0 g of dosage. According to Shanmugarajah 
and co-workers, increasing the dosage of nanocellulose can increase the active sites available for dye 
molecules to interact, improving the removal efficiency. However, if it has a high dosage, there is the 
possibility of aggregation and agglomeration of cellulose nanostructures, resulting in a decrease in 
removal, occurring mainly in the length of the diffusion path of molecules into the adsorbent [16].  
Comparing the initial concentration of divalent cadmium ion, an increase of 4.9 and 3.5 times in the 
adsorption capacity was verified for comparing the adsorbent weight of 0.5 g and 3.0 g, in a time of 
12 h. Wang and co-workers observed the same trend, in which as the concentration of hexavalent 
uranium contaminant increased, an increase in the adsorption capacity was verified due to the greater 
amount of ions available for interaction with the free hydroxyls present in the nanocellulose aerogel 
[17].  
Considering the adsorption efficiency (%) of the nanocellulose aerogel, highlighted in Table 3, no 
difference was verified in any of the cases, that is, in all conditions, even with variations in adsorbent 
weight, adsorption time and concentration initial contaminant, in all cases the efficiency was 100% 
of adsorption. This result of 100% adsorption efficiency is due to the high removal of cadmium ions 
from the contaminating aqueous solution. Geng and co-workers achieved excellent removal of 
cadmium ions by using nanocellulose aerogels modified by amino radicals and silanes [18]. However, 
excellent removal was achieved without modification of the nanocellulose. Comparing the 
nanocellulose aerogel developed in this work with other adsorbents, the composite aerogel of reduced 
graphene oxide and montmorillonite achieved the removal of 93% of cadmium ions, which is lower 
than what was achieved by the nanocellulose aerogel. It is possibly due to the presence of a high 
density of hydroxyl groups in the nanocellulose structure, which interacted with cadmium ions, 
effectively removing it from aqueous environments. 
 
Conclusions  
As a green alternative, nanocellulose aerogels had lower density, higher porosity, and a shrinkage 
rate of less than 25%, characterizing it as an efficient aerogel. Evaluating the mechanical 
performance, capacity, and removal efficiency, the nanocellulose aerogel generated excellent 
mechanical properties, whose maximum resistance to compression reached an increase of 31 times 
compared to aerogels described in the literature. Furthermore, an efficiency of 100% of cadmium (II) 
adsorption was achieved, exceptionally for higher adsorbent dosages (0.5 g) and higher 
concentrations of contaminants (100 ppm). Therefore, its possible adsorption mechanism consists of 
the high density of available hydroxyl groups of nanocellulose, which have a better affinity with 
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divalent cadmium. These results show that nanocellulose aerogel is an excellent candidate to be 
applied as an adsorbent for water contaminated with divalent cadmium ions, as well as having 
excellent mechanical strength, and still has a sustainable appeal due to the lignocellulosic waste raw 
material that nanocellulose was isolated. 
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Abstract 

Internal curing is a process that consists of adding a material to the cement mixture that is capable of releasing water 
during the process of hardening the mixture, having as function to reduce effects of water lost through evaporation and 
self-desiccation. Hydrogels are polymeric materials able to absorb and release water, becoming a good material to 
promote internal healing at cement mixture. In this work, the use of a polyacrylamide hydrogel with rice husk ash as an 
internal curing agent for mortars and concrete was studied, with the aim of studying whether this material can contribute 
to the hydration process of the cementitious medium, as well as its influence on the final product. The analysis of the 
results showed that the hydrogel contributes to the mortar hydration process, thus providing an increase in mechanical 
strength and reduction of shrinkage, while for concrete a reduction in mechanical strength was obtained.

Keywords: Hydrogel, Mortar, Concrete, Polyacrylamide, Resistance.

Introduction 

Internal curing is a process that consists of supplying water to the cementitious medium 
using some material present in the mixture of the cementitious formulation [1]. This material works 
as a water reservoir, capable of releasing water contributing to the medium hydration, thus 
supplying the water lost by evaporation or self-desiccation [2].

Different materials can be used as an internal curing agent, but hydrogels have been gaining 
prominence in this application [2]. Hydrogels are polymeric materials that have a three-dimensional 
structure and can quickly absorb water and releasing the absorbed water in a controlled way [3]. 
The ability from hydrogel to retain water and/or aqueous liquid causes it to acquire a size and 
weight greater than its own weight and dry size [4]. This property is quantified through the swelling 
ratio (Q), or water uptake (WU), that can achieve more than 3,000 fold. 

Thus, hydrogels are potential candidates to be used as an internal curing agent. This work 
aims to use rice husk ash-containing polyacrylamide hydrogel (PAam/RHA) to be applied as an 
internal curing agent for mortars and concrete, maintaining the same water/cement ratio (w/c) and 
to study its influence on mechanical properties and shrinkage.
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Experimental  
 
Materials 
 

The materials used: Portland cement CP II-Z type, Brazilian standard sand, commercial 
sand, crushed stone, water and hydrogel containing rice husk ash. The hydrogel synthesized from 
the polymerization acrylamide monomer (AAm), the crosslinking agent N,N'-
methylenebisacrylamide (MBAAm, at 1 wt-%), and addition of 10 wt-% rice husk ash (obtained at 
a temperature of 600 °C). After synthesis, the hydrogels were dried and ground to sizes of less than 
250 mesh. The degree of swelling value of the hydrogels was about 13.5 g/g. 
 
Methods  
 
Mortar and concrete Production 

Table 1 shows the mass ratio of the materials used to prepare the cementitious media. The 
cement pastes were prepared by mixing cement, water and hydrogel. To prepare mortars and 
concrete, the procedures follow the scheme shown in Fig. 1.  

 

 
              Figure 1. Procedure for preparing: a) mortar; b) concrete. 

 
The hydrogel was swollen in water until it reached equilibrium (20 hours), before preparing 

the cementitious medium. After carrying out the molding process, the specimens were properly 
identified and stored in the same place, under the same environmental conditions, with room 
temperature between 14 and 23 °C, and relative humidity ranging from 65 to 79 %. 

 
Compression test 

The procedures for the mortar compression test followed the NBR 7219/1996 [5] standard 
and the compression tests for the concrete followed the NBR 5739/1994 [6] standard. For this test, 
cylindrical specimens were used (with dimensions of 100 mm in height and 50 mm in diameter for 
mortars, and 200 mm in height and 100 mm in diameter for concrete). 

The compressive strength was determined using an EMIC test machine model Pc 100. The 
analyzes were carried out in quadruplicate at ages 7, 28 and 45 days for mortar and 7 and 28 days 
for concrete. The strength was calculated considering the breaking load as a function of the cross-
sectional area of the specimen. 
 
Retraction test 

The retraction tests for the mortar followed the procedures described in the NBR 
15261/2005[7] standard, and prismatic specimens were used. The amount of shrinkage (or 
expansion) was determined from the average of triplicates for ages 7 and 28 days. The retraction or 
expansion was obtained by equation 1 

εi = (Li – L0) / 0.25                 (1) 
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where εi is the dimensional measurement that can indicate retraction (negative values) or expansion 
(positive values), measured at age “i”, Li is the measurement performed at age “i” and L0 and the 
measurement performed after the body is removed-test (age 0). 

 
Table 1: Mass and volume proportions among the components for the production of mortar and concrete. 

Cement medium w/c 
ratio 

Trace  
Hydrogel 

% Cement Sand Crushed 
stone 

Mortar 
 

(w/w) 

Mort-Ref 0.48 1 3 - 0 

Mort-001 0.48 1 3 - 0.01 

Mort-003 0.48 1 3 - 0.03 

Mort-01 0.48 1 3 - 0.1 

Concrete 
(v/v) 

Conc-Ref 0.48 1 2 3 0 

Conc-003 0.48 1 2 3 0.03 

 
 
Results and Discussion  
 
Compression Test 
 

Fig. 2a shows the result for the the mortar compression test at 7, 28 and 45 days. The 
addition of PAAm/RHA hydrogel was able to change the mechanical strength of the mortar. It was 
observed that the addition of 0.1% hydrogel at the age of 7 days leads to a not harmful but a small 
mechanical resistance reduction, once that resistance after completed healing (28 days) was higher 
than the reference mortar.  

 
Through the results obtained, it can be said that the addition of hydrogel in the mortar is able 

to eliminate the effects caused by the loss of water by evaporation, thus acting in the hydration 
process of the mortar, thus guaranteeing an improvement in the mechanical resistance [8]. 

 
It is important to point out that the results obtained refer to mortars with the same w/c ratio, 

that is, the same amount of water was used for all prepared mortars and the hydrogels were swollen 
in the water used to prepare the mixtures to really guarantee that no extra water was added. This 
fact becomes important to evaluate the influence of the hydrogel on the mechanical properties of 
mortars [9]. 
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Figure 2. Compressive strength: a) for mortars with addition of PAAm/RHA b) for the reference concrete 
and for the concrete added with 0.03 % with addition of PAAm/RHA hydrogel, at the ages of 7 and 28 days. 

 
One aspect that is little considered, in literature, is the chemical structure of the hydrogel 

used as an internal healing agent [4]. The chemical structure can influence the ability to absorb and 
release water from the hydrogel. Consequently, the matrix shrinks, after water being released, will 
form larger voids, thus impairing the mechanical strength of the materials. The PAAm/RHA 
hydrogel has a low degree of swelling and provides hydration of the environment without the 
formation of large pores/voids in the mortar matrix.  

 
Fig. 2b showing the results for the concrete pressure test at 7 and 28 days unlike mortars, 

there was no increase in resistance, but a reduction, this may be linked to the inherent microcracks 
of the material, which can be enhanced by the formation of voids close to these micro-cracks, thus 
causing a reduction in resistance. It can still be observed that the resistance of the concrete was 
lower than that of the mortar, this difference may be linked to the quality of the materials used in 
the preparation of the concrete [10]. 

 
Retraction test 

The shrinkage test was carried out for the mortars with the addition of two levels (0.03% and 
0.1%) of hydrogel for the ages of 7 and 28 days. The test result is shown in Table 2. The shrinkage 
data for the mortar with hydrogel addition and without hydrogel are close, however, it can be noted 
that the addition of 0.03% caused a slight reduction in shrinkage, indicating that the hydrogel can be 
used to reduce shrinkage in cementitious medium. 

 
      Table 3. Results of the retraction test. 

 
 
 
 
 

 
 
 
(*) tests carried out with the same climatic condition as Mort003; 
(**) tests carried out with the same climatic condition as Mort01; 
 

The small reduction in shrinkage for the 0.03% content is yet another indication that the 
hydrogel improves the hydration of the cement medium, since the shrinkage process is linked to 

Mortar 7 days (mm) 28 days (mm) 

Mort-Ref* -0.42 ± 0.15 -0.44 ± 0.20 

Mort003 -0.34 ± 0.15 -0.38 ± 0.15 

Mort-Ref** -0.27 ± 0.05 -0.41 ± 0.06 

Mort01 -0.24 ± 0.06 -0.40 ± 0.04 

a) b) 
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self-drying. Still through the data presented in Table 2, it can be noted that the studied contents 
were not capable of delaying the retraction of the mortars. However, existing data from other 
studies demonstrating that the addition of contents superior to 0.1% of hydrogel can eliminate 
completely the retraction process [11-12]. 

 
Conclusions  
 

The addition of small amounts of PAAm/RHA hydrogel in mortars containing the same w/c 
ratio promoted an increase in mechanical strength and a potential to be used to prevent shrinkage, 
thus indicating that the PAAm/RHA hydrogel was able to act with internal curing agent. As for 
concrete, the addition of hydrogel was not efficient, causing a reduction in strength. However, this 
does not indicate a failure of the material with an internal curing agent, but that it can potentiate an 
inherent failure of the material itself. 
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Abstract  
The constant search for materials with a set of improved properties has increased research on fiber reinforcement 
composites. In this work, composites with different fillers contents (5, 10 and 15%) were produced with poly(butylene 
adipate-co-terephthalate) (PBAT) and Brazil nut shell fibers (CP). The effects of adding different grades of residue on 
the mechanical and rheological properties of the material were analyzed. The filler was classified with particle size 
under 75 μm and its chemical structure and thermal stability were evaluated. Regarding the mixture processability 
analysis, all evaluated composites presented very close torque curves, indicating that possibly the polymeric matrix 
would have the capacity to incorporate a greater amount of filler without a considerable disturbance of the system. For 
the mechanical properties, the addition of CP caused a decreased in the tensile strength and elongation valor compared 
to pure PBAT. Despite these lower results, the Brazil nut can be an economic and sustainable alternative as commercial 
filler depending on the minimum properties required by the final product. 

Keywords: Brazil Nut, PBAT, Biodegradable Polymer, Mechanical Properties, Natural Fiber Composites. 

Introduction  
To meet the market's need to have different properties gathered in the same material, composites are 
gaining prominence in the development of research and increasingly space in the input market for 
industries. Blending of biodegradable polymers as well as using low-price organic fillers aiming to 
produce cost-effective composites, besides being an alternative to solve pollution issues, might be a 
method of developing products with superior mechanical properties [1]. 
The use of natural resources for the production of polymeric composites is an alternative of great 
technological importance, for being a renewable, recyclable, biodegradable and low-cost source. 
The Brazil nut is widely used as food and in cosmetic industries. The seeds are rich in lipids and 
protein, and also present a considerable amount of selenium. The production of Brazil nut is a result 
of extractive activities and has become one of the main commercial products from the northern 
region of Brazil [1, 2]. To date, there are very few research on the use of Brazil nut (CP) as filler in 
polymeric compositions, in particular, in biodegradable polymers such as PBAT. 
The poly(butylene adipate-co-terephthalate) (PBAT) is a synthetic and biodegradable aliphatic 
aromatic copolyester consisting of two types of comonomer, a rigid butylene terephthalate segment 
consisting of 1,4-butanediol and terephthalic acid monomers and the flexible butylene adipate 
section consisting of 1,4-butanediol and adipic acid monomers. This material has properties similar 
to nonbiodegradable polymers like polyethylene with high ductility and low modulus of 
elasticity. However, the low heat resistance, inferior rigidity and its high price compared to other 
polymers in the same segment on the market are the major shortcomings of PBAT to extend its 
applications [3]. 
In order to address pollution issues and develop products with superior mechanical properties, the 
use of biodegradable polymers in combination with low-price organic fillers is an alternative to 
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produce cost-effective composites. Therefore, the goal of this work was to develop a biocomposite 
of PBAT and Brazil Nut Shell Fibers (CP), and to evaluate the influence of different proportions of 
this agroforestry residue (5, 10 and 15%) on the mechanical and rheological properties of this 
material.  
 
Experimental 
The CP was received in natura, and the first step was the manual separation of the nut and shell. 
Then the shell was processed in a RETSCH MM400 mill and its granulometry classification was 
carried out, being used in this work the fraction below 75 μm. The filler was characterized by 
Fourier transform infrared spectroscopy (FTIR) on the THERMO NICOLET Nexus 470 equipment, 
using the KBr matrix pressed disk method, at the sample:matrix ratio of 1:100, in transmittance 
mode, range reading from 4000 to 400 cm-1 and 32 scans; and thermogravimetric analysis (TGA), 
which was performed on the NETZSCH STA409 PC in a flow stream from room temperature to 
560°C, with a heating rate of 10°C/min and N2 atmosphere. The PBAT and composites were 
prepared by melt intercalation in an internal mixing chamber coupled to a torque rheometer Haake 
Polylab OS. The rotor used was the Roller type, at 140°C, with a speed of 80 rpm for 15 minutes. 
The formulations were 0, 5, 10 and 15 phr (parts per hundred resin) of Brazil nut shell fibers per 
100 phr of PBAT, and were named PBAT, PBAT5CP, PBAT10CP and PBAT15CP respectively. 
The specimens for the mechanical tests and the rheological analysis were molded by compression, 
according to their respective standards, in a hydraulic press MA 098/A400 with a pressure of up to 
55 MPa at 140°C, for 10 minutes in the hot press and then cooled using the same pressure and time 
in the cold press. For the rheological analysis, was used an Anton Paar MCR301 rheometer with a 
model CTD450 furnace as an accessory with 25 mm parallel plate geometry. All tests were carried 
out at 140°C. Complex viscosity (η*) was measured through a strain variation test from 0.01% to 
500%, at a constant frequency of 1Hz. The storage modulus (G') and the Loss modulus (G”), were 
measured through an angular frequency variation test from 0.1 to 100 rad/s, in the linear viscosity 
region (10% constant strain). The tensile strength test was carried out according to ASTM D638 
standard using the type V specimen, in a mechanical testing machine EMIC DL3000 with a 1000 N 
load cell and a speed of 100 mm/min. 
 
Results and Discussion  
 
Brazil Nut Shell Fibers Analysis 
The CP infrared spectrum is shown in Fig 1A and the thermogravimetric analysis in Fig 1B. 
Regarding the infrared analysis, it is possible to observe absorption bands at 3300 cm-1 referring to 
hydroxyl groups of cellulose, hemicellulose and lignin; at 2950 cm-1 referring to C-H bondings; at 
1550 cm-1 C=C bonds of lignin aromatic groups; and at 990 cm-1 C-O-C bonds associated with 
lignin and hemicellulose [4]. 
Regarding the thermal analysis, the fiber shows a degradation in three phases; the first referring to 
water loss up to 150ºC, the second referring to hemicellulose degradation (from 150 to ≈380ºC) and 
the third referring to lignin degradation and total cellulose degradation (from 380 to 560ºC). The 
material presented a residue of 5.8% [4]. 
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Figure 1 – A: FTIR; B: TGA of Brazil nut shell fibers. 

 
Mixture Processability Analysis 
The analysis of the processability of the mixture consists of evaluating the variation in torque 
required to keep the equipment rotation constant (Fig 2A) and the specific energy associated with 
this torque (Fig 2B). 
  

 
 

Figure 2 - A: Torque (Nm) over mixing time; B: Specific energy (J/g) over mixing time. 
 
The first peak in the torque graph (Fig 2A) refers to the addition of pure PBAT. In approximately 3 
minutes, the small variation in the graph refers to the addition of filler. All evaluated composites 
presented very close torque curves, indicating that possibly the polymeric matrix would have the 
capacity to incorporate a greater amount of filler without a considerable disturbance of the system. 
In Table 1 it is possible to notice this proximity of values more clearly. With the addition of filler, 
there was a small drop in the final torque values, but all composites showed very similar values. 
The same effect is observed for the specific energy, very close curves among the compositions with 
filler and values always below the pure PBAT. These results indicate that the fluency of the 
material was very little changed with the addition of filler, a fact that was confirmed by the 
rheological analysis of the compositions. 
 
Table 1 - Final torque and specific energy of the mixtures. 

Experiment Final Torque (Nm) Final Specific Energy (J/g) 
PBAT 6.6 910 

PBAT5CP 6.0 832 
PBAT10CP 6.1 876 
PBAT15CP 6.1 851 
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Rheological analysis 
Fig 3 shows the variation of the complex viscosity of the material as a function of deformation. 
Viscosity represents the resistance to the flow of the material. The pure PBAT and composite 
PBAT5CP viscosities were very similar, as well as the viscosities of PBAT10CP compared to 
PBAT15CP (mainly at greater deformations) were also very close, but below pure PBAT. Thus, it 
is possible to state that smaller amounts of filler could be added to the PBAT without significantly 
altering its flow characteristics. In addition, larger amounts of CP tend to slightly decrease the 
viscosity of the material. It may be necessary to add larger amounts of filler and assess whether this 
effect is pronounced. 
 

 
Figure 3 - Complex viscosity versus deformation. 
 
This very similar viscoelastic behavior between composites and pure PBAT is more pronounced 
when analyzing G' (Fig 4A) and G" (Fig 4B) as a function of angular frequency. The storage 
modulus (G') is related to the elastic part of the material, while the loss modulus (G") is related to 
the viscous part of the material and the dissipation of elastic energy. The values of G' were very 
close, which means that the addition of Brazil nut shell had little influence on the elasticity of the 
material. The same behavior was observed for G", in accordance with the results of the material 
viscosity. These results indicate few changes in the viscoelastic behavior of the material as filler is 
added and corroborate the results of the processability analysis. 
 

 
Figure 4 - A: Variation of the storage modulus (G') versus angular frequency; B: Loss modulus variation 
(G”) versus angular frequency. 
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Mechanical Results 
Analyzing the results of elongation at break (Fig 5A) and stress at break (Fig 5B) it’s possible to 
observe a slight tendency for these values to reduce as filler was added. Based on the results 
presented, it’s evident that the filler did not significantly favor movements of the polymeric chains, 
thus the elongation value at break did not improve. In fact, the presence of filler disturbed the 
system, generating pressure accumulation points that did not help to disperse the fracture energy, 
thus facilitating the material's fracture, decreasing the stress values at rupture. With this, it can be 
concluded that the filler, in the amounts evaluated, did not reinforce the polymeric matrix, however 
its use can still be explored depending on the minimum properties required by the final product. 
 

 
Figure 5 - A: Elongation at break (%); B: Stress at break of PBAT and composites with CP. 
 
Conclusions  
The use of Brazil nut shell fibers as filler in polymeric matrices is an economic and sustainable 
alternative for the use of an agroforestry residue. Its application in PBAT allows the conservation of 
its biodegradability, possibly even favoring it, and reduces the final cost of the product, making it 
more competitive in the market. The results of this work showed with the processing of the mixture, 
that all the evaluated composites presented very close torque curves, indicating that possibly the 
polymeric matrix would have the capacity to incorporate a greater amount of filler without a 
considerable disturbance of the system. The rheological analysis indicated few changes in the 
viscoelastic behavior of the material as the filler are added, corroborating the results of the 
processability analysis. For the mechanical properties, the addition of CP caused a decrease in 
tensile strength and elongation compared to pure PBAT, indicating that for the CP contents 
analyzed, this material did not act as a reinforcement. Besides that, the Brazil nut can be an 
economical and sustainable alternative as filler in PBAT, if the main goal is reducing the price of 
the product, always meeting the minimum requirements of mechanical properties of the final 
product.  
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Abstract - This work aimed to develop PBAT biocomposites with agroforestry residues from Bacuri Mesocarp (BM). 
The BM was sieved and classified with particle sizes between 0.84 mm and 0.59 mm, and the morphology was 
evaluated. In the analysis of the mixture processing, both the torque and the specific energy decreased as the filler was 
added, indicating that the BM acted as a processing auxiliary, increasing the fluidity of the mixture, a fact confirmed by 
the rheological analysis, in particular the complex viscosity that decreased with adding the filler. Evaluating the meeting 
point of the storage modulus curve (G') with the Loss modulus (G”), at higher frequencies as BM is added, there is an 
indication that the molar mass of the polymer has decreased, impairing the mechanical results. Despite the results of the 
evaluated composites showing lower values than pure PBAT, this does not inhibit its commercial use as filler, 
depending mainly on the properties and minimum costs required of the final product. 

Keywords: PBAT, Biodegradable Polymer, Bacuri, Rheology, Mechanical Properties. 

Introduction
The Bacuri scientific name Platonia insignis is the fruit of the Bacuri tree, which can reach more 
than 30 meters in height and 2 meters in diameter. It is typically found in the eastern Amazon 
region, but it is also present in areas of transition from the forest to the Cerrado biome. This fruit 
comes almost entirely from family extractive activity and has significant economic importance in 
the states of Maranhão, Pará, Piauí and Tocantins, especially in the state of Pará, which is the main 
producer and consumer of the Bacuri [1, 2]. 
Poly(butylene adipate-co-terephthalate), also known as PBAT, is a biodegradable polymer produced 
by fossil sources from the results of associations of 1,4-butanediol with adipic acid and 1,4-
butanediol with terephthalate acid [3, 4]. According to the ASTM D883 standard, biodegradable 
polymers are the ones in which degradation is the result of the action of microorganisms such as 
bacteria, fungi and algae, under certain conditions of heat, humidity, light, oxygen, organic nutrients 
and adequate minerals. 
The use of PBAT on a large scale still comes up against its main disadvantage, which is its high 
price, on average, 3 to 4 times more expensive than LDPE and LLDPE. One way of trying to lower 
the price of PBAT final products and make them competitive in the plastics market would be to add 
fillers to these matrices. ASTM D1566 defines filler as a solid material, generally of low particle 
size, that can be added in relatively large proportions to a polymer for technical or economic 
reasons. Therefore, the goal of this work was to develop a biocomposite containing milled and dry 
Bacuri pulp, called Bacuri Mesocarpo (BM) and from that, to evaluate the technical viability of 
using 5, 10 and 15 phr of this agroforestry residue as a filler in biodegradable composites containing 
PBAT as a matrix. 
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Experimental 
The first stage of the work was the granulometric classification of BM in a sieve with different 
opening sizes. The material was received dry and subsequently ground in a ball milling machine. 
The BM and the cryofractured composites morphology was analyzed using a scanning electron 
microscope (SEM) FEI Company, model INSPECT S50, a voltage of 15kV, low vacuum mode, 
using a backscatter detector (BEI), and the samples were covered with gold. Energy dispersive 
spectroscopy (EDS) is associated with scanning electron microscopy equipment (SEM) and was 
used for qualitative and semi-quantitative microanalysis of the chemical elements present in the BM 
sample. The PBAT and composites were prepared by melt intercalation in an internal mixing 
chamber coupled to a torque rheometer Haake Polylab OS. The rotor used was the Roller type, at 
140°C, with a speed of 80 rpm for 15 minutes. The formulations were 0, 5, 10 and 15 phr (parts per 
hundred resin) of Bacuri Mesocarp per 100 phr of PBAT, the formulations were named PBAT, 
PBAT5BM, PBAT10BM and PBAT15BM respectively.  
The specimens for the mechanical tests and the rheological analysis were molded by compression, 
according to their respective standards, in a hydraulic press MA 098/A400 with a pressure of up to 
55 MPa at 140°C, for 10 minutes in the hot press and then cooled using the same pressure and time 
in the cold press. Rheological analysis was carried out on an Anton Paar MCR301 rheometer using 
a model CTD450 furnace as an accessory with a 25 mm parallel plate geometry. All tests were 
carried out at 140°C. Complex viscosity (η*) was measured through a strain variation test from 
0.01% to 500%, at a constant frequency of 1Hz. The storage modulus (G') and the Loss modulus 
(G”) were measured through an angular frequency variation test from 0.1 to 100 rad/s, in the linear 
viscosity region (10% constant strain). The tensile strength test was carried out in a mechanical 
testing machine EMIC DL3000 with a 1000 N load cell and a speed of 100 mm/min, according to 
ASTM D638 standard, type V specimen.  
 
Results and Discussion 
 
Bacuri Mesocarp Analysis 
In this study, BM with particle sizes ranging from 0.84 to 0.59 mm was used. Figure 1 (A, B, and 
C) depicts the BM morphology, which shows irregular particles with low porosity and high 
roughness. 
 
 
 
 
 
 
 
 
 
 
Figure 1 - Scanning electron microscopy of the Bacuri Mesocarp particle A: 50x; B: 200x and C: 1000x. 
 
Table 1 - Energy Dispersive Spectroscopy of Bacuri Mesocarpo. 

Element Quantity in Quantity of Matter (%) Bulk Quantity (%) 
Carbon (C) 87,4 76,5 
Oxygen (O) 6,7 7,8 

Potassium (K) 4,6 13,1 
Sodium (Na) 0,5 0,8 

Magnesium (Mg) 0,4 0,7 
Chlorine (Cl) 0,4 1,0 

A B C 
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Energy dispersive spectroscopy (EDS), presented in Table 1, demonstrated that most of the 
elements present in the sample are carbon and oxygen, referring to the organic molecules of the 
BM, in addition, the BM is rich in calcium, potassium and other elements. 
 
Mixture Processability Analysis 
Fig 2 shows the evolution of the equipment torque as a function of time (Fig 2A) and the specific 
energy of the mixture as a function of time (Fig 2B). 
 

 
Figure 2 - A: Torque (Nm) over mixing time and B: Specific energy (MJ/g) over mixing time. 
 
Analyzing Fig 2A, the first peak refers to the addition of PBAT and as the material passes into the 
molten state, its fluidity increases and the torque decreases drastically. In approximately 3 minutes, 
the filler was added. In Fig 2B it is evident that when adding larger amounts of BM, the torque 
necessary to keep the mixture at constant speed decreases and, consequently, the specific energy 
also decreases. With this, it is possible to indicate that the BM acted as a processing auxiliary, 
increasing the fluidity of the mixture. In Table 2, this effect can be better observed when evaluating 
the final torque and specific energy of the mixtures. 
 
Table 2 - Final torque and specific energy of the mixtures. 

Experiment Final Torque (Nm) Final Specific energy (J/g) 
PBAT  9,9 1452 

PBAT5BM 9,0 1393 
PBAT10BM 8,1 1308 
PBAT15BM 6,9 1227 

 
Rheological analysis 
Viscosity represents the resistance to the flow of the material. The lower the viscosity of a material 
the greater its flowability. Fig. 3 shows the variation of the complex viscosity of the material as a 
function of deformation.  
 

 
Figure 3 - Complex viscosity versus deformation. 

A B 
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For composites with BM, as the filler was added, there was a decrease in the viscosity of the 
mixture with PBAT, corroborating the processing results. The viscosities of PBAT10BM and 
PBAT15BM were very close, indicating saturation of this processing auxiliary effect. 
The storage modulus (G') is related to the elastic part of the material, while the loss modulus (G") is 
related to the viscous part of the material and the dissipation of elastic energy. The variation of G' 
and G" with increasing angular frequency are shown in Fig 4A and Fig 4B, respectively. As BM 
was added, there was a decrease in G', which means a decrease in the elasticity of the material, 
which is directly related to the tensile strength test. The same occurred for G'', following the results 
of the material's viscosity, which indicates an increase in its fluidity.  
 

 
Figure 4 - Variation of the storage modulus (G') (4A) end Loss modulus variation (G”) versus angular 
frequency (4B). 
 
Mechanical Results 
The possible lack of compatibility between the BM and the polymeric matrix (PBAT) and the 
indications that this filler is making the material less toughness, impaired the mechanical results of 
these composites, both for Elongation at Break (Fig 5A) and Stress at Rupture (Fig 5B). 
 

 
Figure 5 - A: Elongation at break (%); B: Stress at break of  PBAT and composites with Bacuri Mesocarp. 
 
Analyzing the elongation at break results, for the BM composites there was a decrease as the filler 
was added. With this, the impairment in the movement and accommodation of the polymer chains 
in the filler was evident, the filler may be decreasing the molar mass of the composite formed, 
making it more brittle and decreasing its stress at break, these hypotheses were confirmed by 
evaluating the fracture morphology. 
 
Fracture Morphology 
In Fig 6A and Fig 6B it is possible to analyze the fractured surface of pure PBAT, observing the 
appearance of some “scales” consistent with the elasticity of the material. Fig 6 (C-H) the 
morphologies of the composites of PBAT with BM are presented. In these micrographs, the 
appearance of holes resulting from the detachment of the BM from the polymeric matrix (PBAT) is 

A B 

A B 

1144



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

evident, in addition to rough regions that reinforce the idea that the BM is decreasing the molar 
mass of the polymeric compound. It is also possible to note that all these holes presented have a 
smooth surface, strong evidence of the lack of compatibility of the BM with the PBAT. 
 

    

     

  

Figure 6 - SEM of the fractured material in liquid nitrogen, being: A: Pure PBAT (50x); B: Pure PBAT 
(500x); C: PBAT5BM (50x); D: PBAT5BM (500x); E: PBAT10BM (50x); F: PBAT10BM (300x); G: 
PBAT15BM (50x); H: PBAT15BM (300x). 
 
Conclusions 
The Bacuri mesocarp residue did not show good compatibility with the evaluated polymer, this was 
evident in the results of rheology and fracture morphology, however, from the processability, 
viscosity and G” data, it was evident that BM can be used as a medium for decrease the viscosity of 
the PBAT, increasing its fluidity and thereby decreasing the torque and consequently the 
mechanical energy required to carry out the mixing process. Despite the mechanical results, where 
both elongation and stress at break of the composites are smaller than pure PBAT, don't inhibit the 
commercial use of this mixture, mainly in smaller quantities of the filler. This will depend on the 
minimum required properties of the final product. 
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Abstract - The pollution caused by the incorrect disposal of polymers is responsible for major environmental impacts, 
because the degradation of these polymers from non-renewable sources is very slow. An alternative to minimize this 
impact on the environment is the use of biodegradable polymers, such as Poly(butylene-adipate-co-terephthalate) (PBAT) 
with vegetable fiber insertion, which has good mechanical properties, high biodegradability in the environment and good 
processability, especially for films, a property that produces a biocomposite suitable for packaging production. Thus, in 
this study, biodegradable matrix biocomposites (PBAT) were developed with corn straw (PM) fibers with and without 
chemical treatment.The fibers that underwent chemical treatment were submitted to alkaline treatment of 2 and 4% in an 
autoclave, at 121°C and 1 atm, for 10 min. Subsequently, the biocomposites were processed, containing a 15% fiber load, 
in natura and treated, in a mini-extruder and characterized by Infrared Spectroscopy (FTIR), X-Ray Diffraction (XRD), 
Scanning Electron Microscopy (SEM) and thermogravimetric analysis (TGA). The alkaline treatment of the fibers was 
efficient in removing the hemicellulose and lignin present. It was also verified that the fibers, in natura and treated, inserted 
in the PBAT had a reasonable adherence to the matrix, which was verified after the cryogenic fracture process, thus 
favoring a better mechanical performance of the biocomposites. Another relevant result concerns the thermal stability of 
the PBAT matrix during processing, which may be attributed to the insertion of the fibers.

Keywords: PBAT, corn straw, fibers, biocomposites.

Introduction 
Several alternatives have been sought to minimize the environmental impact caused by 

conventional polymers. An important alternative is the use of biodegradable polymers. An example 
of a biodegradable polymer that emerged due to these new demands is Poly(butylene-adipate-co-
terephthalate) (PBAT) with the trade name Ecoflex®, being an alternative to conventional plastics, 
where its properties were designed to meet the requirements of a biodegradable plastic: good 
mechanical and thermal properties (aromatic terephthalate part) associated with processability and 
biodegradability (aliphatic part) [1].

The development of biocomposites made with biodegradable polymer matrices and natural 
fiber reinforcements has evolved a lot in recent times [2], where the inclusion of natural fibers in 
polymeric matrices is one of the ways to obtain materials with better quality, increasing their 
biodegradability, where cellulosic materials are used as reinforcement because they have properties 
such as tensile strength and appropriate elastic modulus, characteristics necessary for some 
composites and even these fibers are not abrasive, have low densities and have lower costs compared 
to synthetic fibers [3].

However, the hydrophilic nature of agro-industrial waste affects adhesion to a hydrophobic 
polymeric matrix. So these fibers need to be treated to remove lignin before use; To this end, several 
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types of treatments have been proposed, which can be classified as chemical methods that use strong 
acids or alkaline compounds (H2SO4, NaOH and H2O2) and as physical treatments by steam explosion 
or depressurization, among others [4]. In this context, the characterization and development of new 
technologies to explore other potential applications are necessary as alkaline treatments aided by 
autoclaves at temperatures and pressure not so high may emerge as alternatives to reduce reaction 
times [5]. 

Thus, in view of the innovation and need for investigation of this new material, this work aims 
to prepare biocomposites of poly(butylene adipate-co-terephthalate) (PBAT) and corn straw (PM) by 
extrusion, for the possible production of plastic packaging as a final product. 
 
Experimental  

To carry out this research, the PBAT matrix, trade name Ecoflex® F Blend C 1200 produced 
by BASF, Corn Straw purchased in local trade and NaOH P.A. was used. 

For the first pre-treatment phase, corn straw was ground in a knife mill and separated 
according to its granulometry using a set of sieves (ABNT sieves) with meshes between 80 and 200 
mesh, with openings of 0.177 and 0.075 mm, for the use of alkaline treatment, where after 
granulometric selection [6], the second phase consisted of the alkaline treatment (Mercerization), 
where the corn straw fibers were immersed in an alkaline solution of NaOH at 2 and 4% (w/v), and 
subsequently subjected to thermal treatment in an autoclave at a temperature of 121 °C for different 
time intervals of 10 minutes [5]. Biocomposites of poly(butylene-adipate-co-terephthalate) (PBAT) 
and corn straw (PM) were produced in the composition of 15% (by mass) of the fibers. All compounds 
were prepared and mixed by extrusion in a 15 mL DSM Xplore co-rotational conical twin screw mini-
extruder, with temperature of 150°C, screw speed of 100 rpm and residence time of 10 min [ 7].With 
the objective of characterizing the fibers and biocomposites, FTIR spectroscopy analyzes were carried 
out using a scan from 4000 to 400 cm-1 with 16 scans per sample and a spectral resolution of 4 cm-1 
using the Horizontal Attenuated Total Reflection accessory (Horizontal Attenuated Total Reflectance 
- HATR), X-ray diffraction performed in a Bruker D2 Phase equipment, with parameters of radiation 
CuKα (λ = 1.54 Å) with voltage of 30 kV and current of 10 mA, angular sweep from 5° to 45 ° (Bragg 
angle - 2θ) and angular step of 0.05° per second, morphology of the fracture surface of the 
biocomposites (vitreous fracture using the technique with N2 and metallized with gold) characterized 
by scanning electron microscopy, analyzed in the equipment model MIRA-3 by Tescan Mira, 
equipped with a high-brightness FEG source, using a voltage of 3 kV at different magnifications. 

The TGA analysis was carried out in the Mettler Toledo TGA-Star System equipment, with a 
heating rate of 10°C/min, nitrogen atmosphere with a gas flow rate of 50 mL/min, in an alumina 
crucible with 5 - 10 mg of material for each analysis.  
 
Results and Discussion  

After the milling process, the PM fibers were standardized in two granulometries a of 0.250 
mm (PM1) and 0.150 mm (PM2) to evaluate the power of the alkaline treatment in relation to its 
granulometry as well as its better adherence in the matrix/reinforcement interface during the 
manufacturing process of biocomposites due to the greater uniformity of their grains [8], thus, after 
being subjected to alkaline treatment (2 and 4% NaOH), FTIR analysis were performed (Figure 1a) 
in order to investigate an indication of whether there was a change in the functional groups of the 
components during the treatment in relation to the two granulometries of the residues. 

Thus, comparing the two granulometries, exposed to the same alkaline treatment, it is possible 
to visualize the absorption bands of 1739 cm-1 referring to C=O lignin bonds, 1645 cm-1 referring to 
C-H bonds of lignin aromatic groups and 1251 cm-1 referring to C-O-C groups present in 
hemicellulose, where it shows that the alkaline treatment is efficient in the fibers due to the 
disappearance and reduction in the intensity of the peaks, where the modification of the absorption 
bands suggests the effect of the alkaline treatments on the residues, possibly showing the degradation 
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of lignin structures and thus the availability of cellulose surface area would be increased for enzymatic 
hydrolysis, as observed by studies such as MUTHUVELU K.S. and collaborators  [9]. 
 
Figure 1 – a) FTIR graphics and b)X-ray diffractograms of PM1, PM2 fibers treated with 2 and 4%  
NaOH 
 a)                                                                                         b) 
 
 
 
 
 
 
 
 
 
 
 
 
 

Regarding the crystallinity of the fibers as a function of the studied granulometries, the X-ray 
diffractogram (Figure 1b) obtained for all fibers without and with treatment, presents peaks related to 
cellulose I around 22°, which correspond to plane 002 of lattice planes of glycosidic rings as the main 
peak of native cellulose and planes 101 and 040 located at 16 and 35°, respectively,evaluating the 
effect of treatment intensity in relation to granulometry, the diffractograms of the samples show a 
more evident increase in intensity and narrowing of the reflection peaks in plane 101 and 002 around 
16 and 22°, respectively, for the treatment performed on both residues with granulometry of 0.150 
mm, indicating the removal of the amorphous parts of the hemicellulose and lignin microfibrils, as 
well as an increase in the Crystallinity Index from 28.6% of the PM to 45.1% of the PM1 - 2% NaOH 
and 52.7% of the PM2 – 2% NaOH as well as 55.6% of PM1 – 4% NaOH and 55.8% of PM2 – 4% 
NaOH, which can be attributed, among other factors, to the fact that the change in crystallinity is 
primarily associated with removal amorphous lignin and hemicellulose [10]. To evaluate the changes 
in the spectra related to PBAT, the insertion of PM fibers, PM1 – 4% NaOH and PM2 – 4% NaOH, 
was chosen, according to the fibers inserted with and without treatment in a proportion of 15%, it was 
possible to identify the characteristic bands of the components in the biocomposites. Figure 2a, 
referring to the spectra and according to the manufacturer Basf, the pure PBAT Ecoflex® matrix 
presents bands at 2950 cm-1 in relation to aliphatic and aromatic C-H; at 1710 cm-1 of the C=O ester 
group and 1267 cm-1 of C-O; in 1017 cm-1 of the substituted benzene ring and in 727 cm-1 of the 
methylene groups also found in [4], where the spectra of pure PBAT and PBAT with corn straw fibers 
with/without treatment, were presented practically identical, indicating that the presence of straw did 
not alter the matrix. Avaliando a inserção das fibras de PM, PM1 e PM2 ao PBAT, Figure 2b, initially 
observing the evaluated final temperature rates (Tf), the values of all biocomposites were higher than 
pure PBAT [11], with Tf = 453.05 °C for PBAT, Tf = 459.47 °C for PBAT+ PM, Tf = 457.93 °C for 
PBAT+PM1 – 4% NaOH and Tf = 463.04 °C, however the thermal stability of the biocomposites 
was not significantly altered by the addition of fibers, which may indicate that the fibers promote 
protection thermal to PBAT.  

According to the SEM images, Figure 3, it can be observed that the images of the 
biocomposites during the cryogenic fracture process, presented fractured by fragile mechanism, 
where the residues are randomly dispersed, which can also be observed the presence of empty spaces 
of rounded shape, characterizing microcavities (dimples) that may be evidence of a weak chemical 
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interaction that is related to the hydrophilic character of the residues and the hydrophobic matrix, 
these empty spaces are more present in the matrix of PBAT with PM [12].

Figura 2 - a) FTIR spectrum and b) Sample thermograms; Pure PBAT, PBAT +PM, PBAT+PM1 –
4% NaOH and PBAT+PM2 – 4% NaOH.
a)                                                                        b)

Figure 3 - SEM images from a) PBAT. b) PBAT+PM. c) PBAT+PM1 - 4% NaOH. d) PBAT+PM2 
- 4% NaOH.
  a)                                    b)                                    c)                                     d)

As the mechanical properties of reinforcement of the material depend a lot on the type of 
physical and chemical interaction between its components, studying interfacial adhesion is an 
important factor in the behavior of biocomposites, since the improvement of properties, mainly 
mechanical ones, tends to increase if necessary. adhesion between the two phases 
(reinforcement/matrix)[13].

Conclusions 
The results obtained showed that the alkaline treatment on the fibers was more efficient in the 

removal of hemicellulose and lignin, which caused a reasonable adherence to the matrix, which was 
verified after the cryogenic fracture process, thus favoring a better mechanical performance of the 
biocomposites.

As well as the infrared results indicate that the insertion of fibers in the PBAT did not change 
the chemical properties, even increasing the thermal stability of the PBAT matrix during processing. 
Therefore, preliminary results confirm the potential use of these systems in packaging.
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Abstract 

Bioplastics have been gaining prominence in the development of sustainable packaging and are advantageous as they 
are derived from renewable sources and capable of meeting a variety of industrial applications. Continuous 
improvement of these materials is necessary to further drive their utilization and contribute to sustainability. This study 
aimed to produce biodegradable films through flat extrusion using PLA, starch, glycerol, and citric acid, and 
characterize them in terms of mechanical properties. The addition of thermoplastic starch (TPS) to the PLA film 
resulted in a lower modulus of elasticity, a significant increase in elongation at break, as well as a reduction in 
maximum stress and stiffness. These results indicate that thermoplastic starch can be a promising filler in polymeric 
matrices, with potential for cost reduction.

Keywords: materials, eco-friendly, extrusion, compostable.

Introduction 

The significant increase in the use of petroleum-derived polymers in various applications 
over the past decades has raised environmental concerns, as these materials are quickly discarded 
and take a long time to degrade, causing a negative impact on the environment. In response to this 
issue, new commercial polymers are being developed, utilizing renewable resources and exhibiting 
biodegradable characteristics [1].

These sustainable polymers aim to minimize the environmental damage resulting from 
large-scale disposal in nature. By opting for biodegradable polymers, it is possible to reduce the 
accumulation of long-lasting plastic waste and promote a more sustainable life cycle for materials 
used in various industrial applications. Additionally, the development of these renewable polymers 
contributes to decreasing dependence on non-renewable resources, such as petroleum, and promotes 
a transition to a more circular and sustainable economy [2].

Among naturally biodegradable polymers derived from renewable resources, starch stands 
out as one of the most promising materials due to its abundance and low cost. Starch is compatible 
with widely used extrusion processes in the manufacturing of conventional films, and when 
combined with plasticizers, it can acquire thermoplastic characteristics, forming what is known as 
thermoplastic starch (TPS). However, the application of starch as a material for films intended for 
food packaging has been limited due to its relatively low mechanical and barrier properties. To 
overcome these limitations, various research studies have explored the addition of starch to other 
materials, such as synthetic biodegradable polymers. These polymer blends or combinations can 
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result in films with improved mechanical and barrier properties, making them more suitable for the 
protection and preservation of food. These improvements are of utmost importance in ensuring the 
quality and safety of packaged products, as well as expanding the possibilities for the application of 
starch-added films in different sectors of the food and packaging industry. [3]. 

Research has explored the use of synthetic biodegradable polymers, such as PBAT and PLA, 
for film production. These synthetic polymers have favorable mechanical and thermal properties, 
making them suitable for use in combination with thermoplastic starch. However, a significant 
challenge is the high production cost of these polymers, which hinders their widespread application. 
The search for more economically accessible alternatives is essential to promote the sustainable use 
of these materials in different industrial sectors [3,4].  

By exploring the combination of starch with synthetic biodegradable polymers, it is possible 
to obtain films with improved mechanical properties while reducing production costs. This is 
crucial in making these materials more commercially viable and expanding their use in applications 
that require biodegradable packaging and films. [5]. In this context, the present study aimed to 
produce films through the flat extrusion process using PLA and thermoplastic starch, and to 
characterize them in terms of their mechanical properties. 

 Flat extrusion is a widely used technique in the industry for the production of plastic films, 
providing an efficient and cost-effective process. The incorporation of thermoplastic starch into 
PLA aims to leverage the beneficial properties of starch, such as its biodegradability and renewable 
origin, while also seeking to improve the processability and mechanical characteristics of PLA. The 
characterization of the mechanical properties of the films is essential to assess the suitability of 
these materials for various applications, such as packaging and agricultural films. By understanding 
the mechanical properties, it is possible to identify potential improvements in the production 
process and formulation of the films, aiming to achieve more sustainable, economically viable 
materials with good performance in use. 
 
Experimental  
 

The spaghetti strands and films of each formulation mentioned in Table 1 were produced 
using a twin-screw flat extruder with an L/D ratio of 40 mm. The equipment used was an AX-
Plásticos extruder, model DR1640, manufactured in Brazil. The thickness of each film specimen 
was determined at three different points using a micrometer. This precise and repetitive 
measurement allowed for obtaining information about the uniformity of the film thickness 
produced, which is important to ensure product quality and consistency. 

 
       Table 1 - Developed formulations. 

 Concentration of components (%) 

Formulation PLA Starch Glycerol Citric Acid 
Pure PLA 100 - - - 

70/30 70 21 8,55 0,45 
60/40 60 28 14,4 0,60 

 
The produced films were characterized through tensile tests using an Emic universal testing 

machine, model DL 2000, with a distance of 100 mm between the grips of the equipment. The test 
was performed using a 500 N load cell at a deformation rate of 25 mm/min, according to ASTM D-
882-91 [6]. Rectangular specimens with a width of 25 mm and a length of 190 mm were prepared 
for this purpose. This testing method allowed for evaluating the mechanical properties of the films, 
such as tensile strength, elongation at break, and modulus of elasticity. It provided valuable 
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information about the performance of biodegradable films in terms of strength and flexibility, 
offering important data to assess their suitability as packaging materials. 

 
Results and Discussion 
 
  The flat extrusion method proved to be efficient in producing films with thin thickness, both 
with pure PLA and the addition of thermoplastic starch (TPS). The concentrations used were 60% 
PLA/40% TPS and 70% PLA/30% TPS. The measured thickness values were approximately 20 μm 
for pure PLA, 23 μm for the 60/40 formulation, and 24 μm for the 70/30 formulation. These 
thicknesses are suitable for flexible packaging applications, providing a lightweight and versatile 
material. The ability to produce thin films is an advantage of the flat extrusion method, allowing for 
the manufacturing of more efficient packaging in terms of material and resource usage. This 
contributes to waste reduction and a more sustainable approach in the development of 
biodegradable packaging. 

One observed advantage was that the addition of TPS to PLA did not hinder the processing 
of the blends. Furthermore, the films produced with the incorporation of TPS exhibited greater 
flexibility compared to the pure PLA film, which has a rigid characteristic that may limit its 
application in certain types of packaging. Another positive aspect is that the addition of TPS 
enabled a 30 °C reduction in the processing temperature compared to the temperature required for 
processing pure PLA. This temperature reduction can have beneficial implications for energy 
efficiency and production costs, as well as facilitating the manufacturing of biodegradable films. 
These results indicate that the inclusion of TPS in the blends offers advantages both in terms of 
processability and final film properties, making them more suitable for various packaging 
applications. 
 
Figure 1 shows the films developed on a flat die. The samples were guided to the winder by the 
puller rolls. 
 

   
PLA 60/40 70/30 

 
Figure 1 - Flat die extrusion of PLA and TPS films at 60/40 and 70/30 concentrations. 

 
Figure 2 presents the data obtained for the tensile test of PLA and PLA with TPS films. The 

results obtained for the stress at maximum force parameters indicated a reduction in values 
compared to the pure PLA film. The 60/40 and 70/30 TPS formulations showed decreases of 
35.57% and 52.28%, respectively. These results demonstrate that the addition of TPS resulted in a 
reduction in the stiffness of the films, making them more flexible. This change in stiffness is 
desirable in packaging as it provides greater malleability and impact resistance, contributing to the 
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protection of packaged products. Therefore, the addition of TPS offered an advantage in the 
development of more flexible and adaptable packaging, providing greater efficiency and safety in 
the storage and transportation of food and other products. 

The addition of thermoplastic starch (TPS) to PLA also resulted in a decrease in the elastic 
modulus, with reductions of 25.34% and 44.13% for the 60/40 and 70/30 formulations, 
respectively. These results are consistent with a study conducted by Kim et al. [7], which showed 
that the addition of corn starch to PBAT reduced the tensile strength as the percentage of corn 
starch increased (10, 20, 30, and 40%). This effect is attributed to the lack of interaction between 
the hydrophobic interfaces of PBAT and the hydrophilic interfaces of starch, which can result in 
lower cohesion and mechanical strength in the films. These studies emphasize the importance of 
balancing the addition of fillers, such as starch, to ensure the attainment of suitable mechanical 
properties in biodegradable films. 

 
 

 
 

 
 

Figure 2 - Values of maximum force stress (MPa), elastic modulus (MPa), and specific elongation at 
break (%) for PLA, 60/40, and 70/30 films. 
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The addition of TPS resulted in a significant increase in the specific elongation at break 
parameter compared to pure PLA film. Films with a 70% TPS proportion showed an 837.86% 
increase in this property, while films with a 60% TPS proportion showed a 2,163,03% increase. 
This enhancement can be attributed to the presence of glycerol, which acted as a plasticizer during 
the formation of thermoplastic starch. The addition of glycerol helps improve the flexibility and 
deformability of the films, making them more suitable for applications such as flexible packaging. 
These results emphasize the importance of proper formulation and the use of additives such as 
glycerol to optimize the mechanical properties of biodegradable films. 
 
Conclusions  
 

The results of this study demonstrated the feasibility of producing biodegradable films with 
potential applications in food packaging and other areas at a reduced cost. The addition of 
thermoplastic starch (TPS) improved the mechanical properties of the films compared to pure PLA 
when processed by flat extrusion. The developed biodegradable films showed great potential as 
sustainable alternatives to replace conventional packaging, contributing to the reduction of 
environmental impact. Future studies could focus on further optimizing the film properties and 
exploring different industrial applications to drive the widespread adoption of these 
environmentally friendly materials. 
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Abstract - Nafion® is the most used commercial polymer in polymeric electrolyte fuel cells (PEMFC). However, as it 
depends on water as an electrolyte, its performance drops sharply at temperatures above 80oC. Thus, operations at 
temperatures above 100oC would require new materials involving non-volatile electrolytes dispersed in compatible 
polymeric matrices forming films with promising chemical, thermal, mechanical, and electrochemical properties. In this 
work, the influence of the PIL chemical structure on the chemical, morphological, thermal, mechanical, and 
electrochemical properties of sodium alginate (NaAlg)-based mixed matrix films was analyzed. The formation of 
interconnected channels and a stronger network of hydrogen bonds involving the hydroxyl groups of NaAlg and PILs 
resulted in more conductive films, but with less promising thermal and mechanical properties. NaAlg-based films 
formed with [BHEA][Ac] or [m-2HEA][Ac] are promising for applications in PEMFC at temperatures above 100°C.
Keywords: Proton-exchange film, sodium alginate, protic ionic liquids, mixed matrix films, electrochemical properties

Introduction 
Industrial growth, urbanization, and modernization has imposed an increase in global 

demand for electric power [1]. Polymer electrolyte membrane fuel cells (PEMFCs), devices that 
exhibit high energy density, high efficiency, and fast startups, are emerging as a promising 
alternative for more efficient, sustainable, and flexible electricity generation [2]. Nafion® is the 
most widely used commercial polymer in PEMFCs. However, its application is limited due to its 
dependence on water as an electrolyte, which leads to the following limitations: (i) low tolerance to 
carbon monoxide, requiring high-purity hydrogen; (ii) low heat transfer rates; (iii) slow kinetics at 
the cathode; and (iv) complex water management. Some of these limitations are mitigated when 
PEMFCs are operated at higher temperatures (100 - 200 °C) [3], but water management becomes 
even more complex at temperatures above 80°C [4].

An alternative membrane to the use of Nafion® should incorporate a polymer with suitable 
thermal and mechanical properties for its application in PEMFC, along with a good distribution of 
an electrolyte with low vapor pressure at temperatures between 100 and 150°C [3; 5-7]. Ionic 
liquids (ILs), besides having low vapor pressure, also include many charge carriers and high 
conductivity values under anhydrous conditions [8-9]. Sodium alginate (NaAlg) consists of units of 
β-D-mannuronic acid and α-L-guluronic acid linked at positions (1,4), conferring hydrophilic, 
water-soluble, biocompatible, biodegradable, inexpensive [10], and stability at temperatures above 
100°C. Its chemical structure, rich in hydroxyls, carbonyls, and ether-type segments, favors the 
formation of a strong network of hydrogen bonds with protic ionic liquids (PILs) containing 
hydroxyls, ensuring a good distribution of this electrolyte for the formation of films with good 
electrochemical properties at temperatures above 100°C [11].

The present paper analyzes the influence of the chemical structure of PILs on the chemical, 
morphological, thermal, mechanical, and electrochemical properties of mixed matrix films based on 
NaAlg. The analyzed PILs were 2-methylhydroxyethylammonium acetate ([m-2HEA][Ac]), 2-
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methylhydroxyethylammonium propanoate ([m-2HEA][Pr]), 2-methylhydroxyethylammonium 
butanoate ([m-2HEA][Bu]), 2-hydroxyethylammonium acetate ([2HEA][Ac]), and bis-
hydroxyethyl ammonium acetate ([BHEA][Ac]), allowing the evaluation of the influence of the 
alkyl arm size of the cation or the anion, and the number of hydroxyl groups. 
 
Methodology 
Preparation of the NaAlg-based matrix films 

The PILs were synthesized, characterized, and kindly provided by UFBa [12]. The sodium 
alginate (NaAlg) used has a molecular weight of 4.7 x 104 Daltons and an M/G ratio of 1.69 
(Sigma-Aldrich). NaAlg-based films containing 40 wt% of one of the analyzed PILs were prepared 
as follows: (i) in separate containers, NaAlg and the PIL were dissolved in deionized water under 
stirring for 24 h at room temperature to form 2 wt% solutions; (ii) the solutions were then mixed 
and stirred for 4 hours at 60°C in proportions that ensure a content of 40 wt% of PIL in the polymer 
matrix; (iii) after 12 hours at rest, the solution was poured onto leveled Teflon plates; and (iv) 
drying was carried out in a natural convection oven at 40°C for periods ranging from 72 to 96 h. 
Characterization of the NaAlg-based natrix films 

The proton conductivity of the films was obtained by electrochemical impedance 
spectroscopy using a Metrohm AutoLab potentiostat, model PGSTAT 220N, and a two-probe 
method with calibrated copper electrodes validated with a 0.01 mol.L-1 KCl standard solution. The 
electrode-conductor medium system was placed inside a Faraday cage with temperature control. 
The frequency and temperature ranges used were from 0.1 Hz to 1 MHz at open circuit potential 
(after 30 min of stabilization) and with an amplitude of 30 mV, and from 25°C to 120°C, 
respectively. The analysis was evaluated in triplicate, and the uncertainty was calculated at a 95% 
confidence interval. The experimental curves were used for conductivity calculations [13]. 

The Thermogravimetric Analysis (TGA) was performed in a Q50 Thermogravimetric 
Analyzer (TA Instruments). The samples were placed in an alumina crucible under a flow of 50 
mL.min-1 of N2 and a rate of 10°C.min-1, at room temperature and 900ºC. The initial degradation 
temperature (Tonset) was obtained from the derivative thermogravimetry curve (TGD) (ASTM 
E2550-11, 2011). Fourier Transform Infrared (FTIR) spectra were obtained using a Frontier 
MIR/FIR spectrometer (Perkin Elmer) with an attenuated total reflectance (ATR) accessory. All 
spectra were collected in the range of 4000-600 cm-1 with a resolution of 4 cm-1 and 16 scans. After 
coating the samples with carbon, images of a field emission gun scanning electron microscopy 
(FEGSEM) were obtained using a JEOL microscope, model JSM-7100F, with secondary electron 
detector, electron beam acceleration from 3 to 5 kV and variable boost for cross section. The 
mechanical tests were carried out in an EMIC universal testing machine, DL-2000, with an 
operational load of 20 kN, initial spacing between the claws of 40 mm and speed of spacing of the 
claws of 12.5 mm.min-1. For each formulation, between three and five samples with a width of 10 
mm were analyzed according to ASTM D882-12. 
 
Results and Discussion  

The films with different PILs exhibited a dense, yellowish, and opaque appearance (Fig 1a-
b). The cross-section of the pure NaAlg film showed a granular morphology with rarely 
disconnected defects, likely formed during fracture (see red arrows in Fig 1c). On the other hand, 
the presence of the PIL resulted in significant heterogeneity, typical of mixed matrix membranes. 
The morphology observed in the films containing [m-2HEA][Ac] or [BHEA][Ac] showed 
interconnected channels throughout their structure (Fig 1d), while films formed with the addition of 
[m-2HEA][Pr], [m-2HEA][Bu], or [2HEA][Ac] exhibited porous, sponge-like structures (Fig 1e). 
The film formation process led to a separation between an PIL-rich phase, generating channels or 
pores, and a NaAlg-rich phase, delimiting the morphological structure [14]. 
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Figure 1 – General appearance of (a) pure NaAlg films and b) mixes matrix films; and SEM images of c) 
pure NaAlg film, d) film with 40 wt% of [m-2HEA][Ac], and e) film with 40 wt% of [2HEA][Ac]. 
 

In the FTIR spectra (Fig 2a), shifts to lower wavenumber values are observed in the bands 
related to the O-H stretching of the films containing PIL. Such displacement suggests an 
intensification of the H bonding network in the presence of PIL [15]. The [BHEA][Ac] produced 
the greatest displacement of this band (38 cm-1), likely due to its two hydroxyl groups. Comparing 
the PILs with [Ac]- anion, [2HEA][Ac] produced a smaller displacement of this band (15 cm-1) than 
that observed in films containing [m-2HEA][Ac] (29 cm-1). The shifts caused by the increase in the 
anion alkyl chain in the [m-2HEA]+ series followed the order: [Ac]- (29 cm-1) < [Pr]- (32 cm-1) < 
[Bu]- (35 cm-1). In summary, the compatibility of the PIL and NaAlg is mainly governed by the H 
bonding network involving the hydroxyl groups of both materials, which becomes slightly 
intensified as the alkyl arm size of both the cation and the anion of the PIL increases. 

The observed differences in morphologies (Fig 1) are therefore a consequence not only of 
the cross-interactions between the material constituents but also of the PIL chain length. Relatively 
weaker interactions or larger chains PIL with lower mobility during drying seem to favor a spongy 
structure. On the other hand, the intensification of interactions among PIL molecules during film 
drying and water removal favors the formation of channels. This behavior follows the trend 
observed in SPEK membranes with imidazole-type ionic liquids [16]. 

The influence of the PIL structure on the thermal resistance of the films (Tonset) and their 
mechanical properties (Fig 2b) also helps to explain the plasticizing effects produced by these 
polymer/PIL interactions. The films formed with the [m-2HEA]+ cation series exhibit similar Tonset 
values (166 °C, 167 °C, and 160 °C for the anions [Ac]-, [Pr]-, and [Bu]-, respectively), elastic 
modulus, and stress at break (Fig 2b), confirming that the alkyl arm length of the anion has little 
effect on the H bonding network, as suggested by the FTIR spectra.  

Confirming that [BHEA][Ac] showed the most plasticizing effect, the films involving this 
PIL exhibited the greatest drop in Tonset (from 201oC to 154oC), and the poorest mechanical 
properties (Fig 2b). There is no statistical evidence to differentiate the mechanical properties of the 
film containing [2HEA][Ac] from those observed in films involving the [m-2HEA]+ cation series, 
although significant variations were verified for their thermal resistances. [2HEA][Ac] was the least 
plasticizing PIL, leading to the lowest Tonset drop (from 201oC to 175oC). The heterogeneity 
observed in the micrographs of the mixed matrix films (Fig 1d-g) justifies the large variability in the 
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mechanical property data. It should be noted that the mechanical properties of NaAlg films doped 
with [BHEA][Ac] are consistent with those found elsewhere [17]. 

 

 
 

 
Figure 2 – a) Full FTIR with lines orienting to the main bands, b) Mechanical properties of membranes, c) 
Variation of conductivity with temperature of pure and mixed matrix films with different PILs. 
 

Although the conductivity of pure NaAlg was not influenced by temperature, the values 
obtained for all mixed matrix films escalated with increasing temperature (Fig 2c). Both the 
conductivity values of the films and their variation with temperature presented the following order: 
[BHEA][Ac] > [m-2HEA][Ac] > [m-2HEA][Pr] > [2HEA][Ac] > [m-2HEA][Bu]. This sequence 
reflects that the film conductivity depends on the that of the PIL, the interaction between the PIL 
and the polymeric matrix, and the cross-sectional morphology. Although [2HEA][Ac] is one of the 
PILs with the highest conductivity among those analyzed, its interaction with NaAlg was the 
weakest, resulting in the second-lowest conductivity film, surpassed only by the film containing [m-
2HEA][Bu], the PIL that exhibited the poorest conductivity values when pure. This also explains 
why the film containing [m-2HEA][Pr] has higher conductivity than the one containing [m-
2HEA][Bu], even though the latter interacts slightly better with NaAlg. The films with a 
morphology marked by interconnected channels ([BHEA][Ac] and [m-2HEA][Ac]) exhibited more 
promising electrochemical properties, even though pure [BHEA][Ac] had the lowest conductivity 
among those selected for this study. 

Pure [m-2HEA][Ac] exhibits a conductivity 1.7 times higher than pure [BHEA][Ac] at 
120°C. However, the film formed with this PIL presented half the conductivity of the film formed 
with [BHEA][Ac] at the same temperature. As discussed by Malik et al. [16], the interactions 
between the polymer and the IL significantly influence the electrochemical properties of mixed 
matrix films with similar morphology. This result reinforces the possibility that ionic conductivity 
also occurs through the nanostructure of the polymer swollen with the PIL, and not just through the 
channels produced by phase separation. 

The films produced exhibited conductivities of the same order of magnitude as the values 
observed for the SPEEK film with an alkylimidazolium phosphate-type PIL (3.16 mS.cm-1 at 145°C 
without humidification). For this film, the authors reported a maximum power density of 203 
mW.cm-2 [10], which is higher than that observed for fully humidified 100% remodeled Nafion® at 

a) b) 

c) 
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60°C (193.78 mW.cm-2) [11]. This comparison suggests that the films studied in this work are 
promising for applications in PEMFCs above 100 °C. 
 
Conclusions  

The different PILs produced differences in the morphological, chemical, thermal, 
mechanical, and electrochemical properties in NaAlg-based films. The films exhibited a typical 
mixed matrix morphology, but PILs that simultaneously exhibited stronger interactions with NaAlg 
and easier mobility within the polymer matrix tended to form interconnected channels throughout 
the cross-section, while the others tended to form a spongier structure. The formation of 
interconnected channels and a stronger network of hydrogen bonds involving the hydroxyl groups 
of NaAlg and PILs resulted in more conductive films, but with less promising thermal and 
mechanical properties. Among the mixed matrix films produced in this work, those produced with 
[m-2HEA][Ac] exhibited conductivity in the same order of magnitude as those with [BHEA][Ac], 
but with slightly higher mechanical strength and considerably better mechanical properties. 

Finally, it may be said that NaAlg-based films formed with 40 wt% of [BHEA][Ac] or [m-
2HEA][Ac] are promising for applications in PEMFC at temperatures above 100°C, although 
further studies should be proposed to improve their thermal and mechanical properties. 
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Abstract: Micro and nanofibrous poly(vinylidene fluoride)(PVDF) membranes with graphene oxide were obtained by 
the solution blow spinning technique from a commercial airbrush, concentrations of 1, 3 and 5% by mass were 
incorporated. They were characterized and used in the adsorption of the dye Methylene Blue (MA) in aqueous medium. 
Scanning electron microscopy analyzes SEM/FEG, showed the presence of smooth fibers with an average diameter of 
less than 100 nm, in addition to some imperfections due to increased content. FTIR results indicated the presence of the 
characteristic bands of the α and β phase of PVDF, in addition to the presence of RGO, confirming their presence in the 
membranes. The adsorption tests revealed that the membranes with the highest content and in the time of 120 hours 
have the configuration for removal of the AM dye in the aqueous medium.
Keywords: PVDF, RGO, Airbrushing, Membranes, Adsorption.

Introduction

Annually, tons of toxic materials harmful to living organisms are emitted by chimneys and 
sewage systems of industries, agricultural activities, and mining, which has been affecting the 
hydrosphere and polluting water bodies worldwide. In this perspective, the impacts triggered by the 
textile industry and the excessive water consumption in other processes along the textile production 
chain, particularly in dyeing, cause soil contamination with a range of toxic contaminants, including 
dyes. These compounds are difficult to decompose and can cause contamination and degradation of 
the environment. Given these issues in textile production, the purification of water contaminated 
with dyes before it is discharged into the environment is necessary, and adsorption technology, 
combined with micro and nanostructure [1-5] membrane fabrication technology, is a promising and 
cost-effective method for water purification, as it also offers high efficiency. In this context, carbon-
based materials, similar to Reduced Graphene Oxide (RGO), have been widely explored for 
adsorption applications due to their good chemical stability, structural diversity, low density, and 
suitability for large-scale production.

In this study, PVDF/RGO membranes were produced using the Sequential Blending and 
Stretching (SBS) adaptation through the aerography technique, applied for the adsorption of 
Methylene Blue (MB) dye in an aqueous medium.

Experimental 

Materials
The polymer used was poly(vinylidene fluoride) - PVDF, purchased from Atofina do Brasil 

- Solef 1.008, in powder form. The solvent used was N,N-Dimethylformamide (DMF), 
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manufactured by Synth Produtos para Laboratório Ltda., both used as received. The Reduced 
Graphene Oxide (RGO) was obtained from the Laboratory of Organometallics and Resins 
(LOR)/Escola Politécnica/PUCRS, through the Graduate Program in Engineering and Materials 
Technology (PGETEMA)[6]. The precursor graphite, Grafine 99200 (particle size <75 μm), was 
obtained from Nacional de Grafite Ltda. 
 
Obtaining the membranes 

 
Initially, the PVDF solution was prepared by dissolving the polymer in DMF at a 

concentration of 40% (w/v) at a temperature of 70°C under magnetic stirring for approximately 20 
minutes, followed by cooling to room temperature. Simultaneously, RGO/DMF solutions were 
prepared at room temperature by dispersing RGO in quantities of 1, 3, and 5mg in 10mL of DMF. 
These dispersions were sonicated for 20 minutes with intermittent intervals of 5 minutes. After this 
process, the RGO dispersion solution was added to the PVDF/DMF solution. The final 
concentration of the PVDF-RGO/DMF solution was fixed at 20% (w/v). This solution was kept 
under magnetic stirring at room temperature until homogeneous and then added to the airbrush for 
membrane formation. Pure PVDF membranes were obtained from the PVDF/DMF solution without 
the addition of RGO. 

 
Characterization 
 

The FTIR-ATR spectra were obtained using a Bruker Vertex-70 V spectrophotometer. The 
samples were analyzed using the attenuated total reflectance technique with a total of 128 
accumulations and a resolution of 4 cm-1. The measurements were performed in the range of 4,000 
to 500 cm-1. The SEM/FEG analyses were conducted using a JEOL JSM-7500F instrument 
equipped with PC-SEM operating software. The concentration of the unadsorbed AM contaminant 
in the membrane was determined and quantified using UV-visible spectroscopy at a temperature of 
25ºC. 

 
Results and Discussion 
 

For the incorporation of 1mg of RGO particles, the formation of dispersed micro and 
nanofibers throughout the sample region was observed, as well as clusters of material (Fig. 1a). For 
the micrographs of nanofibers with 3mg of RGO (Fig. 1b), a similar morphology to the sample with 
1mg of RGO was observed, but with improved sample homogeneity, showing fewer defects and an 
increase in the quantity of more well-defined micro and nanofibers. For 5mg of incorporated RGO 
(Fig. 1c), a similar morphology to the previous samples was observed, but the formed micro and 
nanofibers appeared thicker. The defects in the samples were likely due to the lack of a constant jet 
of solution at the airbrush nozzle. This inconsistency could be attributed to factors such as the non-
homogeneity of the solution due to RGO dispersion, which could cause frequent nozzle clogging, 
and the viscosity of the solution, which can affect the flow from the reservoir to the nozzle as the 
process is gravity-driven. 

Furthermore, the incorporation suggests that RGO particles are ejected more rapidly towards 
the collector, leaving behind quantities of material that are lost during the formation process. 
Despite regions showing well-defined and delineated nanofibers, the material, in general, did not 
exhibit overall homogeneity [7-9].  
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Figure 1 – SEM/FEG of PVDF/RGO membranes (a) 1mg; (b) 3mg, and (c) 5mg with highlighted size 
distribution. 
 

In the results of FESEM, which provide more details about the morphology of micro and 
nanofibers, a generally smooth material with well-defined fibers and mostly interconnected 
structures was observed (Figs. 1d, 1e, and 1f). With an increase in the amount of RGO, a slight 
increase in thickness was observed. This fact is related to the increased viscosity of the solution, 
imperfections, and agglomerates, as. The average diameters ranged from 80.55 nm for the sample 
with 1mg of RGO to 82.68 nm for the sample with 5mg. 

The results of FTIR analysis of the PVDF/RGO membranes are presented in Fig. 2. The 
FTIR spectra confirmed the presence of characteristic bands at 1,275 cm-1, 1,400 cm-1, 1,169 cm-1, 
1,072 cm-1, 840 cm-1, 880 cm-1, 764 cm-1, and 745 cm-1, corresponding to the characteristics of 
PVDF [7]. 

In the RGO spectrum, a band at 3,452 cm-1 was observed, corresponding to the stretching 
vibration of the (-OH) bond in (C-OH) groups, with possible contributions from carboxylic acids 
and water. The band at 2,380 cm-1 is associated with stretching vibrations in the sp2 plane of the 
C=C bond. The bands at 1,641 cm−1 are related to the in-plane stretching vibration of the C=C 
bond, while the peaks at 1,475/1,373 cm−1 correspond to the bending vibrations of hydroxyl groups 
(C–OH), and the peak at 1,238 cm−1 corresponds to the bending vibrations of epoxy groups (C–O–
C). All the above peaks are characteristic of GO; however, in the case of RGO, their intensity 
decreases due to the decomposition of these groups during the thermal reduction process [10,11]. 

At 2,935 cm-1, a band attributed to the asymmetric and symmetric stretching vibrations of 
OG (graphene oxide) was observed. The band at 1,726 cm-1 is attributed to the presence of (C=O) 
bonds and is associated with the presence of RGO. An increase in the intensity of this band was 
observed for higher amounts of RGO present in the membranes [11]. 
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(b) (c) 
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Figure 2 - FTIR of PVDF/RGO membranes 
 

The concentration of RGO adsorbent incorporated in PVDF membranes has a strong 
influence on the adsorption process. Measurements were conducted at room temperature using 
PVDF/RGO samples containing 1mg, 3mg, and 5mg of RGO. The concentration and pH of the 
aqueous solutions containing the contaminant were kept constant at 5.0mg/L and 7.0, respectively. 
It was observed, except for pure PVDF, that the adsorption process behavior was proportional to the 
increase in RGO content. The adsorption of the AM dye increased as more adsorbent was used, 
with the 5mg membranes showing the best results. A considerable decrease in concentration (ppm) 
was observed. This is because a higher amount of material provides the membranes with a greater 
number of sites that can accommodate the dye molecules, in addition to the micro-nanofibers within 
their walls. The loading results obtained for the membranes as a function of contact time with the 
AM adsorbate solution are presented in Fig. 3 and Table 1.  

It was found that water may face more difficulty in penetrating the pores and spaces between 
the nanofibers due to the characteristics of the PVDF matrix, which would, to some extent, hinder 
and limit the approach of molecules to the adsorption sites, despite the hydrophilic nature of RGO. 
This may have resulted in a faster saturation of the adsorption sites, justifying the long periods for 
the stabilization of the curve and the achievement of the maximum adsorption capacity [12-15]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 – Kinetic curve of PVDF/RGO in relation to the percentage of adsorption of total mass of AM in 
aqueous medium as a function of time 
 

Time(h) 
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Table 1 - Kinetic results of PVDF/RGO membranes in aqueous medium, for concentration, mass adsorbed 
per gram, and percentage of adsorption, both at a time of 120 hours 
 

 
*(V=25mL)- (puro) C0 = 5,069ppm; m = 0.091mg; (1mg) C0=5,097ppm; m=0,0897mg/ (3mg) C0 = 
5,176ppm; m=0.0886mg)/ (5mg) C0 = 5,713ppm; m = 0.0817mg. 
 

The values can be directly associated with the morphological and hydrophobic 
characteristics of the matrix. Additionally, this behavior can be explained by the amount of particles 
within the material, encapsulated, and due to the membrane formation and obtaining process itself, 
its dimensions, irregular shape, as well as the difficulty in overcoming the surface tension barrier of 
the polymeric matrix in an aqueous environment [16-19]. 

 
Conclusions  
 

Micro and nanostructured membranes of PVDF/RGO were obtained by the SBS technique 
through the adaptation of a commercial airbrush. The incorporation of RGO enhanced the 
adsorptive properties of the new material, with a concentration of 5mg and a time of 120 hours 
being the optimal parameters for dye removal in an aqueous medium. 
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Abstract – This study presents an alternative for the revalorization of solid waste from pinecone residues for use as 
reinforcement in acrylonitrile butadiene styrene (ABS) composite filaments as a potential for 3D printing by FDM.  
Filaments were prepared with the insertion of a percentage of 2% wt pinecone fiber in ABS matrix, in two different ways: 
in natura and bleached fibers. A thermokinetic mixer processed the ABS/pinecone fibers (2% wt.) composites. After, the 
filaments were prepared by a mini extruder and printing 3D by FDM. Filaments were characterized by Scanning Electron 
Microscopy (SEM), and thermal analysis was evaluated by Differential Scanning Calorimetry (DSC). The use of bleached 
fiber in composite filaments increases composites' thermal stability compared to in natura fiber in composite filaments. 
On the other hand, the filament with in natura fiber presented a better printability. So, the insertion of pinecone fiber in 
the ABS matrix can be a low-cost feedstock for 3D printing.

Keywords: ABS, pinecone fiber, 3D printing, FDM technology, composite filaments.

Introduction 
Additive manufacturing (AM) technology has been applied in several areas since the 1980s, mainly 
in the automobile and aeronautical industries [1]. One of the most relatively recent techniques used 
in AM is three-dimensional printing (3D- printing), which has been a trend in research, due to its 
ability to model quickly, allowing the integration into computer-aided design (CAD) software 
packages [2].  Among 3D-printing methods, the FDM (Fused Modelling Deposition) technology 
stands out for its reliability, simple fabrication process, producing objects with good resolution, and 
vast material customization [3]. However, commercially available FDM machine presents a limitation 
of heating element/chamber temperature of 300°C, which restricts the processing of higher melting 
temperature materials [4].
Because of this, the development of composite materials, such as natural fiber-reinforced has been a
subject of recent research, mainly with an alternative to non-biodegradable. Besides, they are 
highlighted for their low cost, low density, and abundance with a potential to improve polymer 
mechanical properties.
Among natural fibers, pinecone stands out for its abundance, and it is one of the most common 
residues in North America, which makes it a promisor reinforcement [5]. For those reasons, this study 
purposes an alternative for pinecone (Pinus elliottii) fibers residues as a reinforcement in 
acrylonitrile-butadiene-styrene (ABS), with an objective to obtain composite filaments for FDM 3D-
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printing usage, aiming the advantages of offered by natural fibers in composites, developing new 
potential properties. 
 
 
Experimental  
Materials 
The pinecone residues were donated by a farm producer and ABS was provided by Ineos Styrolution 
of Brazil (GP-35). The fiber was oven-dried at 80°C for 24h, posteriorly crushed, and sieved (35 
mesh) in a mill Willye, model TE-650 (Tecnal Equipamentos Científicos Ltda., Piracicaba, Brazil). 
 
Obtaining treated fibers of pinecone 
The pre-treatment was realized with NaOH solution (4% w/v) for 1h under constant stirring at room 
temperature. Then, the solution was filtered by a vacuum filter, and the remained fibers were washed 
in distilled water. 
 
Obtaining bleached fibers from pinecone 
To obtain bleached fibers, firstly the fibers were pretreated with NaOH solution (4% w/v) for 1h 
under constant stirring at room temperature. Then, the solution was filtered by a vacuum filter, and 
the remained fibers were washed in distilled water. 
Treated fibers were previously dried at 80°C for 24h. After that, they were bleached with a 1:1 
solution of NaOH (1 mol. L-1) and H2O2 30% (v/v) at 70 °C for 1 h. The fibers were filtered to remove 
the excess reagents, repeating all processes one more time. After, the fibers were washed with distilled 
water until obtain a neutral pH and posteriorly dried at 60°C for 24 h, obtaining bleaching fibers. 
 
Characterization of the fibers 
The morphology of the fibers was analyzed by Scanning electron microscopy (SEM) through a 
microscope (model TR-3000, HITACHI Ltd., Tokyo, Japan) with tungsten filament, secondary 
electron detector, 5kV, and low-vacuum. A double face 3M tape fixed the foam samples on brass 
support. 
 
Preparation of composite filaments 
A thermokinect mixer model MH-50H (MH Equipamentos Ltda., Guarulhos, SP, Brazil) at a high-
speed rate rotation (5250 rpm) for 55 s was used to mix ABS with the raw, and bleached fibers of the 
pinecone with a percentage of 2% wt. Then, they were milled in a knife mill (Plastimax Indústria e 
Comércio Ltda, Barueri, Brazil) and dried at 50 ºC for 2 h. 
The filaments were obtained using a mini extruder (brand Weellzoom, model B Desktop, Guangdong 
Prov, China), with a temperature range of 190-195°C. Then, the diameter measurements were realized 
on each test specimen at the interval of 50 mm using a caliper rule for ten samples. The density was 
calculated as the ratio of mass per unit volume. Composites filaments were tested in a 3D printer 
model Sethi3D S3X. 
 
Characterization of ABS/fibers from pinecone filaments composites 
The microstructural analysis of the filament’s surface and cross-section was executed by scanning 
electron microscopy technique, using a microscope HITACHI with tungsten filament operating at 
5kV, employing a low-vacuum technique and secondary electron detector at different magnifications 
(i.e.50×, 200×). 
Thermal analyses were performed to evaluate the stability of the fibers, ABS, and composite 
filaments. Thermogravimetric analysis was conducted using a simultaneous TGA/DSC thermal 
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analyzer, Model SDT Q600 (TA Instruments). Experiments were carried out using a specimen weight 
of 5 mg under nitrogen as purging gas, utilizing a heating rate of 10 ºC.min-1, from 30 ºC to 600 ºC.

Design and printing of 3D samples
Cylindrical shapes with dimensions 3.20 x 23.5 mm (height x diameter) with an orthogonal-projection 
structure were projected in CAD 3D Inventor software.

Mechanical Properties
To evaluate the mechanical properties of the printed specimens, a Shore D type digital manual 
hardness tester was used, in ambient temperature, according to the ASTM D2240 standard, available 
at the Department of Materials and Technologies of UNESP, Guaratinguetá-SP, Brazil.
3D printed specimens of pure ABS, ABS + 2% FN (in natura fiber), and ABS + 2% BF (bleached 
fiber) properties were measured in Shore D scale hardness, based on the average of ten measurements 
with their standard deviation.

Results and Discussion 
The treatment realized in the fibers caused changes in their morphology. Figure 1-a evidenced the 
tubular morphology with a circular section of the pinecone raw fiber. After, the treatment the 
increased amount of exposed cellulose on the fiber surface, increased the reaction sites [6], [7].
Furthermore, in the bleached fiber there was a significant increment of roughness (Figure 1-d), the 
apparent changes in the bleached fiber surfaces are associated with the removal of impurities, lignin,
and hemicellulose [8].

Figure 1: SEM images of (a) pure ABS filament; (b) raw pinecone fiber; (c) ABS + 2% FN; (d) 
bleached pinecone fiber; (e) ABS + 2% BF.

Regarding the thermal properties, Figure 2 shows the DSC curves of each filament, which all 
demonstrate the same profile. The glass transition temperature (Tg) is indicated in the range of 90-
120°C [9]. The endothermic peak around 420°C is related to ABS decomposition. The similar DSC 
behavior demonstrates that the insertion of the pinecone fiber did not interfere with the processability 
and printability of ABS polymer.
The composite filaments evidenced a slight variation in the filament diameters, as well as a processing 
temperature.
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Observing the cross-section SEM images of filaments in Figure 1, the pure ABS (Figure 1-a) filament 
shows a solid cross-section without visible voids. In contrast, the addition of the fiber leads to visible 
porosities in the filament. It was also noted in Figure 1-e, the bleached fiber presented a good 
interfacial bonding with the ABS matrix, once it was uniformly distributed and embedded throughout 
the wire cross-section when compared to in natura fiber added. 
Figure 3 presents the samples printed by the 3D printing FDM process. As can be seen, the obtained 
samples revealed some irregularities in their visual aspect, which can be related to printer issues, such 
as low bed adhesion and polymer flow. The ABS + 2% FN exhibited better printability, due to the 
effective interaction between fiber and polymer matrix with an appropriate viscosity [10]. While the 
ABS + 2% BF filament presented difficulties in printing, with constant flow failures. 
The Shore D was used to evaluate the mechanical prosperities of each printed specimen, showing that 
with the addition of the fiber, the hardness decreased. Besides, the filament with the bleached fiber 
presented a lower value of hardness. 
 

 
 

Figure 2: DSC curves of composite filaments: 
pure ABS; (b) ABS + 2% FN; (c) ABS + 2% 

BF. 
 

Figure 3: Design print of composite filaments: 
(a) pure ABS; (b) ABS + 2% FN; (c) ABS + 

2% BF. 
 

Table 1 presents the diameter, printer parameters, and Shore D measurements for each composite 
sample. 
 

Table 1: Parameters of filaments and printed samples. 
Parameters Pure ABS ABS + 2% FN ABS + 2% BF 
Nozzle Temperature (ºC)  230 250 250 
Bed Temperature (ºC)  110 115 115 
Cooling (%)  100  100  100  
1st  printed layer speed (mm.s-1)  20 20 20 
Print speed (mm.s-1)  40 40 40 
Height of subsequent layers (mm)  0.06 0.06   0.06   
Shore D 40.5 ± 4.7  39.3 ± 3.7 36.6 ± 5.5  
Diammeter of filament (mm) 1.70 ± 0.1 1.72 ± 0.5 1.71 ± 0.2 
Density (g.cm-3) 1.05 ± 0.02 1.13 ± 0.04 1.10 ± 0.02 
Processing Temperature (°C) 190 195 195 

                                                                                   
Conclusions  
In this research, the effect of in natura and bleached pinecone fiber in ABS matrix was evaluated. 
Analyzing the results, it was noted that despite the influence of thermal stability and morphological 
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differences, these facts did not interfere with the diameter and density of filaments. The bleached 
fiber percentage increases composites' thermal stability compared to ABS + 2% FN, at the same time, 
the filament with in natura fiber presented a better printability. For this reason, the insertion of 
pinecone fiber in the ABS matrix, in addition to contributing to better thermal stability, can be a low-
cost feedstock for 3D printing applications. 
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Abstract - This study investigated the potential of using polylactic acid (PLA), polybutylene adipate-co-terephthalate 
(PBAT), and rice husk (RH) composite as alternative materials for food containers. The composite was prepared using 
an internal mixer and characterized by torque vs. time mixing curves, melt flow index (MFI), thermogravimetric analysis 
(TGA), and differential scanning calorimetry (DSC). The results showed that adding PBAT and rice husks improved the 
thermal stability of the composite and decreased the melting temperature and crystallinity degree. The MFI decreased
with the incorporation of rice husks, indicating good filler dispersion in the matrix. Since it is a byproduct of rice 
production, rice husk-filled composites can reduce the cost of material production and minimize environmental impact 
during the packaging life cycle. These findings suggest that the PLA/PBAT/RH composite shows potential as a 
sustainable alternative to traditional food packaging materials.
Keywords: PLA, PBAT, rice husk, biodegradable, food packaging.

Introduction
The widespread use of non-biodegradable materials for packaging applications has led to growing 
concerns about environmental pollution [1]. The accumulation of plastic waste in the natural 
ecosystem poses a threat to the environment and has implications for human health and well-being. 
To address these concerns, it is crucial to explore sustainable alternatives and adopt eco-friendly 
practices that can help reduce the negative impact of packaging waste on our planet [2].

Biodegradable and compostable materials have emerged as potential alternatives to conventional 
plastics to address these concerns [1,3]. Polylactic acid (PLA) and polybutylene adipate terephthalate 
(PBAT) are two biodegradable polymers extensively studied for food packaging applications [1]. 
However, these materials often have limitations in terms of their mechanical and barrier properties,
which can affect their suitability for specific food packaging applications. Also, PLA/PBAT blends 
can be more expensive than traditional petroleum-based plastics, which may limit their widespread 
adoption in the food packaging industry [1]. Modifying the composition of the polymer blend, such 
as incorporating different types of polymers or adding natural fillers, can improve the properties and 
minimize production costs [3].

A rice husk is a natural sheath formed around rice grains during growth [4]. Rice husks have gained 
attention as a natural filler in polymer composites due to their abundance, low cost, and desirable 
properties. As a byproduct of rice production, their use in composites provides a sustainable and 
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environmentally friendly solution [4, 5]. Incorporating rice husks in polymer matrices can modify 
their mechanical properties, final weight, and resistance to weathering and also make the final product 
more economically competitive [4]. Overall, using rice husks in polymer composites shows great 
promise in providing sustainable and high-performance materials for various applications. 

In recent years, researchers have explored blending natural fillers with biodegradable material to 
overcome the costs of polymer processing and improve the properties of biodegradable polymers for 
food packaging applications [1]. In this study, we investigate using rice husk as a natural filler in a 
PLA/PBAT composite for food containers. We evaluate how thermal and rheological are affected by 
the composition of the composite material and assess its potential as a sustainable and biodegradable 
food packaging material. The results of this study are significant for developing environmentally 
friendly food packaging materials that can tackle the environmental impact of conventional plastic 
packaging in the food industry. 
 
Experimental 
Materials 
The materials used in this study were PLA (Ingeo™ Biopolymer 4043D), PBAT (Ecoflex® F Blend 
C1200), and rice husk (RH) provided by local producers. The PLA/PBAT blends and composites 
with rice husk were prepared using a mixing chamber (Thermo Scientific HAAKE™ Rheomix OS) 
at a temperature of 170°C, 60 rpm and a mixing time of 8 minutes. Therefore, the samples were 
pressed at 170°C under 6 ton to form the sheets used in the compression molding processing. All the 
specimens were able to be molded in food trays. The formulations studied were named BL1, BL2, 
CO1, CO2, CO3, and CO4. The compositions of these samples are presented in Table 1. 
 
Table 1 – Composition of PLA/PBAT/rice husks blends. 

Sample PLA (%) PBAT (%) RH (%) 
BL1 90 10 0 
BL2 80 20 0 
CO1 80 10 10 
CO2 70 10 20 
CO3 70 20 10 
CO4 60 20 20 

 
Characterization 
Thermogravimetric analysis (TGA) was carried out using a TA Instruments TGA Q50 
thermogravimetric analyzer. The samples were heated from room temperature to 930°C at a heating 
rate of 20°C/min under a nitrogen atmosphere with a 10 mL/min flow rate. Each test consumed 
samples of about 15 mg.  
Differential scanning calorimetry (DSC) was conducted using a TA Instruments DSC Q20 
calorimeter. The samples were heated from 25°C to 200°C at a heating rate of 10°C/min, then cooled 
to 25°C at a cooling rate of 10°C/min, and finally reheated to 200°C at a heating rate of 10°C/min 
under a nitrogen atmosphere with a 50 mL/min flow rate. About 5 mg of the sample was used for 
each test. The degree of crystallinity ( ) of PLA was calculated using Eq. 1[6]. 
 

      (1) 

 
Where  the melting enthalpy of the tested sample, is the cold-crystallization enthalpy of 
the tested sample, is the theoretical melting enthalpy of the 100% crystalline (93 J/g) [6] and 

 is the weight fraction of the PLA in the sample.  
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The melt flow index (MFI) was measured according to ASTM D1238-13 standard on a Ceast Modular 
Melt Flow Tester with a 2.16 kg load and at temperatures of 170, 190, and 210°C. The melt flow 
index was calculated as the mass of the polymer flowing through a capillary of a specified length and 
diameter over a specified time. 
 
Results and Discussion  
The torque vs. mixing time curves obtained during the preparation of the PLA/PBAT/RH composites 
are shown in Fig.1. The total torque corresponds to the area under the curve. The mixing torque 
suffered no alteration as PBAT content in the blends increased, indicating an equal viscosity of the 
melt for the blends. Overall, the composites filled with rice husk presented higher stabilized torque – 
measured around 5 min of mixing - compared to the blends with equal PBAT content, which indicates 
that RH can increase the viscosity of the melt. Thus, the final torque observed in composite CO4 may 
be due to the higher contents of PBAT (20%) and rice husk (20%). 

 

 
Figure 1 – Torque vs. mixing time of PLA/PBAT blends and RH filled composites. 
 
The MFI of the pure materials, PLA/PBAT blends, and RH filled composites is shown in Fig. 2. The 
MFI is an indirect indication of the viscosity of the melt; the higher the MFI, the lower the viscosity. 
All the samples reported lower viscosity in the higher testing temperature (210°C) due to increased 
molecule kinetic energy. Compered to neat blends, the addition of rice husks led to a decrease in the 
MFI, indicating an increase in the viscosity of the melt, as already observed during the mixing of 
samples. This decrease in the MFI may be attributed to the high aspect ratio and low surface energy 
of the rice husks, which hinder the movement of the polymer chains and reduce the flowability of the 
melt. 

 
Figure 2 – MFI in three temperatures of pure polymers, PLA/PBAT blends and RH filled composites. 
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The TGA thermograms of the samples in the study are shown in Fig. 3. It was noticed that PBAT has 
a higher onset temperature than PLA; thus, the blends and composites with 20%PBAT presented 
higher thermal stability. PBAT also confers higher residues at 600°C (3.59 wt%), indicating that 
carbonization occurs more severely for PBAT than for PLA [7]. Albeit CO2 and CO4 showed higher 
residues, 9.41 wt% and 7.83 wt%, respectively, possibly due to char formation during RH degradation 
process. The decomposition processes of all the blends and composites could not be distinguished 
obviously from the TG curves. Two processes of thermal decomposition signaling to PLA and PBAT 
phases can be observed via DTG curves, where the intensity of degradation each event is related to 
the weight fraction of the component [7]. 

 
Figure 3 – (a) TG and (b) DTG curves of pure polymers, PLA/PBAT blends and RH filled composites. 
 
Fig. 4 presents the second heating DSC thermograms for the blends and composites. The glass 
transition, cold crystallization, and melting are distinctly observed in the curves. It is noted that PLA 
glass transition temperature (Tg) remains constant through the compositions (~ 60 °C), indicating that 
the other components do not affect the amorphous phase. PBAT has a negative Tg (-30 °C) [6]; thus, 
the analyses do not observe the event. The addition of rice husk affects the crystallinity phase, where 
the samples with a higher amount of rice husk (20%) modify the reorganization phenomena of the 
crystals during the heating run due to the nucleation effect promoted by the presence of the particles. 
The relative amplitude of cold crystallization and melting peaks determined from DSC measurement 
showed that these blends were mostly amorphous, with the lower and higher crystallinity degree 
reported for blend BL1 (1.43%) and composite CO4 (2.42%), respectively. 
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Figure 4 – DSC thermograms of pure polymers, PLA/PBAT blends and RH filled composites obtained 
from second heating scan. 
 
 
Conclusions 
In conclusion, this study investigated the potential of using PLA/PBAT/RH composites as an 
alternative material for food containers. The results indicate that adding rice husk to the composites 
modifies their rheological properties, increasing viscosity and reducing flowability. The composites' 
thermal properties were also improved, with higher thermal stability related to the amount of PBAT 
phase. Therefore, the PLA/PBAT/RH composites could be a promising solution for developing 
sustainable food packaging materials, as they can withstand high temperatures. Further studies are 
necessary to investigate the mechanical and barrier properties of the composites, as well as their 
composition for specific applications. 
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Abstract: The pollution of aquatic environments by organic contaminants, mainly dyes, is a worrying reality. As a 
result, the demand for robust and innovative systems increased over the last few years. The development and 
application of a hydrogel based on multiple polymeric networks with self-healing properties are reported in this study. 
For this, poly(acrylic acid) (PAAc), poly(vinyl alcohol) (PVA), and Fe3+ ions were utilized. The multi-network 
configuration allowed the PAAc/PVA@Fe3+ hydrogel to reach a high self-healing percentage (> 88.0%) in only 8 h. 
Batch adsorption studies using methylene blue (MB) and methyl orange (MO) was performed to investigate the best 
conditions for using these hydrogels as adsorbents. Overall, the adsorption of MB is preferred over MO due to the 
electrostatic interactions between the cationic dye and the hydrogel. Also, the PAAc/PVA@Fe3+ hydrogel exhibited 
high recycling and reusing potential and long-term performance, which are additional benefits considering the practical 
application of these adsorbents.

Keywords: hybrid materials; self-healing; methylene blue; multi-network; adsorption.
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Introduction
Currently, the demand for colored plastics, paper, textiles, and cosmetics has increased 
considerably. Hence, problems related to the improper disposal of dye-colored materials and 
inadequate treatments increased too. This has become a serious environmental issue as organic dyes 
cause adverse effects on aquatic life and human health, even at low concentrations [1]. Methylene 
blue (MB) and methyl orange (MO) are representative examples of cationic and anionic dyes, 
respectively, and are responsible for a significant portion of dye pollution [1]. Therefore, their 
removal from water bodies is essential. Among the treatments already applied, adsorption stands 
out and has been proven to be a cost-effective, simple, and efficient method for dye removal [2]. 
The selection of the adsorbent is critical to the adsorption process, and materials such as biochar [1], 
metal-organic framework (MOF) [2], polymeric hydrogels [3], and others have been developed to 
treat dye-contaminated water. Polymeric hydrogels, which possess attractive physicochemical and 
structural properties, are among the most popular adsorbent materials utilized for dye removal. In 
contrast, some types of hydrogels, usually those chemically crosslinked and with a single polymeric 
network, exhibit poor mechanical properties, which restricts their reusability and application in 
large-scale processes [4]. To overcome this limitation, the development of hydrogels with self-
healing properties and multi-networks has been investigated. Such hydrogels can spontaneously 
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form new crosslinking points within their network when broken, resulting in excellent mechanical 
durability and longevity [5]. Recently, Cao et al. developed dual-network self-healable hydrogel 
using hydroxypropyl chitosan, poly(acrylamide), and poly(vinyl alcohol) (PVA) for Cr(VI) 
adsorption. The prepared hydrogels showed superior mechanical and adsorption performance 
because of the reversible dynamic crosslinking process [6]. In this study, self-healable multiple-
network hydrogels were prepared by combining poly(acrylic acid) (PAAc), PVA, and Fe3+ ions, and 
characterized for their adsorption capacity of MB and MO. PAAc and PVA were chosen due to 
their hydrophilicity and non-toxicity, which have stimulated their use for the preparation of 
physically and chemically crosslinked hydrogels for adsorption uses [5]. The multiple-network 
structure of the hydrogel enhances its mechanical properties, while the self-healing property ensures 
longevity and reusability. It is hypothesized that this hydrogel can exhibit selective adsorption 
towards cationic dyes like MB, ranking it as a promising candidate to treat MB-polluted waters. 
 
Experimental 
Synthesis and characterization of the PAAc/PVA and PAAc/PVA@Fe3+ hydrogels 
For the hydrogel synthesis, 600 mg of PVA was added to a two-round flask containing 6 mL of 
distilled water and solubilized under stirring for 1 h at 90 C. The PVA solution was cooled to 30 
°C and then, 11 mg of Fe3+, 2 mL of AAc, and 2 mg of MBA were added to the reaction system, 
which was stirred for 15 min for homogenization. Next, KPS (20 mg previously dissolved in 1 mL 
of distilled water) was added. The homogeneous solution was transferred to a cylindrical mold (15 
mm diameter), which was placed in a vacuum oven at room temperature to remove air bubbles 
(around 30 min). After that, the oven temperature was increased to 60 ºC to promote the 
polymerization and simultaneous crosslinking of the AAc monomers by MBA. This process lasted 
3 h. Following this step, the mold containing the hydrogel was frozen at -20 C overnight and 
subjected to 3 cycles of freeze-thaw (1 h of freezing and 30 min of thawing). Finally, the obtained 
PAAc/PVA@Fe3+ hydrogel was dried by lyophilization (-50 ºC, 24 h). The hydrogels named 
PAAc/PVA were synthesized in the same way, however, without the addition of metallic ions, for 
comparison purposes. The synthesized hydrogels were characterized by Fourier Transform Infrared 
(FTIR), Scanning Electron Microscopy (SEM) and mechanical properties. Batch adsorption experiments 
were conducted in 250 mL Erlenmeyer flasks filled with individual stock solutions of MB or/and MO 
(50 mL) placed on an orbital stirrer (100 rpm). Typically, dry hydrogel samples were put into the flasks 
and at defined time intervals, aliquots (about 4 mL) were withdrawn and analyzed by using a UV-
Visible (UV-Vis). 
 
Results and Discussion 
Characterization of the PAAc/PVA and PAAc/PVA@Fe3+ hydrogels 
Fig 1. shows the FTIR spectra recorded for PVA, PAAc, PAAc/PVA hydrogel, and 
PAAc/PVA@Fe3+ hydrogel. The spectrum of PVA and PAAc showed bands at 3420 and 1417 cm-1 
assigned the stretching and bending vibration of the O‒H bond (hydroxyl groups). Bands at 2934, 
1090, and 810 cm-1 are attributed to asymmetric stretching of the C‒H bond (CH2 groups) and 
stretching of C‒O and C‒C bonds [4]. In the spectrum of PAAc, bands at 1746 and 1643 cm-1 are 
due to the asymmetric and symmetric stretching of the C=O bond (carboxylic groups). Also, the 
broad band centered at 3408 cm-1 is assigned to the stretching of the O‒H bond (carboxylic groups), 
while the bands around 2900 cm-1 are due to the stretching of the C‒H bond [7]. Bands at 1238 and 
1165 cm-1 are assigned to stretching of the C‒O bond coupled with the bending of the O‒H bond 
and stretching of the C‒C bond, respectively [7]. After hydrogel formation, the spectrum of 
PAAc/PVA exhibited some bands referring to the precursor materials; however, some modifications 
were observed. The band assigned to the stretching of the O‒H bond (around 3420 cm-1) increased 
in intensity and exhibited a sharpening, which suggests the reduction of intramolecular H-bonds 
concomitantly to the increase of hydroxyl groups proceeding from PVA and PAAc. During the 

1177



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

polymerization and chemical crosslinking of PAAc with MBA, hydroxyl groups are partially 
consumed and the interpenetration of the PAAc network through the PVA chains decreases their 
intermolecular interactions. However, the shoulder-type band around 3250 cm-1 indicates the 
formation of H-bonds due to the interaction of the hydroxyl groups of PVA caused by the freeze-
thaw processes [5]. According to the literature, the alternate freeze-thaw cycles promote the 
alignment of the PVA chains allowing the physical interaction of its hydroxyl groups via H-bonds. 
PVA crystallites are formed due to these interactions, acting as crosslinking points of the second 
network. Xu et al. [8] observed that the hydrophilic PVA chains also physically interact and form 
H-bonds with the PAAc network, which confer additional stability and strength to the hydrogel. 
This is confirmed by analyzing the bands assigned to the asymmetrical and symmetrical stretching 
of C=O bonds, which were shifted from lower wavenumber compared to the PAAc spectrum [9]. 
Changes in the bands observed in the 1250‒1000 cm-1 region compared to the PVA and PAAc 
spectrum also suggests the participation of C‒O bonds in the physical crosslinking process [9]. 
Lastly, the shoulder-like band around 1680 cm-1 is attributable to the stretching vibration of a 
secondary amide group, confirming the chemical crosslinking of PAAc with MBA [9]. From these 
data, it is corroborated that two crosslinked networks are combined to form the PAAc/PVA 
hydrogel. The incorporation of Fe3+ ions into the hydrogel matrix triggered changes in the spectrum 
of PAAc/PVA@Fe3+ compared to PAAc/PVA. For example, the band at 1725 cm-1 appears due to 
the C=O bonds of non-ionized carboxylic groups of PAAc, indicating the reduction of H-bonds 
with PVA [5]. The presence of Fe3+ weakens these interactions. In contrast, the broadening of the 
band in the range of 1700‒1500 cm-1 suggests that part of the carboxylic groups in the hydrogel 
matrix interacts electrostatically with the Fe3+ ions [5]. The decrease in intensity and broadening of 
the band assigned to the O-H bond also indicates the hydroxyl groups (of PVA and PAAc) 
interactions with the metallic ions. Indeed, the coordination of these electronegative groups to Fe3+ 
ions aids in stabilizing them into the hydrogel matrix, as explained elsewhere [9]. 
 

 
Figure 1 – FTIR spectra of PVA, PAAc, PAAc/PVA hydrogel and PAAc/PVA@Fe3+ hydrogel. 

The self-healing properties of the PAAc/PVA@Fe3+ hydrogel was characterized by applying a 
mechanical compression test compression protocol (strain ~ 65‒70%). When the two halves of this 
hydrogel were put together after the cutting process, the mechanisms to make self-healing possible 
are explained as follows: the Fe3+ ions in the polymeric matrix migrate to the interface by diffusion 
and consequently act on the healing of the broken PAAc chains forming new dynamic ionic bonds 
with that fractured region. The hydrogen bonds between the PVA-PVA and PVA-PAAc chains also 
positively influence the self-healing process, as already mentioned by Edwards et al. [10]. The self-
healing process at the PAAc/PVA@Fe3+ hydrogel interface occurred at room temperature, in 
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absence of any external aid and compressive forces, only with the action of time (8 h). 
Subsequently, the self-healing ability was evaluated at different time intervals after fracture (1 h and 
2 h), named PAAc/PVA@Fe3+ SH1 and SH2, respectively. Once the polymeric chains are repaired 
with this mechanism of dynamic ionic bonds and hydrogen bonds, the hydrogel samples present a 
mechanical resistance close to the virgin hydrogel. As shown in Fig 2., the self-healed (SH) 
hydrogel can be compressed to the same strain as the virgin sample, and the measured mechanical 
properties are slightly similar. Both the compressive strength calculated for the self-healed (SH and 
SH1) hydrogels were slightly lower compared to the values determined for the virgin hydrogel. 
However, the PAAc/PVA@Fe3+ SH2 hydrogel showed lower compressive strength, thus being able 
to infer that after 2 hours of fracture of the material, its self-healing process is somewhat impaired. 
Confirming the results of self-healing, SEM analyses were carried out, which made it possible to 
observe the healed and unhealed portion on the surface of the hydrogel. 

 

 
Figure 2 – Illustrative representation of the bonds and interactions in the hydrogel and the self-healing 
process (a), stress-strain curves for PAAc/PVA@Fe3+ virgin and self-healed (SH, SH1 and SH2) hydrogel 
(b) and SEM analysis of fracture region (c). 

 
Adsorption experiments 
After optimization parameters of adsorption such as hydrogel mass, pH, and initial dye 
concentration. We found that the best adsorption capacity for both MB and MO was obtained using 
0.1 g of hydrogel, adsorption conducted without pH adjustment (6‒7), and an initial dye 
concentration of 100 ppm. In addition, the hydrogel showed a greater adsorption capacity for MB 
(26.9 mg/g) compared to MO (16.1 mg/g), being directly related to the surface charge of the 
hydrogel being mostly negative in this pH range (pHpzc ~4), which favors the adsorption of 
cationic dyes by electrostatic interactions. In addition, it was also evaluated the adsorption capacity 
against a mixture of dyes (1:1 MB:MO) evaluated using the concentration of both at 30 ppm. In Fig 
3., it is possible to notice that we again have a higher adsorption affinity for the cationic dye (MB), 
an interesting result, since one of the limiting factors of large-scale adsorptive processes is the low 
selectivity [2]. 
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Figure 3 – Adsorption capacity (qt) of MB and MO in single solution under optimized conditions (a) and 
UV-Vis spectra for the adsorption process of dyes in a binary mixture (MB:MO) (b). 

 
Conclusions 
In this study, a self-healing multiple-network hydrogel was developed using PAAc, PVA, and Fe3+ 
ions. This hydrogel was characterized by FTIR, SEM, and mechanical analysis, which proved its 
good mechanical resistance and self-healing capacity. The multiple-network structure of the 
hydrogel enhances its mechanical properties, while the self-healing property ensures longevity and 
reusability. The PAAc/PVA@Fe3+ hydrogel was successfully tested in the adsorption of cationic 
and anionic dyes. As observed, it exhibited selective adsorption for MB, which makes this hydrogel 
a promising candidate for the selective removal of dye pollutants from water bodies.  
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Abstract

The water contamination has become a major concern due to improper disposal of contaminants in the environment 
without efficient treatment. In view of this, water and wastewater treatment methods have been studied with the aim of 
reducing environmental impacts to the biome. An alternative to solve this problem is using pectin-clay mineral (using 
montmorillonite as clay mineral model) hydrogels for the sorption and removal of pollutants (using methylene blue as
pollutant model) from water. However, it is important to study sorption kinetic models to comprehend the types of
interactions among polymer matrices and pollutants and propose strategies for the environmental remediation. In this 
work, three kinetic models (nonlinear pseudo-first order, nonlinear pseudo-second order, and Elovich) were employed to 
evaluate the capacity of sorption of methylene blue in pectin-clay mineral hydrogels. The kinetic data assisted in the 
definition of real-world application strategies for the removal of cationic textile dyes, in addition to selective separation
of cationic and anionic species in water and wastewater.

Keywords: Sorption. Kinetic. Pectin. Montmorillonite. Methylene Blue. Hydrogel

Introduction

As the chemical industries have increased the quantity of compounds used for numerous
applications, there is a consequent generation of wastes that need to be adequately treated [1].
Commonly, domestic, and industrial wastewaters are discarded without treatment or adequate prior
management, causing serious environmental impacts [2]. Besides the impacts on the environment,
several chemical substances found in urban and industrial wastewaters are considered problematic
due to the lack of effective legislation for their regulation in terms of environmental safety and public
health [3].

Technologies that could be useful in the development of novel wastewater treatment methods
include photocatalysis, membrane filtration, electrochemistry, and sorption. Photocatalysis and
sorption are quite promising, as these methods involve the use of inexpensive natural materials and
sunlight [4]. Specifically, sorption involves the removal of pollutants from an aqueous solution using
a solid sorbent, such as activated charcoal, zeolites, carbon nanotubes, polysaccharides, spinning 
industry discards, hydrogels, and membranes [1-4]. Hydrogels prepared by using natural
polysaccharides are inexpensive, have high water absorption capacity and are non-toxic,
biodegradable, hydrophilic and insoluble [5].

The aim of this study was to perform the removal of emerging pollutants from water and
wastewater using methylene blue (MB) as pollutant model and pectin-based hydrogel modified with
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montmorillonite (MMT) as the sorbent. The focus for the Brazilian Polymer Conference, 2023
(CBPOL, 2023) was to evaluate nonlinear pseudo-first order, nonlinear pseudo-second order and
Elovich kinetic models to comprehend some parameters that could help in the sorption processes in
real-world situations.

Experimental

Synthesis of pectin-clay mineral composite hydrogel

Known amounts of pectin were dissolved in flasks containing ultrapure water at pH 3.5, and
glycidyl methacrylate. After modification of the polysaccharide, new amounts of this product were
employed for the hydrogel synthesis as follows: Masses of polysaccharide modified with glycidyl
methacrylate were dissolved in ultrapure water, followed by the addition of acrylamide and potassium 
persulfate. After homogenization of this solution and crosslinking in an oven, the formed solid 
hydrogel was applied in the sorption and kinetic studies of methylene blue as pollutant model.
Modified hydrogels were synthesized with the addition of 1, 5 and 10% (m/m) montmorillonite during
the final synthesis step.

Sorption Kinetic

Sorption kinetics were estimated using the non-liner pseudo-first order (Equation 1), pseudo-
second order (Equation 2) and Elovich (Equation 3) kinetic models:

in which k is the sorption rate (min-1), t is sorption time (min), qt is sorption capacity (mg g-1) at a
specific time, α is the initial sorption rate (mg g−1 min−1) at each time t (min) and β is the desorption
constant (mg g−1) related to the covering of the surface of the sorbent and the activation energy for
the occurrence of chemisorption.

Results and Discussion

Sorption Kinetic

The sorption kinetics of methylene blue (MB) in the pectin hydrogel (PCTM) and composite
hydrogels containing 1 (PCTM 1%), 5 (PCTM 5%) and 10% (PCTM 10%) montmorillonite are
presented in Table 1.

Table 1 – Results of pseudo-first-order, pseudo-second order and Elovich kinetic models in sorption
of methylene blue in pectin hydrogel (PCTM) and composite hydrogels containing 1 (PCTM 1%), 5
(PCTM 5%) and 10% (PCTM 10%) montmorillonite.

1182



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil  

Kinetic 
Model 

Paremeters PCTM PCTM 1% PCTM 5% PCTM 10% 
 AM AM AM AM 

Pseudo 
first 

order 

R² 0.8353 0.9898 0.9984 0.9603 
K1 (min-1) 0.0012 0.0177 0.0043 0.0024 
qe (mg g-1) 1.4780 1.4460 1.3489 0.7666 

 qt (mg g-1) 1.5785 1.5786 1.3872 0.7834 
 χ² 329.56 35.873 21.171 218.74 

Pseudo 
second 
order 

R² 0.8775 0.9976 0.9943 0.9728 
K2 (min-1) 0.0028 0.0165 0.0054 0.0035 
qe (mg g-1) 1.3417 1.5214 1.4116 0.8510 

 qt (mg g-1) 1.3943 1.5951 1.4221 0.9374 
 χ² 245.03 8.1836 75.478 150.14 

Elovich R² 0.9398 0.9864 0.9760 0.9795 
 α (mg min g-1) 0.0089 0.0824 0.0217 0.0046 
 β (g mg-1) 3.4353 3.9416 4.1590 5.7590 
 χ² 120.50 46.219 318.93 113.21 

 

The most appropriate kinetic model for explaining the sorption of MB in PCTM and PCTM 
10% was the nonlinear Elovich model. This conclusion was based on the hither larger R² values and 
lower χ² values. With the Elovich model, the solid surfaces of sorbents are assumed to be 
heterogeneous, as occurs with three-dimensional hydrogel networks. The high β values indicate that 
the desorption rate is high and physisorption is occurring between the hydrogel and pollutant [6]. 
Physisorption is useful for studying hydrogel and dye recovery processes in the treatment of 
wastewater from the textile industry, enabling the recovery of water and dye for reapplication in a 
sustainable process. For the sorption of MB in PCTM 5%, the nonlinear pseudo-first-order model was 
the most appropriate for explaining the sorption kinetics. In this case, there are no intramolecular 
interactions between the hydrogel and pollutant, which is a characteristic of physisorption. For the 
sorption of MB in PCTM 1%, however, the nonlinear pseudo-second-order model was the most 
appropriate. In this case, high R² values, low χ² values and similarity between the qe (experimental) 
and qt (theoretical) values were found, confirming that limiting step of the process is chemisorption. 
When chemisorption occurs, intramolecular interactions between the sorbate and sorbent are assumed 
[7]. Changes in the kinetic mechanisms show that the sorption process can be adjusted to specific of 
polymeric materials and composites during wastewater treatment processes. 

 
Conclusions 

 
Based on the sorption studies with methylene blue in water, the biomaterials synthesized in this 

study are potential polymeric matrices for the treatment of wastewater. The best removal rates of 
methylene blue were achieved with the composite hydrogel modified with 1% montmorillonite. The 
change in the hydrogel network with the incorporation of montmorillonite is of interest due to the 
creation of active sites in the interlamellar spaces of the clay, which increases cationic and anionic 
pollutant sorption capacity. These hydrogels could be useful for studies involving the 
preconcentration of anionic species for subsequent separation and quantitative determination. 
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Abstract - Composite hydrogels are highly porous structures with a significant adsorption capacity, making them 
promising materials for wastewater treatment. Recognizing the potential of these materials, an eco-friendly hydrogel 
composite was developed using starch and reinforced with activated carbon derived from banana peels (BPAC). The 
hydrogels underwent characterization through SEM, FTIR, TGA/DTG, and water absorption tests. The results indicated 
that the addition of 5% BPAC to the hydrogel caused alterations in the chemical structure, resulting in a more porous 
surface. The FTIR spectra indicated a successful crosslinking process within the structure, showing that the addition of 
BPAC improved thermal stability. Furthermore, water absorption analysis demonstrated that all materials exhibited 
substantial water uptake within the first hour with the incorporation of BPAC.

Keywords: Hydrogel composites, Starch, Activated carbon, Banana peel, cross-linking

Introduction
The global management of water pollution has been a focus of the scientific community, involving 
innovative technologies that can effectively remove pollutants from wastewater [1]. Wastewater has 
become increasingly hazardous since pollutants can accumulate in living organisms and the 
environment, causing significant environmental imbalances [2]. Therefore, the development of 
technologies for the removal of contaminants is necessary.
In this scenario, hydrogels have been employed for being a 3D-structured polymeric network, 
usually composed of hydrophilic chains [3]. The increasing interest in hydrogels is justified by their 
great potential in several areas of medical research (drug delivery systems, scaffold materials for 
cell and tissue engineering) and environmental research (absorbent materials) [4, 5]. The most 
common physicochemical characteristics of hydrogels are high hydrophilicity, mechanical and 
environmental stabilities, and an interesting porous surface area. Additionally, the material offers
benefits such as biocompatibility and biodegradability [6]. Such properties are strongly influenced 
by the cross-linking type, chemical structure, composition, and morphology [4].
In the design and development of these materials, the incorporation of fillers into the structure has 
been investigated, since reinforcement can lead to improved performance in the intended 
application, as well as reduced operational costs. The use of activated carbon from agro-industrial
residues has shown promise due to advantages such as lower cost and more readily available natural 
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sources [7]. Thus, the present work aims to develop a natural polymer-based hydrogel, specifically 
starch reinforced with activated carbon from banana peels (BPAC). 
 
Experimental 
Materials 
To prepare the hydrogels, corn starch Amidex 3001 was used, which was purchased from Ingredion 
Incorporated (São Paulo, Brazil). Sodium hydroxide (NaOH), and Citric acid (C6H8O7) were 
purchased from Dinâmica, Química Contemporânea Ltda. Activated carbon obtained from the 
banana peel (BPAC) was prepared from methodology development by the present authors.  
 
Hydrogels processing 
To obtain hydrogels, firstly, an adequate amount of corn starch and distilled water were mixed 
under constant agitation (280 rpm) at 40 °C. Subsequently, Sodium hydroxide (NaOH) was added 
to the solution. After a reaction time of 3 h, citric acid was added. The reaction time after acid 
addition is 17 h. Then, the hydrogels were submitted to a water bath at 90 °C for 1 h. Finally, the 
prepared material was poured into a plastic mold and dried in an oven at 70 °C for 48 h.  
To investigate the effect of activated carbon on the hydrogel structure, a similar procedure was 
performed and activated carbon obtained from the banana peel (BPAC) was responsible for the 
composition of 5% of the total weight. Fig. 1 shows the adopted methodology. 
 

 
Figure 1 - Schematic representation of the adopted methodology obtaining pure hydrogel (A) and 

hydrogel+5%BPAC (B). 
 
Characterization 
Scanning electron microscopy (SEM) was used to investigate the porous structure of pure hydrogel 
and hydrogel+5%BPAC in a microscope (model TR-3000, HITACHI Ldta., Tokyo, Japan) with 
tungsten filament, secondary electron detector, 5kV, and low-vacuum. Fourier-transform infrared 
spectroscopy (FTIR) analysis was employed to study the functional groups and specific bands of the 

1186



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

samples by a spectroscope (Frontier 94942, PerkinElmer Inc., Massachusetts, USA) with attenuated 
total reflectance (ATR) diamond accessory, with 64 scans, 4cm-1 of spectral resolution, in the range 
of 4000-500 cm-1. Thermogravimetric analysis (TGA) was realized to detect the thermal stability 
and decomposition temperature of the samples, using an SDT Q600 thermogravimetric analyzer 
from TA Instruments. The temperature range was 25-600 °C, under N2 atmosphere (10 mL min-1) at 
a heating rate of 10 °C min-1.   
 
Degree of swelling 
Specimens (pure hydrogel and its hydrogel+5%BPAC) were immersed in distilled water at room 
temperature to conduct adsorption experiments. The experiments were carried out at pre-determined 
times of 5 min, 10 min, 15 min, 30 min, 45 min, 1 h, 2 h, 4 h, 6 h, 24 h, and 48 h. At each defined 
time, the samples were removed from the distilled water, and any water present on the surface was 
removed using paper tissue. The specimens were then weighed and re-immersed. The degree of 
swelling (DS) was calculated using Eq. 1, where mf is the mass of the swollen hydrogel at a specific 
time t in grams, and mi is the mass of the dried hydrogel at time t=0 in grams.  
 

100.
i

if

m
mm

=DS   (1) 

 
Results and Discussion  
Fig. 2a and 2b evidenced the good dispersion of BPAC in the hydrogel structure, which provided 
the development of the hydrogel+5%BPAC with a rough and porous structure.  
 

 
 
Figure 2 - Illustrative representation of pure hydrogel and composite hydrogel+5%BPAC: (a) SEM 
of the pure hydrogel; (b) SEM of the hydrogel+5%BPAC, (c) FTIR of the samples; and (d) water 

absorption of the samples. 
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This feature could favor the mechanical and absorption properties [1,4, 8]. Based on the FTIR 
spectra (Fig. 2c), the characteristic peaks of the pure hydrogel at 3270 cm-1 and 2930 cm-1 can be 
explained as the O-H, and C-H stretching vibrations, respectively. The peak at 1570 cm-1 was the 
C=O bend in the -COOH groups. The bands at 1380 cm-1 and 1144 cm-1 were associated with the –
CH2 shear vibration and C–O induced vibration in starch, respectively. The hydrogel+5%BPAC 
showed a reduction in the intensity of mentioned bands compared to the pure hydrogel [4]. This 
could be due to the reduction of free hydroxyl groups in starch and the establishment of new 
crosslinking interactions with the functional groups present on the AC surface [3,8]. Also, it was 
possible to observe that the insertion of BPAC favored the increased water transport efficiency (Fig. 
2d). This behavior is the result of the highly formatted/connected void portion on the surface [1,8]. 
Regarding the TGA/DTG graphics (Fig. 3), the incorporation of BPAC in the hydrogel structure 
was able to drastically change the thermal stability, resulting in improved thermal stability [4]. 

 

 
Figure 3 - Illustrative representation of pure hydrogel and composite hydrogel 5%BPAC: (a) TG; 

and (b) DTG. 
 
Conclusions 
Composite hydrogels reinforced with activated carbon (Hydrogel+5% BPAC) were prepared and 
their morphology, chemical and thermal properties, and swelling behavior were evaluated. Based on 
the results, it can be concluded that the developed hydrogels exhibited a good dispersion of BPAC 
within the hydrogel structure, promoting the formation of surface pores with a macroporous 
structure. The FTIR spectra indicated a reduction in band intensity, suggesting the formation of 
crosslinking bonds between BPAC and the hydrogel structure. The hydrogel with 5% BPAC also 
impacted proportionally in water absorption and thermal stability compared to the pure hydrogel. 
Thus, the hydrogel+5% BPAC composite emerges as a potential renewable material application. 
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ABSTRACT. Study, characterization and analysis of polyethylene polymeric composites (HDPE) with babassu palm 
fibers (Arecaceae). Through the technological development of industries, new polymeric composites based on materials 
with low environmental impact have stimulated several researchers from different areas of knowledge. Thus, this work 
aimed to evaluate the mechanical properties of composites reinforced with babassu powder (Arecacea) in high-density 
polyethylene (HDPE) matrix, with the objective of analyzing the effect of babassu powder, as a reinforcement in the 
mechanical properties of HDPE. The fiber obtained was used for the preparation of polymeric composites at 
concentrations of 5 wt.%, 10 wt.% and 20 wt.% in relation to HDPE. Tensile-strength tests were carried out according 
to ASTM D638 in order to analyze the main mechanical properties: elastic modulus, ultimate strength and ductility. As 
expected, it was observed that the values of the modulus of elasticity increased with the increment of the fiber 
concentration, while the values of tensile strength remained unchanged and those of ductility reduced. The best results 
were found for the concentration of 5 wt.% with babassu powder. Increases of 40% and 0.6% for the modulus of 
elasticity and ultimate strength, respectively were observed in relation to the neat matrix. In view of the good
incorporation of babassu fiber and HDPE this study became promising in the production of these composites, as there 
was no previous surface chemical treatment in the fiber.

Keywords: HDPE, polymercomposites, babassu.

Introduction 
The use of composite materials has developed greatly in recent years, composites reinforced with 
natural fibers, including synthetic fibers. In this context, research for the replacement of synthetic 
fibers with natural fibers as reinforcement of polymer matrices is growing every year.
The emergence of composites as a separate class occurred in the mid-20th century, when multi-
phase composites were deliberately designed and manufactured as polymers reinforced with glass 
fiber. These multi-phase composite concepts offer the opportunity to create a wide variety of 
materials with a combination of properties that cannot be met by traditional metal alloys, ceramics 
or monolithic polymeric materials [1].
The arrival of these new materials brings with it a positive aspect of the use of raw materials from 
renewable sources, minimizing environmental problems, thus developing environmentally sound 
materials with the highest possible process compatibility. As a source of renewable natural 
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resources, natural fibers are cheap, biodegradable, recyclable, non-toxic and can be incinerated. 
They are used as reinforcements in polymers and partially replace synthetic fibers such as asbestos, 
carbon, nylon and glass which, despite their excellent mechanical properties, have some 
disadvantages, such as, abrasive to processing equipment, dense, non-biodegradable and expensive. 
They produce products with very high recycling costs and some of these synthetic fibers are 
harmful to human health [2]. 
In this regard, we have as an option the use of the natural fibers existing in Brazil, mainly those 
located in the Amazon. And for this purpose, the present work brings the palm of babassu that 
belongs to the botanical family Arecacease present in much of Latin America. In Brazil, it is 
scattered in the Amazon, the Atlantic Forest, the Cerrado and the Caatinga where it occurs naturally 
in several states. 
The babassu has great incursion power from disturbed areas and can reach between 10-30 meters in 
height, and can have between 20-50 cm in diameter. It has fruits that are very appreciated, both by 
man and wildlife, where they are found. Each crop can have between 3 and 5 curls, and each curl 
can produce 300 to 500 cocos. The peak of fruiting occurs from the eighth year and reaches full 
production after 15 years [3]. 
The fiber of the Arecacea palm tree is found in the stems of the tree, known as strawberry and can 
bring various benefits because it is a palm native to the region. It is found abundantly and 
continuously throughout the year, making it of great importance for the use, as well as the study of 
the physico-chemical properties of this biomass [4]. 
In the context of this work, composites were produced using high density polyethylene (HDPE) and 
babassu fiber. The choice of the polymer matrix was due to the extensive use of HDPE in the 
manufacture of composites reinforced with fibers and the good results derived from this research 
medium. 
All this is only possible because HDPE is a highly linear polymer with a compact and dense 
structure, offering chemical resistance, excellent mechanical properties and low cost, allowing it to 
be used as a substrate. polymer reinforced with babassu powder. However, since composites must 
meet the requirements of ownership, it is imperative to study the properties of the composites 
resulting in determining their properties and in the selection process to apply them.5 
For purposes of study and characterization, this work proposes the use of high-density polyethylene 
(HDPE) as a polymeric matrix for the formation of composites with fibers from the stems of the 
Babassu palm tree, in proportions of 5%, 10% and 20% in mass of fibers. 
 
Materials and Methods 
The materials used in this research were BRASKEM's high-density polyethylene (HDPE) 
polymeric matrix and babassu fiber. 
The fiber was extracted manually from the stem of the Babassu palm tree in the municipality of 
Iranduba-AM. HDPE has been provided by the UEA/EST P&D laboratory. Fig.1 illustrates the 
fibers of babassu and the stems of the babassu palm. 
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Figure 1. The fibers of Babassu and the palm tree. 
Grind 
The samples of Babassu fibers were dried in a drying oven for 2 hours at 50 °C, and subsequently 
milled in a Willey TE-680 knife mill, subsequently used granulometry 30 and reprocessed with 20 
mesh. Secondary grinding was carried out to obtain an appropriate granulometry for the processing 
of the composite, as shown in Fig.2. 
 
 
 
 
 
 
 
 

Figure 2. Fibers of Babassu in the greenhouse (a), Willey Knife Mill TE-680 (b) and ground fiber (c). 
 
Extrusion 
Ground Babassu fibers at concentrations of 5%, 10% and 20% were added to the HDPE matrix. The 
mixture was previously homogenized and then extruded at a temperature of 185°C with a rotation 
of 45 rpm in the single screw extruder (AX Plastic, AX 1626). The extruded filaments were dried 
for 2 hours so that all moisture was removed. Subsequently they were granulated in the mini-
granulator (AX Plastic, 00316) and then stored for the production of the test bodies. 
 
Injection 
After the extrusion process, a production of the test bodies was carried out. Thus, five Type IV 
tensile test bodies according to ASTM D638 were produced for each concentration studied. The test 
bodies were molded by injection (AX Plastics, 00318). The mold was at room temperature of 25 °C 
with injection temperature of 185 °C and pressure of 0.8 MPa. 
 
 
 
 
 
 
 
 
 
 

Figure 3. Injection device(a) and (b) traction mold containing a test body. 
 
Mechanical Testing: Traction 
Tensile tests were carried out on the Universal Traction Testing Machine (Instron) in the R&D 
laboratory. The 5 type IV tensile test bodies were tested by traction in accordance with ASTM 
D638. The test was conducted on a universal test machine with a load cell of 150 kN and a test 
speed of 5 mm/min. 
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Results and Discussion  
Tensile tests were carried out for all the samples studied. Thus, Graphic 1, illustrates the tension vs. 
deformation charts only for the compounds containing 5% in mass (black), 10% (red) and 20% 
(azul). The results obtained from the average of the five test bodies for the mechanical properties of 
module elasticity, tensile strenght and ductility are illustrated in Table 1. The observed results for 
the properties of Table 1 were 350±0,04 MPa for the elasticity module, approximately 15±0,95 
MPa to the tensile strenght and 5,07±3,80 to the ductility relative to pure HDPE. The results are 
consistent with those presented in the literature for the HDPE polymer. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 - Tension vs deformation chart for HDPE compounds with 5%, 10% and 20 % mass of 
babassu fiber. 

 
Table 1 - Summary of the mechanical properties of pure HDPE polymer and its composite. 

 
 
 
 
 
 
 
 
 
After adding the powder load at concentrations of 5, 10 and 20%, variations in the mechanical 
properties of the produced compounds were observed. In relation to the elasticity module, a 
significant increase was observed. Increases of 40, 60 and 130% compared to pure HDPE. While 
the tensile strenght values remained constant within the error margin for all samples, with a slight 
increase of 0.60% for the concentration of 5% in mass. However, the ductility values were lower 
compared to pure polymer. For the three concentrations, reductions of almost 100% of the values 
were observed. The results found in this work are consistent with those in the literature. Furtado et 
al. (2020) studied the degradation of  compounds with fibers obtained from babassu stems at 
concentrations of 5, 10 and 20 % by mass. The authors carried out the surface chemical treatment of 
the fibers, however, found values similar to those obtained in this work without any surface 
Chemical treatment. 
 
Conclusions 
By being a renewable source, Babassu fiber is a material that has great advantages, with a high 
availability in our country, mainly north and northeast, low cost, and above all biodegradable. 
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Although there was no surface treatment in the fiber, it was possible to obtain satisfactory results 
from the produced compounds. Thus, the bio-compound containing 5 % by mass of powder fibers 
proved to be the formulation chosen due to the increased mechanical strength and rigidity 
properties. By possessing this characteristic / property, the compound could be used in applications 
that require higher rigidity and strength than pure polymer. It is completely disqualified for use 
where ductility is required. 
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Abstract - Poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV) is a polyester that, due to its high crystallinity, 
produces rigid films. This paper aimed to produce flexible PHBV films from the plasticizers addition, as ricinoleic acid 
esters, in 5, 10, 15, 30 and 50% (w/w) content. The films were prepared by casting and analyzed by differential 
scanning calorimetry (DSC), X-ray diffraction, eletronic microscopy, Fourier-transform infrared spectroscopy, and 
tensile mechanical testing (ASTM D882-02). The DSC results showed a decrease in the Tg value with the plasticizer 
addition and a reduction in crystallinity degree. Tensile tests showed a decrease in tensile strength, elastic modulus, and 
elongation properties. After evaluating the results, it can be suggested that there is an effective interaction between 
plasticizer and PHBV by the amorphous phase, but the elongation decreasing can be considered as a consequence of the 
remaining crystallinity of the PHBV. Therefore, it can be affirmed that the use of ricinoleic oil derivatives led to the 
obtaining of more flexible PHBV films.
Keywords: PHBV, ricinoleic acid, plastificant, oligoester

Introduction 
The class of biodegradable polyester polymers is important as they can serve as a source of carbon 
and nutrients for microorganisms of the soil. Among these polyesters, it can be cited
polyhydroxyalkanoates (PHAs), which are obtained from the bacterial fermentation process, and are 
mainly characterized by poly-3-hydroxybutyrate (PHB) and poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) [1]. PHB and PHBV polymers, as well as the others among the PHAs, 
are non-toxic, biocompatible, and biodegradable materials [2].
However, these polymers have poor mechanical properties, such as low tensile strength, low 
elongation, and low impact strength [1]. These characteristics make them difficult to process, in 
addition to producing weak and very fragile films.
PHBV compared to PHB, has superior mechanical properties, however, they are not good enough to 
be used in applications that require greater processability [1]. For this, it is necessary to add other 
components to the PHBV polymeric matrix that can provide changes and improvements in the 
characteristics of the films.
Plasticizers constitute an option for improving the properties of PHBV, considering that they are 
substances that, when added to a polymeric material, modify important properties, such as 
flexibility, processability, softness and smoothness [3]. The plasticizer is added in varied amount 
and acts to reduce macromolecular interactions, making the material more flexible. In addition, the 
plasticizer may be able to increase the tensile strength of the polymer in the mechanical testing and
enable the modification of other properties [4]. Materials with low molecular weight such as 
monomers and oligomers have been studied as possible plasticizers.
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Seeking to reduce the crystallinity and increase the resistance of the polymer, the improvement in 
the mechanical properties makes the practical application of PHBV to be expanded. Therefore, the 
present article aims to produce PHBV films using polyesters (oligomers) derived from castor oil 
derivatives, such as ricinoleic acid, for application as plasticizers and to analyze the films produced 
by techniques, such as Fourier transform infrared spectroscopy (FTIR), differential scanning 
calorimetry (DSC), X-ray diffraction (XRD), scanning electron microscopy (SEM) and mechanical 
tensile test. 
 
Experimental  
Materials 
Poly(hydroxybutyrate-co-hydroxyvalerate) (Mn = 130,000 g mol-1, Biocycle® L 110, industrial 
PHBV, Serrana, Brazil). Chloroform, Synth. Polyesters from the castor oil derivative, ricinoleic 
acid, were used as plasticizers, namely: a) DMS17, polyester based on RADEG (ricinoleic acid and 
diethylene glycol) and succinic acid (SA), b) DMS18, based on diethylene glycol and SA, c) 
DMS19, polyester based on RADEG and phthalic acid (PA) and d) DMS20, composed by 
diethylene glycol and PA. The diol to anhydride ratio for the polyester’s synthesis were 2:1. The 
materials were used as received [5]. 
 
Films Preparation 
To obtain the films, a solution of 3.25% PHBV in chloroform was prepared [6]. Next, the amounts 
of oligoesters, DMS17, DMS18, DMS19 and DMS20, calculated as a function of the initial weight 
(2g) of PHBV in chloroform, were added to each composition, in order to prepare films containing 
5, 10, 15, 30 and 50% (w/w) plasticizer. After solubilization, the solution was poured into glass 
molds (100x100 mm), which were partially covered and placed in a closed environment with a 
saturated atmosphere of chloroform for the slow evaporation of the solvent, favoring the preparation 
of uniform films. The solvent was slowly evaporated at room temperature for over about four days. 
 
Fourier Transform Infrared Spectroscopy (FTIR) 
FTIR analyzes were carried out using the attenuated total reflectance (ATR) technique, in the 
Bruker Alpha II equipment, between the 500 and 4000 cm-1 regions, with 19 min-1 scans and 4 cm-1 
resolution. This technique allows the direct use of the film under the crystal of the equipment, and 
through the reflectance of the film, the spectrum is recorded. The analyzes were run at the CEB 
Laboratory, at the Pharmacy Department – UFPR. 
 
Differential Scanning Calorimetry (DSC) 
Differential scanning calorimetry (DSC) analyzes were carried out using a NETZSCH DSC 200 F3 
MAIA equipment. Samples of PHBV films with and without plasticizers were weighed in 
aluminum crucibles (approximately 10.0 mg) and the analyzes were programmed in heating/cooling 
cycles: 1) heating from 20 to 200 °C, isotherm for 5 min; 2) cooling from 200 to -100 °C; isotherm 
for 5 min; 3) heating from -100 to 200 °C. The heating and cooling rate was 10 ºC min-1 and the run 
was performed under N2 atmosphere (40 mL min-1). The data used refer to the second warm-up. 
The analyzes were carried out at the Chemistry Department – of the Federal University of Paraná 
(UFPR). 
 
X-Ray Diffraction (XRD) 
The PHBV polymer films were examined in an X-ray diffractometer Shimadzu XRD-6000, scan of 
2º min-1 and 2θ from 5 to 50º, copper Kα radiation (λ = 1.5418Å), current of 40 mA and voltage of 
40 KV, for the observation of peaks indicative of crystallinity and amorphous regions of PHBV. [7-
8]. These analyzes were carried out at the Chemistry Department of the Federal University of 
Paraná (UFPR). 
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Mechanical tensile test (ASTM D 884-02) 
The films were produced in 100x100 mm plates. The specimens were cut in rectangular shape 
(10x85 mm). The average thickness of the films was 0.180 mm. The specimens (eight pieces per 
composition) were submitted to the mechanical testing in an INSTRON 5566 universal testing 
machine. The space between the claws was 25 mm, with an applied force of 1 KN at a speed of 10 
mm min-1 until the specimens fractured. These analyzes were carried out at the Chemistry 
Department of the Federal University of Paraná (UFPR). 
 
Results and Discussion 
The polymeric films were obtained by casting, with an additive percentage of 5 to 50%, using 
oligoesters DMS17 to 20 as plasticizers. All polyesters have terminal hydroxyl (–OH) groups and 
this characteristic is important for PHBV, as these groups can help in the incorporation of the 
material due to the favorable intermolecular interaction. Most of the films showed homogeneous 
characteristics, without exudation of the plasticizer and, even, a higher opacity compared to pure 
PHBV film. 
 
Fourier Transform Infrared Spectroscopy (FTIR) 
The spectrum of the pure PHBV film, as well as the spectra of compositions with plasticizers, 
showed the same characteristic bands, such as axial strain of –C-H at 2987 cm–1, axial strain of 
saturated aliphatic esters at 1732 cm–1, angular strain asymmetric of the -C-H bond at 1454 cm–1, 
angular deformation of the -C-H bond referring to CH3 groups at 1389 cm–1, the deformation 
corresponding to the C-O- of saturated esters was observed between 1200 and 1100 cm–1 and the 
angular deformation at C-H plane was at 1059 cm–1 [9]. By FTIR technique it is not possible to 
analyze the incorporation of the plasticizer, because, in oligoesters plascticisers, the characteristic 
bands of CH, CH2, C=O bonds are also in the pure PHBV, which ends up leading to an overlapping 
of bands and the impossibility to verify the presence or not of the additive in the polymer. The 
spectra containing 15% of each additive can be analyzed in Fig 1. 
 
Figure 1 – Comparison between the FTIR spectra 
of pure PHBV and compositions with 15% (w/w) 
plasticizers content.  

 

Figure 2 – XRD diffractograms revealing the profiles 
of PHBV films with DMS17 polyester. 

 
 

Source: Scremin (2020) 
 

X-Ray Diffraction (XRD) 
For pure PHBV, the following 2θ values were observed which corresponding to the respective 
crystal planes: 13.5° (020), 16.9° (110), 20.0° (101), 21.6° (111), 25.5° (121) and 30.8° (200) 
(SENHORINI, 2010). By analyzing the angles of the crystalline peaks, it was determined that, in all 
compositions, the 2θ angle values remained equal to those of pure PHBV, indicating that the 
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addition of plasticizer does not change the crystalline peaks. However, a difference was observed 
between the areas of the crystalline peaks and the respective fraction of the amorphous region: as 
the plasticizer is added, this difference is altered. The smaller the area of the observed crystalline 
peaks, less rigid the material will be. Consequently, the amorphous area of the material will be 
larger. Fig 2 shows the XRD graph of the films based on PHBV and oligoester DMS17 (RADEG + 
succinic anhydride, SA). 
In general, all films showed a similar profile according to the increasing additive addition. There 
was a decrease in the crystalline segments of each one, which favored the alteration of the 
properties of PHBV, however, the additive does not lead to obtaining an amorphous material, that 
is, the plasticizer alters the crystallinity, but does not reduce it by 100%. 

 
 

Differential Scanning Calorimetry (DSC) 
According to the analyses, particularly for PHBV, some interesting observations can be pointed out: 
the polymer exhibited one glass transition temperature (Tg) and two melting temperatures (Tm). 
The crystallization event (Tc), normally apparent in the sample cooling step, appeared in the 
heating, between Tg and the first Tm. This last aspect has already been observed previously for 
PHBV and it was reported in the literature by Senhorini (2010). 
In compositions with oligoesters (DMS17 to DMS20), a decrease in the glass transition temperature 
(Tg) value was observed with the increasing addition of plasticizer, which indicates an increase in 
mobility in the amorphous region of the polymer, suggesting the plasticizer effect. In addition, there 
was an increase in the crystallization temperature (Tc) and the melting temperature (Tm) was not 
altered, indicating that, in a way, the additive interacts, in some degree, with the crystalline fraction. 
Fig 3 it is possible to observe the Tg decrease profile of each of the films produced. 
 
Figure 3 –Effect of plasticizer in the amorphous phase: variation of Tgs in PHBV films. 

 
Source: Scremin (2020) 

 
Mechanical tensile test – Standard ASTM D 884-02 
The results indicated that, in all compositions, as the proportion of additive was increased, the 
tensile strength decreased. Young's modulus increased with the lowest proportion of plasticizer 
(5%) and then decreased. Elongation was also affected, suffering a decrease. From these results, it 
can be observed that the plasticizer can affect crystallinity, but not enough to promote greater 
elongation. The mechanical properties profiles suggest that the polymer absorbs the additive, 
withstands the imposed force, but break easily. The graphs shows the profile of the mechanical 
properties for each composition (Fig 4). 
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Figure 4 – Effect of plasticizer addition on the mechanical behavior of the films. a) tensile strength b) 
Young’s modulus. c) elongation 

 
Source: Scremin (2020) 

The mechanical behavior of the films may be influenced by three factors: presence of plasticizer, 
presence of cavities and remaining crystallinity of PHBV. Given these results, it is possible to 
suggest that the additive interacts more easily with the amorphous fraction of PHBV. The 
interaction with the crystalline fraction occurs, but it is hindered by the greater intensity of the 
intermolecular forces between the PHBV chains, that is, the additive cannot completely reduce the 
polymer-polymer interactions in the crystalline phase. 
 
Conclusions  
All applied oligomers (DMS17 to 20) were able to the proposal of this project to increase the 
flexibility of PHBV, improving the physical properties and, consequently, increasing the possibility 
of applications of this polymer with versatile characteristics. In this respect, oligomeric polyesters 
based on vegetable oils can be used in other polymeric matrices, to change the mechanical 
properties, as observed in this paper. 
 
Acknowledgements  
The authors thank to the Department of Chemistry and the Federal University of Paraná (UFPR) 
and they are also grateful to CAPES foundation for providing the financial support for this work.  
 
References  
1. A. Rodriguez-Uribe et al. Composites Part C: Open Access, 2021, 6, 100201. 

https://doi.org/10.1016/j.jcomc.2021.100201. 
2. M. L. Tebaldi et al. Journal of Drug Delivery Science and Technology, 2019, 51, 115-116. 

https://doi.org/10.1016/j.jddst.2019.02.007.  
3. S. F. Zawadzki. Dissertation, Federal University of Rio de Janeiro, 1989.  
4. R. Avolio et al. European Polymer Journal, 2015, 66, 533-542. 

https://doi.org/10.1016/j.eurpolymj.2015.02.040.  
5. D. M. Scremin. Dissertation, Federal University of Paraná, 2020. 
6. H. D. M. Follmann. Dissertação, Universidade Federal do Paraná, 2009. 
7. S. V. Canevarolo Jr, Ciência dos polirneros: um testo básico para tecnólogos e engenheiros, 

Artliber, São Paulo, 2002. 
8. S. R. Schaffazick et al. Química Nova, 2003, 26, 5. https://doi.org/10.1590/S0100-

40422003000500017.  
9. G. A. Senhorini. Dissertation, Federal University of Paraná, 2010. 
 

1199



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

SUSTAINABLE ALTERNATIVES FOR PACKAGING: EXPLORING THE 
HIGROSPICITY OF BIODEGRADABLE MATERIALS BASED ON PLA, 

PBAT, AND RICE HUSK
Vanessa Z. Kieffer1*, Nicole B. Agostini1, Edson L. Francisquetti2 and Ruth M. C. Santana1

1 – Department of Materials Engineering, Federal University of Rio Grande do Sul (UFRGS), Porto Alegre, RS, Brazil .
2 – Federal Institute of Education, Science and Technology of Rio Grande do Sul (IFRS), Farroupilha, RS, Brazil.

*vanessa.kieffer@ufrgs.br

Abstract - The present study aims to develop a sustainable material using biodegradable polymers combined with  
agroindustry residues, to find more sustainable options to reduce the negative environmental impact of single-use food 
packaging. Different formulations containing polylactic acid (PLA), polybutylene adipate -co-terephthalate (PBAT) in the 
form of blends (BL), and composites (CO) reinforced with 10 and 20% of rice husk (RH) were prepared to identify the 
most appropriate formulation to produce a material biodegradable with the specific properties required for its application 
in packaging. The samples were characterized using moisture absorption, water absorption, and contact angle 
measurements. The results showed that PLA, PBAT, BL1, and BL2 behave similarly. Furthermore, it was observed that 
samples containing lower RH content (10%wt) showed lower hygroscopicity and hydrophilicity compared to the other 
composites. Concluding, as well as the PLA/PBAT blends, the composite materials containing rice husk are potential 
substitutes for single-use food packaging.
Keywords: PLA, PBAT, Rice Husk, Biodegradable Packaging, Sustainability.

Introduction
The growing concern about environmental pollution caused by the accumulation of plastic waste has 
driven the search for sustainable alternatives for single-use food packaging. Faced with these 
concerns, it is essential to seek sustainable solutions and adopt ecologically responsible practices to 
minimize the negative impact caused by single-use packaging waste on our planet [1]. Therefore, the 
development of biodegradable materials for packaging has gained prominence as a promising solution
to replace non-biodegradable conventional polymers [2, 3].
One of the alternatives is using biodegradable polymers, such as polylactic acid (PLA) and 
polybutylene adipate-co-terephthalate (PBAT), which come from renewable sources and have 
characteristics suitable for packaging applications [4, 5]. PLA is a polymer obtained from renewable 
sources, such as corn starch, and is biodegradable in industrial composting [3]. Conversely, PBAT is 
a copolymer combining polybutadiene and adipate terephthalate properties, being flexible and 
biodegradable in composting [4].
These biodegradable materials have shown promise as alternatives to conventional polymers in 
packaging, since they have physical and mechanical properties suitable for various applications, such 
as food transport and storage, protective packaging, and packaging for electronic products, among 
others [5]. In addition, these materials are biodegradable; they can decompose naturally in the 
environment, reducing the accumulation of plastic waste and minimizing the environmental impact.
However, in addition to the biodegradable polymer options already available on the market, it is 
essential to emphasize that the selection of materials to develop new formulations depends on the 
specific properties, availability, and cost of the raw materials used. In this context, developing new 
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formulations of sustainable materials by combining biodegradable polymers with residues, such as 
rice husks (RH) is interesting. Rice husk is rich in cellulose, lignin, and other organic components, 
which makes it a residue with a solid potential to produce sustainable materials for food packaging. 
In addition, the use of agroindustry residues contributes to the reduction of the environmental impact , 
since the use of a certain percentage by mass of rice husk in the formulation of the biodegradable 
material will help to reduce the amount of agricultural waste improperly discarded, promoting a more 
sustainable approach [6].  
Therefore, the purpose of the present study is to develop a sustainable material using PLA/PBAT 
combined with rice husks (RH), aiming to replace single-use food packaging. The mixture of 
biodegradable polymers with agroindustry residues can be an exciting strategy for developing eco-
friendly packaging, considering the availability, properties, and costs of the raw materials, as well as 
the compatibility and desired performance for the specific application. 
 
Experimental 
Materials 
For the formulation of the samples, two biodegradable polymers were selected, PLA (Ingeo™ 
Biopolymer 4043D) and PBAT (Ecoflex® F Blend C1200); and as filler, rice husks (RH) provided 
by local producers. Different formulations were produced to determine the most suitable formulation 
for getting the most cost-effective biodegradable material, as specified in Table 1. 
 
Table 1 – Formulation of samples. 

Samples PLA (%) PBAT (%) RH (%) 
PLA 100 - - 

PBAT - 100 - 
BL1 90 10 - 
BL2 80 20 - 
CO1 80 10 10 
CO2 70 10 20 
CO3 70 20 10 
CO4 60 20 20 

 
The materials were mixed and homogenized in a HAAKE Rheomix OS Polylab mixing chamber, to 
obtain blends (BL1 and BL2) and composite materials (CO1, CO2, CO3, and CO4). Then, the 
mixtures were compressed in a hydraulic press at 170 ºC and, subsequently, the trays were made by 
thermoforming. 
 
Characterization Methods 
To compare the hygroscopicity of the thermoformed polymeric plates, according to the ASTM D5229 
standard, a moisture absorption test was carried out in controlled relative humidity chambers at a 
constant temperature of 30 ºC, using 75% relative humidity saturated saline solution. The water 
absorption content was evaluated through the immersion test in distilled water, according to ASTM 
D570, to determine the degree of hydrophilicity of the samples. And a wettability test was performed 
based on the ASTM D7334 standard to complement the barrier study of biodegradable materials. In 
this test, the images were acquired through a contact angle measurement system with a digital optical 
microscope, and the contact angle calculations were performed using the Surftens software. The 
statistical analysis of the variance (ANOVA) of obtained results has been carried out using the 
software Origin. A one-way ANOVA and a Tukey’s test were used to check for statistical differences 
among groups (p ≤ 0.05). 
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Results and Discussion
Moisture Absorption
The humidity test was carried out in a controlled environment to analyze the behavior of the samples 
in the long term, where measurements were carried out every seven days until the increase in mass 
was considered substantially saturated, totaling 35 days, as shown in Fig. 1.

Figure 1 – Result of the average moisture absorption content of the analyzed samples in the long term.

In Fig. 1 it is possible to observe that, in the first seven days, moisture absorption was faster. 
According to Ighalo et al., this is because the driving force of mass transfer is initially very high [7].
However, all samples achieved stability in moisture absorption after 14 days of testing, with values 
below 0.5%. An analysis of variance (ANOVA) was performed to evaluate the measurements found 
for the samples after 35 days of testing. Thus, statistically, it was verified that there are no significant 
differences between the PLA, PBAT, BL1, and BL2 samples. Regarding the PLA/PBAT/RH 
composites, it was found that CO2 (70|10|20) absorbed more moisture, with a value of 0.45%, 
followed by CO4 (0.39%), CO3 (0. 35%) and CO1 (0.33%). The greater amount of absorbent material 
present in the CO2 and CO4 composite formulation can explain this. However, it is important to point 
out that even with this higher moisture absorption, the value remained below 0.5%, which is 
considered satisfactory for application in packaging according to ISO 187.

Water Absorption
The hydrophilic nature of rice husk makes water absorption a critical aspect of producing materials
for use in packaging [8, 9]. To analyze the behavior of the samples in the long term, immersion tests 
were carried out, where measurements were carried out every seven days until the increase in mass 
was considered substantially saturated, totaling 42 days, as shown in Fig. 2.

Figure 2 – Result of the average water absorption content of the analyzed samples in the long term.
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As predicted, the result showed that the PLA/PBAT/RH samples had a higher water absorption 
content. Because, the rice husk is composed of different types of components, with cellulose being 
one of the main constituents. In addition to cellulose, rice husk contains lignin, hemicellulose, silica, 
proteins, and lipids in varying amounts [8]. Although its composition varies, rice husk has strong 
hydrogen bonds due to its basic cellulose constitution, being highly hydrophilic [9]. Therefore, when 
incorporated into a polymeric matrix, rice husk can act as a water retention agent and, in addition, 
increase the porosity of the composite material. This can allow for greater penetration and retention 
of water in the matrix, resulting in greater water absorption [10]. 
From the analysis of variance (ANOVA), it can be concluded that there are no significant differences 
between the samples PLA, BL1, and BL2. In the case of PLA/PBAT/RH composites, the results 
showed that CO2 and CO4 are statistically equal, as well as CO1 and CO3, which means that these 
composites have similar behavior in terms of water absorption.
However, it is important to emphasize that the CO1 and CO3 samples showed minor water absorption 
compared to the other composites, suggesting more significant interfacial interaction and 
homogeneity of the samples. Suggesting that these samples are more suitable for applications where 
water resistance is an important property.

Contact Angle
The contact angle test was carried out to study the effect of incorporating fibers into the polymeric 
matrix, specifically on the surface’s hydrophobicity changes. For such, after the deposition of the 
drop of water on the surface, images were captured at 3 and 180 seconds to analyze the surface 
wettability of the composite material. Figure 3 shows the deposited water droplet pictures on the 
analyzed samples, and Fig. 4 shows the results of contact angles.

Figure 3 – Images of water droplets on the surface of the samples in 3 and 180s, respectively: (a) PLA;
(b) PBAT; (c) BL1; (d) BL2; (e) CO1; (f) CO2; (g) CO3 e (h) CO4.

Figure 4 – Comparative result of the contact angle of the analyzed samples.
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In Fig. 3, comparing the behavior of water droplets under the surface of the samples, it is possible to 
suggest that the PBAT is more hydrophobic than the other samples, as less water droplet scattering is 
seen. 
Regarding the composite materials, the results indicate that the CO2 and CO4 composites have greater 
hydrophilicity, which may be due to a higher rice husk content (20%wt) and, consequently, a lower 
homogeneity in the sample than the other analyzed composites. On the other hand, the CO1 and CO3 
composites showed lower hydrophilicity, highlighting CO3. 
It is noteworthy that despite the addition of rice husk, the composites showed good contact angles. 
This feat can be explained by the Cassie-Baxter phenomenon; when a textured surface comes into 
contact with a liquid, the liquid does not completely wet the surface, forming small air pockets trapped 
between surface irregularities. In this case, textured surfaces appear more hydrophobic than smooth 
surfaces [11].  
 

Conclusions 
The results obtained showed that the PLA, PBAT, BL1, and BL2 samples showed similar behavior. 
Furthermore, the CO1 and CO3 composites showed lower hygroscopicity and hydrophilicity when 
compared to the other composites. Concluding that, as well as biodegradable polymer mixtures, 
composite materials with a biodegradable polymeric matrix combined with rice husk are potential 
substitutes for single-use food packaging due to their barrier properties. However, further studies are 
necessary to investigate the mechanical properties, biodegradability, and potential for industrial-scale 
production. 
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Abstract  
The high cost of activated carbon as an adsorbent used in the treatment of water for human consumption opens up the 
possibility of using alternative materials for removing contaminants. The objective of this ongoing research is to develop 
sustainable polyurethane foams from the incorporation of different amounts of rice husk ash residues to investigate the 
removal of mancozeb, glyphosate and 2,4D pesticides in aqueous solutions. Scanning electron microscopy images showed 
high porosity and interconnectivity between pores, favoring the adsorption process. Fourier transform infrared 
spectroscopy spectra and assignments confirmed the main characteristic bands of the foams. The Thermogravimetry 
evidenced the decomposition of the foams in three stages, about 280ºC, 390ºC and 450ºC, attributed to the urethane and 
urea connections, and to the polyether and polyester, respectively. For the residue there was no mass loss up to 800°C. 
The adsorption experiments are ongoing and soon the findings will be reported. This approach meets potential scientific, 
technological and economic benefits. 
 
Keywords: sustainable polyurethane foam, adsorption, rice husk ash wastes, pesticide removal, water treatment. 
 
Fundings: Minas Gerais State Research Support Foundation (FAPEMIG). 
 
Introduction  
The global production of pesticides has been growing exponentially over the years, reaching 4 million 
tons in 2022 with an annual increase close to 12% [1,2]. However, studies have shown that only 1% 
of the agrochemicals used in crops are actually directed to pest control, thus damaging the 
surrounding ecosystem and natural resources [2]. In Brazil, the amount of pesticides consumed has 
increased from 241.000 in 2010 to over 720.000 tons in 2021 [3]. 
According to the Brazilian Institute for the Environment and Renewable Natural Resources, 
glyphosate, 2,4-D and mancozeb accounted for 56% of the 510.000 tons of active ingredients sold in 
Brazil in 2018 and are found in varying concentrations in water sources [3]. This assertion can be 
corroborated by the drastic reduction in the maximum permissible value for mancozeb, from 180 ug/L 
to 8.0 ug/L, in the current potability standard published in May 2021 [4]. The European Union 
prohibits the use of Mancozeb, while Brazilian legislation allows its use [4,5]. Mancozeb is associated 
with chronic health problems, organ toxicity, thyroid problems, and effects on the neurological and 
respiratory systems [6,7]. 
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There is evidence that the conventional treatment of water that supplies close to 75% of the Brazilian 
population, involving coagulation, flocculation, sedimentation and filtration, is not significantly 
efficient in removing pesticides. Activated carbon of vegetable, mineral or animal origin stands out 
as the most used adsorbent in water treatment, predominantly in powdered form. However, the high 
cost often makes its use unviable, especially for small supply systems. Especially for charcoal 
produced in Brazil based on coconut shell, the applied dose of around 10 mg/L would represent a cost 
of approximately US$3.2/100 m3, something like 70% of the total cost of chemical products used in 
potabilization. The frequent presence of pesticides in water bodies, the low removal rate in treatment 
plants and the high cost of activated carbon have encouraged the study of alternative adsorbents. 
Polyurethane foams have chemical and physical properties suitable for the adsorption of organic 
contaminants, with high removal efficiency, chemical and thermal resistance, low cost, easy obtaining 
and handling. Waste materials (agricultural and industrial) have been used as adsorbents or 
incorporated into polymer matrices to capture organic contaminants [8,9]. Agricultural residues are 
an abundant source of porous materials rich in active functional groups. Rice husk constitutes about 
20% of the 650 million tons of rice produced annually in the world [10]. The calcination of rice husk 
produces rice husk ash (RHA), a network of silica particles that, once incorporated into a polymeric 
matrix, results in composites with improved properties for the adsorption process. 
In this context, the present research aims at the improvement of sustainable polyurethane foams, from 
different amounts of rice husk ash residues for potential use in the adsorption of the pesticides 
glyphosate, 2,4-D and mancozeb in natural waters. Satisfactory results from the application of 
developed polyurethane foams in the removal of the three pesticides under study and widely used in 
Brazil, will open perspectives for a wide range of research given the significant spectrum of these 
microcontaminants being present in the supply sources. 
 
Experimental  
Materials 
The RHA was kindly provided by the commercial Silcca Nobre®, Indiana Distribuição-Brasil, after 
gasification process in fluidized bed. Biopol® 411 was obtained from PoluUrethane (Ibirité, Brazil); 
polypropylene glycol (PPG 2000) from Sigma-Aldrich (St. Louis, USA); 80:20 mixture of 2,4-
toluene diisocyanate and 2,6-toluene diisocyanate from Sigma-Aldrich; Tin (II) 2-ethylhexanoate 
(TIN II Liocat® 29, Miracema-Nuodex - Campinas, Brazil); silicone (Tegostab® B 8135, Evonik - 
Essen, Germany). Maconzeb, glyphosate and 2,4-D herbicides were obtained from Sigma-Aldrich. 
 
Foam Production 
The production of polyurethane foam followed the methodology developed and consolidated by [9] 
in which RHA was incorporated into the mixture of polypropylene glycol and Biopol® 411 with 
percentages of 20% and 50% of the mass of polyols, being denominated of PUI-RHA20 and PUI-
RHA50, respectively. These were mechanically mixed at 1000 rpm for 5 minutes and then the TIN(II) 
catalyst, silicone surfactant and deionized water (DI water) were added, again subjecting them to 
stirring at 1000 rpm for 2 min more. Then, 2,4-toluene diisocyanate and 2,6-toluene diisocyanate in 
a ratio of 80:20 was added (TDI) to the mixture and stirred for another 30s. Finally, the mixtures were 
left curing for 72 hours at environment temperature. In Table 1, the denominations and compositions 
for the synthesized foams are represented, being PU the foam without the incorporation of RHA. 
 
Table 1 – Denominations and compositions for the developed foams. 

Espumas Biopol411 
(g) 

PPG2000 
(g) 

Silicone  
(g) TIN II (g) 

Água 
DI 

(mL) 

TDI 
(g) 

RHA 
(g) 

PU 
11,25 1,25 0,10 0,025 0,40 11,65 

0,00 
PUI-RHA20 2,50 
PUI-RHA50 6,25 
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Characterizations 
Thermogravimetry was performed in an Exstar 7200 equipment (Seiko-SII Nanotechnology, Inc.) in 
a nitrogen atmosphere and heated from 25 to 800ºC at a rate of 10ºC min-1. FTIR spectra were 
recorded using a Thermo Scientific Nicolet 6700 spectrophotometer in ATR mode, scanning in the 
range 450-4500 cm-1, with an average of 32 scans and a resolution of 4 cm-1.  
 
Determination of Pesticides Concentration and Adsorption Capacity 
A UV-vis spectrometer (UV-2600, Shimadzu Corporation, Japan) with spectra in the range of 185-
450 nm and a quartz cuvette (Kasvi, Brazil) will be used to identify the concentration of pesticides 
whose specific absorbances are referenced: 279 nm, 193 and 229, mancozeb, glyphosate and 2,4D, 
respectively [11, 15, 16]. The adsorption capacities will be investigated by immersing 120 mg of each 
adsorbent sample in an aqueous solution with a concentration of 500 ppm of each pesticide at natural 
pH. The experiments will be conducted at room temperature (25 ± 3 °C), in 100 mL amber glass vials 
(Pyrex), which will be shaken in a Fisaton shaker (model 786) for 24 hours, following the 
methodology of [9]. Subsequently, small aliquots will be collected from the solution in each vial with 
a 20 mL syringe will be filtered with a 33 mm Millex-HV filter and analyzed. The adsorption 
capacities will be determined as differences between the initial and post-adsorption concentrations of 
pesticides [9,12]. 
 
Results and Discussion  
Fig.1 shows scanning electron microscopy images of PU (a), RHA (b), PUI-RHA20 (c) and PUI-
RHA50 (d) materials. It can be observed that the foams produced showed high porosity and 
interconnectivity between the pores, evidencing satisfactory conditions for the adsorption process. 
The RHA is distributed with considerable homogeneity in the polymeric matrix, Fig 1(c), (d), and 
may increase the pesticides removal efficiency. 
 

 
Figure 1 – SEM of PU foam (a), RHA residue (b), PUI-RHA20 (c) and PUI-RHA50 (d) foams. 

 
Fig. 2 shows the FTIR spectra of the RHA, PU and their composites. The band at 3300 cm-1 was 
assigned to the stretching vibrations of N-H groups, while the peaks at  2900 and 2800 cm-1 were 
assigned to asymmetric and symmetric C-H stretching vibrations, respectively [9,11]. Between 2300 
and 2230 cm-1, the band of PU and composites is characteristic of the stretching vibration of residual 
NCO groups. An absorption band ranging from  1700 cm-1 to  1600 cm-1 corresponds to the 
carbonyl of the polyester of Biopoly 411 used in the synthesis of the samples and the stretching 
vibration of the carbonyl of urethane and urea (C=O). In the region of  1520 cm-1, the band 
corresponding to C-N stretching and N-H deformation can be observed. The characteristic C-N 
stretch of the tertiary amide and the N-H strain were observed near 1200 cm-1, and the band 
corresponding to the C-O-C stretch of the aliphatic polyether PPG 2000 was detected around 1040 
cm-1 [9,11,14]. The FTIR obtained for the RHA is shown in more detail and one can perceive, in the 
regions below 1100 cm-1, the vibrations associated with the structures of the silicates and 
aluminosilicates of the residue [13,14]. 
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Figure 2 – FTIR from RHA, PU, PUI-RHA20 and PUI-RHA50. 

 
Fig. 3 shows the characterization TGA curves of PU and its composites evidenced the decomposition 
of the foams in three stages, about 280ºC, 390ºC and 450ºC, attributed to the urethane and urea 
connections, and to the polyether and polyester, respectively [14]. As expected, for a given 
temperature, the greater the amount of residue incorporated in the foam, PUI-RHA50, Fig. 3(b), the 
lower the mass loss. For the residue, Fig. 3(a) there was no mass loss up to 800°C.  

 
                        Figure 3 – TGA curves of RHA, (a), PUI-RHA50 (b), PUI-RHA20 (c) and PU (d).   
 

 
Conclusions  
The adsorbents being developed in this work in progress, polyurethane foams of plant origin with rice 
husk ash residue, showed dimensional stability, high porosity and interconnectivity between the 
pores. A preliminary adsorption test showed that the removal efficiency of the pesticide mancozeb in 
aqueous solution was significantly higher for the adsorbent synthesized with a high percentage of 
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RHA. The produced composites, low cost and easily obtainable, may constitute as sustainably viable 
alternatives, in the removal of contaminants, to water treatment plants for human consumption. 
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Abstract - Bacterial cellulose (BC) has great potential to be used in several applications due to its excellent 
biocompatibility, high water retention capacity and structure that allows modifications. Thus, incorporating metallic 
nanoparticles (Nps) into BC can potentiate its characteristics, attributing antimicrobial properties to it. Silver (AgNp) 
and zinc (ZnNp) Nps are efficient antimicrobial agents. In this context, this work aimed to incorporate BC membranes 
with ZnNp or AgNp and characterize their properties. For this, membranes were synthesized and incorporated with zinc 
(BC/ZnNp) and silver (BC/AgNp) and then characterized by thermogravimetric analysis (TGA), x-ray diffraction 
analysis (XRD) and antimicrobial assay. The TGA showed a high residue content for the incorporated membranes, 
suggesting the incorporation of Nps, which XRD also confirmed. However, the membranes did not show antimicrobial 
activity due to the low concentrations incorporated.
Keywords: Bacterial Cellulose. Antimicrobial Agents. Metallic Nanoparticles.
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Introduction
Many biomaterials are currently being studied, emphasizing biopolymers that, due to their 
characteristics, become suitable for various applications, such as industrial, biomedical, cosmetic, 
and food. Among the biopolymers there is bacterial cellulose (BC), a natural biomaterial that stands 
out for having superior properties and a nature that allows desired modifications [1]. Despite having 
the same chemical structure as plant cellulose, it isn't associated with hemicellulose and lignin, 
discarding an additional purification step and making it more industrially attractive [2]. In addition, 
BC membranes have good mechanical properties, high levels of crystallinity, high water retention 
capacity and excellent biocompatibility [3].
Even though BC is a biomaterial with several characteristics, it does not have antimicrobial 
properties. Still, its surface is rich in hydroxyl groups that allow the adsorption of metallic ions or 
metallic nanoparticles (Nps) [4-5]. In this context, metal particles and Nps associated with the BC 
membrane stand out as they show good antibacterial properties due to the significant contact area 
allowing more interactions with molecules [6]. There are many metal ions and Nps with 
antimicrobial activity that can be used, such as silver (Ag) and zinc oxide (ZnO) [7].
Silver and its compounds are well known to have efficient antimicrobial properties due to their 
large surface area, providing better contact with microorganisms [8]. In most studies, AgNp is 
considered non-toxic; however, a greater surface area can promote a more significant release of Ag+

ions, which are related to nanoparticle toxicity and antimicrobial action [9].
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Zinc compounds have also been shown to be efficient antimicrobial agents, standing out for their 
nontoxicity at high concentrations, being exceptionally thermally stable and with a mechanism of 
action through the release of zinc ions (Zn2+), interacting with the bacterial cell wall destroying the 
cellular integrity [7]. 
Thus, the present study aimed to evaluate the potential for incorporating silver and zinc Nps into 
BC membranes and to characterize them in terms of their properties. Different concentrations of 
suspensions were tested. BC membranes incorporated with Nps have potential applications in the 
medical field, such as dressings with antimicrobial properties. This work is an initial study of the 
development of these biomaterials to use them in such applications and to the state of the art. 
  
Experimental 
Preparation of BC Membranes 
The bacterium Komagataeibacter hansenii ATCC 23769 was used to produce bacterial cellulose 
membranes. The Mannitol culture medium was used in the cell activation phase and membrane 
production phase, consisting of mannitol (20 g/L), peptone (5 g/L), yeast extract (5 g/L), phosphate 
disodium (2.7 g/L) and citric acid (1.15 g/L), being autoclaved at 121 ºC for 20 min. Cells were 
activated in an Erlenmeyer flask (125 mL) containing 50 mL of medium, incubated at 30 °C under 
static conditions for two days. Afterward, the inoculum was transferred to the culture medium at a 
rate of 20% (v/v) and kept at 30 ºC in static condition for nine days. The formed membranes were 
washed with distilled water and treated in 0.1 M sodium hydroxide (NaOH) for 1 h at 80 °C in a 
thermostatic bath. The membranes were submerged in distilled water, which was changed daily 
until the pH of the water reached neutrality. Subsequently, the membranes were autoclaved and 
stored in a refrigerator for the other procedures. 
 
Incorporation of zinc nanoparticles and silver nanoparticles into the membrane 
Suspensions of ZnNp or AgNp in distilled water at concentrations of 0.1% or 0.2% (w/v) were 
prepared in a beaker. Then, the suspensions were kept under magnetic stirring for 15 min and 
placed in an ultrasonic bath for 30 min for homogenization. To incorporate the Nps into BC, the BC 
membranes were previously manually pressed with absorbent paper to remove excess water and 
favor the absorption of the suspensions. The amount of water removed from the BC was quantified, 
then the membranes were soaked in a Nps suspension corresponding to the volume removed. The 
membranes were rotated every 6 h to ensure more homogeneous absorption of the suspensions, and 
after 48 h, the membranes had already absorbed the entire volume of the suspension. This test was 
conducted at room temperature. 
 
Thermogravimetric Analysis (TGA) 
The TGA was carried out in TA Instruments equipment, model TGA-Q50, to know the thermal 
stability of the biomaterials and the effects of the incorporations in the membranes. The samples 
were placed in a platinum sample holder and heated from 25 to 1000 °C at 10 °C/min under an inert 
atmosphere (N2) to determine the mass loss. 
 
X-ray Diffractometry (XRD) 
The XRD was performed in MiniFlex600 equipment (SmartLab, Rigaku) using CuKα radiation, 
voltage 40 kV, 1.5 mA. The 2θ scatter angle ranges from 5° to 50° at 0.05°/s. This analysis was 
carried out to characterize the phases present in the incorporated membranes. 
 
Antimicrobial Assay 
To evaluate the antimicrobial activity of BC/ZnNp and BC/AgNp membranes were used Gram-
negative bacteria Escherichia coli (ATCC 8735) and yeast Candida albicans (ATCC 6539), using 
the disk diffusion technique. The test microorganisms were pre-cultured for 24 h at 35 ºC in Brain 
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Heart Infusion (BHI) medium. Afterward, the microorganisms were diluted in a sterile 0.85% (w/v) 
saline solution until reaching the turbidity standard of 0.5 on the McFarland scale. Then, the 
microorganisms were uniformly plated in Petri dishes with Mueller-Hinton (MH) medium. Then, 
discs of BC, BC/ZnNp and BC/AgNp with 6 mm in diameter were distributed over the plates, and 
these were stored in an oven at 37 ºC for 24 h. After this period, the inhibition halos were analyzed. 
 
Results and Discussion 
Synthesis and Incorporation of Bacterial Cellulose Membranes 
After nine days of culture, the formation of membranes at the liquid-air interface was observed. The 
formed membranes had a gelatinous, moldable and homogeneous appearance, in addition to a 
structure that was quite resistant to rupture by manual traction. BC membranes initially showed a 
slightly yellowish color due to residual compounds of the culture medium. After the purification 
step, they became colorless or opaque white, depending on the thickness of the membrane obtained. 
After ZnNp incorporation, the membrane acquired a whitish color compared to pure BC, a 
characteristic color of the ZnNp solution. While for incorporation with AgNp, a change in the color 
of the BC from translucent to yellowish was observed, indicating the incorporation of AgNp into 
the membrane. 
 
Thermogravimetric Analysis (TGA) 
Fig 1 shows the TG and DTG curves for membranes incorporated with ZnNp and AgNp. All 
membranes exhibited a slight loss of mass below 200 °C. This first stage corresponds to the loss of 
water adsorbed by the BC membrane [10].  
 

 
Figure 1 - A) TG and B) DTG curves for membranes incorporated with ZnNp and C) TG e D) DTG 
curves for membranes incorporated with AgNp. 
 
A more accentuated second stage occurred around 300 ºC, also observed for all membranes. This 
stage is associated with cellulose degradation, including dehydration, depolymerization and 
decomposition of glucose units [11]. A third stage, referring to carbonaceous residues, was 
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identified only for the pure BC membrane, which occurred with a Tpeak of 577 ºC and a mass loss of 
approximately 8%. 
The incorporated membranes, except for the BC/AgNp 0.1%, demonstrated a temperature of 
maximum degradation (Tpeak) of the second stage lower than the pure BC, as well as the percentage 
of mass loss, thus reporting a reduction in the thermal stability of the BC membranes when 
incorporated with AgNp [12]. 
The BC/ZnNp 0.1% and 0.2% membranes presented a fourth stage with a Tpeak of 706 ºC, with a 
loss of 1% and 6% in mass, respectively. The degradation of carbonaceous residues (about 20%) 
extends to around 800 ºC; thus, it is believed that this fourth stage, observed only for BC/ZnNp, is 
about the degradation of carbonaceous residues since the temperature is within the suggested range 
as well as the percentage of mass loss [13]. 
It was found that the pure BC membrane had the lowest percentage of residue, approximately 
4.79%. After a temperature of 1000 ºC, the residue can be composed of inorganic particles that have 
not degraded and organic material that has not been calcined by the inert atmosphere [14].  
 
X-ray Diffractometry (XRD) 
XRD was used to characterize the phases of the materials incorporated with ZnNp and AgNp (Fig 
2). it is observed that the three characteristic peaks of cellulose are observed for all membranes at 
2Ɵ = 14.4º, 16.7º and 22.5º [15]. Thus, there was the preservation of the diffraction pattern of BC in 
all membranes; however, it is observed the appearance of tenuous peaks for membranes BC/ZnNp 
0.1 and 0.2%, BC/AgNp 0.1 and 0.2 %. 
 

 
Figure 2 - X-ray diffraction of membranes A) BC/ZnNp and B) BC/AgNp 
 
The BC/ZnNp 0.1% and 0.2% (Fig 2A) showed mild peaks at 2Ɵ = 32º, 34.3º and 36.1º, 
characteristic for zinc and consistent with the literature [16]. A peak appeared for membranes 
incorporated with AgNp, less intense at 2Ɵ = 38.4º [17]. Furthermore, the low intensity of these 
peaks suggests a low concentration of AgNp in the membrane. 
 
Antimicrobial Assay 
It wasn’t possible to observe antimicrobial effect in the functionalized membranes. The pure BC 
membrane corresponded to expectations, not showing a halo of inhibition, as it does not have 
antimicrobial activity, justifying the need to incorporate metallic ions to prevent wound infections. 
[18]. This way, antimicrobial activity was expected for the BC/AgNp and BC/ZnNp membranes 
since the Nps are proven antimicrobial agents. Still, the absence of inhibition halos may be linked to 
the low concentration of Nps or possible agglomerations during the incorporation [16-17]. In 
addition, although the initial concentration of solutions with antimicrobial agents is known, it is not 
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known the exact amount that was absorbed by the membrane nor if the agents diffused into the 
culture medium. 
 
Conclusions 
The characterization analyses carried out showed the incorporation of Nps. The TGA showed a 
higher residue content for the incorporated membranes and XRD confirmed the presence of Nps in 
the membranes. However, the analyzes showed that the Nps were in low concentrations, mainly due 
to the low-intensity peaks in the XRD and the behavior similar to that of pure BC in the TGA, 
justifying the absence of an inhibition halo in the antimicrobial activity assay. New studies should 
be carried out with higher concentrations of Nps aiming at a better application of BC membranes. 
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Abstract: Reactions catalyzed by nickel (Ni) supported on three-dimensional materials have been growing in the 
industrial and academic environment due to their inherent reactivity and recycling/reuse potential. In this research work, 
a hydrogel of pectin modified with amino groups (Pec-NH2) and poly(vinyl alcohol) (PVA) was synthesized for 
supporting metallic Ni. The modification of pectin was confirmed by FTIR and thermal analyses, which also confirmed 
the hydrogel formation. Preliminary studies demonstrated that the Pec-NH2/PVA hydrogels adsorb and stabilize Ni2+ ions, 
which can be reduced to Ni0 in the presence of NaBH4. It is envisaged that the heterogenization of Ni could be helpful to 
increase its catalytic performance, for instance, in cross-coupling reactions.

Keywords: Heterogeneous catalysis; transition metal; nickel; hydrogel; organic synthesis.

Introduction 
Over the years, catalysts gained notoriety in the academic and industrial fields due to their 

interesting characteristics. In short, the catalysts increase the speed of chemical reactions without 
being consumed. Besides, they reduce the generation of secondary and undesirable products [1,2]. 
Reactions mediated by the catalysts (i.e., catalysis) are classified into homogeneous and 
heterogeneous. Homogeneous catalysts are those that have the same phase as the reaction mixture. 
As they have a large contact area to interact with the reagents, the reactivity of these catalysts is 
advantageous. However, homogeneous catalysts are difficult to separate from the reaction medium. 
As the procedure requires several steps for complete purification/regeneration, the separation 
becomes time-consuming and often unfeasible [2]. That way, heterogeneous catalysts have a different 
phase of the reaction mixture and, therefore, they present easier separation and the cheapest 
treatments for regeneration. These features endow heterogeneous catalysis with a greener character. 
Researchers involving transition metals as homogeneous and heterogeneous catalysts have become 
increasingly relevant in the academic field. The fact that such metals have incomplete d orbitals makes
it easier to add or remove electrons from these regions during the reaction [2,3]. 

Among the metals usable in catalysis, nickel (Ni2+) has proved to be an excellent catalyst in 
organic reactions with low-cost compared to noble metals [4]. Despite numerous studies using 
transition metals as homogeneous catalysts, the idea of using them supported on solid materials has 
become more advantageous, since, as mentioned earlier, heterogeneous catalysts can be recovered 
and reused more easily. Currently, there are several types of support for these metals, such as zeolites, 
ceramics, polymers, and others [5]. Among these supports, hydrogels have become promising, as 

1215



 

Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

these three-dimensional solids consist of hydrophilic polymer chains that stabilize the metals, 
avoiding their agglomeration. This feature facilitates the support of the metal in the hydrogel structure 
[2,6]. Analyzing the polysaccharides currently used as the basis of these hydrogels, pectin (Pec) 
provided remarkable and advantageous characteristics. Due to its numerous carboxyl (‒COOH) and 
hydroxyl (‒OH) groups, Pec can increase reactivity by derivatization. According to Surjyakanta et 
al., 2017. [7] by modifying Pec with amino groups (‒NH2), there is, in fact, an improvement in 
reactivity, which benefits both the immobilization of transition metals and the crosslinking of the 
material [7,8]. The association of Pec with synthetic polymers like poly(vinyl alcohol) (PVA) allows 
for obtaining hydrogels with superior properties. PVA chains can form physically crosslinked 
networks due to hydrogen bonds (intra and intermolecular), enabling additional reinforcement 
without using external chemical crosslinkers [9].  

Based on this information, this work aims to develop a hydrogel based on PVA and Pec 
modified with amino groups (Pec-NH2) to act as a solid support for metallic Ni. It is expected that 
the heterogeneous catalyst prepared in this work be useful in organic reactions (e.g., Suzuki cross-
coupling reaction) [10]. 
 
Experimental  
Synthesis of Pec-NH2 derivative: At first, raw Pec was de-esterified following the methodology 
proposed by Xiao et al. [11]. The product was labeled as Pec-des. Next, for the modification with 
amino groups, Pec-des (1.0 g) was added to a beaker containing distilled water (15 mL) at 60 °C and 
stirred until complete solubilization. Afterward, N-hydroxy succinimide (NHS) (0.288 g) and 1-ethyl-
3-[3-dimethylami-nopropyl]-carbodiimide (EDC) (0.5 g) were added to the reaction mixture, which 
stirred at 25 °C for 0.5 h. Then, ethylenediamine anhydrous (EN) (2.0 mL) was added to the system 
and left under stirring for 8 h at 25 °C. Finally, the solution was dialyzed for 12 h against water, 
frozen (-20 °C, 12 h), and lyophilized (-50 °C, 24 h). 
Preparation of Pec-NH2/PVA hydrogel: Pec-NH2 (0.833 g) was added to a beaker containing distilled 
water (25 mL) at 60 °C and solubilized. In parallel, PVA (0.833 g) was solubilized in distilled water 
(25 mL) at 90 °C. Then, both solutions were mixed (0.5 h) at room temperature, and the pH of the 
resulting mixture was adjusted (pH ~ 4). Under previously specified conditions, glutaraldehyde (80 
μL) was added to the mixture under stirring (0.5 h) to promote the chemical crosslinking. Afterward, 
the Pec-NH2/PVA mixture was subjected to 6 cycles of freezing and thawing (1 h thawing and 2 h 
freezing), and finally, the obtained hydrogel was lyophilized (-50 °C, 48 h).  
Immobilization and in situ reduction of Ni: Standard solutions of NiCl2 (8 g/L) in distilled water were 
prepared. The Pec-NH2/PVA hydrogel (50 mg) was added to an Erlenmeyer flask containing the Ni2+ 
solution (50 mL) and left on an orbital shaking (100 rpm) for 12 h. The Ni2+ loaded hydrogels (Pec-
NH2/PVA@Ni2+) were washed with distilled water and dried in an oven (40 °C, 24 h). Finally, Pec-
NH2/PVA@Ni2+ hydrogels were soaked in a NaBH4 solution (0.05 mol/L) for 4 h to reduce the Ni2+ 
ions. The Pec-NH2/PVA@Ni hydrogel was washed with distilled water and oven-dried (40 °C, 24 
h).  
 
Results and Discussion 
 The characterization of the precursor materials used for the synthesis of hydrogels and their 
modifications were carried out using the FTIR technique. In Fig 1a, there are the spectra of Pec, Pec-
des, and Pec-NH2. Firstly, characteristic bands were observed in the Pec spectrum, such as at 3388, 
2938, 1742, and 1645 cm-1 referring to the stretching of the bonds O‒H, C‒H, C=O of ester, and C=O 
of free carboxylic groups, respectively [12]. After the de-esterification process, the Pec-des spectrum 
showed some modifications, such as shifting the O‒H stretch band to a higher wavenumber (3388 to 
3434 cm-1). Also, there were reductions in the intensity of the C‒H stretch band at 2938 cm-1 and the 
C=O ester stretch at 1742 cm-1. Such modifications may be inferring that the methodology used for 
de-esterification was efficient [13]. After functionalization with EN, the Pec-NH2 spectrum again 
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showed characteristic bands of Pec with some changes. The band at 3434 cm-1 was sharpened and 
shifted to a lower wavenumber (3388 cm-1), suggesting a decrease in the ‒OH groups (hydroxyl and 
carboxyl). The band at 1645 cm-1 showed greater intensity when compared to the band at 3388 cm-1, 
characterizing the contribution of the C=O amide stretching. Furthermore, the appearance of the band 
at 1564 cm-1 refers to the N‒H bending. These findings highlighted here so far confirm the 
functionalization of Pec-des [7]. The degree of functionalization was also calculated using a titration 
technique described by Ren et al., 2019. [14], which is based on free ‒COOH groups. A 
functionalization degree of ~67% was determined, which means that more than half of the free ‒
COOH groups of Pec-des were functionalized, forming a –COONH(CH2)2NH2 moiety. In Fig 1b. 
there are the spectra recorded for the precursor polymers and the Pec-NH2/PVA hydrogel. First, in 
the PVA spectrum, it is possible to observe the bands in the regions of 3420 and 1417 cm-1, referring 
to the stretching and bending of the O‒H bond, respectively. The bands at 2934, 1090, and 810 cm-1 
are attributed to the C‒H, C‒O, and C‒C stretching, necessarily in that order [9]. After synthesis of 
the hydrogel, some bands reappear; however, with some modifications. The band at 3388 cm-1 
observed in the previous spectrum was shifted to a higher wavenumber (3445 cm-1). Besides, the band 
referring to the O‒H bending bond was shifted to a higher wavenumber (from 1410 to 1450 cm-1). 
These modifications may represent intramolecular (PVA‒PVA) and intermolecular (Pec-NH2‒PVA) 
interactions via hydrogen bonds formed during the freeze-thaw process [15]. The band around 2938 
cm-1 referring to the C‒H stretching showed an enhancement in its intensity compared to the band at 
3445 cm-1. This change in the spectrum may be related to the presence of additional CH2 groups due 
to the crosslinking with glutaraldehyde. At 1564 cm-1 it is possible to observe the band referring to 
the N‒H bending, which was less intense. Finally, the shoulder-like band at 1700 cm-1 corresponds 
to the C=N bond, these points confirming chemical crosslinking [16]. Together, the FTIR data 
confirm the formation of a dual-crosslinked network in the Pec-NH2/PVA hydrogel. 
 

 
Figure 1. (a) FTIR spectra of Pec, Pec-des and Pec-NH2; (b) spectra of PVA, Pec-NH2 and Pec-NH2/PVA. 
 

The modification of Pec with the amino groups and obtaining of the Pec-NH2/PVA hydrogels 
were characterized by the thermogravimetric technique (TGA) and its first derivative (DTG), shown 
in Figs. 2a-d. First, the TGA curve of Pec exhibited three main stages of weight loss. The first stage 
shows a weight loss of 7%, which occurred in the range of 50 to 100 °C. This stage is related to the 
elimination of water present in the sample. Together, the second and third stages imparted a weight 
loss of approximately 70% at maximum temperatures of 240 and 315 °C, respectively [12]. The Pec-
des thermogram also showed three defined weight loss stages. The first stage shows a loss of 10% 
and occurred in the temperature range of 50‒110 °C, referring to the removal of water from the 
sample. The second stage showed a maximum temperature of 140 °C (weight loss of 8%), and it is 
associated with the decarboxylation of pectin. The last stage occurred with a maximum of 230 °C, 
representing a mass loss of approximately 30%. In this range, there was thermal decomposition of 
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pectin [17]. There is a difference in the thermal regions where mass losses occur when Pec and Pec-
des are compared, and this fact can be attributed to the elimination of most of the ester groups [11]. 
For the Pec-NH2 thermograms, the stage due to the weight loss of the ‒COOH groups was attenuated, 
and an additional stage of observed. This stage may be associated with thermal degradation of the 
functionalized amino portions of Pec-NH2, centered at a temperature of 186 °C. As discussed in other 
works, the insertion of amino groups reduces intramolecular and intermolecular hydrogen bonds, 
which explains a smaller residue at the end of the heating process [17]. The TGA curve of PVA 
exhibited four weight stages. The first represents a weight loss of 5%, occurring in the temperature 
range of 100 to 189 °C due to the elimination of water. The second stage imparted a weight loss of 
62%, with the maximum occurring at the temperature of 265 °C. At this stage, the elimination of 
hydroxyl groups occurs, which leads to the formation of polyenes [9]. The third stage represented a 
weight loss of 17%, occurring at a maximum temperature of 430 °C due to the degradation of polyene 
by Diels-Alder cyclization and radical reactions. The last stage occurs above 480 °C causing a 10% 
weight loss. In this stage, the decomposition of carbonaceous fractions of the PVA takes place [9]. 
When evaluating the influence of the heating process on the Pec-NH2/PVA hydrogel, three stages of 
weight loss are observed in different temperature regions regarding its precursor materials. In the first 
stage, there is the elimination of free water entrapped in the hydrogel matrix. This weight loss is 8% 
and occurs in a temperature range of 60‒120 °C. In the second stage, 55% weight loss occurred due 
to the elimination of the PVA hydroxyl groups, degradation of the functionalized amino groups of 
Pec-NH2, and part of the polysaccharide chains. This stage occurs at a maximum of 276 °C [18]. 
Finally, the last stage occurred with a maximum of 421 °C and 9% of weight loss. Such loss is due to 
the thermal decomposition of carbonaceous fractions of both PVA and modified pectin [18]. 
 

 

 
Figure 2. (a) TGA and (b) DTG curves of Pec, Pec-des and Pec-NH2. (c) TGA and (d) DTG curves of PVA, 

Pec-NH2 and Pec-NH2/PVA; (d) DTG of PVA, Pec-NH2 and Pec-NH2/PVA. 
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Conclusions 
In this present study, to improve the reactivity of Pec and assist in the immobilization of 

metallic Ni in the material, the modification of this polymer with amino groups was done. Also, PVA 
was used to enhance the hydrogel reinforcement without the use of external crosslinkers. It is worth 
mentioning that, according to the FTIR and TGA/DTG results, it was possible to observe that 
crosslinking of the hydrogel was made successfully. From future perspectives, the obtained hydrogel 
will be characterized to present other relevant properties, such as analysis of the amount of nickel 
adsorbed, crosslinking density, stability through mechanical analysis, and catalytic activity in Suzuki 
coupling reactions. Finally, it is extremely important to emphasize that reuse tests should be 
performed to complement the efficiency of the heterogeneous catalyst. 
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Abstract - Through the reaction of Bisphenol A diglycidyl ether with the curing agent 4.4'diaminodiphenyl-sulphone in 
the presence of the Poly(styrene-co-maleic anhydride) was obtained a polymeric network system. FTIR indicates the 
DGEBA/DDS reticulation by the disappearance of the characteristic absorption of the epoxy ring at 912 cm-1. It also 
suggests the opening of the PSCAM anhydride molecular structure ring in all SIPN samples, indicated by the 
disappearance of the two characteristic absorptions at 1774 cm-1 and 1850 cm-1, assigned as the symmetric and 
asymmetric stretching vibrations of the anhydride carbonyl group. The TGA and DTG analyses showed the samples' 
thermal stability with the onset of decomposition above 280 ºC and the presence of water up to approximately the same 
temperature, serving the polymeric system for medium-temperature electrolyte applications. DSC observed the absence 
of thermal processes at the temperature of using membranes in PEMFC. This work suggests that the system obtained 
might be promising for future applications in studying electrolytes for PEMFC. 
Keywords: Poli(styrene-co-anhydride maleic, Bisphenol A diglycidyl ether, network, membrane, fuel cell. 
Fundings: FAPERJ: E-26/010.000.982/2019 
 
Introduction 
Currently, the research and development of sustainable, efficient, and renewable means of energy 
have become constant, and among the proposals for replacing an energy source from the 
combustion of fossil fuels are fuel cells (FC). Proton exchange membrane fuel cells (PEMFC) are 
electrochemical conversion devices dependent on the constant and external supply of oxidizing (O2) 
and reducing (H2) agents for their performance [1]. PEMFC performance is directly related to its 
component membrane, which is a solid electrolyte responsible for ionic transport and also serves as 
a barrier to prevent the crossover of methanol or H2 to the cathode reducing FC activity [2]. 
DuPont's Nafion®, since the initial studies, is the most widely used polymeric membrane in 
PEMFC; its proton conductivity can achieve around 10–2  cm 1 [3] in a hydrated condition at high 
temperatures. A hydrophobic polytetrafluoroethylene backbone chain can characterize the 
molecule, which is regularly spaced nearby the perfluorovinyl ether side chains and has a 
copolymer molecular architecture. At higher temperatures, the membranes undergo substantial 
dehydration; their ionic conductivity decreases, and the performance characteristics of PEMFCs 
fall. Platinum catalyst poisoning by carbon monoxide decreases at temperatures higher than 100 °C 
[4, 5], so operating de FC at higher temperatures is desirable. Semi-interpenetrating polymeric 
network systems (SIPN) are still statistically understudied today. SIPNs have structural advantages, 
improving the electrochemical stability of the membrane and facilitating the exchange of the linear 
component with suitable commercial polymers for ionic conductivity improvement. Depending on 
the used polymers and crosslinking agent, it is possible to proceed with the sulfonation of the SIPN 
to simulate the nanostructure of Nafion®, with a hydrophobic-hydrophilic molecular arrangement, 
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plus the sulfonic groups that can form tubular structures to ionic conduction. These molecular 
modifications can become the system prone to the crossover of the gas/or ethanol. It is necessary to 
have the right balance between hydrophilic-hydrophobic sites, water absorption capacity, and 
polymeric porosity. 
Our group has worked with the synthesis of the semi-interpenetrating polymer network (SIPN) for 
use on membranes, starting with Bisphenol A diglycidyl ether (DGEBA) and the curing agent 
triethylenetetramine (TETA) or 4.4'diaminodiphenyl-sulphone (DDS) and highly hydrophilic 
commercial linear polymers. The present work aims to synthesize a series of DGEBA/DDS/ 
Poly(styrene-co-maleic anhydride) networks with an expectation to achieve systems like semi-
interpenetrating or interpenetrating polymer networks for future study of a conductive protonic 
membrane. 
 

Experimental 
SIPN synthesis 

The synthesis methodology and obtaining polymeric membranes by casting were based on 
the group's previous work [1]. It was necessary to adjust the solvent, replacing ethanol with acetone, 
due to the poor solubility of PSCAM in an alcoholic medium. Synthesis used 30 mL of acetone, and 
the molar ratio of DGEBA and DDS was maintained at 1:1, with a constant mass of 0.5000 g and 
0.3646 g, respectively, varying mass amounts of PSCAM (33, 38, 41, 47, and 50 mass %). Fig. 1 
shows the structures. 

  
4.4'diaminodiphenyl-sulphone (DDS) Bisphenol A diglycidyl ether (DGBA) 

 
Poly(styrene-co-maleic anhydride) - (PSCAM) 

Figure 1 - Structural formulas of DGEBA, DDS e PSCAM 
 
Infrared Vibrational Spectroscopy 
The vibrational infrared spectroscopy (FTIR) characterized the synthesized SIPN membranes to 
monitor the crosslinking reaction. A Nicolet Magna-IR760 analyzed the spectral region from 400 to 
4000 cm-1 with 128 scans and 1 cm-1 resolution on transmittance mode. 
 
Simultaneous thermal analysis (TGA/DSC) 
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) studied the thermal 
behavior and stability of the synthesized membranes. Measurements were performed 
simultaneously on SDTQ600 equipment (TA Instruments) with a complementary DSC heat flux 
sensor. About 5 mg of sample in alumina crucibles were employed, using a heating rate of 10 
oC/min from room temperature to 1000 °C under nitrogen flow (100 mL/min). The samples were 
previously dried and kept in a desiccator. 
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Results and Discussion 
 
Infrared Vibrational Spectroscopy 
The PSCAM-based membrane formed films with dimensional stability without visual roughness 
(Fig 2a). Fig. 2 shows SIPNx's spectra (x= 33, 38, 41, 47, and 50 PSCAM mass %). The results 
confirmed the DGEBA crosslinking through the disappearance of the band at 912 cm-1 - 
characteristic of the epoxy ring - and the emergence of a band at 1186 cm-1, associated with the 
formation of ether groups during the reaction of curing and a low-intensity band at 1635 cm-1 
attributed to OH stretching. Bands referring to the symmetric and asymmetric stretching of the 
sulfone group ((O S O)) of the DDS were identified in the regions between 1200-1070 and 1350-
1250 cm-1, respectively, evidencing the formation of crosslinked polymer for all synthesized SIPN. 
The spectra indicated the anhydride conversion concerning the PSCAM molecular structure in 
SIPN. The disappearance of anhydride signals at 1860 and 1776 cm-1 indicates anhydride 
conversion. The additional band at 1708 cm-1 was assigned to the formed carbonyl vibration of a 
carboxylic acid, as observed by Brusch and coworkers [6]. 
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Figure 2 - (a) Macrograph image of the SIPN47 (PSCAM 47%) membrane and detail of the anhydride ring 
opening, (b) SIPNx's FTIR spectra from 400 to 2100 cm-1 and (b) magnification of spectral region between 
860 and 1000 cm-1 
 
Thermal analysis 
Fig. 3 shows for SIPNx membranes (a) TGA and (b) DTG curves from 100 to 1000 oC, and Fig. 4 
shows the DSC curves in the temperature ranges (a) 15 a 1000 oC e (b) 15 a 500 oC. 
The membranes showed thermal stability greater than 280°C, and all samples showed water 
retention at temperatures between 90 and 250°C, according to the TGA/DTG analyses in the first 
stage of mass loss. The TGA/DTG analysis indicated the onset of polymeric degradation at 290°C, 
which extended to approximately 500°C, depending on the sample composition. TGA curves, 
additionally, show a displacement of the onset of thermal decomposition of the synthesized SIPN 
samples, compared to their precursors, which becomes more evident in the DTG curves (Fig. 3b). In 
the work carried out by Chen and coworkers [7], where the authors investigated the PSCAM 
reticulation with N-phenylamino methyl POSS, authors associate this behavior with network 
formation, which increased thermal stability. The lost water mass, verified as more significant than 
expected, can be due to water from the hydrolysis of PSCAM anhydride groups, resulting from the 
probable reaction [8]. Future 13C NMR analysis would be necessary to confirm these observations. 
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DSC analysis revealed two exothermic peaks in the PSCAM curve, at 380°C and 710°C, referring 
to the exit of volatile groups and the phase transition of polymer melting. Membranes with 38, 47, 
and 50% PSCAM showed exothermic peaks at 400 and 750°C, the first associated with the fusion 
of the DGBA/DDS polymeric network and the second referring to the fusion of PSCAM or its 
reaction product. In membranes 33, 41, and 44% PSCAM, a single peak is observed, associated 
with the fusion of the network, mainly the PSCAM volatile grouping. DSC curves did not indicate 
thermal events up to 290 oC or in the membrane application range (up to 150 oC). The chemical 
structure of the polymeric system needs to be confirmed by additional spectroscopic analyses. 
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Figure 3 - TGA (a) and DTG (b) curves for SIPNx  membranes from 100 to 1000 oC 
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Figure 4 - DSC curves for SIPNx membranes in the temperature ranges (a) 15 a 1000 oC e (b) 15 a 500 oC. 
 
Conclusions 
SIPN samples based on DGEBA/DDS and PSCAM were synthesized, and membranes with 
dimensional stability were obtained. FTIR indicates the DGEBA/DDS reticulation, as expected. It 
also suggests the opening of the PSCAM anhydride molecular structure ring in all SIPN samples, 
indicated by the disappearance of the two characteristic absorptions at 1774 cm-1 and 1850 cm-1, 
assigned as the symmetric and asymmetric stretching vibrations of the anhydride carbonyl group. 
Solid 13C NMR studies are necessary to elucidate the fundamental nature of the system as a SIPN 
or IPN. 
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The TGA and DTG analyses showed the samples' thermal stability with the onset of decomposition 
above 280 ºC and the presence of water up to approximately the same temperature, serving the 
polymeric system for medium-temperature electrolyte applications. DSC observed the absence of 
thermal processes at the temperature of using membranes in PEMFC. The present work indicated 
that the system studied might be promising for future applications in studying electrolytes for 
PEMFC. 
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Abstract – Polymers blends are a class of materials that arouse the interest of several industrial sectors due to the 
possibility of balancing properties that are not found in pure polymers. Most polymeric systems are immiscible and 
need compatibilization to present attractive characteristics to the market. In face of this, the work has as motivation to 
generate new functional composites to the packaging market through the compatibilization of the immiscible system 
between high-density polyethylene (HDPE) and PET coming from anchorage cables waste. The work evaluated the 
compatibilizing effect of HDPE grafted with maleic anhydride and calcium nanocarbonate between the phases of the 
blends, as well as the co-compatibilizing effect. Such evaluation was carried out through thermogravimetric analysis 
(TGA), differential scanning calorimetry (DSC) and Melt Flow Index (MFI). The morphology of the samples was 
observed through scanning electron microscope (SEM).

Keywords: Polymer blends, polyethylene, polyester, nanofillers.

Introduction 

Polymer blends are versatile, chemically stable, lightweight, and cost-effective materials. However, 
their poor miscibility often leads to non-homogeneous distribution and weak adhesion, resulting in 
low mechanical properties. This study focuses on producing packaging materials using an 
immiscible system of high-density polyethylene (HDPE) and recycled polyester (PET) from 
offshore platform anchoring cables. Different compatibilization processes, including co-
compatibilization, are evaluated to enhance material properties. The research aims to develop 
functional materials with improved mechanical properties, economically attractive as an alternative 
to developing entirely new matrices. The study also addresses environmental concerns by utilizing 
recycled resins and evaluating the role of compatibilizers in enhancing the properties of these
blends. By emphasizing the importance of compatibilization and the utilization of recycled plastics, 
the research contributes to a more sustainable approach to polymer production.

Experimental

This study employed high-density polyethylene (HDPE) as the matrix and polyester (PET) derived 
from scrapped mooring rope fibers as the dispersed phase. The potential compatibilizers used were:
calcium carbonate nanoparticles (nCaCO3) with modified surface through myristic acid coating,
obtained by the carbonation process, and commercial malleated polyethylene (HDPE-g-MA) were 
used.

Synthesis of CaCO3-AM Nanoparticles
The synthesis of CaCO3 nanoparticles followed a study by Racca [6] to optimize the conditions for 
obtaining particles with a narrow size distribution and smaller sizes. Myristic acid was chosen as the 
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surface modifier due to its higher thermal stability and smaller particle size compared to other 
commercial modifiers. The synthesis process included the reaction of a solution of tripolyphosphate 
anhydride (Na3PO4) with calcium oxide (CaO) in water, where a gas mixture of CO2 and N2 was 
introduced. The reaction was monitored until the pH reached 7-7.5, followed by the addition of a 
myristic acid solution. This method allowed for the controlled synthesis of CaCO3 nanoparticles 
with tailored particle size and surface modification [6]. The nanoparticle size was determined by 
Dynamic Light Scattering – DLS analysis. The CaCO3 nanoparticle size had an average size of 90 
nanometers. 
 
Design of Experiments and preparation of the blends 
In this study, Analysis of Variance (ANOVA) based on a 2k simple factorial design was adopted, 
where "k" corresponds to the number of process variables to be evaluated in the preparation of the 
nanocomposites. For this study, we considered k=3. The factors and levels adopted in the study can 
be observed in Table 1: 

Table 1: Factors and levels established in the 2k design: 
  LEVELS 
VARIÁVEIS CODE HIGH (+) INTERMEDIATE (0) LOW (-) 
SCREW SPEED (RPM) X1 300 200 100 
COMPATIBILIZER (wt. %) X2 3 1,5 0 
FILLER (wt. %) X3 3 1,5 0 

 
In this way, the statistical design encompasses 2 levels plus a central point, in duplicate, observing 
the most relevant variables of the system and optimizing the analysis of the results. Table 2 shows 
the experimental design. 

Table 2: planning matrix 

  CODED VARIABLES  UNCODED VARIABLES 

EXP X1 X2 X3 SPEED. (RPM) COMP 
(wt. %) 

FILLER 
(wt.%) 

1 - - - 100 0 0 
2 - + - 100 3 0 
3 - - + 100 0 3 
4 - + + 100 3 3 
5 + - - 300 0 0 
6 + + - 300 3 0 
7 + - + 300 0 3 
8 + + + 300 3 3 
9 0 0 0 200 1.5 1.5 
10 0 0 0 200 1.5 1.5 
11 0 0 0 200 1.5 1.5 

It should be noted that, for all experiments conducted, the content of HDPE and PET was fixed at 
90/10 (wt.%), respectively.  
 
Processing and determination of residence time.  
The nanocomposites were processed using a Twin Screw Extruder at temperatures ranging from 90 
to 270°C. Systems based on HDPE/PET (90/10, wt.%) were produced. To determine the residence 
time of the systems during processing, an optical system comprising a webcam connected to a 
Linux computer with a Python program was employed during processing. A tracer, consisting of 
dark blue pigmented HDPE pellets, was used to track the residence time of the samples under high 
temperature and shear rate. The program started capturing continuous images once the processing 
reached a steady and uniform state. The tracer was added to the main feeder, and the exact moment 
of addition was recorded by the system operator. By analysing the average RGB color of the 
extruded area and converting it to the HSV color system, the program determined the saturation of 
the tracer color, thus indicating the processing time of the material.[7] 
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Characterization of the nanocomposites 
The mechanical properties (elastic modulus and toughness properties) of the nanocomposite were 
analyzed through tensile testing, were carried out in the EMIC equipment, model DL300 (ASTM 
D638). The thermal stability of the systems was analyzed by thermogravimetric analysis (TGA), 
was performed using approximately 20 mg of sample. The material was heated up to 900 ºC at a 
heating rate of 10 ºC/min, under a nitrogen atmosphere with a flow rate of 90 ml/min. The TGA 
measurements were conducted using a Q 500 thermogravimetric analyzer from TA Instruments. 
The flow behavior of the materials was evaluated by melt flow index (MFI) analysis (ASTM 
D1238), in DYNISCO equipment, model LMI 4000. 
 
Results and Discussion  
 
Mechanical and flow behaviors. 
The study investigated the effects of process variables on the mechanical and flow properties of 
HDPE/HDPE-g-MA/PET nanocomposites (Table 3).  
 

Table 3: Mechanical properties of the systems  

EXP X1 X2 X3 Elastic Modulus 
      (MPa) 

Toughness  
     (MPa) 

        MFI 
    (g.10 min-1) 

1 - - - 1232 ± 17 527 ± 41 1,9 ± 0,1 
2 - + - 1181 ± 20 653 ± 38  1,2 ± 0,1 
3 - - + 959 ± 25 492 ± 18 2,4 ± 0,2 
4 - + + 943 ± 20 437 ± 12 2,6 ± 0,1 
5 + - - 1058 ± 24 567 ± 26 2,6 ± 0,1 
6 + + - 889 ± 15 884 ± 27 1,6 ± 0,6 
7 + - + 952 ± 9 423 ± 15 2,3 ± 0,1 
8 + + + 901 ± 7 457 ± 27 2,9 ± 0,1 
9 0 0 0 957 ± 21 546 ± 41 2,5 ± 0,1 
10 0 0 0 935 ± 20 521 ± 41 2,7 ± 0,2 

 
Surprisingly, increasing the content of nCaCO3 nanoparticles resulted in a decrease in the Elastic 
Modulus, indicating a loss of material stiffness. On the other hand, for the Toughness property, 
increasing the compatibilizer content and decreasing the nanofiller content led to higher values. 
Incorporating the traditional compatibilizing agent (HDPE-g-MA) into the HDPE/PET matrix 
significantly increased toughness, while the addition of nCaCO3 nanofiller decreased the property, 
suggesting a reduced interaction between HDPE and PET phases. These findings deviated from the 
expected enhancement of properties with the addition of modified nanofillers. Figures 1 show the 
Interaction graphics of mechanical. 
 

Figure 1: Interaction graphics: (a) Elastic modulus and (b) Toughness of the HDPE/PET systems 
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Scanning electron microscopy  
SEM micrographs (Figure 2) revealed important insights regarding the interaction between phases 
in the HDPE/HDPE-g-MA/PET system. The addition of CaCO3 nanoparticles led to larger domain 
sizes, suggesting a deterioration in the phase interaction. This effect was more pronounced at a 
screw speed of 100 rpm. Interestingly, at a rotation of 300 rpm, smaller sizes of the dispersed PET 
phase were observed even without the compatibilizer, possibly due to the higher shear rate breaking 
the domains. The micrographs also showed "bridging points" between phases in the presence of 
HDPE-g-MA, which were absent when CaCO3 nanoparticles were added. These observations 
provide an explanation for the observed decrease in mechanical properties. 
 

Figure 2: Scanning Electron Micrographs of composites: (a) and (D) HDPE/PET; (B) and (E) 
HDPE/HDPE-g-MA/PET and (C) and (F) HDPE/HDPE-g-MA/PET/CaCO3 

 HDPE/PET HDPE/HDPE-g-MA/PET HDPE/HDPE-g-MA/PET/CaCO3 

100 X 

 A) 
 
 
 
 
 
 
 

 B) 
 
 
 
 
 
 
 

 

300 X 
 

 D) 
 
 
 
 

 E) F) 

 
Thermal Properties 
Regarding the thermal stability of the analysed systems, evaluated in terms of the maximum 
degradation temperature (TMAX), it was observed that, according to the experimental design, 
higher filler contents led to an increase in the thermal stability of the blends. According to Wang et 
al. (2007), this increase in thermal stability observed in systems with the nanofiller can be attributed 
to the fact that during the degradation process in the analysis equipment (TGA), the nanofiller leads 
to the formation of a protective physical barrier layer of CaCO3 particles on the surface of the melt, 
thus reducing the degradation rate of polymeric matrix.  

 
Residence Time Determination 
The statistical analysis also shows that the process variable Mixing Speed was the most relevant for 
the parameter Residence Time, meaning that the lower the screw speed, the longer the residence 
time of the melt within the extruder, which was expected. Therefore, the profile of the Residence 
Time Distribution (RTD) curve of the system processed at higher screw speed (300 rpm) tends to 
produce slightly narrower RTD curves, as shown in Figure 3. 
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Figure 3: Residence time saturation curves as a function of time for different systems. 

 
 
The curves of the HDPE/HDPE-g-MA/PET systems show broader profiles compared to other 
systems, possibly due to a decrease in the melt flow index. Higher screw speeds resulted in faster 
material flow towards the extruder matrix but also causing greater disorder in the output flow. 
Additionally, the HDPE/HDPE-g-MA/PET systems exhibit smaller tails in the curves, indicating a 
potential increase in phase interaction within the molten mass, potentially influenced by the 
presence of the compatibilizing agent. However, the systems with CaCO3 nanoparticles exhibited 
elongated tails caused by "dead zones" within the extruder. 
 
Conclusions  
 
The statistical analysis demonstrates that the addition of a compatibilizer into the HDPE/PET 
system increases the toughness property by up to 56%, while increasing the nCaCO3 content 
decreases this property. The nCaCO3 nanofiller addition to the HDPE/HDPE-g-MA/PET also 
decreased the elastic modulus, indicating reduced interaction between the HDPE/PET phases. 
Additionally, higher filler contents improve the thermal stability of the blends, reducing the 
degradation rate of HDPE. SEM analysis and residence time are influenced by screw speed. Higher 
speeds lead to smaller dispersed phase domains and slightly narrower curves. 
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Abstract - Composite materials cover applications in several areas such as aerospace and naval,
uniting the attractive mechanical properties and the low density of the constituent components,
becoming a possibility to replace more traditional materials such as metallic materials. However,
composite materials can undergo degradation through exposure to environmental agents, with
consequent change of properties. Thus, it becomes important to know the extent of effects of aging
on the material. This present work seeks to evaluate alterations presented by glass fiber-epoxy
composites after environmental aging, subjected to impact tests to compare the results with
non-aged samples. The specimens were produced with prepreg glass fiber-epoxy in a hot press and
were cut with water jet according to the size prescribed in the ASTM D7136 standard for impact
tests. Half of the samples were subjected to aging for 30 days and the other half reserved in the
desiccator. All samples were submitted to the impact test for comparison of results, analyzed in
scanning electron microscope (SEM) and Fourier Transform Infrared Spectroscopy (FTIR). A visual
evaluation was carried out on the samples after the impact test, in order to analyze the influence of
aging related to the impact energy and the affected area. Spectroscopy allowed the evaluation of
chemical changes in the epoxy matrix with glass fiber reinforcement. Morphological alterations,
including defects accentuated by aging, were investigated based on SEM analyses. It was observed
that environmental aging can affect the performance of composite materials, especially when it
comes to applications that suffer impact damage.
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Abstract - In industry, several materials applications require bespoke characteristics such as mechanical strength, light 
weight and improved thermal conductivity, which cannot be simultaneously achieved by metals or ceramics alone. 
Polymer-metal composites are an engineering solution with potential to fill that gap. This study describes the development 
of an ABS/copper composite material compounded through extrusion and then injection-moulded. The maximum content 
of copper (60%w/w) yielded the greatest Young’s modulus, hardness and thermal conductivity, and a higher impact 
strength compared to the 30%w/w-copper composite.
Keywords: ABS composites, 3D Printing, Additive manufacturing, Polymer/metal composites
Funding: This publication has results from research conducted with the financial support of Enterprise Ireland under the 
Technology Gateway Programme, Grant Number TG-2017-0114 (APT Ireland), and Science Foundation Ireland (SFI), 
Grant Number SFI 16/RC/3918, co-funded by the European Regional Development Fund.

Introduction
Polymer-metal composites are of particular interest for applications in which either thermal or 
electrical conductivity is required, since polymers are not intrinsically conductive [1]. For instance, 
concern has arisen due to warpage and distortion caused by thermal expansion on polymer-based 3D-
printed parts, while inserts for injection hybrid moulds or electromagnetic structures such as antennas 
would benefit from properties that usual polymer materials lack [1–4]. Within this frame of reference, 
metal-reinforced polymers have become an alternative material to overcome those issues.

Masood and Song (2004) developed a new composite of nylon reinforced with iron particles [5]. They 
extruded the composite and produced filaments for fused deposition modelling (FDM), and then used 
that additive manufacturing (AM) technique to print inserts for hybrid moulds; the researchers also 
injection-moulded LDPE and ABS using the printed insert. Nikzad et al. (2011) and Sa’ude et al. 
(2013) investigated ABS composites filled with copper having metal contents of up to 40%V/V, 
observing a significant improvement of ABS thermomechanical properties which could potentially 
lead to high performance, functional prototypes for a wide range of applications manufactured by 
FDM process [6,7]. Carbon fibre-reinforced ABS filaments were analysed by Ning et al. (2015), 
reporting that increasing carbon fibre content increases tensile strength and Young's modulus despite, 
however, contrastingly reducing toughness, yield strength, and ductility [8]. Kumar et al. (2019) 
investigated the behaviour of melt flow index (MFI) rates of ABS/aluminium composites for 
extrusion-based AM processes, noticing that the flow index increases with extrusion load and 
temperature, and that the filler loading has distinct effects depending on the content [9].
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In this context, this study arises as an initial trial that aims to evaluate the influence of presence and 
content of copper on the mechanical properties and thermal conductivity of ABS. ABS-matrix 
copper-reinforced composites were prepared by extrusion with two filler ratios for compounding and 
then injection-moulded. The feasibility of the composite obtained as a potential candidate for 
thermally-conductive polymer composite was assessed through material characterisation techniques 
including tensile, impact and hardness testing, thermal conductivity and melt flow index analyses. 
 
Experimental 
Materials 
Commercial-grade ABS was supplied by LG Chemical under trade name TR-557I as a transparent, 
impact resistant material. Copper powder 325 mesh (>99.0%, particle size <45 μm) was supplied by 
East Coast Fibre Glass. 
 
Composites extrusion and injection moulding 
ABS and copper powder were mixed and extruded in a co-rotating twin-screw Leistritz Macromatex 
II (ϕ 27 mm, 36:1 L/D ratio), with a 200-230 °C temperature profile at 30 rpm. Prior to compounding, 
ABS and copper powder were dried at 80 and 110 °C respectively, both for 2 h. Following extrusion, 
obtained composites were pelletised. Composite formulations were designed with one variable factor 
at three levels; the polymer/metal ratios are presented in Table 1. 
 
An Arburg 370E Allrounder injection moulding machine (ϕ 30 mm screw) was utilised with a 195-
220 °C temperature profile. Specimens for tensile (ASTM D638 type I) and impact tests (unnotched 
ASTM D6110 Charpy) and ϕ 25 mm discs were moulded. Allowing for higher filler contents, 
injection pressure was optimised, in order to prevent both short shots and flash (Table 1). Holding 
time and pressure were 7 s and 500 bar, and mould temperature was 55 °C, with cooling time of 30 s 
and total cycle time of 42.4 s. 
 
Table 1 - ABS and copper powder contents for the composite formulations prepared. 

 ABS-vir ABS-30%Cu ABS-60%Cu 
ABS [%w/w] 100 70 40 
Copper [%w/w] 0 30 60 
Inj. Pressure [bar] 800 900 1070 

 
Characterisation 
Stress-strain tensile tests were performed in a Zwick Roell universal testing machine with a 10 kN 
loadcell, based on ASDM D638-14. Test speed was 5 mm·min-1 and gauge length was 50 mm. Charpy 
impact test was carried out with mechanically-notched specimens based on ASTM D6110-10 in a 
Ceast Resil 6844 digital machine with a 4 J hammer. Hardness tests were carried out on a CV 
Instruments Ltd. Shore Durometer digital machine, with test load of 5.0 kg. 
 
The thermal conductivity, k, of the specimens was measured using a H111A Heat Transfer unit 
(P.A.Hilton Ltd.). A disc specimen (ϕ 25 mm, thickness 2.0 mm) was fitted between two parallel-
plate copper blocks. Voltage and current of 80 V and 0.109 A were applied. Finally, the surface 
temperatures were estimated according to the manufacturer’s instructions, and k for the materials was 
calculated based on Fourier’s Unidirectional Heat Transfer Law. 
 
Melt flow index (MFI) 
The melt flow studies were carried out using a Zwick Roell Cflow plastometer with a 2 mm die and 
were based on ASTM D1238-13. Testing was performed under a load of 2.16 kg at 230, 245 and 
260 °C. It is well known that a molten polymer’s shear viscosity — and, hence, its MFI — depends 
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upon the temperature, enabling the flow process mechanism to be associated to a flow activation 
energy, Ea, which can be estimated through a modified Arrhenius-Eyring equation: 
 
   MFI = B × exp(Ea / RT)  (1) 
 
where Ea can be calculated from the slope of ln(MFI) as a function of 1/T, B is a constant, R is the 
gas constant — approximated to 8.3143 J·mol-1·K-1 —, and T is the temperature in K [10]. MFI values 
for each sample were calculated at each temperature as the average of the material extruded within 
each of ten spans of 30 s, with the respective standard deviations. 
 
Results and Discussion 
Tensile testing results indicate that the copper content has a significant effect on all the mechanical 
properties evaluated (Table 1), as indicated by the analyses of variance (ANOVA) performed, with p 
< α = 0.01. The copper powder raised the Young’s modulus E to values ca. 50% greater for ABS-
60%Cu in comparison to ABS-vir. Contrastingly, all copper-loaded specimens had brittle fracture 
during the tensile test. ABS-vir exhibited a mean yield point at σY = 43.3 MPa and εY = 3.3%. This 
reveals a major embrittling effect of the copper filler on the matrix, representing a considerable loss 
in terms of toughness. Overall, the mechanical behaviour under tensile loading follows the same trend 
observed by previous studies [2,3]. Significant differences were found for all the three formulations 
regarding E and σmax. The reasons for this behaviour may lie in the nonhomogeneous dispersion of 
voids and particles, possibly leading agglomerations to cause stress concentrations [11]. As the metal-
polymer interface plays a fundamental role on the mechanical properties, another factor affecting the 
metal-polymer bonding integrity is the metal’s oxide morphology and stability. Since the 
formulations contain no coupling agent to promote enhanced interface interactions, there may be 
insufficient bonding between the metal particle and the polymer matrix [6]. 
 
Table 2 - Tensile properties of ABS and copper composites. 

Property ABS-vir ABS-30%Cu ABS-60%Cu 
Young's Modulus E [MPa] 1885.0 (±18.97) 2329.4 (±16.52) 2853.1 (±18.52) 
Tensile Strength σmax [MPa] 43.4 (±0.36) 33.7 (±1.71) 38.1 (±1.56) 
Stress at Break σB [MPa] 31.9 (±3.64) 33.7 (±1.71) 38.1 (±1.56) 
Strain at Break εB [%] 5.2 (±1.44) 1.6 (±0.11) 1.5 (±0.09) 
n = 16 

 
Resulting brittleness is endorsed by the decrease in impact strength, with values for ABS-30%Cu and 
ABS-60%Cu as low as 28% and 39% of that of ABS-vir (Figure 1). It suggests a poor adhesion 
between matrix and reinforcement as a low-energy cleavage path leads to reduced energy dissipation 
through the matrix [4]. Conversely, increasing the copper content to 60% actually enhanced the 
mechanical behaviour as it raised both tensile and impact strengths by 13% and 39%, respectively, in 
comparison to 30% copper content. The cross-section fracture surfaces resulting from the Charpy test 
can be observed in Figure 2. ABS-vir specimens present clear evidence of deformation as the impact 
rupture took place, while these signals are absent in the composites. Additionally, voids can be 
noticed on the composites cross-section. Shore D testing results indicate that the copper content has 
significant effect also on the surface hardness characteristics (ANOVA, p < 0.01) as significant 
differences were found for all the three materials. The values obtained showed an increasing trend 
alike to those of tensile and impact strengths between ABS-30%Cu and ABS-60%Cu, which are 
similar to results previously reported by Singh et al. (2018) and Moritz et al. (2021) [3,12]. Adding 
metallic particles changes the polymer matrix’s microstructure, and the introduction of more grain 
boundaries due to increasing the copper content causes the composite to reach greater hardness values 
[13]. Reinforcement ratio also has significant effects on k (ANOVA, p < 0.01), although ABS-vir and 
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ABS-30%Cu are statistically equal. ABS-60%Cu exhibited the highest thermal conductivity, ca. 16% 
greater than that of the neat ABS. Other studies have suggested that, beyond a minimum filling 
threshold, particles agglomerates in the interfacial surface would create a conductive path, enhancing 
thermal conduction properties [4,6,13].

Figure 1 - Properties of ABS and copper composites: impact strength (left), Shore D hardness (centre) and 
thermal conductivity (right).

Figure 2 - Examples of cross-section fracture surface obtained from the Charpy impact test for ABS-vir (left), 
ABS-30%Cu (centre) and ABS-60%Cu (right).

Copper powder is observed to increase the MFI relative to neat ABS (Table 3 and Figure 3), despite 
of the need to adjust the injection pressures in order to achieve suitable moulding conditions. Usually 
a thermoplastic’s MFI decreases with increasing filler content due to more intense filler-filler 
interactions. [3,9]. However, Kumar et al. (2019) reported that small amounts of filler could raise the 
MFI [9]. In this case, filler-filler agglomerates would be weak and break under the shear force that 
orientates the flow direction. ABS presents a main degradation step that starts from 300 °C, with 
onset point at ca. 365 °C, therefore no thermal degradation events are expected to take place within 
the temperature range utilised in the test [14,15]. Moreover, Singh et al. (2018) attribute increased 
MFIs of heavily-loaded composites to excess density effects [12]. Ea of ABS-60%Cu is ca. 20% 
greater than those of ABS-vir and ABS-30%Cu, which suggests that, despite being higher in density, 
the copper powder restricts the molten material flow so that more energy is required for the metal 
particles to flow through the matrix [10].

Table 3 - Melt flow index and flow activation energy Ea for ABS and copper composites.

Material
MFI [g·10 min-1] Ea

[kJ·mol-1] R2

230 °C 245 °C 260 °C
ABS-vir 2.69 (±0.10) 5.73 (±0.20) 10.24 (±1.11) 99.44 0.9966
ABS-30%Cu 4.51 (±0.36) 9.11 (±0.52) 16.80 (±1.41) 97.74 0.9995
ABS-60%Cu 3.88 (±0.07) 7.75 (±0.24) 19.71 (±0.67) 120.70 0.9897
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Figure 3 - Melt flow index for ABS and copper composites at the tested temperatures (left); plot of ln(MFI) 
as a function of 1/T (right). 
 
Conclusions 
Copper powder-reinforced ABS composites have been studied. The metallic filler promoted an 
expressive increase in Young’s modulus and Shore D hardness, but caused the composites to become 
brittle with reduced tensile strength and elongation at break. Brittleness was also noticed during the 
Charpy testing, as the impact strength decreased with inferior energy dissipation due to poor adhesion 
on the polymer-filler interface. On the other hand, the composite with the highest content of copper 
powder (60%w/w) exhibited improved thermal conductivity. Furthermore, the copper particles 
played a flow-promoter role, raising the MFI at all temperatures tested relative to neat ABS. 
 
References 
1. K.A. Hamzah et al. J. Thermoplast. Compos. Mater. 35 (2022) 3–16. DOI: 

10.1177/0892705719869405. 
2. S. Hwang et al. J. Electron. Mater. 44 (2015) 771–777. DOI: 10.1007/s11664-014-3425-6. 
3. V.F. Moritz, C.A. Ferreira, D.M. Devine, in: Proc. IMC37, Irish Manufacturing Council, Dublin, 

IRL, 2021. 
4. T.J. Quill et al. Appl. Compos. Mater. 25 (2018) 1205–1217. DOI: 10.1007/s10443-017-9661-1. 
5. S.H. Masood, W.Q. Song. Mater. Des. 25 (2004) 587–594. DOI: 10.1016/j.matdes.2004.02.009. 
6. M. Nikzad, S.H. Masood, I. Sbarski. Mater. Des. 32 (2011) 3448–3456. DOI: 

10.1016/j.matdes.2011.01.056. 
7. N. Sa’ude et al. Int J Eng Res Appl. 3 (2013) 1257–1263. 
8. F. Ning et al. Compos. Part B Eng. 80 (2015) 369–378. DOI: 10.1016/j.compositesb.2015.06.013. 
9. N. Kumar et al. Int. J. Mater. Prod. Technol. 59 (2019) 194. DOI: 10.1504/IJMPT.2019.102931. 
10. M. Poletto. Maderas: Cienc. y Tecnol. (2018) 0–0. DOI: 10.4067/S0718-221X2018005004401. 
11. A.M. Alghadi, S. Tirkes, U. Tayfun. Mater. Res. Express. 7 (2019) 015301. DOI: 10.1088/2053-

1591/ab551b. 
12. R. Singh, R. Kumar, I. Ahuja. Rapid Prototyp. J. 24 (2018) 1455–1468. DOI: 10.1108/RPJ-05-

2017-0094. 
13. G. Hu et al. Procedia Manuf. 38 (2019) 1236–1243. DOI: 10.1016/j.promfg.2020.01.215. 
14. A.T. Roussi, E.C. Vouvoudi, D.S. Achilias. Thermochim. Acta. 690 (2020). DOI: 

10.1016/j.tca.2020.178705. 
15. P. Kumar et al. Polym. Compos. 43 (2022) 4569–4587. DOI: 10.1002/pc.26713. 
 

0.0

4.0

8.0

12.0

16.0

20.0

230 °C 245 °C 260 °C

M
FI

 [g
·1

0 
m

in
-1

]

ABS-vir ABS-30%Cu ABS-60%Cu

0.6

1.2

1.8

2.4

3.0

3.6

1.85 1.90 1.95 2.00

ln
(M

FI
)

1/T [K-1×103]

1235



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

THERMAL AND MECHANICAL PROPERTIES OF ARAMID FIBER 
REINFORCED POLYPROPYLENE

Andressa Antunes Carneiro¹, Daiane Romanzini2, Vagner Grison¹, Rafael R. Dias³, Iaci M. Pereira³
e Ademir Zattera¹

1 Postgraduate Program in Engineering of Processes and Technologies (PGEPROTEC), Universidade de Caxias do 
Sul (UCS), R. Francisco Getúlio Vargas, 1130, Caxias do Sul/RS)

acarneiro971@gmail.com
2 - Postgraduate Program in Materials Technology and Engineering (PPGTEM), Federal Institute of Rio Grande do 

Sul (IFRS), Feliz, RS, Brazil 
3 - Laboratório de Materiais, Centro Tecnológico do Exército (CTEx), Rio de Janeiro, RJ.

Abstract The aim of this study was to investigate thermal and mechanical properties of polypropylene composites 
reinforced with aramid fiber (AF), by varying the length (25 and 50 mm) and the fiber content (5, 10 and 20 wt.%). 
Differential Scanning Calorimetry (DSC), thermogravimetry (TGA), viscosity, tensile and flexural tests were performed 
to obtain the data. The results indicated that the polypropylene composite with 10% AF showed a significant increase in 
the degree of crystallinity ( c), compared to samples with 5% and 20% of fiber content, and higher flexural strength
results. No major changes in the melting (Tm) and crystallization (Tc) temperatures of the produced composites were 
observed.

Keywords: Polypropylene, aramid fiber and fiber length.

Introduction

The use of fibers in a polymeric matrix (composites) is very common in various industrial 
applications. Composites are a multiphase combination material of two or more components with 
different properties and different forms, and it not only maintains the main characteristics, but also 
shows new character which are not possessed by any of the original components. These materials 
are formed by a phase called matrix or continuous phase and another dispersed phase that is 
embedded in the matrix [1].
Polypropylene (PP) is the most commonly used polymer as a matrix in fiber composites. It is 
capable of competing with higher-cost plastics in the market and being used in various applications 
due to its low processing temperature, adequate mechanical properties, crystallinity, relatively high 
melting point, crystalline phase that maintains mechanical strength at high temperatures, availability 
and cost, low density, and high rigidity [1].
Aramid fiber (AF), or Kevlar, is widely used in the manufacture of ballistic vests, usually employed 
in the multilayer format, and may contain intermediate layers of polymeric films. It is widely used 
in high-performance composite applications due to its excellent mechanical, thermal, and chemical 
properties. Kevlar shows high specific strength and modulus, as well as high thermal resistance and 
chemical inertia, making it an attractive option to replace metallic and carbon or glass fibers in 
some applications [2].
This work aims to develop a single-layer material for use in ballistic vests. Thus, the effect of 
different fiber length (25 and 50 mm) and content (5, 10 and 20 wt.%) in polypropylene (PP) was 
investigated.
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Experimental
 
Materials 
The homopolymer H301 polypropylene was obtained from Braskem. The fiber used was para-
aramid A314 KV K129, supplied by Barrday Advanced Material Solutions (Cambridge, USA).  
 
Methods 
The aramid fabrics were manually cut into two different lengths, 25 mm and 50 mm, and then 
defibrated. The material mixture was processed in a closed Brabender mixer, model Mixer 50 EHT, 
for 10 min at 180 °C. The processed material was pressed into plates (14 cm × 16 cm) in two 
different stages: a hot press temperature of 200 °C for 5 min with 10 tons and then cold-pressed for 
7 min with 8.5 tons. The plates were cut with a water jet cutter (dimensions of xx ×  xx) and 
subsequently dried in an oven at 80 °C for 24 h. 
 
Characterizations 
Thermogravimetric Analysis (TGA, Shimadzu, TGA 50 equipment) was performed using a 
temperature range of 25 °C to 800 °C and a heating rate of 10 ºC.min-1, using nitrogen in a flow rate 
of 50 ml.min-1. Differential Scanning Calorimetry (DSC) analysis (Shimadzu, DSC 60 equipment) 
was performed under nitrogen gas flow (50 ml.min-1), from room temperature to 200 °C, and two 
thermal cycles were carried out, using a heating rate of 10 °C.min-1. The crystallinity of the samples 
was calculated based on the enthalpy values obtained in the DSC curves. Crystallinity was 
calculated based on Eq. 1 and the enthalpy values for the first heating curve of the composites. In 
Eq. 1, H is the composite melting heat (enthalpy), H0 is the melting heat for 100% crystalline PP 
(209 J/g) [3 and 4], and wPP is the weight fraction of the polymer matrix. 

 

                                                        (1) 
 

To evaluate viscosity at different shear rates, capillary rheology analysis was performed using a 
Ceast SR 20 equipment with a size capillary of 20/1 mm at a temperature of 190 °C. Shear rates of 
10, 30, 50, 100, 200, 300 and 500 s-1 were used. The tensile and flexural tests were carried out on a 
universal testing machine (EMIC, model DL 2000), according to ASTM D790 and ASTM D638 
standards, speed of 50 mm.min-1 and 1.5 mm.min-1, respectively, on 5 specimens, with a load cell of 
200 kgf.  
 
Results and Discussion 
 
The tensile strength and modulus of elasticity results are presented in Figure 1 for different aramid 
fibers contents and lengths. A decrease in tensile strength (Figure 1a) was observed with an increase 
in fiber content for all the composites, if compared with neat polypropylene (AF 0%). This behavior 
suggests weak interaction between the fiber and the matrix, possibly due to the fiber agglomeration 
and energy dispersion reduction, which generates stress concentration and favors fiber displacement 
in the polymeric matrix [3]. The average tensile strength of the fiber samples ranged from         
22.99 MPa to 36.15 MPa, while the matrix showed a value of 35.62 MPa. The modulus of elasticity 
(Figure 1b) increased with higher fiber contents, with the 50 mm fiber length samples being slightly 
stiffer than the neat polypropylene matrix (AF 0%), while the others remained below this value. The 
average values of the modulus of elasticity varied from 508.58 MPa to 648.62 MPa, with        
585.38 MPa for PP 100%. According to the literature, an increase in tensile strength and modulus of 
elasticity was expected with an increase in fiber content [5]. However, the fiber agglomerates in the 
matrix during processing, especially for longer fibers (50 mm), and may have contributed to 
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decreased modulus, also influencing the standard deviation of the samples, due to the lack of fiber 
homogeneity in the test specimens.
The flexural strength and flexural modulus results are presented in Figure 2, for different aramid 
fibers lengths and contents. In general, samples with shorter fiber length (25 mm) showed an 
increased flexural strength, if compared to the matrix (PP 100%). The AF 10% (25 mm) sample 
achieved the highest average values (39.26 MPa), being 21.85% greater than the matrix               
(PP 100%, 32.22 MPa). On the other hand, samples with longer fiber length (50 mm) may have 
been affected by the processing, showing a greater tendency for fiber agglomeration. The flexural 
modulus showed increased values as the fiber content increases, for both lengths                           
(25 mm and 50 mm), with emphasis on the samples with 25 mm fiber length. The sample with the 
highest rigidity was AF 20% long fiber (50 mm), with an average value of 1201.56 MPa. However, 
this sample also showed greater material irregularity, with a standard deviation of ± 449.31 MPa. 
Meanwhile, the AF 10% (25 mm) sample resulted in 1167.96 ± 216.35 MPa.

Figure 1 Influence of para-aramid fibers content and length on the tensile strength in a) and elastic 
modulus in b).

Figure 2 Influence of para-aramid fibers content and length on the flexural strength in a) and flexural
modulus in b).

The rheological analysis of the composites is shown in Figure 3, and an increase in viscosity of the 
composites is observed with the addition of fibers [6], if compared to the matrix (PP 100%). Among 
the composites, the AF 5% samples showed lower viscosity if compared with the others              
(AF 10% and AF 20%). This behavior is related to the lower effort required for fiber orientation in 
the capillary [7] due to the lower fiber content. The change in the final part of the curve, with the 
increase in the load level (10% and 20% of fiber), is related to the softening of deformation caused 
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by the breaking of interactions between load/matrix [8]. The similarity of the curves between the 
concentrations of 10% and 20% of fiber may be related to the saturation of the influence of fiber on 
the behavior of the polymeric matrix.

Figure 3 Rheological analysis carried out at 190 °C of the pure matrix (PP 100%) and composites with 
different aramid fiber content (5%, 10%, and 20%).

The TGA curves are illustrated in Table 1. It is important to observe the influence of aramid fiber in 
the composite thermal stability. The sample with the most promising result in the flexural test      
(PP + AF (25 mm) 10%) was selected, and the thermal behavior was compared with the matrix   
(PP 100%) and the fiber (AF 100%). A shift in the composite curve is observed when the 
reinforcing fiber is added compared to the matrix [2], evidencing an increase in thermal stability for 
the composite (Tmáx = 451,48°C) in comparison with the neat polypropylene (Tmax = 438.32°C).
The sample with PP + AF (25mm) 10% presented two peaks of thermal decomposition related to 
the two materials used (PP and AF).

Table 1 Thermal stability of the neat PP, PP+AF(25mm)10% and AF 100% sample.

Sample
T10%

(°C)
T50%

(°C)
Ti1

(°C)
Tmáx1

(°C)
Tf degradatio1

(°C)
Ti2

(°C)
Tmáx2 

(°C)
Tf degradatio2

(°C)
PP 100% 383,7 427,3 289,23 438,32 456,88 - - -
PP+AF (25mm)10% 397,1 442,7 303,41 451,48 476,95 566,16 588,49 601,90
AF 100% 566,6 707,3 485,65 575,86 601,45 - - -

The values obtained in Table 1, which present the temperatures for mass loss in the ranges of     
10% and 50%, corroborate with this result due to the increase in the onset degradation temperature 
for the mixture (PP + AF (25 mm) 10%) in relation to the matrix. According to [3], this may be due 
to two possible effects. The first is related to the delay in heat propagation in the composite, caused 
by the formation of a protective layer of fibers around the PP chains at temperatures below the fiber 
decomposition temperature. The second effect concerns the formation of a protective layer of 
carbon covering the surface of PP, preventing heat and oxygen propagation at a temperature higher 
than the critical decomposition temperature of the fiber. Furthermore, for aramid fiber, the T50% 
was reached after the degradation peak. The final temperature (Tf) of the degradation peak 
corresponds to 32% weight loss.
In the DSC analysis (Table 2), the melting temperature of the composites showed a maximum 
variation of ± 2 °C compared to the PP matrix, whose Tm obtained was equal to 167.25°C. The 
crystalline peak temperature (Tc) showed a slightly gradual increase with the fiber content 
increased, compared to neat PP (Tc = 118.61°C), however, it remained around 123°C. The literature 
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[4] suggests that fibers would act as nucleating agents in the polymer matrix and consequently 
increase the values of Tm, Tc, but this behavior was not so pronounced in the obtained data. When  

s, according 
to the variation in the aramid fiber content, an increase in crystallinity is observed for the 
concentration of 10% aramid fiber, and it can be concluded that this fiber content favors nucleation. 
On the other hand, the 5% and 20% fiber contents do not act as nucleating agents due to the low 
amount of fiber and excess fiber, respectively [3]. The composites with 10% fiber content show a 
considerable increase in crystallinity, with the fibers acting as nucleating agents, increasing 
crystallinity and favoring the results showed in mechanical properties [3 and 4]. The flexural 
properties of the (PP + AF (25mm) 10%) sample corroborate this statement. 
 

Table 2  Melting temperature (Tm), crystallization temperature (Tc)  and degree of crystallinity (Xc) in 
relation to the percentage of fiber. 

Sample PP 100% PP + AF (25mm) 5% PP + AF (25mm) 10% PP + AF (25mm) 20% 
Tm (°C) 167,25 168,03 166,44 169,03 
Tc (°C) 118,61 122,91 123,04 123,06 

 85,42 79,65 89,64 53,49 
Xc (%) 40,87 40,12 47,66 31,99  

 
Conclusions  
 
Analyzing the performance of polypropylene composites by varying length (25 mm and 50 mm) 
and aramid fiber content (5, 10 e 20%) was evaluated. The rheological analysis indicated small 
variation between the percentages of 10% and 20% fiber, due to the possible fiber saturation, for the 
sample with 20%. From the flexural strength tested samples, those with a fiber length of 25 mm 
obtained better results, with emphasis on the sample with 10% fiber (PP+AF (25 mm) 10%). 
Through TGA analysis, an increase in thermal stability was observed with the addition of fiber. The 
degree of crystallinity analysis indicated a higher value for the sample with 10% fiber that 
corroborate with the flexural results. 
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Abstract - Due to the technological advancements achieved in recent years and the demand for high-
performance materials, polymeric materials have become prominent in replacing conventional materials
due to their characteristics. Given this high demand for polymeric materials, it becomes necessary to 
acquire knowledge about the polymer's service life because, like other materials, they are also subject to 
radiation, humidity, heat, and contact with various fluids, factors that alter their rheological and mechanical 
properties, thereby affecting the material's service life (Corazza, 1995). Consequently, it is necessary to 
obtain knowledge about failure types through various polymer-fluid combinations (Turnbull et al., 2000) in
order to prevent failures. One way to obtain new polymeric materials is through the processing of 
polymeric blends, which is a versatile technological solution usually cheaper and faster than synthesizing 
new polymers (Paoli, 2008). Stress cracking is a phenomenon that limits and compromises the application 
of polymeric materials and is the most common type of fracture in polymers, representing approximately
25% of failures in service. For this reason, stress cracking is considered a silent killer. The general 
objective of this study is to evaluate the resistance of the PP/PS blend to stress cracking in different active 
fluids. For this purpose, test specimens will be obtained and analyzed under tension/deformation conditions 
in the presence of ethanol and octanol. The PP/PS blends will be used with weight concentrations of 70/30,
50/50, and 30/70 percent.
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Abstract - Polyvinyl alcohol (PVA) has been widely applied in industries due to its low cost, non-toxicity and 
biodegradability. PVA together with polymers from renewable sources can form materials with new optical and 
antioxidant properties through the blending process. It is possible to insert natural substances that can act as antioxidants
within the polymeric matrix of the mixture. In this work, the PVA/Ch blends were altered with pitaya extract, which 
caused changes in the optical activities and increased the antioxidant properties of the polymer blend.

Keywords: blends, chitosan, pitaya, antioxidants, UV-VIS, PL 

Introduction 

Nowadays, most packages are produced from synthetic polymers derived from petroleum, 
producing a lot of waste. Considering environmental issues and the world's demand for biodegradable 
packaging, natural polymers have received much attention from researchers to form active films. 
Among the biopolymers or polymers from renewable sources studied for the development of active 
packaging, we can mention chitosan [1], gelatin [2] and starch [3]. Among the biodegradable 
synthetic polymers, there is poly(vinyl alcohol) (PVA), a water-soluble and biodegradable polymer
which is nontoxic and has application in different fields such as resins, medical, building industry and
packaging materials [4,5]. Polymers from renewable sources possess high solubility in water, but
possess poor barrier and mechanical properties. To improve these characteristics, the method of 
preparing blends and/or composites, with or without the addition of additives is used [6]. Polymer
blends involve combining two or more polymers to give rise to a new material without drastically 
changing the attributes of the original polymers. Additives such as plasticisers, crosslinking, 
antimicrobial and antioxidants can be incorporated into polymeric matrix to enhance the properties 
of the films [6]. Antioxidants are widely used in the plastic industry, aiming at protecting polymers 
during their oxidation process. Polymer oxidation occurs when there is exposure of the material to an 
aggressive environment under heating in the presence of oxygen. In these conditions, free radicals 
are generated, leading to chain scission reactions, cross-linking or to the auto-catalysis of oxidation 
reactions [7]. The antioxidants derived from plants act similarly and are commonly used for different 
materials, protecting from oxygen action and its reactive forms [8]. Natural antioxidants prevent the 
formation of free radicals, intercept the oxidizing agents created, inhibit chain reactions and prevent 
the initiation stage of the emission process of metals such as cadmium, mercury, copper and lead, 
maintained in this way as natural stabilizers. Moreover, some antioxidants are capable, not only of 
counteracting the reactive forms of oxygen, but also absorbing UV radiation projecting 
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photodegradation compounds [8]. In addition, additives extracted from plants have natural dyes that 
can change the optical properties of the polymeric blend, expanding its application beyond active 
packaging. In this way, this work prepared polymer blends from PVA and chitosan (Ch) with pitaya 
extract incorporated into a polymeric matrix of the blend and its optical and antioxidant properties 
were analyzed.  

Experimental  

Preparation of the extract of pitaya (ExPy) 
The fruit pulp was crushed using a mixer, the infusion was carried out with 400 mL of water 

at 90°C for 10 minutes. Subsequently, the sample was centrifuged at 5000 rpm for 30 minutes. After 
centrifugation, the extract was vacuum filtered. All extracts were stored and frozen in order to remain 
preserved. 
Preparation of polymer blends (PVA/Ch) with pitaya extract incorporated in the polymeric matrix 

The polymer blends were prepared according to the literature (with adaptations). Initially, 
0.35g of chitosan was weighed. The weighed chitosan mass was dissolved in 50 mL of a 1% acetic 
acid solution. The chitosan (Ch) solution was taken to a sonicator for 2h. Subsequently, the solution 
was maintained under magnetic stirring for 15 h at a temperature of 40 ºC. Separately, 5g of PVA 
was weighed and dissolved in 50 mL of distilled water. Then 2 mL of glycerol was added, and the 
solution remained under magnetic stirring for 1 h at an average temperature of 50°C. After this period, 
the PVA solution, under constant agitation, was cooled to room temperature. To obtain the PVA/Ch 
polymeric blend, the Ch and PVA solutions were mixed under magnetic stirring for one hour at room 
temperature. Then, this polymeric solution was sonicated for 15 minutes in order to completely 
homogenize the solution. After this process of preparing the PVA/Ch blend, the ExP were mixed in 
the solution to obtain PVA/Chitosan/ExPy polymer blends with 9 and 16% (v/v) proportion for 
extract of pitaya. Then, the solution remained under stirring for 10 min at 25°C. After sample 
homogenization, the PVA/Ch/ExPy blends with its extract were poured onto a non-stick surface and 
placed in an oven at an average temperature of 50ºC for 19h. UV-VIS spectra of the films were 
obtained on a Perkin Elmer spectrophotometer (model Lambda 35), operating in the range of 800-
190 nm. The Fluorescence spectra of the solution films were recorded on an LS-55 fluorescence 
spectrometer (Perkin Elmer). The photoluminescence (PL) study was obtained at excitation 
wavelength 240 nm. The antioxidant activity of the samples was evaluated by the modified methods 
according to Dordevic et al [9]. Approximately 100 mg of the film sample was weighted and 20 mL 
of ethanol was added. The samples were sonicated for 30 min and kept for 24h in ethanol. After 24h, 
the extracts were filtrated, 3 mL of extract and 1 mL of 0.1 mM DPPH solution in ethanol were mixed. 
The samples were incubated at laboratory temperature in the dark for 30 min and the absorbance was 
measured at 517 nm by spectrophotometer Perkin Elmer Lambda 35. Each sample was measured in 
triplicate and the antioxidant property of the films was expressed as percent inhibition of the DPPH 
radical (DPPH inhibition %), calculated according to Eq. 1:  

 

where A0 is the absorbance of the DPPH radical and A1 is the absorbance of the sample. 

Results and Discussion  
The UV-VIS spectrum for pitaya extract showed an absorption band in the range of 450 to 

620 nm with a maximum at 536 nm (Fig.1). This absorption range resulted from the existence of 
betalains pigments belonging to pitaya extract. Betalains have antioxidant properties which favor light 
absorbing because these pigments exist in nature in association with various copigments [10]. 
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Figure 1 - Spectrum of UV-VIS of pitaya extract. 

When ExP was incorporated into the PVA/Ch film to produce PVA/Ch/ExPy with 9 and 16% (v/v), 
it altered the absorption properties of the polymeric blend, producing a new absorption band in the 
range of 250 to 450 nm with a maximum at 305 nm (Fig. 2). The sample with the highest extract 
content showed absorption intensity as expected. The shift in the absorption maximum to shorter 
wavelengths can be attributed to the intermolecular interactions of the pitaya extract with the 
polymeric chains of the blend. The results confirm the incorporation of pitaya extract to the 
PVA/chitosan film since the pure blend film does not show absorption in this region of the spectrum 
(Fig. 2b).  

 

Figure 2 - Spectra of UV-VIS of (a) PVA/Ch/ExPy 9 and 16% (v/v) film and (b) pure PVA/Ch blend film. 

The photoluminescence emission spectra (PL intensity vs wavelength) of the PVA/Ch, 
PVA/Ch/ExPy 9 and 16%  are depicted in Fig. 3. For the study of photoluminescence properties, 
several spectra were taken at an excitation wavelength of 240 nm. The photoluminescence spectra of 
PVA/Ch presented two emission bands with maximum at 384 nm and 725 nm. PVA/Ch has 
photoluminescence at 384 nm that can be attributed to the amine group present in Ch which is 
protonated, and it has a lone pair of electrons in an aqueous acid [11]. The PL spectrum of pitaya 
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extract showed two emission bands with a maximum at 380 nm and 725 nm. The PVA/Ch/ExP blends 
and pure PVA/Ch blend revealed a PL spectrum similar to pitaya extract with emission maximum at 
382 nm to principal band and to second emission in the range 725-742 nm. This means that the 
polymeric chain of the blend allowed the pitaya extract to manifest its light-emitting property without 
changes or suppression.   

 

Figure 3 - Spectra of photoluminescence of the PVA/Ch blend pure and PVA/Ch/ExPy 9 and 16% (v/v) 

In Figure 4, the pure PVA/Ch film presented the DPPH inhibition of 77,2%, indicating that 
there was a good antioxidant property in pure PVA/Ch film. The PVA/Ch/ExPy 9 and 16% films 
presented a slightly higher DPPH inhibition with 82.5 and 82%, respectively.  

 
 

Figure 4 - DPPH inhibition (%) of the polymeric materials.  

Previous studies [12] have shown that pure PVA film has no antioxidant properties. However, 
the presence of chitosan in the blend formulation considerably increased DPPH inhibition. The 
incorporation of pitaya extract contributed to the polymeric material having an inhibition of more 
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than 80% of DPPH. DPPH absorbance decreased because DPPH was eliminated by chitosan and 
pitaya extract through hydrogen donation and pitaya extract through the donation of hydrogen to the 
DPPH radical to form a stable molecule, resulting in the change of color of the solution. In general, 
the presence of pitaya extract increased the inhibition power of the DPPH radical in PVA/Ch films.    

Conclusions  
 
The polymer blends of PVA/Ch incorporated with pitaya extract were prepared, and their 

opticals and antioxidants properties were evaluated. The addition of pitaya extract altered the 
absorption property of the blend. All solutions of polymer blends, when excited at a wavelength of 
240 nm, showed an emission spectrum similar to the pitaya extract. The presence of the extract 
provided a slight increase in the antioxidant property of pure PVA/Ch film. 
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Abstract Developing sustainable alternatives for current single-use packaging is an important 
technological transformation to increase biological nutrient cycles in a circular economy 
framework. Carboxymethylcellulose (CMC), a biodegradable polymer, was used as the polymeric 
matrix of composite films using egg-shell waste particles as a support for an active compound. Egg-
shell waste was milled to reach a fine powder, then it was taken into a muffle furnace and calcinated
at 900°C for 4 h. [1] After that, the powder was hydrated with distilled water (10:3 w/v), and then 
mixed with curcumin ethanolic solution (2,71 mM), thus forming the curcumin and egg-shell 
powder complex (CCO). Active films were obtained by casting method, incorporating the dried 
active complex to the CMC solution (20% w/w). The composite film was analyzed in contact with a
fatty food simulant (50 mL of soybean oil) after 10 minutes and after 10 days. The results in Fig. 1 
show the main FTIR-ATR spectra: it is noticeable that some bands related to CMC groups could 
have been influenced by the contact with the oil. The active films also exhibit characteristic peaks at 
871, 1589 and 1795 cm-1, corresponding to carbonate groups, indicating the presence of the CCO in 
the films, i.e., the active properties of the composite were maintained even after the contact with the 
oil, corroborating for its potential application as active food packaging.

Figure 1 FTIR-ATR spectra of CCO, soybean oil, CMC control film (CMC-cf) and the active films before 
(CMC/CCO), after 10 min (CMC/CCO 10min) and after 10 days (CMC/CCO 10d) immersed in soybean oil.
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BIOCOMPOSITES BASED ON PBAT AND SPENT COFFEE GROUNDS: 
EVALUATION OF BIODEGRADATION IN SOIL AND SIMULATED 

MARINE ENVIRONMENT
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Abstract The use of spent coffee grounds (SCG) from domestic disposal carried out by households 
in dumps and that consist of lignocellulosic natural fibers can be a renewable reinforcement agent 
and low-cost alternative in the production of biodegradable polymers composites for the developing 
friendly artifacts. In this work, composites were prepared by mixtures poly(butylene adipate-co-
terephthalate) (PBAT) with 50 wt. % of spent coffee grounds, untreated (PBAT/SCG) and treated via 
sodium hydroxide (PBAT/SCGT), on an internal chamber mixer equipped with ROLLER type rotors, 
followed by compressed molding. The SCG and composites were characterized by infrared 
spectroscopy (FTIR), thermogravimetric analysis (TGA) and scanning electron microscopy (MEV).
Tensile mechanical tests of samples were performed for evaluate the mechanical properties The 
biodegradation was evaluated using simulated soil method (ASTM G 160) and simulated marine 
environment (ASTM D1141/6691), monitoring the weight loss, visual inspection and morphological
of surface biodegraded analysis. FTIR spectra of SCG treated show low absorption bands at 2924 cm-

1 and 1740 cm-1 regions when compared SCG untreated. It may be assigned -CH, CH2 and C=O 
stretching and bending vibration, indicating the removal of part of the hemicellulose and lignin from 
the natural fiber structure. The results of Young modulus of the PBAT/SCGT presented increased 
values than biocomposite untreated and PBAT pure due a great interfacial area between components
after alkali treatment. The thermal resistance of all composites showed a similar weight loss curve 
profile as a function of temperature, but was noted a slight reduction in the initial degradation 
temperature (Tonset), when compared to the curve profile of the PBAT. The results of biodegradation 
tests showed that composites with spent coffee grounds treated presented higher weight loss than 
PBAT pure for both methods. It was noted this, the composites in marine environment absorbed water 
before starting the decomposition process.
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BIOPOLYMER-BASED HYDROGELS FOR Cd2+ ION REMOVAL IN 
AQUEOUS MEDIUM
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In recent decades several studies have been carried out aiming at the development of polysaccharide 
hydrogels for the removal of dyes and polluting metals in wastewater. Cellulose hydrogels are a 
sustainable alternative and have several advantages when it comes to the sorption process, including 
high swelling capacity, low toxicity, and easy preparation, make them a promising sorbent material. 
[1]. In this sense, this study sought to use water-soluble polysaccharide, alginate (AL) and 
carboxymethylcellulose (CMC) to enhance adsorption capacity cellulose (CEL) for removal 

of Cd2+ in aqueous medium.The CEL/AG and CMC/ALG hydrogels were produced from solutions 
(3% m/v) of CEL and AL, (1% m/v) of CMC, with a 50/50 proportion of polymers and gelled in a 
chloride solution of calcium (1% w/v). Scanning electron microscopy (SEM) analysis showed that
the CEL/AL 50/50 hydrogel has an irregular spherical external morphology, while the CMC/AL 
50/50 has a more compact surface. The result of the kinetic study shows that the removal efficiency 
of 83% of the Cd2+ ion in the first 60 min for the CEL/AL 50/50 hydrogel and of 56% in the first 
120 min for CMC/AL 50/50. The Langmuir, Freundlich and SIPs adsorption isotherms were used to 
analyze the adsorption equilibrium over the entire concentration range from 5 to 50 mg. L-1. The
adsorption of Cd2+ onto CEL/AL 50/50 was multi-layer and controlled, which could be well 
illustrated by Freundlich with a n values between 1 to 10 and a correlation coefficient (R2) of 0.903, 
indicating that the surface of the adsorbent is heterogeneous and it has adsorption sites in different 
layers. For the CMC/AL 50/50 hydrogel, the Sips model presented the best fit, with values of R2 

0.970 and value of n = 2.39, indicating that there may be simultaneous contribution of adsorption in 
monolayer and at multiple sites [2].
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CATALYSTS IN POLYHIDROXYESTER BASED VITRIMERS

Marcos L. Dias1*, Marcio Nele2 and Rodrigo H. Cunha1

1 - Universidade Federal do Rio de Janeiro, Instituto de Macromoléculas Professora Eloisa Mano, Av. 
Horácio Macedo, 2030, 21941-598, Rio de Janeiro, RJ, Brazil.

mldias@ima.ufrj.br

2 - Escola de Química, Av. Athos da Silveira Ramos, Universidade Federal do Rio de Janeiro, Av. Athos da Silveira 
Ramos, 149, 21941-909, Rio de Janeiro, Brazil

Abstract Conventional crosslinked polymers (thermosets) are polymer networks with strong 
permanent crosslinks that are not reprocessable and cannot be physically recycled for high value 
applications. Differently from thermosets, vitrimers are polymer networks with dynamic or 
reversible crosslinks in which covalently linked chains can have its topology reorganized by bond 
exchange reactions without compromise the material integrity [1,2]. One interesting class of 
vitrimers are those based on catalyst containing polyhidroxyesters in which reversible bonds are 
related with transesterification reactions. In this context, this contribution presents results of the
study on polyhydroxyesters synthesis based in diepoxy monomers such as diglycidyl polyethylene 
glycol (PEGDGE) and di and tricarboxylic acids (ex. sebacic acid (SA) and citric acid (CA)) in 
presence of different metal catalysts (zinc, tin and antimony) used to promote network curing and 
reprocessing by thermal-induced transesterification reactions. The effect of catalyst concentration 
on curing kinetics, and the dynamics of the bond exchange reaction in the polymer network. The 
vitrimer freezing topology transition temperature (Tv) was evaluated by thermal expansion and 
dynamic mechanical analyses. All these catalysts showed to effectively promote the fast curing and 
network formation and to modify the network Tv.
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Abstract - In this study, a new fibrous mat biocomposites formed with natural rubber (NR) and 
containing BL0 or BioS particles was developed using solution blow spinning technique. In order to 
assess fiber formation and BG dispersion in fibrous specimens, SEM morphological analyses were 
conducted. It was observed that average fiber diameter (dm) increased with the incorporation of BG 
in NR fibers, i.e., for pure NR, the dm value was 74.47 ± 24.54 µm, while for NR/BioS and NR/BL0
the values were 78.96 ± 30.54 µm and 84.75 ± 25.69 µm, respectively. The TG/DTG tests indicate 
that NR/BioS and NR/BL0 fibrous biocomposites display similar thermal profiles to neat NR, 
whose main events occur between 290°C and 450°C, indicative of structural degradation of NR 
chains. According to the mechanical tensile test, adding BioS or BL0 to the NR-based biocomposite 
enhanced the tensile strength at break and elastic modulus, as compared to neat NR. As a result of 
dynamic mechanical analysis (DMA), the stored modulus and loss factor of the fibrous specimens 
of NR/BioS (70/30) and NR/BL0 (70/30) displayed higher values than those of the NR fibrous 
sample, since the specimens became more rigid as BG quantity was increased. The indirect 
cytotoxicity tests showed that NR, NR/BL0, and NR/BioS fibrous biocomposite promoted MSC 
attachment, i.e., greater than 70% viability. In addition to improving tensile properties and 
biological properties of NR-based fibrous biocomposite, BioS and BL0 particles have been shown 
to have potential applications in biomedicine.
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Abstract - The recent spread of the coronavirus pandemic (COVID-19), as well as other emerging 
microbial infections, are complex and often difficult to control and treat, which making them one of 
the main obstacles to public health. In this context, there is a demand for the development of 
advanced materials that inactivate microorganisms aiming at the protection of the human 
population. Bacterial Cellulose (BC) is an extremely pure multifunctional biopolymer, 
biocompatible and biodegradable. The BC architecture composed of nanofibers with high porosity, 
that contribute to modifications and incorporation of substances in your matrix to improve or add 
properties and expanding your applicability. This work proposes a more efficient methodology to 
synthesize composite BC films with silver particles, a vacuum filtration was used to force the 
formation of silver phosphate (Ag3PO4) crystals on the bulk of BC films and create a gradiente of
particle content. Therefore, the objective was to develop of a composite containing properties from 
silver particles, and properties from bacterial cellulose, ensuring a biocompatible and non-toxic 
material with potential antimicrobial activity. The influence of the incorporation of different 
concentrations of Ag3PO4 on the properties of the biopolymer was investigated using spectroscopic, 
thermal and morphological techniques. The antimicrobial effect of composite membranes was 
evaluated using microbiological assays with pathogenic species of gram-positive and gram-negative 
bacteria (S. aureus and E. coli) and fungi (C. albicans). It is proposed that the composite film 
developed has potential for use in the food industry, for applications in antimicrobial active 
packaging. 
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Abstract - Carbon fiber reinforced polymer (CFRP) composites have gained a significant amount 
of attention in recent years due to their superior mechanical properties, such as high strength-to-
weight ratio and stiffness, compared to traditional engineering materials. These properties make 
them suitable for use in a variety of applications, including aerospace, automotive, and sports 
equipment [1]. The matrix material in CFRP plays an important role in determining the final 
mechanical properties of the composite. In this study, a snap cure epoxy resin was used as the 
matrix material in the CFRP composite. The snap cure process is a relatively new technology in the 
manufacturing of CFRP composites, which allows for faster curing times and thus reduces 
production costs [2]. The goal of this study was to consolidate the CFRP composite using the 
prepreg hot pressing technique and evaluate its properties through ultrasound, acid digestion, and 
tensile strength testing. Different hot-pressing cycles were tested, resulting in optimal parameters, 
such as temperature and pressure. The results of the ultrasonic inspection and acid digestion
revealed that the optimal samples did not have significant defects. The tensile tests showed that the 
laminates had high strength and stiffness, with an average tensile strength of 700 MPa and an elastic 
modulus of 60 GPa. In conclusion, the prepreg hot-pressing technique was effective in 
consolidating the carbon fiber/epoxy resin laminates, resulting in high-quality specimens with no 
significant defects. Tensile strength tests demonstrated that the laminates had high strength and 
stiffness, making them suitable for use in a variety of structural applications. Overall, the results of 
this study demonstrate the effectiveness of the hot-pressing technique for producing high-quality 
carbon fiber/epoxy resin laminates from snap cure prepreg.
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Currently several types of adsorbents are developed for the treatment and purification of liquids and 
gases and due to a growing environmental crisis, there is an urgent need to improve water and air 
quality and to develop antiviral and bactericidal filtering systems. In this way, biopolymers, such as 
cashew tree gum-CTG and Kappa-carrageenan-KC, are an attractive alternative for the development 
of these systems due to chemical structures and viscous properties using water as solvent, that able 
to explore in electrospinning process. The CTG is a complex heteropolysaccharide exuded from the 
stem of the Anacardium occidentale tree and by its structural similarity and physical-chemical 
properties with a commercial gum arabic, and KC is a linear sulfated polysaccharide extracted from 
seaweeds, which has the ability to form strong gels and the viscosity can be modulated depending on 
the concentration or in the presence of other molecules or ions. Based on the characteristic of these 
polymers, the aim of this work was to evaluate the potential application of CTG and KC solutions in 
electro- and blow- spinning techniques to produce nanofibers for filters systems. In this way, several 
concentrations (6% m/m, 10% m/m, 15% m/m and 20% m/m) were prepared with purified 
polysaccharides and was submitted to electrospinning (voltage = 6 kV, flying distance = 6 cm and 
flow rate 30 microliters/min) and blowing spinning systems (pressure of 2 bar, a flight distance of 50 
and flow rate 30 microliters/min). The previous results indicated the viscous dependence to obtain 
taylor cone, in range of 100-200 mPa or fiber formation in blowing conditions. As conclusion, there 
are able to produce membranes with high surface area and porosity based on CTG and KC systems.
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DEVELOPMENT OF SULFONATED PEEK IONIC POLYMER METAL 
COMPOSITES: ELECTROMECHANICAL CHARACTERIZATIONS 
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Carlos H. Scuracchio1
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Abstract - Ionic polymer-metal composites (IPMCs) are smart and bio-inspired materials with a 
metal/polymer/metal structure that can deform in response to electrical stimuli and vice versa [1]. 
Usually, they are flexible, biocompatible, have low density, and low actuation voltage, making them 
promising materials in various applications such as soft actuators, artificial muscles, sensors, and 
robotics. The most widely used polymer for these purposes is Nafion®, however, it is expensive, not 
environmental friendly, moisture sensitive, and has poor performance at high temperatures [2]. In 
this sense, several efforts have been conducted to develop alternative membranes, including the 
sulfonated poly(ether-ether-ketone) (SPEEK). Therefore, the aim of this study is to evaluate the 
effect of different sulfonation degrees (SD) on its electromechanical performance, using the post-
sulfonation of VICTREXTM PEEK 450GTM. SPEEK membranes were fabricated by the post-
sulfonation method, and named SPEEK-X (X = sulfonation time in hours). SPEEK-1, SPEEK-6, 
and SPEEK-12 presented SD of 44, 72, and 91% respectively. The membranes were fabricated by 
solution casting, and the IPMCs were manufactured by an electroless plating method, and then 
incorporated with H+ counter ions. Comparative studies with Nafion® 117 were conducted.  
Electromechanical tests were conducted under different relative humidity (RH) (30, 60, and 90%) 
under DC voltage (1-5 V). Increasing SD shows higher values of bending strain actuation. Fig 1 
compares both bending strains of Nafion and SPEEK-12, after 60 seconds of electrical stimulus. 
This result shows that SPEEK is a promising candidate to substitute Nafion as an intelligent and 
bio-inspired device with relatively reduced cost.

Figure 1 Bending strain actuation of Nafion (a) and SPEEK-12 (b) under 90% RH and 5 V.
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DYNAMICAL-MECHANICAL PROPERTIES OF RECYCLED POLYMER 
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Abstract The recycling of polymer waste from multilayer films used as packaging presents some 
barriers due to the complex composition of the material, leading to the formation of immiscible 
polymer blend when it is mechanically recycled by conventional processing. The aims of this study 
was to evaluate the dynamical-mechanical behavior as function of temperature of recycled polymer 
from packaging film waste after mechanical processing in internal mixer under high shear rates at 
different processing times. Samples of polymer waste (Film-waste) based on polyethylene and
reference of virgin low-density polyethylene (LDPE) were processed in internal mixer MH-600 
under atmosphere of nitrogen, maintaining a rotation at 4500 rpm by 30, 60 and 90 s after polymer 
melting. Afterward, the materials were processed by injection molding for preparation specimens. 
The dimensions of the specimens were adjusted for 50 x 10 x 3,2 mm to subsequent dynamical-
mechanical analysis (DMA) in a NETZSCH DMA 242 E Artemis in flexion mode, using a dual 
cantilever device from -150 to 150 ºC, at a heating rate at 2 K.min-1 and frequency of 1 Hz. The 
DMA analysis of the Film-waste has showed characteristic dynamic-mechanical relaxations of 
LDPE as well as relaxation of others polymers. The mechanical processing at high shear rate 
produces changes in the DMA curves, depending of the processing time. Thus, structural changes 
can be caused by shear rate, which can lead to the polymer mixture compatibilization.              

Keywords: Recycling, Multilayer films, LDPE, Shear Rate, DMA. 
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PROPERTIES OF CHITOSAN FILMS
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Abstract - Biodegradable polymers from renewable sources are gaining prominence in the 
biomedical area, mainly for application as dressings, since they can act as partial substitutes for some 
non-biodegradable synthetic materials used in this area. Chitosan is a biodegradable biopolymer with 
various applications due to its functional properties, such as antibacterial activity and non-toxicity. 
However, it has high hydrophilicity, and the films produced from this macromolecule present a high 
degree of swelling when in contact with water, hindering its use in some applications. There are 
alternatives to overcome these limitations, including its combination with biopolymers of different 
characteristics to achieve the desired properties in the final material. This work aimed to evaluate the 
influence of alginate incorporation on the physicochemical properties of chitosan films prepared by 
casting. The polymeric solutions were made separately, with chitosan solubilized in an acid medium 
(lactic acid solution, 1% v/v) and alginate in water. The two solutions were mixed to obtain composite 
chitosan-alginate (1:1) films (CA). Pure chitosan films (C) were also prepared as a reference. The 
produced films were characterized by thickness measurements, the visual aspect and morphology, 
water absorption capacity (WAC), water vapor permeability (WVP), and chemical structure analysis. 
Macroscopically, all films were homogeneous, transparent, and easy to handle. Compared to C films, 
CA films showed larger apparent surface roughness, perceptible to the touch, higher thickness (71 %), 
and higher WVP values (1667 %). The chitosan films were completely soluble in water. However, 
the combination with alginate prevented dissolution and CA films showed greater stability in the 
presence of water, presenting only moderate swelling. The improvements observed in the properties 
of CA films indicate that the combination of these compounds is promising since some limitations of 
films containing only chitosan can be overcome.
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Abstract - The use of natural polymers has attracted attention due to the reduction of environmental 
impacts related to their disposal1. In this sense, cellulose and its derivatives are often considered for 
applications in the field of food packaging due to their properties, such as bioavailability and the 
possibility of forming blends with other biopolymers2. Carboxymethylcellulose (CMC) is one such 
derivative that shows good solubility in water and is therefore also widely used in the 
pharmaceutical sector, drug delivery applications, and producing films for use as food packaging2. 
Thus, the objective of this work was to investigate the effect of CMC concentration and the use of 
glycerol on the thermal, mechanical, and barrier properties of films formed by the casting method. 
The films produced were characterized by TG-DTA, DSC, SEM, AFM, and contact angle 
techniques. SEM images revealed homogeneity in the formation of films without the presence of 
regions with agglomerated particles. This conformity on the surface was confirmed through AFM 
measurements, which demonstrated a significant decrease in the roughness of the films from 4.89 
nm to 0.33 nm, indicating that the increase in CMC helps to standardize the surface of the sample. 
Thermal analysis performed using TG/DTA did not indicate a significant difference in the thermal 
behavior of the films. On the other hand, the contact angle measurements indicated an increase in
the hydrophobicity of the films in which the plasticizer was incorporated. These results indicate that 
the investigated and optimized concentrations of CMC/Glycerol can be used for food packaging 
production.
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Abstract - The global oil industry employs in all process sectors, from the exploration phase of the 
reserve to the distribution of the refined product, metallic pipelines to transport fluids, which, due to 
their corrosive nature, cause internal damage to the metallic structure. Likewise, the environment in 
which the oil and gas pipelines are subjected damages them externally. As a resource for prolonging 
service life by means of exposed defects, composite materials have been used as a repair for oil and 
natural gas pipelines since the 1990s, due to their high chemical resistance, thermal and mechanical 
performance. However, studies about the aging effects of these repairs are scarce, once fundamental 
for their development. Furthermore, the use of materials capable of self-healing is another promising 
alternative in the pursuit for increased service life, along with reduced costs associated with the 
maintenance of these repairs during service. Therefore, the objective of this work was to evaluate the 
effects of accelerated aging on a glass fiber composite with epoxy polymer matrix, applied as 

-healing agents, subjected to cycles of saline water 
immersion and air exposure. The self-healing agent inserted in the composite of this work was the 
poly(ethylene-co-methacrylic acid) (EMAA). The tests conducted to study the aging effects and the 
addition of the potential self-healing agent were: mass variation, scanning electron microscopy (SEM), 
Fourier transform infrared spectroscopy (FTIR), and permeability test.
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Abstract - The world production of synthetic polymers exceeded 100 million tons per 
year, plastic represents 20% of this volume and is the main recyclable product buried 
instead of being properly destined for recycling, worth, on average, R$ 5.08 billion 
generated per year (ABIPLAST, 2014). PP is recycled by a larger number of companies, but 
it does not reach the 100 t/month range. Its applications are in domestic use, it is low cost 
and easy to process, which makes it excellent for industrial use in packaging 
(Papadopoulou, C. P. et al., 2000). PET and HDPE are among the most consumed plastics 
in the market, due to their increasinguse, in the disposable packaging sector, ranking first
and second, respectively (ZHANG, J. P.et al., 2018). PET has excellent property with 
good mechanical strength, it can increase the rigidity of PP at higher temperatures, while 
polyolefin can facilitate the crystallization of PET by heterogeneous nucleations, further
increasing the strength of the mixture (Papadopoulou,
C. P. et al., 2000). Composite materials with the addition of fillers with natural fibers are
motivated by a greater environmental awareness, due to waste disposal problems and the
depletion of petrochemical resources (DITTENBER et al., 2012). There are in the 
literature mixtures of PP, PET and HDPE polymers with different functionalization 
strategies, as well as different compatibilization and processing methods. Thus, the 
objective of this work is toevaluate the behavior of the properties of recyclable materials.
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BLENDS PRODUCED FROM EXPANDED POLYSTYRENE (EPS) AND

WASTE TIRE RUBBER (WTR)
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Abstract - There is a growing concern with the disposal of polymeric waste, mainly from
packaging and disposable products, as these wastes produce environmental impacts. New studies
for the development of techniques and new types of recycled materials are important to contribute
to the circular economy, increasing the benefit of the material and allowing its competitive insertion
in the market1. The expanded polystyrene (EPS) is a widely used product, mainly due to its thermal,
acoustic and electrical insulation properties, other use is in packaging due to its impact resistance
property. However, most of its applications are disposable and this material presents difficulties in
its recycling, mainly due to its low density2. When densifying the polystyrene, the product becomes
rigid and fragile, however after the incorporation of a ductile phase like rubber, the material
toughens3. In this context, blends of recycled polystyrene (PS) with waste tire rubber (WTR) were
produced, in the presence and absence of the compatibilizing agent styrene-butadiene-styrene
(SBS). Mechanical tensile and impact strength tests of the blends were carried out according to the 
standards ASTM D638 and ASTM D256 respectively, in order to observe the effect of the WTR 
content and the effect of the presence of the compatibilizing agent SBS. The PS showed tensile 
strength around 16 MPa, the PS/WTR presented values around 20 MPa and PS/SBS/WTR 
presented maximum value at 28 MPa for the blend containing 10 wt% of WTR. The elongation at 
break increases as a function of the rubber content, arriving up to 8% for PS/SBS/TRW30, which is 
double of the PS. Young modulus for recycled PS is around 800 MPa while the presence of 30wt% 
WTR produce significant changes, 700 MPa for non-compatilibized blend (PS/TRW) and 600 MPa 
for compatibilized blend (PS/SBS/TRW)4,5. The PS/SBS/TRW showed the impact resistance 
arrives 5 kJ/m2 against PS/WTR around 3kJ/m2 and PS around 2kJ/m2. It can be concluded that 
the method used together with the rubber and the compatibilizer resulted in the improvement of the
mechanical properties.
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Abstract - Carbon fiber reinforced polymer (CFRP) composites are widely used in different 
industries due to their high strength-to-weight ratio and excellent mechanical properties [1]. The 
matrix material plays a critical role in determining the overall mechanical properties of CFRP 
composites. In this study, polyamide 6 (PA6) was used as the matrix material for CFRP composites, 
and its effect on the composite's mechanical properties was investigated through fractography 
analysis. Fatigue strength tests were conducted on the specimens, and the fractured surfaces were 
examined using scanning electron microscopy (SEM) to study the fracture mechanisms. The results 
showed that the CFRP composites with PA6 as the matrix exhibited a mixed fracture mode 
consisting of fiber pull-out, matrix cracking, and delamination. The fracture surfaces of the 
specimens showed a rough and irregular texture, indicating the presence of a significant amount of 
matrix material on the fractured surface. These aspects resulted in a mixed fracture mode, with the 
fiber pull-out being the predominant mode. Fractographic analysis of the fractured surfaces 
provided about the fracture mechanisms in the CFRP composites. The presence of matrix cracking 
and delamination also contributed to the overall fracture mechanism of the composite [2]. In 
conclusion, the results of this study showed that PA6 can be used as a matrix material in CFRP 
composites, but its use may result in lower mechanical properties compared to other matrix 
materials, such as epoxy. The fractographic analysis provided valuable insights into the fracture 
mechanisms of the composite, which can aid in the development of improved CFRP composites 
with PA6 as the matrix material.
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Abstract - Thermoplastic Vulcanized (TPV) are a class of materials capable of combining the 
elastic properties of vulcanized rubbers and the recyclability of thermoplastics. However, their 
production involves the use of synthetic polymers that are highly resistant to degradation, making 
these materials environmentally polluting. In this study, TPVs were developed using polymer waste 
as raw material (tire powder and LDPE). The processing was carried out in an open mill mixer, and 
the vulcanization system used was sulfur-based, with the addition of compatibilizers: EVA and 
SBR. The addition of compatibilizers was necessary because the polymers involved in TPV
production are highly incompatible. The formulation used was 70:30 (LDPE/tire powder). After 
processing, the samples were pressed using a hot hydraulic press to obtain test specimens. The 
mechanical properties of the TPVs were determined, including tensile deformation, hardness, 
density, and MFI. The TPVs compatibilized with EVA showed higher deformation, MFI, and 
resilience. However, the TPVs compatibilized with SBR exhibited higher elastic modulus and 
rupture strength. The samples were subjected to accelerated aging in an oven for 70 hours. The 
EVA-compatibilized samples showed better retention of the original properties.
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Abstract Polymers able to release natural extracts are relevant systems in many fields such as 
food packaging, wound care, cosmetics, and agriculture. A promising alternative in comparison to 
wet impregnation processes to load natural extracts into polymeric matrixes is CO2 supercritical 
(scCO2) impregnation (SCI) since it enables to reach higher extract loadings and is a more
sustainable process. When in its supercritical state (above 31.1 °C and 7.4 MPa), CO2 can dissolve 

polymer is well understood, working with natural extracts is challenging due to their complex 
composition and strategies to control both the total extract loading (EL) and their release are 
essential. In a previous project, we investigated the SCI of clove extract in polycarbonate (PC) and 
poly(L-lactic acid) (PLLA). PC and PLLA were selected for having different chemical structure 
and thermal properties, and their CO2 sorption and swelling is reported in the literature [1]. Clove 
extract is selected as a model of extract since it contains a rather simple composition i.e. four 
compounds: two oxygenated compounds (eugenol (70.1 %) and eugenyl acetate (17.1 %)) and two 
hydrocarbons ( -caryophyllene (10.67 %) and -humulene (2.20 %) [2]. In this project, we aimed
at obtaining immiscible blends of polycarbonate/poly(L-lactic acid) with different PC/PLLA ratio, 
and impregnating them with clove extract at 35 °C and 20 MPa. First, the blends microstructure 
was characterized by Scanning Electron Microscopy and confirmed the presence of two phases. 
In this impregnation condition, a discrepant EL was obtained in PC and PLLA (8.2 vs 42 %). The 
EL decreased with the PC/PLLA ratio and a drop was observed between 50/50 and 75/25. For the 
first time, we prove the possibility to tune the EL by controlling the composition of a blend. The 
interactions between the clove extract and the polymers were evaluated by Fourier transform 
infrared spectrometry. According to Differential Scanning Calorimetry curves, clove extract acts 
as a plasticizer for both PC and PLLA, but the Tg and Tm shifts are more pronounced in the case 
of PLLA. 
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Abstract Sars-CoV-2, a virus that causes serious respiratory infections, can remain active on the 
surface for up to three days and thus contaminates the individual who touches it. Therefore, the 
objective of this work was to develop a new antiviral polyelectrolyte film based on pectin (P) and 
poly(diallyldimethylammonium chloride) (PDADMAC) using the solvent casting technique.
Control film (P) and film with P and PDADMAC (P/PDADMAC) were systematically investigated 
regarding morphology, mechanical properties, and activity against the SARS-CoV-2 virus. The 
films presented a cohesive surface without separation of phases and cracks. Adding PDADMAC 
significantly affected the mechanical properties of the films (p<0.05), increasing the maximum 
tensile strength (TS) (from 7.28 ± 0.68 MPa to 15.8 ± 0.94 MPa), with TS value compared to low-
density polyethylene (LDPE). In addition, the polyelectrolyte film (P/PDADMAC) was able to 
inactivate 99.9% of SARS-CoV-2 after one minute of direct contact with the virus. The 
PDADMAC action against the SARS-CoV-2 virus derives from the quaternary ammonium groups 
present in the structure of this polymer. These functional groups interact with the cell membrane of 
the pathogen, which causes its dissolution and, consequently, inactivates the virus. Therefore, this 
study demonstrated the efficacy of PDADMAC in preparing pectin-based film with improvements 
in mechanical properties and antiviral activity against SARS-CoV-2.

Fundings: The authors would like to acknowledge the Coordination for the Improvement of Higher Education 
Personnel CAPES and São Paulo Research Foundation FAPESP (Grant 2021/ 09341-1).
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Abstract This work aims to investigate the influence of the mixing sequence on the selective 
localization of the cellulose nanocrystals (CNC) in immiscible polymer blends of poly(lactic acid) 
(PLA) and poly( -caprolactone) (PCL). The mixtures were prepared from the molten state, in a 
corrotacional intermeshing twin-screw extruder. Three different mixing sequences were used: all 
components were extruded together in a single step (SEQ1); initially, CNC was extruded with PLA 
and later the CNC+PLA mixture was extruded with PCL (SEQ2) and, CNC was initially mixed 
with PCL and then extruded with PLA (SEQ3). The PLA/PCL ratio used was 80/20% (% wt) and 
the CNC concentration was fixed constant at 3% (% wt). In polymer systems like those that the one 
used in this study, kinetic factors, such as mixing order, are decisive in the localization of the CNC
[1-3]. The micrographs of morphology obtained in SEQ3 (Fig 1) revealed a smaller droplet size of 
the dispersed phase, indicating suppression of coalescence and better interfacial adhesion.

                         

Figure 1 SEM micrographs of the cryogenically fractured surfaces of the PLA/PCL/CNC mixtures (a) 
SEQ1, (b) SEQ2 and (c) SEQ3.
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Abstract - The combination of chitosan (cationic polysaccharide) with alginate (anionic 
polysaccharide) leads to the formation of polyelectrolyte complexes (PEC), which have been used 
mainly for applications as dressings in biomedical areas. The complexation of these 
macromolecules by strong amino-carboxylic electrostatic interactions and hydrogen bonds results in 
better final product performance when compared to that obtained with films prepared by only one 
single polymer. However, the processing conditions can affect the resulting complex structure, 
influencing the final material properties. In this work, chitosan-alginate films were prepared by 
casting and a water-washing step was introduced as a post-casting treatment. The preparation of the 
films was performed according to the following steps: (i) chitosan was solubilized in an acid 
medium (acetic acid solution, 1% v/v) and alginate in water; (ii) mixing of the chitosan and alginate 
solutions to obtain the film-forming suspension and correction of its pH to 7, using NaOH 1 M; (iii) 
casting; and (iv) washing with distilled water followed by a second drying step. Thickness, visual 
appearance, liquid absorption capacity (LAC), water vapor permeability (WVP), and mechanical 
properties were evaluated before and after washing. The unwashed composite films showed great 
heterogeneity in appearance and properties when in contact with air humidity, probably due to 
excess base. The washing treatment allowed the homogenization of the films and reduced the 
variability in the evaluated properties. Besides, the washed films showed lower thickness (47% 
lower), greater stiffness, and greater LAC (87% higher for distilled water) than the unwashed ones. 
The reduction of variability promoted by the washing treatment was particularly important for WVP
data, whose standard deviation for the unwashed films was of the same order as the obtained mean 
values. Therefore, the additional washing treatment significantly affected the chitosan-alginate PEC 
films and improved the reproducibility of the evaluated properties.
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Abstract - Natural fibrous materials are interesting for sustainable building construction materials1. 
In this work, kapok fibers (KF) were modified with soy lecithin (SL) to enable the compatibilization 
with hydroxypropyl methylcellulose (HPMC). KF, which are hollow hydrophobic fibers (Fig. 1a), 
turned hydrophilic after the modification with SL (Fig. 1b), which contains two hydrophobic chains
and a zwitterionic (PO4

3- and NH4
+) head group. Elemental analysis (CHN) and FTIR-ATR spectra 

evidenced the presence of SL on the surface of KF. Composites of KF-LS (72 wt%) and HPMC
(28%) presented mean apparent density ( ) of 0.051 ± 0.005 g/cm³. When the amount of HPMC 
was kept constant, but KF/LS was partially substituted by graphite (G), the composites HPMC/KF-
LS/G0.2 (28 wt% /59.4 wt% /12.6 wt%) and HPMC/KF-LS/G0.3 (28 wt% /56 wt% /16 wt%) (Fig. 
1c) presented values of 0.059 ± 0.002 g/cm³ and 0.058 ± 0.009 g/cm³, respectively. The 
thermogravimetric analysis (TGA) showed that the temperature of degradation increased from 306 
oC (HPMC/KF-LS) to 312 oC (HPMC/KF-LS/G0.3), and the ash content increased from 10% 
(HPMC/KF-LS) to 22% (HPMC/KF-LS/G0.3). The sound absorbance coefficient of HPMC/KF-LS 
increased as the frequency increased, achieving a maximum value of 0.45 at 1500 Hz, which is like
other natural fibers1. These findings indicted that the novel HPMC/KF-LS/G composites could be 
applied as green building materials.

Figure 1 SEM images of (a) KF, (b) KF-LS and (c) HPMC/KF-LS/G0.3.
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Abstract - Research and development of new polymeric composites play a crucial role in 
enhancing both quality and performance of engineering components, while also addressing 
sustainability and energy efficiency requirements. In this study, the mechanical and thermal 
properties of glass fiber-reinforced Polyamide 9T composites were investigated with varying fiber 
contents (30, 35, and 50 wt%) for application in engineering components. The composites were 
fabricated using injection molding and subjected to tensile tests to evaluate their tensile strength and 
modulus of elasticity. Thermogravimetric analysis (TGA) was conducted to investigate the thermal 
behavior of the composites, while the morphology was evaluated through scanning electron 
microscopy (SEM). The results showed a significant increase in tensile strength and stiffness with 
the addition of glass fibers to the Polyamide 9T composites. Furthermore, an improvement in 
thermal stability was observed with increasing fiber content. SEM analysis revealed a homogeneous 
distribution of glass fibers within the Polyamide 9T matrix, indicating good interfacial adhesion 
between the components. Glass fiber-reinforced Polyamide 9T composites demonstrate promising 
potential as lightweight and high-performance materials for engineering components. The 
substitution of conventional materials with these composites can lead to lighter components with 
increased strength and improved energy efficiency, contributing to sustainable solutions in the 
engineering industry and resource consumption reduction.
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Recently, additive manufacturing (AM) techniques, such as FFF (fused filament fabrication), became 
popular due to the ability to produce complex parts with fewer manufacturing steps involved and with 
possibilities to change product properties. Aiming to expand the opportunities of using this 
technology, this study intends to morphologically, mechanically and thermally characterize 3D 
printed parts using poly(lactic acid) (PLA) and poly(ethylene terephthalate glycol) (PETG) reinforced 
with carbon fibers (CF) by varying printing parameters. The samples followed the ASTM D638-14 
standard, Type I, manufactured by FFF. In the impression parameters the infill percentage was varied 
by 20%, 40% and 80% and the layer height by 0.15 mm and 0.30 mm. The mechanical 
characterization was performed with tensile test, revealing that the increase of the infill percentage 
and layer height induces directly in the increase of the modulus of elasticity and tensile strength limit 
in both materials. PLA/CF demonstrated superior mechanical performance, higher maximum stress
and higher stiffness, indicating more intense adhesive bonding forces between carbon fibers and PLA, 
compared to PETG. For morphological characterization, Scanning Electron Microscopy (SEM) was 
applied to observe the arrangement and orientation of the carbon fibers, and the interface between the 
fibers and the matrix. In both filaments, the fibers were aligned in the longitudinal section and after 
printing presented a small level of disorder in some areas, in addition to adhesion failures between 
the fibers and the matrix. Thermal characterization was performed by means of Thermogravimetry 
(TGA) and Differential Scanning Calorimetry (DSC) in order to evaluate whether the incorporation 
of the fibers altered the thermal properties of the composites and to verify the thermal stability, phase 
transitions and melting temperature.

Keywords: PLA with carbon fiber, PETG with carbon fiber, morphological and thermal characterization, 3D printing, 
tensile testing.
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Abstract - Biocomposites reinforced by natural fibers are relevant in research for new materials, 
enabling the replacement of traditional polymers by improving mechanical properties and reducing 
raw material costs.¹,² Cellulose refining is a mechanical process widely applied to this material in 
the Pulp & Paper industry with the objective of improving the mechanical properties of the fiber.³ 
This process generates physical effects in this material that increase the surface area of the fibers, 
favoring applications such as filler in composites.4 The poly(butylene adipate terephthalate) (PBAT) 
and poly(lactic acid) (PLA) are two biodegradable polymers and the mixture of both has excellent 
mechanical properties, often equaled to traditional polymers.2 Biocomposites based on PBAT/PLA 
are of industrial and scientific interest and the use of natural fibers as reinforcement for this mixture 
has been encouraged.1,2 In this work, the influence of the presence of different levels of refined fiber 
from pine cellulose on the mechanical, morphological and thermal properties of a commercial 
mixture of PBAT/PLA was studied. Pine cellulose fibers were submitted to the refining process and 
subsequently applied as filler in PBAT/PLA-based composites. Mechanical and morphological
properties of the obtained materials were studied. The characterization of the fibers FIG.1 showed 
that the refining was efficient in the morphological and chemical modification of both materials 
(cellulose and loofah), evidenced by scanning electronic microscopy. In addition, the composites 
with 10% of refined cellulose fibers content shows significant improvements in the elastic modulus 
value and impact resistance. 
Figure 1 SEM images to cellulose fibers and PBAT/PLA/cellulose composite and mechanical test results.
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Abstract - Ionomeric polymer-metal composites (IPMCs) are smart materials made of an ionomeric 
polymer stacked between two metal electrodes that deform in response to electrical stimuli and 
vice-versa. Their flexible nature, low actuation voltage, high durability and chemical stability 
makes them attractive candidates for applications in soft actuators, robotics and sensors. Nafion® is 
widely used in the fabrication of said materials, despite its high cost, low recyclability and 
biodegradability [1]. Its actuation mechanism is based on the dislocation of solvated ions inside the 
polymer layer towards the negative electrode through channels formed by thermodynamic 

[2]. Block copolymers are known to display very 
distinct morphologies and can be chemically modified to introduce ionic conductivity by chain 
sulphonation. Poly(styrene-b-butadiene-b-styrene) (SBS) is an interesting starting material due to its 
availability, recyclability, and elastomer characteristics that could improve 
mechanical properties. It readily phase separates, and depending on composition could develop 
cylindrical or gyroid morphologies, ideal when we consider the actuation mechanism of IPMCs [3]. 
Therefore, the goal of this study is to evaluate the morphology of thin films made of sulphonated 
SBS (s-SBS), with different levels of sulfonation to identify the relation between sulfonic group 
concentration and self-assembly properties. Sulphonated SBS is made by post-sulfonation of 
styrene blocks, with sulfonation degree (SD) controlled by reaction time. Films of s-SBS are then 
produced by solvent casting and subjected to scanning electron microscopy (SEM), along with 
atomic force microscopy (AFM) for identification of microdomains.
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Abstract The use of lignocellulosic fibers in nanotechnological products is being studied more 
due to their low cost of production and multifunctionality1. Organic residues, such as palm heart 
sheath, are rich in fibers and are commonly discarded in the agroindustry2. The most applied 
techniques for extracting cellulose from organic waste are alkaline, acid, or enzymatic hydrolysis 
reactions3. In this study, micro and nanocellulose fibers were extracted from mechanical pulp of 
palm heart sheath using hydrogen peroxide (H2O2) solution in an alkaline as proposed by
Nascimento (2022), to synthesize nanocellulose hydrogels under different conditions. The 
methodology consists of the sonication of suspensions containing treated biomass and deionized 
water (H2O) at different concentrations and sonication periods. The samples were then left to rest 
for at least 24 hours for the formation of hydrogel. Qualitative and quantitative analysis were 
performed to assess the chemical and physical properties of the samples. Scanning electron 
microscopy (SEM) was used to confirm the formation of nanostructures. Sample densities were 
determined using pycnometry. The water release content was obtained from the difference in mass.
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Abstract - The accumulation of untreated dyes in water sources can adversely affect human health 
and the environment due to the complex molecular structure of these dyes with toxic and 
carcinogenic properties¹. The development of new materials capable of adsorbing these 
contaminants is undoubtedly essential. In this way, the research has as objective the production of 
spheres (by the drip method) of composite of the poly(vinylidene fluoride-hexafluoropropylene) -
PVDF-HFP and Poly(vinyl Alcohol) PVA (PVDF-HFP/PVA) with the incorporation of clay 
Montmorillonite K-10. The evaluation of their efficiency in adsorption was done through kinetic 
studies², in aqueous medium, of the organic contaminant, methylene blue. The concentration of the 
methylene blue contaminant not adsorbed by the samples was determined using UV visible. The 
adsorption tests showed that the composite is potentially effective for removing organic dyes, 
according to the isotherm parameters (Table). The Langmuir diagram (Fig. 1 and 2) fits the 
experimental data, since the R2 values were closest to 1, so it can be assumed that adsorption occurs 
in a monolayer.
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Langmuir
qmáx 3,89
KL 0,980
R² 0,9418
RL 0,15

Ads (%) 90,70

Table - Langmuir 
model parameters in 
aqueous media

Figure 1 - Fit to the Langmuir 
isotherm model.

Figure 2 - Langmuir 
isotherm.
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Abstract Polyurethanes (PU) are versatile polymers applied in several industrial areas, reaching 
an annual global consumption of approximately 25 million tons. As widely reported, renewable 
resources are essential to support PU developments, which promote sustainability and continuous 
improvement for the environment. In this line, Kraft lignin (KL) has brought attention for being the
second most available polymer in the nature, obtained in large scale with constant and reproducible 
properties[1]. Due to abundance of functional groups in its structure, technical KL can be used in 
PU formulations as neat and modified raw material. The later comprises an important strategy to 
improve lignin reactivity and to enable KL usage in mixture with different polymers[1], specially 
KL modified by oxyalkylation[2]. Although extensively investigated, there is still a lack of 
information regarding to rheological behavior, dispersion stability and polymerization kinetics for 
these lignin-containing materials. Moreover, there are additional challenges to isolate these
variables when formulating PU[3]. Thus, the aim of the present work was to formulate lignin-based 
PU comprised by polyethers of similar molar mass (polyethylene glycol (PEG) and polypropylene 
glycol (PPG), Mn in combination with polymeric methylene diphenyl di-isocyanate 
(PMDI), resulting in PU based on PEG/PMDI and PPG/PMDI with different levels of modified KL 
(MKL). Lignin oxyalkylation was investigated by FTIR-ATR and DSC. Rheology and dispersion 
stability of polyols with different ratios of PEG/PPG and MKL contents were studied by oscillatory
rheometry and visual analysis. At last, the curing of the PU were monitored by TMOR, a recent 
technique based on temperature modulation optical refractometry, to indicate the progress of the 
chemical reaction. The results allowed to elucidate the behavior of the system as a function of type 
of polyether, MKL content, and temperature and their effect over polyol viscosity and 
polymerization rate, all critical parameters for the PU industry.

Fundings The authors acknowledge FAPESP (process #2017/22936-9 and #2019/05460-6) and The Dow Chemical 
Company for the financial support.
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This work used the electrospinning technique to obtain polymeric fibers of poly(butylene adipate-
co-terephthalate) (PBAT) and cellulose acetate (AC) created with TiO2/g-C3N4 in order to promote 
the photocatalytic reduction of the drug paracetamol (PCT). The polymeric fibers were cross-linked 
with citric acid in order to increase their stability in water. TiO2/g-C3N4 was synthesized from the 
chemical modification of TiO2 with g-C3N4. This material was incorporated into the polymeric 
solution of PBAT/AC in the proportions of 1%, 5% and 10% (m/m). Subsequently electrospun, 
cross-linked and subjected to photocatalytic degradation tests, in the proportion of 5% (m/m) being 
chosen for the study because it presents higher percentage of drug degradation. The synthesized 
material TiO2/g-C3N4 showed a higher photocatalytic potential compared to pure TiO2 and pure g-
C3N4, these being 50.5%, 13.1% and 26.1%, respectively. The study of photocatalytic degradation 
of PCT was carried out by varying the pH of the medium at 5.0, 7.0 and 9.0, with pH 9.0 being the 
most efficient, degrading approximately 86.0%. Three cycles of degradation were performed with 
the polymeric fibers, which showed that they can be reused without having to promote their 
exchange in a system. Finally, the fibers were characterized by Scanning Electron Microscopy 
(SEM), Fourier Transform Infrared (FTIR), Mechanical Analysis and Contact Angle techniques. 
Through these analyses, it was possible to identify the incorporation of TiO2/gC3N4 into polymeric 
fibers, as well as their flexibility with polymers, demonstrating changes in thermal stability and 
improvement in mechanical properties and wettability of the same after crosslinking with citric 
acid1,2,3 .
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Abstract - The present study investigated the formation of hybridly plant fiber-reinforced composites
simultaneously with the synthesis of bio-based polyurethane (PU) matrices. Sodium Lignosulfonate (NaLS) 
and castor oil (CO) were used as a polyol, with the latter aiding in the dispersion of solid reagents. No solvents 
or catalysts were utilized during the reaction, and the polymeric diphenylmethane diisocyanate was the chosen 
isocyanate. The reinforcements were sisal mats and/or short curauá fibers (3 cm long, randomly distributed), 
with the presence or not of MCC as an additional reinforcement. The process used was molding under pressure 
and temperature cycles. The materials were characterized by thermogravimetric (TGA) and dynamic 
mechanical (DMA) analyses, flexural and impact tests, infrared spectroscopy, and scanning electron 
microscopy (SEM). -1, indicating that all 
isocyanate was consumed during the reaction. The TGA analysis revealed the thermal stability of all materials 
up to 240 oC. The DMA tan delta curves showed glass transition (Tg) of approximately 42 oC and 18 oC for the 
-unreinforced PU and composites, respectively. The flexural tests at room temperature (about 25 oC) showed 
that composites reinforced with curauá and microcrystalline cellulose fractured, and those 
fracture and were evaluated for up to 5% deformation. During the impact test, the matrix composite reinforced 
solely by sisal mat did not fracture. In addition, the composite reinforced by sisal mat, curauá fibers, and MCC 
exhibited superior impact resistance compared to the other fractured materials during the test. The SEM images 
showed good adhesion at the interface matrix-fibers and homogeneous dispersity of the MCC used as 
reinforcement. The materials were prepared from a highly renewable content using a derivate of lignin, i.e., 
lignosulfonate.  This raw material has not yet been widely explored in the production of polymeric materials, 
and the results of our research show promising applications in industries such as automotive, aeronautical, and 
nautical.
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Abstract - Water treatments are ways to minimize impacts on the environment. Worldwide, 
processes have been developed that efficiently use inputs, reuse water, and minimize energy 
expenditure and effluent emissions. Membrane technology is sustainable development, being 
increasingly evident and accepted at industrial levels. Membrane separation processes are 
frequently used in the food, chemical, pharmaceutical, and biochemical industries. Where they are 
used to purify, fractionate and concentrate solutions, especially aqueous ones. Based on this, 
interest arose in producing membranes from polyetherimide and montmorillonite clay (MMT) using 
the phase inversion technique, aiming to evaluate the influence of clay on membranes for treating 
liquid effluents. By XRD, it was observed that the MMT peak appears more evident in the 
compositions with more than 17% of polymer and higher clay content. From the SEM, it was 
observed that the surface of the pure PEI membrane presented a poreless structure compared to the 
others. By TG, two decomposition steps were visualized. The Tg of the polymer registered in the 
second heating in the DSC presents a standardized thermal history. Contact angle measurements 
indicated that the inclusion of clay altered the wetting capacity of the membranes. The flow, both in 
distilled water and in water with dye, in the PEI/clay membranes started high and, over time, 
reached its stabilization around 10 minutes of testing. The membrane with the highest clay content 
showed the most significant flow and the greatest reduction in turbidity. It was concluded that the 
presence and content of clay altered the morphology of the membrane, contributing to an increase in 
the flow and that they are efficient for treating aqueous effluents from the textile industry.
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Thermoplastic starch (TPS) is a biodegradable polymer with hydrophilic characteristics derived 
from renewable sources. It finds applications in agriculture, hygiene, catering, and packaging, but 
processing difficulties and limited water sensitivity hinder its use. An effective solution is blending 
TPS with a second hydrophilic and biodegradable polymer, like polyvinyl alcohol (PVOH) [1]. In 
this study, PVOH and cornstarch were hydrated with 30% glycerol and then fed into a twin-screw 
extruder. TPS and PVOH were mixed in varying proportions (TPS/ PVOH) with the addition of 
1%wt. citric acid (CA). The samples underwent torque rheometry, thermogravimetric analysis 
(TGA), and Soxhlet extraction with water. Torque rheometry revealed increased torque for PVOH 
+1% CA, 80/20, and 70/30 blends after 5 minutes, while 90/10 and pure TPS showed a downward 
trend. TGA of the blends exhibited four phases of thermal decomposition that can be associated 
with the pure materials. The first phase, from 160 to 250 °C, represents the thermal decomposition
of glycerol, with an average mass loss of 28%, indicating that the blends did not experience 
significant plasticizer loss during processing and rheometry [2]. This suggests that torque increase is 
likely due to PVOH cross-linking rather than plasticizer evaporation [3]. In Soxhlet extraction, 
PVOH +1% CA that underwent extrusion and rheometry (EH) showed 45% mass loss, while PVOH 
(EH) without CA lost approximately 90%. Similarly, extruded only PVOH samples with and 
without CA experienced around 90% mass loss, suggesting CA and rheometry time, shear and 
temperature facilitated possible PVOH cross-linking. The 90/10 blend exhibited the highest mass 
loss (75%) among the blends, while 80/20 and 70/30 blends had average losses of 65% and 60%, 
respectively. Therefore, incorporating PVOH and suitable blending processes offer potential for 
enhancing TPS properties and achieving desired water sensitivity for specific applications.

1. X Tang; S. Alavi; Carbohydrate Polymers 2011, 85, 7-16. https://doi.org/10.1016/j.carbpol.2011.01.030
2. J. Zanela; J. B. Olivato; A. P. Dias; M. V. E. Grossmann; F. Yamashita; Journal of Applied Polymer Science 2015, 

42697. DOI: 10.1002/app.42697
3. F. C. Nascimento; L. C. V. Aguiar; L. A. T. Costa; M. T. Fernandes; R. J. Marassi; A. S. Gomes; J. A. Castro; 

Polymer Bulletin 2021, 78, 917-929. https://doi.org/10.1007/s00289-020-03142-2
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Abstract - Polysaccharides/silica gel (SG) composites were reported as a new class of functional 
materials with desired properties for various applications, such as water purification treatment. In the 
field of adsorption, crosslinked polysaccharides/SG composites have high adsorption capacities 
compared to individual polysaccharides or silica gel [1]. In this sense, the present work sought to 
develop a sustainable and low-cost composite of Bacterial Cellulose (BC)/SG with potential 
application to pollutant remediation. SG particles were synthesized according to Wang et al. [2]. Two 
BC/SG composite materials were prepared from 30 ml of two different concentrations of SG (0.6% 
and 5.6%) mixed with 20 g of a BC paste. The BC paste was prepared by adding 109.569 g of wet 
BC in 50 mL of H2O under mechanical stirring. The drying of the material was carried out in an oven 
at 50°C for 24 hours. The characterization of the BC/SG composite was carried out by Scanning 
Electron Microscopy (SEM), X-ray Dispersive Spectroscopy (EDS) and roughness analysis (Taylor 
Hobson Intra). The SEM images (Fig. 1) showed uniform incorporation of the SG particles in the BC 
matrix for both studied conditions. The EDS showed peaks of Si, O and C, characteristic of the 
elemental composition of SG (Si and O) and BC (C and O). The increase in surface roughness can 
lead to a potential application of the composite as a bioadsorbent for heavy metals [1].
  

Figure 1 SEM images of the BC/SG composite obtained for the different SG concentrations of (A) 0,6% 
and (B) 5,6%.
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New and efficient solutions are needed to inactivate a broad spectrum of pathogenic 
microorganisms upon direct contact, especially on surfaces prone to recurring contaminations, such 
as healthcare environments and touchscreen electronic devices [1,2]. Quaternary ammonium 
compounds are efficient in inactivating these microorganisms due to electrostatic interactions 
between the positive charges of the quaternary nitrogen atoms and negative charges present on 
microorgani cell walls or lipoprotein envelopes, which makes them cleave and release the
genetic material to the extracellular environment, thus inactivating their ability to inoculate into host 
cells [3,4]. That makes alkylated polyethylenimine (QA-PEI) promising to inactivate a broad 
spectrum of microorganisms due to its high density of quaternary nitrogen atoms. This work aimed 
to produce films of blends of QA-PEI and polymethyl methacrylate (PMMA) by solubilization 
followed by drop-casting method producing PMMA/QA-PEI samples with proportions of 0%, 1%, 
2%, 5%, and 10% in weight of QA-PEI into the PMMA matrix. The sample s capacities to 
inactivate microorganisms were assessed by performing inhibition halo tests against the gram-
positive bacteria S. Aureus and the gram-negative bacteria E. Coli, which results showed that even 
though inhibition haloes were not fully formed, QA-PEI was effective in inhibiting both bacteria, as 
it was clear that biofilm was not formed over the samples films and on their surroundings. 
Inhibition halos were not formed is because the PMMA matrix did not solubilize into the bacterial 
culture media, so QA-PEI did not diffuse on the culture media, which would have formed the 
inhibition halos. In addition, the mechanical and thermal resistance characterization showed no 
significant differences between pure PMMA and the samples of PMMA/QA-PEI blends, indicating 
that the presence of QA-PEI did not significantly alter these properties.
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Abstract Cellulose hydrogels (HGs) are biocompatible and have low toxicity, coming from a 
renewable source. They can be formulated as films, membranes, gels and microparticles, combined 
or not with other materials. This versatility allows the adaptation of cellulose HGs to suit specific 
requirements for a variety of applications [1,2]. The aim of this work was the synthesis and 
characterization of HGs from cellulose and polyacrylic acid (PAA), with the compositions: (100/0; 
75/25; 60/40; 50/50). The HGs were prepared by radical polymerization of acrylic acid (AA) in
cellulose solution (NaOH/urea, 7/12%m/m) using potassium persulfate (KPS) as initiator. 
Typically, a solution of cellulose (3%) in NaOH/urea was prepared [3] and AA, KPS (3%) and 
N,N-methylenebisacrylamide (15%) was added, under stirring, at 25 oC. After 30 minutes 
epichlorohydrin (8%) was added. The mixture was heated to 50°C, poured into a Petri dish, 
regenerated with 5% H2SO4 (v/v). The HGs were immersed in distilled water until reached ~pH 5
and dried at 100°C for 12 hours. Swelling (%S), infrared (FTIR) and nitrogen physisorption (BET) 
analyzes were performed. All HGs presented microporous structure. The %S decreased with 
increasing amount of AA which can be explained by the increase in crosslink density. By the FTIR 
spectra it was verified a decrease in the intensity of the band at 3344 cm-1 and the appearance of a 
band at 1712 cm-1, attributed to the formation of ester bonds from cellulose and PAA, increasing the 
density of crosslinks of these HGs, forming more compact networks, confirming what was observed 
in the %S analyses. HGs with lower amounts of AA are brittle and fracture during the washing 
procedure. Increasing the amount of AA in the formulation decreases the %S of the material. 
However, it is possible to adapt the formulation to obtain HGs with suitable properties for the 
required applications.
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Abstract - Transdermal membranes have the ability to perform dual functions, aiding healing and as a drug 
carrier. In this work, membranes based on cel/PVOH/SC were developed with different compositions of SC 
incorporated with paracetamol and cross-linked with epichlorohydrin. The membranes were produced by the 
casting technique from mixtures of aqueous solutions (3% w/v) of PVOH and SC and alkaline solution 
(NaOH/urea) of cel. The membranes were characterized by moisture content (%TU), water vapor 
permeability (WVP), fluid-handling capability (FHC). The kinetic behavior of paracetamol release was 
investigated by using the models of Korsmeyer Peppas, Peppas Sahlin, and Weibull to fit the experimental 
data obtained using a Franz cell. The physical-chemical results (Table 1) showed that the addition of SC 
resulted in a reduction in FHC %TU and WVP values. However, the values obtained were still acceptable for 
use as a transdermal membrane. Paracetamol release was fast within the first 2 h (4-11%). The greater the 
amount of SC present in the membrane, the smaller the amount of SC released. Furthermore, the release 
kinetics data fit the empirical Weibull model, showing b values between 0.35<b<0.75 indicating a 
mechanism of paracetamol release controlled by Fickian diffusion. It is concluded that the casting technique 
was a simple and efficient method to produce cellulose/PVOH/SC membranes, with promising 
physicochemical characteristics to use as wound dressing.

Table 1 Moisture content data (%TU); fluid handling capacity (FHC); water vapor permeability (WVP) of 
the blends.

Samples %TU* *FHC(g.10cm-2.24h-1) *WVP(g.Pa-1.s-1.m-1)
CEL 22,15a 9,41a 5,73a

PVOH - - 2,71cd

CP 10,00b 3,63b 4,41ab

CPS1 13,12b 3,48b 3,09bc

CPS2 11,00b 3,47b 2,01cde

CPS3 9,74b 4,26b 1,24de

CPS5 10,31b 5,15b 0,78e

(*) 
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Abstract - The objective of this study was to encapsulate bergamot essential oil (BEO) in alginate 
beads prepared with calcium (Ca2+) or iron III (Fe3+) and to investigate the properties of these 
capsules under gastrointestinal conditions1,2. Additionally, chitosan was applied as coating material
to the alginate beads using two different methods: one-stage and two-stage methods. In the one-
stage method, an emulsion containing alginate and BEO was dropped into a solution containing
chitosan and the crosslinking agent, using a peristaltic pump. The resulting capsules crosslinked
with Ca2+ were named ACQ1 and with Fe3+, AFQ1. In the two-stage method, the alginate beads 
were first prepared and then immersed in a solution containing chitosan. The corresponding
capsules were named ACQ2 and AFQ2. Alginate beads without chitosan were named AC and AF.
The characterization of the capsules was performed by scanning electron microscopy, Fourier 
transform infrared spectroscopy (FTIR), encapsulation efficiency (EE%) and release analysis in 
PBS buffer (pH 7.4) for 3 hours and hydrochloric acid with sodium chloride (pH 2.0)3 for 2 hours.
The results indicated that the capsules displayed distinct release profiles depending on the 
crosslinking agent, chitosan coating, and pH conditions. Additionally, the encapsulation efficiency 
varied across the different types of beads, with Fe3+ beads exhibiting higher encapsulation 
efficiency than Ca2+ beads, except for AC. However, it was observed that the Fe3+ beads also 
showed faster release rates when compared to the Ca2+ beads.
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REACTIVE COMPATIBILIZATION OF PEBD/PP BLENDS USING 
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Abstract Bentonites clays have been widely used as fillers in polymers such as in polyolefins due 
to the low cost and formation of nanofillers, leading to significant changes in performance of 
mechanical properties of the material. Polyolefins (polyethylene and polypropylene) represent 
above 50% of global consume of thermoplastics, generating large amounts of waste, which is a 
challenge for recycling. Although the use of bentonite clays as filler is consolidated, studies have 
showed the action of bentonite clays on induction or catalysis of structural changes in polyolefin 
when the clay is incorporated to polymer on high shear rate1. Thus, the aim of study has been to 
evaluate the action of a natural bentonite clay on the polymer low-density polyethylene (LDPE), 
polypropylene (PP) and LDPE/PP blend after thermomechanical processing under high shear rate 
and inert gas nitrogen. An internal mixer MH 600 was used for thermomechanical processing. 
Afterward, the materials processed by injection molding in a Diplomat Spazio Dw-130 for 
confection of tensile and impact specimens, which were used to characterization of mechanical, 
thermal, rheological, chemical and morphological properties with the purpose of the identification 
the structural changes in materials and related consequences on properties of these materials. 
Bentonite clay showed significant action on structural modification in polymeric chain of LDPE 
and PP. However, these changes have been more intense in PP. The molecular recombination, 
mainly for LDPE/PP blend, may also have occurred with probable formation of copolymers LDPE-
PP. The study led to a better understanding on the interaction between bentonite clay and polyolefin 
matrix as well as the structural and properties changes in the polymers, which can be important for 
development of new polymer materials and improvement of practices for mechanical recycling of 
polyolefins.      

Keywords: Polyolefin, natural clay, bentonite, recycling
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Hydrogels are one the utmost polymeric materials employed in drug delivery, especially those 
constituted with polysaccharides due to their biocompatibility, and non-toxicity[1]. These hydrogels 
can be prepared by physical or chemical crosslinking of the polysaccharide chains, where the latter 
have been gained special attention since the crosslinking process is easily controlled[1]. To improve 
the efficiency of this type of hydrogel towards drug release, the chemical crosslinks should have a 
responsive nature, allowing their breaking in the presence of a trigger, such as pH or temperature[1]. 
A scarcely explored type of chemical crosslinks are those with a redox-responsive nature, which is 
intriguing since many redox molecules are present in different wounds (from burn to scratch 
wounds)[1]. In the presence of physiological redox agents, the redox-responsive crosslinks are 
broken, facilitating the controlled and local release of drugs from the hydrogel. Within this 
framework, we have developed a redox-responsive hydrogel of thiolated pectin crosslinked by 
disulfide bonds, which are broken in the presence of physiological redox molecules, such as 
cysteine or glutathione1. The crosslinking of the thiolated pectin chains was induced by the addition 
of potassium persulfate (KPS), which reacts with the thiol groups, and promotes the formation of 
the disulfide bonds. Through several characterization analyses (FTIR, rheology, swelling, weight 
loss), we have demonstrated the redox-responsiveness of the prepared hydrogels. Nonetheless, the 
hydrogels were able to control the release of acetaminophen, a model drug, accordingly to the redox 
condition of the medium. 
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Abstract

The present study proposes the synthesis and maximization of swelling of hydrogels based on
starch and acrylic acid. The synthesis of hydrogels was based on the methodology proposed by Zhang, 
et al 2016 using a central composite experimental design. The study region comprised an N, N'-
metilenbisacrilamida (MBA) concentration range of 0.0156 to 1.6844% and a polymer ratio of 4.17 
to 9.83 g acrylic acid/gstarch. The synthesized hydrogels were immersed in distilled water until 
equilibrium swelling was reached. Then the equilibrium swelling values were entered into Minitab
software and using response surface methodology the swelling of the hydrogels was maximized as a
function of polymer ratio (g acrylic acid/g starch) and MBA concentration. The results were fitted to
a quadratic model (95% confidence), with the optimum swelling value being 622.31 g/g for a
concentration of 0.016% MBA and 7 g acrylic acid/g starch. Therefore, the study demonstrated that
the swelling of starch-acrylic acid-based hydrogels can be maximized by adjusting the polymer ratio
and MBA concentration using the equation described in the present study.
Figure
Fig 1. Swelling response surface
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Abstract - Polyurethane (PU) is a versatile material widely used as thermal insulation in 
refrigerators and in the construction industry. Additionally, it can be employed in equipment and 
glassware packaging, as well as in footwear, clothing, and surgical materials. The diverse use of 
polyurethane also generates a significant amount of waste and residue material. In this study, 
micronized polyurethane residue was incorporated as a reinforcing filler in natural rubber, 
polybutadiene rubber, and a blend of natural and polybutadiene rubbers (50/50) using an open roll 
mill mixer at a friction ratio of 1:1.25, according to ASTM D3182 standard. The vulcanized 
composites with 15 phr (per hundred rubber) of PU were characterized through rheometric testing 
(ASTM D2084), density, hardness (Shore A), abrasion resistance, Fourier-transform infrared 
spectroscopy (FTIR), and thermogravimetric analysis. The results showed that the vulcanization 
time of the polybutadiene rubber composite is longer, but in the rubber blend, this time is reduced 
and practically equal to that of the natural rubber composite. In abrasion resistance tests, there is 
greater wear for the polybutadiene composite, but this resistance is increased when compared to the 
polymeric blend. The FTIR spectra showed that the blend presents the chemical structures of 
natural rubber, polybutadiene, and PU residue. Thermogravimetric analysis demonstrated that the 
polybutadiene composite is more resistant to thermal degradation than the natural rubber composite, 
whereas the blend exhibited two well-defined degradation temperatures. Therefore, it can be 
inferred that the polybutadiene composite is recommended for applications requiring thermal 
resistance, while the rubber blend can be used in works that demand mechanical strength, thus 
contributing to the value enhancement of rubber products and the reduction of environmental 
impact.

Keywords: Composite, polybutadiene rubber, polyurethane residue, thermogravimetric analysis, rheometry.
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Abstract - Since 1950, about 6.33 billion tons of polymers have been produced worldwide; 9 and 12% 
of these wastes have been recycled or incinerated, and about 4.9 billion tons have been discarded in 
landfills or the environment, threatening ecosystems across the planet. On the other hand, agro-
industrial production, especially the oil palm culture, has a high output; its production is even greater 
than that of rapeseed and six times greater than soybeans. For example, Brazil produced 2,867,986 tons 
only in 2020. Moreover, the northern region is Latin America's largest oil palm producer, generating 
countless wastes. Therefore, this research seeks alternatives for using and applying these materials in the 
form of polymeric composites. To make the composites, firstly, a study was carried out on the fibers, 
such as knowing their lignocellulosic content and extracting the cellulose, using NaClO2 and glacial 
acetic acid at a temperature of 70 °C for 5 hours, and drying until constant weight. After that, the 
cellulose was washed with a sodium hydroxide (NaOH) solution diluted at 17.5% m/v, washed for 2 
min with distilled water, and dried to constant weight. Subsequently, for the manufacture of the 
composites, the materials (LDPEr/cellulose) at concentrations of 0, 3, 5 and 7% of cellulose together 
with 2.5% PE-g-AM as a compatibilizer were added in a thermokinetic mixer homogenizer MH at 4,050 
rpm, to create a homogeneous mixture between LDPE/fiber/compatibilizer. After that, the material was 
ground and then subjected to injection molding using a SPAZIO DW-130 brand injector, with a 
temperature profile of 170, 180, 190, and 200 °C for feeding to the nozzle and holding pressures of 80 
and 110. Then, the specimens were submitted for mechanical tests and thermal analyses. The samples 
with the addition of cellulose fiber tended to decrease the tensile strength increasing fiber percentual
Fig. 2 (17.16 to 13.5MPa) and the TGA analysis occurred in 2 stages of degradation, since cellulose 
starts its degradation around 230°C.Therefore, it can be understood that the cellulose extracted from the 
residues of the palm bunches can be easily applied in the polymeric matrix of LDPEr.
Keywords: Polymers, natural fibers, composites

Figure 1: Materials and composites developed.        
           Figure 2: Result of the tensile test
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Abstract: Additive Manufacturing (AM) has been presenting itself as an interesting technology due
to the insertion of a new manufacturing model. In order to expand the application opportunities of
this technology, this research aims to analyze the tribological properties of parts manufactured by
the process using PET and PLA filaments with carbon fiber. Tribological knowledge helps to
improve the safety, service life, as well as the reliability of the components obtained. The specimens
were printed on a Delta 3D printer. Tribological analyzes were carried out from the reciprocal test,
to determine the coefficient of friction of the manufactured specimens and evaluate their behavior.
The influence of surface hardness on the results of loss of mass and depth in Z was verified, with a
reduction in adhesive wear.
Keywords: Additive manufacturing, melt and deposition modeling, PET and PLA/Carbon fiber
filaments, tribology
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Abstract - This research has the objective to study the synthesis of iron-lignin nanoparticles for 
application in dense polysulfone membranes, for N2, CO2 and CH4 permeation. A nanoprecipitation 
method by Chen et al. (2022) was applied resulting into iron-lignin particles with different 
morphologies. FTIR-ATR analysis showed peaks around 3400 and 1652 cm-1 that indicate the 
formation of iron hydroxyl and iron nitrate complexes, respectively (Wang, Cui e Jiang, 2011).
MEV and TEM (Fig 1. left) inspections made possible to observe circular particles formed when 
THF was used as solvent whereas the use of DMF resulted in elongated shapeless particles. 
Temperature influenced the particles diameters: 40 ºC, THF as solvent resulted into 166.87 ± 69.70 
nm (softwood) and 158.75 ± 64.61 nm (hardwood), and 25 ºC, THF as solvent resulted into 118.39 
± 42.11 nm (softwood) and 115.86 ± 33.92 nm (hardwood). These four particles were analyzed with 
ANOVA and it was concluded with 5% level of significance that the respective diameters of the 
particles are different. Afterwards, permeation tests (constant pressure/variable volume) were 
carried out with the application of pure lignin and iron-lignin into PSU membranes. MEV showed
interfacial defects between particles and PSU membranes (Fig 1. right). The best result obtained for 
selectivity was the softwood lignin particle precipitated at 0 ºC and THF as solvent, showing the 
selectivity of 26.54 for CO2/N2, a better result when compared to 12.39 for a pure PSU membrane 
found by Tavasoli et al. (2018). However, this good result does not change the fact that the most of 
the membranes in this study presented worse selectivities when compared to pure PSU membranes.

Fig 1. Softwood-iron particle (left); Hardwood PSU Membrane (right)
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Abstract - Polyurethanes are widely used polymers due to their diverse properties. They are formed by 
chemical reactions between compounds containing isocyanate groups and compounds containing hydroxyl 
groups (mainly polyols), resulting in a three-dimensional polymeric structure. Polyurethanes have a wide 
range of physical and chemical properties that can be adjusted by changing the chemical composition or 
using additives. Initially, such polymers were synthesized from petroleum derivatives, but the high value of 
the primary raw material made it necessary to search for materials from renewable sources. As a result, 
vegetable oils are prominently used in the synthesis of polyurethanes, together with lignin, a natural 
biopolymer obtained from plants and which gives the final product mechanical and thermal properties 
similar to those of mineral origin, making it a more sustainable alternative. The aim of this study is to 
synthesize polyurethanes from thermally degraded vegetable oils doped with malt bagasse lignin using a 
one-shot method using in situ polyols synthesized by the performic acid method. The oil used in this process 
is extracted in a period of 48 hours and the malt bagasse used in the operation comes from the brewing 
industry. The lignin extraction is based on the methodology used in the patent "Lignin-Based Polyols from 
Black Liquor and Glycerol" (US Patent 2012/0202907.2012, August 9). Tests carried out on the extracted oil 
revealed a hydroxyl value of 30.79 mgKOH/g, indicating its potential for polyurethane synthesis.
Keywords: polyurethanes, lignin, biopolymer, synthesis
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Abstract The development of composites from polymeric raw materials reinforced with natural 
fibers grows every day, mainly because these materials have good mechanical properties, low cost 
and reduce the environmental impact that the dependence on fossil resources provides. In order for 
the composites to have good properties, it is necessary to use compatibilizing agents that act by filling 
the interfaces between the matrix and the reinforcement. The tannins are a natural alternative to act 
in the compatibilization of these composites because have a chemical structure similar to the synthetic 
compatibilizers. Through this concept, the present work developed composites materials of low 
density green polyethylene (LDGPE) reinforced with bamboo fiber using tannin as compatibilizer in 
order to evaluate the effect of tannin variation in the properties of the composite. First, the bamboos 
were crushed to obtain the fibers. Four samples were prepared: 1- pure LDGPE; 2- LDGPE with 5% 
bamboo fiber (LDGPE/5BF); 3- LDGPE with 5% bamboo fiber and 1% tannin (LDGPE/5BF/1T); 4-
LDGPE with 5% bamboo fiber and 3% tannin (LDGPE/5BF/3T). The composites were processed in 
a single screw extruder, and injected in a bench injection molder to make the specimens. Composites
and pure LDGPE were characterized by mechanical tests and water absorption. In the mechanical 
tests performed it was shown that the addition of the reinforcement in the polymeric matrix was 
efficient, increasing its elastic modulus. In the water absorption test, sample LDGPE/5BF/3T had a 
decrease in water absorption compared to the other samples. 
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Abstract - Over the years the combination of fibers (vegetable and synthetic) offers opportunities to 
produce new materials1. The aim of this work was to carry out a study on the tensile properties of 
hybrid composites. A recycled polymer, acrylonitrile butadiene styrene (rABS) was used as a 
matrix. Recycled carbon fiber (rFC) fabrics were obtained from the thermal treatment of carbon 
fiber reinforced composites at 500°C for 2 hours to recover the carbon fibers2. Three bidirectional
jute fibers fabric were also used. A plain weave fabric composed of jute (T1 - weight 365 g.m-2); a
basket weave fabric composed of jute (T2 - weight 445 g.m-2); and hybrid fabric composed by jute
(weft) and cotton (warp) (T3 - weight 360 g.m-2). Hot compression molding was the process used to 
manufacture the composites: rABS/1rFC (98/2% by weight, respectively); rABS/2rFC (95/5, w/w); 
rABS/1rFC/1T1 (90/1.5/8.5, w/w); rABS/1rFC/1T2 (88/2.5/9.5, w/w) and rABS/1rFC/1T3 (90/2/8,
w/w), which were submitted to 200°C for 30 minutes and 6 tons. For the tensile tests (ASTM 
D3039) a load cell of 2000kgf and a speed of 2.0 mm.min-1 were used. The results showed that by 
incorporating a layer of recycled carbon fiber fabric (rABS/1rFC) there was a 20% increase in the 
tensile strength compared to rABS, whose values were 39.12±6.16MPa and 32.56±1.14MPa, 
respectively. Considering the hybrid composites, the combination of a layer of carbon fiber fabric 
and a layer of jute fiber did not promote a significant increase in the tensile strength of the hybrid 
composites compared to rABS, whose values were 28.00±7.41MPa, 34.47±4.74MPa, and 
30.86±5.76MPa. In addition, the composite rABS/1rFC/1T1 showed the lowest value of tensile 
strength, indicating that the tensile strength is influenced by the weight of the jute fiber fabric. The
mechanical anchoring is the main fiber/matrix adhesion mechanism in composites reinforced with 
lignocellulosic fibers. All composites showed higher values of modulus of elasticity, reaching a 
percentage increase of up to 71% compared to rABS. Thus, the results of the tensile tests showed 
that the incorporation of recycled carbon fiber fabrics and jute and cotton fiber fabrics promotes an
increase in the stiffness of the composites and, also, there is a decrease in the strain values when 
compared to the rABS. In this way, the process of remanufacturing these materials is an alternative 
to reusing high-added value waste and inserting them in the production chain.
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In recent years, combustion has increased significantly with the manufacture of new miniaturized 
devices that have led to increased health damage and failures in electrical systems and devices, among 
others (ZHANG, et al, 2020). Thus, it is necessary to develop new materials that absorb 
electromagnetic radiation (MARE) (YUAN et al., 2020). The processing of electrically conductive 
polymeric mixtures has been gaining space, due to their quick and easy processability, excellent 
electrical conductivity, low cost, in addition to better thermal and mechanical properties. Conductive 
polymer blends of poly (ethylene-co-vinyl acetate) (EVA), polypropylene (PP) with the addition of 
carbon nanotube (CNT) may be promising materials in applications that minimize rail flow (ZAO et 
al., 2022; ZHANG et al, 2020). EVA/PP mixtures varying the concentration of CNT (0.3; 0.5; 0.7; 
1.0 and 1.5%) were prepared by the melting method under the processing conditions used was 80 
rpm, 200 °C and 10 minutes. Two different types of specimens were prepared, pressure and injection, 
in order to evaluate their effect on reflection loss (RL) properties. Both forms of preparation showed 
good RL results, between -25 and -35 dB. But, as Exemplary with 0.7 and 1% of remaining CNT had 
higher values of RL in the Ku band with 99.90% pregnant energy. It was concluded that the 
EVA/PP/CNT mixtures have excellent electromagnetic absorption characteristics.
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Abstract: In this work, particles of magnetic material (maghemite) were incorporated in different (1 and 
3%) in sodium alginate-based hydrogels. The concentration of polysaccharides was 3% solubilized for 24h 
at room temperature (25°C) and crosslinked with 0.3 mol/L of calcium chloride for 30 minutes. Those 
samples were characterized by its morphology by scanning electron microscopy (SEM), thermal stability 
by thermogravimetry (TGA) and X-ray diffraction (XRD). The present work has as main objective to 
investigate the influence of magnetic material in different concentration (1 and 3%), the thermal stability 

Keywords: sodium alginate; crosslinked; magnetic material; thermal stability; morphology.

Introduction  
Hydrogels are three-dimensional (3D) and generally non-crystalline materials 

with the ability to absorb large amounts of water while maintaining their dimensional 
stability [1]. The three-dimensional network of hydrogels in their swollen state can be 
maintained by crosslinking. Chemically, hydrogels have linear polymer chains covalently 
linked through crosslinks. On the other hand, physically crosslinked hydrogels have 
physical domains associated with chain entanglement: hydrophobic interaction, hydrogen 
bonding, crystallinity, and/or ionic complexation [2]. Hydrogels can be formed by both 
natural and synthetic polymers [2]. They are classified as neutral or ionic, depending on 
the nature of the groups directly attached to the polymer chains [3]. The advantages of 
using natural polymers are their nontoxic and hydrophilic nature, biodegradability, 
biocompatibility and possibility of solubilization without organic solvents [5, 4]. 
Hydrogels can respond differently when the characteristics of the external environment 
are altered, such as pH, ionic strength, or the presence of some specific chemical 
substances, e.g., dyes, pesticides, and/or crosslinking agents. [3] In this work, 
biohydrogels were produced by mixing sodium alginate (ALG), a polysaccharide 
extracted from brown seaweed; a linear copolymer composed of mannuronic acid and 
guluronic acid arranged in block structure, which was capable of forming gels at room 
temperature that remained stable at high heat by means of reaction with divalent cations; 
and calcium chloride (CaCl2), forming thermostable gels by exchanging the sodium ions 
of alginate with calcium ions, forming a three-dimensional crosslinked structure of 
polymer chains. This crosslinking increased the mechanical strength and barrier 
properties of alginate, causing the gel to be insoluble in water (DONG et al., 2006). The 
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synthesis of maghemite was accomplished by the coprecipitation technique (TSENG et 
al., 2007), in which the maghemite was modified with oleic acid (C18H34O2). The 
present study also aimed to analyze the influence of the addition of iron oxide in different 
concentrations (1 and 3%) on the hydrogels based on calcium alginate. To achieve this 
goal, the morphology and thermal stability of the hydrogels were analyzed.  
 
Experimental 

For the synthesis of the biohydrogel, a 3% sodium alginate (Sigma-Aldrich) 
solution was prepared, and then calcium chloride (CaCl2) (Sigma-Aldrich) 0.3 mol/L was 
added to the sodium alginate solution, under stirring. For the synthesis of maghemite, 
14.07g of ferrous sulfate (FeSO4) and 27 ized in 
50 mL of water. Both solutions were produced under magnetic stirring. Then the solutions 
were mixed in a 500 mL round-bottom flask containing ammonium hydroxide (NH4OH) 
and 10 mL of oleic acid (C18H34O2). The flask was kept in a thermostated water bath at 
80 ºC for 30-40 minutes, then left at rest at room temperature (~ 25 °C). After preparation 
of the material, the pH was adjusted by constant washing with an ethanol and water 
solution until the pH reached the desired value, pH = 7. The final product was stored in 
glass jars protected from light at room temperature. After the synthesis of the maghemite, 
either 1 or 3% was added in the sodium alginate solution, under mechanical stirring for 
20 minutes. Then the crosslinker (CaCl2) was added. The hydrogels formed were washed 
in deionized water, frozen and freeze-dried for 48 hours. Finally, the morphology was 
analyzed, in which the samples were coated with a thin layer of gold to increase their 
conductivity and protect against localized heating. For image capture, secondary electron 
detectors and X-ray energy dispersive spectra were used. Thermogravimetric analyses 
(TG/DTA) of samples were performed using Q500 V20. Build39, in the 20
temperature  under nitrogen atmosphere. The initial 
temperature of degradation was determined by the intersection between the tangent line 
at the inflection point of the TG curve after onset of degradation and the tangent in the 
zero line. The crystalline/amorphous structures of the biohydrogels were analyzed in a 
Bruker D8 X-ray diffractometer (XRD) with CuK , radiation source, at 40 kV and 
operating at a wavelength of 1.542Å.  
 
Results and Discussions 
   
  Figure 1 shows the X-ray diffractogram of the polysaccharide (alginate), with and 
without CaCl2 (a), the maghemite (MM) (b) and the compositions (c). While odium 
alginate presented a peak at 2  ~ 14, indicative of crystallinity, another peak was observed 
at 2  ~ 21, related to the amorphous portion of the polysaccharide. Calcium alginate 
presented a totally different diffractogram from sodium alginate (Figure 1a) due to the 
presence of the crosslinker (CaCl2). The loss of crystallinity and the increased rigidity of 
the alginate polymer chain were evident when the biopolymer was crosslinked with Ca2+ 
ions.  The diffractogram (Fig. 1b) confirmed the chemical nature of the maghemite ( -
Fe2O3) synthesized, by peaks at 2 q = 30.1, 35.6, 43.2, 53.5 and 57.0°. The diffractogram 
(Fig 1c) referring to the compounds of ALG-Ca + MM had the same profile, where 
amorphous behavior of both compounds and the presence of maghemite were observed. 
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(a)                                         (b)                                                   (c) 

Fig. 1. XRD spectra:  Na-ALG;  Ca-ALG; maghemite;  Ca-ALG+ 1% maghemite; 
Ca-ALG + 3% maghemite. 

 
 
 Figure 2 presents the TG-DTG curves of pure polysaccharide (Na-ALG), the 
biohydrogel without maghemite (Ca-ALG) and of the compounds.  
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Fig.2. TG and DTG curves of the samples.  

 
 Table 1 shows the weight loss, initial degradation temperature (Tonset) and the 
temperature of maximum degradation of the polysaccharide (Tmax) with and without the 
crosslinking agent and the compounds (biohydrogels with maghemite). 
 

Sodium alginate 
(Na-ÁLG) Calcium alginate 

(Ca-ALG) 

Ca-ALG + 1 % MM Ca-ALG + 3 % MM 
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Table 1. Temperature of thermal decomposition of pure polysaccharide and biohydrogel 
with and without maghemite.  

 
 

 
 
 
 
 
 
 

  
 Comparison of the samples of pure polysaccharide (Fig. 2a) and those after 
incorporation of the crosslinker (Fig. 2b) revealed that the presence of the crosslinker 
(CaCl2

and 3% MM had higher Tonset than in pure calcium alginate (Figures 2 (a) and (b)), 
indicating higher thermal resistance of the compounds. In addition to that, the initial weight 
loss was due to water loss.  
 scanning electron microscopy (SEM): 
sodium alginate with 1% maghemite (a) and calcium alginate with 3% maghemite (b). 
 

        
                             (a)                                                                                    (b) 

Fig. 3. SEM micrographs of the biohydrogels samples with MM.  
 

The micrographs presented above (Fig.3) show rough surface morphology and 
some rigidity, probably due to the crosslinker. The presence of MM at the two 
concentrations in the biohydrogel matrix is also indicated in Fig. 3(b).  

Figure 4 shows the magnetization of the biohydrogel when stimulated by a 
magnet. At the highest MM concentration, 3% (b), the response was faster than at the 
lowest with concentration (1%).  

 
 
 

Samples 
Decomposition temperature 

Tonset (°C)                Tmax(°C) 
 T1 T2 T1 T2 
Sodium alginate 243  448  
Calcium alginate 209 290 415 512 
Ca-ALG +1.0 % MM 227 279 436 618 
Ca-ALG +3.0 % MM 218 274 442 638 

1320



             
(a)                                                                       (b) 

Fig.4. Biohydrogel with 1% maghemite (a) and 3% maghemite (b). 
 
 

Conclusion  
The experimental results showed that maghemite affected the biohydrogel due to 

the interaction between calcium alginate and iron, presenting a response to the stimulus 
of a magnet. Scanning electron microscopy showed rough surface morphology, 
increasing with rising iron content. The XRD presented the same profile in both 
compounds with incorporation of maghemite in the biohydrogel based on calcium 
alginate.  
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Abstract - In the current automotive market, the high demands and increasing vehicle qualification 
requirements stand out, with a focus on reducing emission rates and enhancing vehicle safety. These 
elements are becoming increasingly common in the automotive industry. To meet these demands, 
the market has been constantly seeking new material solutions. A 10% increase in vehicle mass 
results in a 4.6% decrease in fuel efficiency, which, in turn, increases pollutant gas emissions. In 
this context, polymeric materials have become a widely used option in vehicle construction, thanks 
to the remarkable technological advancements in plastics in recent years. However, degradation and 
durability remain the main limitations in the application of polymers in the automotive industry. 
This study aims to further investigate the thermo-oxidative degradation process of the HDPE + 
EVOH + PE-g-MA blend. This blend is a result of reusing the scraps from the fuel tank 
manufacturing process and is commonly used as one of the tank layers. For this study, six 
experimental conditions were conducted, which were analyzed using the following techniques: 
Differential Scanning Calorimetry (DSC), Melt Flow Index (MFI), Scanning Electron Microscopy 
(SEM), Fourier Transform Infrared Spectroscopy (FTIR), carbonyl index, and tensile testing. From 
the analyses, it was observed that the residence time inside the extruder is the primary factor 
contributing to the blend degradation, followed by the percentage of EVOH in the samples. In other 
words, the longer the residence time and the higher the percentage of EVOH, the greater the kinetic 
rate of thermo-oxidative degradation reaction. These findings are supported by the increase in 
carbonyl index, as well as the rise in melt flow index and specific degradation peaks observed in the 
FTIR curves.
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Abstract
The increasing demand for energy necessitates the development of novel insulating materials.
Polymers are extensively employed in such applications, serving as electrical insulators. However, 
these materials possess low thermal stability. High electrical current flowing through high voltage 
cables leeds a substantial temperature rise caused by the Joule Effect, which limits the maximum 
operating temperature and accelerates cable degradation. This issue can be addressed by enhancing 
the thermal performance of polymers through the incorporation of thermally conductive fillers. The
final localization of nanoparticles primarily depends on thermodynamic factors, melt processing, 
and rheological behavior [1]. In this study, immiscible polymer blends of Polypropylene/Ethylene-
Octene copolymer (60%PP/40% EOC %wt) were prepared, both unfilled and filled with 0,25wt%
of hexagonal boron nitride (h-BN) and 0,75 wt% of silicon nitride (Si3N4) nanoparticles, using a 
twin co-rotating extruder. The theorical prediction of the final localization of the nanoparticles was 
calculated by estimating the wetting coefficient. The materials were analyzed using rheological, 
contact angle, thermal conductivity and SEM. The results confirmed the immiscibility of PP and 
EOC, leading to the development of a co-continuous morphology. Interfacial tension measurements, 
employing Guggenheim's equation, revealed the nanoparticles preference for interacting with the 
EOC phase at room temperature, with a tendency to migrate towards the PP phase as the 
temperature reached 200°C. The rheological analysis suggests that the nanoparticles were trapped 
by the EOC phase. Thermal conductivity results exhibited improvements upon the addition of 
nanoparticles.
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Abstract - The release of toxic metals into water bodies is a current and recurring environmental 
problem caused by industrial and urban growth [1]. Biodegradable adsorbent materials are a relevant 
alternative because they are low cost, sustainable and ecological for the removal of metal ions in 
aqueous medium. This work aims to produce bioadsorbents using cellulose (CEL) and alginate (ALG) 
with magnetite nanoparticles (MAG) and evaluate their efficiency in the removal of cadmium ions 
(Cd2+). The CEL/ALG and CEL/ALG/MAG beads were produced by ionic gelation in CaCl2 3% 
(w/v) from polymeric solutions (3% (w/v) in the proportion of 50/50% (v/v) and 30% of the MAG 
(synthesized by coprecipitation). The surface area (SA) and pore size (PS) of the beads were 
determined by nitrogen physisorption and the Cd2+ adsorption tests were performed with variation of 
the adsorbent mass (0.1 - 0.5 g) and time of contact (0 - 480 min). To explain the kinetic behavior of 
the adsorption, pseudo-first order (PFO) and pseudo-second order (PSO) non-linear models were 
verified. The CEL/ALG/MAG beads have higher values of SA 0.6196 m². g-1 and PS 6.961 nm, 
compared to CEL/ALG of 0.1776 m². g-1 and 2.483 nm, respectively. The SA increase may be a result 
of the incorporation of MAG in the beads. The CEL/ALG/MAG and CEL/ALG beads showed 
efficiency in removing Cd2+ between 97.65% and 98.66%. After 240 min of adsorption, the CEL/ALG 
and CEL/ALG/MAG beads reached equilibrium, indicating that the active sites were saturated [2]. 
The data better fit the PSO kinetic model with R2 greater than 0.99 and adsorption capacity more 
consistent with the experimental results for CEL/ALG and CEL/ALG/MAG beads, suggesting 
chemisorption as the controlling step of the adsorption rate [3].
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Abstract - The increase in life expectancy and trauma caused by accidents has led to a growth in 
the number of interventions for bone repairs and motivated the development of new materials for 
application in bone tissue engineering, with emphasis on the development of scaffolds capable to 
mimic the natural extracellular matrix of bone to enable the connection, proliferation and 
differentiation of cells. One way to obtain bioactive scaffolds is the production of biocompatible 
and bioabsorbable polymer-based composites (such as poly(lactic acid), PLA) with bioactive fillers. 
Conventional composite production techniques usually employ high temperatures and shear rates, 
and a severe degradation of the polymer matrix can be triggered when ions released by the 
bioburden interact during the mixing process. The control of the molar mass of the polyester matrix 
can be carried out through surface treatment of the fillers or the use of a chain extender. The 
addition of this compound modifies the viscoelastic behavior of the matrix, making it feasible to 
process the composite by extrusion-based methods, such as additive manufacturing. Another way to 
control matrix degradation is by reducing the surface area of charge/matrix contact and the exposure 
time of the molten polymer to the bioactive fillers, using the filler in the form of continuous fibers. 
Our research group has been developed bioactive materials for tissue engineering and scaffolds of 
polymer matrix/bioactive fiber has been obtained by additive manufacturing. Since length, filler 
concentration and fiber orientation influence composites characteristics, modulations of mechanical 
properties can be obtained in order to simulate the behavior of bones that have spongy and compact 
regions, through 3D printing of structures containing continuous and particulate fibers (in the matrix 
composite), being the printing of filaments with continuous fibers and the modulation of the 
properties the main development challenges. 
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Brasil (CAPES) - Finance Code 001; CNPq 405008/2021-0; CNPq 307742/2022-9; FAPESP 2017/09609-9; FAPESP 
2019/27415-2 and FAPESP 2022/03157-7.

Keywords: PLA; continuous fibers; bioactive particles; scaffolds; additive manufacturing. 
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STUDY OF 3D PRINTED BILAYERD PLA HONEYCOMB COMPONENTS 
FOR MICROWAVE ABSORBING APPLICATIONS
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Abstract In this work we investigate the influence of thickness ratio between a PLA/CNT conductive (PLAc) and a
PLA non-conductive layer of a bilayer honeycomb structure on the component s electromagnetic wave absorbing
efficiency. Two cell sizes were analyzed, the components overall thicknesses were fixed at 4 mm, and the bilayer 
components were measure first with the non-conductive layer as top layer, then with the conductive layer as top layer. 
When the neat PLA was kept as the first layer, the samples with 1 mm PLA and 3 mm PLAc configuration showed the 
best RL value, of around -25 dB. On the other hand, when the component was measured with the conductive layer at the 
top, the sample with 1 mm PLAc and 3 mm PLA exhibited the best result with RL reaching -27 dB. For both cases the 
samples with the larger cell size showed better results throughout.
Keywords: Bilayer electromagnetic wave absorber, honeycomb structure, Fused Filament Fabrication, multi-material.  
Fundings: Fundação de Amparo à Pesquisa do Estado do Rio de Janeiro - FAPERJ.

Introduction
The need to mitigate the electromagnetic pollution cause by the large amount of electronic devices 
used in a daily basis, has led to a large amount of effort put into find better and easier ways to create 
materials that can help decrease this pollution. In order to obtain a component that has high 
absorption properties, works on a broad range of frequencies and is light weight, recent researches 
have pivot to the application of multi-materials structural components, based on polymer 
composites. A great advantage of these components is that they can be made hollow, which would 
result in a less dense product that has the added benefit of increasing its effectiveness by promoting 
scattering and multiple reflection of the electromagnetic wave inside the absorber [1,2]. Honeycomb 
structures are good candidates for developing microwave absorbing components due to their high 
strength-to-weight ratio, and the ability to achieve the desired electromagnetic response by 
changing its geometry [1,3].
There are several methods to produce functional materials, with additive manufacturing being the 
one which has shown important growth in the last two decades. Additive manufacturing, or 3D 
printing, differently from traditional manufacturing, produces components by adding material layer 
by layer, according to a pre-defined program, decreasing waste and increasing the freedom of form. 
Among the many types of 3D printing, filament fusion fabrication (FFF) is a good option when 
working with thermoplastic polymers, due to its low cost and easy application [4]. 
The microwave absorption efficiency of multi-layer components are showed to be enhance by the 
combination between a matching layer, that works to improve the impedance matching, and an 
absorbing layer, that reduces the energy of the incident electromagnetic wave. Generally, the 
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matching layer is made out of a material with low electromagnetic properties, while the absorbing 
layer presents higher conductivity [2,5,6]. 
Therefore, the main goal of this study is to find the best thickness ratio between conductive and 
non-conductive layer of a honeycomb structure that yields the most desirable outcome for 
microwave absorbing applications, with the highest possible electromagnetic radiation absorbing 
properties with the least amount of the conductive PLA. 
 
Experimental 
Materials 
The 3D printed honeycombs were manufactured using commercial polylactic acid (PLA) filaments, 
supplied by 3D LabTM (Brazil). Two different types of PLA were used: (i) PLA transparente, a 
1.75 mm diameter neat PLA filament, and (ii) PLA condutivo, a 1.75 mm diameter filament made 
from a PLA and carbon nanotubes (CNT) composite. 
 
Manufacturing of 3D printed honeycombs 
The honeycombs were printed via fused filament fabrications (FFF) on a CrealityTM Ender3 3D 
printer, equipped with a BMG dual gear extrusion system, using the open-source PrusaSlicer 
(version 2.3.3) software to control the 3D printing process. The printer parameter setup was: nozzle 
diameter of 0.4 mm; layer thickness of 0.1 mm (first layer 0.3 mm); print speed of 20 mm/s (first 
layer 15 mm/s); extrusion temperature of 220 °C; heated bed temperature of 60 °C; 3 perimeters, 
honeycomb fill pattern and fill density of 10% (cell size of 7.5 mm) and 20% (cell size of 3.5 mm). 
Fig. 1 displays the printed honeycombs, with the two materials and two cell sizes, where the cell 
size corresponds to the internal diagonal of the hexagonal shape. 
 

 
Figure 1  Printed PLA honeycomb, with neat and conductive PLA, and the two cell sizes. 
 
Preparation of the bilayer components 
The honeycombs were printed with thicknesses of 1, 2 and 3 mm, for both materials. They were 
them assembled in a way that kept the overall thickness of the sample at 4 mm, but varied the ratio 
between neat and conductive PLA. Single material samples, with 4 mm thickness, were also 
measured. The components configuration is described in Table 1. 
 
Table 1. Bilayer components configuration 

Sample Neat PLA thickness Conductive PLA thickness Fill density 
PLA10[4mm] 

4 mm -  
10% 

PLA20[4mm] 20% 
PLA10[1mm]PLAc10[3mm] 

1 mm 3 mm 
10% 

PLA20[1mm]PLAc20[3mm] 20% 
PLA10[2mm]PLAc10[2mm] 

2 mm 2 mm 
10% 

PLA20[2mm]PLAc20[2mm] 20% 
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PLA10[3mm]PLAc10[1mm]
3 mm 1 mm

10%
PLA20[3mm]PLAc20[1mm] 20%
PLAc10[4mm] 

-  4 mm 
10% 

PLAc20[4mm] 20% 
 
Electromagnetic Properties 
The reflection loss (RL) analysis was executed on an ENA vector network analyzer, model E5080B, 
from Keysight Technologies, with a rectangular waveguide in the X-band (8.2-12.4 GHz) and Ku-
band (12.4-18 GHz) frequency range. 
 
Results and Discussion 
The bilaye Preparation of the bilayer components
measured in two different ways: first the neat PLA honeycomb layer was maintained as top part of 
the sample, as the matching layer, afterwards the components were turn to place the conductive 
layer (PLAc) as the top layer. Besides the bilayer components, single material samples were also 
measured. The RL curves, for the samples with the neat PLA as top layer, are shown in Fig. 2.  
Since the samples thicknesses were kept at 4 mm, the analyzed changes between the samples were 
the thickness layer ratio between neat and conductive PLA and the cell size. For both cell sizes the 
combination that showed best result was the samples with a 1 mm neat PLA layer combined with a 
conductive layer of 3 mm (green curves), with values of RL bellow -10 dB (90% of attenuation) for 
a large frequency range. At the same, time the cell size that showed the highest RL results was the 
7.5 mm (fill density of 10%), with values of around -25 dB. Besides that, the sample 
PLA20[2mm]PLAc20[2mm] showed similar behavior to PLA20[1mm]PLAc20[3mm], but with 
slightly inferior values and on a smaller frequency range, starting at 11 GHz instead of 9.6 GHz. It 
is important to point out that the PLAc10[4mm], i.e., single material sample made out of conductive 
PLA, also reached values lower than -10 dB, however the attenuation remains at -15 dB with a 
larger amount of conductive filler, which would result in bigger costs. 
The mechanism for the increase in microwave absorption for the bilayer samples, compared with 
the single materials ones, could be attributed to the combination of a matching layer that allows the 
incident wave to penetrate the material, with the conductive layer that interacts with the wave 
resulting in multiple reflections between those two layers. Furthermore, the increase in the 
conductive layer thickness raises the dipole polarization improving the absorption [2]. 
 

 
Figure 2  Bilayer PLA honeycomb with the conductive honeycomb as the bottom layer, with (a) cell size 
of 7.5 mm (fill density of 10%) and (b) 3.5 mm (fill density of 20%). 
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To better understand how this bilayer material reacts to the incident electromagnetic wave, 
measurements with the PLAc as top layer were also performed (Fig. 3). Opposed to how the first 
experiment went, this time the samples with 1 mm of conductive layer were the ones that showed 
better results, with the PLAc10[1mm]PLA10[3mm] sample reaching RL values of around -27 dB 
and the sample PLAc20[1mm]PLA20[3mm] values of -29 dB. The component with larger cell (fill 
density of 10%) presented RL bellow -10 dB from 11 to 18 GHz, while the one with smaller cell 
ranged from 10 to 18 GHz. The other samples with the larger cell also showed promising results, 
with desirable values of RL for a large bandwidth.  
 

 
Figure 3  Bilayer PLA honeycomb with the conductive honeycomb as the top layer, with (a) cell size of 
7.5 mm (fill of 10%) and (b) 3.5 mm (fill of 20%). 
 
The obtained results were interesting and unexpected, since the highest values correspond to the 
samples with the least amount of conductive material. One reason that could be attributed to this 
behavior is that by distancing the conductive layer from the reflective plate, by adding the neat 
PLA, the electromagnetic waves that were able to penetrate the first conductive layer would remain 
trapped between them. However, when the first layer is too thick, the incident wave has a harder 
time passing through it and is more easily reflected, which results in poorer RL values. This 
explanation would also account for the higher values of RL obtained by the honeycomb with larger 
cell size, since it would be easier for the wave to breach the first layer.  
 
Conclusions 
In this work, bilayer honeycomb components comprised of a non-conductive neat PLA layer and a 
conductive PLA/CNT layer were analyzed. The influence of cell size and ratio between the layers in 
the electromagnetic wave absorbing properties of the components was studied. The measurements 
were first carried out with the neat PLA as the top layer, then with the conductive PLA (PLAc) as 
top layer. The best microwave absorbing results were obtained by the PLA10[1mm]PLAc10[3mm], 
the PLAc10[1mm]PLA10[3mm] and the PLAc20[1mm]PLA20[3mm] samples, with RL reaching 
values of -25 dB, -25 dB, and -29 dB, respectively. Most of the studied samples also displayed large 
effective absorption frequency bandwidth, with RL below -10 dB (90% of attenuation), especially 
for the Ku band, with the larger cell components (fill of 10%) showing better results overall.  
The interesting fact that should be highlighted is that for the samples with the PLAc as top layer, 
very good electromagnetic radiation absorbing properties were achieved with a conductive layer of 
only a 1 mm thickness and larger cell sizes (fill density of 10% - 7.5 mm), which means that the 
amount of filler used would be small, relatively to the total component thickness, and that the final 
total cost of the component wouldn t be too expensive. Finally, this work emphasizes the capability 
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of 3D printed honeycomb structures to be applied as microwave absorbing components, which are 
lightweight and structured sound materials.
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Abstract The use of clays as reinforcements in polymers has been employed for many years in both academic and 
industrial settings. Currently, there is an interest in exploring new clay deposits to increase availability. The clays found
in the Horizontina/RS region have not yet been characterized or studied for their potential in polymer composites. 
Therefore, the objective of this research is to evaluate the tensile strength, impact strength, and printability (warpage 
and surface quality) of 3D printed parts. Composites were prepared with clays from this region, polypropylene (Maxio 
RP347 Braskem S.A) and maleic anhydride-grafted polypropylene compatibilizer. Two clays from different sources 
were tested at concentrations of 5%. The clays resulted in a slight increase in the elastic modulus of about 10% and 
improved impact resistance, but a great improvement in printability was achieved. These findings demonstrate the 
feasibility of additive manufacturing of polymer-clay composites, leading to new applications and improved properties.

Keywords: Clay, PP copolymer, 3d printing, characterization.

Introduction
To improve the properties of PP, researchers have explored the development of composites 

with the addition of inorganic fillers, particularly nanoparticles [1]. Several methods have been 
developed to obtain composites, such as in-situ polymerization, solution incorporation, and melt 
intercalation. Melt intercalation has gained popularity due to its cost-effectiveness, high processing 
rates, and compatibility with existing industrial polymer processing equipment, such as extruders 
and injection molders [2].

Furthermore, the choice of an appropriate clay source is vital to obtain superior properties, 
as different sources may have distinct chemical characteristics. In the region of Horizontina, Rio 
Grande do Sul, there are underexplored clay deposits currently used for low-value brick production. 
Characterizing clay samples from these deposits could lead to their application in higher-value uses, 
such as incorporation into PP to enhance mechanical and thermal properties.

One promising processing technique in materials engineering is additive manufacturing 
(AM), commonly known as 3D printing. Over the past few decades, AM has gained significant 
scientific and industrial attention, primarily due to the expiration of its initial patents, coupled with
a decrease in printer and consumable costs [3]. This research introduces a technical innovation by 
cataloging two previously unreported clay sources.

Our main goal is understanding the effect of adding in natura clay from a deposit in the city 
of Horizontina (state of Rio Grande do Sul) to the formation of a composite with polypropylene and 
compatibilizer for the production of filament for 3D printing, used in the Fused Deposition 
Modeling (FDM) technique.
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Experimental
Materials 
 

The PP RP 347 (manufactured by Braskem S.A.) used is a random copolymer of propylene 
and ethylene, with a melt flow index of 10.0 g/10 min, density of 0.902 g/cm³, and a melting 
temperature of 165 °C. Gray clay (GC) and yellow clay (YC) from Hélio A. Strassburger Mine -
ME were employed. PPgMA, a maleic anhydride modified polypropylene, was used as a 
compatibilizer. It has a melting point of 157 °C, density of 0.91 g/cm³, and a melt flow index of 115 
g/10 min. Mineral water from Ametista Spring in Lajeado, Rio Grande do Sul, was used for 
washing. 
 
Method 

Initially, 250 ml of clay were dispersed in 10 liters of washing water and homogenized using 
an electric mixer. The mixture was left to settle for 7 days, and 5 liters of the suspension were 
replaced with fresh washing water four times. The clays were then sieved using a 635 mesh sieve 
and dried at 80 °C for 24 hours. The final yield was 23.0 g of GC and 21.0 g of YC. 

Samples of PP with different proportions of clays and compatibilizer were prepared 
according to the concentrations specified in Table 1. Each sample was extruded to produce 250 g of 
filament with a diameter of 1.75 ± 0.5 mm. A single-screw extruder (Seibt, ES-18) with a heating 
ramp ranging from 105 °C to 155 °C was used, with the die temperature set at 155 °C. 

 
Table 1  Samples concentrations  

Samples PP (g) PPgMA (g) GC (g) YC (g) 

PP+2%PPgMA 147,0 3,0 - - 

PP+2%PPgMA+5%GC 139,5 3,0 7,5 - 

PP+2%PPgMA+5%YC 139,5 3,0 - 7,5 
 
The test specimens were modeled using CAD software (Fusion 360) following the ASTM 

D638 and ASTM D256 standards. They were then exported to Ultimaker Cura software, version 
5.0.1, in "stl" format. A printer specifically developed for this study was used to print the test 
specimens. Printing parameters are present in Table 2. 

 
Table 2  Printing Parameters 

 
Layer Height (mm) 0,2 

Printing Temperature (º C) 185 

Nozzle Diameter (mm) 0,4 

Table Temperature (º C) 150 

Perimeter Layers        5 

Infill Percentage (%) 100 

Printing Speed (mm/s) 60 

Cooling Fan  Not Present 

First Layer Speed (mm/s) 20 

 
Characterization 

For the mechanical tests, tensile strength test was conducted. Five specimens were printed 
for each sample, and a universal testing machine (EMIC, model DL200) with a 5000 N load cell 
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was used. The specimens were tested at a crosshead speed of 5 mm/min according to the ASTM 
D638 standard. They were stretched until a 50 mm limit was reached.

The Izod impact strength was evaluated at room temperature (23 °C) using a Zwick 
equipment (model D-7900) with a 1 J hammer, following the ASTM D256 standard. The notches in 
the specimens were created during the printing process.

Also, composite printability will be evaluated as warpage and surface quality, as a 
qualitative measurement of roughness. 

Results and Discussion 
Tensile Strength

The Young's modulus of PP+2%PPgMA and the composites with 5% GC and YC from the 
samples prepared by MA are presented in Figure 1. It was not possible to analyze the pure PP 
sample due to its lack of adhesion to the print bed. Among the various parameters obtained from the 
mechanical tests, the elastic modulus is the best indicator of the degree of clay layer exfoliation [4].

Figure 1 - Elastic Modulus of the compositions

A slight increase in the elastic modulus was observed with the addition of clays compared to 
the PP+2%PPgMA sample, within the normal range of standard deviation. The maintenance of this 
property indicates that both clays are suitable as fillers for FDM printing filaments, provided that 
improvements in printability and dimensional stability are indicated, as presented below.

The Izod impact strength results for the FDM-printed specimens are shown in Figure 16. A 
positive influence of the addition of 5% clay can be observed, regardless of the clay type used. The 
combination of maintained rigidity and a slight increase in toughness due to the presence of clay is 
an interesting result for most applications [4].

The clay seems to contribute to the dispersion of impact energy, typically associated with 
tortuous crack propagation caused by clay dispersion [4]. This result may also be associated with a 
decrease in the crystallinity of the samples.
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Figure 2 - Impact Resistance of Compositions 

 
The ability to print a material and maintain its geometry depends on several factors. Firstly, 

the temperature of the print bed is directly related to material adhesion and, therefore, to part 
deformation and warping [5]. Secondly, the difference in material flowability to be extruded should 
be considered in the printing parameters, as it may require the application of a correction factor 
called the "extrusion multiplier". Additionally, higher crystallinity content leads to greater 
contraction of the printed object, resulting in shape variation and separation between printing layers 
[5]. 

The ends of the test specimens are most affected by warping due to faster cooling of the 
inner parts and temperature gradient during cooling [3]. Figure 3 presents the cross-sectional 
profile, which should be rectangular but shows a semi-elliptical shape against paralleled metallic
plates. 

 

 
Figure 3 - Cross-sectional profile of the printed sample. 
 
It is important to note that the pure PP filament did not adhere properly to the print bed, 

except at temperatures above Tc, resulting in the production of a non-uniform molten mass that 
solidified only after turning off the bed heating. In Figure 4, we can observe the surface 
quality/roughness of the printed parts. The figure shows the test specimens printed with yellow clay. 
The test specimens were similar for both clays. 
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Figure 4 - Image of the surface of the printed PP+2%PPgMA+5%YC specimens. Left: top 

view. Right: side view from a 45º angle. 
 

Conclusions  
From the collection and washing of the clay, filament production for 3D printing was carried 

out through melt intercalation, obtaining material for FDM application. Changes in complex 
viscosity were expected due to reduced chain mobility of the polymer with the addition of clay. 
This condition mildly affected the mechanical properties, with stiffness maintained for samples with 
clay compared to pure PP, and an increase in toughness. This indicates that both clays are suitable 
as fillers for FDM printing filaments. 

Based on the experimental results and subjective assessment of printability, it can be 
concluded that Yellow Clay is more suitable for the in-situ incorporation into polypropylene 
composites, providing an interesting alternative for industrial applications. 

To broaden the scope of the results, further research on homopolymer polypropylenes can 
enhance the understanding of the effect of clay in printing. The optimization of printing parameters 
also significantly impacts the mechanical properties, enabling improved outcomes. 
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Abstract Over the past decade, there has been significant interest in utilizing thermoplastics for 
industrial applications, construction, and various automobile components. On the other hand, 3D 
printing is an evolving manufacturing technology that shows promise in reducing production costs 
and shortening product development cycle times when compared to traditional manufacturing 
methods. The rapid advancements in 3D printing technology have opened up new opportunities for 
researchers to enhance processes, optimize parameters, and improve the properties of printed 
products. This study aims to compare the mechanical properties of specimens manufactured using 
3D printing technology, focusing on two specific materials: PLA and PETG. The specimens were
printed in three different orientations: 0º, +/-45º, and 90º. Printing parameters included a speed of 
60 mm/s, 100% infill density, and the lines pattern without walls. Five specimens were produced 
for each combination of material and print orientation. For PLA, the printing and bed temperatures 
were set at 195 ºC and 60 ºC, respectively, while for PETG, the corresponding temperatures were 
230 ºC and 80 ºC. Tensile tests were conducted following the ASTM D638 standard on the flat 
orientations of the specimens. Digital Image Correlation (DIC) was used to analyse the differences 
observed in the strain characteristics of these materials under uniaxial tensile load for the 
investigated print orientations. After the specimens ruptured, an optical microscope was utilized to 
examine not only the adhesion but also the possible failure modes. The traction test results revealed 
that PLA exhibited a 21.1% higher maximum tensile strength than PETG in the 0º print orientation. 
However, for both the 90º and +/- 45º print orientations, PETG demonstrated superior performance 
with a 13.7% and 12.3% higher maximum tensile strength than PLA, respectively. Finally, this 
research contributes to the ongoing efforts in advancing 3D printing technology and optimizing 
material selection for diverse industrial and engineering applications.
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Abstract Polymer-metal hybrid (PMH) structures are specifically designed and manufactured to 
merge the relevant characteristics of each material into a single structure.1 In this regard, metal 
insert injection overmolding is a widely used polymer-metal assembly technology. It is based on the 
injection molding of polymers, an automated, fast, cost effective and accurate method of 
manufacturing parts with the most varied and complex shapes and sizes, with the difference that the
metal part is positioned in the mold cavity and then overmolded with polymer. In direct-adhesion 
injection overmolding the joining between polymer and metal components is attained by physical 
and/or chemical adhesion forces, which are achieved by surface preparation of the metal part 
through micro/nanoscale structuring or through the application of adhesion promoters.1,2 In this 
study, we address the injection overmolding joining of polycarbonate (PC), thermoplastic 
polyurethane (TPU) and nanocomposite of polyamide 6 and graphene oxide with AA6061 
aluminum alloy, and of composites of high-density polyethylene (HDPE) and poly(lactic acid)
(PLA) filled with hydroxyapatite with Ti6Al4V titanium alloy. The preparation of the polymer 
composites, surface structuring of the metals, injection overmolding process, interface 
microstructure and mechanical performance of hybrid polymer-metal joints are detailed. Fine-
tuning of injection overmolding conditions and metal surface microstructure led to strong joints 
with cohesive failure in the polymer and/or metal.
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RESPIRATORY FACE MASKS
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Abstract The pandemic caused by SARS-CoV-2 has demonstrated that health personal protective 
equipment still needs more advanced research for its improvement. In this regard, electrospinning 
can be used as an alternative extra protective barrier for airborne pathogens [1]. In this work, we 
propose the electrospinning of poly (1-vinylpyrrolidone-co-vinyl-acetate) (P(VP-co-VAc)) as a 
coating to polypropylene (PP) membranes used in commercial masks for improved particle 
retention. As a characterization method, scanning electron microscopy (SEM), permeability test 
(Per) and filtration efficiency of sodium chloride (NaCl) aerosol particles (diameters from 9 to 300 
nm) using Scanning Mobility Particle Sizers (SMPS) were used. SEM demonstrates the deposition 
of nanofibers on PP pores. Per results show that PP/(P(VP-co-VAc)) purchased from PP shows a 
decrease (Figure 1a), indicating a resistance passage of the particles and their retention more easily.
For PP/(P(VP-co-VAc)) the efficiency (Figure 1b) is improved, reaching a maximum of 60%. For 
suitable filters two important characteristics are required, high collection efficiency and low-
pressure drop, therefore, improvements to the electrospinning process under the PP should be 
evaluated.
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Figure 1. Filtration test (a)Pressure drop versus velocity and (b)collection efficiency.
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A NEW COATING METHOD FOR PRODUCING CONDUCTIVE POLYMER 

COMPOSITES FILLED WITH NANO-EXPANDED GRAPHITE
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Abstract - Conductive polymer composites (CPCs) can be compounded by different coating methods. However, they
show some disadvantages as non-solvent recovery and scalability. Thus, this study investigated a new coating method 
to produce CPCs filled with nano-expanded graphite (nEG). The surfaces of polyethylene 
terephthalate/polyethylene/aluminum (PET/PE/Al) and polylactic acid/polybutylene succinate (PLA/PBS) powders
were coated with up to 10 wt% of nEG and 5 wt% of nEG using a thermokinetic mixer, respectively. The electrical 
resistivity and morphology of the nanocomposites were evaluated using an HP resistivity meter and polarized light 
optical microscope, respectively. The results showed a sharp decrease in the resistivity of PLA/PBS and PET/PE/Al
filled with 1wt% nEG due to easy formation of conductive paths in a segregated structure. PLA/PBS/nEG and 
PET/PE/Al/nEG presented electrical resistivity values which are ideal for being tested as sensors or electromagnetic 
shielding materials.
Keywords: Segregated Structure, Electrical Properties, Polymer Composites, Coatings, Nanomaterials
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Introduction 
Nano-expanded graphite (nEG) is a lamellar material with several layers of stacked graphene 
sheets, and it is characterized by excellent electrical and mechanical properties [1]. However, 
several factors such as spacing, orientation and dispersion of the nanofillers within the polymer 
matrix can impact the performance of electrically conductive composites [2]. In this way, 
compound methods have a critical effect on the creation of electrical conductive path in such 
composite. Coating is a method used to decrease the electrical resistivity and percolation threshold 
of composites. Currently, sonication in presence of isopropyl alcohol and ball milling are two ways
of coating polymers powders with carbon nanofiller. 
The coating method by sonication in the presence of isopropyl alcohol is a procedure developed by 
Prof. Drzal's group for coating polypropylene powder with nEG [3]. The incorporation of this 
technique in the fabrication of polypropylene nanocomposites led to a decrease in the composites
percolation threshold and promoted increased electrical conductivity that is up to 10-3 S/cm. 
Nevertheless, this method requires non-solvent recovery and additional production steps, which can 
increase the cost of fabricating electrically conductive composites. Another way of building 
conductive paths in polymers with nanofillers is by coating the polymer using ball milling
technique [4] [7]. This method, which is based on the application of compressive/shear forces does 
not require the use of solvent [8]. However, ball milling can reduce the aspect ratio of nanofillers, 
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which can impair electrical and mechanical properties of the CPCs [3], [6]. Scalability is another 
problem of this method. 
An alternative to the above-mentioned methods can involve the use of a thermokinetic mixer. A 
thermokinetic mixer, also called a high-intensity dispersive mixer, is a device that transfers kinetic 
energy to a solid through high-speed rotating blades [9]. Thus, the system temperature will 
increases without the application of external heating during mixing [9], [10]. Although there are 
different configurations (Brabender, Haake and Drais), the operating mechanism of thermokinetic 
mixers follows the same principle and involved three main processes: breakage of nanofiller 
agglomerates, mixing and homogenization [9], [11]. Moreover, this equipment can be employed to 
coat polymer powder with nEG due to high lubricating capacity of the nanofiller does not allow the 
coated polymer to melt. The adoption of this coating technique in the production of CPCs can offer 
advantages such as scalability, simplicity and non-use of solvents, which could mitigate the 
drawbacks associated with previous preparation methods. 
Consequently, this work studied the use of a thermokinetic mixer to delaminate and coat the surface 
of PLA/PBS and PET/PE/Al powders with nano-expanded graphite. The produced composites were 
characterized by polarized light optical microscopy (PLOM) and their electrical resistivity in direct 
current was also determined. Based on the literature considered in this study, the utilization of this 
coating technique for creating conducting paths in CPCs is novel and has not been previously 
investigated. The first set of promising results based on this novel production route is presented in 
this article. Given these results, PLA/PBS and PET/PE/Al reinforced with nEG are promising 
candidates for use as sensors and electromagnetic shielding materials. 
 
Experimental  
2.1. Materials 

Two different matrices were used in powder form for the preparation of the CPCs: polylactic 
acid/polybutylene succinate (PLA/PBS) and polyethylene terephthalate/polyethylene/aluminum 
(PET/PE/Al). The PLA/PBS blend (C 301), which has a 70/30 weight proportion of PLA and PBS 
respectively, was provided by Biomater, São Paulo, SP, Brazil. The PET/PE/Al (with 18 wt% PET, 
54 wt% PE and 28 wt% Al) composite was obtained from discarded packaging material and 
supplied by Natura, Cajamar, SP, Brazil. Finally, ground nano-expanded graphite was supplied by 
Nacional de Grafite and has a diameter of 11 micrometers and a mean thickness of 30 nanometers. 
The nanocomposites with different concentrations of nEG were evaluated as shown in Table 1. 

Table 1. Composites composition. 

Matrix nEG Filler (wt%) 
PLA/PBS 1 wt%, 3 wt% and 5 wt% 

PET/PE/Al 1 wt%, 3 wt%, 5 wt%, 7.5 wt% and 10 wt% 
 
2.2. Preparation of composites 
PLA/PBS and PET/PE/Al composites with different concentrations of nEG were prepared using a 
thermokinetic mixer (MH Industrial). Each of the composite formulations was blended at the pre-
mixer velocity for 10 seconds followed by the maximum velocity of 2600 rpm for 30 seconds.  
 
2.3. Compression Molding 
The composite powders containing various quantities of nEG were molded in a hydraulic press 
model MA 098/AR15. The materials were molded for 2 minutes at 190 °C with an initial pressure 
of 3 tons for 60 s and 5 tons for another 60 s. The system was cooled using circulating water and 
165 mm x 165 mm x 2 mm plate specimens were obtained. 
 
2.4. Characterizations  
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Circular specimens with a diameter of 4 cm and a thickness of 0.2 cm were produced from the hot-
pressed samples and used to determine volumetric electrical resistivity. The electrical resistivity of 
each composite was measured according to ASTM D257 at 23 °C and 50% relative humidity. An 
HP resistivity meter (High Resistance Meter) model 4339B with an HP resistivity cell sample 
holder (model 16008B) was used for the measurement. The composites morphology was studied by 
observing about 20 µm microtomed thin films through a polarized light optical microscope (Leica, 
DMRXP) with an attached camera (ZEISS, AxioCam ERc5s). The obtained images were analyzed 
using AxioVision Rel. 4.8 software. 
 
Results and Discussion  
The electrical resistivity values of the PLA/PBS/nEG and PET/PE/Al/nEG composites are shown in 
Table 2. 

Table 2. Electrical resistivity of the conductive polymer composites 

Composition Electrical Resistivity ( .cm) 
PET/PE/AL 6.80 x 1014 

PET/PE/AL/1wt%nEG 2.31 x 104 

PET/PE/AL/3wt%nEG 2.12 x 104 
PET/PE/AL/5wt%nEG 3.34 x 104 

PET/PE/AL/7.5wt%nEG 6.57 x 104 
PET/PE/AL/10wt%nEG 2.14 x 104 

PLA/PBS 1.08 x1012 
PLA/PBS/1wt%nEG <104 
PLA/PBS/3wt%nEG <104 
PLA/PBS/5wt%nEG <104 

 
As seen in Table 2, the electrical resistivity of PET/PE/Al (6.80 x 1014 
PET (1017 17  [12], [13]. This can be attributed to the presence of 
aluminum particles in the composite.  PLA/PBS blend also presented a coherent value of resistivity 
(1.08 x 1012 .cm) in line with information available in the literature [14]. PLA/PBS and 
PET/PE/Al resistivities are high, and they can be defined as insulators [15]. Generally, materials are 
characterized based on electrical resistivity as electrostatic dissipative (between 106 and 1011 , 
conductive (from 105  [15]. Figure 1 shows 
electrical resistivity as a function of nEG content for both PLA/PBS and PET/PE/Al 
nanocomposites. As seen in Figure 1, the addition of 1wt% nEG led to a sharp fall in the resistivity 
of PET/PE/Al and PLA/PBS. PLA/PBS/1wt%nEG showed a reduction higher than 8 orders of 
magnitude in its electrical resistivity, while PET/PE/Al/1wt%nEG showed a decrease by 10 orders 
of magnitude. The decrease of the samples' volume resistivity can be attributed to the presence of 
conductive paths in a segregated structure. According to Pang (2014), a segregated structure is 
observed when conductive fillers are localized at the interface of polymeric granules of conductive 
polymer composites [15]. Thus, such material will show better electrical properties than composites 
with randomly distributed filler [15]. This was reported by several authors that studied polymer 
composites reinforced with conductive carbonaceous nanofillers [16] [21]. The segregated structure 
was verified through morphological evaluation of PLA/PBS/3wt%nEG by polarized light optical 
microscopy as shown in Figure 2. 
As seen in Figure 2, PLA/PBS/3%nEG showed a segregated structure where two zones are 
observed: dark and light zones. The dark zones are nEG-rich regions, while the light zones are 
formed by PLA/PBS blend. This image shows the presence of conductive paths built by 
accumulation of nEG at interfaces of the PLA/PBS granules. The sample morphology showed that 
the use of a thermokinectic mixer for coating the polymer particles is a viable method for producing 
CPCs, even at a low concentration of nEG (1 wt%). The results presented in this study are similar to 
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those obtained in previous related works. For example, Al-Saleh (2016) observed the formation of a 
segregated structure in Ultra High Molecular Weight Polyethylene (UHMWPE) powder coated with 
graphene nanoplatelets (GNP) via dry-mixing [21]. A decrease of 11 orders of magnitude in the 
electrical resistivity, which corresponds to 3 x 103 cm, was observed when 3 wt% of the nanofiller 
was added [21]. Yiqun Wang (2017) also observed the same behavior for UHMWPE/GNP 
composites prepared using ethanol-assisted dispersion [22]. Regarding the composite with 3.8 wt% 
of GNP, the presence of interconnecting conductive channels resulted in a resistivity of 103 cm 
[22]. The resistivity values ( 104 .cm) obtained in this present study showed that PLA/PBS/nEG 
and PET/PE/Al/nEG are conductors and can be tested as sensors or electromagnetic shielding 
materials. The expected morphology for PET/PE/Al/nEG composites will be similar to the one 
presemted in Figure 2. 

 
 

 
Fig. 2. Conductive paths in a segregated structure of PLA/PBS/3wt%nEG. 

Conclusions  
In this work, a unique coating method involving the use of a thermokinetic mixer was used to 
produce conductive polymer composites reinforced with nano-expanded graphite. This method was 
efficient for creating well-distributed conductive paths, which reduces the electrical resistivity of 
PLA/PBS and PET/PE/Al. In the case of PLA/PBS/nEG composite, the electrical resistivity 
corresponds to a decrease higher than 8 orders of magnitude. Regarding PET/PE/Al/nEG, the 
electrical resistivity was reduced by 10 orders of magnitude.  The excellent results were attributed 

Fig. 1: Electrical resistivity of (a) PET/PE/Al/nEG and (b) PLA/PBS/nEG nanocomposites. 
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to the formation of conductive paths in a segregated structure. Both composites (PLA/PBS/nEG and 
PET/PE/Al/nEG) are ideal for use as sensors and can be further tested as electromagnetic shielding 
materials. Finally, this work showed that coating by a thermokinetic mixer is a very promising 
method for the production of conductive composites in a large scale and the technique is suitable for 
coating polymer powders. 
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Abstract - The addition of fillers in raw materials used in additive techniques has provided improvement to the process 
and has also enabled new applications. The objective of this study was to evaluate the chemical and mechanical 
properties of filaments composed of polymer blend based on poly (lactic acid) - PLA and poly (butylene adipate-co-
terephthalate) - PBAT with zinc oxide, a biocide and carnauba wax, future use in filter membranes. The compounds and 
filaments were produced by means of a monoscrew extruder, with 3% zinc oxide, 1% biocide and 1% carnauba wax. 
The filaments were evaluated by infrared spectroscopy (FTIR) and mechanical behavior via tensile strength tests. The 
results showed that the loads of zinc oxide, carnauba wax and biocide did not cause chemical changes in the composite, 
as observed in the FTIR spectra. The tensile strength was reduced with the addition of zinc and had a slight increase in 
the presence of carnauba wax and biocide in relation to the pure polymer.
Keywords: Filament, 3D printing, FDM, Composites.

Introduction 
Additive manufacturing, or popularly 3D printing, is a manufacturing process that uses the 

addition of successive layers of material for the formation of a part. It is widely used in various 
fields such as robotics, automotive industry, medicine and has numerous advantages such as ease of 
process and economy in industrial prototyping. In addition, it also highlights the freedom and 
possibility of manufacturing complex geometries [1-3].

The most widespread method of 3D printing is molten deposition modeling (FDM) using 
thermoplastic filaments produced from various materials such as polyurethane (PU), acrylonitrile 
butadiene styrene (ABS) and polylactic acid (PLA) being the most widespread and used [4]. Thus, 
the study by other environmentally friendly materials, in addition to PLA, and distant from 
petroleum products, has gained space in the field of research as new alternatives for biodegradable 
materials [1,2].

Associated with these factors, the addition of loads has provided the stability of resources in 
terms of workability or printability of the material during the printing process [1,4,5]as well as the 
effect of these additives in a specific application such as the manufacture of filter membranes for 
water oil separation by prototyping has been investigated [6,7].

The literature reports extensive exploration and great capacity of some materials in the 
application highlighted earlier. Zinc oxide, for example, receives a lot of attention and is applied 
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due to its efficient catalytic capacity, low cost and non-toxicity, in addition, it has antibacterial 
capacity that expand its applicability [3,8]. Allied to this, carnauba wax, composed of a mixture of 
hydrophobic compounds, has no impact on the environment because it is biodegradable, and is 
widely used commercially as a water repellent [8,9]. This demonstrates potential in employment 
and potential for new approaches such as the use in filaments for 3D printing. 

This study aimed to develop and evaluate the chemical and mechanical properties of 
composite filaments formed from a biodegradable polymer matrix based on PLA/ PBAT (Poly 
(acid) lactic / (Polybutylene adipate-co-terephthalate)) incorporating zinc oxide, a commercial 
biocide and carnauba wax as polymeric additives in order to enable the prototyping of filter 
membranes for application in oil/water separation. 
 
Experimental  
Materials  

It was used as polymeric matrix the commercial blend Ecovio® (EC), produced by BASF 
SA, and formed by Poly (lactic acid) - PLA and Poly (butylene adipate-co-terephthalate) - PBAT. 
For the formation of the composites, the following additives were used: Commercial Biocide 
Sanitized MB E 22-70 (BC), Zinc oxide (ZnO) and Carnauba wax (CW). 
 
Preparation of the composites 

The materials were previously mixed using the concentrations of 3% for zinc oxide and 1% 
for the biocide and carnauba wax, respectively, in relation to the polymer blend. Subsequently, the 
compositions were processed in a single screw extruder model AX-16 of the brand AX plastics 
(L/D = 26) under the temperature profile of 170, 175 and 180 C and screw speed of 40 rpm. The 
composite obtained was cooled in water and granulated in pelletizer. 
 
Filament preparation  

The pelletized composites obtained in the previous stage were dried in an oven at 80 C for 
4h and soon after the filaments were prepared using extruder of the same brand under the same 
temperature and screw speed conditions. The cooling was carried out by bathing in water at room 
temperature, with the aid of a chiller equipped with coolers of the brand Filmaq3D. The dimensions 
of the filaments were controlled by means of a winder, same brand, acting in the process of pulling 
the filaments, allowing diameter adjustment during the process. The traction parameters were 
adjusted in the rotation speed of the winding roller, allowing the reach of the required filament 
pattern, corresponding to 1.75 ± 0.10 mm. 
 
Characterizations 
Fourier Transform Infrared Spectroscopy - FTIR 

The FTIR spectra were obtained in Nicolet Summit FTIR spectrometer equipment operating 
in total attenuated reflectance (ATR) mode. The scan was used in the range of 4000 to 500 cm-1 
totalizing 16 scans in the analysis. The analyses were performed in the laboratory GREENPAC 
(Polymer Application Center - NHL Stenden), Netherlands. 
 
Tensile Strength 

The tensile strength test was performed on the filaments according to ASTM D3379. Five 
samples of each composition were selected and the test was conducted under the speed if 5 
mm/min, with a load cell of 5 kN in a universal machine EMIC, model DL 30000, belonging to the 
Materials Engineering Course of the Federal University of Piauí.  
 
Results and Discussion  
Fourier Transform Infrared Spectroscopy  FTIR 
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The Fig 1 shows the FTIR spectra of the composite filaments (EC/3ZnO; EC/3ZnO/BC and 
EC/3ZnO/BC/CW) and the polymer matrix (EC) so that it is possible to analyze the chemical 
interactions between the PLA/PBAT blend, zinc oxide, biocide and carnauba wax. 

 
 

 
 

Fig 1. Infrared spectrum for EC, EC/3ZnO, EC/3ZnO/BC, EC/3ZnO/BC/CW compositions. 
 

The FTIR of the polymer blend filament as well as all composites presented bands at 1712 
cm-1 and 1754 cm-1, referring to the C=O elongation vibrations (ester group) present in PLA and 
PBAT [1]. The bands observed in the region of 2923 cm-1 and 2849 cm-1 are associated with 
symmetric and asymmetric stretching vibrations of the methyl group (CH3) [5]. The peaks observed 
in 1455 cm-1 and 1270 cm-1 refer respectively to the antisymmetric bending vibration of the CH3 
group of the PLA phase and the symmetric elongation vibration of the PBAT phase CO [10]. 

At 1180 and 1080 cm-1, the bands are characteristic of the C=O stretch vibration [1]. The 
amorphous and crystalline phases of the PLA are represented by peaks at 872 and 757 cm-1 
respectively. The bending vibration band of the CH plane of the PBAT benzene ring is represented 
in 728 cm-1[1,10]. 

It is also possible to observe that there were no changes due to the incorporation of the 
biocide and the carnauba wax. The literature reports peaks referring to C-H, C=O, C C, C-N, N-H 
bonds in 1848, 1468, 1515, 1161 and 722 cm-1, respectively [9]. Similarly, the biocide compound 
encapsulated with EVA, did not induce change in the composites. This behavior possibly refers to 
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the chemical groups being from the same region with characteristic peaks in 1736, 1370, 1238, 
1020 and 608 cm-1 [11].  

In relation to zinc oxide, load in greater percentage in the composite, similarly, it was not 
possible to identify the peaks and the formation of new peaks due to the insertion of this load. The 
literature reports elongation Zn-O in the regions of 906 - 644 cm-1 and in 1507 - 1378 cm-1 
attributed to asymmetric stretching of oxygen present in the composition [2,12]. Given this 
discussion, the absence of new bands in composites compared to polymer blend, it is concluded that 
there was no interaction with the incorporation of additives. 
 
Tensile Strength 

The tensile strength of the filaments is an important property aiming the applicability in the 
extrusion process as well as its accommodation and storage in reels. In order to be able to transport 
the material to the extrusion head the filament must have sufficient resistance in the transport by 
pulleys [4]. 

In Fig. 2, the mechanical behavior of the blends filaments (EC) and their composites 
(EC/3ZnO; EC/3ZnO/BC; EC/3ZnO/BC) is illustrated. 

 
Fig. 2. Tensile strength and modulus of elasticity for compositions EC, EC/3ZnO, EC/3ZnO/BC, 
EC/3ZnO/BC/CW 
  

According to the results, the filament composition of the pure polymer presented the highest 
values of mechanical properties among the other compositions. The results with slight decrease in 
the values can be attributed to the non-distribution of the load in the filament extrusion process, 
resulting in weak interfacial adhesion of particles and polymer matrix [2,4]. 

It was also observed that when compared the values of the modulus of elasticity of the 
filament of the pure polymer with the composition EC/3ZnO note material reduction became less 
rigid, however, with incorporation of the biocide and especially the carnauba wax the values 
became higher than reported in previous compositions. Therefore, the incorporation of biocide and 
carnauba wax increased the stiffness of the filament. Mathew, Das, TP & Kumar, 2022 [1] 
evaluated the tensile strength properties of filaments composed of the PLA/PBAT blend in varied 
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percentages and observed a reduction in tensile strength, flexion, and modulus of elasticity with 
increased percentage of PBAT, however, with 40 % it was noted the reduction in elongation 
attributed to the increase of the dispersed phase. 
 
Conclusions  

Filaments for additive manufacturing FDM were produced and evaluated when their 
chemical and mechanical properties. The FTIR spectra showed the absence in the formation of new 
bands with the insertion of fillers in the polymer blend, showing no chemical changes in the 
composites. The evaluation of the tensile strength properties indicated reductions with the 
incorporation of zinc oxide and slight increase with the addition of carnauba wax and biocide in 
relation to the blend filament. The filaments produced presented characteristics to be applied in 
functionalized membranes for water/oil treatment, however further studies and characterizations on 
the viability of the product, as an innovative character of the work, will be necessary new prospects 
are open for membrane production without the need for extra surface treatment. 
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Abstract HDPE is widely used and can be shaped using various techniques. Rotational molding offers complex 
geometries and hollow profiles, while injection molding provides high speed and dimensional stability. This study 
compares the effects of these processes on HDPE in its properties. Results show that rotomolded samples had higher 
crystallinity (59.76%) and elastic modulus (647.87 MPa), while injected samples performed better in the impact test (55 
kJ/m²). The choice of molding process should consider specific product requirements.
Keywords: HDPE, rotomolding, injection, physical and mechanical analysis
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Introduction
High-density polyethylene (HDPE) is a widely used thermoplastic due to its excellent 

combination of properties, such as chemical resistance, high mechanical strength compared to other 
commodity polymers, rigidity and ease of processing (low melting temperature), among others [1]. 
For this reason, HDPE can be found in various industrial sectors, including pipelines, cable coatings, 
automotive components, storage tanks, a standard household products like bottles, toys and 
packaging. Its versatility and range of properties make it the top choice for applications requiring
mechanical and chemical resistance, low cost, impermeability and non-toxicity [2].

HDPE can be molded using different manufacturing processes, with the leading techniques 
being rotational molding and injection molding. Rotational molding involves heating a filled hollow 
mold and rotating it to distribute the material uniformly along the walls. After cooling, the mold is 
opened and the final piece is extracted [3, 4]. This process offers advantages like unique pieces with 
complex geometries. However, this technique tends to be slower than other shaping processes, like 
injection molding, and its parts can experience significant shrinkage [3, 4, 5].

Injection molding is a modern and versatile process for molding thermoplastics. It involves 
melting the polymer material in an injection chamber and then pouring it into a closed mold to cool 
and solidify the product [6]. The process offers high production speed and excellent dimensional 
stability for mass production. It allows for the incorporation of complex details like reinforcements 
and holes. However, it comes with a high initial cost, long setup times, and can result in residual 
stresses in the final material [5, 6].

Both processes have their advantages and disadvantages, but it is essential to understand the 
significant differences between each technique in order to choose the best option according to the 
specific needs of each desired product. This article will address the comparison between rotational 
molding and injection molding processes for high-density polyethylene, aiming to elucidate the 
influence of these techniques on its properties and characteristics resulting from each one.
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Experimental
Material 

In this work, high-density polyethylene HD4601U from Brasken was used. The polymer was 
acquired in micronized form (60 µm), specifically designed for the rotational molding. The HDPE 
has a melt flow index of 2.0 g/10 min, a density of 0.942 g/cm³ and a melting temperature of 129 °C.

Material Processing 
Since the material was in micronized form (Fig 1), a preliminary extrusion step was required 

to form pellets, which were later used in the injection process. The extruder (Fig 1 a.1) used in this 
step was a Brabender Twin Screw Multipurpose extruder, where the material was extruded at a screw 
rotation speed of 180 rpm, average torque of 53 Nm, initial polymer mass temperature of 198 °C, 
feeding rate of 2 kg/h and pelletizer speed of 8600 rpm. The temperatures used in the six heating 
zones of the equipment were between 175 and 190 °C. The resulting material in pellet form can be 
seen in Fig 1 a.2. 

 
Figure 1  Production process of HDPE samples 

The injection of the test specimens was carried out using a horizontal Babyplast 10/12 
injection molding machine (Fig 1 b.1). The test specimens (Fig 1 b.3) were produced in the required 
dimensions for subsequent testing using specific molds for each test (Fig 1 b.2). The processing 
conditions are presented in Table 1. 

Table 1  Injection parameters for HDPE samples 

Parameters 
Impact 
samples 

Tensile 
samples 

Temperatures (°C) 
H1  Plasticization 190 
H2  Nozzle 185 
H3  Nozzle Tip 180 

Metering 
Plasticization speed (%) 60 
Metering volume (mm³) 19 14 
Decompression stroke 5 
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Injection and pos-injection
Actual injection pressure (bar) 105 
Injection speed (%) 20 
Pos-injection pressure (bar) 80 
Switch-over volume (mm³) 5 
Injection time (s) 4.1 
Pos-injection time (s) 6 

Times 
Cooling time (s) 18 
Cycle time (s) 34.1 

 
For the production of rotomolded samples, a Rotoline LAB 0.50 rotational molding machine 

(Fig 1 c.1) and a circular mold with dimensions of Ø202 × 200 mm (as shown in Fig 1 c.2) were 
used. The heating parameters in the rotational molding process, including an oven temperature of 
250 °C for 18 min, arm speeds of 4 rpm and 1 rpm, and a reversal time of 5 min. The cooling 
parameters consisted of an oven time of 16 min and arm speeds of 4 rpm and 1 rpm. After cooling, 
the vessel-shaped part was removed from the mold (Fig 1 c.3) and machined to extract the test 
specimens.  

Physical and Thermal Characterization of Rotomolded and Injected HDPE 
To evaluate the physical and thermal properties, DSC analysis was performed on HDPE 

samples in pellet, injected, and rotomolded forms. The samples weighing 12 ± 2.65 mg were analyzed 
using a TA Instruments Q200 instrument under a nitrogen atmosphere. The analysis followed a 
temperature program consisting of an isothermal hold at 30 °C for 2 min, a heating ramp from 30 °C 
to 200 °C at a rate of 10 °C/min, and an isothermal hold at 200 °C for 2 min [7]. 

The obtained data were plotted using the free software TA Universe Analyses, and values for 
the peak melting temperature (Tpeak) and melting enthalpy Hf) were extracted from the resulting 
graph. The crystallinity index (Xc) was calculated using Eq. 1, where Hf

0
 represents the heat of 

fusion for a hypothetical 100% crystalline polymer (assumed to be 293 J/g) [7]. 

         (1)   

Scanning electron microscopy (SEM) characterization was performed using a Joel JSM-
6010LA microscope to assess the morphology of the processed polymer. Samples taken from the 
fracture region of the impact test were gold-coated and examined at an approximate magnification of 
X30, with a working distance (WD) of 12 mm and a voltage of 15 kV. 

Mechanical Characterization of Rotomolded and Injected 
To assess the mechanical properties, the injected and rotomolded specimens were tested for 

tensile and impact properties. The tensile test was performed by ASTM D638 standard using Type I 
specimens. The samples were tested on an Instron universal testing machine using 500 mm/min as 
displacement rate and a 5 kN load cell. The Izod impact test was conducted in accordance with ASTM 
D256-10. The test was performed on a Resil Impactor CEAST equipment, using a 4 J hammer for the 
injected samples and a 2 J hammer for the rotomolded samples. All samples in both testes were 
conditioned at a temperature of 23 °C and a humidity of 50% for 40 h prior to testing. 

Results and Discussion 
The DSC analysis results are presented in heat flow versus temperature graphs (Fig 2). It can 

be observed that the material processing had a slight influence on the material's melting temperature. 
Although, significant differences were observed in the melting enthalpy values of the rotomolded (an 
increase of ~20% compared to the HDPE pellets). This probably occurs due to the difference in 
processing temperatures of each forming method, which enables a better arrangement of the polymer 
chains as the processing energy increases. This also reflects in the crystallinity indices of the material, 
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where values of 59.76%, 49.52% and 49.28% were obtained for rotomolded, injected and pellet, 
respectively. This is a factor of great importance, since the HDPE applications in products probably 
will be limited since higher levels of crystallinity improve density, stiffness, and temperature-related 
properties, but reduce impact resistance and transparency [1, 5, 7]. 

 
Figura 2  DSC curves for PEAD pellet (extrusion), PEAD injection and PEAD rotomolding 

The tensile test results are presented in Table 2, showcasing notable differences between the 
rotomolded and injected HDPE samples. The rotomolded HDPE exhibited superior modulus results 
compared to the injected samples, with an increase of approximately 29%. This finding aligns with 
the differential scanning calorimetry (DSC) analysis outcomes. Notably, no statistically significant 
differences were observed in terms of maximum yield stresses and yield deformation. However, the 
injected polymer displayed higher deformation values at rupture, reaching approximately 550% 
compared to the rotomolded counterpart. This disparity could be attributed to more void defects in 
the rotomolded HDPE, primarily due to the absence of pressure application for conformation during 
the process [5]. 

Table 2  Results from Tensile test of HDPE samples 

Sample Yield stress 
(MPa) 

Yield strain 
(%) 

Rupture stress 
(MPa) 

Rupture strain 
(%) 

modulus 
(MPa) 

Rotomolding 17.97 ± 2.01 9.87 ± 0.72 10.01 ± 1.68 30.61 ± 10.71 647.87 ± 55.21 

Injection 16.96 ± 1.08 10.63 ± 0.32 12.23 ± 0.51 196.48 ± 60.38 503.64 ± 41.26 

In Fig 3 we can see the results for the Izod impact test (Fig 3a) and post test samples (Fig 3b). 
Injected samples obtained better results than rotomolded samples (about 62%). That was already 
expected due to the higher stiffness contents of the rotomolded samples. However, it is worth 
mentioning that the samples had different behaviors in their rupture. The rotomolded samples showed 
partial breakage (+ 90% of the total section), while injected samples showed non-breakage (less than 
90%). These results can also be related to the possibility of voids in rotomolded samples. 

 
Figure 3  Graphics from Impact test (a) and samples after test (b) 
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The impact-fractured samples were subjected to SEM testing, and the corresponding images 
are displayed in Figure 4. Fig 4a reveals the region's deformation marks (striations), indicating the 
impact-induced deformation, but no voids are observed. In contrast, the rotomolded sample (Fig 4b) 
exhibits visible void regions resulting from the processing, which might contribute to the premature 
fracture of the specimens. The morphology depicted in these images appears to be the primary factor 
responsible for the lower mechanical properties observed in the rotomolded HDPE samples. 

 
Figure 4  SEM images from fractured impact samples: (a) injected and (b) rotomolded 

Conclusion 
This study compared HDPE properties obtained through rotomolding and injection molding. 

Both techniques had a noticeable impact on the material. Rotomolded HDPE showed higher 
crystallinity and melting enthalpy, while injected HDPE and pellets differed. Tensile tests indicated 
that rotomolded HDPE had a higher elasticity modulus, indicating increased stiffness, while injected 
samples were more ductile. Impact tests showed superior performance in impact resistance for 
injected HDPE, but void defects were observed in rotomolded samples, potentially affecting their 
impact performance. These findings emphasize the significant influence of the processing technique 
on the mechanical properties and morphology of HDPE. They provide valuable insights for selecting 
the appropriate molding process based on the specific requirements of the desired product. 

Acknowledgments 
The authors thank FAPERGS (Inova Clusters Tecnológicos n. 22/2551-0000839-9) for 

financial support. 

References 
1. F. M. B. Coutinho; I. L. Mello; L. C. de Santa Maria. Polímeros 2003, 13(1), 1  13. 

https://doi.org/10.1590/S0104-14282003000100005. 
2. T. Wani; S. A. Q. Pasha; S. Poddar; H. V. Balaji. Internacional Journal of Engineering Research 

& Tecnology 2020, 9(5), 861  864. https://doi.org/ 10.17577/IJERTV9IS050569. 
3. Y. Dou; D. Rodrigue. Journal of Cellular Plastics 2022, 58(2), 305  323. 

https://doi.org/10.1177/0021955X211013793. 
4. P. L. Ramkumar; D. M. Kulkarni; V. V. Chaudhari. Sãdhanã 2014, 39(3), 625  635. 

http://doi.org/10.1007/s12046-013-0223-4. 
5. J. E. A. Posser; M. R. Policena. Revista Liberato 2022, 23(40), 113  222. 

https://doi.org/10.31514/rliberato.2022v23n40.p149. 
6. P. K. Kennedy, PhD Thesis, Eindohoven University of Technology, 2008. 

https://doi.org/10.6100/IR634914. 
7. A. V. C. de Araujo; L. C. Scienza; A. L. A. Soares; V. Martins in Meio Ambiente, Sustentabilidade 

e Agroecologia, T. A. Rodrigues; J. Leandro Neto; D. O. Galvão; Atena Editora, 2019, Vol. 6, 43 
 52. https://doi.org/10.22533/at.ed.347191604 

1360



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

DEPOSITION OF STAINLESS-STEEL FILMS ON EPOXY FIBERGLASS 
REINFORCED COMPOSITE BY MAGNETRON SPUTTERING

Bruno J. Storgatto1, Abel A. C. Reeco2, Daniela Becker1

1 Graduate in Materials Science and Engineering Program, Santa Catarina State University (UDESC), Joinville, SC, 
Brazil, brunojornada@gmail.com

2 Physics Department, Santa Catarina State University, UDESC, Joinville, SC, Brazil;

Abstract - With the increasing need for renewable energy sources, Brazil's wind generation has shown significant 
growth. A wind turbine converts the wind's kinetic energy into torque, converted into electrical energy. This type of 
generation is susceptible to the effects of weather, such as rain, which generates some damage to the components of the 
wind turbine. One of these damages is the erosion of the blades; they are manufactured based on epoxy resin reinforced 
with fiberglass to have high mechanical resistance and low weight. This erosion causes surface defects, increasing drag 
and reducing generation efficiency and the cost of energy produced. One way to avoid the formation of these defects is 
to apply a coating that protects the blade material and reduces aerodynamic losses. Therefore, this work will study the 
application of thin metallic films deposited by the Magnetron Sputtering process on a substrate of polymeric composites 
based on epoxy resin reinforced with fiberglass taken from a wind turbine blade. This process has already been studied 
in aeronautical applications, obtaining an increase in the material's application life and reducing maintenance. 
Keywords: Magnetron Sputtering, Epoxy composites, thin metallic films

Introduction
The wind turbine generator converts the wind energy by the blade into the rotation, which rotates 
the rotor of the electric generator, which will convert it into electrical energy. One of the main 
components of the wind generator is the blade, which corresponds to 15 to 20% of the cost of each 
generator and is made of polymer composite materials reinforced with fiberglass and/or carbon [1]. 
Due to its importance, defects can reflect severe damage that may impact the safety of the machine 
or the efficiency of energy generation is the reason for routine inspections for quality control. Even 
for a wind generator under normal operating conditions (without ice/snow impact or sand abrasion), 
it may suffer the effect of erosion by rain [2]. This effect is representative and occurs mainly at the 
leading edge, as each blade receives the impact of several drops during a rain event amplified by the 
blade tip's high speed during operating conditions; this effect is known as Leading Edge Erosion 
(LDE). In this way, it is normal for blades in regular service to suffer a loss of efficiency due to 
increased roughness generated by wear or erosion by rain [2]. The impact generated by the defect 
reflects an increase in blade drag and a reduction of aerodynamic efficiency; in a comparison 
carried out in a wind tunnel, it was possible to measure a reduction of up to 6% in the lifting force 
and an increase of up to 86% in drag as erosion is more significant in the area and deeper [3]. When 
simulating erosion level variations in a wind tunnel, it is possible to observe an increase in drag 
from 6% to 500%, which results in a loss of up to approximately 23% of energy production [4]. It 
has been studied that increasing surface hardness might be an option for increasing erosion 
resistance in low-angle impacts and abrasion [5].
An alternative for increasing the surface hardness, and with good adhesion capacity, are the 
coatings of metallic thin films by the Magnetron Sputtering process. This process can be 
summarized as a chamber where a vacuum is applied and filled with a gas atmosphere (argon is 
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generally used), a direct current voltage is applied, one of the poles being on the target (target 
material that will be used in the deposition) and the substrate (material to be coated). The applied 
voltage can ionize the argon into positive ions that bombard the target, pulling electrons from its 
surface that deposit on the substrate. This methodology has been studied and shown satisfactory 
results for increasing wear resistance and reducing friction of steel components [6]. In these studies, 
it is possible to observe that after application, it is possible to increase more than 400% in hardness 
compared to the initial substrate, maintaining good adhesion and decreasing surface friction [6]. By 
applying the Magnetron Sputtering, it is possible to control the coating parameters (thickness, 
number of layers, crystalline structure, and resistance) that increase durability and better adhesion to 
the substrate [7]. Additionally, by employing pulsed voltage techniques [8] or varying the 
atmospheric flow rate [9], it is possible to control the crystalline structure and the surface hardness 
of the coating, showing the versatility of this solution. These results, as previously mentioned, show 
how promising this technique can be if applied to the leading edges of wind turbine blades to 
increase the resistance to erosion caused by rain. However, more studies need to be on this 
technique using substrates made of epoxy resin composites reinforced with fiberglass. So the main 
objective of this work is to study the application of thin metallic films deposited by the Magnetron 
Sputtering process on a substrate of polymeric composites based on epoxy resin reinforced with 
fiberglass taken from a wind turbine blade. 
 
Experimental 
Epoxy Composite Fiberglass Reinforced 
For this work, samples were taken from the lamination of a wind generator blade produced in Brazil 
on the cover region and will serve as a reference for thin film application tests. This sample is made 
of Epikote Resin MGS RIMR035 resin from the manufacturer Hexion, applied by the vacuum 
infusion method reinforced with fiberglass of the Biax 800 and Biax 450 types. 
Magnetron Sputtering Target material 
AISI 316L steel was used for the thin film material, this material has in its alloy the element Ni 
(12%) that stabilizes the steel in the austenite phase even at room temperature, in addition to C (max 
0.03%, the denomination L indicates less amount of carbon to facilitate the welding process), Cr 
(17%) and Mo (2.5%) [10]. 
Magnetron Sputtering Process 
For the application of thin film was applied the Magnetron Sputtering technique is the most 
indicated given the objective of the work and based on the substrate material studied. Experimental 
equipment from the Laboratory of Plasma, Films, and Surfaces of the Department of Physics at 
UDESC will be used. Process parameters will be similar to those applied in work by [11], where the 
deposition of stainless-steel films on polymeric substrates was studied. The samples were taken 
from a segment of the wind blade where the materials present consisted only of resin and fiberglass. 
The samples were sanded using 80, 120, 400, and 600-grit sandpaper for surface standardization. 
Three different conditions for deposition analysis were configurated, as shown in Tab.1. The 
process exposure time was defined to obtain the same layer thickness for each process condition 
and to avoid the sample overheating to avoid polymer degradation. 
 

Table 1 Magnetron Sputtering Conditions applied in this study. 
Deposition Power 

(W) 
Time (minutes)  Sample name 

01 100 150 100W_150m 
02 200 72 200W_72m 
03 300 52 300w_52m 

 
Characterizations Technics: SEM 
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The coating surface layer morphology were analyzed by Field Emission Scanning Electron 
Microscopy (FE-SEM), Jeol JSM 6701F model. For the measure the layer thickness, silicon 
samples were placed next to the epoxy samples during the deposition process. They were broken 
(exposing the film thickness), and the measurement was performed from the image obtained via 
SEM and subsequent analysis in the ImageJ software. For the grain size measurement, an analysis 
of 80 grains of each process was performed and measured using ImageJ software and SEM images. 
 
Results and Discussion 
SEM Analysis 
The thicknesses were measured at ten points of each sample using ImageJ software and the details 
of the measures found are in Tab.2. It is observed that the deposition conditions (definition of time 
and power of the process) were successful since the thicknesses found were very close for the three 
conditions. 
 

Table 2 Layer Thickness 
Sample Average Thickness 

µm 
Std Deviation 

µm 
Deposition Rate 

µm/s 
100W_150m 1,802 0,017 0,200 
200W_72m 1,654 0,018 0,383 
300W_52m 1,631 0,008 0,523 

 
Fig.1 shows the SEM image of the 100W_150m sample, in which, in detail A, it is possible to 
evaluate the region deposited on the epoxy resin and on the fiberglass; the deposition was uniform 
in the area of the material without the presence of excessive or most evident cracks. This difference 
in the surface appearance is better observed in Fig.1, detail B. On the polymeric matrix, it is 
possible to observe a regular surface with a flat formation (highlight 1 of Fig.1B); since there was 
the exposure of the fiberglass after the preparation of the samples, it is noted that the layer followed 

 due to the fiber. According to [11] the behavior of most Sputtering coatings copy 
the surface characteristics (in this case, the form) of the deposited substrate. The study corroborates 
this effect [12], where the deposition was made on a complex epoxy matrix, and the layer thickness 
shows that the coating copied the shape of the substrate. In some regions of the interface between 
the fiber and resin phase, disordered grain growth occurred, possibly due to the surface presented 
irregularities (highlight 3 of Fig.1B). As observed in the study of [11] and [13], the appearance of 
cracks occurred both in the application of the film on polymers and metals. It was also noted that 
the higher the deposition rate, the greater the number of cracks. The lowest deposition rate studied 
in this paper is 81% higher than that studied by [13], where he observed the beginning of crack 
formation. Possibly due to this behavior, cracks in the film are also observed, as shown in highlight 
4 of Fig.1 B. The appearance of cracks and surface finish is more evident in samples 200W_72m 
and 300W_52m, where the deposition rate was considerably higher and repeats similar behavior in 
the work of [11] and [13]. The deposition rate applied on the 200W_72m and 300W_52m samples 
is 91.5% and 161.5%, respectively, higher than the applied on the 100W_150m sample. Detail of 
the surface finishing of samples 200W_72m and 300W_52m are shown in Fig.2. 
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Figure 1 SEM image of 100W_150m sample 

 
Figure 2 SEM analysis of samples 200W_72m (A & B) and 300W-52m (C & D) samples 

 
The general appearance (separating a region without defects) for the three coatings can be seen in 
Fig.3. It is possible to observe the formation of columnar grains. For grain size analysis, 80 grains 
were randomly measured, and the result, as shown in Tab.3. As observed in work by [12], even with 
the increase in the deposition rate, there was no significant change in grain size. 
 

 
Figure 3 General aspect of the layer deposited using the coating 100W_150m (1), 200W_72m (2) 

and 300W_52m (3). 
Table 3 Grain size of each sample 

Sample 
Average Size 

µm 
Std Deviation 

µm 
100W_152m 121,52 31,70 
200W_72m 129,83 37,10 
300W_52m 126,95 35,65 

 
The surface irregularities in the region of the exposed fiber prevented the formation of a thin film in 
some parts (valleys), as can be seen in Fig.4 . This effect was also studied by [12], where the SEM 
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images were observed irregularities in the coating of complex shapes due to the position of the 
target and the substrate. 

 
Figure 4 Sample with 100W_150m coating with demarcation of areas where there was no film 

deposition (region highlighted in red). 
 
Conclusions 
In this study, it was possible to show through the analyzes carried out in the SEM that the 
deposition of thin metallic films can be carried out on a composite substrate made of fiberglass-
reinforced polymer (epoxy polymer base). This coating had similar characteristics to other studies 
with other substrates. It was also evident that factors such as power and speed of deposition are 
important in controlling surface characteristics. For higher deposition rates (higher power), more 
significant crack formation and lack of uniformity in the film were observed. Additionally, the 
variation of these factors did not interfere with forming grains. 
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Abstract - This work presents the analysis related to the virtual models of pultrusion processing of composites made of 
fiberglass and phenolic resin. In this process, a comparison was established between the estimated results in the 
computational modeling with the process in full scale, using data collection, through the use of thermocouples positioned 
inside the mold, next to the profile in production, with the aid of monitoring equipment during the manufacture of 
pultruded composites. Then, the quality of the materials produced was evaluated from thermal characterizations by 
differential scanning calorimetry (DSC) and by thermogravimetric analysis (TGA), non-destructive analysis by 
ultrasound and mechanical tests of tensile, bending and SBS (short beam strength). These results suggest a promising 
perspective for the potential contribution of the computational simulation methodology in the quality of manufactured 
pultruded composites.

Keywords: composites; pultrusion; fiberglass; phenolic resin; computational modeling; mechanical tests.

Introduction
Composites are widely used in the aerospace, automobile, maritime, military and power 

generation industries, mainly due to their high energy absorption capacity, effective acoustic 
insulation, fire resistance and construction flexibility [1]. The field of application of composites 
expands as more accessible methods for synthesizing raw materials are discovered. Currently, 
composite materials are found largely in industrial sectors, covering a large percentage of 
manufactured materials, that is, unlike a few decades ago, when its application was limited to small 
artifacts, such as bonnets and front cones of rockets, in the current decade the fuselage and wings of 
aircraft are completely produced from composites reinforced with high-performance fibers [2,3]. In 
this way, the inherent high specific mechanical strength, low density, as well as chemical and 
corrosion resistance make them ideal for future applications [3]. However, to obtain the properties 
mentioned above, it is important to know the parameters that influence the manufacturing process of 
these materials, which can affect their performance. Such parameters include defects such as 
microcracks, voids, low adherence of the interface between reinforcement and matrix, among others, 
which may promote premature failure of the components. Therefore, through the use of numerical 
models, it is possible to evaluate similar influences in the production of composites and try to avoid 
them [4-6]. 

Composite materials can be manufactured in different ways, however, the focus in this work 
will be on the manufacture of composites via the pultrusion process. The pultrusion process is a 
continuous and automated manufacturing method for uniform section products, in composite 
materials, polyester, phenolic, vinyl ester resins among others, reinforced with fiberglass, aramid or 
carbon fiber. Fiberglass is the most common reinforcement, the most commonly used formats being 
thread, blanket and fabric. For a better understanding of the process, a comparison can be made with 
the extrusion of thermoplastic materials. While in the extrusion process the materials are heated and 
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cooling occurs in this same process. [7]. 
According to results presented by [5], which analyzed the pultrusion process by computer 

simulation, the presence of residual stresses and distortions, negatively affect the structural and 
geometric properties of the components. According to the author, residual stresses can, depending on 
their magnitude, produce cracks and microcracks during curing in polymeric composites. As 
considered by [8], several studies carried out by [4,5], also consider the thermochemical properties 
of composites for the development of experimental studies and numerical modeling of the curing 
process, in addition to variables such as the temperature along the profile section, the process speed 
and the component's degree of curing. 
 

Experimental 
 

Production of pultruded composites 
To carry out the pultrusion process, as a starting material for the production of composites, 

TEX 4400 rovings and blanket made of chopped fiber with a grammage of 300 g/m2, both made 
fiberglass, were used. The resin used was Resafen® P3394L/I2012L phenolic resin. As recommended 
by the supplier in its technical bulletin, the resin formulation for the composite was carried out 
considering the composition of 62% Resafen P 3394 L, 15% Resafen I 2012 L, 1.5% calcium stearate, 
8% alumina, 12% industrial talc and 1.5% release agent. The materials previously shown were 
incorporated into the bicomponent resin c
disperser, coupled to the shaft of a rotational electric motor, both adapted in LEL/IPT (Lightweight 
Structures Laboratory). The CSI40-PE S-LI polyester veil was also used in the profile produced. 

Pultruded composites were produced with dimensions of 200 mm width and 4 mm thickness 
(Fig 1), with operating speed of 140 mm/min, monitored by a rotational sensor present in the 
equipment, in contact with the surface of the pultreded during its advance. The temperatures of the 
thermal zones, present in the mold used, were maintained symmetrically, respectively from the 
beginning to the end of the mold, at 70 °C, 100 °C and 180 °C. 

 

 
Figure 1  Pultruded composite, manufactured at LEL/IPT. 
 

Virtual planning of experiments and correlation with the production environment 
Based on the data on the properties of the phenolic resin used, the fiberglass and the 

manufactured composites, such as: density, specific heat and thermal conductivity, in addition to the 
results of thermal analysis by DSC of the polymer (to verify the curing temperature of the phenolic 
resin), refinement of the virtual modeling of the pultrusion process was performed. 

The comparison between the estimated results in a virtual environment and the real process 
was carried out through the evaluation of the temperature pultruded estimated in the computational 
modeling and the data collected experimentally, introducing thermocouples next to the material inside 
the mold, in the central region of the pultruded, with the aid of monitoring equipment during the 
processing of the composite.   
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Thermal analysis, ultrasonic non-destructive testing and mechanical characterizations
To verify and establish process operating temperature limits, TGA analyzes were performed 

to determine the degradation temperature of the phenolic resin used. The parameters used were: 
sample weight of 10mg; heating rate 10°C/min, N2 atmosphere at 100 mL/min in platinum sample 
holder. DSC analyzes were carried out to observe the presence or not of residual curing in the 
produced composites. The parameters used were: sample mass 10mg; aluminum hermetic sample 
holder; heating rate of 10°C/min in N2 at 50 mL/min.

To evaluate the quality of the processed composites, acoustic inspection tests by ultrasound, 
SBS [11], tensile [12] and bending [13] were carried out. With 5 samples being tested in each 
mechanical test.

Results and Discussion
The results evaluation of the virtual model and its comparison with the temperature data 

obtained during the processing of the material via pultrusion are shown in Fig 2, where the dotted 
line, in blue, refers to the temperature curve obtained virtually and the curves in red and green 
correspond to data acquired experimentally.

Figure 2 Comparative result of the temperature pultruded evaluated in a numerical model and in two 
temperature acquisitions inside the tool.

Due to the proximity observed in the results of the analysis above, between the experimental 
data and that obtained by the virtual method, this can be considered a promising result that could, 
with the evolution of the method, safely support the companies in the sector, in the search for 
optimization of their production parameters to contribute to the final quality of their products.

From the TGA analyzes of both the phenolic resin and the pultruded composite, it can be 
concluded that during the processing via pultrusion of the materials, temperatures of up to 240 °C did 
not cause profile degradation problems, which, if it did, would compromise the quality of the 
manufactured pultruded.

The DSC curve of the manufactured pultruded did not show exothermic peaks, indicating that 
there is no residual cure in the fiberglass/phenolic resin composite sample, as expected by the results 
of the virtual model. At least two endothermic peaks are observed from 250 °C, superimposed on an 
exothermic peak, indicating thermal decomposition of the polymeric matrix (which can be confirmed 
by the result presented in the TGA analysis).

In Fig 3, the result obtained by ultrasound analysis is shown, this image being representative 
of the quality standard of the pultruded produced. In the analysis of the results below, the tonality 
uniformity of the material was evaluated, seeking to reach higher attenuation percentages (in red in 
the color scale). This scale uniformity can be considered as an indication of material uniformity, since 
regions with polymer consolidation variations, for example, would return signals of distinct 
attenuations varying between the blue and red scales throughout the analysis.

Acquisition position in the mold extension (mm)

Temp. virtual profile Temp. experimental 1 Temp. experimental 2

0               150             300             450              600             750            900
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200
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Figure 3  C-scan ultrasound map for the pultruded composite. 

 

In Fig 3, it was possible to verify that the processed material presented homogeneity 
throughout its extension, since in the analysis carried out, the yellowish color observed above, 
remained constant throughout the material, possibly indicating a high impregnation of the 
reinforcement in the matrix and a reduced presence of voids. 

Table 1 shows the results of the mechanical characterizations performed. Just as a reference, 
the values of the mechanical properties present in the ABNT 15708-5 and ACMA (2010) [9,10] 
standards were also included in this table. It should be noted that the property limits established by 
the standards mentioned above, are for informational purposes only, not being the objective of this 
work the fulfillment of these requirements, as these are achieved through specific design of structural 
pultruded.    

 

Table 1  Results of mechanical characterizations by SBS, tensile and bending of pultruded 

 
*A 

(MPa) 
*B 

(MPa) 
*C 

(GPa) 
*D 

(MPa) 
*E 

(GPa) 
*F 

(MPa) 
*G 

(GPa) 
*H 

(MPa) 
*I 

(GPa) 

Results 34.04 399.92 30.22 15.74 4.25 474.06 21.31 47.50 6.21 

Standard 
deviation 

0.54 12.54 1.17 0.29 0.17 24.93 0.59 4.62 0.32 

Coefficient of 
variation 

2% 3% 4% 2% 4% 5% 3 10% 5 

ABNT 15708 
E17 [9] 

15 170 17 30 5 170 - 70 - 

ABNT 15708 
E23 [9] 

25 240 23 50 7 240 - 100 - 

Ref ACMA [10] 24.13 137.90 12.40 48.30 4.8 206.85 11.03 89.60 6.20 

*Notes: A is the interlaminar shear strength; B and D are the maximum tensile strength, in the axial and 
transverse fiber directions, respectively; C and E are the tensile elastic modulus, in the axial and transverse 
fiber directions, respectively; F and H are the maximum bending strength, in the axial and transversal fiber 
directions, respectively; G and I are the elastic modulus to bending, in the axial and transversal fiber directions, 
respectively. 
 

The results of the mechanical characterizations demonstrated the ability of the processed 
material to meet the mechanical properties established within the limits of ABNT 15708-5 and 
ACMA [9,10]. Although the pultruded evaluated in the work was not constituted in order to achieve 
these goals, aiming to safeguard the process comparison factor established in this study, most of the 
samples bordered or exceeded the limits required by the standards. 
 
Conclusions 
 The results of the non-destructive ultrasound inspection analyze showed good correlation with 
the low standard deviation values presented in Table 1, for most samples, after the mechanical 
characterizations made in the fiberglass and phenolic resin composites, indicating that the 
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manufactured material showed good homogeneity throughout its length (which can be verified by the 
result presented in the ultrasound analysis). 

Already the virtual model pultrusion processing, associated with thermal characterizations of 
differential scanning calorimetry (DSC) and thermogravimetry (TGA), proved to be a valuable tool 
to address adequate processing parameters of pultruded composites, depending on the raw material 
used, allowing a better understanding of safe operating temperatures, the curing kinetics of the 
material employed, and the specific characteristics of each production line used for the manufacture 
of pultruded materials. 
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Abstract - Nowadays, it is necessary to understand new technologies that meet consumer demand for personalized 
products, considering that the development of rapid prototyping for companies as well as the use of 3D printers is 
gaining more space. In this context, this work aimed to study the influence of filling percentage on the tensile strength 
of parts obtained by FDM. Parts designed in CAD were printed in PLA, with different filling percentages (25%, 50%, 
75%). The results of the stress test were analyzed and compared. The concentric-style parts showed superior tensile 
strength against the line styles, with a 20.4% increase in maximum stress when the filling was 75%. Despite the 
observed influence on tensile strength, the maximum strain was the same in all tested conditions. It was concluded that 
the parts manufactured with the concentric filling presented better performance, resulting in greater tensile strength in a 
shorter production time.
Keywords: Fused Deposition Modeling, Tensile Strength, Filling, 3D Printing.

Introduction

The growing demand for new products, along with the need for customization, has led companies to 
develop new technologies that meet customer demand, meeting quickness and quality requirements 
in the manufacture of products. To meet the needs of the market, additive manufacturing, known as 
3D printing, has been gaining more and more space, being one of the technologies of Industry 4.0. 

The FDM (Fused Deposition Modeling) technique is one of the additive manufacturing techniques 
where the molten material is deposited layer by layer, being a low-cost alternative that brings 
accuracy to the prototyping of complex geometries [1,2]. 

Additive manufacturing using the FDM technique uses different process parameters to produce 
parts, such as extrusion temperature, layer orientation, and filling percentage [3]. Material 
properties can change according to the parameters used at the time of printing, and studies suggest 

ength and toughness can be improved [4,5]. Thus, for example, a study showed that 
the selected parameters could influence the resistance of the material, such as printing orientation, 
extruder nozzle diameter, and filling density, and with 100% filling parts resisted traction of 
60.29MPa and the change to 80% filling caused a low decrease in resistance, going down to 
58.44MPa, which represents good mechanical performance, associated with a shorter printing time 
and lower consumption of material [6]. 
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The style of filament used also influences the resistance of the part and, for example, a comparative 
study showed that parts produced with a 30% filling of the grid style in Poly (lactic acid) - PLA 
were more resistant to traction than the parts of Polycaprolactone (PCL), whose average tensions 
were 41.20MPa and 9.68MPa, respectively [7].  
 
With the modernization of 3D printers, it is possible to choose between different styles of filling, 
and studies have shown that the tensile strength changes depending on the style of filling [8, 9]. A 
theoretical study indicates that concentric, zigzag, and line fill styles tend to be more resistant to 
tensile stresses [10].  
 
In this context, this work aimed to study the effect of the influence of filling percentage on the 
tensile strength of parts obtained by FDM from two styles of fillings: line and concentric.  
 
Experimental 
 
The parts were designed in SolidWorks, in the dimensions of the specimen type I of ASTM D638-
14. To analyze and configure the possibilities of FDM printing, it was used the Ultimaker's Cura 
slicing software. The printing parameters used are presented in Table 1. The parts were produced in 
PLA (1.75mm diameter, 3DLAB) with two styles of fillings, line and concentric, using different 
percentages of filling, 25%, 50% and 75%. The printer used was an Ender model 5. 
 

Table 1. Parameters for printing specimens 
Printing Parameters  

Extrusion temperature  200°C  
Bed temperature  50°C  
Printing   80 mm/s  
Extruder nozzle diameter  0,4 mm  
Wall thickness  0,8 mm  

 
The mass, width, and thickness of the printed parts were individually measured, whose averages 
were compared to each other and the one designed. The tensile tests were carried out following 
ASTM D638-14, using 8 specimens, in an Instron Universal Testing Machine, from the Quality 
Control and Characterization Laboratory of the IFSUL campus Sapucaia do Sul. Test speed is set as 
2 mm/min with a 30kN load cell. The resulting maximum tension and maximum elongation results 
were compared by ANOVA, with a confidence level of 95%. 
 
Results and Discussion  
 
This study tested the tensile strength of parts manufactured with line and concentric filling styles 
using three different filling percentages (25%, 50%, and 75%). Fill styles were selected from 
another study, where line, concentric, and zigzag style fills had the largest cross-sectional areas, so 
line and concentric style was chosen for the study, taking into account the shortest printing times 
[7]. The parts were printed separately, with an average time of 42 minutes and 39 minutes for the 
line and concentric styles, respectively. Table 2 presents the data of the printed parts.  
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Table 2. Dimensional results of printings and tensile strength test.
 

  Lines Concentric 
  75% 50%          25%          75%          50% 25% 

Time (min) 46 43 39 42 39 36 
Mass 1 (g) * 9a 8b 7c 9a 8b 7c 

Mass 2 (g)** 8,4  +/- 0,1d,f 7,2 +/- 0,3e,g 6,7 +/- 0,6e,h 8,3 +/- 0,2d,f 7,3 +/- 0,1e,g 6,1 +/- 0,2e,h 

Width (mm) 13,1 +/- 0,1i  13,0 +/- 0,0j,l 13,0 +/- 0,1j,m 12,9 +/- 0,0k 12,9 +/- 0,0l,k 13,0 +/- 0,1m,k 

Thickness (mm) 3,3 +/- 0,1n 3,4 +/- 0,1o,q 3,4 +/- 0,1o,r 3,4 +/- 0,1p 3,4 +/- 0,1p,q 3,4 +/- 0,1p,r 

Tension (Mpa) 25,0 +/- 2,2s 18,6 +/- 2,1t,w 17,9 +/- 1,5t 30,1 +/- 1,1u 24,6 +/- 2,4v 18,6 +/- 2,2x,w 

Strain (%) 7,9 +/- 0,9y 8,1 +/- 1,2y 7,2 +/- 1,4y 8,4 +/- 1,5y 9,0 +/- 1,1y 9,1 +/- 2,0y 

              
 

* Mass 1 represents the masses estimated by the slicing software, and mass 2 represents the masses of the 
printed parts.  

** Different superscripts represent significantly different results (ANOVA Factor, p < 0.05).  
 
Table 2 presents the printing time in each tested condition and the average mass, width and 
thickness values. Parts printed with the line style took, on average, 4 minutes longer to print than 
the concentric style parts, which represents an increase of at least 8% in printing time. Line-style 
parts, with filling less than or equal to 50%, statistically had the same width and thickness, with 
averages of 13.0 ± 0.08 mm and 3.4 ± 0.08 mm, respectively. On the other hand, the widths and 
thicknesses of the concentric style parts are statistically equal, regardless of the filling percentage.  
 
Line-style printed parts with filling of 50% and 25% obtained statistically the same mass, being 6.9 
± 0.5g, while those with filling of 75% obtained 16.6% more mass. The concentric parts differed in 
the three percentages of filling tested, the parts with filling of 75% had an average of 8.3 ± 0.2g, 
and those with filling of 25% filling had 36% less mass in the printed parts. When the comparisons 
were made between the same percentages of filling (for example, 75% line versus 75% concentric), 
the parts had statistically the same mass. And even when compared with the masses estimated by 
the slicing software, the actual masses were, on average, 0.6g smaller for the line style and 0.8g 
smaller for the concentric style. Figure 1 presents the graphs of stress versus strain that best 
represent the observed averages. 

 
Figure 1: Stress versus strain graph, where C represents concentric, and L represents lines. 
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In the parts manufactured with line-style filling, it was identified that the samples with a percentage 
lower than or equal to 50% resulted in the same maximum stress, with an average of 18.3 ± 0.5 
MPa. When the fill factor was 75%, the observed strength was 25.0 ± 2.2 MPa, representing a 
38.8% increase in maximum stress.  
 
In the parts manufactured with concentric filling, the maximum stress values were different for the 
three evaluated percentages of the fillings, being 30.1 ± 1.1MPa for filling of 75%, 24.6 ± 2.4 MPa 
for 50%, and 18.6 ± 2.2 MPa for parts manufactured with the filling of 25%.  
 
When comparing the parts produced with filling of 75%, both lines and the concentric styles had the 
same mass (8.3 ± 0.2g per piece) and, in both situations, a higher density resulted in greater 
resistance, considering that for the concentric style an increase of 61.8% was identified in relation 
to the parts with lower density (25%), while for the lines style it was an increase of 36.6% in 
comparison with the ones with lower density (25%). For all manufacturing conditions tested, 
elongation was statistically equal and remained at 8.3 ± 1.5%.  
 
Comparing the results of the two styles of filling, the concentric presented superior resistance 
compared to the lines, with a 20.4% increase in the maximum stress in the parts with filling of 75% 
compared to those with the same filling of the line style.  
 
Comparing the parts manufactured with concentric and line fillings ( filling of 50%) it was observed 
that the first style presented a maximum stress 34.4% higher, showing a better performance in the 
parts manufactured with this filling style. Also, the tensile strength of the pieces with filling of 25% 
of the concentric style is statistically equal to the resistance of the parts with filling of 50% of the 
line style.  
 
 
Conclusions 
 
After analyzed carried out, it was possible to conclude that the parts printed by FDM, with 
concentric filling obtained better results compared to the parts of the line-style. Since, the 
concentric-style parts with 25% filling obtained tensile strength results equal to the line-style parts 
with 50% filling.  
 
Even when analyzing the masses of each filling percentage, statistically, the concentric-style parts 
with 75% filling obtained the same mass as the line-style parts with the same filling percentage, but 
with superior tensile strength, being 20.4% more resistant. 
 
It is concluded that concentric-style parts, in addition to being more resistant and having the same 
mass as the line-style parts, are faster to print and with less material, reach higher resistance values, 
thus generating savings throughout the process. 
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Abstract - High density polyethylene (HDPE) and ultra high molecular mass polyethylene (UHMWPE) blends were 
mixed at concentrations of 100/0, 90/10, 70/30, all containing 1% Irganox Antioxidant. In this study, it was possible to 
evaluate torque and torque stabilization temperature as a function of time during mixing in the Torque Rheometer, with 
speed varying from 20 to 40 RPM. It was found that for the highest speed, the initial torque as a function of time of the 
70/30 blend was lower than that of the 90/10 blend, but also increased with time. The molecular orientation of the polymer 
chains may have had some effect on this result. Furthermore, the higher content of UHMWPE in the blends made the 
processability of HDPE more difficult due to the increase in torque during the homogenization phase of the melt, requiring 
a higher temperature.
Keywords: Torque rheometer; UHMWPE; HDPE.

Introduction 
In several industrial applications, high density polyethylene (HDPE) has been used due to its good 
mechanical properties, characteristics of easy manufacture, being considered one of the most 
important and durable polyethylenes. This is due to its physical and chemical resistance. The 
advantages over other polyethylenes are in terms of more uses and applications. Its molecular 
structure, different from others, consists of molecules with little branching, with few flaws, and this 
determines its linearity [1,2].
On the other hand, ultra-high molecular weight polyethylene (UHMWPE) is considered an 
engineering polymer. This is due to its excellent mechanical properties, such as toughness. It is a 
general-purpose tough material, and its interest in the industry is growing. The molecular structure of 
UHMWPE differs from that of HDPE, whose polymer chains are much longer than those of other 
types of polyethylene (PE). As a consequence, certain properties of UHMWPE are better than other 
types of PE, such as high abrasion resistance, high chemical resistance, good mechanical properties 
and flexibility, and it is sometimes considered as engineering plastic [3].
Regarding the equipment used in this research, the Haake torque rheometer has the function of mixing 
the polymers, providing relevant data for the process [4-6]. It consists of a heated chamber in the 
shape of a figure eight, with two internal rotors in the shape of semi-threads, leaving a free volume 
of 50g of material for mixing. For this purpose, elements are needed that conduct precise speed 
measurement and torque monitoring (precise torque sensor). All this information is required to 
process the material properly. Data from this equipment can be used in process modeling [7]. Process 
parameters, including rheological properties, can be inferred from changes in torque over time, 
reflecting changes in material viscosity during the mixing process [5,6].
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The general objective of this article is to determine the process parameters of HDPE/UHMWPE 
blends with two concentrations using the torque rheometer, varying rotation speeds to verify the effect 
of UHMWPE on HDPE process parameters. 
 
Experimental  
Materials 
Ultra-high molecular weight polyethylene (UHMWPE) commercial powder (UTEC batch 3041) 
and High Density Polyethylene (HDPE) IA58 (Braskem/Brazil) and Irganox antioxidant (Sigma- 
Aldrich/Brazil). 
 
Processing of blends in a Torque Rheometer 
It was carried out in a PolyLab OS - Thermo Scientific torque rheometer, with the operation of roller-
type rotors and with a rotation speed of 20, 30 and 40 rpm, under a temperature of 190 °C, all lasting 
10 minutes and with air atmosphere. The mixing chamber mass was held constant at 50g for all 
samples in this work. For each rotation, triplicates were made to verify the parameters accurately. 
The compositions of the blends were calculated in percentage by weight, being 100/0, 90/10, 70/30, 
named by HDPE, UH10 and UH30, respectively. All samples containing 1% Irganox Antioxidant. 
Before mixing, the samples were dried in an oven at 70°C for 24 hours. 
 
Fluidity Index Measurement (FIM) 
According to the ASTM D 1238 standard, it was possible to obtain the fluidity index. In this analysis, 
five grams of each sample were used. The parameters used were: temperature of 190 °C and load of 
2.16 kg. The plastometer used was Melt Flow MODULAS LINE from CEAST. 
 
Results and Discussion  
Torque Analysis 
The torque is said to be directly proportional to the viscosity of the polymer under analysis in the 
torque rheometer [8]. Table 1 shows that when evaluating the HDPE at different rotations, the initial 
torque to melt the polymer increased with the rotation up to 30 RPM, while it decreased at the rotation 
of 40 RPM, certainly the higher shear rate for this rotation may have contributed to this reduction. 
With the course of the test time up to 10 min, practically for all the rotations studied, no changes were 
observed in the torques at steady state. The blend with 10% UH from the rotation of 30 RPM showed 
values of initial torques close to each other. For all investigated rotations, the initial torques for the 
blend with 30% UH were lower than the values for pure HDPE and the blend with 10%. However, 
specifically for the 30% UH content, over time, the torque increased, not reaching steady state in the 
time established in the experiment. According to Lim et al. [9], the HDPE blend with 50% UHMWPE 
content only reached melting and stabilization in a time of 20 min. The effect of reducing the initial 
torque of the blends can be suggested as a possible slippage of the UH powder between the HDPE 
chains, reducing its viscosity due to the physical effect, since this polymer does not melt at the HDPE 
processing temperature. The steady state torque increased over time for the 30% blend, being greater 
with increasing rotation, which could be due to the possible molecular orientation of the polymeric 
chains of the UH embedded in the HDPE, implying in more difficult processability with the increase 
in viscosity. 
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Table 1: Values of initial and steady state torques for HDPE and blends.
Initial torque (N.m) Steady state torque (N.m)

Sample 20 RPM 30 RPM 40 RPM 20 RPM 30 RPM 40 RPM 

HDPE 57,90± 2,01 63,54 ± 4,74 58,84 ± 2,13 7,1± 0,20 7,52 ±0,42 8,74±0,35 
UH10 52,42± 3,35 56,42 ±4,31 56,43 ±1,87 4,87± 0,52 5,39 ± 0,52 6,89 ±0,57 

UH30 47,81± 7,29 55,39 ± 0,38 55,38 ± 6,38 8,21±0,56 9,11 ± 0,63 12,41± 0,61 

 
Melt Homogenization Temperature Analysis 
Table 2 shows the temperature values at the stationary torque of the samples for the different speeds. 
HDPE and blend temperatures increased with rotation and blend composition. For the speed of 20 
RPM, it can be seen in Table 2 that there was a slight variation in temperature between the blends. 
However, at the rotation of 40 RPM, this temperature variation increased when comparing the HDPE 
and the UH10 blend with the UH30 blend. The greater temperature variation, with the greater rotation 
is reflected in a greater mechanical work to homogenize the blends. 
 
Table 2: Torque stabilization temperature of the blends. 

 20 RPM 30 RPM 40 RPM 

HDPE 199,98±0,922  201,81±0,044 203,34±2,08 

UH10 200,51±0,044 202,47±0,044 204,43±0,031 

UH30 203,67±0,054 208,46±0,063 214,24±0,031 

 
Fluidity Index Analysis (FI) 
Table 3 presents the results of the fluidity index measurements of the analyzed samples. Analysis of 
the fluidity of the samples showed that the addition of UHMWPE to the HDPE impacted its fluidity, 
making it impossible to flow into the blend composition with a higher content of ultra high molecular 
weight polymer. This result suggests that a lubricant can act by separating the chains, improving the 
sliding and flow of macromolecules over each other. Therefore, for these samples, the most 
appropriate type of processing would be compression molding according to Silva, J. M. D., et al. [10]. 
 
Table 3: Fluidity Index Measurement for HDPE and blends. 

Samples FIM 
HDPE 6,96±0,33 
UH10 3,93±0,11 
UH30 - 

 
 
Conclusions  
Blends of pure HDPE and UHMWPE, with 2 different percentages, were evaluated through process 
parameters using a torque rheometer. The rotation and the UHMWPE content had an effect on the 
processability of the HDPE. An increase in torque with mixing time of the 30% blend revealed the 
possibility of molecular orientation of HDPE caused by the presence of UHMWPE. Energy 
consumption was higher with increasing rotation and concentration, reflected in the increase in 
temperature for melt homogenization. The processability of the pure polymer became more difficult 
with the addition of UHMWPE and the melt index measurement showed that UHMWPE reduced the 
flowability of HDPE, with no appreciable flow to the blend with higher UHMWPE content. 
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Abstract - Additive manufacturing, also known as 3D printing, is a versatile technology that allows for customization 
and the production of complex geometries. One application of 3D printing is in the production of orthoses for patients 
undergoing rehabilitation or as an assistive technology for daily activities. Fused Deposition Modeling (FDM) is 
commonly used due to its low cost and ability to adapt to specific user characteristics. PLA is a popular polymer for these 
applications due to its biocompatibility, rigidity, flowability, and strength. Tests were conducted to investigate the effects 
of infill density and the number of contours on the mechanical properties of printed parts. Results showed that increasing 
infill density from 50% to 100% increased elastic modulus and tensile, flexural, and impact strengths. An increase in
contours from one to three increased flexural modulus and tensile and flexural strengths, with little effect on tensile 
modulus and impact strength.
Keywords: Additive manufacturing. Upper limb orthoses. PLA. Mechanical properties

Introduction
In health applications, 3D printing is already being used to manufacture advanced and specialized 
prototypes, including orthoses, prostheses, and specific organs [1-3]. As the use of additive 
manufacturing in critical applications such as healthcare continues to grow, studies on the printing 
process and its effect on mechanical properties are becoming increasingly important to fulfil specific 
requirements and clinical needs [3].
In the manufacture of upper limb orthoses [4], the most used materials are relatively high-temperature 
thermoplastics, with an emphasis on ABS and PLA, which have moderately low cost, thermal, and 
impact resistance [5]. PLA is a biodegradable, non-toxic, and biocompatible material [6], making it 
suitable for use as a rehabilitation product [7]. It offers good mechanical properties, such as stiffness, 
and mechanical strength, in addition to excellent flowability during the extrusion process. The 
modeling characteristics, materials, and type of orthosis are evaluated by a responsible professional 
and vary according to the patient's needs.
Relevant parameters in FDM additive manufacturing include the number of contours, the distance 
between filaments, contour thickness, extrusion nozzle geometry, infill density and pattern, 
displacement speed, extrusion speed and temperature, and the material to be extruded [8]. 
Particularly, the number of contours and infill density have been shown to directly influence the 
mechanical properties of the final part in 3D printing by FDM [9]. Previous studies have performed 
flexural and tensile tests on extruded PLA specimens to analyze the influence of infill density and 
pattern, extrusion temperatures, contour thickness, printing direction, and extrusion temperature on 
the mechanical properties of the printed material [10,11].
Within this context, the main objectives of this study were to determine the effect of infill density and 
the number of contours on mechanical properties of specimens representative of the structure of upper 
limb orthoses made of PLA by FDM additive manufacturing.
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Experimental 
The test specimens were printed using Cliever PLA - Cobalt Blue filament and a Sethi S4X FDM 3D 
printer. The fixed printing parameters were: filament diameter of 1.75 mm; nozzle diameter and 
temperature of 0.5 mm and 210 °C, respectively; bed temperature of 65 °C; printing speed of 80 
mm/s; contour thickness of 0.25 mm; linear infill geometry; and flat-wise build orientation. 
For the tensile tests, 10 formulations were printed, with infill densities of 50, 60, 70, 80, 90, and 
100%, and 1, 2, 3, and 4 contours. For the flexural and notched Izod impact tests, 4 formulations were 
printed, with infill densities of 50 and 100% and 1 and 3 contours. For each formulation (number of 
contours/% infill density), 5 specimens were tested. 
The tensile test followed the ASTM D638-08 standard, using a 1 mm/min test speed and an 
extensometer with a maximum strain of 5%. The bending test was carried out according to the ASTM 
D790-07 standard, using a test speed of 1.4 mm/min with a 50 mm span. Both tests were performed 
in an Instron 5567 universal testing machine. The Izod impact test was carried out in an Instron Ceast 
9050 impact tester following ASTM D256-10, using a 1 J pendulum. 
 
Results and Discussion 
The results of the mechanical tests are illustrated in Figures 1 and 2. All results were subjected to 
analysis of variance (ANOVA) to check whether averages among formulations were statistically 
different or not. 
Fig 1 shows the variation of tensile and flexural load and modulus with increasing infill density and 
contours.  

 

 
(a) 

 

 
(c) 

 
(b) 

 
(d) 

Figure 1 Tensile and flexural load and modulus as a function of contours and infill density 
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The effect of infill density on the mechanical properties can be assessed by comparing formulations 
1/50 and 1/100 (1 contour) and formulations 3/50, 3/60, 3/70, 3/80, 3/90, and 3/100 (3 contours).  
Note that, both for 1 contour and 3 contours, an increase in infill density leads to higher values of 
maximum tensile load (Fig 1a) and modulus (Fig 1b), indicating an increase in the strength and 
stiffness of the test specimen. This can be attributed to the larger amount of material used when 
increasing the infill density. The additional material enhances the strength and stiffness of the 
resulting part. A part with 50% infill density contains more pores than one with 100% infill density. 
Since pores can be considered defects in the part, an increase in pores (lower infill density) weakens 
the part. Consequently, a part with a lower infill density is expected to be less rigid and less resistant 
than one with a higher infill density. This finding was also observed by Cwikla et al. [12]. 
Another significant observation pertains to the test specimens printed with 3 contours. It is worth 
noting that infill densities ranging from 80% to 100% yield similar tensile modulus values, while an 
infill density of 90% or 100% results in comparable maximum tensile loads. In other words, less 
material can achieve the same stiffness and maximum tensile load, leading to time and cost savings. 
For maximum flexural load (Fig 1c) and flexural modulus (Fig 1d), similar trends to tensile load and 
modulus are observed with increasing infill density, comparing formulations 1/50 vs. 1/100 and 3/50 
vs. 3/100, which can also be attributed to the decrease in pore density. 
The effect of contours on the tensile properties can be assessed by comparing formulations 1/50 to 
3/50 and 1/100 to 2/100, 3/100, and 4/100. As shown in Fig 1a, only at 50% infill density an increase 
in the contour affects maximum tensile load, increasing this property. At 100% infill density, 
increasing the contours from 1 to 4 does not affect the maximum tensile load, if the 2/100 
formulation is not considered. A possible explanation for the more substantial influence of the 
number of contours on the 50% infill compared to the 100% infill is that the contours correspond to 
regions with a higher concentration of material. Therefore, any increase in material would have a 
more significant effect on specimens with lower infill (50%) than on those with higher infill (100%), 
as the latter already have a higher overall material density. 
If the 2/100 formulation is also disregarded in Fig 1b, increasing the number of contours also shows 
no effect on tensile modulus, either at 50% or 100% infill. 
Regarding the effect of contours on the flexural properties, in contrast to the tensile properties, the 
number of contours directly affects the flexural properties of the test specimens, both for 50% and 
100% infill. The influence of the number of contours is observed on all assessed flexural properties 
(Fig 1c, Fig 1d, and Fig 2a). The more substantial effect of the number of contours on the flexural 
properties can be attributed to the nature of the mechanical load on the test specimens during 
bending, which is more localized in regions far from the neutral axis, precisely the region most 
affected by the increase in contours. 
 

 
(a) 

 
(b) 

Figure 2 Flexural strain at break and impact energy as a function of the number of contours and infill 
density 
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The results of the energy absorbed during notched Izod impact testing are depicted in Fig 2b. It is 
evident that for both 1 contour and 3 contours, increasing infill density (1/50 vs. 1/100 and 3/50 vs. 
3/100) increases the amount of energy that can be absorbed to break the specimen, which makes sense 
as pore density decreases, i.e., fewer flaws in the specimens to weaken the specimen. However, 
increasing contours from 1 to 3 at the same infill density (1/50 vs. 3/50 and 1/100 vs. 3/100) does not 
affect the absorbed impact load. This might be because the contours were sectioned on one side of 
the specimen by the notch used in this specific Izod test. 
 
Conclusions  
Tests were conducted to investigate the effects of infill density and the number of contours of 3D 
FDM printed parts on the mechanical properties: maximal tensile load, tensile modulus, maximal 
flexural load, flexural modulus, flexural strain at break, and energy absorbed during impact.  
As for the influence of infill density, the results show that an increase from 50% to 100% incremented 
the values of all the mechanical properties investigated, leading to parts that are more rigid and 
resistant against tensile, bending, and impact loads. The tensile tests for intermediate infill density 
values, however, show similar tensile moduli for 80%, 90%, and 100%, and tensile loads for 90% 
and 100%, indicating less material can be used in the design of orthoses with the same stiffness and 
maximum tensile load, leading to time and cost savings. 
The results reveal that increasing the number of contours increases the values of the flexural 
properties. Conversely, additional contours have little effect on impact and tensile properties, except 
for the maximal tensile load at an infill density of 50%. This indicates that the choice of the number 
of contours should take the predominant loading mode of the orthosis part (bending or tensile) into 
account. 
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Abstract ABS is one of the most used materials for 3D printing. This material has the problem of being a petroleum 
derivative. Thus, for environmental and economic reasons, the recycling of this material in other applications would be 
extremely important for the sector. Therefore, this work discusses the possibility of using reused ABS, from the 
comparison of the mechanical properties of specimens manufactured by 3D printing. For this, specimens were made with 
crushed and pressed ABS from unused parts. The results show that the tensile and impact strength of these parts were 
significantly reduced, probably due to the parameters used during the reconditioning of the material, which caused the 
occurrence of voids. However, recycling this material is feasible in projects involving less mechanical resistance.

Keywords: Recycling, 3D printing, ABS

Introduction

Rapid Prototyping, popularly known as 3D printing, is a technology that has revolutionized 
the way of producing objects, with the possibility of creating parts from a digital model in three 
dimensions. This process is based on adding flat layers of material such as plastic, metal or polymer 
to build a physical object [1].

One of the great advantages of 3D printing is the possibility of manufacturing complex parts 
from the model information generated in CAD, which is used for process planning [1-2]. This allows 
the creation of objects with complex shapes and sizes that would be expensive to produce using other 
techniques such as machining or injection molding. In addition, 3D printing also enables the 
production of customized parts, tailored for specific use and for mechanical resistance tests [1].

Another advantage of 3D printing is its efficiency in the prototyping process, since before 
printing it is possible to test different ideas and adjust details of the digital model to arrive at the best 
version of the object, delivering greater mechanical resistance to the final project. This means that it 
is possible to save time and resources in the product development stage, avoiding failures that could 
only be found in the final manufacturing [3].

Despite still being a constantly evolving technology, 3D printing has already been used in 
several sectors, such as medicine and architecture. In the health area, for example, it is possible to 
print pre-surgical models of organs in full size, which enables better planning for the medical team, 
and an infinity of surgical plans to be tested, thus reducing surgery time and patient exposure to 
infections [4].
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Recycling is one of the alternatives to reduce the use of oil, carbon dioxide emissions and the 
amount of polymeric waste and its negative impacts of disposal. One of the great benefits is given by 
the possibility of substituting in certain applications, such as the automotive area, virgin material for 
recycled polymer, without losing great properties and even reducing the use of oil. However, one of 
the great challenges of recycling materials is to maintain their properties in this process [5,6]. 

In addition, there are other challenges that need to be overcome, especially when the objective 
is to implement a product with a commercial purpose, such as the need for high quality materials, 
surface finish and the feasibility of large-scale production. 

Polymers are materials that have in their structure repetition of units linked by covalent 
bonding, which can occur naturally or synthetically. Commonly, the filaments used in 3D printing 
are composed of thermoplastic polymers (plastics that reach a pasty state when heated), this makes 
these materials likely to be used after reuse. [7] 

Acrylonitrile butadiene styrene (ABS) is one of the most used materials in 3D printing due to 
its strength and ease of printing. However, thermoplastic ABS is a non-biodegradable type of plastic, 
which can have a negative environmental impact if not disposed of properly [8-9]. An alternative to 
reduce this impact is the recycling of ABS. This can be done by reprocessing ABS printed objects 
that are no longer used. 

Thinking about it, this work intends to compare the differences in the mechanical properties 
of parts manufactured with virgin ABS and parts manufactured with reused ABS, where for the 
thermopressing the test specimens made in the 3D printer with virgin ABS that have already passed 
the tests will be used as raw material. mechanics. In this way, this work will compare ABS parts 
subjected to two different processing routes: 3D printed parts with different amounts of wall (route 
1) and ABS parts manufactured from ABS parts that were unusable and that were subjected to 
thermopressing to originate new parts that we will call reused ABS (route 2).  
 
Experimental 
 

The parts were manufactured in ABS via 3D printing, using the fused deposition modeling 
(FDM) method. This method occurs from the extrusion of the heated filament, which progressively 
deposits this material layer by layer on a heated table, thus forming the part [1]. In this work, 
specimens were made for Charpy (ASTM D6110) and tensile (ASTM D638) tests with 20% filling, 
varying the number of walls between 3 and 6 (route 1). 

To find out if the mechanical properties of ABS are affected by reprocessing, unused ABS 
parts, manufactured with the same parameters as the parts from route 1, underwent a reuse process 
(route 2). First, these pieces had their sizes manually reduced with the aid of a hammer, to reach the 
ideal size to pass through the knife mill. Soon after grinding, the powdered material was placed under 
a hollow mold, until it was filled and taken to a hydraulic press at a temperature of 225ºC (the same 
temperature used in the 3D printing process). After that, the pieces went through two degassing 
processes and then were pressed at 5ton for five minutes. After this time, the mold was taken to a cold 
hydraulic press and pressed at 3ton to solidify the parts for another five minutes. After this 
manufacturing process, the specimens were submitted to Charpy (ASTM D6110) and tensile (ASTM 
D638) tests at TECPOL. The mechanical tensile tests were carried out according to the ASTM D638 
standard, at a speed of 5 mm/min, in the universal test equipment Schimadzu model AG-X PLUS, 
while the impact tests were carried out in the instron impact testing machine. Fig. 1 shows specimens 
for tensile testing manufactured by route 2. 
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Figure 1: Specimens (route 2) manufactured with reconditioned ABS. Source: Author (2023). 
 
Results and Discussion 
 

After making the specimens, they were submitted to tensile and Charpy tests. Table 1 presents 
the results of the mechanical tests of the specimens from Route 1 (for different amounts of walls) and 
route 2, which involved the manufacture of specimens using reused ABS in the form of solid bodies, 
due to the pressing process. 
 
TABLE 1: RESULTS OBTAINED FOR THE MECHANICAL TESTS. 

Parts m (MPa) r (MPa) E (GPa) e (MPa) 

Average 
Impact 

Resistance 
(J/m) 

3 Walls 
(route 1) 

16,23±0,39 14,83±0,72 0,45±0,042 15,61±0,51 113,84±20,29 

4 Walls 
(route 1) 

18,71±0,14 17,49±0,23 0,45±0,037 17,57±0,46 147,32±6,38 

5 Walls 
(route 1) 

21,15±0,33 18,54±0,57 0,46±0,035 20,42±0,18 177,19±2,58 

6 Walls 
(route 1) 

23,30±0,35 21,00 ± 0,88 0,49±0,054 22,46±0,24 178,08±3,11 

Reused ABS 
(route 2) 

7,83±0,35 5,66±0,12 0,40±0,059 7,52±0,51 133,04±23,07 

m  Avarege stress; r  Rupture stress; E  Young Modulus e e  Yield stress 
Source: Author (2023). 

 
Analyzing the results of the test specimens made with the change in the number of walls and 

keeping the filling at 20%, it is noted that the values of yield stress, rupture stress, and maximum 
stress increased as the wall thickness increased, being the maximum value of the yield stress found 
equal to 22.46 MPa. Therefore, evaluating the question of resistance, the pieces with 6 walls showed 
better mechanical properties in relation to the pieces with a smaller number of walls. The specimens 
made with reconditioned material from route 2 had a yield stress value much lower than all specimens 
manufactured in route 1, despite the specimens from route 2 being massive. 

Regarding the Young modulus, we can highlight that there was no appreciable variation in 
this property due to the change in the number of walls or in comparison to refurbished ABS. 

Regarding impact resistance, from Table 1, it is possible to observe that the value increased 
with the increase in the number of walls. Specimens made with 3 walls using route 1 averaged 113.84 
J/m, while specimens made with ABS repurposed from route 2 averaged 133.04 J/m. In this way, we 
can observe that the impact strength of the test specimens from route 2 is located between the values 
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of the test specimens with walls equal to 3 and 4 from route 1. Both results of tensile strength and 
impact strength demonstrate that reprocessing significantly affected the mechanical properties of the 
materials. The specimens using 6 walls (route 1) have higher values in all results, unlike specimens 
made with reconditioned ABS. (route 2). 

The low values found for the mechanical properties of the route 2 test specimens may be 
associated with several factors directly linked to the material and the way it was processed. Assuming 
that ABS is a copolymer composed of a combination of acrylonitrile, butadiene and styrene, where 
acrylonitrile provides thermal resistance, butadiene provides resistance to impact and styrene 
provides brightness, rigidity and ease of processing, the steps that involve the reconditioning of the 
material for route 2 (breaking, grinding, heating and pressing), may have reduced the strength of these 
specimens by changing the properties of the butadiene that is present in this copolymer. In this way, 
we can conclude that it is possible to use the repurposed ABS from route 2, however, its resistance 
will be reduced. 

Another issue to be discussed in relation to the difference in results of parts made with Reused 
ABS from route 2 and parts with ABS from route 1, may have been caused at the time of 
manufacturing the test specimens, as the parts after their manufacture had voids in its internal 
structure, arising from failures in the pressing process (fig. 2). 

It is worth mentioning here that in the manufacturing process of the parts of route 2, during 
pressing the material was placed under a mold, taken to the hydraulic press at a temperature of 225ºC 
and subjected to two degassing processes, which is fundamental to allow the removal of gases 
volatiles released by the material when heated. Thus, the existence of voids may have caused the 
reduction of the mechanical properties of these specimens. 
 

 

FIGURE 2: Internal part of the part after the tensile test. Source: Author (2023). 
 

It is assumed that these voids could be related to several causes, such as: The insufficient 
temperature of the mold and the degassing process carried out quickly, which could have meant that 
the air did not have time to escape. As it is a reused material, the contamination of the raw material 
by other plastics, due to the use of the same molds, can also be pointed out as one of the reasons. 
 
Conclusions  
 

ABS recycling can be a viable alternative to reduce the environmental impact of 3D printing. 
In addition to being a sustainable practice, recycling ABS can also represent savings for the user, who 
can reuse the material in new prints. However, as observed in this work, the mechanical properties of 
reused materials are inferior to those obtained by virgin material. This fact may be due to the existence 
of voids that were observed in the material and that may have originated due to failures in the pressing 
process. It is suggested changes in reuse parameters in future works and an investigation of the reuse 
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of the material from the manufacture of a filament with reconditioned material, and submitted to the 
same printing parameters of parts made with virgin ABS. 
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Abstract A hybrid joint of polyamide 6 (PA6) and Aspidosperma polyneuron ( peroba rosa ) wood was obtained by 
direct-adhesion injection overmolding. A machined piece of wood was manually positioned into the mold cavity and then 
overmolded with molten polymer to produce a half-lap splice joint. The joint was subjected to lap-shear testing and an 
outstanding shear strength of 5.2 MPa ± 1 MPa was obtained with failure in the polymer component by transverse crack 
propagation. Cross-section images of the joints showed good micro-anchoring of the polymer into the wood surface.

Keywords: PA6, wood, joining, injection molding.

Introduction

There is a growing industrial interest in the use of polymers for the manufacture of products 
and parts used in various commercial and social sectors [1]. Parallel to this, the use of wood has been 
growing in several areas thanks to its good mechanical properties allied to its natural and renewable 
origin [2]. In the search for lightweight structures, polymer-wood hybrid joints are excellent 
candidates, although they have been little explored in the literature in view of the great technological 
potential they offer. The proper hybridization of a polymer with wood in the form of a hybrid structure 
could combine in a single piece the desirable properties of both materials, while minimizing their 
shortcomings. The variety of characteristics and properties of polymers and wood could enable the 
development of remarkable properties suited to a wide variety of applications [3, 4]. In the automotive 
industry, for instance, polymer-wood hybrid structures may be used for interior components such as 
instrument panel, center compartment, glove box, and door panel. Injection overmolding is extremely 
advantageous, since it is a highly widespread, automated, scalable process that allows the obtaining 
of parts with complex geometries and with high dimensional accuracy, combined with fast molding 
cycles. Moreover, injection overmolding allows control of the variables that are known to influence 
the interfacial adhesion of hybrid structures with polymers, such as viscosity, pressure and contact 
time of the molten polymer with the substrate to be hybridized [5].

This work aims at develop a hybrid joint of polyamide (PA6) and Aspidosperma polyneuron
wood through injection overmolding. The mechanical strength of the joint was evaluated by single 
lap shear testing on half-lap splice joints and the joint interface was investigated by scanning electron 
microscopy (SEM). This contributed to a better understanding of polymer-wood hybrid structures, 
aiming at a larger scale utilization from the improvement in the manufacturing process and the 
structure design and performance.
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Experimental

 
Materials 

The polymer component was polyamide (PA6), grade Ultramid C 200 Natural supplied by 
BASF SA company. It is a semicrystalline engineering thermoplastic widely used in automotive parts 
that combines high stiffness, strength and chemical resistance. 

The wood component was Aspidosperma polyneuron ( eroba rosa ). It is Brazilian 
hardwood widely used for structural building applications. 
 
Methods 

Figure 1 shows all the steps to produce the polymer-wood hybrid joint via injection 
overmolding. First, a timber was kept in an air-circulating oven at 45 °C until constant weight. 
Afterwards, the dried timber was machined with the wood fibers in the longitudinal axis direction. 
The dimensions of the wood piece were 56.5 mm x 24.8 mm x 3.2 mm (length x width x thickness) 
and a 12.7 mm x 24.8 mm x 1.6 mm recess was machined at one end of the wood piece. Then, the 
wood piece was manually positioned inside the cavity and overmoded with molten polymer to 
produce a half-lap splice polymer-wood joint. Specimens were produced using an Arburg Allrounder 
270V injection molding machine operating under the following conditions: barrel temperature of 
240 °C, mold temperature of 80 °C, flow rate of 40 cm³ s-1, holding pressure of 400 bar for 15 seconds, 
and cooling time of 45 s. Four replicates were produced and tested.  

The mechanical strength of the PA6/wood joints was evaluated by lap-shear tensile testing 
based on ASTM 1002-D standard using an Instron 5569 universal testing machine, with a distance 
between grips of 60 mm and crosshead speed of 1.3 mm min-1. 

PA6/wood joints were cut along the longitudinal and transverse axes, polished with 1200 grit 
sandpaper and diecasting paste, cleaned in a solution of distilled water and detergent with ultrasonic 
bath and then dried with compressed air. The polymer-wood interface was analyzed by scanning 
electron microscopy (SEM) using a Philip XL-30 FEG instrument with BSE detector operated at an 
acceleration voltage of 25 kV. Prior to SEM analysis, the samples were sputter coated with gold. 
 

 
Figure 1: Steps for manufacturing a hybrid polymer-wood joint via injection overmolding. First, the 
wood is dried and machined. This is followed by positioning the wood substrate inside the mold 
cavity and overmolding with molten polymer. A half-lap splice polymer-wood hybrid joint is then 
obtained. 
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Results and Discussion

 The lap-shear force by displacement curves of the PA6/wood joints are shown in Figure 2. 
The average ultimate lap-shear force (ULSF) was 1643 N ± 272 N and the average displacement at 
break was 0.9 mm ± 0.2 mm. Considering an overlap area of 12.7 mm x 24.8 mm a lap-shear strength 
of 5.2 MPa ± 1 MPa is achieved, which is comparable to those of other related joints reported in the 
literature [4]. 
 

 

Figure 2: Lap-shear force-per-displacement curves for injection overmolded PA6/wood joint 
specimens. 
 

Figure 3 shows images of injection overmolded PA6/wood joint specimens subjected to 
single-lap shear testing. All specimens failed on the polymer side near the tip of the wood piece 
through the propagation of a transverse crack. This shows that the polymer-wood interface is stronger 
than the polymer component and future studies with a smaller overlap area are needed to determine 
the polymer-wood interfacial strength. Due to the different stiffness of PA6 and wood, the mechanical 
loading in the overlap area is a combination of shear and bending stresses. In the fracture region, the 
polymer is subjected to a combination of tensile and bending stresses, which resulted in brittle failure 
during the lap-shear testing. 

The cross-sections of the PA6/wood joint in the longitudinal and transverse directions are 
shown in Figure 4a-b. The polymer was able to fill the irregularities of the wood surface providing 
mechanical interlocking between the joint components. PA6 is polar and has low viscosity in the 
molten state, which should have provided good wettability on the wood substrate during injection 
molding. In addition, it is speculated that hydrogen bonds may occur between the amide groups of 
PA6 chains and the hydroxyl groups of wood cellulose, which would provide an additional adhesive 
mechanism to the joint interface. 
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Figure 3: Images of injection overmolded PA6/wood joint specimens subjected to single-lap shear 
testing. Transverse fracture occurred in the polymer component. a) Specimen_01; b) Specimen_02; 
c) Specimens_03; and d) Specimen_04.

Figure 4: Cross-section SEM images (longitudinal (a) and transverse (b) axes) of the PA6/wood joint 
produced via injection overmolding. Polymer on the top side and wood on the bottom. 

Conclusions

An injection overmolded hybrid joint of polyamide 6 (PA6) with Aspidosperma polyneuron
wood substrate with outstanding average shear strength of 5.2 MPa ± 1 MPa was obtained. Cross-
section SEM images show good filling of the polymer into wood surface irregularities, which led to 
a strong polymer-wood interface and failure on the polymer component by transverse crack 
propagation. This outcome is promising for the development of polymer-wood hybrid structures with 
potential applications in the furniture, transportation and household sectors.
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Abstract- The aim of this study is to compare the efficacy of honeycomb structures and 3D printed periodic cellular 
structures made of PLA in absorbing electromagnetic radiation. Additionally, the study investigates the impact of 
material thickness and comparing honeycomb structures to fully filled structures. The results indicate that all 3D printed 
PLA structures had na reflectivety(RL) with peaks around -15dB and a bandwidth of 0.5GHz. Furthermore, the study 
found that the auxetic honeycomb and the combination of the auxetic honeycomb had better RL results than the 
honeycomb due to their greater surface area for interaction with electromagnetic radiation. All structures outperformed 
a fully solid structure, highlighting the importance of geometric effects on electromagnetic properties. The study also 
compared the RL results from 4 and 8mm honeycomb structure emphasizing the significant impact of the thickness on 
absorb electromagnetic radiation. 
Keywords: honeycomb, periodic celllular, 3D printing, absorbing property, thicknesss influence

Introduction
In the 21st century, there has been a great demand for the development of functional 

materials in the manufacturing and production field. Unlike traditional manufacturing processes 
such as drilling, milling, and sawing, additive manufacturing, also known as 3D printing, can 
produce three-dimensional parts through the sequential stacking of material layers, allowing for the 
possibility of infinite possibilities for rapid prototyping with customized and precise properties [1]. 
It offers many advantages such as design freedom, flexibility, project complexity, and high 
sustainability. Almost any type of material such as metal, ceramics, and polymers can be used as 
raw materials in 3D printing to manufacture a variety of complex structures. Thus, 3D printing 
covers a wide range of applications such as Biomedicine, Mechanical Engineering, Aeronautics and 
Astronautics, Electronics, and Integrated Circuits [2].

Currently, the major focus in electromagnetic radiation absorber research is on composition 
design methods for three-dimensional absorber structures [3]. The most commonly absorber 
structures studied inlcude honeycomb, pyramidal structure and multilayer structure [4]. Among 
these, the honeycomb structures is widely used in the radar absorption field due to their periodic 
cellular structure, which allows wave absorption in a wide frequency range [3,5], as well as their 
high strength-to-weight ratio, which provides a low-density material with mechanical strength [6].
However, the limitation of thickness in 3D structures has been observed [7]. As a result, some 
studies have explored alternative approaches by modifying the periodic structures to achieve 
optimal performance [8]. For example, printing a 2 mm honeycomb structure with high quality and 
desirable mechanical properties would have challenges.

The objective of this study is to compare the electromagnetic radiation absorbing properties 
of honeycomb structures and 3D printed periodic cellular structures. Additionally, a comparative 
study will be conducted between the thickness of the honeycomb.
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Experimental 
 
Materials 

For printing the parts, commercial Polylactic Acid (PLA) from 3DFila was used, the 
1.75mm Prime Gray PLA Filament. 
 
Electromagnetic Properties 

The reflectivity (RL) analyses were performed on a vector network analyzer (VNA) model 
PNA-L model N5231A, 300 kHz - 13.5 GHz, from Agilent Technologies, with a waveguide in the 
X-Band with a cross-sectional area of 23 x 10 mm. 
 
3D structures production 

The structures were 3D printed using fused filament fabrication (FFF) on a GTMax3D Core 
A3 printer, with printing parameters presented in Table 1. Fig. 1 illustrates  the filament deposition.  
  
Table 1- 3D Printing Parameters 
Parameters Values 
Layer thickness 0.2 mm 
Printing Orientation In plane 
Extrusion temperature 215°C 
Bed temperature  60°C 
Extrusion multiplier 1.1 

Printing speed 
40 mm/s for infill and 20 mm/s for 
perimeters 

 

 
Figure 1- The filament deposition. 
 

Fig 2 shows the design and printed structures: honeycomb, honeycomb reentry, auxetic 
structure, and two combined honeycomb-auxetic structures. The strucutre design is based on 
Birman et al study [9]. 
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Figure 2 - Cell and printed structure designs: (a) Honeycomb, (b) Honeycomb reentry, (c) Auxetic 
structure, (d) and (e) Honeycomb auxetic structure [9].  
 

 
Results and Discussion 

 
Fig 3 shows the RL result of these prints from Fig 2. 
 

 
Figure 3- The RL results of the 3D printed 
 

It can be observed that all 3D printed structures exhibit a RL < -5dB, with peaks around -
15dB and bandwidth of 0,5GHz that correspond to 97% of absorb energy. The Reentry Honeycomb 
structure display a RL around -10dB up to approximately 11GHz. Notably, all samples were printed 
using only unloaded PLA, indicating that the print shape aids in absorption through multiple 
internal reflections, and the geometrical effect plays a vital role in wave absorption. The RL result 
for the auxetic and the combination of the auxetic honeycomb was higher than the honeycomb 
structure, probably due to these structures provide a greater surface area for interaction with 
electromagnetic radiation. It is important to emphasize that all structures produce better results than 
a fully solid structure, demonstrating the significance of geometric effects on electromagnetic 
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properties. Consequently, other periodic strucutre can be explored as radar absorbing material and 
used instead of honeycomb. Comparing the present results with those found in the literature for 
periodic structures, Liu et al. [7] investigated the reflection performance of a hierarchical grid 
structure with a thickness of 22 mm. They achieved an average reflectivity of -17.4 dB across the 
X-band frequency range, with all values below -10 dB. In another study, Schimitz et al. [8] 
examined the influence of honeycomb design parameters, such as cell size, thickness, and infill 
density levels, on the RL. They reported the best X-band results for a honeycomb with 5 mm 
thickness, achieving an RL< -10 dB over a 3.4 GHz bandwidth with a 10% infill. Notably, the 
Auxetic Honeycomb C exhibited a reflectivity of -18 dB, showing promising results. To further 
enhance this performance, optimizing certain parameters and exploring combinations with other 
conductive additives could position this structure as a highly effective microwave-absorbing 
material. The present work emphasizes the significant impact of the geometric characteristics on the 
RL performance. 

The thickness of honeycomb structures was also evaluated, with structures printed at 4 and 8 
mm thickness, based on previous studies. Fig 4 shows the 3D printing strutcutes. 

 

 
Figure 4 - Honeycomb structures with thicknesses of 8 and 4 mm. 
 

Figure 5 shows the RL results for comparing thickness. 
 

 
Figure 5 - RL of honeycomb with thicknesses of 4 and 8 mm. 
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Fig. 5 shows that the 8mm Honeycomb structure delivers good performance at lower 
frequencies up to 9GHz, followed by a gradual decrease as frequency increases. At 9GHz and 
beyond, the 4mm structure exhibits the best RL. This outcome can be explained by the fact that, at 
lower frequencies, the 8mm structure benefits from multiple reflections, whereas, as frequency 
increases, this effect may decrease, reducing phase cancellation across the thickness. In contrast, the 
4mm structure appears to benefit from this cancellation effect, and as the material does not have any 
load to aid absorption, this thickness was considered optimal for this study. 

 
Conclusions 

The present study aimed to compare the electromagnetic radiation absorbing properties of 
honeycomb structures and 3D printed periodic cellular structures. The results indicate that all 3D 
printed structures exhibit a RL < -5dB, with peaks around -15dB (97% absorbed energy) and 
bandwidth of 0.5GHz, while the Reentry Honeycomb structure displays a RL around -10dB (90% 
absorbed energy) up to approximately 11GHz. It was observed that the print shape aids in 
absorption through multiple internal reflections, and the geometrical effect plays a vital role in wave 
absorption. The auxetic and the combination of the auxetic honeycomb produced better results than 
the honeycomb structure, probably due to their greater surface area for interaction with 
electromagnetic radiation. Furthermore, all structures perform better than a fully solid structure, 
demonstrating the significance of geometric effects on electromagnetic properties. Finally, the 
thickness of these materials significantly impacts their ability to absorb electromagnetic radiation. 
The 8mm Honeycomb structure delivers good performance at lower frequencies up to 9GHz, 
followed by a gradual decrease as frequency increases, while the 4mm structure exhibits the best 
RL at 9GHz and beyond, benefitting from phase cancellation across the thickness. Consequently, 
other periodic strucutre can be explored as radar absorbing material and used instead of honeycomb. 
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Abstract Thermoplastic composites are versatile and have been widely studied due to many factors as being 
recyclable, having simple storage and being able to pass through different types of processing in short time cycles. 
These characteristics turn welding a good way to join these materials with a relatively simple and fast process. So, 
resistance welding has been a noteworthy topic for these classes of materials there are gaining importance in different 
areas of industry. The main contribution of this work relies on evaluating the influence of pressure on the resistance 
welding of thermoplastic composites. A resistance element composed of a glass fiber semipreg and a stainless-steel
metallic mesh was made by hot compression molding process. The element was used to weld the composite laminates 
varying the welding pressure. Electric current and time were fixed for all samples except the last one that used a 
different welding time. Welded joint strength was studied using lap-shear strength tests, and fractographic analysis 
using an optical microscope. The highest lap-shear strength result was found using pressure of 1.5 MPa and the lowest
with pressure of 3.5 MPa. All samples present an adhesive failure. In addition, it was observed the presence of voids in 
the welded area.
Keywords: Resistance welding; Thermoplastic composites; Lap-shear strength; Fracture analysis; Failure analysis

Introduction
Composite materials, especially carbon fiber reinforced polymer (CFRP) have been increasingly 
used in different areas of industries including aerospace. Thermoplastic materials have gained more 
visibility due to its properties of recyclability and also maintaining high mechanical e chemical 
properties when compared to thermoset composites. PAEK (poly(aryl ether ketone)), PEEK
(poly(ether ether ketone), PEI (poly(ether imide), PPS (poly(phenylene sulfide), and others are 
considered high-performance thermoplastics [1].
Two important topics are that these materials are able to pass through fast processing cycles when 
compared to thermosets and also have the ability to join them using welding techniques. In this 
scenario, the use of thermoplastic composites has gained attention, especially from the aerospace 
industry. One of the ways of joining is resistance welding [1]. There are also different types of 
welding however, the cited one had some advantages like low manufacturing cost and simplicity [1-
2].
The resistance welding process consists of the heating of a resistive element caused by the Joule 
effect as a result of electric current passing through it. Due to the heating, the melting or glass 
transition temperature of a thermoplastic matrix is reached and with the aid of pressure, the 
composite laminates are welded. Resistance welded joints are usually composed of a heating 
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element and extra pure polymer [2]. There are at least three principal processing parameters that 
directly influence the quality of weld: welding pressure, welding time and power input (electric 
current) [2-4]. 
 
Experimental 
The materials used for this work were carbon fiber (CF) 5HS/poly (aryl ether ketone) (PAEK) (CW 
0312 Cetex TC1225) laminates approximately 2.5 mm thick. The laminates were welded using a 
resistance welding element composed of a metallic mesh of stainless steel AISI 304 MESH 300 and 
a semipreg of glass fiber (GF) 4HS/PAEK (GW0120 TC1225). 
First, the resistance element was consolidated using a hot press machine with the metallic mesh in 
the middle of 2 semipreg of GF/PAEK, (used to isolate the stainless steel from the carbon fiber of 
the laminates). Strips of approximately 25.4mm width were cut to be used in the welding process. 
The CF/PAEK laminates were also cute in 25.4mm width and 127mm length according to 
ASTMD5868. 
Aiming the evaluation of the pressure influence during the resistance welding process. Four sample 
groups with different parameters were performed as Table 1 shows. It is worth mentioning that the 
D samples were performed just to evaluate the influence of welding time using 1.5 MPa pressure. 
 

Table 1. Samples with respective welding parameters. 
Sample 
Group 

Pressure 
(MPa) 

Time (s) Electric current 
(A) 

A 0.3 60 35  
B 1.5 60 35  
C 3.5 60 35  
D 1.5 90 35 

Source: Author. 
To perform the lap-shear strength test (LSS  ASTM D5868) was used a universal mechanical 
analysis (Instron 5982) and to evaluate the fracture surface was used an Olympus DSX 500 (HRSU) 
microscope with a 5X lens. 
 
Results and Discussion 
2.1 Lap-shear strength results: 
Table 2 shows the results with the respective standard deviation for each sample group. It could be 
noticed that sample B (1.5 MPa pressure) presents the highest mean value (15.48 MPa), which 
means that this pressure induced a stronger weld/adhesion between the materials. On the other hand, 
sample C (3.5 MPa pressure) presents the lowest mean value (13.14 MPa). These results are in 
accordance with the literature, as it shows the best pressure in thermoplastic materials are 
approximately 0.8 MPa [5]. It is also known that an ideal pressure depends on some factors as 
material properties and samples dimensions, but usually, the pressure values do not present such 
differences. 
Another interesting point is that adding more 30 seconds in the welding time using the pressure that 
presents the best LSS result did not influence significantly the average result, reaching 0.41 MPa of 
difference. However, this difference could indicate that sample D was influenced by a higher 

occurs by reason of poor conduction between metal mesh and air (convection) compared to metal 
mesh and laminates (conduction), weakening, this way, the interface due to reach temperatures 
close to the degradation of polymer matrix or causing current leakage. Probably producing wider 
specimens and reducing the clamping distance of the electrodes this effect could be diminished. 
Even though it was compared the results, the values obtained in this work were not close to the 
highest found in the literature, a good weld would induce LSS results close to 30-40 MPa, but 
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52 MPa was already reached [3, 6]. There are some possibilities to justify these results that will be 
presented in next section. 
 

Table 2. Lap-shear strength results. 
Sample Group Lap-shear Strength (MPa) 

A 14.24 ± 1.98 
B 15.48 ± 0.30 
C 13.14 ± 1.85 
D 15.07 ± 0.96 

Source: Author. 
 
2.2 Fracture and failure analysis: 
Fig 1 shows a general overview of the failure surfaces of each sample group analyzed. It could be 
noticed that the pressure influenced the heat transfer in the welding area, this could conclude due to 
a significant not melted area presented in C samples, indicated by the red circles. Samples A, B, and 
D did not present such a different welding area failure. 
 

 
Figure 1  ailure surface. Source: Author 

 
Using a microscope to amplify welded area and evaluate more aspects. It could be noticed that all 
the samples had an adhesive failure, also called interfacial failure, between CF/PAEK laminates and 
GF/PAEK that composed the resistance welding element [1,7]. In addition, an interlaminar failure 
occurs in the resistance welding element passing through GF/PAEK, metallic mesh, and GF/PAEK 
from the other side. All this information could be seen in Fig 2. 
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Figure 2  Microscope images of samples failure surfaces 5X. Source: Author. 

 
Other additional information is that some voids are noticed, indicated by the red circles in Fig 2, 
usually more expressive in lower pressures, in this case, delamination is induced because it is not 
capable to consolidate the laminate. A microcopy in the transverse area could be performed to 
certify this behavior and the formation of voids in the welded area. 
According to the literature [6], high pressure in resistance welding processes can reach low values 
of LSS due to two main reasons. First, it could flatten the fabric causing a reduction of mechanical 
anchorage favoring less interaction between the polymer matrix and the woven surface, turning the 
weld weaker. Second it could result in a thinner layer of polymer in the welded area resulting a poor 
adhesion between fiber and matrix in the interface. 
Relating the results from lap-shear and microscope images the small values of LSS could be 
justified through the failure type showing that there is a weak adhesion between glass fiber and 
CF/PAEK laminates. 
It is worth mentioning that there are several parameters that could affect the resistance welding 
performance that was not evaluated in this brief work. For example, the metallic mesh surface area 
contact (mesh number and wire diameter), welding time, electric current, composite laminates 
properties as heat conduction of fiber and matrix, and glass fiber fabric used in resistance element to 
isolate. In addition, some process issues as the edge effect influenced by clamping distance as well 
as metallic mesh isolation could be present in our welding set-up as limitations. 
In order to achieve better results, it could be suggested the change of other parameters already 
mentioned as metallic mesh, minimize the edge effect during the welding process and improve the 
welding set-up experiment to monitor the temperature and heat distribution inside the weld area. 
 
Conclusions 
The resistance welding of CF/PAEK laminates using 60 seconds of welding time, 35 amperes of 
DC electric current, and pressure of 1.5 MPa present the highest LSS value (15.48 MPa), this could 
be considered small according to the literature. The lowest was shown with 3.5 MPa (highest 
pressure analyzed) indicating that high pressure induced a weaker interface interaction due to 
harming the heat distribution, turning the polymer layer in the interface thin and making the 
mechanical anchoring difficult in the fabric. The added time in sample D did not influence 
significantly the LSS results. All the samples present an adhesive failure between the glass 
fiber/PAEK layer and carbon fiber/PAEK laminate and also an interlaminar failure inside the 
resistance element. 
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Abstract - In this abstract1 we would like to demonstrate the versatility of 3D printing technology 
as a strategic platform for the immobilization of biomolecules, aiming for the fabrication of 
biosensors. For this, 3D-printed electrodes produced from the conductive filament of PLA 
(polylactic acid) and graphene2,3 were modified and used for the detection and quantification of 
PARK7/DJ-1 protein. The changes in the l
The analytical performance was achieved for the detection of the protein by using both 
voltammetric and impedimetric techniques with precision and accuracy. The 3D-printed 
immunosensor produced was successfully applied for the detection of the protein (PARK7/DJ-1) in 
human blood serum and artificial cerebrospinal fluid samples. This approach can allow the early 

ferent stages 
of the disease. This method allows us to conclude that 3D printing can be combined with 
electrochemical methods in the development of versatile, reliable, and feasible biosensors.
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Abstract - Additive manufacturing has garnered significant attention over the past decade as a rapidly
growing sector within complex manufacturing1. Suitable materials and proper variation in the printing 
settings may result in the production of parts with time-dependent shapes that can be tuned through 
environmental stimuli2,3. Given that these parts can either change their shape over time to a pre-
programmed three-dimensional shape or revert to an initial design, this process has become referred 
to as four-dimensional (4D) printing2. This study had the objective of evaluating compositions based 
on poly(lactic acid) (ERT1, ERT2) and thermoplastic polyurethane (TPU, Mirathane E270) to 4D 
printing filaments. The ERT1, ERT2, ERT1/TPU and ERT2/TPU (80/20), were processed in twin-
screw extruder at 50/200/200/200/200/200/210 °C. Analyzed the tensile strength, elongation at break,
melt flow index, thermal deflection temperature and toughness of the injected samples were carried 
out. Besides, the shape memory test (Fig.1) was performed with the compositions by heating the fine 
filament, initial length of 50 mm and diameter 1.5-2.0 mm, for 240 s at 80 °C. While the filament was
heated, it has been molded into a helical intermediate shape using a metal tube and got cold for 80 s 
in a beaker with water at 7.5 °C. Then, heated the sample for 85 s at 80 °C and was obtained final 
shape. ERT1 presented a final length of 47.7±0.6 mm comparing with ERT1/TPU which showed to
49.7±0.6 mm, property observed to studies which showed to PLA exhibited flexible nature and shape 
memory by the addition of TPU. The ERT2/TPU induced poor shape memory than ERT1/TPU and 
ERT1, however higher extrusion stability. The next step will be printing a cubic structure to repeat
the shape memory test. According to the results, the PLA/TPU compositions have been potential 
properties of 4D printing filaments to application biomedical, robotic and aerospace.

Figure 1. ERT1/TPU shape memory test. (a) initial shape. (b) first heating sample. (c) molded to a helical 
shape. d) cooling sample. (e) intermediate shape. (f) final heating sample. (g) final shape.
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Abstract The digital printing process allows to print photos and drawings directly on different 
substrates and/or coatings. However, the implementation of digital printing still needs studies, 
mainly due to the type of substrate used, the physical-chemical properties of the inks, the chemical 
characteristic of the surface coating and the variables of the printing [1,2]. This work aims to 
evaluate the influence of the atmospheric plasma jet treatment on polyurethane (PU) coating surface 
to improve the adhesion of printing inks. The study of the surface treatment of the PU coating by air
atmospheric plasma jet was carried out before inks printing with different distances, speeds of 
plasma jet application and the treatment time (days) as shown in Table 1. The PU coating surfaces 
before and after treatment were evaluated for contact angle (Table1). Printed PU coating were 
evaluated for adhesion, gloss, hardness and image quality. Figure 1 shows the printed sample and 
results of the adhesion test. The treatment via atmospheric plasma jet can efficiently reduce the 
contact angle of the PU coating. A promising result related with the anchoring of the ink on the PU 
coating was found in the sample treated with plasma at 4 mm and 17 mm/s. This study brings 
pertinent information about the influence of the plasma treatment on the PU coatings and the 
adhesion of the ink after printing. 

Table 1. Plasma treatment conditions and duration of the treatment. Plasma power at 850W.
Conditions Sample d (mm) v (mm/s) Contact angle (°)

0 day 1 day 2 days 4 days
1 1-1 1-2 2 34 24.6 37.1 37.0 37.8
2 2-1 2-2 4 34 26.0 43,2 46.4 48.7
3 3-1 3-2 8 34 34.0 41.2 38.8 46.8
4 4-1 4-2 2 17 22.0 31.7 32.8 36.7
5 5-1 5-2 4 17 27.2 37.7 35.0 39.4
6 6-1 6-2 8 17 30.8 40.3 40.4 48.6

Figure 1. (a) Printed inkjet sample; samples after adhesion test (b) 4-1 and (c) 5-1.
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Most polymers degrade under processing, mostly by thermally stimulated processes.  While 
thermogravimetric methods could be used to estimate the ultimate thermal stability, incipient 
degradation (loss of molar mass), which may significantly affect material properties, are better 
studied by rheological techniques. During the last stage of processing (melt processing) in an 
internal mixer at constant rotor speed, torque is proportional to viscosity, which a very sensitive 
measure of the molar mass of the polymer. Since viscosity also depends on temperature, torque is 
adjusted to a reference temperature taking into consideration a temperature coefficient 
experimentally determined. Measuring the average adjusted torque and its rate of change in a brief 

-power law dependence of the viscosity with the 
mass-average molar mass, it is possible to estimate the relative rate of change of the molar mass, 
which may be taken as a measure of the rate of incipient degradation during processing. This 
procedure has been applied to the study of polymers, blends and compounds.1-5 In the present work, 
polylactic acid (PLA) and chicken eggshell (3, 5 and 7%w) measuring up to 100 m were mixed and 
processed in an internal laboratory mixer with rotor speed varying from 30 to 150 rpm, keeping the 
temperature constant of the mixer chamber walls at 180°C. The results showed that the higher 
rotation speed is associated with a lower rate of degradation in compositions containing eggshell, 
indicating a better distribution and dispersion of solid particles that also provided greater thermal 
stability to the melt. Highlighting that high rotor speed is a better processing operating parameter 
for composites.

1. T. S. Alves; J. E. Silva Neto; L. H. Carvalho; E. L. Canedo. Polymer Testing 2015, 50.
2. V. A. D. Marinho; C. A. B. Pereira; M. B. C. Vitorino; A. S. Silva; L. H. Carvalho; E. L. Canedo. Polymer Testing

2017, 58.
3. L. T. A. Reul; C. A. B. Pereira; M. F. Sousa; R. M. Santos; L. H. Carvalho; E. L. Canedo. Polymer Composites

2019, 40.
4. D. S. C. Andrade; E. L. Canedo; L. H. Carvalho; R. Barbosa; T. S. Alves. Materials Research 2021, 24.
5. E. S. B. Ferreira; C. B. B. Luna; D. D. Siqueira; E. A. Santos Filho; E. M. Araujo; R. Wellen. Sustainability, 2021, 13.
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Abstract - In this work, biodegradable composite filaments were produced from Poly(Butylene 
Succinate) (PBS) and cocoa bean shell waste (CBS). The extrusion process was utilized to produce 
the composite filaments, incorporating up to 20 %wt of the natural filler into the PBS matrix. The 
filaments were characterized for their dynamic rheological properties and assessed for process and 
print quality. Following the 3D printing, the morphological, mechanical, thermal and soil 
disintegration (composting) properties were evaluated. The rheological characterization of the 
filaments showed changes in the viscoelastic behavior of the composites compared to the pure PBS 
matrix [1]. The results suggest that the incorporation of CBS can facilitate the application in Fused 
Deposition Modeling (FDM) [2]. The printability of the developed biodegradable composite 
filaments was considered satisfactory. Furthermore, the composites exhibited thermal stability 
during the printing process and the DSC analysis indicated a minor variation in their crystallinity 
post-printing [3]. Regarding the mechanical properties, the composite showed a 21.8% increase in 
the elastic modulus value, while the tensile strength and elongation at break showed a reduction 
with the incorporation of the filler. The disintegration rate in soil, which indicates a biodegradation 
process, was increased, showing a value of 48% after 156 days of composting, while a 
disintegration rate of only 4.7% was observed for the pure PBS matrix [4]. The results indicate that 
CBS can be used to increase and modulate the rate of biodegradation of the PBS matrix used for the 
production of filaments for application in FDM.
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Thermoplastic polymers belong to a class of synthetic polymers and are widely used due to their 
versatile properties. When these polymers are heated close to their melting temperature, they exhibit 
a highly viscous liquid state. This high viscosity makes them easily moldable, rendering them ideal 
for use in additive manufacturing technology, specifically in fused deposition modeling 3D printing
[1]. In the 3D printing process, the polymers are arranged as filaments, which are melted and 
extruded through a metal nozzle, and then deposited onto a substrate. During this process, various 
effects of polymer electrification can be observed, including extrusion, friction, phase change, strain
gradients, contact surfaces between different materials (polymer/substrate) or identical materials, 
and solid-liquid interfaces under temperature gradients [2][3][4][5]. Consequently, this generates an 
accumulation of charges in printed objects, with the magnitude varying according to the type of 
polymer, substrate, and selected printing parameters. In this study, we conducted an extensive 
investigation using a non-contact Kelvin probe [6] to demonstrate the spontaneous formation of 
charges in five polymers (ABS, PETG, PLA, TPU, and Nylon) during and after printing. These five 
polymers were printed on three different substrates (glass, steel, and PTFE). Subsequently, the glass 
substrate was selected as the standard, and the influence of printing parameters on electrification 
was evaluated. Furthermore, experiments were conducted to investigate the effect of contact 
between identical polymers. Additionally, the half-life times of the charges were determined. This 
approach paves the way for numerous advancements, including the in-situ fabrication of electrets, 
the production of parts with controlled electrical charge, the use of pre-electrified molds in energy 
harvesting devices or wearable electronics. Surprisingly, this is the first report of such behavior.
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Abstract - The understanding of process paramete
properties is very important to achieve the desired result. This work aims to establish the best 
melting mixing conditions to obtain a high conductive composite, base on recycled Poly(vinylidene 
fluoride) (PVDF) and Ethyl Vinyl Acetate (EVA) (65:35 wt%) blend, filled with graphene 
nanoplatelets (GnP). The study was carried out using a composite with 10 wt% of GnP added to the
PVDF/EVA blend matrix, and the analyzed parameters were speed, temperature and time of 
mixture in a micro compounder MC 15 HT (by Xplore). At the end, a master batch approach was 
employed, with the best acquired parameters, to compare with the one step method. Electrical 
conductivity, rheological properties, and morphology were investigated. The samples processed at a 
the highest speed (200 rpm), highest temperature (210 °C) and mixing time of 3 min showed the 
best conductive value, of around 10-5 S.m-1. From the rheological study, we could conclude that the 
sample with the highest conductivity have better distribution of GnP in the matrix. Regarding the 
master batch versus one step approach, the best result was achieved by adding all the components at 
the same time.

Keywords: Poly(vinylidene fluoride), Ethyl Vinyl Acetate, graphene nanoplatelets, processes parameters, conductivity.
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Abstract - Brazil has international leadership in reserves and ore production such as iron and 
niobium [1]. In this context the use of niobium pentoxide (Nb2O5), abundant oxide in the Brazilian 
territory, was chosen to be studied to expand their applications in order to add value. The present 
project aims to develop a myoelectric transradial upper limb prosthesis, with national components, 
through low-cost digital fabrication, using high-performance composite material, composed of 
poly(lactic acid) (PLA) and different contents of Nb2O5. The research methodology, which brings 
together the development of assistive technologies and 3D printing, was divided into two stages: (i) 
production of PLA/Nb2O5 filaments for 3D printing and (ii) digital fabrication of the myoelectric 
prosthesis prototype. Herein, the masterbatch technique was used to incorporate Nb2O5 (Sigma-
Aldrich SKU 208515) into PLA [2]. Briefly, PEG 6000 was manually mixed with Nb2O5 in a ratio 
of 1:1 at 60 °C. After cooling, the mixture was grounded and passed through a 100-mesh sieve. The 
amount of powder (MB), corresponding to 0.1, 0.25 and 0.50% over PLA, was blended with PLA 
pellets before extrusion to give rise to the filaments. Fig. 1 shows SEM image of MB and the effect 
of MB addition on the mechanical properties of PLA. 

Figure 1 SEM image of MB and mechanical properties in traction of PLA and PLA/MB (0.5%).
Tensile test results of PCL/Nb2O5 composites also showed a moderate decrease in tensile properties [3]. 
Here, the presence of the PEG used to prepare the MB might have accentuated the decrease of properties.
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Abstract - Vegetable residues emerge as an alternative to traditional reinforcement fillers, 
commonly used in polymeric composites, playing an important role when reintroduced in the 
process as a raw material and ceasing to be an environmental liability [1]. With the same 
sustainable bias, 3D printing is currently seen as a green process, since it creates high-quality three-
dimensional objects without high energy cost, in addition to minimizing the generation of common 
burrs in traditional processes such as molding by injection and compression [2]. The PLA filaments 
and their composites with different incorporated of contents of coffee grounds - BC (0; 2.5; 5; and 
7.5 wt. %) were processed in a co-rotating single screw extruder and characterized according to the 
melt index flow. Specimens for tensile strength and flexural strength, hardness, morphology by 
scanning electron microscopy and water absorption were obtained by 3D printing and the 
parameters used during fabrication were 210 °C with filling geometry and density of octet and 75% 
respectively [3], by the melt deposition modeling (FDM) method. The results obtained indicated 
that the increase in the BC content favored the reduction of the viscosity of the composites, when 
compared to the pure PLA matrix and, consequently, lower hardness. This behavior was possibly
caused by the lipid content that constitutes the coffee grounds [4], thus acting as a processing aid
facilitating its incorporation into the matrix, as visualized by the SEM. However, a significant 
reduction in tensile and flexural strength was verified according to the increase in the amount of BC 
residue. On the other hand, it was found that the increase in the amount of residue incorporated into 
the matrix was proportional to the water absorption, due to the hydrophilicity of the filler. Such 
results indicate that BC can favor the biodegradation of composites, not making them an 
environmental liability after disposal.
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Abstract
Innovations in the field of nanotechnology provide opportunities and applications in different 
segments, including the mobility sector. Chitosan foams can be used as filter elements for the 
automotive sector due to their adsorptive characteristics, but they have limited mechanical strength 
and flexibility. Graphene oxide (GO) nanoparticles can be incorporated into polymer matrices to 
enhance filtration properties and mechanical resistance. This work incorporated GO into chitosan-
based polymer matrices structured in the form of low-density foams. The foams were produced 
according to patent number BR1020150292597 [1]. Chitosan was obtained from shrimp shells 
processed at the Federal University of Parana (UFPR) and presented a deacetylation degree of 94% 
and molar mass of 27 kDa. Different percentages of GO relative to chitosan mass (0 to 5% m/m) 
were incorporated in acetic acid solution and sonicated for 5 minutes (2s/2s pulse). For foam 
preparation, chitosan was dissolved in the acetic acid solution containing GO until complete 
homogenization. Commercial neutral emulsifier was added to the chitosan solution (with or without 
GO) followed by mechanical incorporation of air with a household mixer. The foam was uniformly 
spread on 1 cm thick and dried at 70 °C [1,2]. The samples were characterized by Scanning 
Electron Microscopy (SEM)/Energy Dispersive Spectroscopy (EDS) and bulk density by 
mass/volume ratio. Irregular pores with diameters of 40-200 m were observed on the bottom 
surface and circular pores with diameters of 2-140 m were observed in the top layer. The elements 
C, O and N were detected in the chemical composition of foams. The bulk density of samples 
ranged from 6.3 to 8.3 x 10-2 g.cm-3. The incorporation of GO in chitosan foams represents an 
innovation considering the multifunctional character of the developed material.
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Abstract Mechanical sensors and actuators based on ionic electroactive polymers, iEAP's
presents several advantages over their traditional analogues: lightness, relatively easy construction, 
miniaturization capability, reduced cost, etc. Among these materials, we can also highlight the use 
of elastomers, which add high flexibility and a wide range of mechanical properties that can be 
exploited in order to adapt to specific applications. In this work will be addressed two main types of
elastomers and their use in sensors and actuators based on iEAP's: vulcanized elastomers, VE's, 
and thermoplastic elastomers, TPE's. EV's are mainly used in the manufacture of flexible 
electrodes, opening a very promising field in the area of device construction, due to their 
robustness. On the other hand, TPE's of the block copolymer type can be synthesized so that 
they present sensitive behavior to deformation, combining the possibility of adjusting their 
mechanical and viscoelastic properties (by choosing the types and the arrangement of the blocks 
in the copolymer). In this presentation will be shown some proposals that are being developed in the 
Smart Materials Research Team, SMaRT, of the Department of Materials Engineering, DEMa, of 
the Federal University of São Carlos, UFSCar.  The goal is to show how elastomers can be used as 
smart materials in the area of electronics and soft robots, taking advantage of their unique 
characteristics. To this end, SMaRT has set up a structure of aracterization and application of these 
devices that allows their characterization in various types of situations. 
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Abstract: In elastomeric compounds and composites, different types of non-conventional fillers have been evaluated due 
to the need to develop new materials aligned with the use of natural raw materials or with less environmental impact. In 
this scenario, this work intends to evaluate the effect of incorporating a non-conventional filler, rice husk ash (RHA), in 
nitrile rubber compositions. To do this, important parameters of curing, mechanical properties (tensile and tear strengths 
and hardness) and density of cross-links were evaluated. Preliminary results indicated a good reinforcing action of RHA
in the compositions considering the increase in the values of maximum torque, tensile strength and elongation at break, 
as a function of the increase in the incorporated filler content. Furthermore, the increasing density of cross-links with 
increasing filler content suggests that RHA may be acting as a co-curing agent in the vulcanization process.

Keywords: elastomers; rice husk ash; mechanical properties; rheometric properties; crosslinking density.

Introduction

In the last decades, the constant need to produce different materials which meet the 
environmental issues has demanded and boosted the development friendly ecologically products, 
impacting towards a pollution free and ecological healthier industrial production [1,2]. Among 
material types, elastomeric ones are characterized by being multicomponent systems, whose types, 
processing parameters, crosslinks formation and the effects of reinforcing fillers as carbon black and 
silica (said conventional ones), have crucial role on the final properties and applicability.

In this scenario, the development of elastomeric materials has increased due to the possibility 
of using different components, in balanced proportions, to obtain adequate properties for a wide range 
of applications [1,5]. As a result, materials from natural sources, industrial and urban waste, have 
been the subject of several studies to assess their potential action as an unconventional filler in 
elastomeric compositions, such as, for example, carbonized coconut fibers [6], rubber residue from 
tires [7], EVA residue from shoes [8] and rice husk ash [9].

The objective of this work was to evaluate the rheometric and mechanical behavior of nitrile 
rubber (NBR) compositions with different contents of rice husk ash (RHA).

Experimental

In this work, NBR (N-615B; Mooney Viscosity 33 ML1+4 100°C, 33% acrylonitrile) from 
Nitriflex S/A Indústria e Comércio was used as the elastomeric matrix for the compositions. The 
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formulation used for preparing the compositions was based on ASTM D-3187, shown in Table 1, 
with the addition of three other components (di(2-ethylhexyl) phthalate (DOP), Irganox and RHA).

Table 1: Formulation for the different compositions based on NBR. 
Component Amount (phr) 
NBR-N615 100 

Estearic Acid 1.0 
Zinc Oxide 3.0 

Sulfur 1.5 
TBBS* 0.7 
Irganox 1.5 

DOP 1.0 
RHA 0.0 // 10.0 // 20.0 // 40.0 

*n-tert-butyl-benzothiazole sulfonamide 

The compositions were prepared in an open cylinder mixer (LRMR-SC 150/0 Lab Tech 
Engineering Company LTD.) based on ASTM D-3182 standard with roller speed of 24/34 rpm (1: 
1.44) and temperature of 50°C (+/- 10°C). Four compositions were prepared and coded as follows: 

  
  
  
  

For the evaluation of the rheometric properties, the ASTM D-2084 standard was followed, 
using a temperature of 150 ºC on a Rubber Processing Analyzer (RPA2000, Alpha Technologies). 
The evaluated mechanical properties followed their respective standards: tensile strength (DIN-
53504) and tear strength (ASTM D-624B) analyzed on a universal testing machine (EMIC DL-3000) 
and hardness (ASTM D-2240) on a shore tester (A-2, The Shore Instrumental MFG Co. Inc.). 

The cross-link density was estimated concerning the rheological aspect with on a RPA. This 
method is based on the relationship between the elastic modulus values (G') before and after 
vulcanization, as an association of the contribution resulting from the physical contributions (XPHY), 
coming from the physical entanglements existing in the sample before curing, and the total 
contributions (XTOT), sum of the physical, from physical entanglements, and chemical (XCHE) 
contributions, coming from the crosslinks formed during vulcanization. From these relationships, it 
is possible to estimate the chemical contributions directly associated with cross-linking of vulcanized 
materials through the relationships observed in Equations 1, 2, 3 and 4. This method is described in 
previous works [10-12]. 
         
         
         
       

 
Results and Discussion 

Rheometry 

From rheometry it is observed that, comparing GP-DOP1 with the compositions with RHA, 
the pre-vulcanization time (ts1) and optimal cure time (t90) reduced with the increase of the 
incorporated RHA content, characterizing shorter times required for induction and completion of the 
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vulcanization process. Consequently, the curing rate index (CRI) increased in all compositions with 
RHA, indicating an improvement in the vulcanization rate when compared to the pure gum, as 
quantified in Table 2. This can be explained by some factors such as a possible action of the RHA as 
a co-agent in the vulcanization process, helping to form a reticulated network. 

Torque values showed an increasing trend as a function of the increase in the incorporated 
RHA content. The minimum torque (ML) is associated with the viscosity of the material while the 
maximum torque (MH) is associated with the final structural stiffness of the vulcanized material, with 

initial pre-vulcanization state and the 
final state after vulcanization, and is therefore associated with cross-link density. This suggests an 
increase in viscosity in the mixtures, a gain in stiffness of the vulcanized material, in addition to a 
higher density of crosslinks resulting from the addition of RHA. With this, there is an indication of 
good interaction between the RHA and the NBR matrix, reinforcing action of the RHA, in addition 
to an action as a co-agent of vulcanization, optimizing the density of cross-links formed. 

Table 2: Rheometric parameters at 150°C. 

Composition - NBR 
ts1 

(min) 
t90 (min) 

CRI 
(1/min) 

ML (dN*m) MH (dN*m) 
(dN*m) 

GP-DOP1 10.93 31.94 4.76 1.00 12.20 11.20 

RHA10-DOP1 7.69 27.80 4.97 1.17 14.41 13.24 

RHA20-DOP1 7.03 25.19 5.51 1.33 15.86 14.53 

RHA40-DOP1 5.43 26.07 4.84 1.55 19.00 17.45 

Mechanical Properties: Tensile Strength, Tear Strength and Hardness  

Comparing results of tensile test of RHA filled compositions with the unfilled compound, GP-
DOP1, Table 3 shows an increase of approximately 12.5% for modulus at 100%, when adding 20 phr 
of RHA, while the addition of 10 and 40 phr did not imply an increase or decrease in this value. In 
tensile strength, an increase of approximately 14.65, 29.94 and 30.57% was noted when adding, 
respectively, 10, 20 and 40 phr of RHA. When adding particles more rigid than the matrix, once the 
matrix-load interaction is minimally satisfactory, there is a gradual gain in this material rigidity, being 
observed from increasing values of modulus and tensile strength. Another outstanding parameter was 
the increase of approximately 12.05, 16.54 and 16.52% for the elongation at break, when adding, 
respectively, 10, 20 and 40 phr of RHA. This result suggests a good matrix-load interaction, allowing 
not only an increase in tensile strength, but also the maximum deformation capacity of the matrix 
under the applied tension during stretch. 

Table 3: Mechanical Properties: tests of stress strain, tear resistance and hardness  

Composition 
 Modulus at 

100% 
(MPa) 

Stress at Break 
(MPa) 

Elongation at 
break (%) 

Tear Strength 
(N/mm) 

Hardness 
(Shore A) 

GP-DOP1 
 

0.80 (±0.01) 1.57 (±0.43) 
465.71 

(±98.33) 
16.69 (±2.08) 

44.00 
(±0.67) 

RHAA10-
DOP1 

 
0.80 (±0.02) 1.8 (±0.08) 

521.82 
(±14.52) 

12.18 (±1.26) 
47,00 

(±0.67) 
RHA20-
DOP1 

 
0.90 (±0.03) 2.04 (±0.20) 

542.73 
(±52.19) 

12.66 (±0.60) 
49.00 

(±0.44) 
RHA40-
DOP1 

 
0.80 (±0.03) 2.05 (±0.06) 

542.64 
(±43.76) 

14.24 (±0.34) 
54.00 

(±0.67) 
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In the tear strength test, Table 3 shows a decrease in this property with the addition of CCA 
for all compositions as compared to the pure gum composition. However, when comparing the 
compositions with added filler, a trend towards an increase in resistance was noted as a function of 
the incorporated RHA content. Hardness, as well as properties such as maximum torque, modulus at 
100% and tensile strength, is directly associated with the structural stiffness of the material, although 
measured differently. An increase in hardness values was observed as the incorporated RHA content 
also increased, as occurred in the values of maximum torque and tensile strength, which corroborates 
this increase in the stiffness of the vulcanized material.

Crosslink Density

A clear increase in the density of cross-links was observed along with the increase in the 
amount of incorporated RHA, in Fig 1. This behavior denotes an action of RHA as a co-agent in the 
vulcanization process, causing an increase in the cross-links formed, favoring the increase in the 
density of the reticulated network formed. Such behavior can be corroborated by the torque variation 
previously observed with the same trend, since it is related to the variation between the initial and 
final moment of the vulcanization process.

Figura 1: Crosslink density by RPA.

Conclusions

The results obtained allowed observing a good capacity to reinforce of CCA filler for NBR 
compositions, given by the increase in the torque values together with the increase in the main 
parameters of the tensile strength tests. It is worth highlighting the increase in tensile strength capacity 
without compromising the elastomeric deformation capacity, also guaranteeing a gain in this 
property, which may be indicative of factors such as good matrix-filler interaction, due to a good 
dispersion capacity during the processing. In addition, the crosslink density increased for all 
compositions as a function of the increase in filler content.

Higher filler contents will still be evaluated under the same optics presented in this work. It is 
also possible, and recommended, to carry out other tests and complementary analyzes in order to 
confirm the considerations about the properties evaluated and discussed in this work.
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EVALUATION OF THE THERMOMECHANICAL AND WEAR 
PROPERTIES OF RUBBER PADS USED IN HEAVY MILITARY VEHICLES

Moisés Xavier Guimarães Valentim1,2a, William Lemos Bevilaqua³, Inácio da Fontoura Limberger¹, Clarissa

Piccinin Frizzo 4, Vania Denise Schwade4, Natália de Freitas Daudt1

1 Department of Mechanical Engineering, Federal University of Santa Maria (UFSM), Santa Maria, RS, Brazil
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Abstract Some heavy military vehicles have shown that rubbers pads from different manufactures 
perform very differently regarding durability. According to that issue, in this study two types of 
rubber pads used in heavy vehicles were evaluated in terms of mechanical properties, wear, etc., to
determine the characteristic required to improve rubber pads durability. One of the pads was the 
original produced for the vehicle (named P1) and the other was produced in Brazil (named P2). The 
rubber pads were characterized by wear test, uniaxial tensile test, Shore A Hardness, thermal 
gravimetric analysis (TGA) and Fourier transform infrared spectroscopy (FTIR). As the main results, 
the shore A hardness of P1 and P2 were very similar: 80 shore A hardness for P1 and 75 for P2; 
However, tensile strength and wear rate were very different: 15,5 MPa and 0,129 g/h for P1 and 10,7 
MPa and 0,312 g/h for P2. Therefore, shore A hardness it is not a good parameter to evaluate the 
properties of wear of these types of rubber.
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NATURAL RUBBER NANOCOMPOSITES FOR SENSING APPLICATIONS

Rafael Barbosa 1*, Roger Gonçalves2, Guilherme E. de O. Blanco1, Matheus C. Saccardo1, Kaique A. Tozzi3, 
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Abstract Conductive elastomeric composites (CECs) have been evaluated as flexible materials 
for soft electronics. In this work, natural rubber nanocomposites were prepared to achieve tailored 
electrical conductivity and sensing properties with diverse processing methods via latex mixing and 
incorporation of conductive fillers like carbon nanotubes and carbon black. Pursuing high filler 
dispersibility, the latex method was chosen as the main processing step, enabling the possibility to 
apply high sonication energy and wet functionalization with surfactants in the fillers. The 
nanocomposites were tested using electrical impedance spectroscopy in the stationary state, when 
stretched in several strains until 300%, and when stretched in 5000 cycles of uniaxial tensile 
deformation. In addition, the nanocomposites were stacked with an ionomeric polymer (Nafion®) in 
a sandwich-like form, acting as flexible electrode to strain and displacement sensor. The test 
apparatus is presented in Fig. 1. The results were satisfactory when compared with the conventional 
ionic polymer-metal composite (IPMC) sensor based on platinum electrodes, with lower sensing 
amplitude but good capability of sensing different types of displacement velocity (linear, quadratic, 
cubic).

Figure 1 (a) Apparatus for the deformation and displacement sensing test. (b) Test chamber zoom.

Fundings: This study was financed in part by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior -
Brasil (CAPES) - Finance Code 001. Financial grant by FAPESP, process #2018/07001-6.

Keywords: Rubber nanocomposite, rubber processing, sensors, latex mixing

1436



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

PAYNE EFFECT IN NR COMPOUNDS WITH SUSTAINABLE FILLERS
USING DYNAMIC MECHANICAL CHARACTERIZATION

Abel C. G. Neto1*, Sandra R. Scagliusi1, Hélio Wiebeck1, Patricia Calvão1, Ticiane S. Valera1

1 Department of Metallurgical and Materials Engineering, University of São Paulo (USP), São Paulo, SP, Brazil 
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Abstract In this work, Dynamic Mechanical Analysis (DMA) tests were carried out to evaluate 
the viscoelastic properties of vulcanized natural rubber (NR) with addition of silica and different 
sustainable fillers, like rice husk silica, rice husk ash, and a vegetable organic filler. The dynamic 
mechanical analyzes of elastomeric composites were performed in a DMA 3200 (TA Instruments),
at room temperature. All experiments were conducted in compression mode, at a frequency of 1 Hz, 
using specimens with 6 mm thick and 15 mm wide. To observe the effect of strain amplitude on the 
viscoelastic properties, strain sweeps, from 0.2 to 5% strain, were performed. In elastomeric 
composites, it is well known, from Payne's work[1], that when the filler-filler distance increases, the 
stiffness caused by van der Waals forces decreases. The rupture of the filler-filler structure releases 
the elastomer molecules trapped between the fillers, what causes the decrease. Consequently, a 
reduction in the values of the dynamic storage modulus, and maximum points in the dynamic loss 
modulus and damping factor curves, can be observed [2-5]. In this work, it was observed that the 
storage modulus of the composites decreased when the strain amplitude increased, the dynamic loss 
modulus and damping factor curves increased, whereas the unfilled compounds exhibited no
changes. This effect was more pronounced for silica and rice husk silica fillers.
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Abstract This study aimed to investigate the effect of the partial replacement of polyol polyester with polyol from 
soybean oil on the structure and properties of thermoplastic polyurethanes (TPUs) produced by reactive extrusion. The 
results showed that when the amount of soy polyol exceeded 5wt.%, there was an increase in molecular mass and gel 
formation in TPUs. However, this increase was accompanied by the formation of non-regular structures, which reduced 
the hydrogen bonding density without affecting the amount of ringed segments dispersed in the flexible ones. 
Additionally, an increase in the glass transition temperature and a smaller phase separation were observed. These findings 
can be helpful in the development of PUs with tunable structures.

Keywords: Thermoplastics polyurethane, renewable polyol, reactive extrusion.

Fundings: OB (grant number 308567/2018-8 and 305814/2021-4). AMF (project PID2020-119047RB-I00).

Introduction
Segmented thermoplastic polyurethanes (TPUs) are an important class of polyurethanes (PUs) 

composed of thermodynamically incompatible soft segments (SS), derived from macrodiols, and hard 
segments (HS), formed by a diisocyanate and a low molecular weight diol (chain extender) [1]. The 
polarity, solubility parameters ( i), and the number of chemical groups capable of hydrogen bonding 
plays a fundamental role in the microphase separation between the HS and SS segments, affecting 
the morphology and physicochemical and mechanical properties of the copolymer.

While using renewable sources for PU monomers is not new, the synthesis of TPUs using 
renewable source polyols remains challenging due to the conversion of soybean oil-based polyols 
obtained by the epoxidation of double bonds into polyfunctional monomers [2-4]. However, 
alternative approaches, such as using diacids produced by the Diels Alder reaction or acids like 
ricinoleic acid to obtain suitable polyols for TPUs synthesis and partial substitution of petrochemical 
polyols as adjustments in the reaction process, are being explored [5]. Such approaches produce TPUs 
with exciting properties, including more excellent hydrolysis resistance than conventional polyesters. 
In this work, we investigate the synthesis and phase separation of TPUs using reactive extrusion, 
partially replacing the polyol with a renewable source polyol obtained by the epoxidation of soybean 
oil.

Experimental
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Materials
The TPUs were synthesized using 4,4'-diphenylmethane diisocyanate (MDI) purchased from 

Dow Chemical, Brazil (ISONATE 125M, NCO content = 33.5 wt.%,  = 1.23 g.cm-3) as the 
isocyanate, and 1,4 butanediol (BDO,  = 1.02 g.cm-3) purchased from Dow Chemical, Brazil as the 
chain extender. Polyester polyols (Coating YA7220,  = 1.15 g.cm-3, the molecular weight of 2000 
g.mol-1, hydroxyl index of 55-60 mgKOH.g-1) were procured from Coating, China. A renewable 
source polyol was also used, which was obtained by epoxidizing soybean oil and had a hydroxyl 
index of 90 mgKOH.g-1,  = 0.97 g.cm-3, and molecular weight of 2000 g.mol-1[2]. 
 
Reactive extrusion 

The blends of the renewable polyol with a polyester polyol, ranging from 1 to 50 wt.%, were 
prepared via mechanical stirring at 80°C for 15 minutes. The pre-polymer was formed in a 5L 
stainless steel vessel by adding MDI and incorporating the polyol blends. This mixture was 
maintained at 80°C and stirred during the reactive extrusion process. All TPUs were synthesized with 

50 wt.% HS and a functional groups ratio of 1.05/1 NCO/OH. The pre-polymer and chain extenders 
were added to maintain a constant production rate of around 2 kg.h-1 of TPU in an LTE 16-48 co-
rotating twin-screw extruder (LabTech Engineering Company Ltd., Thailand) with a length-to-
diameter ratio (L/D) of 48. The processing temperature range was between 160 to 220°C, and the 
screw speed was set to 250 rpm. The screw had two mixing sections with kneading elements staggered 
at 30, 60, and 90°, separated by conveying elements. These processing conditions resulted in an 
average residence time of roughly 300 seconds. After extrusion, the polymers were cooled in water 
(25°C) and pelletized for subsequent characterization. 
 
Size exclusion chromatography (SEC) 

The molecular weight of the TPUs was measured through size exclusion chromatography 
(SEC) using dimethylformamide with 1% of BrLi as an eluent in a Perkin-Elmer series 200 
chromatograph equipped with a refraction index detector. The samples were prepared at a 
concentration of 10 mg.mL-1, and a flow rate of 1 mL.min-1 was maintained during analysis. The 

established using polystyrene standards. 
 
Fourier transform infrared spectroscopy (FTIR) 

The chemical structure of the TPUs and the impact of the renewable polyol on phase 
separation were analyzed using Fourier transform infrared spectroscopy (FTIR, Perkin-Elmer 
Spectrum 400 spectrometer) in attenuated total reflection mode (ATR) with a diamond crystal 
positioned at 45°. The samples were scanned 32 times across the range of 4000 450 cm , with a 
resolution of 2 cm . Additionally, the extent of hydrogen bonding and the dispersion of hard
segments within the soft phase were determined via mathematical deconvolution [3, 6]. 
 
Differential scanning calorimetry (DSC) 

Differential scanning calorimetry (Mettler Toledo, DSC 822e) was employed to determine the 
thermal transitions of the polyols and TPUs under a nitrogen atmosphere (50 mL.min-1). Samples 
weighing 9-10 mg were analyzed from -70 to 240°C, with a heating rate of 10 °C.min-1. The Tg value 

p) is calculated at the midpoint 
g). In addition, model reactions were conducted with MDI-BDO at 80ºC, under mechanical 

stirring, for 1 hour to identify the specific transition temperatures of the rigid phase. 
 
Results and Discussion 

Gel formation was observed in samples containing over 5wt.% soybean oil polyol, rendering 
it impossible to solubilize the entire sample. Therefore, for samples containing 10wt.% and 20wt.%, 
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the molecular mass values only apply to the non-gelled fractions. Measurements were not possible 
for samples containing 50wt.% renewable polyol. For TPU, an Mn value of 70 kg/mol and Mw/Mn of 
1.74 were observed. When 1wt.% renewable polyol was added, the values remained almost 
unchanged at 115 kg/mol and 1.76, respectively. However, with 5wt.% renewable polyol, the molar 
mass increased to 136 kg/mol, and the polydispersity was 2.68. For the soluble fractions of samples 
containing 10wt.% and 20wt.%, molar masses of 98 kg/mol and Mw/Mn of 2.2-2.7 were observed. 
Furthermore, adding 1wt.% soybean oil polyol significantly increased the mass with minimal 
variation in polydispersity. The increase in Mw/Mn values directly impacts the flow stability during 
the reaction, thus making this TPU a promising candidate for extrusion-forming processes [6].

The impact of renewable polyol content was evaluated by analyzing six specific bands in the 
1500-1800 cm-1 region, as previously established by studies exploring the relative abundance of 
hydrogen bonds. Gaussian functions were employed to make mathematical adjustments for each 
spectrum. These six bands were identified as: (I) 1675 cm-1 for H-bonded urethane carbonyl groups 
in the ordered phase of hard segments, (II) 1700 cm-1 for H-bonded urethane carbonyl groups in the 
disordered phase of hard segments, (III) 1710 cm-1 for H-bonded carbonyl groups in the soft-hard 
segment, (IV) 1728 cm-1 for free carbonyl from urethane groups in the hard segment, (V) 1740 cm-1

for carbonyl-carbonyl interactions in the soft segments, and (VI) 1745 cm-1 for free carbonyl in the 
soft segment. In addition, the weight fractions of hydrogen-bonded urethane groups (Xb), hard 
segment dispersed in the soft segment (Wh), mixed-phase weight fraction (MP), soft phase weight 
fraction (SP), and hard phase weight fraction (HP) were determined according to literatures [3, 6].
    

  

Fig 1. (a) Carbonyl region of the FTIR spectrum corresponding to the 1780-1660 cm-1 was deconvoluted to 
identify and separate the different molecular components contributing to the signal. (b) The fraction of 

hydrogen bonding present in the samples. 
 

As anticipated, incorporating a renewable polyol source leads to a decrease in the hydrogen-
bonding fraction, Xb, which reflects the higher concentration of polar groups in the flexible phase. 
However, it should be noted that there is a relative increase in the band associated with the hydrogen 
bonds occurring in the flexible phase when soy polyol is increased, as evidenced by the corresponding 
decrease in the band at 1728 cm-1. Additionally, the proportion of rigid phase dispersed in the flexible 
phase remained relatively constant at 0.29, as did the mixed phase fraction at about 0.13. The SP 
values of all TPUs were around 0.68, as were the HP values, which were approximately 0.32.

Adding 5wt.% soy polyol to the TPUs initially caused a reduction in their Tg from -18ºC to -
24ºC. This reduction was due to increased free volume and branching in the main chain. However, 
crosslinks would become evident if more than 5wt.% soy polyol were added due to the polyol's 
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polyfunctionality. As a result, the Tg would increase significantly to values up to 82ºC with 50 wt% 
of the polyol. The degree of phase separation (DS) was estimated based on the assumptions of 
Camberlin and Pascault [7], and the estimated values showed a linear trend 

, R>0.98). This trend indicated a reduction in phase separation, which was a 
consequence of the smaller difference in solubility parameters, according to Cruz et al [8].
 
Conclusions 

The structure of the polyol is a crucial factor that affects the properties and structure of 
polyurethanes. Generally, the addition of polyol can lead to a reduction in the density of hydrogen 
bonds, which may result in a decrease in mechanical properties. However, our results showed that 
adding 1wt.% of polyol increased the molecular weight of the polyurethanes, which resulted in 
improved rheological stability without forming gels or significant changes in Tg and phase separation. 
These findings provide valuable insights into the relationship between the structure and properties of 
polyurethanes and can guide the development of polyurethane-based materials with optimized 
properties. 
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Abstract 
In the present study, polychloroprene (CR) compounds containing different vulcanization agents and fumed silica at 
varied content were evaluated for application as adhesives. The vulcanization systems were based on zinc oxide (ZnO) 
or ferric acetylacetonate (FeAc). The fumed silica content varied from 0.3 up to 2.0 phr only in CR-FeAc compounds. 
The rheometric results indicated that the CR compounds containing FeAc reached higher crosslink density, 
approximately 1.5 higher than that observed for the CR compound vulcanized with ZnO system. After vulcanization, 
the CR-ZnO compound showed the highest tensile strength and elongation at break. In the T-Peel tests, in which 
different solvents were tested in the unvulcanized CR compounds, the compositions containing ZnO in toluene/methyl 
ethyl ketone showed the highest adhesive strength. Among the CR-FeAc compounds, the addition of 2 phr of fumed 
silica results in the highest tensile strength and elongation at break, while the compound containing 1 phr of fumed 
silica showed the highest adhesive strength. 
Keywords: Neoprene; fumed silica; ZnO; FeAc.

Introduction 

Elastomeric adhesives are designed to provide a strong and flexible bond between two 
substrates. Adhesives work by forming a bond between two surfaces, which can be achieved 
through various mechanisms such as chemical bonds, intermolecular forces, and electrostatic 
attraction [1]. Polychloroprene (CR), also known as neoprene, is a type of synthetic rubber that is 
widely used as an adhesive. It has excellent adhesive properties and is commonly used in various 
applications, including bonding metal and polymeric materials. Polychloroprene rubber is naturally 
tacky, and different fillers can easily be incorporated, strongly influencing the final properties. 
Usually, the fillers used are in micrometric scales, such as precipitated silica, carbonates, and 
kaolins. However, applying nanometer-sized fillers can bring even greater gains to the material 
properties. Generally, very low nanofiller content can improve mechanical, thermal, and rheological 
properties. Moreover, the vulcanization system also should affect the final properties of the rubber 
compounds [1,2]. The vulcanization system most commonly used in the vulcanization of CR is 
ZnO-based. However, the disposal of these compounds has been described as harmful to nature, 
especially in aquatic environments, due to the release of metal oxides, mainly ZnO [3]. 

The system proposed in the present study uses a crosslinking system based on iron 
acetylacetonate (FeAc), a more environmentally friendly substitute. In this system, triethanolamine 
(TEOA) was used to keep the medium alkaline, providing a smooth and efficient crosslinking [3], 
and fumed silica was employed as filler.
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Experimental
The CR compounds were prepared using a W-type neoprene (Denka); fumed silica (Cab-o-

sil M5, CABOT); triethanolamine (TEOA, NEON); methyl ethyl ketone (MEK, NEON); toluene 
(Química Moderna). Ferric acetylacetonate was synthesized from the dissolution of ferric chloride 
in water, followed by the addition of ammonium hydroxide. This solution was kept under stirring 
for 2 h. Then acetylacetone was added, and the solution was stirred for another 3 h. After that, the 
product was filtered, washed, and vacuum dried at 60°C for 24 h. CR compounds (CR-FeAc and 
CR-ZnO) were prepared in a Lab Mill 350 roller mill (COPE). Initially, the CR elastomer was 
processed through the roller and formed a paste, and then the additives were added in no particular 
order.  

The CR-FeAc compounds contained 100phr of CR, 0.1phr of FeAc, and 4phr of TEOA. 
Furthermore, the CR-FeAc compounds were differentiated based on the amount in phr of fumed 
silica in their composition (0.3; 0.6; 1; 2). The naming of these compounds included the fumed 
silica amounts added in brackets after the acronym CR-FeAc(x). The CR-ZnO compound was used 
as a reference, and it contained about 53% inorganic filler, with approximately 10% of precipitated 
silica. This compound cannot have its composition detailed for reasons of confidentiality.  

The adhesives preparation was carried out by the solubilization of the unvulcanized CR 
compounds in different solvents. The adhesives were named CR-ZnOY, and Y refers to the initial 
letter of the used solvent, T (toluene) or M (methyl ethyl ketone). All CR-FeAc adhesives were 
prepared only by solubilization in MEK (Table 1). 
 
Table 1: Composition of the CR adhesives based on their respective CR compounds 

Adhesive Solvent Vulcanization agent Filler 

CR-ZnOM MEK ZnO/MgO Precipitated silica 
CR-ZnOMT MEK/Toluene ZnO/MgO Precipitated silica 
CR-ZnOT Toluene ZnO/MgO Precipitated silica 

CR-FeAc(0.3) MEK FeAc Fumed silica 
CR-FeAc(0.6) MEK FeAc Fumed silica 
CR-FeAc(1) MEK FeAc Fumed silica 
CR-FeAc(2) MEK FeAc Fumed silica 

 
The vulcanization of the CR compounds was monitored by rheometry analyses performed in 

the Premier MDR equipment (Alpha Technologies), obtaining viscosity parameters such as Mooney 
Low (ML) and High (MH) and vulcanization. The test was conducted at a temperature of 145°C for 
90 minutes for all specimens. 

The tensile test was performed in the ZWICK 1474 equipment, with a speed of 256 mm/min 
and a 5 kN load cell (ASTM D412). This test aimed to evaluate the behavior of vulcanized CR 
compounds. The specimens were prepared soon after processing in press at 145°C according to the 
respective t90 obtained in the rheometry study. The hardness test was also performed for the 
specimens using the equipment INSTRON S1, following ASTM D2240, with a contact time of 1 
second.  

The T-peel test was conducted according to ASTM D1876-08 to evaluate the effectiveness 
of the CR adhesives. The test was performed using two laminate panels of unvulcanized 
(acrylonitrile-co-butadiene) rubber (NBR) substrate, with the respective adhesive spread on both 
surfaces and bonded together. After this, the specimens were vulcanized in an autoclave for 6 hours 
at 145°C and 5 kgf/cm2, subsequently conducted to the T-Peel test, which was conducted in the 
ZWICK 1474 equipment, started in tensile mode with a speed of 256 mm/min and 5 kN load cell. 
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Results and Discussion
Initially, the rheometry test was performed, which is a widely used technique to investigate 

the vulcanization process of elastomers, aiding in the evaluation of the efficiency of the 
vulcanization process, as well as monitoring the changes arising from the interactions between the 
elastomer and crosslinking promoting agents and fillers [4]. In Fig 1 and Table 2, it is possible to 
see the rheometric profiles of each CR compound. Comparing CR compounds containing FeAc and 
ZnO, it is possible to see that the CR-ZnO presented the lowest torque values throughout the test. 
This behavior should be associated with the crosslinking density of the studied vulcanization 
systems. The (MH-ML) values can be used to indicate the crosslinking density [5]. The CR 
compound vulcanized with FeAc showed MH-ML values about 1.5 above that observed for 
CR-ZnO, indicating higher crosslinking density for the former. It is also worth mentioning the 
difference in the filler/CR contents used in the compounds containing the different crosslinking 
systems. While CR-FeAc contained a maximum of 2 wt% silica, CRZnO contained approximately 
53 wt% filler. In the latter case, in the rheometric test, about 47 wt% of CR will be vulcanized 
compared to the 98 wt% or more of CR involved in vulcanization in CR-FeAc compounds, which 
can also be reflected in the torque values.  

 
Figure 1: Rheometric curves obtained at 145°C for the CR compounds containing the vulcanization system 
based on FeAc or ZnO. 
 
Table 2: Rheometric data obtained for CR compounds. 

CR Compound 
(145°C) 

ML (±0,01 dN.m) MH (±0,01 dN.m) t50 (min) t90 (min) 
MH-ML 

CR-FeAc(0.3) 0.66 10.99 7.33 35.73 10.33 
CR-FeAc(0.6) 0.73 11.25 7.43 40.15 10.52 
CR-FeAc(1) 0.81 10.75 6.74 35.43 9.94 
CR-FeAc(2) 0.74 9.99 9.76 48.97 9.25 

CR-ZnO 0.63 7.31 21.62 67.56 6.68 
ML: Mooney low; MH: Mooney high; t50: time taken to 50% vulcanization; t90: time taken to 90% vulcanization. 
 

The tensile test was conducted on vulcanized CR compounds to verify their mechanical 
performance considering the different compositions. Vulcanized polychloroprene has tensile 
strength values among 7-17 MPa and elongation at break of 200%-600% [6]. In this study, the 
highest tensile strength (11 MPa) and elongation at break (~ 800%) were observed for CR-ZnO (Fig 
2-a), which can be associated with the high amount of filler present in this compound. On the other 
hand, the CR-FeAc compounds showed much lower tensile strength and elongation values than the 
CR-ZnO compound. The magnification of the CR-FeAc curves is shown in Fig 2-b. Considering 
only the filler variation of the fumed silica in CR-FeAc compounds, although they do not follow a 
pattern, the CR-FeAc(2) reached the highest tensile strength (1,75 MPa) and elongation at break 
(400%) in comparison to the other CR-FeAc compounds containing up to 1phr of fumed silica. 
CR-FeAc compounds containing 0.6phr and 1phr of fumed silica show very similar results, and the 
CR-FeAc(0.3) shows an average result between then and CR-FeAc(2). 
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The hardness test was also performed for vulcanized compounds (Table 3). The behavior of 
the tensile and hardness tests suggests that the silica particles must be in the nanometer scale up to 
1phr, which would justify the higher values of tensile strength and hardness found for the 
compounds containing 0.6 and 1phr of silica. The 0.3 phr content, even at the nanometer scale, 
should not be enough to cause the increase in tensile strength and hardness of the respective 
compound. The silica dispersion from 2phr should be on a micrometric scale, resulting in the 
observed change in mechanical behavior, with a lower value of elastic modulus and hardness and 
higher elongation. 

 
Figure 2: Tensile strength curves overall (a) and only formulations containing FeAc magnified (b). 
 
Table 3: Hardness of the CR compound. 

CR Compound  CR-ZnO CR-FeAc 
0.3 0.6 1 2 

Hardness 64 39 42 43 38 
Standard deviation 2 1 1 1 1 

 
The quantification of the adhesive strength between the CR adhesives and the NBR substrate, 
previously bonded, after both go through the vulcanization process was obtained by the T-Peel test. 
In this test, peeling should be symmetrical, and failure should preferably propagate to the center of 
the adhesive bond line [7]. All analyzed adhesives showed cohesive visual failure in all specimens 
and reached the maximum course of the equipment without total rupture, except the NBR bonded 
with CR-ZnOM adhesive that broke before the maximum course of the equipment. 

 

 
Figure 3: Strength curves obtained in the T-Peel test for NBR specimens containing CR-ZnO (a) and 
CR-FeAc(x) adhesives (b). 

 
Comparing the force curves obtained by the T-Peel test for the NBR substrate jointed with 

the CR adhesives, it can be observed that the NBR bonded with CR-ZnOMT adhesive showed the 
best performance when compared to the others. The reason for this may be the mixture of the 
solvents MEK and toluene, which were able to help the CR chains to penetrate better into the NBR 
substrate, improving the co-vulcanization of the different rubbers. This result can be related to the 

optimal Hildebrand solubility parameter ( )[8] of the solvent mixture relative to NBR and CR 
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rubbers, which at the present concentration of 80:20 has equal to 19.1 MPa1/2, being very close 
to the values of NBR (19.0 MPa1/2) and polychloroprene (16.6-19.2 MPa1/2). On the other hand, the 
worst-performing adhesive was observed for NBR bonded with CR-ZnOM, the only one that broke 
entirely before the equipment limit (962 mm). The poor performance may be associated with the 
adhesive application, which may not have been homogeneous enough, or even the analysis 
conditions, considering that MEK has a high-speed evaporation rate (2,5~3,3)[8,9] compared to the 
evaporation rate of toluene, reducing the NBR swelling and consequently the penetration of the CR 
chains into NBR. Referring to Fig 3b, all had very similar performances, with a little highlight for 
the CR-FeAc(1), which presented the highest adhesive strength. Since the CR-FeAc adhesives were 
solubilized in MEK, the effect of the rapid evaporation rate of MEK may have interfered with 
specimen preparation, resulting in the poorer adhesive performance of these compounds. 
 
Conclusions 

The CR-FeAc compounds showed higher crosslinking density than those vulcanized by the 
ZnO-based system. The vulcanized CR-ZnO compound showed the highest tensile strength and 
elongation values at break, attributed to the high filler content present in this compound. The 
adhesive obtained by solubilization of CR-ZnO in toluene/MEK showed the highest adhesive 
strength in the T-peel test. Among the CR-FeAc adhesives, the highest tensile strength, elongation, 
and adhesive strength values were observed for the compounds containing 2 and 1 phr, respectively. 
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Abstract During the vulcanization process, crosslinks are formed, which play an important role in the mechanical and 
thermal properties of the rubber product. Zinc oxide (ZnO) is currently the most commonly used activator in the 
vulcanization process of rubber, but it is considered toxic to the aquatic environment at certain concentrations. In this 
work, the possibility of replacing zinc oxide by magnesium oxide (MgO) in nitrile rubber (NBR) with 33% and 45% 
acrylonitrile (ACN) content was investigated based on rheometric data, vulcanization kinetics, and crosslink density 
measurements.
Keywords: Cross-link density, acrylonitrile butadiene rubber, kinetics, rheology, rubber vulcanization. 
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Introduction
In recent years, the interest in materials that do not harm the environment has rapidly increased, which 
is an obvious issue considering the vast usage of zinc oxide, especially in the rubber industry. 
Although zinc oxide is the most efficient and widely used cure activator for sulfur vulcanization of 
rubber, studies pointed out that it can become toxic when in excess, particularly in aquatic systems
[1-2]. Even though it is known that magnesium oxide (MgO) does not perform similarly to zinc 
oxide, studies have been made in order to investigate and improve its use so as to replace the ZnO or 
be used as co-cure activator.
This study compared the activator performance of MgO and ZnO in the vulcanization of nitrile rubber 
compounds with 33% and 45% of acrylonitrile-containing. The crosslink density was determined 
through the swelling at equilibrium method and the Flory-Rehner [3] equation. This result makes it 
possible to analyze whether more or less sulfur bonds were formed between the polymeric chains 
when replacing ZnO with MgO. Such an analysis is important since these sulfur bonds have an impact 

The empirical model proposed by Isayev [4] was used to determine the 
rate constant (k), the reaction order (n) and the apparent energy of vulcanization (Ea), parameters that 
make it possible to analyze the vulcanization kinetics of the samples. Values of rheometric data such 
as lowest (MH) and highest torque (ML), induction time (ts1), and optimum curing time (t90) were 
also determined and will be discussed.

Experimental 
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Two grades of nitrile rubber (NBR) with 33% and 45% of acrylonitrile, carbon black (40phr), sulfur
(1.5phr), stearic acid (1.0 phr), TBBS (0.7phr) , ZnO (3.0phr), and MgO (3.0phr)  were kindly donated 
by Nitriflex. The rubber compounds were made in a closed mixer according to ASTM D3187. The 
experimental code used is: XX%-YY, where XX% is the acrylonitrile content (33% or 45%) and YY 
is the type of activator (ZnO: 3 phr or MgO: 3phr).  
Rheometric curves were obtained in an oscillating disc rheometer (ODR) according to the ASTM 
2084 standard at temperatures of 155, 160, 165, and 170 °C. Samples were vulcanized at 160 °C and 
respective t90 on the ODR.  
The initial energy of activation (Ei) was calculated through the following equation (Eq. 1): 

   (1) 

The kinetic parameters were determined by the empirical model proposed by Isayev [4] (Eq.2), which 
makes it possible to determine the rate constant (k) and reaction order (n) for each of the samples. 
The linearization of the Arrhenius equation (Eq. 3) and the values obtained for k and the inverse of 
the temperature were used to calculate the apparent energy of vulcanization. 

     (2) 

    (3) 
To perform the swelling at equilibrium method, the samples were dipped in acetone and toluene for 
swelling. All samples were properly weighed before, during, and after the swelling process was done. 
With the values obtained during the swelling process, it is possible to calculate the crosslink density 
([X]) through the Flory-Rehner equation (Eq. 4) [3]: 

   (4) 

Where vr s the rubber-solvent interaction parameter 
and V0 is the molar volume of the solvent.  
 
Results and Discussion  
Figure 1 and Table 1 shows the rheometric curves and parameters, respectively. 
 

 

 
Fig 1. Rheometric curves torque versus time for all four NBR compounds. 
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Table 1. Rheometric values obtained through an oscillating disc rheometer. 

 33%-MgO 45%-MgO 33%-ZnO 45%-ZnO 

ts1 (min) 2.2 2.1 2.9 2.6 

t90 (min) 20.8 19.9 10.2 19.0 

ML (dN.m) 1.9 1.87 1.69 1.71 

MH (dN.m) 10.47 11.04 8.09 9.5 

 = (MH-ML) (dN.m) 12.37 12.91 9.78 11.21 

 
Through the oscillating disc rheometer, values for the lowest torque (ML) and the highest torque (MH) 

samples with MgO, while the lowest values obtained were from ZnO, indicating the higher rigidity 
caused by the crosslinks in the samples of magnesium oxide.  
The induction time (ts1) and optimum curing time (t90) for each of the samples are shown in Table 
1. Equal to what was already observed in previous works [6-7], the values obtained for ts1 are smaller 
for compounds with MgO, while the values for t90 showed a smaller time required for the compound 
with ZnO samples to achieve 90% of its maximum torque. A smaller ts1 implies a smaller scorch 
safety time, which is the time for torque to increase one unit above ML. For t90, smaller values are 
preferred since a shorter curing time would minimize the energy consumed during the curing process. 
In order to better understand the effect of the activator type on starting the vulcanization, the initial 
energy of activation (Ei) was determined using Eq. 1, with the results shown in Table 2. In general, 
the Ei for all compounds containing ZnO were lower than those containing MgO, though the 
difference was not significant. 
 

Table 2. Kinetic parameters obtained through the empirical model proposed by Isayev. 

 33%-MgO 45%-MgO 33%-ZnO 45%-ZnO 

Ei (kJ/mol) 95 ± 0 109 ± 1 85 ± 0 90 ± 0 

 
 
Figure 2 shows the curves of conversion versus time for all NBR compounds. 
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Fig 2. Conversion throughout the time for all four samples. 

 
Higher conversions at smaller times are preferred; therefore, with the curve presented in Figure 2, the 
samples with ZnO would be superior to the ones with MgO since a smaller time would be required 
to reach higher percentages of conversion, while the samples with MgO appear to have smaller 
inclinations for both contents of acrylonitrile. Table 3 displays the apparent energy of vulcanization 
(Ea) calculated using the rate constant (k) from Isayev's [4] model (Eq.2). 
 

Table 2. Kinetic parameters obtained through the empirical model proposed by Isayev. 

 33%-MgO 45%-MgO 33%-ZnO 45%-ZnO 

Ea (kJ/mol) 195 ± 6 122 ± 1 381 ± 11 350 ± 9 

 
The Ea values obtained for MgO compounds were lower than those obtained for ZnO compounds. 
Smaller values for Ei and Ea are preferred since the reaction rate is not so temperature increase 
dependent. The increase in the percentage of acrylonitrile resulted in the increase of the values of Ei 
for both magnesium and zinc oxide, while a decrease was observed in Ea for both activators, and 
according to the results obtained, the impact of the acrylonitrile content is higher for the samples with 
MgO.  
The values of crosslink densities determined using toluene and acetone as solvents are shown in Table 
3. It is observed that the type of solvent influences the results of crosslink density, with higher values 
observed for acetone, as expected, given that acetone is a better solvent for NBR than toluene. 
 

Table 3. Cross-ink density obtained through the swelling at equilibrium method with acetone and toluene. 

Solvent used in the analysis 33%-MgO 45%-MgO 33%-ZnO 45%-ZnO 

[X] in Acetone (mol/cm3) *10-4 5.95 ± 0.23 5.12 ± 0.28 5.77 ± 0.11 4.38 ± 0.48 

[X] in Toluene (mol/cm3) *10-4 3.07 ±  0.01 2.85 ± 0.01 2.54 ± 0.01 2.37 ± 0.11 

 
Although the differences in [X] values between the NBR samples are not significant, it appears that 
the NBR compounds containing MgO have higher [X] values, regardless of the acrylonitrile content. 
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filler and system cure are used, except for the type of activator. Therefore, it is expected that if a 
sample has a higher cross- a correlation is observed 
in this work, since the samples of MgO presented higher values for both cross-  
 
Conclusions 
Based on the results gathered and shown in this work, MgO works well as a ZnO substitute for the 
vulcanization of NBR, but it appears that MgO does not follow the same pattern as ZnO does, as 
shown by the difference in properties obtained throughout this study. The samples with MgO did 
present higher values for crosslink density than the ones with ZnO, which indicates more sulfur bonds 
are formed during the vulcanization process, making the rubber more rigid. The M for samples with 
MgO was also higher, further proving the higher rigidity conferred to the material by substituting the 
activator. The apparent energy of vulcanization of the MgO samples was lower than the one obtained 
for the ZnO samples. Such results indicate MgO can be a promising replacement for ZnO as an 
activator in the NBR vulcanization process. 
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Abstract – Elastomeric compounds consist of two or more materials that together form a new material with unique 
properties. There are countless applications for elastomeric artifacts, including automotive, footwear, construction, and 
biomaterials. The applications can be extended by using graphene nanoplatelets. Graphene can improve the physical, 
chemical, electrical, thermal and optical properties of elastomer materials. Therefore, in this work, the rheometric, 
rheological, and mechanical properties of blends of poly(butadiene-co-styrene) (SBR) according to ASTM D3848-03 
standard and graphene nanoplatelets were investigated using masterbatch, with dispersion by conventional mixing 
methods. The results showed an improvement in rheometric properties consistent with the rheology of the blends and a 
45% improvement in tear strength for the sample with the incorporation of 0.4% m/m graphene nanoplatelets.    

Keywords: elastomeric compounds, SBR, graphene nanoplatelets, mixing equipment.

Introduction 
SBR, together with natural rubber, accounts for more or less 60% of the world's rubber 

production. About 75% of SBR production is for the tire industry [1]. Some of the properties of SBR 
are: good abrasion and tear resistance and elasticity. Its disadvantages include lower resistance to 
ozone, solvents, and flame [2].

The addition of nanomaterials to elastomeric compounds is expected to improve its chemical 
and physical properties. In addition, nanomaterials promise savings in compounding, since their use 
for reinforcement requires smaller amounts of raw materials.

Graphene is composed of a monoatomic compound of carbon and is stronger and stiffer than 
steel due to its two-dimensional structure. It is also currently the lightest material with the largest 
surface area compared to graphite, a material from the same family [3]. It has unique properties such 
as high thermal conductivity, mechanical resistance, and high electronic mobility in the range of 
200000 cm2.Vs-1. Therefore, graphene can be used in biomaterials, sensors, capacitors, coatings, and 
as a component of thermoplastics, thermosets, and elastomers [4].

In composites, graphene and its derivatives face the challenge of being incorporated into the 
polymeric matrix [5]. The main methods for dispersion of graphene in polymer matrices are solution 
methods, freeze drying, sonication and ultrasonication. The mechanical method has been shown to 
be less efficient for graphene dispersion. Closed mixing and open mixing are the conventional mixing 
methods used in the elastomer industry.
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In view of this, this work aims to evaluate the rheometric, rheological and mechanical 
properties of SBR-based elastomer blends in which graphene nanoplatelets have been incorporated 
in the form of a masterbatch using conventional mixing methods in the elastomer industry, closed 
mixers and open mixers. 

Experimental
The raw materials used in this work are: SBR, stearic acid, zinc oxide, N-tert-butyl-2-

benzothiazole sulfenamide and sulfur, all of which were provided by Borrachas Vipal S.A (Nova 
Prata - RS). The masterbatch of graphene nanoplatelets (average 20 layers) was from Znano Grafeno 
(Caxias do Sul - RS). The development followed the ASTM D3848-03 formulation, adapted only for 
the incorporation of 0.2 and 0.4% (w/w) graphene nanoplatelets in the form of a masterbatch.  

In an initial development, blends were made in which the accelerator activators and graphene 
nanoplatelet masterbatch were added to the SBR in a Copé brand Banbury type closed mixer, while 
the accelerator and vulcanizing agent were added to the compound in an open mixer, also Copé brand, 
model Lab Mill 350. The coding of these mixtures is: MF/SBR/NPG0.0%, MF/SBR/NPG0.2% and 
MF/SBR/NPG0.4%. Another development was carried out directly in the open mixer with the same 
previous composition, ASTM D3848-03, with the masterbatch of graphene nanoplatelets 
incorporated directly into the SBR. The blends of this second stage were coded as follows: 
MA/SBR/NPG0.2% and MA/SBR/NPG0.4%. Vulcanization was performed by compression 
molding in a Copé hydraulic press, model Lab. Press 215, at a temperature of 150°C for the optimum 
vulcanization time, which was determined using a rheometer with oscillating disk, model MDR 2000, 
from Alpha Technologies (ASTM D5289-12). From this test, in addition to the parameters of 
optimum vulcanization time (t90), maximum torque (MH), minimum contact (ML) and process safety 
time (ts1), the vulcanization index (CRI) was calculated using equation 1. 

  
Mooney viscosity of the mixtures was evaluated in a Mooney MV 2000 instrument from 

Alpha Technologies. The standard selected for validation of the rheological test was ASTM D1646-
07, and the INSTRON universal tester, model SN5206, was used for the tensile strength test in 
accordance with ASTM D624-00. 
  
Results and Discussion

Table 1 shows the results for the rheometry and rheology of the elastomer compounds. 

Table 1 - Vulcanization and rheological test parameters. 
Samples t90

(min)
MH

(dN.m)
ML 

(dN.m)
ts1 

(min)
CRI Mooney

viscosity       
[ML 1+4 (100°C)]

MF/SBR/NPG0.0% 50.4 8.29 0.73 25.1 3.9 43.1
MF/SBR/NPG0.2% 43.0 8.71 0.73 22.5 4.9 43.1
MF/SBR/NPG0.4% 40.4 8.78 0.72 22.4 5.6 43.7
MA/SBR/NPG0.2% 47.3 8.62 0.75 24.2 4.3 43.3
MA/SBR/NPG0.4% 44.2 9.14 0.77 25.5 5.4 49.2
  

It was observed that the samples containing graphene nanoplatelets and processed in MF had 
lower values for t90 and ts1 compared to the standard without the addition of graphene nanoplatelets 
and relative to the samples processed in MA. This decrease in t90 and ts1 parameters means a reduction 
in processing and vulcanization time, resulting in processing savings [6]. The ML, attributed to the 
viscosity of the polymer system, showed higher values when graphene nanoplatelets were added to 
the formulation when the compounds were prepared in MA. These values were confirmed by Mooney 
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viscosity, except for the sample with MA/SBR/NPG0.4%, which showed increased viscosity. For 
MH, the indicator of crosslinks and modulus at 100 and 300%, the results showed an increase for all 
samples with graphene nanoplatelets, which was more pronounced for the sample 
MA/SBR/NPG0.4%. The rationale for this result is that graphene acts as a processing aid and 
promotes the formation of crosslinks through the polymer matrix, making the material more compact 
and bringing its chains closer together. 

In terms of the CRI values found, the samples containing graphene nanoplatelets showed 
higher values compared to the standard samples, regardless of the type of mixing equipment. High 
CRI values indicate high vulcanization rates of the compound, a factor observed in the studied 
compounds containing graphene nanoplatelets. 

Figure 1 shows the results of the mechanical tensile strength of the samples with and without 
the addition of graphene nanoplatelets at the different percentages and in the different mixing 
equipment. 

 
Figure 1– Tear strength of specimens with and without the addition of graphene nanoplatelets in different 

mixing devices. 
 
 Higher levels of graphene nanoplatelets (MF/SBR/NPG0.4% and MA/SBR/NPG0.4%) 
resulted in an increase in tensile strength of about 45 and 41%, respectively, compared to the standard 
without the addition of graphene nanoplatelets. graphene. For samples with a lower percentage of 
graphene nanoplatelets (MF/SBR/NPG0.2% and MA/SBR/NPG0.2%), the increase was 23 and 25%, 
respectively. In this way, the type of mixer used does not differ in the tear strength results, which is 
a positive aspect since the masterbatch can be incorporated into an open mixer.
 
Conclusions  
 As for the rheometric results, the reduction of the two times, the optimal vulcanization time 
and the safety time, allows a shorter vulcanization time, which is confirmed by the CRI values. The 
viscosity of the compounds (ML and Mooney) does not show any obvious variations in terms of the 
content of incorporated graphene and the type of mixer, with the exception of the MA/SBR/NPG0.4% 
mixture. The addition of graphene nanoplatelets leads to an increase in tensile strength of 45 and 41% 
for MF/SBR/NPG0.4% and MA/SBR/NPG0.4%, respectively, compared to the sample without 
graphene nanoplatelets. 
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Abstract Gaskets are sealing elements used in plate heat exchangers, which are subjected to aggressive 
conditions during service. In particular, the compression state, together alongside temperatures, can cause 
a premature deterioration of properties. To monitor and prevent such a situation, this study uses the TTS 
(time-temperature superposition) method and Arrhenius to predict the lifetime of FKM gaskets. For this
purpose, thermo-oxidative aging was conducted at different temperatures up to 6 months, monitoring 
Compression Set (CS) and Shore A hardness. The results indicate that the gasket can withstand periods up 
to almost 300 days in service for an operating temperature of 140 °C.
Keywords: Thermo-oxidative aging. FKM. Heat exchangers. Compression set. Lifetime prediction 
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Introduction

Heat exchangers are widely used in the petrochemical industry, serving sectors 
that require thermal exchange of process fluids. Therefore, research and work on 
preventing failures and predicting the lifetime of gaskets used in heat exchangers are 
welcome.

Among the works already conducted, Kömmling; et al. [1] studied the influence 
of aging on the sealing capacity of FKM, HNBR and EPDM rubber, where FKM rubber 
showed greater resistance to thermo-oxidative aging in air. Salehi; et al. [2] evaluated the 
behavior of different rubbers (NBR, EPDM, FKM, and PTFE) in saline water and 
corrosive vapors. As a result, FKM rubber showed the lowest degradation rate among the 
materials studied but had low resistance to decompression. Other studies present the 
prediction of the lifetime of rubbers based on accelerated thermo-oxidative aging in 
relation to the operating condition, Kömmling; et al. Souza; et al. [3,4].

Based on the literature and applications of gaskets in service, this work presents 
the monitoring of the thermo-oxidative properties of gaskets made with fluoroelastomers 
(FKM) subjected to accelerated aging for periods up to 180 days as a function of aging 
temperatures of 80, 110, 140 and 170 °C to estimate the time it will take for leakage to 
occur, considering a CS of 79%. Thus, it is possible to predict failure, avoiding the 
shutdown of thermal exchange systems in operation, which can cause loss of system 
productivity.

Experimental
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In this study, commercial gaskets made of Viton A 401-C with an irregular shape 
were used, as illustrated in Fig 1. To obtain the test specimens, 10 mm segments were cut 
from the gaskets themselves. 

 

 
Figure 1: Representation of the extraction of test specimens from the entire gasket. 
 

The tests were conducted in air-circulating and temperature-controlled ovens, 
adopting a compression of 25% of the initial height of the samples. The temperatures 
analyzed were 80, 110, 140 and 170 °C for periods of 3, 7, 15, 30, 45, 90 and 180 days. 
Stainless steel devices were used, each with eight specimens for analyzed condition, 
which were machined, grinded and polished to ensure measurement accuracy and correct 
alignment of the plates. 

For hardness, measurements were taken using a Mitutoyo HH 336 Shore A type 
digital durometer, following ISO 7619-1:2010 for vulcanized or thermoplastic rubbers 
with adaptation for the measurement location, using the top of the test specimens to 
perform the measurements. 

Compression set can be understood as the permanent deformation of the material. 
Data acquisition was based on ISO 815-1:2019 standard, for values ranging from 75 to 
100 Shore A with adaptation in the viscoelastic recovery time after 24h sample 
decompression, which was based on preliminary experiments.  

The indentation modulus profile was obtained along the cross section of the test 
specimens using a bidirectional displacement system in a (x,y) plane, coupled to an 
universal testing machine. The modulus value is obtained by the ratio of the force 
perceived by the load cell (Instron 100 N) and the displacement. For each of the 15 points 
evaluated along the section, in the region between 3 and 5 N (linear "force x 
displacement" relationship), the modulus profile is obtained by considering the average 
of two measurements obtained under the same condition. Thus, the results are expressed 
in the form of a color map generated by the "Statistica" software. 

For the failure condition, as reported in the literature and similar studies, Zanzi; et 
al. [5], the failure criterion assumed for the gasket was a compression set (CS) of 79%. 

The lifetime prediction was conducted using the TTS (Time Temperature Shift) 
method and the Arrhenius curve, using a reference temperature that reached the failure 
criterion to estimate the lifetime at other temperatures. 
 
Results and Discussion 

Based on the results presented in Fig 2, it is possible to observe that all 
temperatures showed an increase in CS over time, a behavior that occurs due to a 
combination of chain scission and crosslinking reactions. Crosslinking due to oxidative 
bonds in a compressed state prevents the rubber from returning to its initial height, 
causing this permanent deformation, as observed in other studies, Souza; et al. Kömmling 
et al.  [6,7]. 
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However, given the thermal-oxidative aging resistance of the material, only the 
samples aged at 170 °C reached the failure criterion while at the other temperatures, the 
samples did not exceed 60% in the CS value.

Figure 2 Compression set evolution during the aging time.

According to the hardness curves illustrated in Fig 3, the hardness values remain 
close to the initial value throughout the period, except at the temperature of 170 °C. 
Unlike the CS, the hardness tends to decrease with chain scission and increase with 
crosslinking. Thus, a balance between its chemical reactions may have occurred at 
temperatures up to 140 °C. At 170 °C, crosslinking may have predominated after 30 days, 
resulting in an increase in hardness of around 3.5 Shore A.

Figure 3 Hardness evolution as a function of the aging time and temperature. 

Fig 4 shows the indentation modulus profile of the samples through a color map, 
where lighter colors indicate higher stiffness and darker colors indicate lower stiffness.
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Figure 4 Indentation modulus profile, (a) unaged; and aged at (b) 80 °C and (c) 170 °C for 180 
days. 

It is common in some types of rubber for a non-uniform oxidation profile to occur, 
where oxygen consumption is greater than its diffusion rate towards the center of the 
body, called the DLO effect (diffusion limited by oxidation), as demonstrated by similar 
studies, Linde; et al. [8]. In these cases, the stiffness in the center and outer layer of the 
rubber shows a significant difference. To verify such a situation, indentation modulus
tests were performed, as presented in Fig 4.

Based on the indentation modulus profiles, an increase in stiffness is observed in 
the center of the sample at a temperature of 170 °C, as shown in figure (c). However, 
overall, the results show an almost uniform aging throughout the cross-section of the 
samples. Fig 5(a) represents the TTS (Time Temperature Shift) master curve plotted from 
the displacement of the CS curves to the reference temperature of 170 °C. (b) displays the 
Arrhenius curve generated from regressions based on the shift factor and the reference 
temperature. In addition, WLF method was applied to estimate C1 and C2 values. When 
employing a reference temperature of 170 °C, and auxiliary temperatures of 110 and 
80 °C, the values -33.3947 and 2063.68 were obtained for C1 and C2, respectively.

(a) (b)

Figure 5 (a) Application of the TTS method through shifted master curve and (b) Master curve 
of Arrhenius.

Table 1 compiles the predicted lifetime values according to the Arrhenius curves 
as a function of the reference time for different temperatures.
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Table 1  Lifetime prediction. 
 
 
 

 
According to the results obtained, there is a noteworthy influence of 

temperature on the predicted time to failure. For gaskets used in service at 80 °C, the 
predicted lifetime was 11 years while for a temperature of 170 °C the lifetime dropped 
to 108 days. 
 
Conclusions 
 

 For the CS curves, only at 170 °C the failure criterion occurred. Such results 
demonstrate the high service temperatures and oxidative stability of the material. 

 With the hardness graphs, it was possible to observe that the stiffness of the 
material remained almost unchanged for temperatures up to 140 °C. From this 
temperature, an increase in hardness can be noticed, an event that may be 
associated with the density of cross-links. 

 The results of the indentation moduli profiles did not show any occurrence of the 
DLO effect during the entire analyzed period.  

 Finally, with the table of predicted lifetime, it is possible to make a better 
selection when choosing gaskets for the operating condition of the heat 
exchanger. 
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Abstract - This work aims to study the thermal behavior and thermal degradation of nitrile rubber compounds with 
different vulcanization activators. The active activators used were zinc oxide (ZnO) the usual activator and magnesium 
oxide (MgO-green) synthesized by a green route used as a substitute for ZnO. In addition to the thermal degradation 
studied by the Flynn–Wall–Ozawa method and crosslink density by the equilibrium swelling method, the mechanical 
properties before and after thermal aging were observed for the thermal evaluation of these materials.

Keywords: green magnesium oxide, vulcanization, thermal behavior, activator, NBR
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Introduction 
Nitrile rubber (NBR) is a synthetic elastomer with exceptional resistance to oil and nonpolar solvents. 
As sealing elements, NBR is widely used in the chemical and petrochemical industries [1-2]. In order 
to produce technical materials, rubber must be vulcanized to form a three-dimensional network. In 
rubber formulation, several additives compose vulcanization systems, but it is well known that zinc 
oxide (ZnO) is the most commonly used activator [3]. However, the use of ZnO in rubber has been 
contested due to the fact that it can become toxic above a certain concentration, particularly in aquatic 
environments, thereby posing a significant environmental problem [4]. Therefore, studies that seek 
to replace ZnO with alternative oxides can help find a solution to this problem [5-7]. In our previous 
paper [7], magnesium oxide green-synthesized (MgO-green) with Camellia sinensis leaf extract 
appeared to be a viable substitute for zinc oxide (ZnO) [7]. However, additional characterizations are 
required to produce evidence supporting the replacement of ZnO with MgO-green. This study aims 
to compare the thermal behavior of nitrile rubber (NBR) composites filled with carbon black and 
vulcanized with zinc oxide and magnesium oxide-green.

Experimental
Materials 
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MgO green-synthesized as described in ref 7. NBR N-615 (33% acrylonitrile),carbon black N330, 
sulfur (S),  ZnO, stearic acid, N-tert-butyl-2-benzothiazole-sulfenamide (TBBS) were donated by 
Nitriflex S.A. Indústria e Comércio 
 
Preparation of NBR compounds 
Table 1 shows the NBR formulations. The mixtures were prepared in a two-roll mixing mill (Luxor, 
model BML 150) according to the ASTM D3187 standard. The formulations used were: NBR: 100phr 
(per 100 parts of rubber), N330: 40phr, S: 1.5phr, ZnO or MgO-green: 3phr, AE: 1phr and TBBS: 
0.7phr. Rubber sheets (150 x 150 x 2mm) were vulcanized in a hydraulic press at 18 MPa of pressure, 
160°C of temperature, and t90 time. 
 

Table 1 – NBR formulation, amount in part per hundred rubber (phr). 

Component ZnO bio-MgO
NBR 100 100 
ZnO 3 - 

MgO-green (82.4% of purity) - 3.6
Stearic acid 1 1

Sulphur 1.5 1.5 
TBBS 0.7 0.7 

Carbon black 40 40 
 
Thermal degradation 
Thermal degradation was investigated in a Q50 series thermogravimetric analyzer from TA 
Instruments with a scanning temperature of 25 to 600 °C and a heating rate of 5, 10, and 30 °C/min 
under a nitrogen atmosphere. The activation energy of vulcanizate decomposition was computed 
using Eq.1 based on the Flynn-Wall-Ozawa method [8] outlined in ASTM E1641. 

=
1

  (1)

wherein Ea is the estimated activation energy, R is the universal gas constant, b is the constant 
assuming n = 1,  is the heating rate (°C/minute), and T is the temperature of weight loss (°C). The 
Ea can be determined using the slope between lnß and 1/T at a constant weight loss. In order to 
investigate the early stages of degradation, weight loss values of 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 5.0, and 
20% were employed in this study.
 
Thermal aging 
The relative deterioration resistance of composites was investigated by comparing crosslink density, 
Shore A hardness, and tensile properties before and after elevated temperature exposure in the 
presence of air. The test specimens were exposed in a forced-air oven at 100°C for 72 hours, according 
to ASTM D573. 
The crosslink density was determined based on solvent swelling measurements using the Flory-
Rehner equation [9] (Eq.2).    

[ ] =  
[ (1 ) + + ]

2

 (2)

wherein [X] is the density of cross-links; vr is the volume fraction of rubber in a swollen vulcanized 
sample in equilibrium; V0 is the molar volume of the solvent (acetone: 73.40 cm3 / gmol); is the 
interaction parameter between the solvent and the elastomer [10].  In this determination, the volume 
of carbon black and zinc and magnesium oxides was discounted in the value of vr. 
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The Shore A hardness was measured using a Parabor hardness meter in accordance with ASTM 
D2240.Tensile tests were conducted on EMIC DL2000 according to ASTM D411.

Results and Discussion 
Figure 1 shows the superposition of weight loss versus temperature curves for NBR composites with 
ZnO and MgO-green at heating rates of 5, 10, and 30°C/min.  To investigate if replacing ZnO with 
MgO modifies the thermal behavior of the composite, ln ( ) versus 1/T graphs were plotted for the 
early stages of degradation (Fig. 2), i.e., weight loss of 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 5.0, and 20%. It is 
important to say that those values of weight loss were considered after 300 °C of temperature in order 
to just consider the rubber degradation. Table 2 shows the Ea determined for the curve shown in Fig.2.  

Figure 1 - TGA at different heating rates of (a) ZnO; (b) MgO-green

Figure 2 - Ln ( ) variation as a function of 1/T for formations with: (a) ZnO and (b) MgO-green

Table 2 - Activation energy (Ea) by Flynn–Wall–Ozawa method
Weight loss (%) ZnO MgO-green

Ea(kJ/mol) R2 Ea(kJ/mol) R2

0.5 700 0.8314 272 0.8910
0.6 614 0.8786 242 0.9404
0.7 427 0.8975 237 0.9463
0.8 411 0.9430 215 0.9647
0.9 352 0,9493 196 0.9660
1 309 0.9623 194 0.9551
5 194 0.9991 205 0.9997
20 211 0.9954 215 0.9969
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The Ea values for NBR compounds with MgO are approximately 220 kJ/mol during the initial stages 
of degradation, whereas Ea values for NBR compounds with ZnO shows trend of reduction. In 
addition, for the 0.5-1% of weight loss, the Ea values of the NBR composite containing ZnO were 
greater than those containing MgO. This difference was attributed to the activator-induced variation 
in the crosslinking formation of NBR, as shown in Table 3 for the unaged samples.

Table 3 – Crosslink Density and Mechanical Properties before and after thermal aging
Property

ZnO (unaged)
ZnO 

(Aged)
MgO-green 

(unaged)
MgO-green 

(Aged) 
Crosslink Density 

(mol.cm-3)
3.8E-04 8.4E-04 5.9E-04 7.3E-04

Mechanical Properties 
Shore A Hardness 62 – 63 68 – 69 65 – 66 68 – 69

M100% (MPa) 2.08 – 2.15 3.53 – 3.62 2.32 – 2.40 3.08 –3.16 
Tensile strength (MPa) 24.8 – 26.6 27.0 – 29.1 24.1 – 26.0 21.3 –23.2 

Ultimate Elongation (%) 748 – 805 464 – 521 510 – 561 361 – 412 
 
Table 3 shows the comparison of the properties of NBR composites with MgO and ZnO. The values 
of mechanical properties displayed are based on Fisher's least significant difference (LSD) procedure. 
They are constructed in such a way that if two means are the same, their intervals will overlap 95.0% 
of the time. In general, it appears that the NBR composite with MgO exhibited greater resistance to 
aging than the composite with ZnO, indicating that the formation of crosslinks is activator-dependent.
 
 
Conclusions  
Synthesized by an ecologically more friendly route, MgO-green is a promising and valuable activator 
to replace ZnO because it contributes to producing a crosslink network that shows a potential 
improvement in the thermal stability of the material. 
 
Acknowledgements  
The authors would like to thank Nitriflex, CAPES, CNPQ, FAPERJ and UERJ for supporting the 
development of the research.  
 
References  
1. W.Low; W. Zhang; H.Wang; T. Jin; X.Liu.. Engineering Failure Analysis, 2018, 92, 1-11.

https://doi.org/10.1016/j.engfailanal.2018.05.006
2. X. Wei; H. Wu; L. Zhang; S. Zhang; Y. Xiao; T. Luo Journal of Failure Analysis and Prevention, 

2018, 18, 628–634. https://doi.org/10.1007/s11668-018-0451-3 
3. Y. Zou et al. Compos Part A, 2016, 87, 297. https://doi.org/10.1016/j.compositesa.2016.05.006 
4. S. Mostoni; P. Milana; B. Di Credico; M. D’arienzo; R. Scotti.. Catalysts, 2019, 9 n. (8), 664.

https://doi.org/10.3390/catal9080664
5. K. Roy, et al. J. Appl. Polym. Sci, 2015, 42705,1 -7. https://doi.org/10.1002/app.42705
6. A. Zanchet; F.D.B. Sousa.; J. S. Crespo; C.H. Scuracchio, Journal of Cleaner Production, 2018, 

174, 437- 446. https://doi.org/10.1016/j.jclepro.2018.09.203 
7. A. A. Silva; E.B.D. Rocha; C. R. G Furtado et al. Polym. Bull. 2020. 

https://doi.org/10.1007/s00289-020-03430-x
8. C. Erbetta; R. Azevedo; K. S. Andrade; M. E. S. R. Silva; R. F. S. Freitas; R. G. Sousa; Materials 

Sciences and Applications, 2017, 8, 979-991. https://doi.org/10.4236/msa.2017.813072 

1477



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

9. W.G. Hwang; K.H. Wei; C.M. Wu, Polymer Engineering and Science, 2004, 44, 2117–212. 
https://doi.org/10.1002/pen.20217

10. I.T.D. Oliveira; E.B.V. Pacheco;L. L. Y. Visconde; M. R ,L. Oliveira; M. M. M. Rubinger  
Polímeros: Ciência e Tecnologia, 2010, 20, 366-370. http://dx.doi.org/10.1590/S0104-
14282010005000059

 
 

1478



1479



1480



1481



1482



1483



1484



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

CHARACTERIZATION OF NATURAL RUBBER COMPOUNDS WITH 
PRECIPITATED RICE HUSK SILICA

Sandra R. Scagliusi*, Carla A. Correia, Flavia L. Silva, Abel C. G. Neto, Patrícia S. Calvão, Samuel M. Toffoli, 
Ticiane S. Valera, Hélio Wiebeck

Department of Metallurgical and Materials Engineering, University of São Paulo (USP), São Paulo, SP, Brazil 
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Abstract Silica (silicon dioxide) is a small particle size reinforcing filler for different types of 
rubber such as natural rubber (NR) and styrene butadiene rubber (SBR), due to its ability to increase
abrasion resistance and stiffness of the polymeric matrix [1]. Brazil annually produces about 10 
million tons of rice. From this production, rice husk is a residue, whose burning can generate about 
25-wt% of ash [2]. Rice husk ash has good potential as a filler, since it is predominantly composed 
of silica, with the advantage of being originated from a renewable source [3]. Depending on the 
burning intensity, ash with higher or lower silica content can be generated: the white ash (the 
highest silica content) is obtained by burning the rice husk at temperatures between 700 and 1000
°C, while the dark ash is obtained at lower temperatures, ranging from 450 to 700 °C [4]. In this 
work a comparative study between rice husk ash commercial fillers, black (SVA) and white ash 
(Oryzasil) in natural rubber compounds, was performed. Precipitated silica (Zeosil-175) was also 
used as a filler in a NR reference compound, for comparison purposes. Mechanical properties such 
as tensile and tear strengths, and hardness were evaluated. Scanning electron microscopy images of 
the composites fracture surface after tensile tests were also analyzed. The compound with SVA 
showed the poorest mechanical properties, whereas the tensile and tear strengths of compounds with 
white ash (Oryzasil) and Zeosil-175 precipitated silica showed similar values. Therefore, the white 
rice husk ash may be considered as an alternative filler for the reinforcement of NR compounds.
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Natura, 37(3). https://doi.org/10.5902/2179460x15262,2015, 2015.

3. H. M. da Costa, L. L. Y. Visconte, R. C.  R. Nunes, C. R. G. Furtado, Congresso Brasileiro de Engenharia e 
Ciência dos Materiais, 14., 2000, São Pedro - SP. Anais

4. H. E. Haxo, Jr.; P. K. Mehta, Rubber Chemistry and Technology 48 (2): 271 288, 
https://doi.org/10.5254/1.3547453, 1975.

Keywords: Rice Husk, Natural Rubber, Silica, Reinforcement Filler

1485



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

DEVELOPMENT OF MATERIAL BASED ON NATURAL RUBBER LATEX 
FOR BIOMEDICAL APPLICATIONS
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Abstract Natural rubber latex (NRL) have been widely used in the biomedical industry. However, 
for some applications, such as the production of surgical gloves and catheters, the mechanical 
properties of latex need to be improved. The cure of this elastomer is carried out from the 
vulcanization process in which from the addition of chemical agents and heat, many crosslinks 
occur between the poly(cis-1,4-isoprene) chains of the NRL. In this sense, this work aims to 
determine a formulation, based on NRL, to promote suitable mechanical and chemical properties 
for biomedical applications. The study of the mechanical properties was carried out through tests of 
tensile strength (ASTM D412) and tear strength (ASTM D624). Due to the desired application for 
the material, swelling index in commonly used solvents for hygiene, such as water with soap and 
alcohol 70% (v/v), was carried out based on adaptations of ASTM D3616. The results showed that a 
material with high mechanical (20.7 MPa) and tear (39.7 N·mm-1) resistance was produced. 
However, due to the lower amount of cross-links in the chains, the formulations that used lower 
levels of vulcanizing agents are inadequate for biomedical applications that demand greater 
mechanical resistance due to the handling to which they will be submitted. Swelling index in both 
evaluated solvents, after 40 h of immersion, was less than 5% (w/w) even for formulations with 
lower cross-linking levels. After selecting the best formulation among those evaluated, an additive 
based on silver nanoparticles was incorporated to promote antibacterial activities, which proved to 
be bactericidal for Escherichia coli bacteria and bacteriostatic for Staphylococcus aureus.
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EFFECT OF ACCELERATED AGEING ON THE PHYSICAL AND 
MECHANICAL PROPERTIES OF THE RUBBER COVER COMPOUND 

OF A CONVEYOR BELT 
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Christiano G. Bastos Andrade1, Hélio Wiebeck1; Samuel M. Toffoli1, Ticiane S. Valera1*
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Abstract

Conveyor belts used in mining, for the transport of ores either in mining sites or in ports (to load the 
ships), exhibit a complex structure composed, in the outside, of a thick layer of a rubber compound, 
whose main function is to coat and protect the belt against the effects of abrasion, tearing, chemical 
attack, or other adverse conditions resulting from material transport [1-3]. However, it is known that 
rubber compounds are susceptible to aging caused by climatic conditions, such as UV rays, heat and 
humidity, that can affect their physical-mechanical properties leading to failures in the belts during 
the transport process [2, 4]. Thus, in this work, the rubber covering layer of a conveyor belt 
reinforced with steel cords, manufactured in Brazil, was submitted to an accelerated aging test 
performed in a weatherometer chamber for 1000 hours, in order to simulate the aggressive effects of 
the environment (exposure to artificial sunlight and humidity), based on ASTM G155. Specimens 
were submitted to tensile, abrasion, and hardness tests. The results showed that the tensile strength 
and maximum elongation reduced to 24% and 34%, respectively, in comparison to the non-aged 
composite. Abrasion resistance reduced to 59%, and the compound hardness increased 13% after 
the exposure. SEM images of rubber surface after 1000 hours of chamber exposure showed a 
network of microcracks, evidencing the degradation effect of the aging. Therefore, the results 
indicated that the conditions tested significantly affected the physical-mechanical performance of 
the rubber cover compound, which, in turn, can contribute to a decrease in the useful life of the 
conveyor belts.

Keywords: Conveyor belts, rubber compound, aging, physical-mechanical properties.
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Abstract Mixtures of elastomers are widely used to meet demands for properties, usually 
requiring, among other additives, a vulcanization system containing sulfur and accelerators [1,2]. 
When these additives have greater affinity for one of the phases of the mixture, they result in 
differences in the degree of crosslinking of each phase, affecting the properties [3]. To evaluate this 
effect in NR/SBR mixtures, a mixture of accelerators and different ways of incorporating the 
additives were tested. Therefore, the objective of this work is to determine the properties of an 
elastomeric matrix of NR/SBR when: 1) a mixture of accelerators is used containing a non-
commercial accelerator bis(4-Methylphenyldithiocarbimate)Zincate(II) of Tetrabutylammonium 
ZNIBU(Z) and the commercial accelerator N-t- butyl-benzothiazole sulfenamide TBBS(T); 2) the 
effect of different sequences for incorporating the additives on the rheological and mechanical 
properties of the mixtures, and their dispersion in the phases. The formulations used (in phr) were: 
pure NR or SBR(100) Mixtures NR(50) / SBR(50); other additives: zinc oxide (3.0); stearic acid 
(2.0); aminox(2.5); sulfur(1.5); TBBS(1.1) and ZNIBU(4.8); for mixing accelerators, only half of 
each was used; the compositions were made in a roller mixer and submitted to rheometric analysis 
in RPA and mechanical tests. The following pure mixtures were made: NRZ; NRT; NRZ/T / SBRZ; 
SBRT; SBRZ/T. As for the mixtures: M1 initially the rubbers are mixed with subsequent 
incorporation of additives; M2 half of each additive is incorporated in eachrubber and later 
homogenized [4]. The rheometric analyzes and mechanical tests of pure samples showed that 
ZNIBU has a preference for NR while TBBS is better solubilized in the SBR phase, favoring the 
degree of crosslinking of the samples, with higher torque values, higher curing speed and better 
mechanical performance. As for the mixtures, the greatest influence observed was on the T90

(Optimum Cure Time) of the samples.
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AGENTS ON THE MECHANICAL PROPERTIES OF EPDM
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Although ethylene-propylene-diene monomer (EPDM) has high resistance to thermo-oxidative 
aging, the polymers chains can undergo scission when exposed to temperatures above 140 ºC,
limiting EPDM shelf life. In order to minimize thermal degradation, by creating a chemical barrier 
against ageing, protective agents, such as N(1,3-dimethyl-butyl)- -phenyl-p-phenylenediamine
(6PPD) and 2,2,4-trimethyl-1,2-dihydroquinoline (TMQ) are commonly used. However, since 
EPDM has high resistance to oxygen and ozone, the inclusion of these additives is not common in 
these elastomers [1-4]. For this reason, the aim of this study was to evaluate the resistance to  
EPDM ageing with the incorporation of TMQ and 6PPD. EPDM samples were prepared with 
carbon black, plasticizers, rubber auxiliary agents and accelerators, in two different formulations,
EPDM (without protective agents) and EPDM_PA (with 2 phr of TMQ and 2 phr of 6PPD
protective agents). The samples were produced in a 1 L closed mixer, for 5 min, and transferred into
a cylinder. The tensile test was performed at room temperature (ASTM D412) and at 96 h to 170 ºC
(adapted from ASTM D473 and D412). The results showed (Table 1) that the addition of 6PPD and 
TMQ enhanced the EPDM ageing resistance, increasing the tensile strength from 7,58 (EPDM) to 
10,78 MPa (EPDM_PA), in relation to those samples tested at room temperature. For this reason, 
the use of TMQ and 6PPD could improve mechanical properties of EPDM when exposed to 
temperatures around 170 ºC.

Tabel 1. Tensile test results for the studied samples.
Sample Tensile test (at room temperature) Tensile test (at 96 h to 170 ºC)

Tensile strength (MPa) Elongation (%) Tensile strength (MPa) Elongation (%)
EPDM 7,77 ± 0,80 446,88 ± 21,05 7,58 ± 0,20 -24,38 ± 8,51
EPDM_PA 6,69 ± 0,59 628,13 ± 56,58 10,78 ± 0,56 31,38 ± 8,47
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The development of polymeric blends aims to satisfy various industrial requirements such as 
the need to facilitate processing and broaden the range of properties, either by varying the type, 
relative amounts or morphology of each component. One of the advantages that polymeric blends 
have is the ease of adjusting the properties to the needs of use, being important to generate 
mechanical, chemical or barrier properties and improve the processability of the polymers [1]. Taking 
into account the importance of polymers in elastomeric formulations, the present study aims to 
evaluate the influence of the mixture of different polymers, such as natural rubber (NR), butadiene-
styrene copolymer (SBR) and polybutadiene (BR), in the Mechanical and aging properties of 
elastomeric formulations. 

glass transition temperature (Tg), solvent swelling and aging properties. The 

SBR/BR showed a lower percentage of swelling, a greater amount of 
crosslinks and The results obtained lead to the conclusion that both the 
miscibility and the immiscibility that were presented by the studied blends did not influence the 
results of the evaluated properties, since the blends presented intermediate results to their respective 
pure polymers.

1. VOSSEN, C. A, Doctoral Thesis, University of São Paulo, 2009.

Keywords: polymers, polymer blends, formulations, miscibility, properties
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RUBBER MATRIX USING RHEOMETRY, SEM-EDX, AND TENSILE 

STRENGTH IN THE PRODUCTION OF ECO-FRIENDLY BIOCOMPOSITE
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Abstract - The study employed the fibers found in the acai seed (Euterpe Oleracea Mart.) as 
reinforcement material in composites with a natural rubber (NR) matrix. Following the processing 
of the acai pulp, the seed is commonly discarded as waste. Within this research, the compounds 
were prepared in an open roll mill with a friction ratio of 1:1.25, following ASTM D3182 standard, 
in proportions of 0, 10, 20, 30, 40, and 50 phr (per hundred rubber) of acai residue. The acai seeds 
were exposed to the sun for a period of 12 hours to remove excess moisture. Then, they were 
ground into powder using a blade mill, sieved to a particle size of 30 mesh, and placed in an oven at 
104 °C for 24 hours. In the first step, natural rubber, reaction activators (zinc oxide and stearic 
acid), plasticizers (polyethylene glycol 4000 and naphthenic oil), antioxidant (vulcanox), and 
micronized acai residue as a filler were added to the mixer. After homogenizing the mixture, it was
left at room temperature (23 °C) for 24 hours. In the second step, the mixture was returned to the 
mixer to add the cross-linking agent (sulfur) and vulcanization accelerators (MBTS and TMTD). 
After homogenizing the mixture, it was left at room temperature for 4 hours. Upon completing these 
steps, the composite underwent rheometric tests (ASTM D2084) and was subjected to a 
thermopress for the preparation of test specimens. The degree of acai filler dispersion in natural 
rubber was determined based on the minimum and maximum torque results obtained from the 
rheometry. Additionally, scanning electron microscopy with energy-dispersive X-ray spectroscopy 
(SEM-EDX) analysis and tensile strength tests were performed on the specimens before and after 
accelerated aging. The results indicated that lower minimum torque values tend to correspond to 
lower viscosity, facilitating the mixing of reagents and fillers in the polymer matrix, thereby 
improving the degree of filler dispersion in the rubber. The SEM images also demonstrated good 
interaction between the filler and the matrix. In the tensile strength tests, proper filler-matrix 
adhesion increased the rigidity of the composite and resulted in higher tensile strength values. 
Therefore, this study demonstrated the feasibility of using acai residue as a filler in natural rubber 
matrix.
Keywords: Acai, Natural rubber, Biocomposite, Filler, Rheometry.

Table1. Results of the properties of natural rubber composites with acai waste.
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INFLUENCE OF ACCELERATED AGING IN WEATHEROMETER
CHAMBER ON THE ADHESION OF A FABRIC-REINFORCED CONVEYOR

BELT

Pedro G. Lins1, Flavia L. S. Freitas1, Carla A. Correia1, Patrick A. Falqueto2, José J. Penagos3, 
Christiano G. Bastos Andrade1, Hélio Wiebeck1, Samuel M. Toffoli1, Ticiane S. Valera1*

1   Department of Metallurgical and Materials Engineering - Polytechnic School - University of São Paulo
tsvalera@usp.br

2 Vale S/A, Vitória, ES, Brazil
3 Instituto Tecnológico Vale, Ouro Preto, MG, Brazil

Abstract Conveyor belts used by the mining industry, for ore transportation, have a highly resistant 
internal structure, due to the presence of a steel cord structure or polymer woven fabric reinforcement, 
as well as due to the thick outer layers of rubber coating. Failures in such conveyor belts happen 
because of a variety of causes, such as ore impact, trapped material, damage to belt edge, worn top 
cover, damage caused by cleaners, splicing failures, belt bending and belt delamination, wich is 
considered adhesion failure. The strong adhesion between the fabric and the rubber matrix is achieved 
through physical and chemical interactions [1], but aging can lead to reductions or even loss of these 
adhesive properties [2]. One of the most used tests to evaluate the adhesion between the constituents 
of conveyor belts, and widely used as a tool for controlling the quality of adhesion, is the one 
described in ISO 252 standard. In this study, a fabric-reinforced conveyor belt manufactured in Brazil,
was subjected to accelerated aging testing in a weatherometer chamber, where the effects of 
weathering (exposure to sunlight and periodical water spray) are simulated. The test was based on the 
ASTM G155 standard, and the test specimens were prepared according to ISO 252:2008, method A. 
The specimens remained in the chamber for 1500 hours, after what were subjected to a peel test layer 
by layer since the top cover to the bottom according to the ISO 252 standard. The effect of aging was 
evident in all detachments when compared to the results obtained in the non-aged belt. The upper 
layers closest to the exposure were more affected than the lower layers. The results of the peel test 
showed a loss of 81% in the adhesion strength in the upper layer compared to an 24% decrease in the 
lower layer.

Keywords: Conveyor belting, Adhesion, Ageing

[1] Ooji, W.J.. Rubber Chemistry and Thechnology, 1984, 57, 3, 421-456. https://doi.org/10.5254/1.3536016
[2] Patil, P.P., Ooji, W.J.. Rubber Chemistry and Technology, 2005, 78, 1, 1255-173. https://doi.org/10.5254/1.3547868
x
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Abstract - the transport sector to improve the energy efficiency and 
performance of vehicles. In this scenario, an alternative is reducing the rolling resistance of tires, 
using precipitate silica as substitute for traditional fillers like carbon black (CB) [1,2,3]. However, 
this replacement requires the addition of conductive particles to dissipate electrostatic charges 
generated by tire friction [4]. In this work, multiwall carbon nanotubes (MWCNT) were added in 
natural rubber (NR)/butadiene rubber (BR) (ratio 1:1) compounds aiming to produce elastomers with 
antistatic properties. Based on the electrical percolation curve (Fig 1a), the concentration of MWCNT 
was determined to achieve adequate conductivity for antistatic rubber products (10-4 to 10-8 S/m) [5]. 
The percolation threshold was obtained with the addition of 13.5 phr (7 % wt.) of MWCNT, showing 
a conductivity of 8.3x10-5 S/m, compared to 2.43 x 10-6 S/m for 40 phr of CB. The influence of 
processing on the electrical conductivity of the samples was investigated using two different routes, 
r2S or r3S. The r2S route resulted in higher conductivity for the elastomeric compound 13.5phr_r2S 
(5.07 x 10-3 S/m) (Fig 1b). The greater efficiency of the r2S route allowed the reduction of MWCNT 
concentration to 10 phr, maintaining the antistatic properties (2.71 x 10-5 S/m) required for the 
application. 

   
(a)                                                                            (b) 

Figure 1   Electrical percolation for MWCNT (a); samples conductivity (b). 
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Abstract This paper investigates the effect of graphene oxide (GO) and reduced graphene oxide (rGO) on the
morphology and mechanical properties of ethylene-propylene-diene (EPDM) rubber. The samples were compatibilized 
with an ethylene elastomer chemically modified with maleic anhydride (E-g-MA) and prepared with melt mixing 
method. Dispersion of rGO particles within rubber matrix were proven scanning electron microscopy (SEM) and the 
modified microstructure of samples showed that the fracture surfaces of the compatibilized nanocomposites were 
rougher than the samples prepared using just rGO. The mechanical analysis indicated that the incorporation of rGO 
resulted in greater improvements in tensile strength, elongation-at-break, and hardness compared to those samples 
prepared with GO.
Keywords: Graphene oxide, Reduced graphene oxide, ethylenepropylene-diene monomer (EPDM) and mechanical 
properties

Introduction 
Ethylene-Propylene-Diene Monomer (EPDM) rubber is a synthetic rubber that has been 

employed in various applications such as seals and outdoor use due to its resistance to water, ozone, 
weathering, and aging [1]. EPDM is produced through the copolymerization of ethylene and 
propylene monomers, along with the diene unsaturated monomer, which provides greater flexibility 
and vulcanization capability [2].

However, EPDM has some limitations, such as low chemical resistance, thermal stability, 
and sensitivity to temperature increase, which promote molecular mobility and consequently reduce 
mechanical properties [3]. Therefore, an alternative to expand the range of EPDM applications is 
the development of elastomeric nanocomposites. Among the most researched nanoparticles in 
recent years, graphene stands out, consisting of a single layer of carbon atoms organized in a two-
dimensional hexagonal crystal lattice [4]. The presence of a conjugated network of sp² hybridized 
carbons provides graphene excellent physicochemical properties [5], such as mechanical strength, 
elastic modulus, and flexibility when compared to other types of nanoparticles [6]. Originally, 
graphene was defined as being composed of a single layer or sheet, and later also referred to 
structures composed of small amounts of neatly stacked layers or sheets (few-layers) [5].

Currently, there are several methods to obtain graphene from graphite, with the main ones 
being mechanical and chemical exfoliation. It is worth noting that, regardless of the method, 
controlling the number of layers and defects in the structure is still challenging [6].

For many applications, such as the development of polymer nanocomposites, the use of 
graphene oxide (GO) and reduced graphene oxide (rGO) seems to be more interesting due to their 
better chemical interaction with polymer matrices [7]. This process involves the oxidation of 
graphite using strong oxidizing agents such as sulfuric acid, nitric acid, permanganates, and 
chlorates, resulting in the formation of functional groups between the graphite layers and structural 
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defects in its hexagonal structure. Subsequently, these layers can be sonicated to facilitate the 
dispersion process when incorporated into polar polymeric matrices [8]. When applied to nonpolar 
polymeric matrices such as EPDM, the use of rGO becomes more suitable, which is obtained as a 
subsequent step to graphene oxidation and involves the reduction of the number of functional 
groups using reducing agents such as hydrazine, dimethylhydrazine, and borohydride [6]. 

In the literature, several studies address the effects of graphene oxide in EPDM. 
Allahbakhsh et al. [9] reported a decrease in the curing time of EPDM with the incorporation of 
graphene oxide, which was justified by the reaction between zinc oxide and the oxidized surface of 
the nanoparticle. In the work of [10], the incorporation of 60 phr of graphene spheres into EPDM 
increased the thermal conductivity from 0.29 W.m-1K-1 to 18.43 W.m-1K-1 by 62 times. A 
significant increase in thermal conductivity in EPDM/silicone blends with graphene additives, as 
well as increases of 291% in tensile strength and 48% in elongation with the addition of 6% by 
weight of graphene, were reported by Aziz et al. [11] and [12], respectively. 

However, in order to achieve enhanced properties, the incorporation of a compatibilizing 
agent, such as maleic anhydride, is necessary to increase the interfacial adhesion between the 
polymer and the nanoparticle leading to improved distribution and dispersion.  

Thus, in this study, the effect of incorporating graphene oxide (GO) and reduced graphene 
oxide (rGO) nanofillers on the properties of EPDM will be investigated with the aim of expanding 
its range of applications. 
 
Experimental  
Materials and Methods 

Ethylene propylene diene monomer rubber (EPDM) Nordel 4760 with Mooney viscosity 
ML (1 + 4) at 100  of 60, ethylene content of 67% and ENB of 4% was purchased from Dow 
Chemical. Compatibilizing agent Fusabond N416 (DuPont), ethylene elastomer chemically 
modified with maleic anhydride (E-g-MA). The curing system (Sulfur (S), Stearic Acid, Zinc Oxide
(ZnO), TMTD and MBTS) were supplied by Minerais Pedra Branca. Graphene oxide (GO) and 
reduced graphene oxide powder was purchased from Boomatech 

The rubber blends were prepared by using a two-roll mill (Luxor) for 20 min based on the 
formulation in Table 1. First EPDM was added followed by the nanoparticles and compatibilizing 
agent, and concluded with the addition of vulcanization accelerators. 
 
Table 1  

Samples EPDM ZnO Stearic Acid S TMTD MBTS E-g-MA GO rGO 

EPDM 

EPDM 100 5 1,5 2 0,5 0,5 - - - 
EPDM/0,5E-g-MA 100 5 1,5 2 0,5 0,5 0,5 - - 

EPDM/0,5GO 100 5 1,5 2 0,5 0,5 - 0,5 - 
EPDM/0,5rGO 100 5 1,5 2 0,5 0,5 - - 0,5 

EPDM/0,5E-g-MA/0,5GO 100 5 1,5 2 0,5 0,5 0,5 0,5 - 
EPDM/0,5E-g-MA/0,5rGO 100 5 1,5 2 0,5 0,5 0,5 - 0,5 

EPDM/1E-g-MA/1rGO 100 5 1,5 2 0,5 0,5 1 1 - 

 
Characterizations 

The fractured surface of the specimens was analyzed by scanning electron microscopy
(SEM) using a FEG (M/s Tescan-Mira3LMH) microscope operating at low vacuum mode, using a 
large field detector (LFD) and an acceleration voltage of 5 30 kV. The samples were previously 
sputter-coated with gold to increase their electric conductivity 
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For tensile strength, dumbbell-shaped samples (Die D) were cut from the molded sheets 
according to ASTM D 412-06a. The tests were performed at a crosshead speed of 500 mm/min 
using an Emic DL-3000 instrument, after conditioning the specimens at 23 ± 2 °C and at a relative 
humidity of 50 ± 5% for 40 h. Five specimens were analyzed, and the average and standard 
deviation were calculated. 

The hardness measurement of the composites were carried out in Shore A durometer as per 
ASTM D2240.  
 
Results and Discussion  
Morphological characterization of EPDM nanocomposites 

The SEM images of the fractured surfaces of the EPDM samples with rGO can be observed 
in Fig 1. A smoother surface can be seen in the image of pure EPDM (Fig 1a). As the rGO is added, 
a rougher appearance can be observed, characteristic of the presence of nanoparticles (Paran et al., 
2020). The presence of small voids in the sample containing 0.5 phr of rGO (Fig 1b) indicates the 
presence of agglomerated particles that have been pulled out [7]. The use of the compatibilizing 
agent (Fig 1c), smaller voids and a more homogeneous distribution of rGO particles can be 
observed. Pasbakhsh et al. [13] also observed an increase in the roughness of EPDM when the 
compatibilizing agent was added, due to the enhanced interfacial interaction between the halloysite 
nanoparticle (HNT) and the EPDM matrix. This effect is maintained when the concentration of rGO 
and compatibilizing agent is doubled (Fig 1d), as a homogeneous distribution of rGO particles can 
be observed throughout the analyzed surface. 

 
Figure 1: SEM micrographs of: (a) EPDM; (b) EPDM/0,5rGO; (c) EPDM/0,5E-g-MA/0,5rGO and (d) 

EPDM/1E-g-MA/1rGO 
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Mechanical Properties of EPDM nanocomposites
The addition of nanoparticles to polymeric matrices promotes improvements in their 

mechanical properties [14]. However, the reinforcing effect is directly related to the characteristics 
of the interface, as well as the nature of the specific interactions between the polymer and the 
reinforcing fillers [7]. 

Table 2 presents the results of tensile strength, elongation at break and hardness. The 
addition of 0.5 phr of rGO to the EPDM matrix led to higher increases in tensile strength (38%) 
compared to the sample containing 0.5 phr of GO (10%). Similarly, the use of the compatibilizing 
agent also resulted in a greater increase in the tensile strength of the nanocomposites, and this effect 
is more pronounced (55%) in the sample prepared with rGO (EPDM/0,5E-g-MA/0,5rGO). It can 
also be observed that doubling the concentration of rGO (1 phr), with the compatibilizing agent,
(EPDM/1E-g-MA/1rGO) increased the tensile strength by 2.4 times. 

 
Table 2 Results of tensile strength, elongation at break, and hardness tests. 

Samples 
Tensile Strength 

(Mpa) 
(%) 

Elongation at Break 
(%) 

 (%) Hardness 

EPDM 

EPDM 
1,7±0,08 

 
- 209±18 - 50 

EPDM/0,5E-g-MA 
1,6±0,12 

 
-9 443±15 112 55 

EPDM/0,5GO 1,9±0,10 10 218±18 4 52 

EPDM/0,5rGO 2,4±0,12 38 231±14 10 52 

EPDM/0,5E-g-MA/0,5GO 1,9±0,15 13 257±16 23 50 

EPDM/0,5E-g-MA/0,5rGO 2,7±0,15 55 293±13 40 54 

EPDM/1E-g-MA/1rGO 4,1±0,15 138 489±18 133 59 

 
Conclusions  

The influence of GO and rGO on the morphological and mechanical properties of EPDM 
was investigated. The incorporation of rGO, along with a compatibilizing agent, resulted in a more 
uniform distribution of particles. As a result, significant improvements were observed in the 
mechanical properties, attributed to the reinforcement effect of rGO particles. 
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Abstract - With the growing environmental degradation compromising the quality of life, 
the need for sustainable solutions to minimize environmental impacts becomes evident. 
In this context, the large quantity of unusable tires discarded worldwide further 
exacerbates this crisis. Several studies in the field of pyrolysis have been conducted for 
processing these tires with the objective of producing oil, gas, and recovered carbon black 
(rCB). All these generated byproducts are fuels, and rCB can also be reintroduced into 
the rubber processing area as a filler. Its use is considered a friendly alternative to 
commercial carbon black as it provides reductions in carbon dioxide (CO2) emissions, 
energy consumption, and can provide mechanical reinforcement in rubber compounds. In 
this study, composites of natural rubber with rCB from truck tires with a particle size of 
120 mesh were produced, and their rheometric and mechanical properties were 
investigated. Based on the experimental results, we present a trained artificial neural 
network (ANN) model using Matlab software to predict the curing properties of mixtures 
with different rCB contents (0 to 50 phr). The input rheometric parameters used were 
optimal curing time, minimum and maximum torque, and the results of the mechanical 
tests, Shore A hardness (ASTM D 2240), and abrasion resistance (ASTM D 5963). To 
train the model, 90 experimental data points were used out of a total of 100, with the 
remaining 10 used for network validation. The predicted results from the model showed 
excellent agreement with the tested experimental data, with a maximum prediction error 
of less than 1%. It is concluded that ANNs are a powerful tool for intelligently modeling 
the curing process of rubber mixtures. Furthermore, this approach has the potential to be 
applied in a wide range of applications in the rubber industry. 
 

Keywords: Artificial Neural Networks, Recovered Carbon Black, Natural Rubber, 
Vulcanization. 
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Abstract In this work, natural rubber (NR) and styrene-butadiene synthetic rubber (SBR) composites 

were produced in a 50/50 ratio using micronized polyurethane (PU) waste from the refrigeration industry as 

filler. The vulcanization system used was the semi-efficient (SEV). The interaction of filler in the polymeric 

matrix and the mechanical properties of the composites were investigated. The composites were produced by 

varying the filler content between 0-40 phr in an open mixer, and the specimens were made employing 

thermopressing at a temperature of 160°C (ASTM D 3182), with dimensions of 15 x 15 cm and thickness of 

2 mm. The characterization of the composites was carried out using the techniques of rheometry (ASTM D 

5289), density (ASTM D 297), hardness (ASTM D 2240), tensile strength (ASTM D 412), the density of 

crosslinks by swelling in organic solvents using the Flory-Rehner equation. Furthermore, the composites 

were submitted to Lorentz-Park analysis to study the interaction effect between the filler and the polymeric 

matrix. The results showed a strong interaction between the filler and the matrix. Crosslink density values 

increased with increasing filler. The mechanical properties improved. The hardness rose from 50 (pure gum) 

to 75 Shore A (composite with 40 phr of PU), and the tensile strength value rose from 4.2 MPa (pure gum) to 

7.3 MPa (composite with 40 phr of PU), evidencing the excellent dispersion and interaction filler-matrix. 

However, the deformation at break was reduced from 800% (pure gum) to 300% (composite with 40 phr of 

PU). The composites have mechanical properties for industrial applications, such as casual shoe soles.

Fundings: The authors are grateful for the financial support Process FAPESP 2020/05549-4.

Keywords: Vulcanization, PU residue, Lorentz-Park, elastomers.
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Abstract - The conveyor belts for ore transportation are basically composed of a core that has high 
resistance encased in protective rubber covers. Two types of reinforcements or carcass are
commonly used in the construction of ore conveyor belts: a single layer of uniformly tensioned steel 
cords with diameters and distribution design that provide the necessary resistance for the specific 
application or layers of polymeric woven fabrics. Two conveyor belts that are used for the same 
applications in mining, despite having very different maximum operating tension, caused by their 
different carcass materials (fabric or steel cord), have similar abrasion resistance during operations. 
Thus, this work analyzed the rubber covers of these two belts, to identify similarities and 
differences between the rubber compounds. The compounds were characterized by: X-ray 
fluorescence (XRF), X-ray diffraction (XRD), scanning electron microscope / energy dispersive 
spectroscopy (SEM/EDS), thermogravimetric analysis (TGA/DSC), Fourier-transform infrared 
spectroscopy (FTIR), neutron activation analysis (NNA), inductively coupled plasma optical 
emission spectroscopy (ICP-OES) and analysis of carbon and sulfur by combustion. The chemical 
analyzes showed the presence of the same elements in the two rubber compounds, some of which 
were attributed to vulcanization agents, such as sulfur and zinc, and others such as calcium, 
magnesium, and silicon, were attributed, also using XRD and SEM/EDS analysis, to minerals, such 
as talc and calcite, normally used as fillers in rubber compounds. The results of the thermal analyzes 
corroborated the previous results, confirming the similarity between the two cover rubber 
compounds.

Keywords: Conveyor belts, Rubber, Fabrics, Steel Cord, Characterization.
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Falqueto2, José J. Penagos3, Hélio Wiebeck1; Samuel M. Toffoli1, Ticiane S. Valera1*

1 Department of Metallurgical and Materials Engineering - Polytechnic School - University of São Paulo
tsvalera@usp.br

2 Vale S/A, Vitória, ES, Brazil
3 Instituto Tecnológico Vale, Ouro Preto, MG, Brazil

Abstract Steel cord conveyor belts represent an important system for the mining industry, once it 
transports ore over long distances. It comprises two elements: the reinforcements and the covers [1]. 
This transport system demands maintenance and replacement of worn-out components, which reflect 
in high financial costs and interruptions of the production [2]. The mechanical performance of the 
covering rubber decreases with time, due to aging caused by environmental factors, which are well 
known degradation precursors for polymeric materials. Moreover, the strong adhesions between 
polymer and metal reinforcement in conveyor belts are based on chemical interactions and aging can
promote a reduction in the adhesion, allowing failure effects that may compromise their performance 
in use [3,4]. This study aimed to analyze the adhesion of the steel cords to the rubber compound, in 
steel cord reinforced conveyor belts, after exposure to accelerated aging. The conveyor belt specimens 
were subjected to different conditions, promoted by different equipment, such as weatherometer, oven 
with humidity, and QUV irradiation chambers, for a period of 1000 hours, in order to separate the 
effects of the weather, temperature with humidity, and ultraviolet radiation. The specimens extracted 
from a cross section of a conveyor belt were prepared in the 3-cord configuration and were tested and 
analyzed by pull-out tests based on SANS 1366:2013 and ISO 8094:2013 standards. The specimens 
showed unusual rupture when subjected to exposure in a weatherometer chamber and in a humid 
oven. In this latter situation, the specimens showed a decrease of around 39% in the adhesion strength, 
when compared to the specimens tested in the other chambers. The QUV irradiation chamber had the 
least influence on belt degradation and cord adhesion strength. Therefore, the results indicated that 
the aging factors analyzed can contribute to the possible origin of adhesion failures during the use of 
conveyor belts.

Keywords: Conveyor belts, aging, adhesion, degradation
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STUDY OF REINFORCMENT PROPERTIES OF DRACAENA TRIFASCIATA
FIBERS IN NATURAL RUBBER COMPOSITES
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Abstract The increase of researches about functional materials is leaded of ideas the represents
quality in results for several industrial applications. Due environmental issues, materials coming from
natural resources has increased the demand, according to the industrial concerns in eco-friendly
materials. The objective of this work is the characterization of Dracaena trifasciata (snake plant)
fibers to reinforcement application in the production of a composite material with natural rubber.
Mechanical properties of D. trifasciata fibers has been proved promisors according to the results of
a tensile strength test realized in 30 filaments, the summarized data is presented in table 1. Due to the
conical shape of D. trifasciata filaments and the water dissolution method applied a Fourier
Transform Infrared Spectroscopy (FTIR) analysis confirmed no variations in the chemical-biological
composition. Were produced composites of natural rubber with D. trifasciata fibers (as
reinforcement) in several proportion (0 to 40 phr). The composites were characterized by rheometric
analysis ASTM D2084[1], density ASTM D297[2], toughness at Shore A scale ASTM D2240[3] and
abrasion D5963[4]. The results shown that density and toughness values increased with the fibers
insertion, the weight loss suffered a discreet reduction. The wild availability of this fibers enable the
use as reinforcement in elastomeric materials.

Table 1 Mechanical properties of Dracaena trifasciata fibers.

(GPa)
Tensile Strength (MPa) Failure Strain (%)

Average 28.43 357.92 1.47
S.D. 9.95 112.63 0.33

References
1. ASTM D2084, Test Method for Rubber Property - Vulcanization Using Oscillating Disk Cure

ASTM American Society for Testing Materials, 2019.
2. ASTM D297 Test Methods for Rubber Products Chemical ASTM American Society for

Testing Materials, 2021.
3. ASTM D2240 Test Method for Rubber Property Durometer ASTM American Society for

Testing Materials, 2010.
4.

American Society for Testing Materials, 2022.

Keywords: Composites, Natural Rubber, Vulcanization, Dracaena trifasciata Fibers, Rheometric.

Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

1503



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

 
 
 

THE EFFECT OF LIGNIN ON SELF-HEALING AND SHAPE MEMORY OF 
CARBOXYLATED NITRILE RUBBER WITH DIFFERENT CARBOXYL 

GROUP CONTENT 
 

 
 

Beatriz Girão*, Gustavo N. Campos, Elisson B. D. da Rocha, Ana M. F. de Sousa, Marco A. G. de Figueiredo, 
and Cristina R.G. Furtado 

 
Instituto de Química, Universidade do Estado do Rio de Janeiro, São Francisco Xavier Street, 524, Maracanã, 20550-

900, Rio de Janeiro, RJ, Brasil. 
(*) girobeatriz@gmail.com  

 
In recent years, there has been significant research on smart elastomers, materials that can react to an 
external stimulus and still maintain an elastomeric behavior. Two important properties of smart 
materials are shape-memory and self-healing. Carboxylated nitrile rubber (XNBR) has carboxyl 
groups added to its backbone that can form ionic bonds with oxides of some metals, such as zinc.
These ionic bonds are temperature-dynamic and can impart the elastomer with shape memory and 
self-healing properties. While this is known for unfilled compounds, most rubber formulations 
include fillers to improve the material's mechanical properties, and research concerning the impact of 
the filler on smart elastomers is invaluable. Lignin, a highly functional material belonging to a class 
of complex organic polymers, serves as a vital structural component in the support tissues of most 
plants. As a byproduct of the paper and pulp industry, lignin holds great potential as a biobased, 
renewable, and biodegradable material that can be utilized as a filler for reinforcing rubber.
Understanding the impact of lignin on smart elastomers could further increase their applications. In 
this research, rubber compounds were made with hardwood kraft lignin, XNBR (with 1 and 7% 
carboxyl group content), and a sulfur vulcanization system. Their self-healing and shape-memory 
properties were evaluated using tensile tests and a dynamic mechanic analyzer (DMA), respectively.
Our results show that lignin plays a significant role in improving the shape memory of XNBR 
compounds. The inclusion of lignin increased the shape fixation (to near 80%) and the shape recovery 
(to at least 40%) of both types of XNBR. However, lignin decreased the self-healing of both XNBR 
compounds. These findings suggest that lignin has a positive impact on the shape-memory 
characteristics of elastomers, further bolstering its potential as a multifunctional and relevant filler. 
 
 
Fundings: The authors thank Nitriflex for donating the rubber compound  raw materials and Suzano for donating the 
lignin. This study was supported by the Universidade do Estado do Rio de Janeiro (UERJ) [PIBIC 2022 Scholarship 
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26/200.289/2021: PhD Scholarship received by Gustavo N. Campos], and Conselho Nacional de Desenvolvimento 
Científico e Tecnológico (CNPQ) [P2-309461/2021-9  received by Ana Maria Furtado de Sousa]. 
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AN OVERVIEW OF THE GAPS IN MICROPLASTIC RESEARCH THAT 
POLYMER SCIENCE CAN HELP TO FILL
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Abstract - Since their discovery, synthetic polymers have proven to be versatile materials, meeting 
a wide range of important demands in our society. Their low cost, physical properties, and ease of 
processing make plastics able to seize the market, and nowadays, it is a material we cannot live 
without. The widespread use of plastic gave rise to the issue of plastic pollution, which has proved 
difficult, perhaps even impossible, to manage effectively. Plastic pollution has several faces and 
impacts; the most pervasive, and subject of this talk, are the microplastics. Microplastics are small, 
air- and waterborne fragments detected in the most remote corners of Earth and inside the inner 
parts of our body (since we eat, drink, and breathe them). Plastic pollution is visible and perceived 
as a threat to the extent that a legally binding Global treaty on this issue is currently under 
discussion by the United Nations Environment Programme (UNEP). Despite the growing body of 
scientific literature and the ongoing actions of international organizations, we still lack a 
comprehensible understanding of the true impacts on human health and the environment, and more 
research on the topic must be developed to answer this question. This presentation aims to 
underscore the key role of polymer scientists to help create insights to fill some of the current gaps 
in the field, like 1) the production of environmentally relevant micro and nanoplastics to enable 
adequate toxicological experiments; 2) the lack of knowledge about the properties and presence of 
nanoplastics; 3) the development of cheaper and faster separation protocols for microplastics in 
water, air, and soil to address the lack of data in South America and Africa.

Keywords: microplastics, nanoplastics, plastic pollution, separation protocols.
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PCR(PP AND PE)  SOURCES CHARACTERISTICS AVAILABLE FOR 
PRODUCTS AND APLICATIONS DEVELOPMENTS: A CONCEPT 

CHALLENGE
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Abstract - Working in a polyolefins business using plastic waste sources from various post-
consumer sources (PCR) is a considerable challenge, given the diversity of materials that compose 
them. Formulation design for many applications is highly impacted by material characteristics, 

processing and usage effects. Many sources of waste must be sent for chemical/advanced recycling 
and their composition is also relevant for the design of plants and treatment of their by-products. In 
this sense, the understanding of physical-chemical properties is essential for the final control of 
recipes and processes for maintaining the minimum characteristics to have applications with 
technical requirements. Rigid sources of PP and PE and flexible sources of PE are addressed in this 
work showing the variability and characteristics observed in different batches of materials. In some 
cases the variability is significant bringing complexity, evidenced by rheological, thermal and 
mechanical analyses. These data are in the process of statistical collection over time.

Keywords: recycling, polymer properties, polymer characterization, PCR source
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RECYCLING OF POLYMERIC WASTE AIMING EDUCATION FOR 
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Abstract - This article reports on activities of the project "Maker Space of Education for Sustainable Development Based 
on Design for Change", whose objective is based on the education for sustainability and maker culture, focused on the 
problem of polymeric waste, aiming to disseminate concepts and practice of sustainability among elementary and high 
school students. Bibliographical research was carried out to gather information about the current scenario related to the 
recycling of polymeric materials; preparation of didactic/instructional materials for training teachers and students for the 
theme involved; and promotion of three workshops: (1) Workshop of collection, identification, and separation of 
polymeric waste, (2) Workshop of creativity and (3) Workshop of polymeric waste recycling using a Mobile Laboratory. 
The activities were applied in a municipal school in Joinville/SC and to students from the 9th grade of elementary school.
The whole experience promoted awareness and collaborated with training for action through education focused on 
sustainable development.
Keywords: Polymeric waste, Sustainability, Environmental education
Fundings: FAPESC.

Introduction 
Despite the benefits promoted by polymeric materials, the accelerated growth in the production and 
consumption of products derived from these materials has generated major challenges for the 
environment and the human species itself [1]. Currently, almost 400 million tons (Mt) are produced 
per year [2]. Sanitary landfills, dumps, incineration, poor management, and non-reuse of polymeric 
waste are still very common today, causing environmental, economic, and social impacts [3].
In 2019, estimates indicated that 6.1 Mt of plastic waste ended up in aquatic environments and 1.7 
Mt ended up in the oceans. It is believed that there is currently 30 Mt of plastic waste in the seas and 
oceans and another 109 Mt agglomerated in rivers, which could end up in the oceans [4]. More recent 
research shows a potential for fragmentation of plastic materials over time into micro and 
nanoparticles, which are found in different ecosystems around the world [5]. The ingestion of micro 
and nano plastics has been shown to be increasingly frequent by both animals and humans and their 
effects on health are not yet known [1].
The dissociation between raw materials and the environment worsens with the development of the 
consumer society and puts life at risk due to the depletion of natural resources and environmental 
pollution and brings ethical questions that encompass both social responsibility and sustainability. To 
change a posture culturally constructed over generations, it is necessary to encourage and guide 
younger people who are starting to build an understanding of cultural values. Among the possible 
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strategies is education for sustainable development. In view of this, this work aimed to contribute to 
education aimed at sustainable development, in a municipal school in the city of Joinville/SC, using 
mechanical recycling of polymeric waste and awareness of the adversities that they cause in nature 
when they are not used and are inappropriately allocated.

Experimental 

Through bibliographical research, a survey of information was carried out on the scenarios of 
recycling of polymeric materials in the world, national and regional scopes, and on methods of 
identification and processes of mechanical recycling of polymeric residues. The information was used 
in the preparation of teaching and instructional materials, which were used to train teachers and 
applied in workshops to students from the participating school.
The activities of the project were applied at the Teacher Eladir Skibinski Municipal School. The 9th 
grade of elementary school and the Tempo de Avançar project (totaling 72 students) and the 
subjects of Arts and Sciences were defined to carry out the workshops.
Guidance was given for the campaign to collect polymeric waste for the workshops, which was 
organized and implemented by the school and involved students from all grades.
Three workshops were carried out with students from the defined groups: (1) Workshop on 
identification and separation of waste by recycling code (NBR 13230, 2008) [7] and density and 
combustion tests, based on procedures described by Manrich et al [8] and GEPEQ [9]; (2) Creativity 
workshop, in which students received information about polymer waste recycling processes and their 
transformation into products; (3) Recycling workshop, carried out using a Mobile Laboratory 
composed of an extruder, an injection machine and a compressor oven, based on Precious Plastics 
[10] projects and built by outsourced companies (Fig. 1).

Figure 1: Equipment of the Mobile Laboratory, (a) injection machine, (b) extruder and (c) compressor oven.

Results and Discussion 

Scenarios for the production and recycling of polymeric materials
Bibliographic research regarding the world, national and regional panorama of polymeric waste and 
plastic recycling showed a worrying scenario. Worldwide, it is estimated that 9.2 billion tons of 
plastics were produced between 1950 and 2017 [3]. Data from the OECD (Organization for Economic 
Cooperation and Development) report indicate that, of all plastic waste generated in 2019, 22% were 
poorly managed and/or not collected, 49% were sent to landfills, 19% were incinerated and only 9% 
were recycled [4].
In more recent data, the world production of plastics in 2021 reached the mark of 390.7 million tons, 
90.2% of which comes from fossil fuels, 8.3% from post-consumer recycled plastics and only 1.5% 
biologically based [11].
According to the 2021 Profile of Abiplast (Brazilian Plastic Industry Association), in 2020, 23.1% of 
plastics were recycled in Brazil, a percentage 0.9% lower than that verified in 2019, but still above 
the world average. The mechanical recycling of post-consumer plastics in Brazil was 884.4 thousand 
tons [12]. Analyzing a regional scenario, the Ambiental Limpeza Urbana e Saneamento company is 
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responsible for managing solid waste in the city of Joinville/SC. Waste from selective collection is 
sent to recycling associations and cooperatives, which are registered and accredited by the Urban 
Infrastructure Department. According to the company, only in the first month of 2022, around 542.52 
tons of solid waste were collected in selective collection in Joinville [13]. According to the 
ASSECREJO cooperative, which receives most of the selective collection waste from the company 
Ambiental and waste that is delivered by other companies and voluntarily by the population, in the 
same period, 22.8% was plastic waste in general (high-density polyethylene and low-density 
polyethylene - HDPE and LDPE, polypropylene - PP, polyethylene terephthalate - PET, polyvinyl 
chloride - PVC, polystyrene - PS, among others). In the first quarter of 2023, 2.1 thousand tons of 
recyclable waste were registered, representing 6.76% of all waste collected in the municipality [14]. 
According to ABRELPE (Brazilian Association of Public Cleaning and Special Waste Companies), 
on the national average, plastics are responsible for 16.8% of dry recycled waste [15], a figure lower 
than that of the municipality of Joinville. This information and other complementary ones were used 
in the training of teachers and in the workshops carried aout at the school, aiming to present the 
scenario related to polymeric waste and will also be later fed into a virtual platform, which is being 
finalized, and which will serve as support material for replication of the experience at other schools. 
 
Results of activities and workshops at school 
The activities at Teacher Eladir Skibinski Municipal School started with meetings with the director 
and teachers to define which grades and subjects were most related to the proposal of the Maker Space 
Project, and Sciences and Arts subjects and the classes of the 9th grade of elementary school and of 
the Tempos de Avançar  project were defined to the application of workshops for the identification 
and recycling of polymer waste. Teachers of these subjects were trained through presentations and 
workshops involving content on polymers (main types, chemical structures, applications, 
identification methods and recycling technologies). The school promoted a campaign to collect post-
consumer plastics (preferably bottle caps), in which students from all grades at the school 
participated. 
The teacher of Science subject carried out a dynamic with the students, in which they prepared posters 
with the main types of plastic consumed, their applications and the recycling code for each one, so 
that the students would learn to separate polymeric waste. 
In the Identification Workshop, through density tests (in water, oil, saline and hydroethanolic 
solution) and combustion (material behavior and analysis of smoke pH) of the polymer residues, the 
students participated actively, performing the proposed tests with the guidance from the teacher, the 
scholarship holders of the Chemical Engineering and Environmental and Sanitary Engineering 
courses and the professor linked to the Maker Space Project. Several samples of polymeric waste 
were taken, including six types: PET, HDPE, PVC, LDPE, PP and PS. The workshop was applied at 
the school's Science Laboratory and the classes were separated into 6 groups of 5 students so that 
everyone could carry out the experiments. From the experiments and understanding of the physical 
and chemical principles involved in each one, the students were able to separate the samples according 
to their respective polymeric resins of origin and correlate them with the contents of the Sciences 
subject.  
The Creativity Workshop was held in the Arts class, in which important points were explained to 
students about the problem of incorrect disposal of polymeric waste, the importance of recycling and 
the technologies used, mainly, in mechanical recycling. The Mobile Laboratory equipment that would 
be taken to school and used in the recycling workshop was presented to students. In addition, students 
were asked to make a representative and simple drawing associated with the theme of the Maker 
Space project (polymeric waste and sustainable development). The selected design was a sea turtle 
due to its relationship with marine pollution caused by polymeric waste in different ways. Based on 
this, a mold in the format of the drawing was designed and modeled in CAD (Computer-aided design) 
and machined in aluminum in a CNC (Computer Numerical Control) machining machine from 
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Univille. The gifts were made in the injection molding machine in the recycling workshops. For the 
gifts, caps of different colors collected and separated by the students were used, which were 
previously crushed in a knife mill belonging to the UDESC. The Mobile Laboratory will be 
contemplated by a mill, also based on the Precious Plastics project [10], which is still being built by 
the research group. More than 100 turtle-shaped keychains were produced to be given to students and 
teachers of the classes involved. In the recycling workshop, it was decided, for practical reasons, to 
use only the caps to demonstrate the recycling processes to the students. The Mobile Laboratory's 
equipment was previously tested to define the operating conditions and then taken to the school for 
the polymer waste recycling workshop. The workshop was held in the Science Laboratory and the 
classes were divided into groups of 10 students so that they could observe and participate in the 
demonstration of each equipment of the Mobile Laboratory. Two banners were taken, one explaining 
the Maker Space Project and the other about the recycling steps and the Mobile Laboratory 
equipment. First, the thermoforming process was demonstrated in the compressor oven, then the 
extrusion process and finally the injection process. More keychains were produced, and the students 
could visualize the transformation of the polymeric waste into a product designed by them. 
The entire experience at the school was recorded through photos, recordings, and interviews (Fig. 2) 
and it will also serve to feed the virtual platform of the Maker Space Project, as described above. 
 

 
Figure 2: Photos of the activities and workshops carried out at the school  
 
Conclusions  
From the workshops carried out at the school, the experience of the students and active learning, 
derived from the process of recycling polymer waste for the development of new products, promoted 
awareness of sustainable development in its social, environmental and economic dimensions. At the 
same time, the experience contributed to the training of human resources to act through education for 
sustainable development. 
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Abstract - The presence of plastic waste has largely affected a series of ecosystems, including those 
associated with oceans, rivers and lakes, as it generates a large number of harmful consequences for 
the environment and other outcomes, such as the reduction of fauna biodiversity and alteration of 
the food chain, impairment of recreation, tourism and sports activities, in addition to damages to 
human health and to the development of dependent communities. In this work, strategies, 
technologies and materials developed by the research group will be presented with the general 
objective of reducing the environmental impact of plastic waste, for example, when present in 
oceans, rivers and lakes. In this context, results will be shown involving, among others: the 
incorporation of self-repair mechanisms and response to external stimuli to natural and 
biodegradable polymers; the manipulation of the interface of nanocomponents aiming to increase 
the recyclability of polymers; the insertion of nanocomponents in polymers and blends to enhance 
degradation and other properties; the use of natural polymers in advanced applications; the 
generation of superhydrophobic surfaces in natural polymers; the formulation of polymeric foams 
derived from natural resources useful in the purification of contaminated water.
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Resumo - A presença do lixo plástico tem afetado amplamente uma série de ecossistemas, 
incluindo aqueles associados a oceanos, rios e lagoas, por gerar inúmeras consequências danosas ao 
meio ambiente e seus desdobramentos, como na redução da biodiversidade da fauna e alteração da 
cadeia alimentar, comprometimento de atividades de recreação, turismo e práticas esportivas, além 
de prejuízos à saúde humana e ao desenvolvimento das comunidades dependentes. Neste trabalho 
serão apresentados estratégias, tecnologias e materiais desenvolvidos pelo grupo de pesquisa com o 
objetivo geral de reduzir o impacto ambiental do lixo plástico, por exemplo, quando presente em 
oceanos, rios e lagoas. Neste contexto, serão mostrados resultados envolvendo, dentre outros: 
incorporação de mecanismos de autorreparo e resposta a estímulos externos a polímeros naturais e 
biodegradáveis; manipulação da interface de nanocomponentes visando aumento da reciclabilidade 
de polímeros; inserção de nanocomponentes em polímeros e blendas para acentuar degradação e 
outras propriedades; utilização de polímeros naturais em aplicações avançadas; geração de 
superfícies superhidrofóbicas em polímeros naturais; formulação de espumas poliméricas derivadas 
de fontes naturais úteis na purificação de águas contaminadas. 
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Cellulose stands out for its potential as renewable resource for assembling robust materials finding
use in numerous applications in the pursuit of the circular bioeconomy. Upon mechanical 
comminution of its native hierarchical, nanofibers (CNF) are obtained boasting unique properties
arising from high aspect ratio and flexibility, while mirroring the mechanical strength, 
biodegradability, biocompatibility, and ability to undergo surface modification that are inherent to 
cellulose [1]. We herein aimed to harness these exceptional features of CNF as building blocks that 
enable unlocking novel avenues towards materials that interact in a tailored fashion with microbial 
cells. Specifically, the goals of this endeavor were to (A) inhibit spoilage/pathogenic
microorganisms while (B) maintaining the viability of their technologically relevant counterparts by
using CNF as materials-forming brick. We showcase these strategies by assembling (A) solid foams 
that inactivate Escherichia coli cells, taken as an undesirable bacterial model, and (B) supraparticles
carrying live Saccharomyces cerevisiae cells, chosen as model yeast. To inactivate bacterial cells
(A), CNF was surface-grafted with quaternary ammonium moieties either via sodium periodate 
oxidation into dialdehyde cellulose followed by treatment with Girard covalent
attachment of glycidyltrimethylammonium chloride (GTMAC) [3]. Surface charge density was 
varied from 0.07 to 0.34 mmol/g by different stoichiometries among the reagents. Freeze-cast
cryogels removed E. coli cells from culture medium to different extents in a charge-dependent 
manner. On the other vein (B), uncharged CNF interlocked active S. cerevisiae cells into quasi-
spherical supraparticles drop-cast onto a superhydrophobic PTFE substrate. The porous assembly
allowed access to the nutrients required for fermentation and CO2 production. In summary, CNF
was demonstrated to interact differently with microbials cells depending on the surface chemistry:
while the former strategy (A) is promising for biocidal surfaces, the latter (B) is applicable for
maintaining cell viability in microswimmers. These systems are being continuously optimized
towards actual practical application.
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The Atlantic Forest is one of the richest regions in terms of biodiversity in the world. Originally the
biome covered about 15% of the national territory. Currently, only about 12.4% (SOS MATA ATLÂNTICA,
2021) of well-preserved forest remnants remain in the country [1]. Regarding mangrove areas, in the state of
São Paulo there are about 223 km², according to the Atlas of mangroves in Brazil, with about 120.5 km² of
this total in Baixada Santista. Analyzes of sediments collected at Santos estuarine mangroves, in various
points show a high concentration of microplastics generated from industrial processes or even anthropogenic
activity. These solid particles based on (< 5 mm) are today one of the main environmental problems. The
microplastics present in the sediment samples were quantified after drying and sieving amount limited of
sediment. FTIR and micro-Raman spectroscopy identified filaments and fragments of microplastics (MPs) as
commom polymer spectra. Also additives and herbicides were present in some MPs. All polymeric types
identified (<5mm) have wide applications and demands by packaging, civil construction, automotive,
electrical and electronics, and textile sectors.

Keywords : microplastic, sediment, Santos estuary, micro-Raman, polymer
Fundings: CAPES, FAPESP

Introduction
The SESS is located in the Santos basin in a sedimentary area that extends over approximately 352
thousand km², covering the northern portion of the coast of the state of Santa Catarina, the southern
portion of the state of Rio de Janeiro, and the entire coast of Paraná and São Paulo [2]. In addition
to the characteristic and dynamic conditions of the estuary, settlements of irregular dwellings
lacking a basic sanitation system are present in that coastal region.
Nowadays the estuaries of the world are considered important for filtering microplastics from the
coastal water avoiding the ocean integration of contamination.
In addition to the presence of the Port of Santos and the Petrochemical Complex of Cubatão, the
estuarine channels and rivers of the SSES are directly influenced by the tidal regime, in addition to
harboring an important mangrove ecosystem, considered a permanent preservation area strongly
impacted by human activities. Irregular occupation [3] and the presence of sanitary landfills and
municipal dumps weaken the environment [4-6]. Considering that one branch of Billings, the
cleanest and least contaminated, goes to Santos. There is no way that the pollution comes from
reservoirs of the plateau to the estuary of the SEES. However, hydrodynamic dispersion associated
with high and low tides may well explain this high contamination of the Santos-São Vicente estuary
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other the anthropogenic influence in the local of high population density, in the interior of the 
estuary. 
The present study of microplastic contamination in the Santos estuary is focused on a detailed 
investigation given its importance for the conservation of human health and local biota. 

 
Experimental 
The sediment mangrove samples were collected in Van Veendrag at total of 8kg in each site. The 
total of eleven sites were collected and This procedure involves sediment collection, drying, sieving 
(2.0, 1.0, 0.5 and 0.25 mm mesh sizes), and examination of the samples retained in each sieve. The 
results of particles per gram of sediment was considered as the microplastic abundance. This 
method by Gimiliani et al.(2020) described at http ://dx.doi.org/10.1016/j.cscee.2020.100020 estimates the 
total microplastic abundance and distribution [6]. 

 
Results and Discussion 
The Fig 1 shows the site of collected samples. The area of higher density of microplastic was the 
Rio dos Bugres were the abundancy of microplastics varied from 43000-93000 particles per kg of 
sediment. 

 

Figure 1- Illustration of microplastics abundancy in the estuary of Santos. 
 
The higher density of microplastics, Fig 1, is shown in the Rio dos Bugres where the community of 
Duque grows. But it was clear that not only the anthropogenic effects defined the environmental 
pollution of that local. The transportation of microplastics depends greatly of the hydrodynamic of 
the estuary [8]. 
In terms of morphology of the particles, the abundancy of fragments and fibers or lines, as observed 
by microscopy, is represented in Fig 2. 
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Figure 2- Ocorrence of fragments, and fibers/ lines per 20g of sediments for each
site investigated.

Conclusions
This study verified the ubiquity of microplastics in the matrices evaluated and found microplastics
to be present at levels that create potential risks for humans and the environment. The data on the
composition, characteristics, and distribution ofmicroplastics presented herein may be used in future
research or environmental monitoring and food safety assessment programs.
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Abstract - In this work, it has been developed polylactic acid (PLA) membranes using the phase inversion 
route (NIPS) with polyethylene glycol (PEG) as a pore-forming agent. The membranes were characterized in 
terms of thickness, contact angle, swelling degree, and porosity of the formed films. The membranes exhibited 
asymmetric formation, with an average thickness ranging from 0.20±0.02 to 0.24±0.02 mm. The contact angle 
test indicated hydrophilicity on the upper part and hydrophobicity on the lower part, attributed to the increased 
PEG concentration and membrane roughness. The average porosity increased with the pore-forming agent, 
reaching 86.46±0.63% for the M3 membrane, which showed a higher swelling degree (97.73%) after 48 hours. 
These membranes have the potential for applications in processes requiring hydrophobic porous membranes, 
such as membrane distillation.
Keywords: Polylactic acid, Membrane, Biopolymer, Swelling degree
Fundings: CNPq; CAPES

Introduction
Lactic acid has recently become a commercially interesting compound, mainly due to its use as a 
monomer to produce polylactic acid (PLA), a biocompatible and biodegradable biopolymer. Lactic 
acid is obtained from renewable sources, such as sugar or starch, through the biorefining process [1].
PLA has various potential applications and can be adapted into different resin grades and processed 
into a variety of products. The denomination term "polylactic acid" refers to a variety of polymers 
made from lactic acid, including poly-D-lactic acid (PDLA), poly-L-lactic acid (PLLA), and poly-D, 
L-lactic acid (PDLLA attracting attention as a sustainable key polymer, along with other notable 
characteristics such as gas barrier properties, elasticity, biocompatibility, thermoplasticity, UV 
barrier, hydrophobicity, stiffness, and high mechanical strength. All of these properties promote PLA 
application in membrane manufacturing [1], [2].
Due to their good thermal and mechanical stability, appropriate flexibility, and high permeability, 
biodegradable materials like PLA are highly useful for membrane manufacturing. Using PLA as
membrane precursor in substitute for non-degradable traditional polymer is a step towards protecting 
the environment [3].
The miscibility of PLA in different nonpolar organic solvents holds great potential for membrane 
preparation, likewise as through the non-solvent-induced phase separation (NIPS) method. In this 
process, a controlled separation occurs in which the polymer solution is transformed from the liquid 
phase to the solid phase [4].
However, PLA membranes were found to be weakly hydrophobic and prone to fouling [5], [6]. This 
characteristic can be a disadvantage for their use in some membrane separation processes, such as 
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reverse osmosis and microfiltration. However, it opens up possibilities for application in other 
membrane-related fields, such as membrane distillation and pervaporation. Therefore, in this work, 
the formation of a PLA membrane with different concentrations of the pore-forming agent 
polyethylene glycol (PEG) using the NIPS method was studied to obtain hydrophobic PLA 
membranes and evaluate their influence according to the pore-forming agent added. 
 
Experimental 
Materials 
The membrane synthesis used polylactic acid (PLA) (Sigma-aldrich) as the polymer, polyethylene 
glycol 400 (PEG) (Synth, P.A.) was used as the pore-forming agent, and dimethylformamide (DMF) 
(Anidrol, N,N P.A. ACS, 99.8% purity) was used as the solvent for the solution. Distilled water was 
used as the non-solvent and for contact angle evaluation end swelling degree. Absolute ethanol 
(Anidrol, P.A. 99.5% purity) was used in the porosity test. 
 
Membrane synthesis 
The membrane solution was prepared by adding 15% (w/w) of PLA at varying concentrations of 0, 
1, 2.5, and 5% (w/w) of PEG to the DMF solvent, resulting in solutions named M0, M1, M2, and M3, 
respectively. The solution was gently heated (60 °C) and stirred for 4 h to ensure complete dissolution 
of the polymer in the solvent. After this period, the solutions were sonicated to a 30 min ultrasonic 
bath. The solution was spread using a glass rod on a rectangular glass plate measuring 15.0 cm x 25.0 
cm, with the edges sealed with 0.36 mm thick insulating tape. Immediately after spreading, the glass 
plate with the solution was submerged in a coagulation bath of deionized water at room temperature. 
After 24 h, the plate with the membrane was removed from the coagulation bath and covered with 
another glass plate to prevent deformation during drying. After more 24 h, the top glass plate was 
removed to allow excess moisture to leave the membrane. The drying process occurred naturally at 
ambient conditions (20 °C). 
 
Membrane characterizations 
The thickness of the formed membranes was determined by taking ten random measurements using 
a digital caliper (MTX 316119). The hydrophobicity of the membranes was evaluated by measuring 
the contact angle, where triplicate measurements were performed using a Goniometer (Ramé-Hart, 
250) in conjunction with DROPimage imaging software. The measurements were conducted using 
distilled water, and the volume of the droplet used for each measurement was 5 µL. 
To determine the porosity ( ), square samples of the membranes measuring 1.0 cm x 1.0 cm were 
dried in an oven at 60 °C until their mass no longer varied significantly. The dried samples were then 
placed in a desiccator and weighed. The samples were submerged in 99.5% absolute ethanol for 24 h 
to allow the ethanol to occupy the pore volume. The wet samples were then weighed. The procedure 
was performed in triplicate, and the results were calculated using Eq. 1, where mu is the mass of the 
wet sample in kg, ms is the mass of the dry sample in kg, e is the density of the ethanol used in kg.m-

3 (789 kg.m-3), and m is the density of the dry sample in kg.m-3. In the case of PLA membranes, m 
is the density of the polymer itself (1240 kg.m-3). 

                                                                             

                                                                             (1)   

 
The swelling index (SI) of the membrane in water was determined in samples of the membranes (1 x 
1 mm) on immersion in distilled water. The wet weight (mu) was measured after removing excess 
water from the surface of the membrane using absorbent material. The weight of the dry membrane 
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(Ps) was determined after drying in a vacuum oven at 60°C for 24 h. The degree of swelling was 
calculated according to Eq. 2, where mu is the mass of the wet sample in kg, and ms is the mass of the 
dry sample in kg. 

                                                    (2) 

                                                          
Results and Discussion 
PLA membrane 
By producing different membranes, it was possible to evaluate the morphological differences in the 
different faces of the formed membranes. The M0, M1, M2, and M3 membranes exhibited distinct 
characteristics between the upper and lower faces, indicating asymmetry in the pore structure of the 
membranes due to the tendencies of the NIPS methodology. Fig. 1. shows an image of the PLA 
membrane (M3) formed using the phase inversion (NIPS) methodology. 

 
Figure 1- PLA membrane (M3) formed by the NIPS methodology. (a) Top surface; (b) Bottom surface. 
 
This occurrence of different surfaces is due to the intrinsic NIPS process. The coagulation of PLA 
occurs when the polymer solution film is immersed in the water bath. During this process, the polymer 
solvent, DMF, is gradually removed, causing the gelation of PLA. Then, the top surface of the 
membrane is in direct contact with water, while the bottom surface is in contact with the glass plate, 
which can result in a difference in the speed at which the coagulation phenomenon occurs, with the 
top surface coagulating faster than the bottom surface. Tawil et al. (2018) observed this same 
tendency when using the NIPS methodology for PLA membrane production. The average thickness 
of the obtained membranes was 0.20 ± 0.02 mm, 0.22 ± 0.024 mm, 0.22 ± 0.01 mm, and 0.24 ± 0.02 
mm for the M0, M1, M2, and M3 membranes, respectively [7]. 
  
Hydrophobicity 
The hydrophobicity of the membranes is shown in Fig. 2. It is worth noting that all PEG containing 
membrane exhibits hydrophobicity on the bottom surface, which supports the indication of structural 
asymmetry in the PLA membrane formed by the NIPS methodology. The membrane M3 presents the 
most distinct hydrophobicity.  

 
Figure 2- Results of contact angle tests on the top and bottom surfaces of the M0, M1, M2, and M3 membranes. 
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Nigiz et al. (2023) observed in the contact angle of PLA membranes was 99° [8]. On the other hand, 
Shokri et al. (2022) obtained a contact angle of 85° with pure PLA membranes [9]. The results in the 
literature demonstrate the intrinsic hydrophobic nature of PLA, and there is a tendency for an increase 
in membrane hydrophobicity with an increase in PEG concentration, which may be related to a 
possible increase in membrane porosity and roughness. 
 
Porosity and swelling degree 
The obtained results demonstrate that the membranes have high total porosity. The M3 membrane, 
with the highest PEG concentration (5%), reached the highest porosity of 86.46 ± 0.81 %, which 
represented a 7% increase compared to the M0 membrane. The M0, M1, and M2 membranes had 
total porosities of 79.44 ± 0.15 %, 80.94 ± 0.27 %, and 76.21 ± 0.74 %, respectively. When compared 
to the literature, it can be observed that the results are consistent with the formation of PLA 
membranes using the NIPS methodology. Table 1 provides a comparison of porosity with different 
authors. 
 
Table 1- Comparison of porosities obtained by the author and reported in the literature. 

Porosity (%) Reference 

86,50 ±0,87 M3 
81,40 (LIU et al., 2022) [10] 
78,00 (SHOKRI et al., 2022) [9] 

 
The results also demonstrate that the use of PEG as a pore-forming agent has contributed to an 
increase in the porosity of PLA membranes using the NIPS methodology. The swelling degree profile 
of the membranes was evaluated until 48 h and is shown in Fig. 3.  

 
Figure 3- Swelling profile of membranes M0, M1, M2 and M3 during 48h. 

 
The results demonstrate that the membrane increased porosity of the M3 membrane caused the 
membrane to swell a greater amount of water at the end of 48 h, a greater increase than that evaluated 
in the other membranes. The M0 membrane initially had greater water retention, which may be related 
to its hydrophobicity, superior to the other membranes on both sides. 
 
Conclusion 
In this study, PLA membranes were developed using polyethylene glycol as a porogen agent through 
the phase inversion method known as NIPS. Visual analysis revealed that the formed structures 
tended to exhibit asymmetry in pore size distribution between the different faces of the membrane. 
The M3 membrane, with a higher concentration of PEG during formation, exhibited distinct 
hydrophobicity between its faces, which supported the hypothesis of membrane asymmetry. The 
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membranes demonstrated high porosity, and the use of PEG facilitated increased porosity. Based on 
all the presented results, it can be concluded that the developed membrane has great potential for use 
in various membrane separation processes, such as pervaporation. 
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Abstract - To reduce the pollution caused by conventional plastics, several new polymers using biodegradable raw
materials have been proposed. Among them, bacterial cellulose (BC) biopolymer has been suggested for several 
applications. In this context, the objective of this work was to evaluate the atmospheric degradation of dry BC from the 
genus K. hansenii, produced in 2 media (an alternative medium without addition of free carbohydrate, non-fermentable 
glucose (P100) and the standard medium, Hestrin-Schramm (HS)). The samples evaluated are biodegradable, 
biocompatible and non-toxic. 7 HS and 14 P100 samples were exposed along 75 days to atmospheric conditions in 
Serra Talhada/PE. They were evaluated for mass loss, thickness, and physical/visual inspection over time. All samples 
were susceptible to environmental attack, and the HS membranes were more noticeable due to changes in coloration, 
higher percentage of mass loss and decreased thickness compared P100, thus P100 showed greater resistance.

Keywords: Biodegradable, biopolymer, atmospheric degradation

Introduction

Petrochemical polymers often have prolonged degradation cycles, which makes their waste a 
serious environmental problem. In this sense, there is a need to employ biopolymers, which stand 
out for being environmentally friendly, sustainable, and presenting physical-chemical properties 
compatible with fossil sources, but with the additional advantage of being biodegradable [1].
Cellulose (C6H10O5)n is a linear syndiotactic homopolymer consisting of D-anhydroglucopyranose 

-1,4 glycosidic bonds, with repeated units (glucose dimer or cellobiose). This 
macromolecule is found in plants, but can also be produced by microorganisms, such as bacteria, an 
exemplary genus being Komagataeibacter hansenii. Although the chemical composition of 
bacterial cellulose (BC) is identical to that of plant cellulose, its properties are superior due to the 
nanometric dimensions of its fibers, high purity (absence of hemicellulose, lignin, and pectin 
residues), biocompatibility, biodegradability, and non-toxicity. These characteristics confer 
advantages to BC regarding to mechanical strength and enable its wide application in industry [2-3].
Due to the chemical nature of bacterial cellulose (BC), the degradation process is irreversible, since 
changes occur in the chemical and physical structure of the material, affecting properties such as 
integrity, molecular weight, structure, mechanical strength, and fragmentation [4]. Degradation can 
be caused by abiotic factors such as sun, heat, and humidity, known as atmospheric degradation or 
natural weathering, and biotic factors such as bacteria, fungi, and algae [5].
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Feel studies about atmospheric degradation of BC were reported, and they have shown that the 
deterioration of cellulose in animal and human tissues is a slow process due to the absence of the 

-1,4 linkage. Therefore, although having a degradable material 
that can be used on an industrial scale, it is necessary to optimize and synchronize the degradation 
time and understand the influence on mechanical properties under different climatic conditions, to 
make it a viable commercial product [6]. 
Another relevant factor to be considered is the culture medium used for industrial scale production, 
since around 30% of costs are directed only to the fermentation medium, limiting the participation 
of bacterial cellulose (BC) in the market. This is because some standard media for BC production, 
such as the Hestrin-Schramm (HS) medium, have a high cost. Therefore, it is essential to develop 
new low-cost media, rich in nutrient sources, for BC production, to ensure its application in various 
fields [7-8]. 
Thus, in this study, bacterial cellulose membranes enriched with an alternative medium lacking 
fermentable carbohydrates (referred to in this study as P100) and Hestrin-Schramm (HS) 
membranes were used to evaluate the behavior of these materials under abiotic factors (exposure to 
the atmosphere of the Sertão do Pajeú) through the percentage of mass loss and physical/visual 
inspection. 
 
Experimental  

Materials 

The Komagataeibacter hansenii bacterium deposited in the culture bank of the microbiology 
laboratory at UFPE was used as a BC producer for the preparation of culture media and inoculum. 
For the inoculum preparation, the saline medium [9] was used, and for the HS standard medium, the 
composition described by [10] and adapted by [11] was used. For the alternative P100 medium, 
non-fermentable carbohydrates were used.  

Production of bacterial cellulose membranes  

The inoculum was prepared using 200 mL of saline solution plus 2 mL of P.A. ethyl alcohol and 
three loops of Komagataeibacter hansenii bacteria in static culture. The inoculum was incubated for 
72 hours. After this period, 5 mL of the inoculum was transferred to 50 mL culture media 
containing P100 (100% w/v) and the standard HS medium at the same concentration, with the 
addition of 0.5 mL of P.A. ethyl alcohol. The bacterial cellulose membranes were produced in situ 
under static conditions for 15 days at 28°C ± 2°C. After the fermentation period, the membranes 
were washed with distilled water and then submerged in distilled water in Erlenmeyer flasks and 
sterilized in an autoclave at 120ºC, 1 atm for 15 min. After cooling to room temperature, the 
membranes were dried in a freezer at -2°C until a constant weight was achieved by removing the 
water. Subsequently, they were exposed to the study of atmospheric degradation. 

Atmospheric degradation and physical and visual inspection  

The present study was conducted in the municipality of Serra Talhada - PE (altitude 429 m, latitude 
07°59'7'' South and longitude 38°17'34'' West) with natural atmospheric exposure of the region. 
Seven samples of the standard HS medium and 14 samples of the P100 medium were used, with 
dimensions of (4.0 cm x 1.0 cm). They were then placed in a device with holes to avoid water 
accumulation and fastened to the surface with a copper wire to prevent them from being lost due to 
wind action. The samples were analyzed for mass, thickness (measured with a Mitutoyo 
micrometer), and visual aspect (color and flexibility) before exposure (day 0) and at intervals of 7, 
15, 30, 45, 60, and 75 days. For each removal of a standard HS membrane, two P100 samples were 
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removed for comparative test. During the degradation study, meteorological data, such as 
temperature, rainfall, and relative humidity, were collected and recorded from the database of the 
National Institute of Meteorology portal [12]. 
 
Calculation of mass loss  

The percent mass loss R (%) was calculated for the days (0, 7, 15, 30, 45, 60 and 75) according to 
Eq. 1, where Mo is the initial mass and Mt is the final mass [13]. 

                                                                                                           (1) 

 
Results and Discussion 
 
Fig. 1 illustrates the percent mass loss profile of the dried samples during monitoring of the HS and 
P100 membranes. 

 
Figure 1 - Percent mass loss of HS and P100 membranes. 

 
The results obtained for the thickness (mm) and visual appearance parameters of the bacterial 
cellulose membranes from HS and P100 media are presented in Table 1 for the samples analyzed at 
0, 7, 15, 30, 45, 60, and 75 days. 
  

Table 1 - Parameters for thickness and visual aspect. 
Membranes Thickness (mm) Visual aspect 

HS1 - 0 0.018 ± 6x10-4 Porous and flexible orange color 
P1001.2 - 0 0.011 ± 6x10-4 Porous and flexible white color 

HS2 - 7 0.010 ± 6x10-4 Porous and rigid white color 
P1003.4 - 7 0.010 ± 6x10-4 Porous and rigid white color 
HS3 - 15 0.009 ± 6x10-4 Porous and rigid white color 

P1005.6 - 15 0.010 ± 6x10-4 Porous and rigid white color 
HS4 - 30 0.010 ± 6x10-4 Porous and rigid white color 

P1007.8 - 30 0.010 ± 6x10-4 Porous and rigid white color 
HS5 - 45 0.009 ± 6x10-4 Porous and rigid white color 

P1009.10 - 45 0.010 ± 6x10-4 Porous and rigid white color 
HS6 - 60 0.010 ± 6x10-4 Porous and rigid white color 

P10011.12 - 60 0.007 ± 6x10-4 Porous and rigid white color 
HS7 - 75 

P10013.14 - 75    
0.008 ± 6x10-4 

0.008 ± 6x10-4 
Porous and rigid white color 
Porous and rigid white color 

*Mean ± Standard deviation. For each removal of a standard HS sample, two P100 samples were removed. 
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In the highlighted Fig. 2, one can observe the color change (orange - white) of the HS membranes 
after 7 days of exposure to the abiotic factors. 
 

 
Figure 2 - (A): before exposure to abiotic factors and (B): after 7 days of exposure. 

Analyzing Fig. 1 and Table 1, it can be understood that the highest peaks of percentage loss 
correspond to rainy days in the region at 7 and 75 days, with a rainfall index of 23.3 mm and 29.2 
mm, respectively [14]. Additionally, membranes from the alternative P100 medium showed a 
tendency of lower percentage mass loss between days 7 to 75 when compared to HS samples, 
indicating that the material is more resistant to adverse conditions with exposure periods. This is 
consistent with the study conducted by Camargo (2020) [1], who used BC in its wet aspect in the 
HS medium under natural weathering conditions and observed significant mass loss at 75 days. 
During the exposure period, the temperature and average humidity of the environment were 27°C 
and 54.8%, respectively [12].  

Conclusions 

During the experiment, it was observed that the membranes from the alternative medium P100 had 
a lower tendency towards percentage of mass loss, did not change in coloration, and presented 
greater resistance, manually evaluated, compared to the membranes from medium HS. This 
suggests that P100 medium may have broad applications in industry, as it is a low-cost medium. 
Additionally, the BC from the HS medium underwent a change in its physical and visual 
appearance after 7 days of exposure to abiotic factors, changing color from orange to white, 
decreasing in thickness, and becoming rigid. However, to more detailed analysis, it is necessary to 
continue the study to identify the resistance time of each type of membrane to atmospheric 
conditions.  
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Abstract - The demand for environmentally friendly alternatives to polymeric materials, associated by the substantial 
waste produced by the wine industry, making active biodegradable films an enable area of study. This work aims to 
produce and characterize cassava starch biofilms with varying percentages of grape waste flour (0, 0.5, 2, and 4 wt.%) 
and 20 wt.% glycerol. The film structure was evaluated by transmission optical microscopy and the mechanical properties 
by tensile test. The films were produced by casting method with ultrasonic treatment. A uniform structure indicated good 
flour incorporation into the cassava starch. The addition of flour caused a significant decrease in tensile strength of the 
films containing 2 or 4% of flour, compared to the pure film. However, the total deformation is maintained. Density and 
thickness values gradually increased with the amount of flour added to the films. Thus, it is verified that the biofilms 
analyzed are promising for the packaging industry.

Keywords: Biofilms; wine industry; casting method; microscopy; tensile test.

Fundings: FAPESC Brazil (PAP 2021TR854) and CAPES Brazil (PROAP/AUXPE)

Introduction 
Brazil generates approximately 79 million tons per year of solid waste, 13.5 % of which is 

plastic, thus occupying the fourth position of the countries with the 
waste production [1].

Due to the high demand for plastics today and their intermittent consumption, many lines of 
research have emerged to evaluate the production of this material from alternative resources. 
Biodegradable films are mainly composed of organic matter and biodegradable sources. They
decompose into simple compounds in the biodegradation process under the influence of yeasts,
bacteria, or fungi. It is a promising alternative to replace, at least partially, the conventional synthetic 
polymers of plastic packaging [2]. 

Starch is a material that stands out in the production of biofilms due to its characteristic 
biodegradability when released into the environment, renewable source, low cost, and excellent 
availability for use on an industrial scale. A plasticizer is incorporated to modify the adhesion, 
mechanical and thermal properties because starch-only films are normally brittle and not very 
flexible. For starch-based biofilms, the most used plasticizers are polyols such as glycerol. Due to its 
compatibility and interaction with starch chains, glycerol increases molecular mobility and, 
consequently, the flexibility of starch films [2,3,4,5].

To reduce the cost of producing biodegradable films and adding value to food by-products,
fruit and vegetable processing residues are used to develop in films, edible coatings, and bioactive 
packaging. Food packaging systems aim not only to ensure food safety but also to prolong storage 
time and decrease the negative impact of synthetic polymers on the environment [6].
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Among the diversity of fruits in nature, the grape reaches a prominent position due to the 
volume produced worldwide and in Brazil, due to its unique palatability and use as a raw material in 
the production of wines and juices, where the skins, seeds, and stems become industrial waste rich in 
antioxidant compounds and dietary fibers [7]. Wine production generates solid organic waste 
composed of seeds and grape skins that correspond to approximately 20 % of the weight of the fruit. 
This by-product is rich in fiber and antioxidants, and its use as a functional ingredient could promote 
a rational use [8,9].  

Thus, the present project aims to develop biofilms of cassava starch matrix and different 
percentages of flour as a by-product of the wine industry, added with plasticizer glycerol, and evaluate 
the microscopic and mechanical properties of the systems.  
 
Experimental  

The films were produced by the casting method, and four formulations were studied, with 
variation in the percentage (0 %, 0.5 %, 2 %, and 4 %) of starch flour of grape residue 5 % and 
glycerol 20 % on starch was used for all formulations. The flour and water were homogenized with a 
magnetic stirrer for 10 min without heating. The solution was heated to 60 ºC for two minutes for 
homogenization. Then, the solution was placed in an ultrasonic bath at 60 ºC for five minutes with 
continuous dispersion.   Then, glycerol was added to the solution and kept in agitation at 75 (±5) °C 
for 20 min. After reaching room temperature (21 ºC), the filmogenic solution was poured in 
proportionately to 0,236 g/cm2

 in plates and was dried for 24 h at 40 ºC. 
Transmission optical microscopy (TOM; KONTROL IM100 with axle Z) was used to analyze 

the filler dispersion state in the starch matrix. 
The films were characterized in terms of thickness, measuring eight random points of the 

sample with a digital micrometer and density based on their weight and thickness. The tensile test 
was performed according to ASTM 882-18 in texturometer TA.XTexpressC (Stable Micro Systems).   
 
Results and Discussion  

The thickness and density results are shown in Table 1. It is possible to observe that with the 
increase of the amount of flour in the systems, the thickness increases, and the density decreases. The 
presence of flour had little effect on the final weight of the samples. Thus, the change in density is 
related to the change in the volume of the sample, that is, an increase in thickness.  
 The increase in thickness is caused by the final appearance of the films, where the added flour 
resulted in micro reliefs at points where the flour grains were attached to the film. These reliefs caused 
the thickness to increase without significantly affecting the final weight, resulting in a decreased 
density. 

 
Table 1  Thickness and density of the film samples. 

Sample 0 % 0.5 % 2 % 4 % 

Thickness (mm) 0.116 ± 0.005 0.110 ± 0.009 0.121 ± 0.001 0.142 ± 0.004 
Density (g/mm3) 0.138 ± 0.007 0.132 ± 0.002 0.117 ± 0.008 0.108 ± 0.002 

 
Through optical transmission microscopies (TOM) it was verified that the grape flour was 

well incorporated into the cassava starch matrix, forming continuous films and without evidence of 
voids at the particle/matrix interface, Fig. 1. This type of homogeneous structure is fundamental for 
the packaging development because they are more effective as a barrier to prevent the passage of 
oxygen, water vapor, and other gases, providing more protection against food spoilage and increasing 
its shelf life. It also indicates that the processing conditions were adequate. Biofilms with 
heterogeneous structures can be suitable sites for the growth of pathogenic bacteria, thus presenting 
a risk to public health. 

1531



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

It is possible to observe a compact structure, despite a heterogeneous appearance, caused by 
flour grains and small bubbles. No fissures were observed in the structure, indicating that the 
incorporation of the grains did not damage the films. 

Figure 1 Microscopy of biodegradable films with a) 0%, b) 0.5%, c) 2% and d) 4% of grape waste.

Figure 2 Tensile test result of the grape flour biofilms systems and the pure starch biofilm matrix.

d)c)

b)a)

1532



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

 
By the tensile test, according to Fig 2., considering the average values and comparing with the 

matrix without the addition of flour (0 %), the rupture stress, which is the maximum stress that a 
material can withstand before breaking, was very similar with the sample of 0.5 %. However, for the 
other systems with more flour (2 and 4 wt.%), the tension decreased 25% and 32% in relation to the 
pure matrix, respectively. This can be caused by the interaction between the chemical compounds 
found in grape flour with the molecules present in the biofilm interfering with the integrity of the 
polymer matrix, as well as the content of total sugars present in the fruits that can act as a plasticizer, 
weakening the intermolecular forces, reducing the resistance of the films [10]. 

Flour granules, especially the larger ones, can be a relevant factor in the mechanical 
performance of biofilms. The particles can act as defects and lead to stress build-up, triggering the 
crack propagation initiation point at the fracture. However, despite the failure stress having decreased, 
it was verified that the deformation increased with adding a greater amount of flour in relation to the 
pure matrix. And the biofilm with 0.5 wt.% of particles again maintained a similar result to the system 
without flour. The highest increase was for the biofilm sample with 4 wt.% flour, a 6% increase over 
the pure starch matrix. This indicates a good dispersion of the particles in the polymer, and the 
biofilms are more elastic as the flour is incorporated. However, the decrease in the rupture stress 
indicates they are less resistant. 
 
Conclusions  

The addition of grape residue showed an increase in thickness and a decrease in density in 
relation de pure matrix. It also significantly modified the rupture properties of the biofilms systems, 
making the biofilms less resistant to fracture, but their deformation increased with adding a greater 
amount of flour (4 wt.%). A small amount of flour (0.5 wt.%) does not significantly influence the 
mechanical properties of the matrix, but it can be relevant as an active component in food packaging. 
The microscopic structure indicated that the flour is well incorporated into cassava starch in all 
formulations, forming a continuous film without voids at the interface between polymer matrix and 
particles.  
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Abstract - In this work, a chitosan porous membrane was synthesized by solvent evaporation technique using acetone 
as a non-solvent. The membrane was characterized by wettability (contact angle, swelling index), open porosity, 
crystallographic properties (XRD) and thermal analysis (DSC). The acetone concentration strongly affects the 
membrane features. Water contact angle values presented a moderate hydrophobic behavior ( > 80°). Acetone 
promotes an increase in open porosity, swelling index, and a decrease in contact angle and crystallinity index. DSC 
analysis indicates a shift in degradation temperature between the precursor powder and chitosan membranes. However, 
no significant changes in Tg were noticed. Therefore, according to the intrinsic tunable effect of acetone addition, the 
membrane material obtained could be very promising to be further applied in membrane separation processes.
Keywords: Chitosan. Porous Membranes. Acetone. Biopolymer.
Fundings: CAPES; CNPq

Introduction 
Chitosan materials have drawn growing attention as a promising renewable biopolymer soluble in 
aqueous acidic media [1,2]. The biggest advantages of biopolymers, such as chitosan, are non-
toxicity, biocompatibility, and biodegradability. Also, different from the common synthetic 
polymers, the precursor raw materials come from renewable sources [3]. Therefore, chitosan has 
been increasingly used as a membrane precursor material for separation, concentration, and 
purification in different membrane applications [4]. 
The most common shaping route for chitosan membranes and films is denominated solvent, 
solution casting, or solvent evaporation [5]. This method consists of the first polymer dispersion in 
low concentrated organic acid solvents, especially acetic acid, following a drying step for complete 
solvent removal. The technique is limited to one specific material structure, to thin films usually 
deposited over a glass surface, and in the production of dense or low porous structures [5].
When a slow and gradual drying step is applied in the solution casting method, it is possible to 
obtain a chitosan material with a submicrometric pore size [6, 7]. Based on this, Sahebjamee et al. 
(2020) [8] developed porous structures of chitosan and other hydrophilic polymers by applying 
acetone as a non-solvent together in the dissolution process. Knowing that in certain solid loadings 
of chitosan exist a certain tolerance to amounts of organic solvents with a small carbon chain, their 
results produced a significant gain in porosity and surface area in only one condition tested. 
However, their work did not evaluate the effect of pure chitosan on the presence of acetone at 
different concentrations. Therefore, this work aims to develop a chitosan porous membrane 
synthesis by solvent evaporation technique using acetone as a non-solvent, producing a porous and 
hydrophobic material suitable for the membrane separation processes.
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Experimental
Materials
The reagents used in all preparations, purifications, and characterizations are of analytical purity 
and were purchased from commercial sources and have not undergone prior purification. The 
synthesis of the membranes used medium molar mass commercial chitosan powder as a solid base 
material (Sigma-Aldrich, MM: 190-310 kDa, DD 75-85%), glacial acetic acid as an additive 
(Sigma-Aldrich), and acetone as a non-solvent (Exodo Científica, purity >99%). Deionized water 
(SPlabor) was used as a solvent in the production of membranes and to characterize contact angle 
and degree of swelling.

Membrane Synthesis
For the preparation of the membranes, the experimental route was based on Sahebjamee et al.
(2020) [8]. First, samples with different compositions of chitosan content in mass fraction, in 
relation to total solvent mass, and different solvent volume ratios (water/acetone) were tested, as 
shown in Table 1.

Table 1 Overview of Materials Used
Component Function Amount

Chitosan Powder Matrix 1.0 wt%
Water (S1) Solvent Volume Ratio 

S1:S2 (1:0 8:1)Acetone (S2) Non-Solvent
Acetic Acid Additive 1.0 wt% in Water (S1)

The experimental preparation consists of four steps. First, a diluted solution of acetic acid was 
prepared in water at a fixed concentration of 1% (v/v). The second step consists of mixing all 
components: the desired amounts of acetone are added, and then the chitosan content is placed in 
the system; samples without the acetone addition were tested as a control. The third step consisted 
of magnetic stirring of the system at room temperature (25 ± 2 °C) until the solution was as 
homogeneous as possible. The last step is drying, which takes place at room temperature for 48 h in 
a fume hood with a relative humidity of ~60%. To facilitate the process of removing the dry 
membrane, a polyester terephthalate film (Mylar©) was glued with a double-sided adhesive tape 
and used on glass supports.

Membrane Characterization
The contact angle of the membranes was measured using a goniometer (Ramé-Hart model 250-F1) 
coupled with image processing software (DROPimage Advanced). The inserted volume of each drop on 
the membrane surface was approximately 10 L, and 3 measurements for each sample were performed 
randomly to produce an average value. The Swelling Index (SI) determination was performed by 
immersing dry pre-weighed samples in distilled water at room temperature for 48 h. After immersion, 
the membranes were gently set on absorbent paper to remove excess and then weighed at saturation. The 
experiments were performed in triplicate, and the results are presented as mean value ± standard 
deviation. Eq 1 shows how SI (%) was calculated and analogously to Eq 1, the open porosity (P, in %) 
can be estimated by expanding Eq 1 into Eq 2, where Mw and Md are the masses (g) of the wet and 
dry membrane samples, respectively. H2O is the density of water at room temperature 
(0.998 g.cm - 3) and qui is the density of chitosan powder (1.5 g cm-3) given by the literature [9].
.

(1)
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(2)

Membrane spectra were obtained by X-ray Diffractometry (XRD, Rigaku MiniFlex600) with a 
scintillation counter detector (K filter), using CuK radiation ( = 1.5418 A°), and 40 kV. The 
samples of chitosan powder and membranes were analyzed in a range of 5-60°, following a step of 
0.02° at a rate of 5°/min. Differential Scanning Calorimetry (DSC) measurements were performed 
in terms of degradation temperature (Tonset) and glass transition temperature (Tg). Solid samples 
with masses between 1 and 3 ± 1 mg were sealed in aluminum capsules and analyzed (Jade-DSC, 
Perkin Elmer). First, a heating and cooling curve was performed. The first run started with heating 
from 25 to 110 °C at 10 °C.min-1, followed by cooling down to 25 °C at 10 °C.min-1. The second 
run was performed with heating from 25 to 480°C at 10 °C.min-1. The Tg of the materials was 
determined through the average value of the inflection region of the calorimetric curve, while the 
Tonset was defined as the initial temperature where the degradation peak of the samples begins.

Results and Discussion 
Table 2 shows all the wettability properties (contact angle, swelling index, open porosity) of all 
membranes tested according to the variation in the volume ratio of water:acetone. The results show 
different values according to the presence of acetone and the volume of water:acetone ratio used.

Table 2 Wettability Properties Obtained
Sample Contact Angle (°) Swelling Index (%) Porosity (%)

1:0 86.19 ± 0.41 143.53 ± 24.17 67.36 ± 5.53
2:1 89.16 ± 3.46 163.02 ± 12.71 70.84 ± 1.88
3:1 99.34 ± 1.33 173.70 ± 40.21 70.88 ± 5.57
4:1 91.51 ± 2.37 247.11 ± 25.23 78.48 ± 2.19
5:1 88.17 ± 1.16 300.48 ± 19.53 81.77 ± 1.17
6:1 93.66 ± 0.64 237.65 ± 13.33 78.04 ± 1.22
7:1 100.01 ± 2.00 181.40 ± 17.69 72.88 ± 2.36
8:1 91.76 ± 0.58 164.99 ± 5.03 6719 ± 4.97

The water:acetone volume ratio employed promotes a maximum swelling index point. This value 
corresponds to 5:1 to 1.0 wt% of chitosan. This water uptake absorption capacity is related to the 
intrinsic hydrophilicity nature of the chitosan membrane [10]. Therefore, the present work shows
that the increase in the swelling index is associated with the volume water:acetone ratio used may 
be associated with the increase in the open porosity of the system. The open porosity results show 
the same behavior as the swelling index results. Optimized acetone conditions produce a porosity
percentage gain of 22.38% for 1.0 wt% of chitosan. These results demonstrate the importance of the 
presence of acetone in the production of the membrane microstructure and also reinforce the 
importance of optimizing the amount of acetone used for maximum porosity gain and better 
subsequent flow results. 
XRD spectra for chitosan powder and the chitosan membranes containing 1 wt% chitosan as the 
volume water:acetone ratio increases are presented in Fig 1. It is possible to observe the 
crystallographic changes of chitosan powder for its conformation in membranes, and that all of the 
samples present semicrystalline polymer structures. [7, 11]. In the powder precursor sample, an 
amorphous peak centered at approximately 9° can be seen, and this peak shifts to approximately 15° 
in membrane conformations and also increases its width, becoming less noticeable.
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Figure 1  XRD spectra for the membrane containing 1 wt% with the increase of water:acetone volume 
ratio. 
 
According to Llanos, Vercik and Vercik (2015) [12], the modification of this first orthorhombic 
peak is related to the change in crystallite morphology in the chitosan polymer network connected 
with the loss of hydrogen bonds and deprotonation of amino groups. Fig 2. shows the thermograms 
of the membranes with 1.0 wt% chitosan according to the water:acetone volume ratio used. The 
thermograms were presented to demonstrate the thermal behavior of the membranes against a 
heating curve after a stage of thermal drying of the material.  
 

 
Figure 2  DSC thermograms of the powder and membranes containing 1 wt% chitosan with different 
water:acetone solvent ratio. 
 
In these thermograms, it is possible to identify the glass transition temperature (Tg) at the inflection 
point of each curves (~135°C), and the starting degradation temperature (Tonset) (~240°C) 
represented as the onset temperature of the exothermic peak, where the degradation of glucosamine 
units occurs [13]. The literature comments that the temperature of thermal degradation of chitosan 
is a function of the crystallinity change of the material [13]. Therefore, this alterations in Tonset 
might be associated with the crystallinity changes presented in the membrane development.  
 
Conclusions 
Chitosan porous membrane synthesis by solvent evaporation technique employing acetone as non-
solvent was successfully performed. The synthesis route allowed to obtain membranes with high 
porosity, moderate hydrophobicity, and enhanced swelling index. Acetone was efficient as a porous 
agent and provide hydrophobicity in certain amounts. Its optimal volume ratio was 5:1. The crystallinity 
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index value has changed from the initial powder sample, but no strong alterations are observed between 
membrane composition systems. Tg remains constant in all membranes tested, but Tonset tends to be 
affected in relation to the acetone volume employed. The membrane material obtained is promising to 
be used in further membrane separation processes. 
 
Acknowledgements  
The authors are grateful to the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior 
(CAPES, Brazil, finance code 01) and Conselho Nacional de Desenvolvimento Científico e 
Tecnológico (CNPq, Brazil) for financial support. Also, the authors are grateful to the Central 
Analisys of the Chemical Engineering Department at Federal University of Santa Catarina for the 
membrane characterization results. 
 
References  
1. U.G.T.M Sampath; Y.C. Ching; C.H. Chuah. Materials 2016, 9, 12, 1 32. 

https://doi.org/10.3390/ma9120991. 
2. A.O. Silva; R.S. Cunha; D. Hotza; R.A.F. Machado. Carbohydrate Polymers 2021, 272, 

118472. https://doi.org/10.1016/j.carbpol.2021.118472 
3. M.E.A. Goosen. Applications of chitin and chitosan. Ed.; Lancaster: Technomic Publishing 

Company, 1996. 
4. V. Vatanpour; B.Y. Gul; B. Zeytuncu; S. Korkut; G. Ilyasoglu; T. Turken; M. Badawi; I. 

Koyuncu; M.R. Saeb. Carbohydrate Polymers 2022, 281, 119041 119066. 
https://doi.org/10.1016/j.carbpol.2021.119041. 

5. P. S. Bakshi; D. Selvakumar; K. Kardivelu; N.S. Kumar. International Journal of Biological 
Macromolecules 2020, 150, 1072 1083. https://doi.org/j.ijbiomac.2019.10.113 

6. N. N. Rupiasih; M. Sumadiyasa; H. Suyanto; P. Windari. Journal of Physics: Conference Series 
2017, 846, 1. https://doi.org/10.1088/1742-6596/846/1/012003. 

7. N. N. Rupiasih; M. Sumadiyasa; I.K. Putra. IOP Conference Series: Materials Science and 
Engineering 2017, 196, 1. https://doi.org/10.1088/1757-899X/196/1/012039. 

8. N. Sahebjamee; M. Soltanieh; S.M. Mousavi; A. Heydarinasab. Reactive and Functional 
Polymers 2020, 154, 104681. https://doi.org/10.1016/j.reactfunctpolym.2020.104681. 

9. K. Picker-freyer; D. BRINK. American Association of Pharmaceutical Scientist Technology 
Journal 2006, 7, 3, 1-10. https://doi.org/10.1208/pt070375. 

10. Z. Cui; E.S. Beach; P.T. Anastas. Green Chemistry Letters and Reviews 2011, 4, 1, 35 40. 
https://doi.org/10.1080/17518253.2010.500621. 

11. M.K. Arantes; C.L. Kugelmeier; L. Cardozo-filho; M.R. Monteiro; C.R. Oliveira; H.J. Alves. 
Polymer Engineering and Science 2014, 1 08. https://doi.org/10.1002/pen.24038.  

12. J. H. R. Llanos; L.C.O Vercik; A. Vercik. Journal of Biomaterials and Nanobiotechnology 
2015, 06, 04, 276 291. https://doi.org/10.4236/jbnb.2015.64026. 

13.  L. S Guinesi; É.T.G Cavalheiro. Thermochimica Acta 2006, 444, 2, 128 133. 
https://doi.org/10.1016/j.tca.2006.03.003.  

 

1539



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

"BEYOND SYNTHESIS: HOW ECOTOXICOLOGY CAN HELP DEVELOP 
SUSTAINABLE POLYMERIC MATERIALS"

Marcelo Gryczak1*, Tales S. Daitx1, Douglas Gamba1, Cesar L. Petzhold1

1 Institute of Chemistry, Federal University of Rio Grande do Sul (UFRGS), Porto Alegre, RS, Brazil 
marcelo.gryczak@ufrgs.br

Abstract - The article presents the importance of ecotoxicological evaluation in the design of new polymeric materials, 
ecotoxicology investigates the effects of chemical substances on ecosystems and living organisms, taking into account 
the interaction of these substances with the environment and their transport and transformation processes. Polymers, 
widely used in various industrial sectors, can cause significant environmental impacts, especially when improperly 
disposed. The study presents cases of the applicability of ecotoxicological evaluation in the development of new 
materials. The methodology of the case studies used was structured around: material, justification, bioindicators, 
parameters evaluated, and contribution to the development of the material. The examples used were the development of 
a composite LDPE/coal mining waste, a hydrogel from renewable sources, and a polymeric system for controlled 
release of fertilizer. The results highlight the relevance and effectiveness of implementing ecotoxicological evaluation 
in the design of new polymeric materials, allowing the conclusion that multidisciplinary studies with environmental 
perspectives are important in guiding the formulation of sustainable polymeric materials.
Keywords: Polymers, ecotoxicology, environmental impact, sustainability.

Introduction 
Ecotoxicology is a science that investigates the effects of chemical substances on ecosystems and 
living organisms, taking into account their interaction with the environment and its processes of 
transport and transformation. It is therefore crucial for assessing the environmental risks associated 
with chemical compounds, as well as guiding environmental management and the development of 
new materials and substances with lower environmental impact [1].
Polymers, which are widely used in various industrial sectors, can cause significant environmental 
impacts, particularly when improperly disposed. Polymers in general are highly resistant to natural 
degradation and therefore remain in the environment for long periods of time, affecting the quality 
of soil, water, and air. In view of these significant environmental impacts, it is essential that 
sustainable solutions should be developed for the production, use, and disposal of polymeric 
materials [2].
Considering the environmental impacts that can be caused by certain polymers, it is essential to 
evaluate the behavior and its potential effects in different environmental conditions, being able to 
integrate the ecotoxicological evaluation in the development of these materials [3]. These studies 
are essential for guiding the research of new polymeric materials and improving the manufacturing 
of existing one. The results of ecotoxicological studies can be used to identify the best ways to 
dispose and manage polymeric materials in order to minimize their impact on the environment [4, 
5]. Ecotoxicological studies in different environmental compartments and bioindicators are 
extremely important for understanding the exposure and effects of chemical substances in 
ecosystems. Since the dynamics of exposure is different in each environmental compartment, a 
preliminary understanding of the possible routes of contamination is necessary and, therefore, these 
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studies make it possible to evaluate the toxicity of pollutants in different organisms, from aquatic to 
terrestrial organisms [6].
The present study aims to analyze some examples of the applicability of ecotoxicological evaluation 
in the development of new materials in a polymer research group. To achieve this objective, case 
studies will be presented that demonstrate the relevance of adopting these practices in areas related 
to the conception of new materials. 
 
Experimental  
Regarding the methodological structure of this manuscript, we will present some case studies that 
were developed in the research group (SINPOL/UFRGS) with the aim of incorporating 
ecotoxicological evaluation into the development of new polymeric materials. Each case study will 
be structured as follows: title, justification, bioindicators, evaluated parameters, contribution to the 
material development and main publication. 
Examples will be presented on the implementation of environmental behavior studies in the for the 
following materials: LDPE/coal mining waste composite, hydrogel from renewable sources, and 
polymeric system for controlled release of fertilizer. 
With the methodological description, the overall results obtained from these studies will be 
presented in the next section, allowing for a more precise evaluation of the impact of 
ecotoxicological analyses on the development of these materials. 
 
Results and Discussion  
Table 1 presents the results of some case studies demonstrating the relevance and effectiveness of 
implementing ecotoxicological evaluation in the conception of new polymeric materials. 
 

Table 1: Presentation of case studies. 
Material: LDPE/coal mining waste composite 
Justification: The research group sought to develop a system to mitigate the environmental impacts 
caused by coal mining waste, through the formulation of a polymeric composite. 
Bioindicators: Eisenia fetida (avoidance behavior, feeding activity), Collembolos (mortality), Vibrio 
fischeri (bioluminescence). 
Contribution: The present study confirmed the effectiveness of blocking the formation of mineral acid 
drainage by the Low Density Polyethylene (LDPE) matrix interface, as well as establishing the relationship 
between the matrix/reinforcement fraction and the desirable properties with the resulting environmental 
behavior. 
Main publication: Gryczak, M., Wong, J. W., Thiemann, C., Ferrari, B. J., Werner, I., & Petzhold, C. L. 
(2020). Recycled low-density polyethylene composite to mitigate the environmental impacts generated 
from coal mining waste in Brazil. Journal of environmental management, 260, 110149. 

Material: Hydrogel from renewable sources 
Justification: This was a study developed to understand the environmental behavior in the formulation of 
a hydrogel from renewable sources used in agriculture. 
Bioindicators: Zea mays (growth and biomass balance), Allium cepa (root development), Eisenia fetida 
(avoidance behavior). 
Contribution: The study showed that the use of compounds from renewable sources in the hydrogel 
formulation can have significant environmental impacts. The acidification of the soil resulting from the 
dragging of certain compounds resulted in a decrease in terrestrial biological activity. Therefore, the 
implementation of this study during the formulation of the hydrogel contributed to the reevaluation of the 
hydrogel composition, taking into account the ecotoxicological effects found. 
Main publication: Study with intellectual protection. 

1541



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

Material: Polymer with controlled fertilizer release 
Justification: This study was implemented to evaluate the applied efficiency of the NPK fertilizer release 
profile in a controlled release polymeric system. 
Bioindicators: Lactuca sativa (index of germination and root development). 
Contribution: In this study it was possible to evaluate the efficiency and applicability of the controlled 
release systems that were developed, tracing a profile of conditions in which they favored the highest 
performance of plant growth. 
Main publication: Daitx, T. D. S., de Lima, V. S., Gryczak, M., Petzhold, C. L., Carli, L. N., & Mauler, 
R. S. (2020). Poly (hydroxybutyrate) based systems behavior on the controlled release of NPK 
fertilizers. Polymers for Advanced Technologies, 31(11), 2579-2587. 

 
The case studies presented demonstrate the versatility in the implementation of ecotoxicological 
studies in the development of polymeric materials. 
The first study and evaluation showed that it is possible to develop materials with greater 
environmental efficiency, reducing the impacts caused by mining waste, using a hydrophobic 
system. In the second, the formulation of a bio-hydrogel for use in agriculture was evaluated and 
through the implemented studies we identified compounds responsible for soil acidification and, 
based on this information, the hydrogel was reformulated to reduce its environmental impact. In the 
third study, the evaluated system allowed tracing a profile of conditions that favored the best 
performance of plant growth. This is important to understand the application of the developed 
material in relation to dose/response. 
Ecotoxicological studies are needed to assess the potential impact of polymers and their degradation 
products on the environment and its biota. These studies help to identify the toxicological 
mechanisms and effects of exposure to polymers on different organisms and to determine safe 
exposure limits to minimize the environmental impact of these materials [7]. 
 
Conclusions  
The case study examples presented in the article highlight the importance of ecotoxicological 
studies as a necessary characterization for the development of sustainable polymeric materials. It is 
evident that such studies allow the formulation of safer and more environmentally responsible 
materials. 
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Abstract Cotton fiber waste is abundant in the textile sector and due to its high cellulose content, is attractive to form 
regenerated cellulose filaments. This study aimed to obtain regenerated cellulose filaments using pre-consumption cotton 
waste as raw material and a system based on imidazolium ionic liquid and dimethyl sulfoxide (DMSO) as solvents. 
Filaments were obtained by wet spinning using water or ethanol as antisolvents and the degree of polymerization (DP), 
morphology, and mechanical properties were evaluated. Micrographs confirmed the complete dissolution of the cellulose 
in the ionic liquid/DMSO system and homogeneous regeneration. Compared to cotton waste, the DP was reduced by 95%
and 76% for filaments regenerated with water and ethanol, respectively. The mechanical properties were not affected by 
the antisolvent. In general, it was demonstrated that the life cycle of cotton fiber can be increased by using ionic liquid 
technology.
Keywords: Cotton fiber. Ionic liquids. Textile waste. Wet-spun filament. Regenerated cellulose.
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Introduction
At the end of the 20th century, large brands in the textile industry began the fast fashion movement,
a pattern of increasingly accelerated fashion development, leading to the excessive consumption of
clothes and other textile articles [1]. The high demand intensified the manufacture of these items,
generating a large amount of waste from the stages of the production process (pre-consumption waste)
and the inevitable post-consumption disposal. The textile segment has come to be considered the
second most polluting sector in the world, taking into account the volume of material discarded
without prior treatment [2].
This scenario has driven the search for alternatives for recycling textile waste to reduce the amount
of material disposed of in landfills or dumps and contribute to including textile waste in the reverse
logistics chain [3]. One of the alternatives for the reuse of cellulosic residues, for example, is the
development of artificial fibers using the processes of dissolution and regeneration of cellulose, such
as viscose and lyocell [4]. However, these traditional processes use aggressive solvents that have
environmental, economic, and social implications [5].
Given the limitations observed in the viscose and lyocell processes, new solvents, including ionic
liquids (ILs), have been studied. The ILs have important properties in the direct dissolution of
cellulose, which include thermal stability, low melting point, polarity, hydrophilicity, and viscosity,
producing fibers with characteristics of great commercial interest [6].
The present work aimed to obtain regenerated cellulose filaments from the dissolution of cotton 
textile waste in the IL imidazolium 1-ethyl-3-methylimidazolium chloride [Emim]Cl, using 
dimethylsulfoxide (DMSO) as co-solvent. The influence of the use of deionized water and ethanol as 
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antisolvents in the regeneration step on the degree of polymerization and mechanical properties of 
the filaments was investigated. 
 
Experimental 
Materials
Fibers from cotton waste, from the industrial process of textile plushing, were used to obtain 
regenerated cellulose filaments. Ionic liquid 1-ethyl-3-methylimidazolium chloride ([Emim]Cl) 
(Sigma-Aldrich, USA) was used as a solvent. Dimethylsulfoxide P. A (DMSO) was used as co-
solvent and ethanol P.A and deionized water as antisolvent. 
 
Dissolving the cellulose and obtaining the regenerated cellulose filament 
Dissolution of cellulose followed the procedure described by Liu et al. [7], with some modifications. 
Initially, cotton samples were dried at 105°C for 24 h to remove moisture. The cotton fibers (0.09 g) 
were dissolved in 3 g of ionic liquid at 110°C, under continuous magnetic stirring, with a heating oil 
bath [7]. Complete dissolution was observed by polarized light optical microscopy (ZEISS, 
AxioLab.A1 model). After dissolution, 1.5 g of DMSO was added to reduce viscosity.  
The wet spinning process of the cellulose dissolved was performed using an infusion pump (Fresenius 
Kabi, Injectomat Agilia model) with an attached syringe of 10.5 mm internal diameter, at a rate of 45 
mL/h. The solution was extruded directly into a bath of deionized water or ethanol at 25°C and kept 
at rest for 15 min for coagulation. Next, the regenerated cellulose filament was washed with plenty 
of deionized water to completely remove the residual solvent and co-solvent system and dried in an 
oven at 60 °C for further characterization. 
 
Degree of polymerization (DP) 
The degree of polymerization of cotton waste and regenerated cellulose filaments was determined 
according to the ASTM D1795-13 standard [8]. Initially, all samples were dried at a temperature of 
105°C to remove moisture. Subsequently, 0.018 g of cotton waste and filament samples were 
weighed. Fractionated into small pieces, each sample was inserted into a 250 mL Erlenmeyer flask 
containing glass spheres and 15 mL of water. After 15 min of continuous stirring, 15 mL of 
cuproethylenediamine solution (CUEN) at 1 M was added. With the flask sealed, maintaining the 
system under an inert nitrogen atmosphere, the dissolution was carried out in an orbital shaker (NL-
343-01, New Lab), at 25 °C, for 1 h. After complete dissolution, a 7.0 mL aliquot of the solution was 
transferred to the Cannon-Fenske capillary viscometer, and kept in a bath at 25 °C, to determine the 
flow time. The flow time of the CUEN solution, without the presence of cellulose, was also 
determined. 
The degree of polymerization (DP) was determined from Eq. 1. 

 (1) 

Where is intrinsic viscosity (dL/g), determined from Eq. 2. 
 

 (2) 

 
In Eq. 2, sp is the specific viscosity (dL/g) determined by rel  1. The relative viscosity ( rel) was 
determined by the ratio between the solution flow times through the solvent, in seconds, using the 
same viscometer [8]; C is the polymer concentration (g/dL); is the intrinsic viscosity (dL/g); and k 
is a constant (k = 0.13). 
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Morphological and mechanical characterization 
The morphological characteristics of the surface and cross-section of the regenerated cellulose 
filaments were analyzed by scanning electron microscopy (SEM). The samples were fixed with 
carbon tape on the stubs and covered with a thin layer of gold using the LEICA metallizer equipment 
(EM SCD 500, Austria). The analysis was performed using a JEOL microscope (JSM-6390 LV, USA) 
with an accelerating voltage of 10 kV to 15 kV. 
The mechanical resistance of the filaments was evaluated in terms of tensile strength, elongation at 
break, and tenacity, expressed in cN/Tex, according to the ASTM D2256/D2256M standard [9]. Test 
specimens with 150 mm in length were used. The tensile tests were carried out in a texturometer 
equipment (TA.XT Plus, Stable Micro Systems, United Kingdom), using a 50 N load cell, initial grip 
spacing of 10 cm, and cross-head speed of 2 mm/min. Ten replicates were used for each type of 
sample. The diameter of the filaments was measured with a digital micrometer (Digimess, Brazil), 
with 5 measurements along the length of the filament. 
 
Results and Discussion 
The dissolution kinetics of cellulose from cotton textile waste in imidazolium ionic liquid at 110°C 
was monitored for 150 min and the images are shown in Fig 1. It is possible to observe the effect of 
time on dissolution, considering that the amount of cotton fibers decreases with increasing dissolution 
time. The micrographs reveal that the cotton fibers were already dissolved in 90 min of dissolution. 
The presence of small particles still observed after cellulose dissolution was attributed to impurities 
of the cotton residue. These results indicate the dissolution potential of the ionic liquid [Emim]Cl, 
corroborating previous studies [10,11]. 
 

15 min 30 min 60 min 

   
90 min 120 min 150 min 

   
Figure 1  Dissolution of cellulose using ionic 9liquid [Emim]Cl evaluated over time by optical 

microscopy. 
 
The results of the degree of polymerization (DP) presented in Table 1 indicated a strong influence of 
the cellulose dissolution and regeneration process on this property. Filaments of regenerated cellulose 
showed a great reduction of DP in comparison with the cellulose from cotton waste. Regarding the 
antisolvent used for coagulation, filaments regenerated in ethanol showed less depolymerization 
(76%) when compared to filaments regenerated in water (95%). The potential of using water and 
ethanol as antisolvents was also verified in the study by Tan et al., who observed the performance in 
controlling the structure and properties of cellulose dissolved in imidazolium ionic liquid, with 
emphasis on ethanol, which promoted the aggregation of the cellulose chains [12]. 
 
Table 1  Degree of polymerization of regenerated cellulose filaments in imidazolium ionic liquid [Emim]Cl 

Material Coagulant Degree of polymerization (DP) 

Regenerated cellulose 
Water 177 ± 34 

Ethanol 847 ± 84 
Cellulose of cotton fibers - 3,587 ± 100 
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The morphology of the surface and cross-section of the cellulose filaments regenerated in water and 
ethanol, investigated by SEM, is shown in Fig 2. The micrographs indicate a smooth, dense, and 
homogeneous microstructure, with the absence of fibrous particles and pores. This result reveals the 
recycling potential of the cotton textile residue using the ionic liquid [Emim]Cl as solvent and DMSO 
as co-solvent in the dissolution of the cellulose, evidenced by the absence of undissolved fibers and 
a relatively uniform regeneration. The homogeneous and dense aspect of the cross-section of the 
regenerated cellulose filaments indicates that the regeneration process occurred homogeneously. Lee 
et al. reported similar results in obtaining regenerated cellulose filaments using imidazole ionic liquid 
as solvent and DMSO and DMF as co-solvents in dissolving cellulose [13]. 
 

  
Figure 2  SEM images of the surface and cross-section of cellulose filaments regenerated in water (a, b) and 
in ethanol (c, d). 
 
Values for diameter, tensile strength, elongation at break, and tenacity of the regenerated cellulose 
filaments can be seen in Table 2. The results of the samples regenerated in water or ethanol did not 
show significant differences (p < 0.05). The values of tensile strength are within the results achieved 
in processes with ionic liquids (130-375 MPa) observed by Hauru et al. [14]. Commercial viscose 
fibers present tensile strength in the range between 180 and 234 MPa, while lyocell in the range of 
315 to 423 MPa [15]. The results of previous studies indicate that the elongation, diameter, and 
tenacity values determined in the filaments regenerated in water and ethanol are of the same order 
[16,17]. It is important to point out that the mechanical properties of regenerated cellulose filaments 
are affected by the type of solvent and cellulose coagulant in dissolution processes using ionic liquids 
[4]. 
 
Table 2  Diameter, tensile strength ( ), elongation at break ( ), and tenacity of the regenerated cellulose 
filaments in imidazolium ionic liquid [Emim]Cl 
Antisolvent Diameter (mm)   Tenacity (cN/Tex) 
Water 0.24 ± 0.01 174.26 ± 26.59 6.18 ± 2.45 8.38 ± 1.07 
Ethanol 0.20 ± 0.03 182.32 ± 34.11 5.03 ± 1.48 7.84 ± 2.13 

 
Conclusions 
The present study evaluated the potential of the system based on imidazolium ionic liquid [Emim]Cl 
and DMSO in the recycling of cotton textile waste, transforming it into a regenerated cellulose 
filament. It was observed that the solvent system was efficient in dissolving the cellulose, with a 
dissolution time of 90 min. The wet spinning technique, using water or ethanol as coagulants, 
produced homogeneous filaments, with a dense microstructure and without undissolved fibers and 
pores. The regeneration with ethanol resulted in lower depolymerization than those with water, but 
the mechanical properties were similar. The technology of ionic liquids (ILs) used in the recycling of 
textile residues revealed great potential in industrial application and in the environmentally 
appropriate disposal of these residues and in increasing the useful life cycle of the cotton fiber. 
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Abstract - In this work a chemical recycling of poly(ethylene terephthalate) was performed through the microwave
glycerolysis reaction and their products were crosslinked to produce sustainable hydrogels for application on 
wastewater treatment of the textile industry. The depolymerization reaction was performed at 250 °C at different 
reaction times (5 min, 15 min and 30 min) and the depolymerization products were crosslinked with citric acid to 
produce hydrogels. All compounds were characterized by spectroscopy analysis and the results indicated the formation
of products of interest. Additionally, the hydrogels were applied on the removal of indigo carmine dye from aqueous 
solutions demonstrating adsorption capacity in the range of 40-97% by a pseudo-first order mechanism, indicating that 
the contact time between the hydrogel and the dye is decisive for a greater efficiency of adsorption.

Keywords: Chemical recycling, Dyes adsorption, Indigo carmine, PET recycling, Wastewater treatment.

Introduction 
Colored effluents are generated by various industries such as textile, cosmetics, paper, food, etc., 
and are highly toxic and present a risk to human health, aquatic ecology and the environment. 
Indigo carmine (IC) is one of the most popular dyes and is commonly used in the textile industry, 
especially in the dyeing of denim goods. In the denim textile industry approximately 3-12 g of IC is 
needed for coloring a pair of blue denim pants. Considering the use of IC in different areas of 
industry, around 40 ktons of the dye is produced annually based on the global demand. The 
presence of IC in the environment presents risks to human health when in contact with the body, as 
it can permanently damage the cornea, to the respiratory tract and the skin, causing severe irritation. 
In addition, contamination of surface water with the dye can increase turbidity and reduce the 
photosynthesis process, threatening aquatic ecosystems [1].

An alternative for the treatment of effluents from the textile industry is the use of adsorbent 
materials such as hydrogels, which are capable of adsorbing dyes and removing them from the 
effluent. Hydrogels can be produced from polymers and an alternative that arises is the use of 
industrial plastic waste, since the increase in its production and the difficulty to degrading this 
material leads to a large increase in the generation of plastic waste. Through chemical recycling, it 
is possible to transform these residues into monomers or macromonomers that can undergo 
reactions that lead to the preparation of materials such as hydrogels. Among polymeric waste,
poly(ethylene terephthalate) (PET) is very promising since it is one of the most generated plastic 
waste and can undergo chemical recycling using various reagents. A PET chemical recycling 
reaction is solvolysis, which consists of the use of solvents to promote depolymerization, an 
example is glycerol, a by-product of the biodiesel-production, whose demand is growing in some 
countries [2].
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In view of the above, the present work aims at the chemical recycling of PET via reaction 
with glycerol under microwave radiation (MW) and synthesizes a new class of sustainable 
polyester-type hydrogels using citric acid (CA) as a crosslinker. In addition, the materials obtained 
were structurally characterized and applied for the removal of the IC dye in aqueous medium.

Experimental 
Depolymerization of poly(ethylene terephthalate)

Waste PET (wPET) was collected from discarded PET soft drink bottles. The wPET was
cleaned with a soap solution rinsed with deionized water and dried. The material was cut manually 
into small pieces of approximately 50 mm2. The depolymerization reaction was conducted through 
glycerolysis reaction in a 1:6.25 (wPET:glycerol) molar ratio under MW conditions at 250 °C and 
zinc acetate catalysis (1 wt.% percent of wPET). The reaction was carried out at three different 
times (5 min, 15 min and 30 min) and the samples were named as dPET05, dPET15 and dPET30, 
respectively. The recycled products (dPET) were analyzed without prior purification through
Attenuated total reflectance Fourier-transform infrared (FTIR) and hydrogen nuclear magnetic 
resonance (1H NMR) spectroscopies and index of hydroxyls using a titration method [3]. 

Synthesis and application of hydrogels

For the synthesis of hydrogels, two different proportions of CA were studied (10 and 20 
mmol of crosslinker per gram of dPET). The reactions were carried out in an oil bath at 150 °C and 
tin (II) chloride catalysis (2 wt.% carboxyl content from CA) for 3 h and then the system pressure 
was reduced and the reactions continued until the material vitrified (about 2 h for 20 mmol of CA
and 1 h for 10 mmol of CA). After synthesis, the obtained hydrogels were submerged in deionized 
water in the proportion of 40 mL for 0.5 g of hydrogel for 48 h to remove the soluble fraction and
evaluate the water uptake capacity (Wu). Further the hydrogels were lyophilized and characterized 
by FTIR. 

Adsorption experiments with IC dye were conducted to study the capacity of the hydrogels 
to remove anionic compounds from aqueous solutions. Therefore, 200 mg of hydrogel were 
immersed in 25 mL of an aqueous solution of IC with a concentration of 10 ppm. At specific time 
intervals (0, 15 min, 30 min, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h, 7 h, 8 h, 9 h and 24 h), the residual dye 
concentration was measured by Ultraviolet-visible spectroscopy (UV-Vis) at max = 610 nm.

Results and Discussion 
Depolymerization of poly(ethylene terephthalate)

The depolymerization reactions of wPET (Fig. 1) were successfully conducted in all reaction 
times studied, generating a viscous liquid (dPET).

Figure 1. Glycolysis reaction of wPET under different microwave conditions.

For the samples dPET05, dPET15 and dPET30, the hydroxyl index was 313 ± 9, 292 ± 39
and 243 ± 31 mg KOH g-1, respectively. The highest hydroxyl index obtained in 5 min of reaction 
may be related to a larger excess of unreacted glycerol, while for longer times (15 min and 30 min), 
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the conversion of the glycerolysis is higher, decreasing residual glycerin and, consequently the
hydroxyl content. Furthermore, it was observed that the longer the MW radiation time, the less 
viscous and more yellowish the dPET. The more intense coloration may be due to the formation of 
the thermal degradation product of the glycerin present in excess and the decrease in viscosity may 
be related to a greater breakdown of the PET chains [4]. 

For 1H NMR analysis, a sign related to the hydrogens of the aromatic ring, originating from 
the PET chain, is observed at 8.12 ppm. The characteristics signals of glycerol are in the region of 
3.2 to 3.8 ppm and the signal at 3.4 ppm is characteristic of the hydrogens from ethylene glycol 
subproduct. This indicates the formation of the species of interest for all reaction times [4].  

The FTIR analysis was performed for all reaction times and also for the wPET sample. In 
Fig. 3(a) we can observe the bands at 3300 cm-1 and 1040 cm-1 that indicate the presence of new O-
H and C-O-H bonds, respectively. At 1729 cm-1 and 730 cm-1 there are signals of aromatic 
carboxylic esters, indicating the insertion of glycerol units in the PET chains, and the formation of 
the product (Fig.1) [4]. 

 
(a) 

 

(b) 
 

                     
Figure 3. FTIR-ATR of wPET and dPET obtained from different reaction times (a), and hydrogel 
synthesized from dPET30 crosslinked with 20 mmol of citric acid (b). 
 
Synthesis and application of hydrogels  
 

Aiming at the synthesis in as few steps as possible, dPET were used in the preparation of 
hydrogels without previous treatment, since unreacted glycerol itself has hydroxyl groups that can 
also undergo crosslinking. For all dPET samples, the synthesis of hydrogels was possible through 
cross-linking with citric acid. Through the FTIR analysis it is possible to observe the decrease of the 
intensity of the hydroxyl band in approximately 3300 cm-1 in comparison with the respective dPET 
sample, which is an indication of the occurrence of crosslinking (Fig. 3(b)) [4]. 

The material obtained was previously washed, which consists of immersion in deionized 
water for 48 h at room temperature. In this step, it was possible to determine the swelling capacity 
(Eq. 1) of the hydrogels as well as their soluble content (Eq. 2) [5], as shown in Table 1: 
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where Wwet and Wdry are the weights of the wet and dry hydrogel, respectively, and m1 is the dry 
hydrogel mass before washing and m2 is the dry hydrogel mass after swelling.
 
Table 1. Results of Wu and Si for the hydrogels dPET05-10 (05-10), dPET15-10 (15-10), dPET30-10 (30-
10), dPET05-20 (05-20), dPET15-20 (15-20) and dPET30-20 (30-20).   

Sample 05-10 15-10 30-10 05-20 15-20 30-20 
Wu (%) 639 ± 85 310 ± 63 604 ± 78 1122 ± 148 550 ± 89 1442 ± 175 
Si (%) 30 ± 4.6 24.8 ± 20.5 29.5 ± 0.8 19.4 ± 0.9 38.2 ± 5.5 83.9 ± 7.5 

 
It is observed that higher crosslinking content (20 mmol) gives the material a higher water 

uptake capacity and solubility. This is because CA introduces highly hydrophilic groups (-COOH) 
capable of interacting with water and promoting physical crosslink (ionic and weak hydrogen bond 
interactions). However, this effect leads to a lower mechanical resistance of the material and, 
consequently, its disintegration in the aqueous phase. On the other hand, at lower CA content the 
COOH groups tend to react with the hydroxyl groups attaching to the carbon chains producing a 
greater number of active sites. These sites are able to adsorb dye molecules and therefore it is 
expected that a higher adsorption of IC for hydrogels produced with lower CA content in shorter 
reaction times. This result is observed experimentally, according to Table 2, the highest adsorption 
content of 97% was obtained for the dPET05-10 sample [5,6]. This result is very positive because 
the objectives of the work regarding the recycling of plastic waste and dye removal were achieved, 
almost completely removing the contaminant.  

 
(a) 

 

(b) 

 
Figure 4. Capacity of IC adsorption (a) and pseudo-first order kinetic model for adsorption (b).  

 
In order to understand the adsorption mechanism, the kinetic analysis was performed by 

applying the equation of the pseudo-first-order in the linearized form (Eq. 3) [5]: 
 

   t
K

Q=QQ ete 303.2
loglog 1                           (3) 

 
where Qe and Qt (mg g-1) are the adsorption capacity of the material at the equilibrium and at time, 
respectively, and K1 (min-1) is the pseudo-first order rate constant.  

The high correlation between the experimental data applied to the pseudo-first order kinetic 
equation indicates that the adsorption mechanism of the hydrogels follows this model for the IC dye 
(Fig. 4(b)). Also, the experimentally obtained Qe(exp) values presented in Table 2 are close to the 
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respective theoretical values (Qe(cal)), which reinforces the correct application of the kinetic model. 
This means that the rate of change of solute adsorption with time is directly proportional to the 
difference in saturation concentration and the amount of dye adsorbed with time. Thus, it is 
indicated that the adsorption occurs by diffusion through the interface [5]. 
 
Table 2. Pseudo-first order kinetic parameters of IC dye adsorption and adsorption values for the hydrogels 
dPET05-10 (05-10), dPET15-10 (15-10), dPET30-10 (30-10), dPET05-20 (05-20), dPET15-20 (15-20) and 
dPET30-20 (30-20).  

Sample 05-10 15-10 30-10 05-20 15-20 30-20 
Qe(exp) (mg g-1) 1.6064 1.1095 0.6591 1.0849 1.0452 0.8623 
Qe(cal) (mg g-1) 2.0573 1.4313 0.7691 1.4861 1.0899 1.0935 

K1 (min-1) 0.0044 0.0018 0.0014 0.0016 0.0012 0.0011 
R² 0.98419 0.99492 0.99502 0.9971 0.98866 0.99233 

Adsorption 24h (%) 97 ± 1.7 74 ± 0.6 40 ± 2.6 76 ± 2.3 63 ± 4.4 56 ± 2.3 
 
Conclusions  
The chemical recycling of PET can be carried out quickly and efficiently through the glycerolysis 
reaction with MW radiation. The depolymerization product can be used directly in the preparation 
of hydrogels through crosslinking with citric acid. The adsorption of the indigo carmine dye was 
successful, reaching adsorption values of 97% for the sample with the shortest reaction time (5 min) 
and lowest crosslinking content (10 mmol g-1), with an adsorption capacity of 1.6064 mg g-1. The 
adsorption mechanism follows a pseudo-first order kinetics, which indicates that the adsorption 
occurs by diffusion through the interface. The material obtained in a sustainable way can be used in 
the effluent treatment for the removal of dyes, thus helping to reduce plastics waste and improve 
water quality.  
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Abstract - Polymeric micro-and nanostructured fibrous membranes have been gaining prominence 
worldwide in applications such as air filtering, food packaging, and tissue engineering due to their 
high surface area/volume ratio. In this sense, biodegradable polymers from renewable sources, such 
as poly(3-hydroxybutyrate-co-3-hydroxyvalerate)(PHBV), can potentially reduce the environmental

impact generated by the massive disposal of fossil-based plastics1. However, the destination of this 
biodegradable material in post-consumer landfills or composting does not necessarily reduce the 
environmental damage2. Therefore, it is necessary to find ways to return this material to the chemical 
chain, such as chemical recycling through hydrolysis. In this context, the present work aimed to 
produce fibrous membranes by solution blow spinning (SBS) from solutions containing 4, 6, and 8 
m/v% of PHBV and assess the polymer recyclability through hydrolysis. The fibrous membranes 
were subjected to hydrolytic reactions in aqueous solutions with pH values of 4, 7, and 10 at 40, 60, 
and 80 °C for three weeks based on a design of experiments (DoE). Additionally, the hydrolysis 
reactions' environmental impact was assessed through the factor proposed by Bernard et al. (2021)3. 
The membranes produced from 4 m/v% solutions provided the highest weight loss (68 wt%) in an 
aqueous solution (pH = 4 at 80 °C), exhibiting the lowest environmental impact during the chemical 
recycling process (2x105 °C.min), concerning the 8% fibers (25x105 °C.min). The analysis of 
variance (ANOVA) showed that the fiber diameter was the most significant factor during the 
recycling reactions, evidencing that materials should be designed to promote the principles of the 
circular economy. Finally, it can be concluded that PHBV-based nonwoven fibrous membranes can 
promote the principles of the circular economy if polymers are correctly designed.
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Abstract - One of the problems in our society today is the amount of natural resources we are using
and at the same time the amount of waste we are discarding in the environment. Brazil alone 
disposes about 80 million tons of urban solid waste annually. The average gravimetric composition 
of MSW(Municipal Solid Waste) is approximately 45% of organic waste, 14% of rejects and 
materials such as plastic, paper, metals and glass, which could be reused, promoting the circular 
economy and sustainability. The current manual solid waste sorting is very slow and inefficient in
production and quality. Manual sorting is usually associated with sedimentation or flotation tanks, 
sometimes using cyclones or hydrocyclones. Large-scale segregation demands new technologies 
such as automated sorting units. Automated systems, Material Recovery Facilities (MRFs) allow a 
significant increase in productivity in addition to a much higher quality in the separation. The 
automated sorting systems are capable of processing up to 50t/h of mixed MSW. The process 
begins with the separation of the organic materials, followed by the separation by type of material, 
using technologies for separating parts with two-dimensional/three-dimensional (2D/3D) formats, 
light and heavy fractions, magnetic and non-magnetic metals, and plastics by optical reading via 
infrared. The use of NIR(Near-infrared spectroscopy) allows the separation of plastic by type of 
resins and colors, significantly facilitating the processes of recycling and reuse of these materials. 
These systems allow the separation of up to 7t/h, equivalent to 800 people doing manually. 
Artificial intelligence has been applied for quality control with the function of removing 
contamination, promoting better separation, which results in the production of very high-quality
PCR(Post-Consumer Resin). As Brazil intends to recovery and mine solid waste from landfills or 
even dumps, these are the key technology to address the problem.

Keywords: Recycling, Municipal Solid Wast, Sorting technology, MSW recovery, Material Recovery Facilities (MRFs)
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Abstract - Plastic pollution is ubiquitous, and microplastics are its most pervasive face. To better 
understand the extent of the microplastic impact, we need to monitor their distribution and assess 
their properties. For this purpose, a general protocol is to collect samples, disassemble and digest 
the matrix where the microplastic is, separate them by density, filter, and finally analyze them 
through visual features or spectroscopy. Regarding the digestion step, extra care must be taken to be 
sure that the advanced oxidation processes (AOP) do not also affect the microplastics. Several 
works in the literature have already validated AOP protocols for microplastic analysis, although 
primarily using pristine microplastics.1,2 Since weathering plays a role in yielding decreased molar 
mass, modified surface, and increased crystallinity, we tested the validation of AOP against more 
environmentally relevant microplastics that were transformed through accelerated 
photodegradation. We treated pristine and artificially degraded samples of HDPE, PP, PET, and 
Nylon 6,6 with Fenton- and Persulfate-based AOP and checked the influences on the microplastic 
properties. The Fourier Transform Infrared spectroscopy (FTIR) showed that pristine samples were 
almost unaffected. In contrast, the degraded ones significantly changed, increasing or decreasing the 
carbonyl and hydroxyl intensity, according to the polymer. Also, even after thoroughly rinsing the 
samples, following the regular protocols, the spectra showed evidence of iron hydroxide for the 
Fenton treatment, indicating strong adherence to the microplastic surface, affecting further surface 
studies, like chemical sorption and biofilm formation. Degraded samples were fragmented during 
the AOP, whereas most of the pristine ones kept integrity. Most explanations lie in the degraded 
samples being sensitive to oxidation processes due to their decreased molar mass and increased 
surface polarity. Our main output is that the AOP changes degraded samples, so careful validation 
must be done to avoid bias.
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Plastic desired properties such as lightweight, low cost, low toxicity, stability, durability, 
mouldability, and resistance, among others, render them versatile for numerous applications in 
several economic sectors, but also particularly long-lasting after being discarded. Thus, plastics tend 
to accumulate and persist rather than decompose [1]. Due to inadequate waste management and 
disposal, plastic pollution constitutes an ever-increasing threat to human and environmental health
[2]. Once in the environment, plastic degradation inevitably occurs due to several physical, 
chemical, and biological processes, yet our understanding is still very limited [3, 4]. This work 
aimed to evaluate the environmental degradation of commercial plastics such as ethylene-vinyl 
acetate copolymer (EVA) foam sheets, polyethylene (PE) disposable bags, polyethylene 
terephthalate (PET) textile fabrics, and polypropylene (PP) disposable masks. Three mesocosm
systems (one aquatic and two terrestrial) were used to simulate semi-controlled environmental 
conditions. Unused plastic materials were cut into strips and randomly arranged in the mesocosms.
Samples were collected monthly over a year, from November 2021 to October 2022. Prior to 
instrumental analysis, samples were carefully washed, air-dried for 24 hours, then photographed
and weighed for visual and mass inspection. Plastic characterization was carried out using
Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR), Differential 
Scanning Calorimetry (DSC), and Thermogravimetric Analysis (TGA). Visual and mass inspection 
showed plastic fragmentation, biofilm formation and soil incrustation. Main monitored ATR-FTIR 
bands (C=O, C O, O H, S=O, among others) showed gradual increase, whereas DSC and TGA 
analyses showed specific patterns of crystallinity and degradation according to each type of 
mesocosm and plastic.
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Abstract The polyethylene terephthalate (PET) is an excellent material with different 
applications, as bottes for example, but with a short lifetime (around 45% of PET world production 
in 2021 was single-se product). This generates a large waste amount (post-consumer PET) that, due 
to inadequate management, ends up in landfills and, consequently, in lakes, seas and oceans, 
causing damage to the environment and human health. Chemical recycling is one way transform 
PET waste into high added value compound, it is the most used commercially [1]. The obtained 
monomer is bis (2-hydroxyethyl) terephthalate (BHET), it is interesting industrially for being the 
monomer for the production of virgin PET, reducing the utilization of fossil feedstocks make more 
economy sustainable [2]. The present work evaluated the depolymerization of PET via microwave 
assisted hydrothermal (MAH) method using titanate nanotube (TNT) as catalyst in this process, this 
catalyst was described in the literature [3-5]. The microwave used as a close system, and it is 
possible to control the temperature and pressure of glycolysis reaction, the parameter evaluated was 
reaction time (1h, 1,5h and 2h) to obtained BHET monomer using virgin PET palletes. The PET 
conversion and selectivity in BHET were approximately 100% and 65,5%, respectively, in 2h of 
glycolysis, indicating that the MAH method proved to be promising for obtaining BHET from PET 
in times shorter than those used in conventional glycolysis.
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Abstract - Proteins have been evaluated as a promising option for packaging materials due to their 
good oxygen barrier properties. The addition of proteins is an alternative for the partial replacement 
of polymers from petroleum using raw materials from a renewable source. The goal of this work 
was to study the blend of the thermoplastic whey protein isolate (WPIT) with a commercial 
petroleum polymer, poly(butylene adipate-co-terephthalate) (PBAT). Protein is not processable in 
its natural form and its denaturation and plasticization are necessary to transform it into a 
thermoplastic material. Plasticizers such as glycerol and polyethylene glycol (PEG) were studied to 
obtain WPIT. Blends were prepared using a torque rheometer and characterized for rheological 
properties by parallel plate and morphological properties by scanning electron microscopy.  Raman 
spectroscopy showed that blends using glycerol presented well-defined WPIT domains with no 
adhesion to the PBAT matrix. This result was explained by the predominance of elastic components 
of WPIT and PBAT in process conditions as well as the viscosity ratio between components not 
favoring an improved dispersion and mixing. Another plasticizer for the protein, PEG, improved 
WPIT preparation as well as decreased the viscosity ratio between polymers and the elastic 
component of WPIT and PBAT. PEG blends presented homogeneous morphology, and reduced 
domain size. Besides, atomic force microscopy-based infrared spectroscopy showed that PEG 
blends presented both WPIT and PBAT in each phase, which is evidence of partial miscibility. 
Mechanical properties by tensile test and oxygen and water vapor permeability tests were conducted 
to evaluate the blend's performance. Blend (70/30) PBAT/WPIT showed a reduction of 20% in the 
oxygen permeability coefficient. Young's modulus as well as the water vapor permeability 
coefficient increased with the presence of WPIT.
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Abstract 

The fabric remaining from the textile industry, but mainly related to clothing, is an important 
environmental and economic problem. On a global scale, in 2015, 92 million tons of fabric were 
discarded, and it is expected that by 2030 this number will increase to 148 million tons [1]. 
Concomitantly with consumption, there is the disposal that usually occurs in sanitary landfills, by 
incineration for conversion into energy, and inappropriately in dumps. An alternative to the disposal 
of waste from the textile industry is recycling [1,2]. This study intended to carry out the recycling of 
post-industrial polyamide 6 (PA6) waste in order to develop a material that can return to its original 
application. Thus, initially, fabric scraps were submitted to the press and milling process for shape 
adjustment and were chemically (FTIR), thermally (TGA, DSC), and rheologically (frequency sweep, 
amplitude sweep, and time sweep) analyzed. Subsequently, PA6 fabric waste was recycled by 
incorporating carbodiimide in different content to modulate its molar mass and molar mass 
distribution. This is a fundamental step for adapting and modulating the physicochemical, flow and 
mechanical properties. Results indicated that the carbodiimide molecule is essential for modulating 
the physicochemical and flow properties of polyamide 6, once it increases the PA6 molar mass, 
enabling the return of this material for its initial application and closing the life cycle loop. This study
sheds light on the polyamide 6 fabric recycling viability, and it indicates that it is possible to use
recycled fabric as raw material for the textile industry.
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Abstract - Due to the COVID-19 pandemic, there was a significant increase in the production of 
personal protective equipment (PPE) and, consequently, in the generation of plastic waste (both 
during production and post-consumer) [1]. Several coordinated actions between the productive 
sector, government and public research institutions were developed in Brazil [2], such as the 
production and distribution of face shields for agents of the health sector who worked tirelessly on 
the front lines of fighting the pandemic. In this work, the recycling of face shield headbands (pre-
use) based on polypropylene (PP) composite with 30 wt% of short glass fibers (SGF) was analyzed, 
through several reprocessing cycles (up to 10) in a twin-screw extruder. For each reprocessing 
cycle, the materials were injection molded and analyzed for rheological, mechanical (tensile and 
notched Izod impact tests), and heat deflection temperature (HDT) behavior. Fourier transform 
infrared spectroscopy (FTIR) and scanning electron microscopy (SEM) were used to evaluate PP 
degradation and fiber size decrease during reprocessing, respectively. Despite a continuous 
reduction in viscosity (and increase in melt flow index, MFI) with increasing number of cycles, the 
values of elastic modulus, yield stress and impact strength showed minimal variation up to the 7th 
reprocessing cycle (Fig. 1). After this cycle, there was a greater rate of variation in rheological and 
mechanical performance, correlated with greater degradation of PP and breakage of glass fibers.

Figure 1 - MFI and IS as a function of the number of reprocessing cycles.
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The development of lightweight biopolymer foams utilizing supercritical carbon dioxide (scCO2) as 
a foaming agent holds great promise. scCO2 offers numerous advantages, including low critical 
temperature and pressure as well as non-toxicity. Furthermore, blending biopolymers presents a 
valuable strategy for leveraging their mechanical properties, optimizing material characteristics, and 
effectively addressing individual limitations. It is imperative to have a thorough understanding of 
biodegradable polymer degradation to optimize material performance. During our investigation of 
biopolymers and their blends, we explored novel properties in solid materials and porous structures. 
To achieve this, we employed an extruder to blend polybutylene adipate terephthalate (PBAT) with 
polylactic acid (PLA), where PBAT acted as the carrier while PLA was added up to 15% in the 
blend. As part of our study, we assessed the degradation mechanisms of the PBAT/PLA blend by 
subjecting it to two aging chambers to evaluate its degradation behavior. The first chamber was a 
UV aging chamber with a radiation intensity of 130 W·m-1 and near-zero humidity, while the 
second chamber was a humidity cabinet maintained at 85 % humidity. These chambers allowed us 
to investigate the effects of photo and hydrolytic degradation on the blend. The blends with PLA 
ratios up to 5 % showed minimal impact on the final mechanical properties, while exceeding this 
threshold resulted in significant enhancements. Similarly, incorporating more than 5 % PLA into 
PBAT for foaming demonstrated notable changes in compression results and foam expansion. 
PBAT/PLA properties varied under UV or humidity exposure based on composition. Incorporating 
PLA into PBAT increased susceptibility to hydrolytic degradation, leading to significant changes in 
blend properties. However, higher PLA content in PBAT blends demonstrated potential resistance 
to photo-degradation, indicating improved durability.
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ABSTRACT
The use of recycled polymers for food contact is a major challenge for the industry. Environmental 
protection policies, especially international ones, are moving towards (1) phasing out single-use plastics, (2) 
making disposable packaging 100% recycled, and (3) increasing the use of materials from renewable and 
compostable sources for quick disposal applications. Additionally, Polylactic acid (PLA) is a biopolymer 
commonly used in food packaging due to its good characteristics and compostability. In this work we studied 
the recyclability of PLA with the intention of using it in package in direct contact with food. The PLA 
samples were subjected to recycling process via extrusion using different content of carbodiimide. 
Rheological, thermal, and chemical analyses indicated that carbodiimide can increase the thermal stability 
and the molar mass of recycled PLA, allowing its return to the same production cycle. However, to this end,
to evaluate the safety of the recycled material the analysis of the non-intentionally substances (NIAS) is 
required. The presence of contaminants associated with high shear rates and temperatures characteristics of 
the recycling process results in a formation of new molecules with low molar mass. These have greater 
migration potential contaminating the food and constitute a risk to consumers. High-resolution mass 
spectrometry with a tandem quadrupole-time of flight mass spectrometer was used for the identification of 
non-volatile compounds, and solid-phase microextraction gas chromatography-mass spectrometry, for 
volatiles compounds. The results indicated an increase in the formation of volatile and non-volatile 
compounds after the material has undergone the recycling process. However, the incorporation of 
carbodiimide reduces the formation of NIAS since this functional molecule was able to minimize the 
degradative effects. Thus, carbodiimide presents itself as a potential compound in recycling by promoting an 
increase in molar mass enabling the use of recycled PLA for food contact and reducing the formation of 
NIAS, increasing food safety.
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Abstract - Bananas, one of the most widely produced fruits globally, generate a substantial amount 
of peels during the commercial processing of their products. However, this byproduct is currently 
underutilized despite its significant potential for bioplastic production, which can effectively 
address environmental concerns associated with the use of conventional plastics. In this study, we 
propose simple pretreatments to directly convert bulk (whole) banana peels into bioplastic films. 
The influence of different variables on film performance was investigated, including the type of 
banana peels (unblanched vs. blanched), acid concentration in the pretreatment medium, and the 
carboxymethyl cellulose content in the films. The incorporation of CMC significantly improved the
mechanical properties of the films. Additionally, by subjecting the banana peels to bleaching prior 
to drying and milling, their antioxidant activity was successfully preserved. Even after the
pretreatment, the bioplastic films retained a substantial portion of the antioxidant activity of banana 
peels. Moreover, these films exhibited remarkable UV-blocking properties, making them a potential 
eco-friendly option for active food packaging applications. This work, therefore, presents a 
sustainable approach to upcycle banana peels, contributing to the development of a circular 
bioeconomy.
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Table 1  
Resin 

(with DVB) 
SBET 

(m2 g 1) 
Vpore 

(cm3 g 1) 
Dpore 
(A°) 

Resin 
(with EGDMA) 

SBET 

(m2 g 1) 
Vpore 

(cm3 g 1) 
Dpore 
(A°) 

DVB 447.9 0.91 105.7 EGDMA 7.8 0.03 291 
CMS/DVB 29.4 0.10 120.9 CMS/EGDMA 6.3 0.03 256.2 
GMA/DVB 19.9 0.15 193.9 GMA/EGDMA 9.3 0.03 113.4 
MAA/DVB 60.7 0.05 69.9 MAA/EGDMA 7.4 0.03 170.7 

Sty/DVB 175.2 0.62 174.1 Sty/EGDMA 61.5 0.02 30.6 
CMS   ethylene glycol dimethacrylate; GMA  

glycidyl methacrylate; MAA  methacrylic acid; Sty  styrene. 
The resins used in this work have a monomer/crosslinker ratio (%) of 0/100 and 40/60 

 
 

 

 
 

 
 

 
 

Table 2  Results of preliminary tests of resins for removal of PHE in aqueous 
medium 

Resin 
(with DVB) 

Removal 
(%) 

Resin 
(with EGDMA) 

Removal 
(%) 

DVB 99.9 EGDMA 68.9 
CMS/DVB 70.3 CMS/EGDMA 69.0 
GMA/DVB 92.9 GMA/EGDMA 47.9 
MAA/DVB 93.4 MAA/EGDMA 61.5 

Sty/DVB 97.3 Sty/EGDMA 99.2 
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Table 3  Isothermal parameters for adsorption of phenanthrene in cross-linked polymeric resins 
at 25 °C 

Isotherm models Equation (linear form) Coefficients 
Resins 

DVB Sty/DVB 

Langmuir  
r2 0.9362 0.3648 

KL (L mg 1) 0.07 0.07 
qmax (mg g 1) 277.78 263.16 

Freundlich  

r2 0.9998 0.998 
KF (mg g 1) 17.68 16.94 

n 1.03 1.02 
r KL  Langmuir constant related to the interaction between adsorbate and 

adsorbent interaction; qmax  maximum adsorption capacity; KF  Freundlich adsorption capacity constant; 
n  constant related to the heterogeneity of the adsorbent surface 
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Table 4 
Sty/DVB resins, at a concentration of 1.0 mg L 1 and a temperature of 25 °C 

Reaction-base 
kinetic models 

Equation (linear form) Coefficients 
Resins 

DVB Sty/DVB 

Pseudo-first order  

r2 0.949 0.879 
k1 (min 1) (10 4) 1.748 1.603 

qe,calc (mg g 1) 0.138 0.098 
qe,exp (mg g 1) 0.311 ± 0.001 0.272 ± 0.001 

Pseudo-second 
order 

 

r2 0.995 0.996 
k2 (g mg 1 min 1) 5.976 7.825 

qe,.alc (mg g 1) 0.314 0.271 
qe,exp (mg g 1) 0.313 ± 0,002 0.273 ± 0.001 

h (mg g 1 min 1) 0.589 0.574 

Elovich  
r2. 0.974 0.951 

 (mg g 1 min 1) 2.829 2.486 
 (mg g 1) 20,704 23,697 

r k1 -first order rate constant; qe,calc qe,exp 

 experimental sorption capacity; k2 -second order rate constant, h  initial adsorption rate;   
initial adsorption rate;   desorption constant. 

 
 

 
 

Table 5 
Sty/DVB resins, at a concentration of 1.0 mg L 1 and a temperature of 25 °C 

Diffusion-base kinetic 
models 

Equation (linear form) Parâmetros 
Resin 

DVB Sty/DVB 

External diffusion  r2 0.948 0.880 

Intraparticle diffusion 
(Weber-Morris) 

 
r2 0.914 0.863 
kid (mg g 1 min 1/2) 0.048 0.042 

Intraparticle diffusion 
(Urano-Tachikawa)  

r2 0.956 0.906 

Di (10 8) (cm2 s 1) 3.59 77.7 

r2 kid  intra-particle diffusion rate constant; D
diffusion. 
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A NEW BIOPOLYURETHANE COATING BASED ON BIO OIL
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Abstract - A polyurethane coating was developed using Eucalyptus pyrolysis oil as the polyol, a product obtained from
the pyrolysis of wood, a type of lignocellulosic biomass. The Eucalyptus pyrolysis oil was chemically modified by
means of two chemical reactions in sequence, glycidylation and opening of the oxirane ring. The reactions were carried
out with the aim of promoting the chemical bonding of chains of a fatty acid, ricinoleic acid, to other compounds
present in the composition of this mixture. The modified pyrolysis oil then underwent reaction with the MDI isocyanate
to give rise to a polyurethane resin that was applied as a coating to protect the metallic surface of carbon steel. The
results showed that the coating obtained from the modified pyrolysis oil did not have the strong unpleasant odor
characteristic of its raw material, showed high thermal stability, excellent adhesion to carbon steel and excellent
anticorrosive performance.

Keywords: Biomass. Pyrolysis oil. Renewable. Polyurethane.

Introduction

The growing world industrial production has been causing environmental problems such as global
warming and problematic waste disposal. In addition, there is a great concern to obtain new
materials considering the decarbonization processes. Therefore, researchers and industries have
been looking for alternatives to the use of petrochemical products and raw materials from renewable
sources have become an important solution to obtain environmentally friendly polymers.
Polyurethanes are polymers that allow the replacement of polyols by raw materials from renewable
sources such as cellulose, lignin, vegetable oils, among others [1,2,3].
The synthesis of polymers from renewable resources is currently part of the efforts made in the
search for sustainable polymers in a context of energy transition [4,5].

Experimental

In the present work, polyurethane coatings were developed using Eucalyptus pyrolysis oil as a
polyol, a product obtained from the pyrolysis of the wood from this plant species. Eucalyptus
pyrolysis oil was chemically modified through two chemical reactions and used in the synthesis of a
polyurethane resin that was applied as a protective coating on carbon steel.
The Eucalyptus bio-oil was modified by chemical reactions, obtaining a new polyol, according to
the sequence shown in figure 1.
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Figure 1  Chemical modification of pyrolysis oil 
 
 
 

The hydroxyl content of new biopoliol based on modified Eucalyptus was determined using ASTM 
E222-17. Polyurethane coatings were applied in carbon steel plates without any treatment (Figure 
2). The coatings were characterized by thermal analysis (TG and DSC), infrared spectroscopy and 
impedance spectroscopy. Adhesion test was also performed, according to ASTM D3359-17. 

 
 
 
 

Figure 2  Modified pyrolysis oil based polyurethane coatings. 
 
 

Results and Discussion 
 

The hydroxyl content was determined showing the value 374 mg KOH/g. This value is higher than 
the original biooil that had 174 mg KOH/g. 
The thermogravimetric analysis of biopoliol and the PU based on this new biopoliol were showed in 
Figure 3. The thermal stability increased in PU showing the intial degradation up to 238 °C. In the 
DSC analysis a glass transition temperature (Tg) was determined at 21 °C, an important property to 
obtain flexible PU coating. 

Pyrolysis oil Pyrolysis oil Pyrolysis oil 
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(a) (b) 

Figure 3  TG curves of new biopoliol (a) and PU coating based on new biopoliol 
 
 

The Adhesion by tape test was carried out according to the ASTM D3359-17 adhesion test, the 
coating showed high adhesion (5A) with no peeling or removal during the test. That is an important 
result to PU coating act as a protector barrier. 

 
The electrochemical impedance performed immediately and after 7 days of immersion in saline 
solution initially showed an impedance modulus of the order of 105  and an increase to the order 
of 106  on the seventh day. Impedance readings were also taken after subsequent cathodic 
polarization cycles which showed an increase in the capacitive character of the plates as shown by 
the Nyquist diagram in figure 4. 

 
 
 

 

  
Figure 4  Nyquist diagram for modified pyrolysis oil polyurethane. 
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Conclusions 
 

A new polyol obtained from the modification of Eucalyptus bio-oil was used in the synthesis of 
polyurethane coatings. The coating produced exhibited high carbon steel adhesion, high thermal 
stability and good anti-corrosion protection capability. 
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Abstract - Reusing natural residues with functional properties is a promising way to improve the biopolymer 
characteristics. Thus, the objective of this work was to evaluate the antioxidant activity (AA) and thermal properties of
biofilms made with cassava starch (5 wt.%) and different percentages of grape waste flour (0, 0.5, 1, 2, 4 wt. %). The 
films were prepared by casting method using an ultrasonic bath. The grape waste flour showed an AA of 92.02%, and the
AA in the film increased as the flour percentage increased, reaching 66.74% for biofilms made with the addition of 4
wt. % of flour. The AA can be explained by the presence of polyphenolic compounds in the grape waste flour. However, 
the addition of grape waste flour decreased the thermal stability of the films compared to the pure starch film. Temperature 
of 5% weight loss for the films with flour is around 80 ºC and for de pure matrix is 108 °C. Grape waste flour in films 
has potential to curb oxidation in various products due to AA.

Keywords: wine industry by-products; antioxidant activity; thermogravimetry.

Fundings: Authors are grateful for the funding support from FAPESC Brazil (PAP 2021TR854) and CAPES - Brazil 
(PROAP/AUXPE).

Introduction
The global consumption of plastics, including fibers and additives, has been consistently 

rising. In 2019, approximately 353 Mt of plastic waste were generated worldwide, with only about 
55 Mt collected for recycling, while 22 Mt were discarded [1]. Packaging plays a crucial role in
preserving and transporting products until they reach consumers, especially in maintaining the quality 
and freshness of food products [2].

Although petrochemical-based plastics are commonly used in food packaging, their non-
renewable nature and extended degradation periods can carry on significant environmental threats
[3,4]. As a result, there is a growing focus on materials derived from biodegradable polymers and 
natural elements from waste and food by-products [5].

Starch emerged as an alternative in the development of biodegradable polymer packaging due 
to its low cost and renewable sources. Additionally, researchers have explored incorporating various 
organic substances to enhance the quality of starch-based biofilm [6]. Diverse residues generated by 
industries present opportunities to develop natural and biodegradable packaging and, also to 
contribute with physicochemical properties. Within the wine industry, grape residues were about 50% 
of the total volume of raw material used for wine production [7]. Consequently, the need for proper
disposal and minimizing environmental impact offers possibilities for reuse, which can promote 
sustainability and can prevent the contamination of soil and water [8,9,10]. Among the residues 
generated in the production of wine, berry, skin, and seeds can be highlighted. These residues
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represent a promising source for extracting natural bioactive compounds and phenolic substances [7, 
11]. 

Therefore, the main objective of this work was to develop biofilms using cassava starch and 
grape waste flour from the wine industry's residue. The antioxidant activity of grape waste flour and 
biofilms were evaluated. Additionally, the transfer of properties from the grape waste flour to cassava 
starch films was analyzed. The thermal degradation of the biofilms was also evaluated to assess their 
suitability for future applications. 
 
Experimental  

To produce the grape waste flour used in this work, grape residues from the wine 
industry, containing bagasse, peels, and seeds, were dried in an oven with air circulation at 40 °C for 
42 h and grounded in a knife mill to obtain a fine powder with granulometry smaller than 0.208 mm. 
The flour was analyzed for antioxidant activity by the DPPH method [12].  

The polymeric films were produced by casting method. The film solution was prepared using 
5 wt.% cassava starch in water and different concentrations of flour from grape residues (0, 0.5, 1, 2, 
and 4 wt.% based on starch dry weight). The solution was magnetic stirred for 10 min at room 
temperature, then submitted to the ultrasonic bath for 5 min at 60 °C.  The glycerol, (20 wt.% on 
starch dry weight) was added to the solution, followed by magnetic stirring at 75 °C for 20 min. The 
filmogenic solution was poured into plastic plates proportionately to 0.236 g/cm2, and film cure was 
realized in an oven at 40 °C for 24 h before the analysis. 

For antioxidant activity (AA), a solution with 0.1 g of grape waste flour or 0.1 g of film and 
2 mL of distilled water was prepared and agitated for 30 min at room temperature. An aliquot of 
500 L of supernatant was added to 2 mL of DPPH solution (0.06 mM). A control was also prepared 
without film sample. The absorbance (Abs) reading for triplicate was carried out in a 
spectrophotometer (K37-UVVIS/ KASVI) at 517 nm. A standard curve was prepared using gallic 
acid. Antioxidant activity was determined by Eq. 1. 

 (1) 

The thermogravimetry (TG) was performed using a TGA 55 instrument under a nitrogen 
atmosphere (N2), with a flow rate at 40.0 mL/min. For the analysis, 10 mg of the film was heated 
from 25 °C to 600 °C at a heating rate of 10 °C/min. 
 
Results and Discussion  

The biofilms showed a crescent increase for AA with the increase in grape waste flour 
concentration (Fig. 1). The highest AA values were found for the grape waste flour residues (92.02%) 
and for biofilms produced with addition of 4 wt.% of grape waste flour (66.74%). Similar values of 
AA (91.7%) were also found in Niagara grape residues by Mourera et al. (2018) [13]. The film with 
0.5 wt.% grape waste flour showed an expressive AA of 33.41%. The 4 wt.% sample has eight times 
more grape waste flour and only twice the AA compared to the 0.5 wt.% sample. The AA results can 
be explained by the presence of polyphenolic compounds in the grape waste flour and the interaction 
of them with the film. It can be possible that the use of an ultrasonic bath to prepare the films may 
have increased the extraction or interaction of polyphenolic compounds from the grape waste flour 
with the film and consequently its antioxidant properties. The AA of the films was determined by 
examining the antioxidant capacity of grape flour. Grapes, in general, contain high amounts of 
phenolic compounds, particularly flavonoids, which are major contributors to the fruit's antioxidant 
capacity. These compounds are present in the grape's skin and pomace, making the flour rich in them 
and giving it a high value for antioxidant activity [14]. 

 

1587



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

 
Figure 1  Antioxidant activity for films and flour.  

  
The flour from grape residues showed an IC50 (concentration when 50 % of the DPPH free 

radical is captured) of 17.036  [14]. IC50 of 10.23  
by Pesco et al. (2012) and Soares et al. (2008), respectively [15,16]. 

With the increase in antioxidant activity, the film shows a high potential for application, 
mainly in products that have a high rate of degradation by oxidation, such as food and some beverages 
[5], being able to reduce the rate of degradation or even avoid it, improving the product quality and 
increasing the shelf life. 

The thermal degradation curve (Fig. 2) is similar in all samples, with multiple weight loss 
stages. There is a noticeable decrease in values between 50 and 150°C, indicating the loss of moisture 
and volatile elements in the film. At temperatures between 200 and 300°C, at second stage, a rapid 
slope can be observed in all films, which indicates the decomposition of organic materials, which 
may be starch, glycerol and some waste components. On temperature approximately between 300 
and 400°C, it was observed the highest weight loss, indicating a degradation of starch components 
[6].  

At temperatures of approximately 350°C it was possible to observe that the film with 4 wt.% 
showed the lowest weight loss compared to the other samples. The percentage difference in weight 
loss between films containing 4 wt.% was approximately 9,1% lower than the films without grape 
waste flour.  

 
Figure 1 - Thermogravimetry curves of all samples studied. 
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The thermal decomposition temperature of 5% weight loss is the onset of decomposition 
temperature (T5%) and the temperature of maximum weight loss rate (Tmax) is the peak temperature 
in derivative thermogravimetry (DTG) curve. According to Table 1, it was possible to observe that 
the 5% weight loss temperature (T5%) for the films with grape waste flour presented values of ~80 °C 
and for pure biofilm the value was 108 °C. The decrease on temperature, indicates a decrease of 
thermal stability for films with grape waste flour added. At temperatures close to 100°C, the 
carbonization of organic matter from the grape occurs [17], what can be the main reason for the 
weight loss observed. The films may experience hindrance in energy dissipation due to the presence 
of flour grains, which can lead to greater degradation at lower temperatures [18]. 

The degradation of pure glycerol occurs at temperatures close to 270 °C, where the bonds 
between glycerol and the polymer begin to break down. In contrast, the degradation of pure starch 
occurs at 317 °C. The starch degradation temperature is close to the highest degradation rate observed 
for all samples (~310 °C).  

 
Table 1  Thermogravimetry results.  

Sample T5% Tmax Weight loss (%) of Tmax 

Starch 77 °C 317 °C 47 
Glycerol 104°C 270 °C 52 

0% 108 °C 313 °C 60 
0.5% 82 °C 312 °C 60 
1% 71 °C 312 °C 58 
2% 84°C 309 °C 58 
4% 81 °C 309 °C 57 

Temperature of 5% weight loss (T5%), and maximum (Tmax) weight loss. 
 

The temperature where starch degradation occurs is where most of the mass is lost, as the 
films are primarily composed of starch. The interaction of glycerol with starch can delay glycerol 
degradation by increasing the temperature compared to pure plasticizer, which may explain the 
weight loss being accentuated in a narrower range of 290 to 310 °C, where degradation is possibly 
occurring for glycerol and starch, simultaneously.  

The temperature of maximum weight loss (Tmax) for all samples was similar. However, it is 
possible to observe a small decrease in weight loss at this point as the percentage of flour increases 
in the biofilms, with the lowest mass loss being 57 % and 58 % for 4 and 2 % of flour in the biofilm, 
respectively. Probably, the residual mass of degradation contains residues of inorganic matter, like 
ash and minerals, that did not degrade. 
 
Conclusions  

From the results presented, it is possible to state that the AA of the films increased with the 
increase in concentration of grape waste flour added to the films. The highest AA was found for films 
produced with 4 wt.% of flour. The significant increase in antioxidant activity, provided by the 
incorporation of the flour, allows the application of film in specific products subject to oxidation, thus 
reducing this characteristic that can cause losses to the product and even extend its shelf life.  

As for the thermogravimetric properties, the flour addition caused a decrease in the thermal 
stability of the samples compared to the control film. However, the temperature of 5% weight loss 
observed for the films (~ 80 °C) probably does not compromise the application of this biofilm in the 
packaging industry. On the other hand, there were no significant differences on temperature of 
maximum mass loss, with values very close to the starch degradation temperature, the main 
component of the film.  
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The biofilms showed a high potential to use residues from the wine industry, reducing the 
amount of waste discarded, adding value to the same, and when incorporated into cassava starch 
biofilms, improving antioxidant activity and enhancing its application to specific demands, 
principally for foods and products susceptible to oxidation. 
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Hydrogels (HG) are promising materials to concentrate and remove trace contaminants from 
freshwater bodies1. They can be combined with biochar (BC), forming hydrogel composites with 
enhanced absorption efficiency. BC is an environmentally friendly and low-cost material prepared 
by the pyrolysis of different biomass, including plants and waste of food or animals2. Herein, we 
investigated the preparation and the properties of Agarose-based hydrogels with BC from the 
residue of Brazilian-pine fruit shell, which is widely consumed in southern Brazil. We prepared the 
BC by slow pyrolysis of the biomass at 800 °C under a reduced oxygen atmosphere. Composites 
were obtained by combining BC (1-3% g g-1) and Agarose (2% g g-1) in a disk-shaped mold with a 
thickness of 1.0 mm and diameter of 29 mm. The hydrogel-biochar composite (CP) showed an 
improved absorbent property that could be regenerated and reused. Through the sorption and 
desorption assays of Cr(III) and Cr(VI), we found that the composite with a lower mass of biochar 
(1.7%) was the best composition for chromium retention in pH 7.0, with three hours of contact time. 
In this case, the sorption values were 82±10% and 47±3% for Cr(III) and Cr(VI), respectively. The 
SEM images showed that the CP had interconnected pores contributing to the Cr sorption. 
Moreover, the FTIR spectra obtained before and after the sorption studies revealed that Cr species 
interact with -OH and C-O functional groups from the CP. After the concentration of Cr species 
onto the composite, the desorption was carried out with 1 mol L-1 HNO3. Cr(III) was eluted with 
one extraction step, allowing the subsequent extraction of Cr(VI) with two steps. Our results 
indicate that the obtained CP using the residue of Brazilian-pine fruit shell is suitable for both the 
sorption and the differentiation of Cr species.
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Abstract - The production of non-biodegradable plastics has increased substantially, due to high consumption, low cost 
and market demand. The aim of this work was to produce a biodegradable starch-based material containing blackberry 
dry residue (BDR). The increase in the proportion of BDR resulted in more dense biodegradable materials, with lower 
water vapor permeability and lower water solubility. Scanning electron microscopy (FEG-SEM) analysis revealed that 
the surface of the Control samples (BDR0) had continuous and smooth characteristics, and with the inclusion of BDR, 
the surface of the material has become more heterogeneous. The total phenolic content of the biodegradable materials 
increased in higher concentrations and times in the aqueous medium, resulting in a maximum value of 38.47 ± 10.68 mg 
EAG/g for 48 hours of immersion in the sample with higher BDR concentration (BDR10). The inclusion of blackberry 
dry residues produced biodegradable materials with promising properties.

Keywords: Byproduct; biodegradable materials; active packaging. 

Introduction 

One of the main interests in applying natural polymers in the production of flexible packaging 
is precisely to replace the use of synthetic polymers, which drastically reduce the environmental 
problem and the accumulation of hard-to-degrade waste [1]. Over the past decade, many studies have 
been developed into the research and production of biodegradable films based on macromolecules, 
such as starch [2,3]. In addition, the use of starch offers advantages, such as its low cost, abundance, 
its renewable and biodegradable nature.

Active packaging, in addition to the functions common to all packaging, promotes the 
interaction of components present in the packaging with the packaged food, whose primary objective 
is to prolong the shelf life and maintain the quality of the products. The functional active packaging 
is crucial for the preservation of the food, since the added natural additives maintain their 
microbiological characteristics [4, 5]. Among the various types of active packaging, that which exerts 
an antioxidant effect is fundamental for the preservation of foodstuffs, avoiding degradation by 
oxidation of lipids [6, 7].
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Biodegradable packaging dramatically reduces the use of synthetic polymers, and the 
application of bio-active compounds with antioxidant action will collaborate in a significant way with 
the preservation of food quality, combined with the reuse of industrial waste, important to industry, 
beneficial to society and valuable to the environment [8].  

The purpose of this work was to develop an active packaging using starch and blackberry dry
residues. The biodegradable active packaging was produced by thermopressing process and their 
mechanical, optical, barrier and structural properties were evaluated, as the controlled releases of 
phenolic compounds with antioxidant properties. 

 
Experimental  
 
Obtention and processing of dry blackberry residue (BDR) 

BDR has been obtained after treatment of fruit in juice industries. The BDR was dried in an 
oven (60°C  4 hours) and then ground into small particles.   
 
Production and characterization of the active biodegradable materials 
 The production of active biodegradable materials was carried out by thermopressing (175°C / 
1 atm) to obtain materials similar to trays. The trays were composed of cassava starch, glycerol (10 % 
w/v) and blackberry dry residues (BDR) (0, 2.5, 5 and 10 % w/w). All formulations were added of 
100 mL of distilled water and 0.5 g of sodium benzoate as a preservative. The samples were coded
as BDR followed by the concentration of residues in the formulation. The biodegradable active 
materials have been conditioned into B.O.D (25°C) and characterized for their mechanical, thermal, 
structural and barrier properties. 

To determine the release content of total phenolic compounds from the biodegradable 
materials, the material was immersed in distilled water for up to 48 h at a 1:10 concentration, with 1g 
of sample and 10mL of water. 1 mL aliquots have been removed at time intervals: 0, 1, 2, 3, 4, 5, 6, 
24 and 48 hours. Aliquots of 200 µL of each time were combined with 7 mL of distilled water, 500 
µL of Folin-Ciocalteau reagent and after 30 s, added 2.5 mL of Na2CO3 10.6% (w/v). After 5 min of 
incubation at temperature of 50ºC, the absorbance was 
SynergyTM H1 hybrid multi-mode chips with Gen5.2 software (BioTek®, USA). The results of the 
content of total phenolic compounds were expressed as equivalents of gallic acid (mg AG.g-1) 
 
Results and Discussion  
 

The thickness of biodegradable materials ranged from 2.816 to 2.972 mm, with no statistical 
difference observed between the samples. The color of the materials was expressed according to 
CIELAB. The L* result obtained for the BDR0 confirms the clarity of the sample, with the values 
close to 100. The BDR10 formulation, which has the highest percentage of BDR in its composition, 
had the lowest luminosity (L*) value, indicative of a darker profile. The a* coordinate has increased
in higher concentrations of BDR for each formulation, indicating a redder color. The same trend was 
observed for opacity, with higher results for the BDR10 formulation. 

The mechanical properties of the active materials are presented in Table 1. The results showed
that the addition of BDR leads to reduced materials resistance. No expressive difference in the tensile 
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strength and elongation results between materials with the addition of BDR highlights a positive 
point, because an increase in the BDR proportions has not changed its resistance and flexibility. 

 
Table 1  Mechanical properties of the active biodegradable materials. 

Formulations  
Density  
(g/cm³)  

Tensile Strenght 
(MPa) 

Elongation at break 
(%) 

  
(MPa)  

BDR0 8.30 ± 1.42 a 1.57 ± 0.43a   21.04 ± 5.38a 9.70 ± 2.75a 

BDR2.5 8.42 ± 0.30 a 0.68 ± 0.35  15.17 ± 4.73a  7.21 ± 2.29a 

BDR5 9.30 ± 0.49a 0.54 ± 0.11  17.80 ± 2.65 a  4.36 ± 0.81b 

BDR10 12.08 ± 3.24b 0.47 ± 0.13  14.95 ± 4.08a  5.17 ± 1.07b,c 

Different letters in the same column indicate statistical difference (Tukey , p<0,05). 
 

The percentage of water solubility of the materials showed a variation from 30.83 to 40.24%. It can be 
observed that the addition of BDR reduced the solubility of the material which is directly related to the 
physicochemical composition of BDR (lignocellulosic fibers) which impacts the interaction between the 
materials and water [9]. 

Thermogravimetric analysis showed three degradation steps. Thee first stage of degradation occurred 
between 75 and 170°C and refers to the gradual loss of water. The second stage occurred between 27°C and
325°C and was related to the decomposition of starch (amylose + amylopectin). The third stage occurred 
between 375° and 500°C can be attributed to the oxidation of organic matter. In the biodegradable active 
materials dTG curves, the maximum degradation temperature was observed to be 312°C for BDR2.5, 310°C 
for BDR5 and 308°C for BDR10, values similar to those observed for the BDR0 sample and referent to the 
starch degradation. Increasing the fiber content in the formulations and/or hydrogen interactions between 
molecules can alter the thermal stability of materials [10], however this influence was not observed in this
study. 

Scanning electron microscopy images showed that the BDR0 formulation presented a compact and 
regular surface area, which was visually modified after the addition of BDR in concentrations of 2.5%, 5% 
and 10%. The material surface images showed that the control sample (BDR0) exhibited a continuous, smooth 
and homogeneous characteristic, with no pores, cracks or irregularities. With the increasing concentration of 
BDR, the surface of the material has become more heterogeneous and rougher, suggesting that the addition of 
higher BDR concentrations could modify the regularity of the polymer matrix. 

Table 2 shows the results of the content of phenolic compounds as a function of the time of immersion 
in water, to simulate the controlled release into food. In these results, a higher percentage of phenolic 
compounds were released from the film over time, reaching values of 38.47 mg EAG.g-1 for BDR10 at 48 
hours. This test was carried out to evaluate the migration potential of the bioactive incorporated into the 
biodegradable packaging, resulting in an active system. In this way, the observed results were promising, 
proving the performance of the starch-based biodegradable materials incorporated with BDR as active 
packaging, with continuous and prolonged release of antioxidants. 
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Table 2  Phenolic compounds content (mg AG.g-1) released from the active biodegradable materials. 
Time 
(hour)  

BDR0  BDR2.5 BDR5 BDR10 

0  8.68 ± 1.25  8.68 ± 0.62  17.43 ± 0.62*#  19.31 ± 2.25*# 

1  10.56 ± 0.62  12.22 ± 0.72  22.64 ± 2.00*#  22.64 ± 2.00*# 

2  11.81 ± 0.62  12.64 ± 0.72  23.06 ± 0.00*#  25.56 ± 2.25*# 

3  12.22 ± 0.36  13.47 ± 0.36  23.27 ± 1.57*#  26.18 ± 3.30*# 

4  12.85 ± 0.95  15.35 ± 0.95  25.14 ± 1.30*#  26.81 ± 1.08*# 

5  13.68 ± 1.87  15.97 ± 0.95  25.97 ± 2.52*#  26.81 ± 1.25*# 

6  14.52 ± 0.36  16.18 ± 1.25  25.97 ± 0.95*#  28.06 ± 0.62*# 

24  14.52 ± 0.36  17.02 ± 1.30  30.14 ± 2.00*#  28.47 ± 0.95*# 

48  16.18 ± 1.87  17.85 ± 1.80  32.43 ± 0.62*#  38.47 ± 10.68*# 

*Statistical difference compared to BDR0 (p<0.01). 
# Statistical difference compared to BDR2.5 (p<0.01).  

 
Conclusions  

The use of blackberry dry residue in biodegradable active materials reduced its mechanical 
resistance, when compared to the sample without BDR (BDR0), however there was no difference in 
this parameter with the increase in the concentration of BDR incorporated in the materials. The SEM 
images of the sample BDR0 had a homogeneous surface, without roughness and, with the addition of
BDR, the materials had a surface more heterogeneous. As a result, biodegradable materials were 
promising for food application, exhibiting structural integrity and lack of pores. 

The antioxidant activity of the biodegradable materials with BDR proven to be higher in 
samples with greater BDR concentrations (BDR10) and highlight the role of samples as active 
packaging for the controlled and prolonged release of antioxidants. 

Therefore, it is concluded that biodegradable materials incorporating blackberry dry residue
from the food industry may be an alternative to obtaining active packaging, which prevents the
oxidation of food, in addition to being a sustainable appeal and promoting the valorization of this by-
product. 
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Abstract The presence of heavy metal ions in water represents an important risk to human health and other living
beings. Due to this, the development of different techniques for the removal of these pollutants, such as adsorbent
materials, has been shown to be necessary. In order to dea l with these problems, cellulose hydrogels were synthesized
with the addition of lignin biochar to remove heavy metals from contaminated water. The FTIR analysis showed that there
were no significant structural changes in the hydrogels after the addition of Bc. The hydrogels exhibited good water
absorption capacity, with the degree of swelling (DS) being grea ter than 290% for all samples. Finally, the cellulose -
based hydrogel composites presented the following metallic affinity order: Cu2+ > Cr6+ > Cd2+ > Zn2+ > Ni2+ > Mn2+.

Keywords: Hydrogels; Cellulose; Biochar; Lignin; Heavy metals adsorption.
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Introduction
The presence of pollutants in water is a worldwide problem, since thousands of humans and other
living beings depend on its use for survival. The consumption of contaminated water can generate
extremely dangerous effects, affecting the environment and the lives of the creatures that use it [1].
Exposure to heavy metals such as lead, cadmium, mercury and arsenic presents several risks to human
health according to the WHO (World Health Organization), since in underdeveloped countries contact
with these pollutants is still a real problem [2]. In view of the scope of this issue, several techniques
have been developed for the removal of pollutants, mainly heavy metals, from effluents such as
coagulation/flocculation, ion exchange, reverse osmosis, and membrane filtration. Because these
processes have limitations such as low selectivity, high consumption of reagents and possible
secondary contamination [1,3]. With this in mind, the adsorption method gains visibility due to its
high efficiency, ease of operation and low waste generation. The possibility of producing low-cost
and ecologically correct adsorbent materials is essential, since lignin and the biochar derived from its
structure have the necessary characteristics for the treatment of tributaries [1].
The production of activated biochar from lignin for use as an adsorbent material has been gaining
prominence in new studies. These carbon-rich materials are highly porous, have a large surface area
(500 to 2000 m2g-1), are renewable because they are derived from biopolymers and have a
functionalized phenolic structure [4]. Biochar is produced from the pyrolysis of biomass under
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oxygen limitation in a controlled environment, during this process the volatilization of the water 
present in its composition occurs, giving rise to its porous structure. Due to their chemical and 
morphological characteristics, studies show that lignin-derived biochars have excellent performance 
in the immobilization of organic and inorganic pollutants, acting as adsorbents of pollutants in water 
[4,5]. 
The present study aims to report the synthesis process of cellulose hydrogels with the addition of  
lignin biochar and to evaluate their adsorption capacity and their selectivity for different heavy metal 
ions. 

 
Experimental 
1. Hydrogels synthesis 
In this experiment, four cellulose hydrogels were produced: one pure (Cellulose) and three with the 
addition of biochar at different concentrations (Bc - 1%, Bc - 3%, and Bc - 5%). The preparation of 
the hydrogels involved dissolving urea and sodium hydroxide in water, followed by the addition of 
microcrystalline cellulose. The mixture was refrigerated at approximately -10 °C for 24 hours and 
then stirred when the solution was partially liquid. Biochar was added at different concentrations, and 
the solution was stirred for 30 minutes at approximately 900 rpm. After the addition of 
epichlorohydrin for crosslinking, the solutions were dried in an oven at 60 °C for 48 hours. The  
hydrogels were washed with water for 72 hours to remove epichlorohydrin residues and then dried 
again in an oven at 60 °C for 24 hours. 

 
2. Characterization 
Fourier transform infrared spectroscopy (FTIR) was conducted in a Frontier 94.942 equipment  
(PerkinElmer, USA) with attenuated total reflectance (ATR) accessory.   The   range   from 4000 
to 400 cm-1 was evaluated with 32 scans, and a resolution of 4 cm-1. 
The degree of swelling of the hydrogels was determined by immersing ~0.1 g dry hydrogel fragments 
in distilled water, with mass measurements obtained at regular intervals within a period of one week 
(168 h). The experiments were performed at room temperature and the degree of swelling (DS) was 
calculated using Eq.1 [3], where ms (t) is the swollen mass of hydrogel in a time t (g), and m (t = 0) 
is the dry hydrogel mass (g) [3]. 

(1)
 

3. Selectivity 
The affinity of cellulose-based hydrogels for Cu2+, Zn2+, Ni2+, Cd2+, Mn2+, Cr6+ (0.05 mmol/L each) 
were performed using a dosage of 1.0 g/L. The sorption tests were conducted in a shaker incubator at 
room temperature and pH between 4.0  4.5. After 24 h, metal concentrations were determined by ion 
chromatography (940 Professional IC Vario, Metrohm). Removal efficiencies (%R) was determined  
by Eq.2, where C0 is the metal initial concentration (mmol/L), and Ce is the metal concentration at 
equilibrium (mmol/L). 

 

 
Results and Discussion 

(2) 

1. Fourier-transform infrared spectroscopy 
FTIR analysis was performed to compare the composition of cellulose hydrogels without and with 
Bc to identify vibrational modes of bonds and the chemical groups and modifications of the materials. 
The spectra of all samples showed great similarity, as can be seen in Fig. 1. The 3338 cm-1 band was 
found for all hydrogel samples (Fig. 2-a) and is related to the presence of hydroxyl groups O-H 
characteristic of polysaccharides [6,7]. As these bonds are commonly found in the crystalline 
structure of cellulose, it can be said that the appearance of this peak indicates its presence in the three- 
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dimensional structure of hydrogels. The 2916 cm-1, 2887 cm-1, and 2848 cm-1 bands (Fig. 2-a) are 
related to the presence of C-H bonds, which are also normally found in polysaccharides, again 
indicating the presence of cellulose. 

Figure 1  Spectra of hydrogel samples. 
 

Fig. 2-b shows a series of bands typically associated with cellulose present in the region comprised  
between peaks 1650 cm-1 and 890 cm-1. The peaks 1644 cm-1, 1370 cm-1, 1315 cm-1, 1265 cm-1, 1200 
cm-1, 1154 cm-1, 1020 cm-1, and 896 cm-1 correspond to the stretching and bending vibrations of - 
CH2 and - CH, -OH and C-O bonds of cellulose [6 9]. Therefore, the spectra of the hydrogels were 
similar, without significant chemical changes related to the inclusion of Bc, not compromising the 
crosslinking process of the hydrogel. Thus, new functional groups are introduced into the structure, 
seeking to improve water absorption and interactions with a target contaminant [10]. 

 
a) b) 

 
 
 
 
 
 
 
 

Figure 2  Characteristic peaks found in two regions: a) 3500-2800 cm-1 and b) 1650-890 cm-1. 
 

2. Water absorption 
Fig.3 shows the water absorption of the hydrogels produced, and it is possible to observe a rapid 
increase in mass in the first hours, that is, rapid diffusion of water into the interior of the material.  
After the initial 24 h, it is possible to identify a constant behavior (plateau), indicating material  
saturation and maintenance of balance with a slight increase (not expressive). 
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Figure 3  Characteristic peaks found in two regions: a) 3500-2800 cm-1 and b) 1650-890 cm-1. 

 
The degree of swelling for the hydrogels produced, highlighting the pure hydrogel, without addition 
of Bc, with a high absorption capacity of 357.93%. The hydrogel with the addition of 1% of Bc 
presented a DS very close to the pure hydrogel, of 348.37%, while the other hydrogels with higher 
percentages of Bc, 3% and 5%, presented lower values of DS, 290.72% and 314.23%, respectively. 
The results indicated that for higher percentages of Bc the water absorption capacity of the hydrogel 
suffers a decrease. While for the Cellulose and Bc 1% samples the difference was only 9.56%, the 
difference of the Cellulose, Bc 3% and Bc 5% samples were, respectively, 67.21% and 43.7%. One 
hypothesis is that the addition of filler generally reduces the elasticity of the material and increases 
its stiffness, resulting in lower water absorption values [11]. This fact is directly related to the degree 
of crosslinking of the hydrogel, a parameter responsible for providing information about the stability 
between the chains of the polymeric network of the hydrogel and consequently the mechanical 
properties of the material, such as hardness, for example. 

 
3. Ion selectivity 
In effluent samples, heavy metals are found with other potentially toxic contaminants at varying  
concentrations, affecting their sorption efficiency due to competition for binding sites. From Figure 
4, neat hydrogel, hydrogel composites, and biochar presented the following metallic affinity order: 
Cu2+ > Cr6+ > Cd2+ > Zn2+ > Ni2+ > Mn2+. 

 
 

 
Figure 4  Metal affinity of heavy metal ions (Cr6+, Cd2+, Ni2+, Mn2+, Zn2+, and Cu2+) by Bc, neat hydrogel, 
and hydrogel composites. 
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It is interesting to note that proposed hydrogel composites exhibited an increase in removal efficiency 
for Cu2+ (14.25% for Cellulose to 60.57% for Cellulose - Bc 5%) and Cr6+ (8.48% for Cellulose to 
44.99% for Cellulose - Bc 5%), while biochar showed removal efficiency of 80.57 and 67.31% for 
Cu2+ and Cr6+, respectively, under the same operational conditions. Regarding divalent cations (Zn2+, 
Cd2+, Ni2+, and Mn2+) uptake, a lower removal efficiency (less than 20%) was obtained for developed 
hydrogel composites, while for biochar there was a low removal percentage for Cd 2+ (33.49%), 
followed by Zn2+ (28.99%), Ni2+ (27,73%), and Mn2+ (17.62%). The high removal of Cu2+ and Cr6+ 
by biochar and hydrogel composites may be related to its high specific surface area with numerous 

bsequent studies will 
be performed to investigate the kinetics and equilibrium sorption in a batch system, as well as to obtain 
breakthrough curves in a fixed-bed continuous system, aiming at a later application on an industrial 
scale. 

 
Conclusions 
The cellulose hydrogels produced with the addition of Bc did not show significant structural 
alterations according to the FTIR analysis, indicating a good dispersion of the Bc particles, favoring 
the adsorption of metallic ions, since there is the presence of a greater number of active sites on the 
surface of the material. The samples showed good absorption capacity, a fundamental characteristic  
for the functioning of the hydrogels, and the degree of swelling (DS) was greater than 290% for all 
of them. However, for higher concentrations of Bc, there was a decrease in DS, which can be 
explained by a possible increase in the degree of crosslinking. The addition of the 5% m/m 
concentration of Bc favored the sorption process, reaching a maximum removal for Cu2+ and Cr6+. 
Therefore, it is possible to say that low-cost, environmentally friendly materials with potential 
application in contaminated water were obtained. 
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Abstract - Composite hydrogels containing nanofillers are extensively applied in the sorption of different compounds 
from aqueous solutions; however, this ability is poorly exploited in the extraction and pre-concentration of analytes 
from complex matrices. As a contribution to this field, this study reports the synthesis of a composite hydrogel of 
alginate-g-poly(acrylamide) matrix filled with functionalized multi-walled carbon nanotubes (ALG-g-
PAAM/MWCNT-f). This composite served as a solid-phase extractor (SPE) for the separation of Pb2+ and Cd2+ from a 
digested corn cereal sample before their analytical determination. After composite characterization, a series of 
experiments using low dosages of ALG-g-PAAM/MWCNT-f demonstrated that the composite has a higher sorption 
capacity for Pb2+ (5.1 mg/g) and Cd2+ (3.9 mg/g) under favorable experimental conditions. As demonstrated, the 
presence of the MWCNT-f benefited the SPE performance of the composite. The sorption of both cations followed 
pseudo-first-order kinetics, while the experimental data were well-fitted by the Freundlich isotherm. Also, ALG-g-
PAAM/MWCNT-f showed selectivity for Pb2+, and it is reusable up to 10 times without losing sorption performance. 
After sorption and extraction, both metals were completely recovered, facilitating their quantification by the MIP OES 
technique. In short, ALG-g-PAAM/MWCNT-f was an effective SPE for the separation and extraction of Pb2+ and Cd2+, 
which can be beneficial for food control and safety. 

Keywords: Alginate; composite materials; sorption; food analysis; analytical methods.
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Introduction
The investigation and determination of metal species in food samples are essential to designate their 
level of contamination and monitor the ecological and health risks associated with them [1]. The 
complexity of some food matrices makes metal determination a non-trivial task, mainly because of 
some interfering substances [2]. The low concentration of metal ions in these samples and the low 
selectivity and sensitivity of analytical techniques are additional shortcomings. Alternatively, 
preconcentration processes are often required since they increase the concentration of these analytes 
before qualitative or quantitative analysis or detection. Although this benefit, the inclusion of a 
preconcentration step in an analytical routine may harm aspects such as cost and time. To abate 
these drawbacks, more feasible and efficient pre-concentration processes have been studied to 
facilitate the determination of metal ions in food samples. According to the literature, solid-phase 
extraction, filtration, and electrochemical methods are often utilized in the separation and 
preconcentration of metal species in different food samples. Among them, solid-phase extraction 
using sorbent materials has been applied as a powerful tool for separating various inorganic 
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products and analytes, showing stability and high reuse potential. Most recently, polymeric 
hydrogels gained attention as SPE mainly because of their chemical and physical characteristics [3]. 
Briefly, hydrogels are three-dimensional hydrophilic materials with a high capacity to absorb and 
retain large amounts of water. Overall, these soft materials possess highly functionalized networks 
offering many interaction sites for different solutes and analytes. Beyond the flexibility of 
composition and processing, hydrogel matrices can be associated with different (nano)fillers (e.g., 
magnetic and metal nanoparticles, MOFs, and carbon nanotubes), which results in materials with 
enhanced sorption performance and robustness for SPE applications. Despite this encouraging 
scenery, studies dealing with the development and application of composite hydrogels containing 
CNTs or MWCNT specifically for SPE uses are still limited. Furthermore, most studies reporting 
the sorbent properties of hydrogels containing these fillers are conducted in conditions far from 
those faced by the analysts that work with food samples, and selectivity is not verified [4]. To fill 
this gap, this study reports the synthesis of an original composite hydrogel of alginate grafted with 
poly(acrylamide) (ALG-g-PAAM) filled with MWCNT functionalized with carboxyl and hydroxyl 
groups (MWCNT-f) and exploited its use as SPE to separate/concentrate metal ions (Pb2+ and Cd2+)
from an as-digested food sample, as depicted in Fig. 1. Alginate (ALG) is a natural polysaccharide 
commercially extracted from brown algae and widely used to prepare sorbent materials due to the 
presence of many functional groups ( OH and COOH groups mostly) on its backbone. 
 

 
Fig. 1. Graphic summary of the experimental procedure done in study. 

 
Experimental  
Synthesis of the hydrogels: Hydrogels were synthesized via simultaneous radical graft 
polymerization of acrylamide monomers (AAM) onto the ALG backbone using N,N-methylene 
bisacrylamide (MBA) as the crosslinker. For this, ALG (500 mg) was added to a three-necked flask 
placed on a magnetic stirrer and solubilized in distilled water (40 mL). Then, a K2S2O8 solution (20 
mg in 5 mL of distilled water) was added to the reaction flask, which was sealed and purged with 
N2 for 15 min. The temperature was increased and kept at 70 ºC using an oil bath. Next, AAM (250 
mg) and MBA solution (20 mg in 5 mL of distilled water) were simultaneously added to the 
reaction mixture under stirring. After 60 min, the synthesized hydrogel was allowed to cool to room 
temperature. The completely hardened hydrogel particles were recovered, thoroughly washed with 
ethanol, and distilled water and then, oven-dried (40 °C for 10 h). The powdered hydrogel was 
sieved to obtain particle sizes around 200 µm (5/16 mesh) and stored away from moisture, heat, and 
light before use and characterization. This sample, labeled ALG-g-PAAM, was synthesized for 
comparative purposes. The composite hydrogel containing MWCNT-f was synthesized similarly; 
however, 10 mg of the filler was added to the reaction system and homogenized together with the 
ALG solution before the grafting/crosslinking step. Herein, the polymer:filler mass ratio was fixed 
at 1:0.13 based on previous experiments that pointed out the maximum dispersible amount of 
MWCNT-f. The composite (particle size around 200 µm) was labeled as ALG-g-PAAM/MWCNT-
f.  

1609



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

Sorption experiments: These experiments were performed to investigate the ability of synthesized 
hydrogels to separate Pb2+ and Cd2+ ions from corn cereal samples, which were previously digested. 
The experimental procedures used to digest the cereal sample are described by Silva et al. [5]. The 
following general protocol was utilized in the sorption experiments: 10 mg of each hydrogel (ALG-
g-PAAM or ALG-g-PAAM/MWCNT-f) was put in contact with 50 mL of the digested cereal 
solutions for 1 h. The set (hydrogels + solutions) was orbitally stirred (100 rpm) at room 
temperature during this while. To quantify the sorption of the two metals, aliquots were collected 
from the cereal solutions, filtered, and analyzed by MIP OES.

Results and Discussion 
To evaluate the hydrogels formed, FTIR was performed to study the composition of the adsorbent, 
here in a more summarized way we will discuss only the hydrogels. Fig. 2(a) shows the FTIR 
spectra containing the hydrogels (ALG-g-PAAM and ALG-g-PAAM/MWCNT-f), the broadband in 
the region 3680 3100 cm-1 is due to the O H stretching ( OH groups) overlapping the N H 
stretching ( NH2 groups). The sharpening of these bands compared to the ALG spectrum suggests 
that the grafting of the reaction consumed part of its OH groups, which corroborates the literature. 
Characteristic bands of PAAM moieties at 1650 and 1454 cm-1 (C=O stretching of CONH2 groups 
and N H bending of NH2 groups) and bands associated with the COOH groups of ALG (at 1625 
cm-1) were also noticed. The FTIR spectrum of the composite hydrogel (ALG-g-PAAM/MWCNT-
f) exhibited an increase in the intensity of the band associated with the O H stretching (around 3440 
cm-1) because of the OH and COOH groups of MWCNT-f. Additionally, the appearance of a 
band at 1735 cm-1 can be attributed to the C=O stretching of MWCNT-f. Finally, the sharpening of 
the band attributed to the C=O stretching of the COOH groups of ALG indicates the interaction of 
these groups with the MWCNT-f by H-bond, probably. Indeed, the presence of hydrophilic groups 
on the surface of MWCNT-f showed to be crucial to disperse this filler throughout the ALG-g-
PAAM matrix. Complementary to FTIR analysis, the maximum grafting degree for both hydrogels 
was around 325%, while the gel yield was close to 47%, respectively.

              
Fig. 2. (a) FTIR spectra of PAAM, Alg, PAAM-g-ALG, and PAAM-g-ALG/MWCNT-f. (b) 
Swelling kinetics of PAAM-g-ALG and PAAM-g-ALG/MWCNT-f at distilled water.

The swelling capacity of synthesized materials, shown in Fig. 2(b), is one of the most important 
parameters to understand their sorption capacity. As noticed, the hydrophilic nature of ALG and 
PAAM allowed both hydrogels to have high swelling degree rates at the beginning of the 
experiment. After 100 min, the liquid uptake rate for ALG-g-PAAM seems to slow down and the 
swelling achieves equilibrium around 400 min. The maximum swelling degree computed for this 
hydrogel was 1.425%, indicating that it can be classified as a superabsorbent hydrogel. 
Comparatively, the swelling curve of ALG-g-PAAM/MWCNT-f suggests that the liquid uptake 
follows different kinetics for this hydrogel. According to the experimental data, the swelling degree 
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rate for the composite increases until it achieves equilibrium (2,113%) at around 460 min. These 
discrepancies between the swelling capacity and kinetics observed for the ALG-g-PAAM and ALG-
g-PAAM/MWCNT-f can be explained by the presence of the MWCNT-f in the composite.  
The sorption tests were performed at different pHs, mainly due to the acid digestion of cereals, to
show that the material resists very acidic pHs and high temperatures, showing the applicability of 
the hydrogel. To explain some properties of the compounds, the processes of sorption kinetics and 
isotherms were evaluated and the models that best suited the results obtained in this research were 
the pseudo-first order kinetics and the Freundlich sorption model for the isotherms, these data 
typically assumes that the sorption process occurs due to the complexation of one metal ion onto 
one unoccupied binding site on the surface of the hydrogels. 

 
Fig. 3. Adsorption capacity at equilibrium for Cd2+ and Pb2+ by the PAAM-g-ALG/MWCNT-f 
hydrogel after consecutive cycles of sorption/desorption. 

 
Desorption experiments were performed to investigate the release of sorbed metals by the hydrogel 
composite and its potential in consecutive reuse cycles. The reuse of the SPE material is desirable 
for practical and large-scale applications. To explain, both studies were only performed with the 
ALG-g-PAAM/MWCNT-f hydrogel since this sample showed superior performance to ALG-g-
PAAM in all previous experiments. The authors believe that the composite hydrogel has a higher 
potential as an SPE material. The sorption capacity of ALG-g-PAAM/MWCNT-f hydrogel was 
(re)calculated after each sorption/desorption cycle for both metal ions. The results are shown in Fig. 
3. The highest qe values were calculated for the sorption of Pb2+ ions highlighting the greater 
affinity of this metal by the composite hydrogel than the Cd2+ ions. After ten consecutive reuse 
cycles, the sorption capacity of ALG-g-PAAM/MWCNT-f for both metals showed a minimal 
impairment. At the last reuse cycle, the reduction of the sorption capacity did not exceed the margin 
of 10% compared to the first, which characterizes the remarkable reusability potential of this 
composite hydrogel. This feature encourages the use of this material as SPE for the separation and 
pre-concentration of analytes from food samples. Moreover, the sorbed metals were completely 
desorbed (100% recovered) from the post-used composite hydrogel after each reuse cycle using 
HNO3 as the extracting solution. This acid protonates the binding sites on the surface of the 
hydrogel and disrupts their interaction with the sorbed metals releasing them into the extraction 
medium. After desorption, the regenerated hydrogels were directly washed with distilled water, 
collected, and dried, and, thereafter, reused in the next sorption cycle. In short, this is a simple and 
attractive operational approach compared to other materials ranked as potential SPE [4]. The 
complete desorption of the metals from the composite strengthens the suggestion that this material 
is efficient in separating the analytes from a complex matrix facilitating their further 
determination/quantification. 
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Conclusions
The separation of Pb2+ and Cd2+ ions from a digested cereal sample was studied under different 
conditions using two ALG-g-PAAM and ALG-g-PAAM/MWCNT-f hydrogels as SPE materials. 
Various experiments demonstrated that both hydrogels were efficient for this task, even under the 
harsh conditions used to digest the cereal sample. Comparatively, the presence of MWCNT-f 
enhanced the sorption capacity of the composite hydrogel, likely due to increasing the stability of 
the polymeric matrix and the increment of the binding sites for the metal ions. The composite 
hydrogel exhibited a heterogeneous morphology, superabsorbent behavior, and low sensitivity to 
external interferents, which can explain its enhanced performance compared to the pristine 
hydrogel. Kinetic experiments revealed ALG-g-PAAM/MWCNT-f (10 mg) allowed removing both 
metals (Pb2+ and Cd2+) completely (100%) in only 40 min via a surface sorption process. The sorbed 
metals were efficiently recovered from the composite using an HNO3 extraction solution facilitating 
their further quantification by MIP OES. Besides, the post-used composite was reused in 10 
sorption/desorption consecutive cycles with minimum impairment towards its sorption capacity. 
Also, it was verified that the sorption of Pb2+ occurs preferentially compared to Cd2+. In short, the 
composite hydrogel containing MWCNT-f can be ranked as a potential SPE material with simple 
operation and high efficiency to separate and preconcentrate these two metals from complex food 
matrices, such as the cereal sample. This study can be useful to other researchers that work on the 
analytical aspects of food chemistry and industry. 
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Abstract Starch-based films are eco-friendly, biodegradable and can be easily obtained by solvent casting method. Due 
to this, the aim of this study was to develop and characterize cassava starch films containing 5% o grain 
extract through physical, optical, mechanical and thermal properties, and % release of phenolic compounds. The films 
with extract were compared with control, being observed significative differences for the parameter of density, it was 
increased by extract (1.47±0.09 g.cm-3). Furthermore, the tensile strength (6.73±2.37 MPa) and elongation at break
(14.78±10.57%) decreased with the addition of extract. It was observed in SEM-FEG images a wrinkled surface. Both
films presented high degradation temperatures (250-350 ºC) and it was observed 100% release of phenolic compounds
within 4 hours. Therefore, the films developed are considered promising biodegradable materials for the release of
bioactive compounds.

Keywords: By-product, Cassava starch, Biodegradable films, Phenolic compounds, Solvent casting

Introduction
Biodegradable materials have been the subject of great interest by the scientific community because
they are degraded and metabolized by microorganisms present in the environment, thus avoiding
accumulation and generating an environmental pollution problem [1]. One of the most prominent
biodegradable polymers is starch. Starch is a natural and eco-friendly biopolymer that can be
extracted of different sources, such cassava, rice and potato [2]. Furthermore, the starch presents
advantages of low cost, being abundant and nontoxic, and especially the films with cassava starch
have good flexibility and low water vapor permeability [3,4]. However, it is necessary to break the
hydrogen bonds present in the starch to destroy the crystalline structure, transforming it into
amorphous, facilitating its processing and improving properties related to mechanical strength and
high hydrophilicity. One of the most used ways to help the film formation process is the use of
plasticizers, such as glycerol [3]. The addition of plasticizer increases moisture absorption in the
films, due to this, the use of reinforcing agents, such other polymers, is important to overcome the
limitations of starch isolated [5]. An example of polymer is poly (vinyl alcohol) (PVA), which showed 
to increase the film flexibility and elongation at break, maintaining the biodegradable characteristics 
of material [6].

-product of the brewing industry. It is currently
used as animal feed, but its rich composition, mainly containing phenolic compounds, which can be
used in different materials in pharmaceutical and food areas [7]. The main phenolic compounds found 
in the BSG extracts were the ferulic and p-coumaric acid, followed by caffeic, sinapic and syringic 
acids. Some properties of these compounds, such as antioxidant, anti-inflammatory and anticancer 
properties, make the by-product of the brewing industry the subject of much research. Thus, the 
present study aimed to obtain biodegradable and sustainable starch films as an alternative for

spent grain extract.
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Experimental 
Films production 
Samples were developed using the solvent casting technique. The components present in the 
formulation were (3% (%, w.v-1) cassava starch, 20% (%, w.v-1) of glycerol and poly (vinyl alcohol), 
both calculated in relation to cassava starch). These components were homogenized in q.s.p. 100 mL 
of water and heated until 90 ºC, with constant stirring, that it necessary to occur the gelatinization of 
starch. In t -1) was added and then, 50g of 
mixture was carefully transferred to the petri dish (150mm x15mm). In the last step, the 
formulations were dried in the oven (60ºC) until complete evaporation of solvent and formation of 

 the petri dish 
and stored at room temperature (25±2ºC). 

 
Characterisation of the cassava starch containing  spent grain extract 
Thickness and density of films 
The thickness of films was measured with digital micrometer with resolution 0.001mm, through 10 
random points. For the density, the films (2cmx2cm) were stored at 25 °C in a desiccator with CaCl2 
(0% RH) for 7 days and then weighed to determination of weight of films. The thickness, width and 
length were evaluated to perform the density calculation. 
Apparent opacity 
Apparent opacity was determined by means of colorimeter (HunterLab - USA) at a 10º angle and 
illuminant D65 (day light), according to Hunterlab methods (Hunter Associates Laboratory, 1997). 
Sample opacity (Y) was calculated as the ratio between the opacity of the sample placed under a black 
pattern (YB) and the opacity of the sample placed under a white pattern (YW). The opacity results (Y) 
were divided by the sample thickness and expressed in the arbitrary scale (0 -1). The 
determinations were performed in triplicate. 
Water solubility and Water vapor permeability (WVP) 
In the determination of Water solubility, the samples were previously dried (7 days  0% RH), 
weighed and immersed in 20mL of distilled water and remained in contact for 48 h. After this period, 
the excess of water was removed from the recipients and the samples were dried in a 105 °C oven for 
3 h and then weighed again. The weight difference was used to determine the water solubility of the 
samples. The test was conducted in triplicate. 
In the Water vapor permeability, the samples were stored at 25 ºC and 53% RH for 48 h. Each film 
sample was fixed in a circular opening of a permeation cell with 60 mm of internal diameter with 
silicone grease to ensure that the humidity migration occurred only through the film. The interior of 
the cell was filled with anhydrous CaCl2 (0% RH), and the device was stored at 25 ºC in a desiccator 
to maintain a 75% RH gradient across the film. A sodium chloride saturated solution was used in the 
desiccator to provide 75% RH. The samples were weighed every 1 h for 9 h and at 24 h. Changes in 
the weight of the cell or mass gain (m) were plotted as a function of time (t). The slope of the line 
was calculated by linear regression (r2 > 0.97), and the water vapor permeation ratio (WVPR). 
Mechanical Properties 
A universal mechanical testing machine (Shimadzu, Kioto, Japan) was used to determinate the tensile 
properties of the films. Tensile tests were based on American Society for Testing and Material 
Standard (ASTM) D882-91 (1996b). Ten samples of each formulation were cut in the machine 
direction (longitudinal), with 50 mm in length and 20 mm in width, and fit to the tensile grips. The 
cross head speed was set at 0.8 mm.s-1, and the initial distance between the grips was 30 mm. Before 
the tests, the samples were conditioned at 25 ± 2 ºC and 53 ± 2% RH for 48 h. The tensile strength 
(MPa), elongation at break (%) and  modulus (MPa) were determined. 
Scanning electron microscopic (SEM) analysis 
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A scanning electron microscope Tescan model Mira 3 was used to make observations of the 
fractured surface of the films. The samples were submerged in liquid nitrogen and then broken 
(cryogenic fracture). Before coating with a gold layer, the samples were stored at 25 ± 2 ºC in a 
desiccator with CaCl2 (0% RH) for 7 days. The coating was performed with a Sputter Coater 
(Quorum SC7620). Images were taken of the fractured surface, with 1 kx of magnification. 
Thermogravimetric analysis (TGA) 
The thermogravimetric analysis was conducted using a PerkinElmer (STA 600) Simultaneous 
Thermal Analyzer. The samples were previously dried in desiccator with calcium chloride for 7 days 
and then heated from 20 to 500 °C, 10 °C.min , under nitrogen flow (50 mL.min ). The maximum 
degradation temperatures were extracted from the dTG curves, obtained using Origin 9.0 software. 
Release of phenolic compounds 
The films, in dimensions 2cmx2cm, were previously dried in desiccator with calcium chloride for 7 
days. After 7 days, the films were immersed in 10 mL of distilled water, at 25 ± 2 ºC, and aliquots 
of 1 mL were collected and replaced in 30 minutes, 1 hour, 2 hours, 3 hours and 4 hours. 200 µL of 
aliquots were added in the mixture of 7 mL of distilled water and 500 µL of Folin-Ciocalteau reagent. 
After 30 seconds, 2.5 mL of sodium carbonate (10.6%, % w.v-1) were added. Then, the preparation 
was heated in water bath at 50 ºC for 5 minutes, and the absorbance was determined in 
spectrophotometer at  The test was performed in triplicate. 
Statistical analysis 
The data were analyzed using the GraphPad Prism 9.0 software, for  t test (5% significance). 

 
Results and Discussion 

 
showed no significant difference for thickness (0.007±0.018 cm for control and 0.009±0.035 cm for 
film with extract), apparent opacity (35.08±2.48 %.µm-1 for control and 35.86±1.85 %.µm-1 for film 
with extract), water solubility (67.26±3.76 % for control and 66.40±1.98 % for film with extract) and 
WVP (2.67x10-11±0.043 g.seg-1.m-1Pa-1 for control and 4.21x10-11±0.060 g.seg-1.m-1Pa-1 for film with 
extract). 
The extract contributed to the increase of density of films, with value of 1.47±0.09 g.cm-3, in contrast 
to the control film (1.28±0.04 g.cm-3). The presence of glycerol may have interfered with the 
molecular organization, increasing the free volume. The apparent opacity is related with thickness of 
materials and both Control and BSG extract films has not presented significant difference, i. e., the 
opacity between films has not changed. This fact can be considered positive, since in case of 
commercialization, the films may have greater consumer acceptance. 
The mechanical properties are shown in Table 1. Tensile strength and elongation at break were 

 
adversely affected by the fractures and voids in the films surface, as evidenced in SEM images. This 
fact points to a positive effect of BSG in the mechanical performance of the starch films, resulting 
in less rigid and brittle materials to be used as biodegradable material. The distribution of the 
hydrophobic substance between the two phases of a polymeric matrix can occur. Consequently, 
different interactions of the extract with each polymer phase can modify the polymer chain 
interactions. 
 
Table 1  Tensile strength, elongation at break, and Young's modulus of the biodegradable starch films 

 
 
 
 
 
 

a,b,c,d,e Means in the same column with different letters differ significantly  test; p<0.05) 
 

Samples 
Tensile strength 

(MPa) 
Elongation at break 

(%) 
 module 

(MPa) 

Control 8.63±1.52a 34.28±24.06c 178.75±39.15e 

5% BSG 6.73±2.37b 14.78±10.57d 152.48±57.86e 
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In the thermogravimetric analysis (Figures 1A and 1B), the first step refers to weight loss 

under 130 °C which mainly caused by the volatilization of free water in the films. The second stage 
(130 200 °C) was due to the evaporation of bound water and glycerol [8]. The third step (250-350 
ºC) corresponding the thermal degradation of many organic extractives, fats, waxes, alkaloids, 
glycosides present in the  spent grain extract. The temperature around 300 ºC (Figure 1B) 
is related to the decomposition of starch (amylose + amylopectin) [9]. 

 

Figure 1  TGA thermograms (A) and dTG graphs (B) of control and BSG extract starch films 

 
 

became less homogeneous, with a more wrinkled surface fracture (Figure 2B), indicating a deficient 
phase compatibility. These results therefore confirm the results of mechanical properties. 

 
 

 
Figure 2  FEG-SEM images for criofractures of control (A) and BSG extract starch films (B) 
 

The release profile of phenolic compounds presented in the extract incorporated from the cassava 
starch films was evaluated in water (Figure 3). The results indicated that the phenolic compounds 
were stable in this media and able to be extracted from the materials after the solvent casting process, 
ocorring 100% of release these compounds within 4 hours. 

 

  
 

Figure 3  Release profile of phenolic compounds total from starch biodegradable films in water for 4 hours
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Conclusions 
The starch films were successfully obtained, showing the release of the total amount of phenolic 
compounds within 4 hours. The resistance of the films was compromised with the addition of the 
extract, but depending on the application, more flexible and less resistant films are more interesting. 
Therefore, the developed films are considered promising materials for the incorporation and release 
of bioactive compounds. 
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Abstract - Biodegradable and bio-based polymers can be an alternative when it comes to reducing the impact on the 
environment, since it is possible to prepare bioplastics from starch, a natural polymer widely available and inexpensive 
and add organic waste, such as yerba mate, largely consumed in South America. Thus, the objective of this work was to 
develop thermoplastic starch films with yerba mate waste. The methodology was performed from a formulation 
containing starch, glycerol and deionized water, and added 20% yerba mate waste (YMW). Films were formed by casting 
at room temperature and oven drying, and characterized by visual, thermal, morphological, mechanical and chemical 
profile analysis. The results showed material surfaces homogenization due to the complete melting of the starch granules, 
high thermal stability and increased thickness with the addition of YMW. Also, it was possible to verify that the drying 
process can interfere in the mechanical properties of the films.

Keywords: Biodegradable polymer. Bioplastics. Corn starch films. Organic waste.

Introduction 
Yerba mate (Ilex paraguariensis St. Hill. Aquifoliaceae) is a plant species widely used in the 
preparation of a beverage appreciated for its peculiar bitter taste and stimulating properties, known 
as chimarrão and tererê (in Portuguese) or mate (in Spanish), mainly in South American countries, 
including Brazil, Uruguay, Argentina, and Paraguay. It is estimated that 1 million people in South 
American countries consume about 1-2 L per day of mate infusion and for centuries, yerba mate was 
used by the native peoples of South America, especially the indigenous Guarani as a stimulant drink 
[1]. Brazil is the leading producer, with 880,000 tons of yerba mate produced in 2019, followed by 
Argentina with 837,000 tons and Paraguay with a production of 171,000 tons [2]. However, large 
amounts of waste are generated, both in the processing (drying, sapping and canching), and after the 
consumption of yerba mate products, requiring the development of different applications and 
technologies for this material [3]. In general, some studies have already assessed the potential uses of 
yerba mate waste (YMW), such as in the production of charcoal for the removal of organic 
contaminants from aqueous solution [4]; as an adsorbent material to remove methylene blue [5]; in 
the production of substrates for plant cultivation [6]; of medium density particleboards [7] and of 
briquettes and composites [8]. Therefore, using bio-based materials has relevance for their 
biodegradability, sustainability, and respect for the environment [9]. Starch blends are among the 
biobased and biodegradable bioplastics [10], in which thermoplastic starch (TPS) presents great 
potential due to its abundant supply, low cost, complete biodegradation and high biocompatibility 
[11, 12], and Brazil stands as a leader in research regarding the development of these films [13]. In 
this sense, the aim of the present work is to evaluate the use of yerba mate waste in the development 
of biodegradable films based on thermoplastic starch.
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Experimental 
Preparation of biodegradable films 
TPS films were prepared using 70% soluble corn starch and 30% glycerol dissolved in deionized 
water, corresponding to 18 g of starch and 5.4 g of glycerol, in 600 mL of deionized water. The 
solution was kept at 70 ºC for 30 minutes with constant mechanical stirring at 70 rpm. Afterwards, it 
was poured and leveled on a Teflon® nonstick sheet. The formati
by casting occurred at room temperature (on average 22,5 ºC and 58% relative humidity) for 48 hours. 
Another formulation was prepared under the same conditions and films were formed in an oven at 
60 ºC for 8 hours. This way, two drying methods were compared. Films with the addition of 20% 
post-consumption yerba mate were prepared with 14.4 g of starch, 4.3 g of glycerol, and 3.6 g of 
yerba mate, in 600 mL of deionized water. The following procedures for gelatinization and drying 
were the same as for TPS. The YMW was dried at 100 °C, separated into different granulometries, 
and only the fractions smaller than 32 mesh were used for preparation and subsequent 
characterizations of the films. 

Characterization of the prepared films and raw materials used 
Visual analysis was performed from photographs and morphological analysis was performed on a 
Scanning Electron Microscope (SEM) by observing the top surface and cross section, with cryogenic 
fracturing, of the films. Samples were prepared with a thin layer of gold and the chemical profile was 
evaluated by analysis in the infrared region, in the range between 4000 cm-1 and 650 cm-1, using a 
spectrophotometer, coupled to the Attenuated Total Reflection (ATR-FTIR) accessory. The 
thermogravimetric analysis was performed in a Simultaneous Thermal Analyzer (STA), in nitrogen 
gas atmosphere with a flow of 20 mL min-1, with a heating rate of 10 ºC min-1 and a heating ramp 
between 15 ºC and 900 ºC. The thickness of the films was obtained from the average of ten random 
points, in triplicate, using a digital micrometer, with precision of 0.001 mm. The tensile strength (MPa) 
and elongation (%) properties were determined in a dynamometer, operating with a load cell of 5 kgf 
and speed of 50 mm min-1. The analysis was performed on 10 test specimens, which were kept in a 
desiccator for 48 hours. All procedures and analysis were conducted at the Clean Technology 
Research and Development Center (CTL) and at the Advanced Studies in Materials laboratory, both 
at Feevale University. 

Results and Discussion  
Different drying procedures did not change the visual aspect of the films, as shown in Fig. 1a. Thus, 
it was observed in the TPS films a smooth, colorless, transparent surface with small bubbles, while 
the films with YMW showed transparency and brown hue with rough top surface and smooth bottom 
surface, due to the yerba mate particles not dissolving in the starch solution. The YMW chemical 
profile indicated a broad absorption band at 3298 cm-1 related to OH groups, present in cellulose 
molecules, lignin, water, and other compounds such as chlorogenic acid. 2921 cm-1 and 2850 cm-1 
were assigned to CH stretching vibrations of the CH2 and CH3 groups. The region between 1800 and 
1500 cm-1 was related to carbonyls of esters, amides, acids, and other compounds such as Xanthines 
and Saponines. Around 1733 cm-1, the presence of acetyl and ester groups can be indicated for 
hemicellulose. The angular deformation (scissor vibration) of CH2 and CH3 were observed in the 
region between 1500 and 1250 cm-1, while the stretching vibrations of the CO bond were assigned 
between 1300 and 1000 cm-1 [14, 15]. Both films showed functional groups mainly related to starch, 
however, an increase in the intensity of the bands was observed for the TPS films compared to the 
films with YMW. This may indicate a higher availability of OH groups in the TPS film, around 
3289 cm-1 [16]. At approximately 2928 cm-1 it was associated with the CH2 bond. The band at 
1647 cm-1 was assigned to the bending vibration of H2O. At 1336 cm-1, 1150 cm-1 and 1077 cm-1 
occurred the bending and stretching of COH, respectively. At 995 cm-1 a typical amylopectin bond 
vibration occurred [17, 18]. Fig. 1b presents all the FTIR spectra.  
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Figure 1  Analysis of the films, starch and yerba mate: a) photographs, b) FTIR, c) TGA and DTG. 

The thermogravimetric curve (TGA) and its derivative (DTG) as shown in Fig. 1c followed the 
expected pattern for starch films plasticized with glycerol [16]. The first thermal event was observed 
for all films and raw materials between 61.3 °C and 75.5 °C, related to water evaporation. The second 
stage of mass loss occurred for corn starch at Tmax 293.0 ºC, this degradation temperature is higher 
than the films (between 149.6 ºC and 174.5 ºC) due to the gelatinization reaction that reduces the 
energy required to destroy the internal starch structure [19]. YMW showed mass loss between 
215.5 ºC and 670.4 ºC, related to degradation of pectin, hemicellulose, cellulose, and lignin, 
respectively, over four steps [14]. The last thermal event of the films occurred between 298.4 ºC and 
299.1 ºC, attributed to degradation of starch components [20, 21]. The TPS and TPS films with yerba 
mate waste showed similarities, with thermal stability of approximately 298 ºC. Regarding thickness 
and mechanical properties, the results are presented in Table 1. 

Table 1  Thickness and mechanical properties of the films. 
Film Thickness (mm) Tensile strength (MPa) Elongation at break (%) 

TPS  0.08 ± 0.01 2.39 ± 0.18 59.62 ± 15.63 
TPS-60ºC 0.09 ± 0.01 7.67 ± 3.93 3.62 ± 0.51 
TPS-YM 0.26 ± 0.04 0.57 ± 0.09 33.97 ± 6.27 
TPS-YM-60ºC 0.25 ± 0.02 0.88 ± 0.23 16.53 ± 6.86 
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The thickness of the films with YMW was higher than the TPS films, consistent with other studies 
[14, 17, 20]. There was variability in the mechanical properties of the films, and the results observed 
for TPS were similar to those in the literature. However, TPS-60°C showed opposite values to TPS, 
with an increase in tensile strength and reduction in elongation percentage. This pattern also occurred 
with the TPS-YM and TPS-YM-60ºC films, but both obtained mechanical properties lower than the 
control film, different from what has already been reported by other authors [16, 18, 22].  

 

Figure 2  SEM micrographs (500x) from starch, YMW, TPS and YMW films: a) top surface and b) cross 
section. 

Fig. 2 presents the morphological analysis, indicating cracks on the surface of all films, which may 
be a consequence from sample preparation or electronic impact during scanning [17, 23]. It was 
observed that the surface of the TPS films were smooth compared to the films with YMW, which 
exhibited roughness [16]. In addition, no starch granules were visualized in the cross section, 
suggesting that complete gelatinization occurred [22]. Yerba mate waste showed irregular shape, 
varying in terms of forms and sizes [24], as does starch depending on its botanical origin and in the 
case of corn starch, the shape is polygonal [25]. 

Conclusions  
Films with thermal stability (Tmax were obtained. An increment in elongation percentage 
was observed for films formed at room temperature and higher tensile strength values for films dried 
at 60 ºC. In conclusion, it was possible to develop TPS films using yerba mate waste, and applications 
in packaging and in the agricultural sector can be envisioned. 
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Abstract Due to the environmental crisis faced in recent decades arising from the mass production and consumption of 
various polymeric products, it is necessary to know the environmental impacts of each production stage of the production 
systems and to compare the environmental performance of each type of material, and seek more sustainable solutions for 
production processes. This research aims, through the Eco Audit tool found in the ANSYS GRANTA EduPack® software, to 
evaluate the environmental performance of bottles made of polypropylene (PP), high-density polyethylene (HDPE) and low-
density polyethylene (LDPE), considering different types of discards (end-of-life). It can be concluded that among the bottle 
production life cycle stages, the most significant environmental burden is in the processes involving oil and gas extraction to 
polymerization. Regarding energy consumption and CO2 emissions, incineration was the least advantageous final disposal, 
and recycling proved the most eco-sustainable. PP proved to be the most eco-sustainable polymer.

Keywords: Eco-Audit, Embodied Energy, CO2 Footprint, Plastic Bottles, End-of-life Alternatives.

Introduction 
In 2018, it was estimated that around 359 million tons of plastic were produced worldwide and 

that the number of plastic products has grown considerably after the last half of the 20th century. Studies 
indicate that about 30% of products are still in use. When considering post-consumption, the numbers 
indicate that only 9% of the total was recycled, 12% incinerated, and 79% accumulated in landfills, 
dumps, oceans, and forests, generating significant environmental impacts [1]. Commodity polymers such 
as PP, HDPE, and LDPE have been widely used in various products, emphasizing bottles and packaging 
[2]. Therefore, sustainable solutions must be found for these products' production processes and end-of-
life, and that circular approaches must be adopted. It is necessary for producers to seek sustainable 
alternatives for their businesses and for consumers to be aware and make choices thinking about the 
environment [3].

To achieve a sustainable production of a product, it is necessary to know all the phases of its life 
cycle, evaluating how the technologies and materials used in the production can affect the environment 
and the ecosystem in which the production system of such product is inserted [4]. In this context, the Life 
Cycle Assessment (LCA) has gained much prominence in academia and research sectors in companies 
since it has proven to be an excellent tool for comparing products and understanding the possible 
environmental damage that each product, service, or technology generates, from its manufacture to its 
disposal.
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According to NBR ISO 14040 (2001) [5], LCA is a technique that measures precisely all possible 

commonly known. The methodology of a LCA must primarily contain the objective and scope of the 
study, Life Cycle Inventory Analysis, Life Cycle Impact Assessment and Life Cycle Interpretation [6]. 
It is a relatively laborious technique, mainly considering the Cycle Inventory Analysis where the data are 
collected and the specific calculation procedures of the studied product system are defined [7]. 

The objective of this research was to evaluate the environmental performance of PP, HDPE, and 
LDPE bottles using a more simplified methodology (Eco Audit) which aims to present data on the 
environmental impact of each stage in the production of bottles, not requiring a robust life cycle inventory 
and modeling. Eco-audit analyzes the five phases of a product's life (material, manufacturing, transport, 
use and disposal) and estimate which of these phases demands more energy (embodied energy) or has a 
larger carbon footprint [8]. 
 
Experimental  

Eco audit analysis of plastic bottles was performed using ANSYS GRANTA EduPack® 2021 
software. All stages of the life cycle analysis were investigated in Brazil. The bottle packaging materials 
chosen in the software were: Polypropylene (PP  homopolymer, low flow); High-density polyethylene 
(PE-HD  general purpose, extrusion); Low-density polyethylene (PE-LD  general purpose, extrusion). 
In the manufacturing stage, the production of 10,000 units of 60 g bottles by extrusion was examined. In 
this study, neither caps production nor package filling was considered. 

For transport analysis, a 14 tonne (2 axle) truck covering a distance of 200 km was adopted. In 
the use stage, transport in a family car (gasoline) covering a distance of 6 km in one day was studied, 
using the plastic bottle for 120 days with a product life of 2 years. These inputs were the same for all 
materials. For the disposal phase, different possibilities were studied: landfill, recycle, combustion, 
downcycle and reuse (only once); it was considered that the material could be 100% recovered in all 
options. 
 
Results and Discussion 

Fig 1 and 2 show, respectively, the energy required and carbon emission (CO2 footprint) in each 
life cycle phase of PP, HDPE, and LDPE bottles. In this case, it was considered the final disposal of the 
materials in a landfill. 

 
Figure 1  Required energy at each life-phase for different plastic bottles materials (disposal in landfills). 
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Figure 2  Carbon emission at each life-phase for different plastic bottles materials (disposal in landfills). 
 

For all materials studied, the higher energy is consumed in the material production phase 
(primary), involving oil and gas extraction to polymerization (Fig 1). The same behavior was observed 
in Fig 2 for carbon production (CO2 footprint). Together, the manufacturing, transport, use, and disposal 
phases represent, on average, 14% of energy and 42% of the carbon footprint related to the production 
of the materials. LDPE requires more energy and emits more CO2 during primary production compared 
to HDPE and PP. 

Figure 3 shows the amount of water used in the primary production and manufacture (processing) 
of bottles and the average cost of virgin polymers (R$/kg). LDPE bottle production consumes more water 
compared to HDPE, which is also the material with the highest cost. On the other hand, PP presented a 
better comparative balance between cost and water use. 
 

 
Figure 3 - Water consumption (primary production and processing) and cost of bottle materials. 
 

Fig 4 shows the total energy consumed at all stages of the bottle's life cycle (material + 
manufacturing + transport + use) and the amount of energy that can be recovered in different end-of-life 
options: recycling, incineration, downcycling, and reuse. Fig 5 presents the same analysis for carbon 
emissions.  
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Figure 4  Total energy compared with energy credit for different end-of-life (EoL) options for plastic bottles. 
 

 
Figure 5 - Total carbon emission compared with carbon credit for different end-of-life (EoL) options for plastic 
bottles. 
 

Recycling and reuse have a more significant credit potential for energy and CO2 footprint 
compared to incineration and downcycling for all materials studied. It is important to highlight that albeit 
the reuse of plastic bottles has been studied, this practice is not recommended for some products. 
Moreover, water consumption in cleaning after using bottles should be considered for a more in-depth 
analysis.  
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For recycling, LDPE showed the highest energy recovery (Fig 4), while HDPE and PP showed 
66% and 80% of their value, respectively. Regarding reuse, HDPE has the highest energy recovery, 
followed by PP and LDPE. Incineration is the worst type of final deposition since it emits high amounts 
of CO2 into the environment (Fig 5), which values more significant than in the synthesis and manufacture 
of the material itself, although there is a recovery of thermal energy. In the case of recycling, HDPE has 
the highest recovery of CO2 emissions, followed by LDPE and PP, while in terms of reuse, LDPE had 
the best performance, followed by HDPE and PP. 
 
Conclusions  

In this work, an Eco-audit analysis of PP, HDPE, and LDPE bottle packaging was conducted 
using the ANSYS GRANTA Edupack software. Energy waste and carbon footprint were adopted as 
sustainability indicators, and the end-of-life options for the products were also evaluated. It was observed 
that PP bottles have the best environmental performance compared to HDPE and LDPE ones. Comparing 
different types of end-of-life, it was observed that recycling and reuse are more environmentally 
favorable options for the three types of plastic bottles. 
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Abstract This study investigated for the first-time water recovery from chemical industry wastewater by membrane 
distillation (MD) process using commercial polytetrafluoroethylene (PTFE) and polyvinylidene fluoride (PVDF)
membranes. Effluent and membrane characterization techniques were used to evaluate the MD performance and 
membrane fouling properties. Both membranes showed removal efficiency of the DCMD (Direct Contact Membrane 
Distillation) system for Iodine, COD, and Conductivity parameters. Less fouling for the PTFE membrane was observed, 
and the fouling phenomenon was more evident for the PVDF membrane, which caused a decrease in its hydrophobicity. 
PTFE membrane showed better performance due to greater porosity and hydrophobicity when compared to PVDF 
membrane. However, the structure of the membranes and the permeate flux were not affected, indicating that commercial 
membranes are potential candidates for the industrial-scale deployment of MD, which can accelerate the 
commercialization process of MD in the chemical industry.
Keywords: Water reclamation, DCMD, PTFE, PVDF, Chemical Industry.

Introduction 

Chemical industry wastewater involves organic and inorganic pollutants, which are highly 
toxic and carcinogenic. Without proper treatment, these non-biodegradable compounds severely 
threaten the environment. Current solutions to decrease the environmental impact of chemical
industry wastewater include physical, chemical, and biotechnological processes. However, these 
applied techniques have limitations, such as low process efficiency, large amounts of sludge 
generation, and use of harmful chemicals. In this sense, to improve the quality of recovered water, 
the chemical sector must adopt innovative treatment technologies [1].

Membrane Distillation (MD) is an attractive technique for treating and reusing wastewater, 
especially the direct contact configuration [2]. It is a thermal separation technique where a 
microporous hydrophobic membrane acts as a physical barrier, allowing only vapor to pass through. 
In Direct Contact Membrane Distillation (DCMD), the effluent to be treated (process feed), as well 
as the recovered water (permeate), are in direct contact with the membrane. Mass transport is initiated 
by the evaporation of the feed liquid at the liquid-vapor phase boundary, and the vapor pressure 
gradient induces the diffusion of vapor molecules through the membrane pores. Condensation of the 
vapor occurs later on the permeate side [3]. The advantages of MD include efficiently removing high 
amounts of pollutants, employing a simple heat transfer mechanism, and can utilize low-grade waste 
heat [4].

The present work objective is to investigate the application of flat commercial PTFE and 
PVDF membranes in treating chemical industry wastewater with MD. Commercial membranes were 
analyzed for porosity, hydrophobicity, thickness, and composition. Experiments were carried out on 
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a laboratory scale, and the results of permeate flux, mass flow rate and physical-chemical 
characterization of the effluent are reported. Similar work has yet to be conducted to study the effects 
of DCMD specifically applied to chemical industry effluent treatment, so more research is needed. 

 
Experimental  
 

In this study, a commercial polymeric membrane of polytetrafluoroethylene (PTFE) 
(membrane solutions) and polyvinylidene fluoride (PVDF) (ISEQ00010 Merck Millipore) was used. 
The PTFE is flat and hydrophobic, with pore size of 0.
and polypropylene support. The PVDF membrane is flat and hydrophobic, with pore size of 0.20 µm, 
thickness of 118 µm, and porosity equal to 75%.  

The chemical industry that supplied the sample treats in its effluent treatment station the 
wastewater originating in the production processes of iodine, cobalt, and selenium salts, as well as 
the water from the purges of the cooling towers and containment basins. The sample used was taken 
from a 100 m³ tank, which receives the wastewater and, through mechanical agitation, performs the 
equalization process. The samples were characterized before and after the DCMD experiments, the 
quantified parameters were: concentration of iodine, Chemical Oxygen Demand (COD) and 
conductivity. The physicochemical characteristics of the chemical industry effluent are shown in 
Table 1. 

  
Table 1 - Physicochemical characteristics of the chemical industry wastewater. 

Parameter Chemical industry wastewater 
Iodine (mg/L) 595.6 
COD (mg/L) 1,500.0 

Conductivity (µs/cm) 2,980.0 
 

The MD unit comprises a feed tank, permeate tanks, a feed pump, permeate pumps, a thermal 
resistor, digital panel, a digital thermocryostatic bath, digital thermometers, and flat sheet membrane 
modules. The permeate flux J (kg.m-2.h-1) obtained during the operation is calculated using Eq. 1, 
where m are the permeate masses (kg), A is the effective membrane area (m2), and t is the total 
operating time (h).  The mass flow rate   (g.h-1) corresponds to the ratio between the permeate mass 
(g) and the experiment time (h). 

 

       (1) 

 

       (2) 

 
Membranes characterizations were analyzed using Attenuated Total Reflectance-Fourier 

Transform Infrared spectroscopy (ATR-FTIR) (IRSpirit Shimadzu) with a diamond tip, 4 cm-1 

resolution, and 32 scans. The Raman spectra were analyzed in an Anton Paar Cora 5200 Raman 
equipment with a laser excitation of 785 nm and analyzed from 100 to 2300 cm-1. The hydrophobicity 
of the membranes was evaluated by analyzing the contact angle using the sessile drop method, 
performed on a Ramé-Hart goniometer, model 250-F1 (DROPImage Advanced software). The 
thickness of the membrane was determined using a digital caliper (MTX, 316119), 10 random 
measurements was performed on each membrane, and the volumetric porosity (%) of each membrane 
was determined by the gravimetric method. The membranes were characterized with the membranes 
intact and contaminated, making it possible to define the influence of the process on the material of 
the membranes. 
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Results and Discussion 
 

The results obtained during the characterization of the effluents, presented in Table 2, 
demonstrate a removal efficiency of the DCMD system for both membranes in the Iodine, COD, and 
Conductivity parameters. The most significant values were achieved in the tests carried out with the 
commercial PTFE membrane, which is justified due to its characteristics concerning porosity and 
hydrophobicity and the final permeate flux, which is higher than that obtained in the test carried out 
with the commercial PVDF membrane. 

 
Table 2 - Characterization of the effluents resulting from the tests carried out with the PTFE and PVDF 
membrane. 

Parameter 
PTFE PVDF 

Feed Permeate Feed Permeate 
Iodine (mg/L) 469.7 55.5 538.0 72.6 
COD (mg/L) 114.0 292.0 562.0 434.0 

Conductivity (µs/cm) 5250.0 87.5 2500.0 130.2 
 
   
  High permeate flux and mass flow rate were obtained for commercial PTFE and PVDF 
membranes over 4 h of DCMD operation applied to chemical industry wastewater (Fig. 1). The 
characteristics that allowed the high permeate fluxes were the adequate pore size, the high porosity, 
and the high hydrophobicity of the membranes. The high porosity of the membranes increased the 
area available for the evaporation of water molecules. Consequently, there was a more significant 
increase in permeate flux and mass flow rate. The commercial PTFE membrane showed a final 
permeate flux 4.97% higher than the commercial PVDF membrane, which is explained by the lower 
porosity and hydrophobicity of the PVDF membrane compared to the PTFE membrane. However, 
both membranes showed similar permeate fluxes at 4 h. 

 
Figure 1 - Permeate flux and mass flow rate from DCMD experiments with PTFE and PVDF membranes. 

 
To better understand these results, membrane characterizations were performed regarding 

ATR-FTIR, RAMAN, hydrophobicity, volumetric porosity, and thickness. The interaction of 
chemical industry wastewater with the surface of the membranes was determined using ATR-FTIR 
to obtain information about the functional groups on its surface. The spectrum of intact PTFE and 
PVDF membranes after use in the DCMD operation is represented in Fig. 2 a and b. The 
corresponding bands for the PTFE membrane peak are remarkably close to 1205 cm-1 and 1153 cm-

1, representing the asymmetric elongation vibration and the symmetric elongation vibration of binding 
to its C-F binding monomer, and the peak near 2998 cm-1, refers to the CH bond associated with axial 
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strain vibrations. The wavenumber (cm-1) from 1400 to 500 corresponds to the C-Halogen bond, 
which is present in the membrane structure of PVDF in the C-F form. All the peaks that are in this 
variation range are related to the structure of the membrane itself. That is, there was no change in the 
chemical structure of the membranes.  

RAMAN spectra were also performed to verify possible changes in the structure of PTFE and 
PVDF membranes (Fig. 2 c and d). We observed firm absorption peaks at 816 cm-1, 1160 cm-1, 1210 
cm-1, 1330 cm-1, and 1463 cm-1, corresponding to the asymmetric and symmetric stretching peaks of 
C-F in the PTFE molecular structure. In the analysis of the RAMAN spectra, all PVDF membranes 
showed peaks at 611 cm-1, 794 cm-1, and 1430 cm-1

Thus, the results of the RAMAN spectra corroborate the ATR-FTIR analysis, indicating that these 
effluents could not change the structure of the membranes. 

 

 
(a) (b) 

                 
                                      (c)                                                                           (d) 
Figure 2 - ATR-FTIR (a and b) and RAMAN (c and d) spectra of commercial PTFE and PVDF membrane 
before and after DCMD experiments. 
 

Table 3 shows intact and contaminated PTFE and PVDF membrane contact angle values. 
According to the results, it is observed that with all membranes, there was variation in the contact 
angle. Decreased contact angle on contaminated membranes can be attributed to fouling on the 
membrane surface. The PTFE membrane continued with an angle greater than 90º, indicating that 
there is still hydrophobicity of the membrane surface. While the decrease in the contact angle of the 
PVDF membrane made the membrane surface hydrophilic, indicating that there was a more 
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significant interaction of the effluent with this membrane, causing greater fouling, it has already been 
reported in the literature that the PVDF membrane is more subject to deposit and fouling phenomena. 
The fouling phenomenon originated from the deposition of effluent molecules on the surface and 
within the membrane's pores. Therefore, surface adsorption may be one of the reasons for the pore 
wetting induced by the pores of the PVDF membrane becoming hydrophilic. However, it is worth 
noting that there was no notable decrease in the permeate flux when compared to the PTFE 
membrane. Observing the results of thickness and porosity (Table 3), it is possible to conclude that 
the thickness and porosity of the membranes were little affected by their use in MD with the effluent. 
 
Table 3 - Thickness, contact angle and porosity of commercial PTFE and PVDF membranes intact and after 
DCMD experiments. 

Membrane Thickness (µm) Contact angle (°) Porosity (%) 
PTFE Intact 170 ± 0.010 119.10 ± 0.01 75 ± 0.007 

PTFE Effluent 170 ± 0.009 107.80 ± 0.09 72 ± 0.003 
PVDF Intact 118 ± 0.003 110.95 ± 0.001 68 ± 0.036 

PVDF Effluent 118 ± 0.005 84.84 ± 0.09 66 ± 0.003 
 
Conclusions  
 

Based on the tests carried out, the potential for applying the DCMD process to treat real 
effluents from the chemical industry was proven. The reduction of iodine, conductivity, and COD 
contaminants was achieved using commercial flat PTFE and PVDF membranes. The PTFE 
membrane showed the best results in the DCMD process due to its average pore diameter, porosity, 
hydrophobicity, and low degree of liquid absorption. The PVDF membrane resulted in a lower 
permeate flux and reduction efficiency due to its final contact angle, which made its surface 
hydrophilic, causing more significant fouling and pore wetting. Several membranes are currently 
cited in the literature for the DCMD process, but their commercialization is still restricted. Although 
the MD process presents promising results in the treatment of effluents, more research must be carried 
out to enable its industrial implementation. 
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Abstract - The gravimetric composition of a landfill consists of approximately 10% polymers, with plastic bags used to 
contain organic waste being a significant contributor. Exploring alternatives to mitigate the impacts resulting from the 
improper disposal of these residues is deemed necessary. The films used in these bags are durable and impermeable, 
which hinders the degradation of the enclosed organic fraction. Therefore, employing methods that facilitate the 
segregation of these materials enhances the lifespan of landfills, leading to positive environmental effects. This also 
allows for the valorization of organic waste through processes like composting and vermicomposting. This study aims 
to analyze the biodegradation and deterioration of HDPE films through the use of such methods. Vermicomposting 
employed annelids of the Eisenia fetida species to determine their efficiency in breaking down the polymeric material. 
The biodegradation of the polymeric materials was assessed through FTIR, tensile mechanical testing, and optical 
microscopy. The crystallinity of the materials was evaluated using DSC. The obtained results revealed material 
degradation and an efficiency increase in the vermicomposting environment compared to composting.

Keywords: Biodegradation, Vermicomposting, Composting, Polyethylene, Eisenia fetida.

Introduction
Synthetic polymers derived from petrochemicals have very low degradation rates and become an 
environmental problem when improperly discarded, posing a risk to ecosystem balance [1-3]. 
Global consumption of plastic bags is estimated at 0.5 to 1 trillion bags per year, or 1 to 2 million 
bags every minute [1]. In Brazil, it is estimated that about one and a half million plastic bags are 
distributed per hour in various commercial establishments such as shops and supermarkets. A small 
portion of these bags is recycled, while a significant amount ends up in landfills [4]. The high 
productivity and indiscriminate use of these bags, combined with improper disposal, have worsened 
environmental problems, especially in soil and water. It is estimated that about 10% of all organic 
waste collected in cities consists of single-use plastic bags, as it is common practice to use them to 
contain organic waste [5]. These bags are resistant and impermeable, which hinders the degradation 
of organic matter [6]. Given these circumstances, it is important to seek alternatives to mitigate the 
impacts resulting from the use of plastic bags as waste containers. Through composting and 
vermicomposting, these bags can be more easily separated in landfills. This allows for the 
valorization of organic waste while extending the lifespan of the landfill, reducing environmental 
impacts [7]. Composting is an exothermic aerobic biooxidation process of a heterogeneous organic 
substrate in solid state. It involves the production of carbon dioxide, water, mineral substances, and 
the stabilization of organic matter [8]. On the other hand, vermicomposting is a method for treating 
and valorizing the organic fraction of waste using species of earthworms [9]. These annelid animals 
are found in moist soils worldwide. They create tunnels and channels in the soil, where they reside 
and ingest plant residues along with significant amounts of soil. This ingestion results in the 
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production of humus, which is decomposed organic matter and is considered an excellent nutrient 
source for plant growth [9]. The research conducted in this study aims to analyze the biological 
degradation and breakdown of high-density polyethylene plastic bags in a composting environment 
and a vermicomposting environment, using Eisenia fetida earthworms. 
 
Experimental 
Structure of Vermicomposting and Composting 
Two identical structures were used, one for composting and the other for vermicomposting. The 
structure consists of two digestion boxes measuring 60 x 42 cm and a leachate collection base. The 
total height of the structure is 78 cm, with a volume of 45 liters, as shown in Fig 1. In both 
containers, garden soil (without additives or fertilizers), fruits, vegetables, greens, dry leaves, and 
cow manure were added in the same quantities. Temperature, pH, and soil moisture measurements 
were taken using a measurement sensor, Smart brand, model 4.1 Soil Survey Instrument, ISO 
9001:2000. 
 
 
 
 
 
 
 
 
 
Figure 1 Structure Vermi/composting Humi. Source: https://composteirahumi.eco.br/ 
 
In the vermicomposting container, 942 adult worms of the species Eisenia fetida were added, as 
shown in Fig 2. 
 
 
 
 
 
 
Figure 2 Minhocas Eisenia fetida. 
 
Polymeric Samples 
The samples, cut into strips measuring 20 x 5 cm, consist of an HDPE film collected from a 
supermarket, produced by Altaplast Embalagens, certified according to ABNT NBR 14937. The 
samples were collected in triplicate at 30, 60, and 90-day intervals. 
 
Caracterization 
The samples were analyzed using the following techniques: Fourier-transform infrared spectroscopy 
(FTIR) using a Perkin Elmer FT-IR spectrometer frontier with an attenuated total reflection (ATR) 
accessory; differential scanning calorimetry (DSC) using a Perkin Elmer DSC 6000 instrument; 
universal testing machine (tensile mechanical testing) using an Emic DL 20000 model; optical 
microscope (OM) using a 400X Series Digital Microscope. 
 
 
 
 

 Worm 
Compartment 

Humus Storage 

Leachate Storage 

Vermicomposting  
(with worms) 

Composting 
(without worms) 
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Results and Discussion
The FTIR characterization was performed on the initial samples and after 30, 60, and 90 days of 
vermicomposting and composting. Fig 3 and Fig 4 show the FTIR spectra of the HDPE samples 
subjected to vermicomposting and composting, respectively. 
 

 
 

Figure 3 FTIR PEAD vermicomposting (1=0, 2=30, 3=60 e 4=90 days). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 FTIR PEAD composting (1=0, 2=30, 3=60 e 4=90 days). 
 
In the degradation of HDPE, the formation of carbonyl compounds and alkenes can be observed. In 
the spectra of 30, 60, and 90 days, this can be seen in the emergence of a peak in the 1420 cm-1 
band, reflecting the formation of carbonyls, and the 874 cm-1 band indicating the formation of 
alkenes. Therefore, it can be inferred that degradation occurred in the polymeric chain of HDPE, 
both in vermicomposting and composting. Fig 5 presents the results of the tensile testing of the 
samples subjected to composting and vermicomposting. 
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Figure 5 Tensile Testing of HDPE: Vermicomposting (left) and Composting (right) (1=0, 2=30, 3=60, and 
4=90 days).

It can be inferred that the duration of vermicomposting and composting made the samples more 
fragile, with a lower modulus of elasticity. When analyzing the stress-strain graphs, a loss of 
mechanical properties can be observed in a large portion of the samples, with this effect being more 
pronounced in the vermicomposting samples. Significant reductions in maximum tensile stress 
(58.34%) and deformation (79.81%) are observed in the vermicomposting samples, while the yield 
stress remains stable. These results indicate significant changes in the mechanical properties after 
the vermicomposting process. In the composting process, the HDPE showed a 15.1% reduction in 
maximum tensile stress, an increase in yield stress, and a 20.7% reduction in deformation. Based on 
the data obtained from the DSC tests, Table 1 was prepared, showing the reductions in crystallinity 
of HDPE in relation to the method used, either vermicomposting or composting.

Table 1 Reduction in HDPE crystallinity.

Method
Material

(days)
Ton Tc Tend Ton Tf Tend

Xc 
(%)

HDPE 0 117,7 115,7 110,5 -117,9 120,1 127,4 130,1 107 37

HDPE30 117,7 116 111,8 -128,8 120,5 128 130,5 126,8 43,5

HDPE60 117,4 114,5 107,8 -132,9 121 129,9 132,7 113,3 38,9

HDPE90 117,4 114,9 108,7 -120,1 121,1 129,5 132,4 106,3 36,5

HDPE 0 117,7 115,7 110,5 -117,9 120,1 127,4 130,1 107 37

HDPE30 117,5 115,7 111 -82,2 120,9 128,3 130,9 87 29,9

HDPE60 117,4 114,6 106,9 -105 120,9 130,2 133,3 99 34

HDPE90 117,5 114,8 108 -95,2 120,6 128,9 131,6 89,1 30,6

There is a reduction in crystallinity observed only in the samples taken from vermicomposting. The 
30-day sample showed a reduction of 7.1%, the 60-day sample showed a reduction of 3%, and the 
90-day sample showed a reduction of 6.4%. These results corroborate with the findings from the 
mechanical tests, as a reduction in polymer crystallinity leads to a decrease in the elastic modulus. 

4 3
2

1

1
2

3

4

Strain (mm) Strain (mm)

Stress (MPa) Stress (MPa)
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On the other hand, the HDPE samples from composting showed small variations in the percentage 
of crystallinity, which was also observed in the mechanical tests with little variation in the 
material's elasticity. The images obtained by the optical microscope, Fig 6, highlight the change in 
the material's surface over time. It is possible to observe that more changes occurred in the surface 
of the samples subjected to vermicomposting. The tear in sample d, from vermicomposting, is a 
result of the passage of the annelid. 
 
 
 
 
 
 
 
 
 
 
Figure 6 Optical microscopy (OM) HDPE vermicomposting (1), HDPE composting (2); after (a=0 day, 
b=30 days, c=60 days, d=90 days). Magnification scale 50X. 
 
Conclusions 
Based on the conducted tests, it can be concluded that degradation occurred in the polymeric films, 
with a notable effect in the vermicomposting process. In the case of HDPE samples, after 90 days, 
there was a decrease in maximum stress from 16.2 to 6.75 MPa, a reduction in elastic deformation 
from 104 to 21 mm, and a 6.4% decrease in crystallinity. In composting, after 90 days, there was a 
decrease in maximum stress from 16.2 to 13.75 MPa, a reduction in elastic deformation from 104 to 
82.5 mm, and no significant reduction in crystallinity. FTIR analysis of both vermicomposting and 
composting samples revealed the formation of carbonyl compounds and alkenes, indicating polymer 
chain degradation. However, it can be concluded that vermicomposting showed higher efficiency in 
terms of biodegradation. 
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Abstract - A sanitary landfill contains approximately 10% of polymers in its composition, such as polyethylene bags 
used for containing organic waste. These bags possess impermeability and mechanical strength characteristics, causing 
organic matter to become trapped within, hindering its degradation. Consequently, this reduces the landfill's lifespan. 
Furthermore, improper disposal of polyethylene bags is observed, leading to a significant environmental issue as they 
are not recycled but rather contribute to pollution. In an effort to mitigate these problems, the methods of composting 
and vermicomposting are intended to be evaluated for decomposing bags made from a biodegradable blend of 
polylactic acid with thermoplastic starch (PLA/TPS). In vermicomposting, annelids of the Eisenia fetida species were 
utilized to assess their efficiency in decomposing PLA/TPS. Biodegradation of PLA/TPS was determined through 
Fourier-transform infrared spectroscopy (FTIR), tensile mechanical testing, and optical microscopy. The results
obtained revealed degradation of PLA/TPS, as well as enhanced efficiency in the vermicomposting environment 
compared to composting.

Keywords: Biodegradation, Vermicomposting, Composting, Eisenia fetida, Polylactic acid.

Introduction
Polymers derived from petroleum exhibit slow rates of degradation. This, coupled with their large-
scale production and improper disposal, poses a severe environmental problem that can disrupt 
ecosystem balance [1-3]. It is estimated that globally, 0.5 to 1 trillion plastic bags are consumed 
annually [1]. In Brazil, about one and a half million plastic bags are estimated to be distributed 
every hour in commercial establishments. A small fraction of these is recycled, with the majority 
ending up in landfills [4]. Roughly 10% of all collected organic waste in cities comprises single-use 
synthetic plastic bags, often used to contain organic refuse [5]. These bags are sturdy and 
impermeable, impeding organic material degradation [6]. Therefore, it's pertinent to seek 
alternatives to mitigate the environmental impacts arising from the use of plastic bags as waste 
containers. Over the past two decades, biodegradable materials have been developed, such as 
thermoplastic starches (TPS), polylactic acid (PLA), and their blends. However, these polymers still 
have limitations in terms of cost, mechanical and chemical resistance when compared to synthetic 
polymers. Moreover, the recycling of biodegradable polymers, according to The European Waste 
Framework Directive, should be carried out through composting [7]. This enables their segregation 
in landfills. Thus, organic waste can be valorized through composting and vermicomposting 
methods, consequently extending landfill lifespans and diminishing environmental impacts [8].
Composting is defined as the exothermic aerobic biooxidation of a heterogeneous solid-state 
organic substrate. This process yields carbon dioxide, water, mineral substances, and organic matter 
stabilization [9]. Conversely, vermicomposting is an approach for treating and valorizing the 
organic fraction of waste, employing specific earthworm species [10]. These worms produce 
humus, which is decomposed organic matter and an excellent nutrient source for plant development 
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[11]. The research undertaken in this study aims to analyze the biodegradation and alteration of 
PLA/TPS plastic bags in vermicomposting and composting environments. 
 
Experimental 
Vermicomposting and composting structures  
The composting and vermicomposting structures utilized were identical in design. Their dimensions 
measured 60 centimeters in length, 42 centimeters in width, and 78 centimeters in height. The 
structure has a capacity of 45 liters and comprises two digestion chambers and a leachate collection 
base, as shown in Fig 1. Within these containers, equal quantities of topsoil (without additives or 
fertilizers), fruits, vegetables, leafy greens, dried leaves, and cow manure were added. Temperature, 
pH, and soil moisture measurements were conducted using a measurement sensor from the Smart 
brand, model 4.1 Soil Survey Instrument, ISO 9001:2000. 
 
 
 
 
 
 
 
 
 
 
Figure 1 Structure Vermi/composting Humi. Source: https://composteirahumi.eco.br/ 
 
In the vermicomposting container, 942 adult worms of the species Eisenia fetida were added, Fig 2. 
 
 
 
 
 
 
 
Figure 2 Earth worms Eisenia fetida. 
 
Polymeric samples 
The samples were cut into strips measuring 20 centimeters in length and 5 centimeters in width. The 
films are composed of PLA/TPS and were manufactured in Germany by the company Melitta 
Europa, certified under DIN EN 13432. The samples were collected in triplicate from both 
composting and vermicomposting structures at intervals of 30, 60, and 90 days. 
 
Caracterization 
The samples were analyzed using the following techniques: FTIR (Fourier Transform Infrared 
Spectroscopy) on a Perkin Elmer FT-IR spectrometer frontier with an attenuated total reflectance 
(ATR) accessory; DSC (Differential Scanning Calorimetry) on a Perkin Elmer DSC 6000 
instrument; Universal Testing Machine for tensile mechanical testing, model Emic DL 20000; 
Optical Microscope (OM), model 400X Series Digital Microscope. 
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Results and Discussion
FTIR characterization was performed on the initial samples and after 30, 60, and 90 days of 
vermicomposting and composting. Fig 3 and Fig 4 display the FTIR spectra of the PLA/TPS 
samples subjected to vermicomposting and composting, respectively. 
 

 
 

Figure 3 FTIR PLA/TPS vermicomposting (1=0, 2=30, 3=60 e 4=90 days). 

 

 
 
Figure 4 FTIR PLA/TPS composting (1=0, 2=30, 3=60 e 4=90 days). 
 
Upon analyzing the spectra of PLA/TPS, changes were observed in the region of 3400 cm-1, where 
it can be seen that the initial sample had a more pronounced peak compared to the 30, 60, and 90-
day samples. It can be concluded that degradation occurs through the disappearance of hydroxyl 
groups from the polymer chain, as indicated in the aforementioned region. This was observed in 
both the composting and vermicomposting samples. Fig 5 presents the results of the tensile tests 
conducted on the samples subjected to composting and vermicomposting. 
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Figure 5 Tensile Testing of PLA/TPS Samples: Vermicomposting (left) and Composting (right) (1=0, 
2=30, 3=60, and 4=90 days). 
 
It can be inferred that the duration of exposure made the samples more fragile, resulting in a lower 
modulus of elasticity. By analyzing the graphs of the tensile tests, a loss of mechanical properties in 
the samples can be observed, with this effect being more pronounced in the vermicomposting 
samples. The PLA/TPS showed significant reductions in maximum stress (85.9%) and strain (97%) 
in the vermicomposting process. In composting, the PLA/TPS exhibited reductions in maximum 
stress (44.6%) and strain (76%). Based on these results, it can be concluded that significant changes 
occur in the mechanical properties of the materials after the vermicomposting process. The images 
obtained by the optical microscope, shown in Fig 6, clearly demonstrate the change in the material's 
surface over time. It is evident that there were more surface changes in the samples subjected to 
vermicomposting. The tear in sample d from the vermicomposting process is due to the passage of 
the annelid. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 Optical Microscopy (OM) of PLA/TPS: Vermicomposting (1), Composting (2); after (a=0 days, 
b=30 days, c=60 days, d=90 days). Magnification scale 50X. 
 
Conclusions 
Based on the conducted tests, it can be stated that degradation occurred in the polymer films, with a 
notable emphasis on the vermicomposting process. In the case of PLA/TPS samples, after 90 days 
of vermicomposting, there was a decrease in maximum stress from 9.79 to 1.38 MPa and a 
reduction in elastic deformation from 39.5 to 1.2 mm. In composting, after 90 days, there was a 
decrease in maximum stress from 9.79 to 9.01 MPa and a reduction in elastic deformation from 
39.5 to 9.5 mm. Through FTIR analysis, it was observed that hydroxyl groups in the polymer chain 
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disappeared, indicating material degradation in both vermicomposting and composting samples. 
However, it can be affirmed that vermicomposting demonstrated higher efficiency in terms of 
biodegradation. 
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Abstract Kraft lignin is a residue from the pulp and paper industry. In addition to being a renewable resource, it has 
proven to be an excellent biosorbent for removing various groups of contaminants, including dyes, heavy metals, and 
drugs. The aim of this work was to evaluate the adsorptive performance of kraft lignin (KL) and kraft lignin biochar 
(KLB) for removing methylene blue (MB) from a simulated effluent. The production of KLB was carried out through 
thermal treatment and the adsorption tests were performed to evaluate the influence of the concentration of biosorbents, 
MB, pH, and ionic strength on the removal efficiency. The maximum removal efficiency obtained was 98% in the removal 
of MB, using 1 g L-1 of KLB in 5 mg L-1 of MB solution. Therefore, it can be concluded that the BLK produced through 
the thermal treatment of crude lignin has presented high efficiency in the removal of the dye, probably due to the increase 
in the number and size of the pores on the surface of the material.

Keywords: Renewable resource, biosorbents, textile industry.
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Introduction
Kraft lignin (KL), a waste from the pulp and paper industry, is a biopolymer present in great 
abundance, in which about 50 million tons of waste containing lignin are generated annually, with 
high potential to be used in various applications, including the production of high-added value
products [2]. The use of polymeric resins has been widely used in recent years, mainly due to their 
high adsorption capacity and the ease of recovery of phenolic compounds, besides low cost and easy 
regeneration [2]. The contamination of water resources has been much discussed due to the negative 
impacts on the environment, as well as the ecological disturbances to the aquatic biota and the damage 
to humans caused by the presence of various contaminants in the environment, such as drugs, 
pesticides and dyes from the industry textile [3]. Among the dyes present in the effluent of the textile 
industry, methylene blue (MB) is one of the most common. Its negative potential for water bodies is 
related to blocking the penetration of light into the aquatic body, harming living organisms, as for 
humans, its primary contact can cause eye burns, if ingested it produces a burning sensation and later 
vomiting [4]. In this context, the biochar produced from lignin is a very promising alternative, because 
through processes that modify the chemical structure of Kraft lignin, such as the temperature used in 
production and the pyrolysis time, they can favor the adsorption process of organic pollutants [5].
Thus, the objective of this work was to evaluate the adsorptive performance of KL and KL-based 
biochar (KLB) on the removal efficiency of methylene blue from a simulated effluent.

1644



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

Experimental 
Biochar production

Kraft lignin was gently donated by Suzano S/A. For the preparation of Kraft lignin biochar (KLB), a 
sample of 3 grams of KL was heated in a furnace at 500°C for 30 minutes at the heating rate of 5°C 
min-1 with a limited oxygen atmosphere. After cooling at room temperature, the material was 
macerated and stored in a suitable container for carrying out the next experiments. 
 
pH at Point of Zero Charge (pHpzc) 

The pHpcz determination was carried out using 0.75 mg of each material in 125 ml erlenmeyer flasks, 
varying the pH from 2 to 10 in a solution of 25 ml of 0.1 mol L-1 NaCl. The pH of each point was 
adjusted with 0.01 mol L-1 NaOH and 0.01 mol L-1 HCl. After this process, the samples were placed 
under constant agitation at 100 rpm for 48 hours at 23 ± 2 °C. Then, the pH was measured in a pH-
meter and the graphs were produced containing the relationship between the initial pH and the final 
pH of the adsorbents. 
 
Adsorption experiments 

The adsorption tests were carried out in 250 mL erlenmeyer flasks, varying the concentration of the 
two adsorbents, KL and KLB from 0.25 to 3 g L-1. 25 ml of 5 mg L-1 MB solution was added to each 
flask. After this process, the erlenmeyer flasks were placed on a shaker at 120 rpm for 1 hour at 25°C . 
Then, the samples were centrifuged at 2,000 rpm for 10 minutes and the absorbance was measured in 
a UV-VIS spectrophotometer at 664 nm. For the adsorbate variation experiment, the MB variation 
from 2.5 to 10 mg L-1 was performed, in which case a fixed concentration of KL and KLB was 
selected. The tests were performed in triplicate and the contaminant removal efficiency was 
calculated using Eq. 1. 
 

                                                                       (1)                                                                                               

Where: C0 is the initial concentration of MB before the adsorption tests and Cf is the final 
concentration of MB after the adsorption tests both in mg L-1. 
 
Ionic Strength (NaCl) 

The ionic strength tests were performed varying the NaCl concentration from 0.001, 0.01 and 0.1 
mol.L-1. In this experiment, the optimized concentration of each adsorbent was used to determine the 
removal efficiency of MB from the effluents when NaCl was present. 
 
Results and Discussion  

pH at Point of Zero Charge (pHpzc) 
The results referring to the pHpzc assay are shown in Fig 1 KL's pHpzc is 6.4, while KLB's is 9.4. 
This characterization reflects on the adsorption potential of the adsorbent at different pHs, because 
when changing the pH conditions of the solution, a negative or positive interference in the adsorption 
process may occur. At these pHPZC values, the biosorbents will present a balance between the positive 
and negative charges on their surfaces, which will certainly affect their interaction with the 
contaminant depending on its polarity and surface charge as well.  
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Figure 1  .        

 
Variation of adsorbents concentration 

After the biochar production process, it was observed 50% weight loss in KL. The results referring to 
the removal efficiency of 5.0 mg L-1 MB varying the concentration of the adsorbents are shown in Fig 
2 it can be observed that there was an increase in the removal efficiency of MB for KLB, since 
increasing the concentration of this adsorbent there was an increase in the removal efficiency as well. 
On the other hand, for KL, when its concentrations were increased, an inverse relationship occured, 
reducing the removal efficiency of MB. The optimized concentration chosen for KLB was 1 g L-1, 
since at this concentration the average removal efficiency was 95%, whereas in relation to KL the 
optimized concentration was 0.25 g L-1, since the lowest adsorbent concentration value showed the 
highest removal efficiency of MB with an average of 78%. In the study carried out with the biochar 
produced from bamboo, an efficiency of 98% was obtained in the removal of 50 mg L-1 of MB when 
using 16 g L-1 of the adsorbent. If compared with the biochar from kraft lignin, the removal efficiency 
of 98% was achieved when using 1 g L-1 of KLB to remove 5 mg L-1 of MB. In terms of proportion, 
to remove 50 mg L-1, 10 g L-1 of the KLB biosorbent would be required, revealing that both adsorbents 
have similar efficiencies, however, KLB has a greater adsorption capacity [5]. 
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Figure 2  Removal efficiencies of MB varying adsorbents concentration.                                        
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Variation of Methylene Blue concentration

In Fig 3, it is possible to observe that the removal efficiency of MB using the KLB decreased by 
increasing the concentration of the contaminant. On the other hand, in relation to the KL adsorbent 
it was observed that the increase in the concentration of the contaminant did not cause a significant 
reduction in the removal efficiency of MB. The reduction in MB removal efficiency probably 
occurred due to the saturation of the active sites present in the biosorbent, as well as the competition 
of MB molecules for these sites.  
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Figure 3  Removal efficiencies of MB varying the contaminant concentration.   

 
From the data obtained, it was possible to carry out the analysis of the pH variation of the methylene 
blue solution at 5 mg L-1, in order to verify the variation in the removal efficiency of the contaminant 
in different pH ranges. The results obtained are shown in Fig 4 and Fig 5 and it can be seen from the 
analysis of the graphs that there was no significant change in the efficiency of removing the 
contaminant with the pH variation, suggesting that any effluents with pH in the analyzed range can 
be treated without any pH adjustments, which represents a desirable feature from the technological 
point of view. 
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Figure 4  Removal efficiencies of MB varying 
pH for KL 
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Figure 5  Removal efficiencies of MB varying 
pH for KLB 

Regarding the efficiency of MB removal in different salt concentrations, it is possible to observe in 
Fig 6 that when increasing the salt concentration, there was a decrease in the removal efficiency of 
MB ionic or both LKB and LK. This fact occurred more significantly for KLB, because the removal 
efficiency decreased from 90 % to 70 %, revealing that there is a relationship between the 
concentration of salts in the medium and the efficiency of removing the contaminant. This fact may 
initially occur due to the competition between MB and NaCl for active sites present in the adsorbent. 
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In addition, the presence of salt in the effluent from the textile industry directly influences the MB 
removal efficiency, as studies carried out have shown that solutions without the presence of salt 
obtained better dye removal efficiency [7]. 
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Figure 6  Removal efficiencies of MB varying the ionic strength for KL and KLB.  
 
Conclusions  
In this work, a study was carried out about the effects of several parameters on the removal efficiency 
of MB, a substance present in the effluent of the textile industry, a sector of great development in the 
Brazilian industry. Excellent dye removal values with a concentration of 5 mg L-1 were achieved 
using 1 g/L of KLB, showing an efficiency of approximately 98 %. However, lower concentrations, 
such as 1 g L-1, reached an efficiency of 94 %, resulting in almost the same removal efficiency using 
lower biosorbent concentration. Therefore, the use of a biosorbent produced from Kraft lignin to 
remove the methylene blue proved to be a sustainable alternative with great benefits, due to the high 
availability of this residue produced by the Kraft industry and its physical and chemical properties 
that favor the process of adsorption of contaminants. 
 
References  
1. S. Junior; A. Menezes; C. Ataíde Journal of Analytical and Applied Pyrolysis 2019, 144, 

104720. https://doi.org/10.1016/j.seppur.2019.116083. 

2. I. Mota; P. Pinto; Loureiro, J. Loureiro; A. Rodrigues Separation and Purification Technology 
2020, 234, 116083, 2020. https://doi.org/10.1016/j.seppur.2019.116083 

3. L. Araujo; S. Mazzetto; D. Lomanaco; F. Avelino Journal of Biological Macromolecules 2022, 
220, 1267-1276. https://doi.org/10.1016/j.ijbiomac.2022.08.195. 

4. T. Kurniawan; Z. Mengting; D. Fu; S. Yeap; H. Othman; R. Avtar; T. Ouyang Journal of 
Environmental Management 2020, 270, 110871. 
https://doi.org/10.1016/j.jenvman.2020.110871. 

5. L. Constantin in Proceedings of 10th Uergs Integrated Teaching, Research and Extension Hall, 
Rio Grande do Sul, 2021, Vol. 1, 10. 

6. N. Goetz; S. Kunst; F. Morisso; C. Oliveira; T. Machado Materia 2022, 27. 
https://doi.org/10.1590/1517-7076-RMAT-2022-0065. 

7. A. Sousa in Proceedings of 30th Brazilian Congress of Environmental and Sanitary Engineering, 
Natal, 2019. 

1648



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

SPENT GRAIN IN STARCH-BASED COMPOSITES

Georgia W. Ramos1, Ana B. Klosowski1, Aline C. Lopes1; Giovani A. Carvalho2; Juliana B. Olivato1,2,3*

1 Post-graduation Program of Pharmaceutical Sciences, State University of Ponta Grossa (UEPG), Ponta Grossa,
PR, Brazil 

2 Post-graduation Program of Food Science and Technology, State University of Ponta Grossa (UEPG), Ponta 
Grossa, PR, Brazil

3 Department of Pharmaceutical Sciences, State University of Ponta Grossa (UEPG), Ponta Grossa, PR, Brazil.
*jbolivato@uepg.br

Abstract - L (BSG) can act as reinforcing agents, improving the resistance 
and rigidity of the starch-based polymer composites. Biodegradable composite materials were produced with cassava 
starch and BSG of the Pilsen and Weiss types, which have been subjected to alkaline and peroxide treatments. The 
inclusion of treated BSGs resulted in homogeneous matrices with the starch, without the presence of pores and/or cracks, 
as evidenced by the scanning electron microscopy images. The tensile strength of the composites was improved with the 
inclusion of BSB(P) and BSB(W), indicating the action of the materials as reinforcing agents. The BSG of the brewing 
industry incorporated into biodegradable films has provided promising properties to be a viable alternative to non-
biodegradable polymeric packaging.

Keywords: Byproducts; biodegradable materials; fibers; packaging. 

Introduction 

The reuse of industrial process by-products in the production of biodegradable films has 
attracted increasing interest. In addition to adding value to these wastes, various functional 
compounds which may be present in by-products may be of interest to enhance the functional 
properties of polymeric materials. Biodegradable polymeric materials are a possibility to overcome 
the ecological issues associate with the residue accumulation in the environment because of the non-
degradable plastics. Starch is a biopolymer with interesting properties: non-toxic, renewable, 
biodegradable, abundant and inexpensive. To improve the mechanical performance of starch-based 
materials, the addition of reinforcement materials is frequently used. In this way, lignocellulosic 
fibers act as reinforcing agents, improving the resistance and rigidity of the polymer composites [1,2].

Microbreweries in Campos Gerais - PR produce a significant number of by-products which 
are mainly intended for animal feed. s (BSG) represent 85% of the by-products
of the brewery and consists of pulp and residues of barley husks, in addition to grains such as rice, 
corn and wheat, according to the composition of the beer. BSG composition contains fibers and 
proteins, generated in large quantities daily and at low cost, which makes reusing this material 
relevant [3,4]. Because of the large amount of material, it is necessary to find other ways to reuse 
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these wastes, in search of an economically viable alternative that is not harmful to the environment
[5,6].  

On this basis, the purpose of this work was to produce biodegradable films based on starch 
and BSG. BSG was used as a filler and tested in different proportions, using the BSG from Pilsen and 
Weiss beer production. The mechanical, structural and barrier properties of the films were evaluated, 
considering an alternative to the short life cycle packaging. 
 
Experimental  
 
Obtention and processing of BSG 

BSG was supplied by Koch Bier (Ponta Grossa  PR), from two production processes: Pilsen 
beer and Weiss beer, which were collected immediately after the wort filtration. The BSG was
subsequently dried in an oven (60°C  24 hours) and then ground in a grinder. The particles were 
standardized in a sieved (46 mesh). Following that process, BSG went through a different process, as 
shown in Table 1.   
 
Table 1  BSG treatments 

Samples  Treatment  
BSI BSG without treatment 

BSM 20 g BSG in 300 mL of NaOH 10% (w/v), stirring at 60°C for 60 min, filtered 

BSP   
20 g BSG in 150 mL of NaOH 10% (w/v) and 150 mL of  12% (w/v), stirring at 60°C 

for 60 min, filtered and washed with distilled water 

BSB Treatment BSM + Treatment BSB 

 
 

Production of the biodegradable materials 
 Biodegradable materials were produced with cassava starch (3%, w/w) by casting technique. 
The filmogenic solution was heated to 95°C, then poured into acrylic plates and dried in an oven for 
8 h at 50°C. The BSG was added to the films at 3% (w/w) relative to starch, and glycerol was used 
as a plasticizer (20% w/w, relative to starch). The samples were coded as BSM, BSP and BSB, 
according to the treatment of the by-product, followed by P or W, which refers to BSG of Pilsen and 
Weiss beers, respectively. A Control formulation was produced without BSG. The biodegradable 
films were conditioned in B.O.D (25°C) and characterized for mechanical, structural and barrier 
properties according to ASTM (2010) [7,8] methods.  
 
Results and Discussion  
 

The results of thickness, density, and mechanical properties of starch-based materials with 
BSG are shown in Table 2. No significant difference was observed in the thickness and density of the 
films with the inclusion of BSG, independent of treatment. This indicates that the treatment applied 
to the BSG fibers has not affected the compaction of the chains and, therefore, the total solids per 
film area, which results in maintains the density and thickness of the materials. 
 BSP formulations, processed with hydrogen peroxide, have led to a reduction in film 
solubility. This was achieved by reducing the water-soluble content of BSG treated with H2O2, which 
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reduced the water solubility of the materials. This effect was observed mainly in the BSG from Weiss 
beer production (BSP (W)), resulting in 19,04% of water solubility (Table 2).  
 Scanning electron microscopy images showed good interfacial adhesion of BSG 
lignocellulosic fibers and starch-based polymeric matrix, without disruptions, cracks or pores on the 
film surface. Considering the BSG treatments, the samples without treatment (BSI) (P) showed a
rough surface and the BSB (P) samples were smoother. This indicates that the treatments contribute 
to improve the affinity of the BSG lignocellulosic fibers with the matrix, making the material more 
homogeneous.  
 
Table 2  Thickness, density and mechanical properties of starch-based materials with BSG. 

Formulations 
Thickness  

(mm)  
Density  
(g/cm³)  

Tensile Strenght 
(MPa) 

Elongation at 
break (%) 

Modulus   
(MPa)  

Control 0.060±0.017a 0,155±0.019 a    13.71±1,78a,b,c 175.01±20.45a 

BSI(P)  0.080±0.030 a 0,070±0,038 a 3,98±0,30a,b  12,34±1,73a,b,c 167.12±33.98a 

BSM(P) 0.085±0.020 a 0.113±0.002 a 3.53a,b  57.23d,e 124.89a 

BSP(P) 0.060±0.015 a 0.127±0.021 a 5.23±0.63a,b  10.88±4.28a,b,c 178.37±35.06a 

BSB(P) 0.085±0.027 a 0.135±0.042 a 17.78±2.18c  4.38±0.62a 262.37±89.61a 

BSI(W) 0.075±0.020 a 0.149±0.010 a 1.98±0.22a  83.84±10.96e 185.03±23.75ª 

BSM(W) 0.070±0.014 a 0.133±0.023 a 5.60±0.62a,b  34.92±5.01c,d 225.97±29.44ª 

BSP(W) 0.070±0.021 a 0.159±0.009 a 5.57±1.13a,b 33.08±3.45b,c,d 146,49±18.43ª 

BSB(W) 0.070±0.028 a 0.110±0.019 a 18.35±0.87c 4.94±0.65a 292.08±71.73a 
Different letters in the same column indicate statistical difference (Tukey , p<0,05). 
The samples were coded as BSM, BSP and BSB, according to the treatment of the by-product, followed by P 
or W, which refers to BSG of Pilsen and Weiss beers, respectively. A Control formulation was produced 
without BSG. 
 

BSB(P) and BSB(W) films resulted in increased tensile strength, highlighting the role of 
lignocellulosic fibers as reinforcement agents, making the films more resistant and indicates a 
promising commercial application of BSG subjected to alkaline and bleaching treatment. Other 
authors report that the inclusion of lignocellulosic fibers increases the tensile strength of the material, 
and reduces the flexibility of the polymeric chains, decreasing the deformation, which can be 
associated with an increase in the material's rigidity [9]. 

Water vapor permeability of the films is shown in Fig 1. The inclusion of BSM and BSP, for 
both Pilsen and Weiss, resulted in a higher WVP of the films, probably due to the hydrophilic nature
of the lignocellulosic fibers in these treatments. The WVP for BSB of the type Pilsen (BSB(P) = 1.20 
x 10-11 g/m.s.Pa) and Weiss (BSB(W) = 1.75 x 10-11 g/ m.s.Pa) recorded values similar to those 
observed in the Control sample (2.45 x 10-11 g/m.s.Pa). The combination of alkali treatment with
immersion in hydrogen peroxide probably contributed to the removal of lignin and hemicellulose 
from the BSG, obtaining a purer material with better compatibility with the starch matrix. This result 
is consistent to that observed in the mechanical properties and microstructure of the films. 
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Figure 1 Water vapor permeability (WVP) of the starch-based materials with BSG. The samples were 
coded as BSM, BSP and BSB, according to the treatment of the by-product, followed by P or W, which refers to BSG of 
Pilsen and Weiss beers, respectively. A Control formulation was produced without BSG.

Conclusions
BSGs of the Pilsen and Weiss types have been successfully subjected to alkaline and peroxide 

treatments. The inclusion of treated BSGs resulted in homogeneous matrices with the starch, without 
the presence of pores and/or cracks, as evidenced by the scanning electron microscopy images.

The tensile strength of the composites was improved with the inclusion of BSB(P) and 
BSB(W), indicating the action of the materials as reinforcing agents. The BSB(P) and BSB(W) films 
obtained the best characterization results for the films. So, the BSG treatment with alkaline solutions 
and hydrogen peroxide is therefore necessary and relevant in the improvement of the physicochemical 
characteristics of starch films containing lignocellulosic fibers of BSG. The BSG of the brewing 
industry incorporated into biodegradable films has provided promising properties to be a viable 
alternative to non-biodegradable polymeric packaging.
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Abstract - Polybutylene succinate (PBS) is a biodegradable polymer that has good availability and attractive performance 
associated with a potential replacement of plastic, however it has limitations regarding storage time before processing. In 
this work, melt flow index (MFI) measurements were used to evaluate the influence of moisture in a PBS degraded by 
storage time. For this purpose, polymer samples were dried in an oven at a temperature ranging from 80 to 130°C. The 
results confirmed the PBS degradation condition, since the MFI of the sample without drying was 5 times greater than 
that indicated by the manufacturer. However, subjecting drying between 80 and 100°C, there is a reduction in the FI, 
which is possibly due to the presence of moisture in the samples and the consequent process of crystallization of the short 
chains. After 100°C, the polymer increases the melting index significantly, because of the accentuated degradation of the 
polymer by chain scission at higher temperatures.

Keywords: Polybutylene succinate; Melt Flow Index; Drying; Storage.

1.Introduction

The rapid increase in demand for low-cost materials has caused the consumption and production of 
polymers to have a significant increase in recent years. Consequently, there is an accumulation of 
improperly discarded polymeric waste. Within the industrial sectors, the biggest contributor to this 
problem is the packaging industry, which mainly uses polyolefins from non-renewable sources and 
at a lower cost [1]. This scenario has encouraged society and industry to encourage, research and use 
less impactful materials, such as biomaterials and biodegradable materials, in the most varied 
applications. Polymeric materials that have these characteristics have been an alternative to possible 
problems of disposal of conventional plastic waste. These polymers were used industrially for the 
first time in the 1980s in the production of films and other molded articles and since then constitute 
a market in constant growth [2, 3].
Among the biodegradable polymers with industrial prominence, polybutylene succinate (PBS) has 
good availability and attractive performance associated with a potential for replacing conventional 
plastics, making it possible to use it in several applications. However, the high price of PBS is an 
obstacle to increasing its use [4]. Another condition that limits the use of PBS are the conditions that 
cause its degradation.
PBS is an aliphatic, semicrystalline polyester with a glass transition temperature that can vary 
between -45 and -10ºC and its crystalline melting temperature is in the range of 90 to 120ºC [5]. 
Biodegradability and compostability contribute to the attractiveness of PBS.
Biodegradation of PBS chains is initiated by the hydrolysis of ester bonds, leading to the formation 
of water-soluble fragments with low molar mass. Small segments of PBS chains can be consumed by 
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microorganisms and finally transformed into environmentally friendly products, ie carbon dioxide, 
water and biomass [6,7]. 
One of the main forms of degradation of PBS is hydrolytic. Degradation by hydrolysis generates the 
decrease in PBS molar mass through chain scission and can be influenced mainly by temperature and 
polymer morphology. The amorphous areas are more easily penetrated by water than the crystalline 
ones, so the degradation has a higher rate in this region. 
In this work, as it is a simple and fast method, the fluidity index was used to evaluate the presence of 
moisture in a PBS with a long storage time and therefore degraded. The molar mass reduction is a 
direct indication of the occurrence of breakage of bonds in the polymeric chain and the melt flow 
index measure, despite providing a relative value, is very informative in terms of variation of the 
molar mass of the polymer sample, being inversely proportional to the molar mass [8]. 

2.Experimental  
 

In this work, a PBS trade name BioPBSTM FZ71 supplied by MCC Biochem was used. BioPBSTM 
is a soft and flexible semicrystalline polyester with excellent properties suitable for the injection 
process [9]. The storage time to which the polymer was submitted was of eighteen months, being 
twelve months longer than indicated by the manufacturer and therefore it was considered that this 
polymer was already degraded. 
In addition to time, due to the sensitivity of polyesters to water, one of the main forms of PBS 
degradation is hydrolytic, which in turn is strongly influenced by temperature [10]. Therefore, the 
PBS was submitted to different drying conditions to evaluate the melt flow index. 
The PBS samples were subjected to different temperatures between 80 and 130ºC in a digital 
sterilization and drying oven with air circulation and renewal, with a capacity of 150L, model 
EESCRA-150D by Vulcan. Moisture was related to the mass of the samples and the measurement 
was performed every 30 minutes until mass stabilization. 
Once the drying time was established, the melt flow index of the samples was determined using a 
standardized plastometer at the Materials Development Laboratory at ICTI, based on the ISO 1133 
standard with a temperature of 190°C and a weight of 2.16 kg. 

3.Results and Discussion  

Fig.1 presents the drying curve of the samples subjected to 100, 110 and 120°C. When subjected to 
130°C, there was partial melting of the sample, making it impossible to calculate the humidity. 

 

Figure 1. Moisture of PBS samples subjected to different drying conditions 
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It was verified through Fig. 1, that after 30 minutes all moisture was removed, regardless of 
temperature. Therefore, this time was adopted for drying the samples. 
The melt flow index of PBS after long storage was determined in samples subjected to drying for 30 
minutes at temperatures of 80, 90, 100, 110 and 120°C (Fig. 2). As expected, a high melt flow index 
fluidity was obtained for the PBS samples, reaching more than 5 times the value indicated for this 
property by the manufacturer [10]. 

 

Figure 2. Melt flow index of PBS samples after long storage and different drying temperatures. 

Considering the drying temperature in the degraded sample and comparing it with the so-called wet 
sample, it is observed that there is a reduction in the melt flow index in the samples dried at 80°C, 
90°C and 100°C. 
At 110 and 120ºC, an increase in the met flow index of 23 and 17% is observed when compared to 
the wet sample. One of the main forms of degradation of PBS is hydrolytic due to the sensitivity of 
polyesters to water. This type of degradation generates a decrease in the molar mass of PBS through 
chain scission and is influenced by temperature [10]. 
It is known that the increase in the melt flow index under standard conditions is an indirect indication 
of the decrease in molar mass [8]. Therefore, the increase of this property, at higher drying 
temperatures, is associated with degradation by PBS chain scission [10]. 
In the presence of moisture, PBS exhibits a crystallization behavior, very common to aliphatic and 
semi-crystalline biodegradable polymers. Studies indicate that the occurrence of crystallization is 
induced by the low molecular weight chains present in the degraded PBS. The amorphous regions of 
these semicrystalline polymers degrade preferentially, in relation to the crystalline ones, leading to 
chain scission and a reduction in the number of molecular tanglings in this region, in such a way, 
small chains are generated with the potential to rearrange themselves in crystalline form, increasing 
crystallinity of the polymer and thus reducing the melt flow index [11, 12].  

Conclusions 
 
After twelve months of storage, PBS shows severe degradation verified by melt flow index 
measurements. The drying procedure at temperatures up to 100°C is not efficient in removing 
moisture, which allows alignment of chains with lower molecular weight and reduction of the melt 
flow index. After 100°C, the melt flow index has a significant increase, indicating an accentuation in 
the degradation by breaking the PBS chains. 
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Abstract - Pyrolysis is one of the polymer recycling techniques that has gained prominence in recent years, and the 
extrusion feeding process also arouses considerable interest in industries, since cascade processes (REX) can provide a 
globally effective solution for waste. Therefore, the present study investigated the influence of the feedstock 
composition on the performance of chemical recycling via thermal pyrolysis of post-consumer plastic wastes based on 
Linear Low-Density Polyethylene (LLDPE) under different conditions. The results indicated that modification of feed 
characteristics through REX can significantly affect the pyrolysis rates, affecting the production rates of the output 
streams and the composition of the products, depending on the co-feeding of additives. For example, the co-feeding of 
PP favored the increase of yields in all experimental conditions, and the co-feeding of peroxides caused the 
modification of the composition of the obtained products.
Keywords: Pyrolysis; Extrusion; REX; Plastics; LLDPE.
Fundings: This study was funded in part by Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES).
Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq), Fundação Carlos Chagas Filho de Apoio à 
Pesquisa do Estado do Rio de Janeiro (FAPERJ) and Braskem.

Introduction
Thermoplastic materials, due to their low cost, lightweight, and high mechanical and chemical 
resistance, are widely used as substitutes for other materials such as steel, glass, and wood. Plastics
play an important role in maintaining the quality and comfort of modern life. Therefore, these
materials have become essential to human life, with new applications emerging every day. Thus, the 
production and consumption of plastic materials have experienced a significant increase in recent 
decades, and the trend is expected to continue growing in the near future [1-3].
In this scenario, the fundamental question arises regarding how to deal with plastic wastes, which 
are generated in large quantities. According to data from the World Bank, Brazil is the 4th largest 
producer of plastic wastes in the world, producing 11.3 million tons of plastic waste per year. Of 
this volume, 91% is collected, equivalent to 10.3 million tons annually, but only 1.28%, 145 
thousand tons annually, are effectively recycled [4].
With the increasing environmental awareness, this issue has stimulated the emergence of 
management cultures for companies to comply with existing and developing regulations, as well as 
encouraging the transition from a traditional linear economy to a more circular economy, 
eliminating waste and reintegrating post-consumer polymers into the chemical chain.
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Various techniques can be used for the reuse of post-consumer materials. In particular, the recycling 
of these materials can be done through mechanical, chemical, or energy processes, depending on the 
type of material to be recycled. According to WONG et al. [5], among the three mentioned 
recycling methods, chemical recycling aligns well with the principles of sustainable development, 
as it allows the discarded materials to return to their original compounds in a circular manner. 
Among the chemical recycling techniques, pyrolysis has gained particular prominence, because 
most polymeric wastes are compatible with this technique, constituting a good resource recovery 
strategy that can be developed in economically viable and sustainable processes [6]. 
Pyrolysis is an endothermic process that involves the thermal degradation of wastes in an 
atmosphere with partial or total absence of oxygen, avoiding direct combustion of the material [7]. 
This process typically generates gaseous, liquid, and residual solid products. Pyrolysis can also be 
conducted in the presence or absence of a catalyst. When the process is carried out without a 
catalyst, it is usually called thermal pyrolysis; otherwise, it is called catalytic pyrolysis [2]. 
The extrusion process has also gained considerable interest compared to other recycling methods, in 
terms of energy use and a range of environmental concerns during energy recovery [8]. This process 
can be used as an auxiliary technique for other recycling methods, allowing the polymer 
modification to improve the material characteristics. Moreover, if reactive extrusion (REX) 
processes are employed, the material is chemically modified, which can facilitate the recycling of 
wastes, adding value to the recycled material and increasing its acceptability in industries [9].  
Based on the reasons mentioned above, the main objective of the present study was to investigate 
the influence of the feedstock composition on the performance of chemical recycling through 
thermal pyrolysis. The yields and compositions of the products obtained under different 
experimental conditions were evaluated, through manipulation of the reaction time and temperature. 
The polymers used in the investigation were polyolefins based on Linear Low-Density 
Polyethylene, (LLDPE) commonly used for production of commercial films and fibers. 
 
Experimental 
Materials 
 Premier nitrogen with purity of 99.999%; 
 Pellets of post-consumer LLDPE extruded at different conditions (identified as NExt and Ext); 
 Pellets of post-consumer LLDPE extruded in presence of peroxide (RO2) additive (identified as 

Ext+RO2); 
 Pellets of post-consumer LLDPE extruded in presence of polypropylene (PP) additive (identified 

as Ext.+PP). 
The samples were processed and provided by Braskem, and their detailed characteristics will not be 
presented here for lack of space. Details of the extrusion operation cannot be disclosed for 
intellectual property reasons. 
Methods 
The experiments were conducted in a pyrolysis unit. In all cases, a fixed amount of 7 g of polymer 
(samples) was degraded at a pre-selected temperature (450 or 475 °C) and times (15, 30 and 45 
min). The reaction system comprised a quartz reactor (internal diameter of 3 cm and height of 60 
cm). The reactor was located inside two independent cylindrical electrical furnaces, used to control 
the reaction temperature, and were insulated with glass wool. T
were attached to the furnaces and used to provide temperature readings to the controller. A heating 
coil surrounded the quartz reactor and was used to preheat the nitrogen stream, used to maintain the 
reaction environment free of oxygen and to drag the generated gases. The nitrogen gas flow was 
kept constant in all trials (80 mL/min).  
A cylindrical quartz melting pot (internal diameter of 2 cm and height of 12 cm) was used to place 
the polymer material inside the pyrolytic reactor. Before the start of the reaction, the melting pot 
was suspended by a wire above the furnace; after reaching the desired temperature, the melting pot 
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was placed into the reactor to initiate the pyrolysis reaction. The generated products were 
condensed with an electrostatic precipitator and the liquid fraction was stored in a glass flask. The 
final gas, liquid and solid mass fractions were quantified through regular mass balance 
computations. The liquid products were analyzed by GC MS.

Results and Discussion
Yield Evaluation
A total of 16 experiments were conducted. Table 1 presents the adopted codes and the experimental 
conditions used to evaluate each sample, along with their respective yields.
Table 1 Samples yields obtained.
Code Temperature 

(°C)
Time (min) Condensable (%) Gaseous (%) Solid residue (%)

NExt. 450 15 4,98 2,28 92,74
NExt. 450 30 58,08 7,93 33,99
NExt. 450 45 49,94 6,68 43,38
NExt. 475 30 88,48 7,68 3,84
Ext. 450 15 20,09 3,56 76,35
Ext. 450 30 45,37 6,13 48,5
Ext. 450 45 71,47 8,70 19,83
Ext. 475 30 87,73 7,56 4,71
Ext.+RO2 450 15 23,65 3,85 72,50
Ext.+RO2 450 30 48,15 6,27 45,48
Ext.+RO2 450 45 44,87 7,98 47,15
Ext.+RO2 475 30 89,74 6,70 3,56
Ext.+PP 450 15 30,82 3,42 65,76
Ext.+PP 450 30 63,54 4,84 31,62
Ext.+PP 450 45 84,31 7,42 8,27
Ext.+PP 475 30 88,88 7,13 3,99

As expected, increasing the temperature led to higher yields of product fractions for all investigated 
samples [10]. The assays conducted at 475 °C consistently achieved conversions exceeding 87%. In 
contrast, assays conducted at a lower temperature (450 °C) and shorter reaction time (15 minutes) 
resulted in significantly lower conversions. The pyrolyzed samples were compared under the same 
experimental conditions to assess the influence of the extrusion feed step, with and without 
additives, on the yield. Fig 1 shows the condensable yields for each sample.

Figure 1 - Yields of Condensable Fractions Obtained in Pyrolysis of the Samples.
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It was observed that the samples exhibited distinct behaviors. Firstly, the co-feeding of PP exerted a 
positive effect on increasing the yields under all conditions. This can be attributed to the fact that 
PP-based resins undergo degradation at lower temperatures compared to PE resins [10-11]. 
Therefore, the incorporation of PP benefits the yields by accelerating the reaction rates. Secondly, 
under lower conversion conditions, the extrusion operation was beneficial for increasing the yields 
in all considered cases. However, in the intermediate conversion regions, the effect of extrusion, as 
well as the REX with peroxide, on the yields of condensable fraction was less clear.
Evaluation of composition
The products from the liquid fraction were analyzed and will be compared under similar 
experimental conditions, as the objective is to evaluate the influence of extrusion on pyrolysis. 
Different experimental conditions can generate different products, so just one condition is sufficient 
to demonstrate whether the process affects the chemical composition of the products [2, 12-14]. The 
products were characterized using Gas Chromatography-Mass Spectrometry (GC-MS) analysis, 
using an HP5-ms capillary column manufactured by Agilent, model 19091S-433. The compounds 
were analyzed using the NIST (National Institute of Standards and Technology) library, based on 
the fragments generated in the mass spectrometer.
It can be observed in the Fig 2 that the samples exhibited distinct behaviors. The addition of 
peroxide during extrusion can modify the composition of the products, as an increase in the 
concentration of free radicals can trigger parallel reactions, resulting in an increase in the number 
and quantity of unsaturated products. Therefore, initially, this operation may be considered 
unfavorable. Additionally, the addition of PP also leads to changes in the concentration profiles due 
to the accelerated reaction progress, resulting in a higher presence of unsaturated compounds.
In the case of the NExt. and Ext. samples, the results were relatively similar, indicating that the 
extrusion step plays a less significant role in explaining the changes in the composition of the 
obtained products.

Figure 2 - PIONA analysis of the condensable fraction of pyrolysis products at the center point of the
Samples.

Conclusions
The present study investigated the effect of the feedstock composition in the pyrolysis reaction of
polyolefin resins (based on LLDPE, linear low-density polyethylene) derived from post-consumer 
waste. For this purpose, samples were subjected to pyrolysis at different temperatures (450 and 
475°C) and reaction times (15 to 45 minutes). The results confirmed that the reaction temperature 
has a significant influence on pyrolysis, as increasing the temperature within a relatively narrow 
operating range significantly affects the yields of the product streams.
The collected information suggests that the effects of the feed composition have a greater influence 
on the performance of pyrolysis reactions, in terms of reaction rates and yields of the condensable 
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fraction,. Based on the obtained results and literature reports, it can be concluded that the 
composition of the post-consumer waste has a direct effect on the quality of the pyrolysis oils, 
particularly regarding the hydrocarbon matrix. The addition of additives such as peroxides or PP 
can change the chemical nature of the obtained products because the chemical composition of the 
feedstock greatly influences the progress of the reactions and the nature of the products obtained.
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Abstract - The immobilization of enzymes increases their stability and allows their reuse, and bacterial cellulose (BC), a 

material used in this technique. This work aimed to produce an enzymatic product to degrade oils and fats using BC as a 
matrix. BC membranes were produced by Komagataeibacter hansenii, and lipase was immobilized on the membranes 
(ex-situ method). Then the surface of the membranes was modified with a hydrophobic corn protein called zein. The 
membranes were characterized by TGA, FTIR, SEM analysis and a degradation test. TGA showed higher stability of the 
membranes with lipase and zein. The FTIR spectrum of pure BC membrane and zein-modified membrane were very 
similar because of the high zein coating. SEM analysis showed that zein-modified membranes with lipase presented 
smaller amounts of pores. Finally, using soy oil, lipase could degrade oil even after immobilization during the degradation 
test.   
Keywords: bacterial cellulose, zein, enzymes, lipase, immobilization.
Fundings: The authors are grateful for the financial support of Capes and UNIVILLE for the project.

Introduction
Environmental pollution is an enormous obstacle faced by many countries. Improper disposal of 
pollutants compromises aquatic life, wildlife and humans [1]. Fats and oils are one of the primary 
contaminants in this scenario because they are used as feedstock in food, plastics and biofuels 
industries, for example. The presence of oils and fats in sewer systems causes pipe blockage [2]. 
Furthermore, their presence requires more flocculants in treatment stations and interferes with oxygen 
diffusion [3-4]. In this context, lipase enzymes are an option for the problem. They catalyze the 
breakdown of fats and oils, but their use as free enzymes in the environment can cause their
inactivation by chemical, physical and biological factors [5-6]. Seeking to overcome these obstacles, 
studies have been conducted for the immobilization of enzymes in matrices to improve characteristics 
like activity, stability and reuse possibility [7]. A promising material for enzyme immobilization is 
bacterial cellulose (BC), an extracellular homopolysaccharide formed by glucopyranose units linked 

-(1,4) glycosidic bonds [8]. It is a biopolymer with interesting properties such as high water-
holding capacity, biocompatibility and biodegradability [9,10]. BC can be used in oil-water 
separation; it is usually modified with hydrophobic substances for this application. A corn protein 
called zein is a material that can form a hydrophobic coating, resistant to microorganisms attacks and 
with excellent flexibility [11]. Due to its hydrophobicity, characteristic solubility, biocompatibility, 
biodegradability, abundance, origin of renewable resources and being recognized as safe (GRAS), 
zein is considered a versatile and promising food biopolymer [12]. Considering the current scenario, 
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this work aimed to develop a hydrophobic biomaterial to immobilize lipases, using BC as a matrix, 
for use in the degradation of vegetable oils.

Experimental
Synthesis of pure BC
The microorganism used was the bacterium Komagataeibacter hansenii ATCC 23769, stored in Petri 
dishes under refrigeration. In its activation and cultivation, a Mannitol Medium composed of mannitol 
(25 g· L-1), peptone (5 g· L-1), and yeast extract (3 g· L-1) was autoclaved at 121 ºC for 20 min. The 
cells were activated in 500 mL Erlenmeyer bottles containing 100 mL of medium and pH 7.0, 
incubated at room temperature under static conditions for two days. After this period, the inoculum 
was transferred to the culture medium at a rate of 20% with initial optical density (O.D.) ranging from 
0.9 to 1. This stage was conducted in Erlenmeyer bottles of 125 mL with 35 mL of culture medium, 
incubated in an oven at 30 °C in static condition for 12 days for the formation of hydrated blankets 
of BC.

Purification 
The membranes were washed with water to remove the remaining culture broth and then treated with 

other contaminants. After this treatment, they were washed with distilled water until they reached pH 
7, stored in distilled water and autoclaved to avoid contamination or drought in a greenhouse [13]. 

Lipase incorporation and modification with zein
The incorporation of the enzyme into the BC membrane was performed in 3 cycles, as shown in Fig 
1. At the end of each cycle, the BC was washed with distilled water to remove excess enzymatic 
solution. Surface modification with Zein was performed, as shown in Fig 1.

Figure 1 - Methodology scheme

Fourier Transform Infrared Spectroscopy (FTIR)
The characterization of the functional groups of the BC, BC/ENZ and BC/ENZ/ZE was carried out 
by Fourier Transform Infrared Spectroscopy (FTIR) in Perkin Elmer Frontier equipment. 32 scans 
were performed per sample, from 650 to 4000 cm-1, with a resolution of 2 cm-1, in attenuated total 
reflectance (ATR) mode.

Contact angle
The method used was the sessile drop, in which a drop of deionized water was deposited above the 
samples using a microsyringe. The drop was observed using a low magnification lens, and the contact 
angle was measured by a goniometer (Ramé-Hart Inst. Co. modelo 250-F1).
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Oil degradation (acidity level) 
For this test, membranes of BC/ENZ and BC/ENZ/ZE were used. All the membranes were put in 100 
mL of citrate buffer pH 7 (0,05 M), and then 50 mL of ethyl ether was added to solubilize the soy oil 
5,5% (w/v). This mixture was incubated under stirring at 150 rpm, 30 °C, for 90 min. After this time, 
titration was done with NaOH 1M to quantify fatty acids, using phenolphthalein as an indicator. The 
volume of NaOH spent in the titration was used to calculate the acidity level, as shown in Eq. 1 [14]. 
The test was done in triplicate for each sample. 

                                                          Al= (NaOH mass/fatty mass)                                                 (1) 

Al = acidity level; 
NaOH mass = quantity of NaOH used (g); 
Fatty mass = quantity of fatty used (g). 

Results and Discussion 

Lipase incorporation and modification with zein 
Through a macroscopic evaluation (Fig 2), it was possible to observe that the BC modified with zein 
(BC/ENZ/ZE) presented a yellowish color, forming a thin and homogeneous film on the surface of 
the BC, and also with a more brittle characteristic. 

 

Figure 2 - Bacterial cellulose membrane (a) BC and (b) BC/ENZ/ZE 

Fourier Transform Infrared Spectroscopy (FTIR) 
The FTIR spectra of the ZE and CB/ZE samples showed amide bands A, I, and II identified at 
3300 cm-1, 1650 cm-1 and 1540 cm-1, respectively, with amide A referring to the stretching of the N-
H and O-H group of protein amino acids, amide I occur due to the C=O stretching of the amide group, 
and amide II is related to the vibrations of angular deformation of the N-H bond and stretching of the 
C-N bond [15]. 
In the CB/ENZ sample spectrum, the band at 1650 cm-1 related to amide I derived from lipase amino 
acids was observed. The band at 1530 cm-1 described in the literature and related to amide II shifted 
to 1545 cm-1 [16]. Due to the presence of the band at 1055 cm-1 referring to the vibration of the -C-
O-C- bond of the CB pyranose ring, the characteristic lipase band at 1050 cm-1 referring to the 
deformation vibration of the primary amino group -NH2 was not observed. 

Contact angle 
BC presented an angle of 45.2° and BC/ENZ an angle of 55°, showing that both are hydrophilic, a 
characteristic behavior of BC. While the BC/ENZ/ZE membrane presented an angle of 80°, showing 
that the samples became amphiphilic, therefore they are neither hydrophobic nor hydrophilic, which 
allows the BC to interact with the enzyme, the oil and the aqueous medium where it will be used. The 
ZE-only samples showed a contact angle of 93°, indicating they are hydrophobic [17]. The angles 
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were measured 4 times on each sample and then averaged. Fig 3 and Table 1 show the angles of 
samples BC, ZE, BC/ENZ and BC/ENZ/ZE. 

Figure 3 - Contact angle of the BC samples (a) BC/ENZ/ZE;(b) BC/ENZ (c) 

  

Table 1 - Values of the contact angles of the samples BC, ZE, BC/ENZ and BC/ENZ/ZE 
Samples Contact angle  

  Mean  ± SD 
Classification 

BC   45º ± 4,53 Hydrophilic 
ZE 93° ±  4,05 Hydrophobic 

BC/ENZ  55º ± 4,81 Hydrophilic 
BC/ENZ/ZE  80º ± 3,66 Amphiphilic 

Acidity level 
Table 2 shows data from the soybean oil degradation test (acidity index). It is observed that even with 
the immobilization process, the lipase enzyme maintained the ability to hydrolyze soybean oil, with 
a more expressive value for the CB/ENZ/ZE sample (97%), which may be a result of the influence 
of the presence of zein, because it is also a protein. 

Table 2 - NaOH mass average values and acid number for samples BC, BC/ENZ and BC/ENZ/ZE 
Samples  Mass of  NaOH(g) 

Average  ± SD 
Al (%) 

Average  ± SD 
BC 2,20  ±  0,1  45,57  ± 2,08  
ZE 0,60  ± 0,06 12,50  ± 1,26  

BC/ENZ 2,84  ±  0,27 58,80  ± 5,5  
BC/ZE 0,85  ±  0,17   17,64 ± 3,60 

BC/ENZ/ZE 3,20  ±  0 97,02  ±  3,6  

Immobilization of lipase NS-40116 from Thermomyces lanuginosus was studied by Facin et al. [14] 
in polyurethane samples. Analysis of the hydrolysis capacity of vegetable oil showed that all samples 
reached maximum acidity (12  13%), that according to the authors, confirmed that the enzyme 
immobilized on the polyurethane support maintained its catalytic capacity [18]. Comparing with the 
results obtained in this work, it is observed that the values were higher even after the surface 
modification process of the BC membranes, which demonstrates the obtaining of a material that 
maintains the degradation characteristic of the enzyme. The BC/ZE and ZE alone samples showed 
the lowest acidity index, showing that this material has no property for oil degradation alone. This 
result corroborates the results found in the BC/ENZ/ZE samples. 

Conclusions 
By visual analysis, it was possible to observe that the intended modification occurred. The FTIR 
spectra showed characteristic bands of the pure materials in the respective modified samples. 

1670



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

However, the CB/ENZ/ZE sample did not show the BC bands, indicating that zein promoted a BC 
coating. 
The acidity test showed that the enzyme was incorporated and remained active even after the 
modification process. BC/ENZ/ZE degraded the oil better than the other samples. The contact angle 
showed that the BC/ENZ/ZE sample was amphiphilic, allowing interaction at the water-oil interface 
and enabling oil degradation. 
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Abstract - A considerable amount of dyed cotton from textile processes is disposed of in landfills, resulting in negative 
environmental impacts and unnecessary loss of natural resources. Thus, the purpose of this study was to evaluate the
mechanical performance of regenerated cellulose filament dissolved in systems composed of ionic liquid (IL) 1-ethyl-
3methylimidazolium chloride ([EMIN]Cl) and different proportions of the cosolvents dimethyl sulfoxide (DMSO) and 
dimethylformamide-N, N (DMF). The cotton residue was dissolved in [EMIM]Cl for 2.5 h at 110°C, and DMSO or 
DMF was added at proportions of 15, 30, and 50% (g cosolvent/ g IL).  The filaments were evaluated regarding the 
degree of polymerization (DP) and mechanical properties.  The use of 30% of DMSO resulted in filaments with higher 
DP and higher tensile strength. The mass fraction of 30% of DMF showed better mechanical properties than the other 
proportions.  
Keywords: Colored textile residue. Ionic liquid. Cosolvent. Regenerated cellulose fibers. 
Fundings: FAPESC Process n. 2021TR000327 

 
Introduction 
Cellulose is the most abundant biopolymer in the world, being a renewable and biodegradable 
source [1]. Therefore, this polymer has attracted increased interest in various fields, such as the 
textile industry.  However, its processing is hampered due to its insolubility in water and common
organic solvents [2]. As the solvents generally used for cellulose are toxic, aggressive to the 
environment and can cause derivatization of cellulose, new classes of solvents have been studied, 
such as ionic liquids (ILs) [3].  
ILs are direct dissolution solvents of cellulose and can be defined as molten salts or even liquid 
electrolytes with melting points below 100 °C [4].  Imidazolium-based ILs are the most 
investigated, due to their high dissolution capacity, such as 1-allyl-3methylimidazolium chloride
([AMIM]Cl) and 1-ethyl-3-methylimidazolium chloride ([EMIM]Cl) [5]. During dissolution, the IL
diffuses between the molecular chains of the cellulose and performs the breakdown of the intra- and 
intermolecular hydrogen bonds [6]. This diffusion is affected by the high viscosity of the ILs, which 
hinders the dissolution process as well as the regeneration of cellulose. To overcome this limitation, 
some polar aprotic organic solvents, such as dimethyl sulfoxide (DMSO) and dimethylformamide-
N, N (DMF), are added as cosolvents to decrease the viscosity of the solution, without the 
precipitation of cellulose [7]. In addition to reducing viscosity, cosolvents facilitate cellulose
dissolution at low temperatures, increase the efficiency of dissolution, allow a decrease in the use of 

 and, consequently, decrease the cost of the process [2,8] 
In this work, a residue of dyeing cotton from the brushing textile process was used as source of 
cellulose.  This residue is usually destined for landfills due to the presence of synthetic reactive 
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dyes.   Thus, the objective of this work was to investigate the degree of polymerization and 
mechanical behavior of the wet-spun regenerated cellulose filaments using dissolution in chloride of 
1-ethyl-3methyl imidazolium ([EMIN]Cl) and cosolvents DMSO and DMF in different proportions. 
 
Experimental 
The raw material for obtaining the regenerated cellulose is a 100% dyed cotton textile residue, from 
the brushing process of sweatshirts, donated by a company located in Santa Catarina, Brazil. The 
residue has green coloration and its trichrome is composed of reactive dyes of the azo class and 
vinyl sulfone. For the cellulose dissolution, were used the ionic liquid of the imidazole type 1-ethyl-
3-methylimidazolium chloride ([EMIM]Cl) (Sigma-Aldrich) and the cosolvents Dimethyl sulfoxide 
P.A.  (DMSO) (Anadrol) and Dimethylformamide-N,N P.A. (DMF) (Scientific Exodus). 
 
Dissolution and Regeneration of Cellulose 
For the cellulose dissolution, 0.09 g of previously dried green cotton was added to 3 g of 
[EMIM]Cl. The mixture was heated at 110°C in a glycerin bath and magnetically stirred for 2 h 20 
min. Then, cosolvent DMSO or DMF was added at mass proportions of 15, 30 and 50% (g 
cosolvent/g IL) and the stirring was kept for additional 10 min. The filament was obtained by wet 
spinning technique, in which the dissolved cellulose was transferred to a syringe with an outlet 
diameter of 2 mm and connected to an infusion pump (Fresenius Kabi, model Injectomat Agilia). 
The spinning rate was 45 mL/h and the coagulation bath was composed of deionized water. After 
15 min of coagulation, the filament was washed several times with deionized water until the ionic 
liquid was completely removed and then dried in an oven at 60 °C for 30 min. 
 
Degree of Polymerization (DP) 
The filament obtained was immersed in a solution of sulphuric acid (0.5 M) at 1% w/v in a water 
bath at 75 °C for 30 min.  Then, the filaments were washed with deionized water until reaching 
neutral pH and dried in an oven at 45 °C for 12 h. 
The mean degree of polymerization (DP) was determined by adapting ASTM D1795-13 [9], using 
cupriemethylenediamine (CUEN) as a solvent and a Cannon-Fenske capillary viscometer nº 75 at 
25 °C.
 
Mechanical properties 
The mechanical resistance of the regenerated fibers was evaluated in terms of tensile strength, 
elongation at break and Young's modulus by ASTM D2256/D2256M. Filaments samples with 150
mm long were analyzed in a texturometer (Stable Micro System, TA.TX Plus)  ), using a 50 N load 
cell, initial grip spacing of 10 cm, and cross-head speed of 2 mm/min. The comparison of means of 
10 replicates was made by the Anova test with a significance level of 5 %, using the Statistica® 12 
software. 
 
Results and Discussion 
The average diameters of filaments produced with from the cellulose dissolution with different
IL/cosolvent mass fractions ranged from 207 µm to 259 µm. The use of cosolvent was essential for 
wet spinning processing, as it allowed to reduce the viscosity. It was noted that with the increase in 
the mass fraction of the cosolvent, the viscosity of the solution reduced. Fig 1 shows the aspect of
the cotton waste used as cellulose raw material (a) and regenerated cellulose filaments (b). The 
green color of the textile waste was maintained in the formed filament, which would eliminate the 
need for dyeing processes. Macroscopically, it was not observed the presence of green dye in the 
ionic liquid/cosolvent bath after regeneration. 
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Figure 1  Aspect of the textile cotton waste (a) and regenerated cellulose filament using cotton residue 
from the brushing process (b). 
 
Degree of Polymerization (DP) 
Fig 2 shows the results of the degree of polymerization of the regenerated cellulose samples after 
acid hydrolysis treatment. The acid treatment was used to facilitate the dissolution of the filament 
samples in CUEN solution. Due to the presence of dye, the conventional direct dissolution of the 
regenerated cellulose in CUEN is not achieved. However, the previous hydrolysis also contributes 
do depolymerization of cellulose.  
The results indicate that the use of 30% DMSO (DMSO30) for cellulose dissolution resulted in
filament with the highest DP (587).  Regarding the filaments obtained with DMF, the DP is similar 
between the three mass fractions tested, presenting values between 391 and 438.  Despite the acid 
hydrolysis treatment, the DP values of the regenerated filaments corroborate the DP of the 
commercial viscose (300-450) and the cellulose regenerated in [AMIM]Cl at 100 °C (550) [10]. 
 

 
Figure 2  Degree of polymerization of cotton residue and regenerated cellulose filaments obtained form 
dissolution with different proportions of cosolvent. 
 
 
Mechanical properties 
The results of the mechanical properties of the fibers regenerated from the brushing cotton residue, 
obtained from dissolution in [EMIM]Cl and cosolvents DMSO and DMF, are presented in Table 1. 

(a) (b) 
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It is noticed that the mass fraction of 30% for both cosolvents results in higher tensile strength when 
compared to the other mass fractions. It is also noted that DMSO cosolvent presented tensile 
strength values similar to the DMF cosolvent when compared to the same mass fractions. Studies 
found in the literature obtained tensile strength results similar to those of the present study [11,12] 

Table 1 Mechanical properties of regenerated filaments
Sample Tensile strength 

(MPa) 
Elongation at 

break (%) 
Tenacity 
(cN/tex) (GPa) 

DMSO15  193.65 ± 25.89b,c 6.90 ± 1.72a,b   8.99 ± 2.48b,c 17.14 ± 1.28a,b 

DMSO30    238.14 ± 24.02a 7.96 ± 1.51a,b   9.39 ± 1.78b,c        17.39 ± 2.76a 

DMSO50 198.34 ± 38.17b,c    5.96 ± 1.56b 5.87 ± 1.54c 12.32 ± 2.70a,b 

DMF15    185.35 ± 19.61c 6.72 ± 2.18a,b 6.95 ± 2.26c   11.54 ± 0.99a,b,c 

DMF30  228.33 ± 22.02a,b    9.51 ± 2.43a   13.09 ± 3.35a        13.31 ± 1.19b 

DMF50    159.06 ± 21.77c 8.53 ± 1.72a,b   11.81 ± 2.38a,b        10.76 ± 0.66c 

Results are presented as means ± standard deviation. Means followed by same letter in the same columns do 
not differ significantly p < 0.05. 
 
The results of elongation at break indicated that this this property was little affected by the type and 
proportion of cosolvent. The values are slightly lower than those observed for Lyocell/NMMO fiber
(11.2%) and the Lyocell/ NMMO fibers obtained using textile residues (14.1 %) [13]. The filament 
obtained with 30% of DMF presented the highest tenacity (13.09 cN/tex), which corresponds to a 
performance analogous to viscose (10 to 15 cN/tex) [14]. 
Young's modulus is related to the stiffness of the filament. The DMSO samples in the proportions 
of 15 and 30% presented a higher Young's modulus. Compared to commercial viscose fiber, the 
filaments obtained demonstrate Young's modulus twice as large [15]. 
Mechanical properties are influenced by the degree of polymerization. Overall, a higher DP results
in better mechanical properties [10]. This correlates with the result obtained for the DMSO30 
filament that presented the highest DP and, consequently, presented the highest tensile strenght 
Young's modulus.  
 
Conclusions 
This study demonstrated that cotton residues from the textile brushing process can be used as 
cellulose source for obtaining regenerated filaments with promising properties of industrial 
application. The green color of the cotton residue was also observed in the filament. The degree of 
polymerization was reduced compared to the residue, and the results were affected by cosolvent and 
proportion used. The mass fraction of 30% showed better results in both cosolvents. With the 
exception of tenacity, the DSMO cosolvent with 30% was found to be better than the same 
proportion of DMF cosolvent. 
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Abstract Effluent treatment remains a global challenge, especially in removing metallic ions present in wastewater, 
which represent a sererely threaten human health. Adsorption has proven to be an efficient approach to tackle this 
problem, and three-dimensional hydrogel has emerged as a promising material in this context. The aims of this paper is
to develop cellulose (Hc) hydrogels by incorporation of montmorillonite (MMT) nanoclays cloisite 20A for the removal 
of toxic metallic ions. The hydrogels will be produced using a crosslinking agent, and different concentrations of MMT
(3% and 5% by mass) will be tested. Analyzes of the chemical composition, morphology, and adsorption capacity of 
metallic pollutants will be carried out for both nanoclays and hydrogel systems. It is expected that this study will 
contribute to the advancement of effluent treatment, offering an efficient and sustainable solution for removing metallic 
contaminants, with benefits for public health and the environment.

Keywords: Hydrogel; Cellulose; Nanoclays.
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Introduction 
The global scarcity of water resources is an urgent and worrying problem. Contamination of 

wastewater by metallic ions from industrial and agricultural sectors further aggravates the situation, 
bringing negative consequences for the environment and human health [1]. Faced with this alarming
environmental scenario, several research studies have been conducted with the aiming of 
developing more efficient technologies and materials for the removal of toxic metallic ions from 
polluted waters. The most discussed and investigated techniques in this area are chemical 
precipitation, flotation, membrane filtration, ion exchange, biological methods, and adsorption [2].
In this context, the adsorption of metal ions has emerged as an efficient and low-cost technique for 
treating polluted waters [3].

Among adsorbent materials, three-dimensional cellulose-based hydrogels, especially when 
incorporated with nanoclays, have high adsorption capacity and favorable characteristics, such as 
ease of synthesis, application, and reusability [4]. In this study, it is proposed the development of a 
biodegradable cellulose (Hc) hydrogel containing nanoclays montmorillonite cloisite 20A , in 
which the chemical, morphological and water absorption properties were evaluated in focus for a 
future application in removal water containing metal ions.

Experimental 
1. Hydrogels synthesis  

In this experiment, three cellulose hydrogels were produced: one of pure cellulose (HC) and 
two with the addition of clays at different concentrations (HC-MMT3% and HC-MMT5%). The 
preparation of the hydrogels involved dissolving urea and sodium hydroxide in water, followed by 
the addition of microcrystalline cellulose. The mixture was refrigerated at approximately -10 °C for 

1677



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

24 hours and then stirred when the solution was partially liquid. MMT was added at different 
concentrations, and the solution was stirred for 30 minutes at approximately 900 rpm. After the 
addition of epichlorohydrin for crosslinking, the solutions were dried in an oven at 60 °C for 48 
hours. The hydrogels were washed with water for 72 hours to remove epichlorohydrin residues and 
then dried again in an oven at 60 °C for 24 hours. 

2. Characterization

Fourier transform infrared spectroscopy (FTIR)
The functional groups were obtained using the FTIR technique (Frontier 94.942, 

PerkinElmer, USA) in the operation mode with attenuated total reflectance (ATR), using a range of 
4000-500 cm 1, spectral resolution of 4 cm 1, and 32 scans.

Water absorption
The water absorption of the hydrogels was obtained by immersing 0.1 g of dry hydrogel

pieces in 50 mL of ultrapure water. Samples were collected periodically from 0 to 24 h to weigh the 
mass of swollen hydrogels. At the end of the assay, the hydrogel solubility was measured to 
determine the weight loss. The degree of swelling (DS) were calculated by Eq.1 [5], where ms (t) is 
the swollen mass of hydrogel in a time t (g), and m (t = 0) is the dry hydrogel mass (g). 

                                                      (1)

Scanning electron microscopy (SEM)
Morphology was obtained by SEM technique (FEI Quanta 250, Thermo Fisher Scientific, 

USA). Sample was covered with a thin layer of gold with a thickness of 25 nm (Sputtering Leica 
EM ACE200, Leica Microsystems, Germany). The micrographs were obtained under the 
conditions: current of 50 pA, voltage of 10 kV, and spot size of 4 nm.

Results and Discussion 

Fig 1 (A) shows the infrared spectra for samples, HC sample (cellulose hydrogel): The 
spectrum shows a broad band between 3500 and 3200 cm-1, with a peak at around 3300 cm-1, 
indicating the presence of hydroxyl groups (OH). A low-intensity peak is also observed in the 
region from 2900 to 3000 cm-1, related to the symmetric stretching of the C-H bonds. Furthermore, 
a weaker peak at 1650 cm-1 indicates the stretching of the C=O bond of the carbonyl group, and a 
strong peak around 1000 cm-1 represents the characteristic C-O-C glycosidic bond of the glucose 
molecule. There was also a weak band in the region from 1500 to 1250 cm-1, corresponding to the 
CH3 folding of the compounds' carbon chain. An enhancement of the signals is observed in all 
regions compared to the HC sample, especially for the 3 and 5% HC-MMT sample (cellulose 
hydrogel modified with 3 and 5% montmorillonite clay). It can be attributed to the successful 
interaction of montmorillonite clay with cellulose. Clay has distinctive characteristics in the FTIR 
spectrum, such as a band around 3400 cm-1 related to the OH groups present in its molecule, and 
peaks around 1020 cm-1 attributed to the vibration of the stretching of the Si-O bond in its structure
[6].
One of the most significant and useful characteristics of hydrogels, which are evaluated in various 
aqueous solutions, is their ability to absorb and retain water in their network. The swelling behavior 
of the nanocomposite hydrogel with different percentages of MMT and pure hydrogel was 
examined in distilled water. The water absorption profiles of pure hydrogels and nanocomposites 
are shown in (Fig. 1B). The degree of swelling water capacities of the nanocomposite hydrogels 
HC-MMT3% (1320.4%) and HC-MMT5% (1199.3%) are lower than those of HC (1424.9%). The 
decrease in water absorption capacity by the addition of MMT hydrophobic nature due to its 
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organo-modification (with quaternary ammonium salt). On the other hand, the physical cross-
linking effect of the clay layers in the hydrogel matrix can cause greater porosity of the hydrogel 
structure. The increase in porosity can lead to a rise in expansion affinity and, therefore, to an 
increase in the sorption capacity of metallic ions [7].

Figure 1 A) The FTIR spectra of cellulose hydrogel without and with MMT; B) Water absorption 
of cellulose hydrogel without and with different MMT contents; C) SEM micrographs of the 
hydrogel samples.

The morphology of the synthesized hydrogels was evaluated using scanning electron 
microscopy (SEM) images of cross sections of crosslinked hydrogels, as illustrated in Fig 1 (C). 
The images revealed a characteristic three-dimensional (3D) pore structure, with interconnected 
pores, typical of natural polymeric hydrogels. This 3D porous structure with conductive pores is 
advantageous for sorption with metal ions. Furthermore, the hydrogel (HC) showed open hollow 
pores. Incorporation of HC-MMT3 and 5% into the matrix resulted in particle aggregation due to 
surface incorporation of these nanoparticles.

Conclusions
In summary, analysis of the infrared spectrum revealed that the cellulose hydrogel (HC) has 

hydroxyl groups (OH), C-H bonds, carbonyl groups (C=O) and the glycosidic bond C-O-C of 
glucose. Modification with montmorillonite clay (HC-MMT) enhanced signals in all regions, 
indicating a successful interaction between clay and cellulose. Scanning electron microscopy (SEM) 
showed a three-dimensional porous structure with interconnected pores in the hydrogels, while the 
incorporation of HC-MMT resulted in particle aggregation. The nanocomposites exhibited lower 
water absorption capacity due to the hydrophobic nature of the clay, but the physical interweaving 
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effect of the clay layers increased the porosity. In short, the addition of montmorillonite clay to the 
cellulose hydrogel altered its properties, affecting water absorption and possibly improving the 
sorption of metal ions. 
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Abstract - This work modified polyurethane foam obtained from a post-consumer mattress with palmitic acid coating 
to increase hydrophobicity and oil affinity. Sorption tests were performed on a multicomponent system with seawater 
and diesel. The modification reduced approximately 184% of the seawater sorption, which indicates success in the 
polymer's surface hydrophobization. For Un-PC, the seawater sorption was best modeled by the pseudo-second-order 
kinetic model (R² = 0.99; SSR = 12.49), while the diesel sorption was best modeled by the logistic model (R² = 0.99; 
SSR = 13.53). For PA-PC, both seawater and diesel sorption data were best fitted using the logistic model (R² = 0.99; 
SSR = 0.48 and R² = 0.99; SSR = 5,97, respectively).

Keywords: reuse of polymers, post-consumer mattress, surface modification, oil spill
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Introduction
Although unwanted, oil spills into the oceans can occur due to offshore drilling and transportation 
activities. When accidents with spills happen, the most immediate action is to fence the leak to 
prevent its propagation [1]. Then, different removal methods can be used to recover the oil spilled 
into the ocean. Incineration, pumping with a skimmer, and surfactant dispersants are traditionally 
used methods [1,2]. Alternative methods using high porosity structures to recover oils spilled have 
been used [3,4]. Polyurethane, for example, is a highly porous polymer commonly found in 
upholstery and mattresses [5]. Unfortunately, it is common to find post-consumer polyurethane 
mattresses discarded irregularly throughout large cities, increasing the need for study on reuse 
options. Although polyurethane foams obtained from semi-flexible mattresses are highly porous and 
can separate oils spilled in seawater, their selectivity for oil is low. This means that the foam 
absorbs both water and oils in high quantities. However, it is possible to change this behavior 
through surface modifications to increase the foams' selectivity for oils.
In this work, post-consumer polyurethane foams were coated with palmitic acid to increase 
selectivity for oils over seawater. The modification seeks to increase hydrophobicity and oil 
affinity. This opens the possibility of removing foams from the environment by recycling them 
through modification and subsequent reuse in recovering oils spilled in seawater.

Experimental
Post-consumer polyurethane foam was recovered from an irregular disposal area beside a highway. 
The label on the mattress indicates a density of 18 kg·m-3. Although dirty, there were no signs of 
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physical damage or visible compaction. The foam was washed with 70% ethanol and oven dried to 
constant mass. It was then cut into 1 cm³ cubes for modification and testing. All reagents used in 
this work were purchased from Synth, Brazil, and used as received.

Surface modification
The palmitic acid coating methodology was adapted from Li et al. [6] and Rocha et al. [7]: the foams 
cubes were immersed for 48 h in a 1 x 10-2 -1 of palmitic acid (PA) solution using anhydrous 
ethanol as solvent. Then, the cubes were dried in an oven at 60 °C resulting in the PA-PC foam.
Unaltered post-consumer foam (Un-PC) was used in the sorption tests and in the kinetics 
construction to compare results against the modified foam.

Sorption tests and kinetics
The sorption tests were performed according to the ASTM F726 and ASTM D95 [8,9] methodology. 
One-way analysis of variance was used to assess statistical significance using the Statistica 7 
software. The kinetics were constructed and studied using the Origin 2016 software. All data was 
obtained at 23 °C ± 1 °C.
The kinetic models used were: pseudo-first-order - also known as Lagergren - (Eq. 1); pseudo-
second-order - also known as Ho and McKay - (Eq. 2); Weber and Morris (Eq. 3); Logistic (Eq. 4) 
and Elovich (Eq. 5).

                                                                                                                  (1)

(2)

(3)

(4)

(5)

Where: k1, k2, and Kd are the kinetic constants of Lagergren, HO & McKlay, and Weber & Morris, respectively; qe 
and qt are the amount of fluid sorbed at equilibrium and at the time t, respectively; t is time; a, b, and c are constants of
the logistic model

Results and Discussion
Sorption tests were performed on a multi-component system that simulate an oil spill. The results 
are compiled in Table 1. In the seawater (92%):(8%) diesel system, the Un-PC foam showed the 
highest sorption of diesel oil and seawater. Compared to PA-PC foam, Un-PC absorbed 184% more 
seawater and only 35% more diesel. Although the modified foam reduced the sorption capacity of 
diesel, it strongly reduced the sorption of seawater.
Two approaches are possible here. If the reservoir where the water/oil recovered by the foam can be 
emptied from below, the Un-PC foam can be an interesting option, even absorbing more water. 
Diesel will float since it is less dense than water and poorly soluble. In this way, it is possible to 
empty the lower part of the reservoir into the sea, as the lower layer is only composed of seawater
(although traces of oil will be present). However, if the reservoir can only be emptied when 
returning to the mainland, choosing a foam with the characteristics of PA-PC is more appropriate, 
as it has better selectivity for oils and consequently will sorb less seawater.
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Table 1: Sorption testes results for the multicomponent system seawater-diesel. 

Sorption (g·g-1) 
Seawater Diesel

Un-PC PA-PC Un-PC PA-PC 
15.78a ± 0.51 5.56b ± 0.26 30.44A ± 1.86 22.54B ± 0.54 

Equal lowercase (seawater) and uppercase (diesel) letters on the same line indicate no statistical difference in the Tukey test with a 
significance level of 5%. 

 
Fig. 1 shows the kinetic profiles of water and oil sorption using Un-PC foam in the seawater 
(92%):(8%) diesel multicomponent system. Table 2 presents the calculated parameters. 
 

 
Figure 1. Kinetic profiles of water and oil sorption using Un-PC foam in the seawater (92%):(8%) diesel 
multicomponent system 

 

Table 2: Calculated parameters for kinetic models. 

Kinetics Parameters Seawater Diesel 

Pseudo-first-order 

K1 (g.g-1.s-1) 0.13 0.16 
Qe (g.g-1) 29.94 77.85 

R² 0.92 0.92 
SRR 2393.33 27027.44 

Pseudo-second-
order 

K2 (g.g-1.s-1) 0.0054 0.0028 
Qe (g.g-1) 18.80 36.34 

R² 0.99 0.99 
SRR 12.49 48.44 

Elovich 

(g.g-1. s-1) 3.45 6.59 
(g.g-1) 0.23 0.12 
R² 0.95 0.95 

SRR 19.47 73.56 

Weber e Morris 

Kd (g.g-1. s-0,5) 2.19 4.24 
C (g.g-1) 1.18 2.13 

R² 0.90 0.90 
SRR 32.32 117.43 

Logistic 

a (g.g-1) 14.75 29.99 
b 8100.81 9.44 

c (s-1) 0.90 0.20 
R² 0.90 0.99 

SRR 32.03 13.53 
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In the first 10 s, the Un-PC foam absorbed 50% of the oil available in the simulated spill. The oil 
recovery growth occurred until 20 s reaching 85% of the diesel initially available. Between 20 s and 
35 s, recovery reached 99% and remained constant until the end of the test at 60 s. Similar behavior 
was observed for seawater sorption by Un-PC. Up to 20 s, seawater sorption occurred linearly, 
reaching about 13 g·g-1, then increasing slowly between 20 s and 35 s, reaching approximately 
15 g·g-1. This value remained practically constant until the end of the test at 60 s. 
The pseudo-second-order model for seawater and the logistic model for oil sorption were the 
kinetics that best described the sorption using Un-PC foams. 
 
Fig. 2 shows the kinetic profiles of water and oil sorption using PA-PC foam in the seawater 
(92%):(8%) diesel multicomponent system. Table 3 presents the calculated parameters.  
 

 
Figure 2. Kinetic profiles of water and oil sorption using PA-PC foam in the seawater (92%):(8%) diesel 
multicomponent system 

 
Table 3: Calculated parameters for kinetic models. 

Kinetics Parameters Seawater Diesel 

Pseudo-first-order 

K1 (g.g-1.s-1) 0.12 0.13 
Qe (g.g-1) 6.21 34.46 

R² 0.96 0.89 
SRR 5.24 1670.76 

Pseudo-second-
order 

K2 (g.g-1.s-1) 0.038 0.006 
Qe (g.g-1) 5.98 25.17 

R² 0.98 0.97 
SRR 1.66 35.93 

Elovich 

(g.g-1. s-1) 1.75 6.09 
(g.g-1) 0.71 0.16 
R² 0.97 0.93 

SRR 2.18 46.18 

Weber e Morris 

Kd (g.g-1. s-0,5) 0.67 2.91 
C (g.g-1) 1.15 3.53 

R² 0.81 0.83 
SRR 6.21 102.26 

Logistic 

a (g.g-1) 5.36 22.01 
b 11.89 13.13 

c (s-1) 0.35 0.30 
R² 0.99 0.99 

SRR 0.48 5.97 
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As observed for Un-PC, PA-PC recovered 50% of the oil initially spilled into the system in just 10 s 
of exposure. Up to 15 s, the sorption growth was practically linear. After that, growth occurred 
slowly until 50 s when there was stabilization without statistically relevant changes. At 60 s, the 
maximum recovery achieved was around 85%. For seawater, PA-PC sorbed linearly from the 
beginning until 15 s, strongly reducing water sorption from 20 s. The sorption capacity stability 
characterized by the  saturation occurs at 20 s for both seawater and diesel. 
Among the kinetic models tested, the logistic was the one that best described the sorption behavior 
of both fluids. This fact can be attested by the coefficient of determination (R² = 0.99 for both 
fluids) and the Sum of the Square of Residues (SSR). For comparative purposes, the logistic model 
presented SSR = 0.48 and SSR = 5.97 against SSR = 5.24 and SSR = 1670.76 observed in the 
pseudo-first-order model for the kinetic data of seawater and diesel sorption, respectively. The 
higher the SSR, the further the models are from describing the experimental behavior. 
Olivito et al. [10] synthesized bio-based polyurethane foams with cellulose and managed to absorb up 
to 65 g·g-1 of diesel in a distilled water-diesel system. Among the tested models, pseudo-second-
order kinetics was the one that best modeled the diesel sorption data (R² = 0.99). 
 
Conclusions 
Polyurethane foams obtained from post-consumer mattresses can be potential alternative materials 
to recover oils spilled in seawater. With simple and low-cost modifications, it is possible to increase 
the selectivity of the foams, which in this work could absorb up to 22 times their own weight in oil 
in less than 35 seconds of exposure. 
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Abstract The high demand for the synthesis of polymeric materials brings a reflection in the use of these post-
consumer materials, especially Polyethylene Terephthalate (PET) applied on various products [1]. Aiming to reduce the 
impact of excessive disposal of these polymers, proposals for the development of new materials, whose composition 
enables their reuse, have become a priority [2]. The objective of this work was to produce post-consumer PET/HDPE 
polymeric blends for COGUMELO as a raw material option, which currently only recycles post-consumer HDPE. For 
the development of this work, post-consumer PET/HDPE polymeric blends were prepared in different proportions, 
which were processed through extrusion and injection. The results of the thermal and mechanical properties showed that 
the presence of PET in the blends, in different concentrations, had an impact on the increase of the indexes obtained in 
the thermal and mechanical analysis, in relation to the post-consumer HDPE matrix.
Keywords: polymeric blends, post-consumer, reprocessing
Fundings: FAPERJ Fundação Carlos Chagas Filho de Amparo à Pesquisa do Estado do Rio de Janeiro.

Introduction 
Plastic is present in contemporary life for its numerous positive characteristics, as it is a 

versatile, moldable, flexible, accessible, recyclable and resistant material, in addition to being able 
to be used in various applications, bringing practicality and improving the convenience of the goods 
and services offered [3]. However, it is imperative that recycling actions are carried out to prevent 
them, after consumption, from being improperly discarded in the environment, polluting and 
destroying various ecosystems, given the long time required for their degradation in nature. 
Polymeric materials such as High Density Polyethylene (HDPE) and Polyethylene Terephthalate 
(PET) represent two of the most consumed thermoplastic classes and are available in large 
quantities from domestic disposal, constituting a large portion of post-consumer plastic waste, 
mainly in the sector of packaging [4]. The modification of post-consumer PET and HDPE through 
the blending system, under appropriate conditions, can provide an alternative route for the 
commercialization of recycled materials, with satisfactory cost/performance, and in diverse and 
potential applications, that can range from domestic to engineering sectors. However, to date, the 
development of efficient processes for recycling post-consumer plastic mixtures by physical-
mechanical methods has been very limited [5].

Experimental 
Materials
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To prepare the polymeric blends, the post-consumer PET and HDPE polymers were 
weighed and mixed in the proportions defined in Table 1, using a Mark1300 digital scale (BEL 
brand) and Sintered Ceramic Jar Mill (Marconi brand). 
 

Table 1.Identification of blends. 

Polymer HDPE (%) M1.1 (%) M1.2 (%) PETCR (%) PETIG (%) E1.1 (%) E1.2 (%) 

HDPE 100 50 50 - - 40 40 

PET CR - 50 - 100 - 60 - 

PET IG - - 50 - 100 - 60 
 
Preparation of post-consumer PET/HDPE polymer blends 

The polymeric materials were mixed in a Sintered Ceramic Jar Mill (Table 1), as well as the 
post-consumer PET and HDPE polymers, and, subsequently, processed in a Twin Screw Extruder 
(Extruder Mod. DCT 20-40/ TECK TRIL) in the molten state, in the temperature range of 140-240 
ºC and rotation between 140-150 RPM. 

 
Preparation of specimens for thermal tests 

The polymeric blends produced from reprocessed post-consumer PET and HDPE (Table 1) 
were previously dried in a Drying and Sterilization Oven MA033 (Marconi brand) at 100ºC for 4 
hours before use. Afterwards, they were pressed at 280ºC in a 15 TON Hydraulic Press (Marconi 
brand), separately in metallic form in the necessary dimensions (ISO 75-1 and 2) for application on 
the thermal resistance tests of HDT and VICAT. 

 
Preparation of specimens for mechanical testing 

 The polymeric blends produced and the reprocessed post-consumer HDPE were heated in 
an oven at COGUMELO's laboratory to remove moisture. Then, they were injected in the 
temperature range of 100-200ºC, in the CESTARI injector at a speed of 500 RPM, for the 
production of specimens (60 x 60 x 430 mm) to be applied on the mechanical test of Vertical 
Deflection. 

 
Thermal Characterization 

The thermal resistance of polymer blends and reprocessed post-consumer PET and HDPE 
polymers was analyzed using HDT and VICAT tests (CEAST brand). 

For the HDT test, specimens measuring 10 x 3 x 120 mm (ISO 180) were used, on which an 
effort was applied (APPLIED STRESS: 1820 kPa or 1.82 Mpa / SPAN or Free Span: 100 mm / 
Position: edge) under heating in a silicone bath. 

In the VICAT test, specimens measuring 10 x 3 mm were used, heated in a silicone bath, 
subjected to a standardized vertical load of 10 N, penetrating exactly 1 mm into each sample, 
through a circular indenter with a cross section of 1 mm². 
 
Mechanical Characterization 

The determination of the Vertical Deflection of the samples was implemented using the 
equipment: load cell, dial indicator and digital stopwatch. 

The measurement of the samples, arranged along the length (greatest measurement), was 
performed at a point along the midline between the supports, and with a dial indicator positioned 
halfway across the 300 mm free span, between the supports. 
 
Results and Discussion  

In the Vertical Deflection test, the samples were subjected to the application of a 
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concentrated load at a point along the midline of the specimen, between the supports, in a free span 
of 300 mm. In the HDT and VICAT analyses, the samples were tested under heating in oil. In this 
work, the use of Vertical Deflection, HDT and VICAT tests aimed to evaluate the influence of the 
presence of post-consumer PET in the blends in relation to thermal (HDT and VICAT) and 
mechanical (Vertical Deflection) stability.

The VICAT and HDT analyzes provided information on the thermal behavior of post-
consumer polymer blends and reprocessed post-consumer PET and HDPE polymers (Table 2), with 
the thermal deflection temperature being obtained by the HDT test, determined through the decrease 
in the mechanical properties of the polymer, this value being a comparative data that defines the 
maximum service temperature of this material, Graphic 1 [6]. In the VICAT analysis, the softening 
temperatures of the material under heating were obtained, Graphic 2.

Table 2. VICAT and HDT analysis results.

SAM.
HDPE
(100)

M1.1
*(50:50)

M1.2
*(50:50)

PETCR

(100)
PETIG

(100)
E1.1

*(40:60)
E1.2

*(40:60)
TEMP. (oC)

VICAT
110,5 124,6 123,6 169,4 189,5 146,0 138,2

TEMP. (oC)
HDT

66,6 77,0 87,0 146,8 NT 74,5 84,4

*Blends PET/ HDPE.
NT: Unable to test. 

Graphic 1. HDT analysis results.
HDPE = PEAD.

Graphic 2. VICAT analysis results.
HDPE = PEAD.

The Vertical Deflection analysis, on the other hand, provided information about the 
mechanical behavior of the polymer blends produced with post-consumer PET/HDPE, as well as 
post-consumer pure HDPE, which was used as a comparative criterion established for the 
mechanical test. It is observed that the smaller the arrow obtained, the better the mechanical 
performance of the material, becoming even more resistant. Data obtained for residual sag 
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corroborate this result (Graphics 3-4). The results are described in Tables 3 and 4.

Table 3. Results of Vertical Deflection in a free span of 300 mm, Charge (± 0,5 kg), Time (min).

SAMPLES 
HDPE 

COG.(100) 
M1.1 

(50:50) 
M1.2 

(50:50) 
E1.1 

(40:60) 
E1.2 

(40:60) 
LENGTH 430 mm 

POINT Charge (± 0,5 kg) 
Time 
(min)  

1 30 1 0,43 0,26 0,20 0,26 0,24 
2 60 1 0,76 0,54 0,37 0,48 0,52 
3 90 1 1,03 0,74 0,54 0,69 0,78 
4 120 1 1,25 0,93 0,71 0,86 1,02 
5 150 1 1,46 1,10 0,86 1,04 1,27 

 
Table 4. Residual Arrow Results. 

SAMPLES 
HDPE 

COG.(100) 
M1.1 

(50:50) 
M1.2 

(50:50) 
E1.1 

(40:60) 
E1.2 

(40:60) 
TIME(MIN.) LENGTH: 430 mm 

15 0,41 0,31 0,19 0,20 0,41 
20 0,39 0,30 0,18 0,19 0,39 

 
 

 
Graphic 3. Arrows after charging. 

PEAD=HDPE. 
 

 

 

Graphic 4. Residual Arrows. 
PEAD=HDPE. 
 

Through the results obtained in the thermal analyses of VICAT and HDT, it was possible to 
observe the influence of the addition of post-consumer PET in polymeric blends based on HDPE, in 
which an increase in thermal resistance was observed when compared to the matrix of pure HDPE 
post-consumer. Similar to the thermal resistance results, this addition also raised the mechanical 

1689



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

resistance values, the growth in both being provided by the introduction of the molecular structure 
of PET in polymeric blends based on post-consumer HDPE. However, when we examine the 
presence of post-consumer HDPE in post-consumer PET-based blends, we observe a reduction in 
the values of thermal analyses. 
 
Conclusions  

The addition of post-consumer PET to post-consumer HDPE expanded the thermal and 
mechanical resistances of the material when compared to the values obtained for pure post-
consumer HDPE. Such results were corroborated by the data obtained in the Vertical Deflection 
analysis, which also showed an increase in the mechanical resistance of the material, possibly 
provided by its molecular structure containing group benzene compounds responsible for the 
rigidity of the PET chain, giving the material greater thermal and mechanical resistance in the solid 
state. 
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Abstract - In this work, polyurethane foam obtained from a post-consumer mattress was modified with zinc oxide graft 
and coated with hexadecanoic acid to increase hydrophobicity and oil affinity. The characterizations confirmed the 
change in the surface structure with gains in the hydrophobization of the foam's surface. Sorption tests were performed 
on two multicomponent systems with seawater and diesel or 20W40 engine oil. The modification increased up to 950% 
the sorption capacity of 20W40 engine oil and a reduction of up to 72% in seawater sorption in the seawater-diesel 
system. In both systems, the sorptions of seawater and diesel oil or 20W40 engine oil were best modeled by pseudo-
second-order and logistic kinetic models with r² = 0.99 for all cases.

Keywords: reuse of polymers, post-consumer mattress, surface modification, oil spill
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Introduction
Oil is currently the primary source of energy in the world, along with coal. Its importance for the 
maintenance of global society is undeniable. Oil can be obtained on continents and islands 
(onshore) as well as under the oceans (offshore). Spills can occur in the oceans during well drilling, 
extraction, and transportation. When they occur, the first step is to contain the oil spread and then 
remove it [1].
Currently, incineration, pumping, and chemical dispersants are some of the methods used to remove 
oil spilled at sea [1,2]. Alternative methods have been developed to recover the spilled oils, such as 
sorption in porous polymeric structures [3,4], for example. Polyurethane is a highly porous polymer 
capable of absorbing fluids [3]. However, it has little selectivity and absorbs water and oil in high 
quantities. The main application of polyurethane is in the production of upholstery and 
mattresses [5]. Unfortunately, it is common to find polyurethane mattresses discarded in landfills or 
dumps after their useful life. Developing techniques for reducing, recycling, and reusing these 
foams is necessary to protect the environment.
In this work, the presence of post-consumer polyurethane foams in nature is reduced by recycling 
them through surface modifications so that they can be reused and applied to separate and recover
oils spilled in seawater. One residue is used to remove another.

Experimental
Post-consumer polyurethane foam was recovered from an irregular disposal area beside a highway. 
The label on the mattress indicates a density of 18 kg·m-3. Although dirty, there were no signs of 
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physical damage or visible compaction. The foam was washed with 70% ethanol and oven dried to 
constant mass. It was then cut into 1 cm³ cubes for modification, characterization, and testing. All 
reagents used in this work were purchased from Synth, Brazil, and used as received. 
 
Surface modification 
Grafting with zinc oxide (ZnO) rods was performed in two stages, adapting the methodology of Li 
at al. [6] and Rocha et al. [7]. In the first step, a 1 mol -1 solution of potassium hydroxide was added 
dropwise to a 1 x 10-1 -1 solution of zinc acetate dihydrate until pH 11 was reached. Both 
solutions had methanol as solvent. The mixture was mechanically stirred at 510 rpm for 90 min and 
then centrifuged at 3500 rpm for 10 min. The supernatant was discarded and the precipitate was 
resuspended in distilled water. The foam cubes were submerged for 5 min in this suspension and 
then cured in a vacuum oven at 170 °C for 12 min. The soaking and curing procedures were 
repeated three times. In the second stage, the foams resulting from the first stage were submerged in 
a 3 x 10-3 -1 zinc nitrate hexahydrate and 3 x 10-3 -1 hexamethylenetetramine mixture. 
The mixture and the foams were kept in a water bath for 180 min at 90 °C. Finally, the foams were 
compressed and dried in an oven at 60 °C. 
The foams grafted with ZnO were immersed for 48 h in a 1 x 10-2 -1 of hexadecanoic acid 
(HA) solution using anhydrous ethanol as solvent. Then, the cubes were dried in an oven at 60 °C 
resulting in the ZnO/HA-PC foam. 
 
Characterizations, sorption tests, and kinetics 
The sorption tests were performed according to the ASTM F726/D95 [8,9] methodology. The 
modifications were characterized by Scanning Electron Microscopy (SEM) + Energy Dispersion X-
ray Spectroscopy (EDS) (Jeol, JSM - 6610LV, Japan), X-Ray Diffractometer (XRD) (Bruker, D8 
Advance, USA), Fourier Transform Infrared Spectroscopy (FTIR) (Shimadzu, Iraffinity-1, Japan), 
and contact angle in a goniometer (Kruss, DSA 100, Germany). One-way analysis of variance was 
used to assess statistical significance using the Statistica 7 software. The kinetics were constructed 
and studied using the Origin 2016 software. All data was obtained at 23 °C ± 1 °C. 
 
Results and Discussion 
In Fig 1, it is possible to observe that the unaltered post-consumer foams (Un-PC) showed a smooth 
pore surface (Fig. 1, B). In contrast, the foams with the modification combining grafting and 
coating (ZnO/HA-PC) developed roughness (Fig. 1, D). In the highlight of Fig. 1-D, it is possible to 
notice the formation of zinc oxide sheets coated with hexadecanoic acid. The EDS identified the 
presence of carbon, nitrogen, and oxygen in both foams (as expected since these are fundamental 
elements of the polyurethane polymer). Zinc, as expected, was identified only in the foam grafted 
with this element (Fig. 1, C). Although calcium is not part of the original polymer composition, it 
was identified in both foams due to its addition as a "filler" in the expansion process. The contact 
angle test identified an increase of 10.5° after the combined modification. Although the increase 
was slight, it favored the gain in hydrophobization and oil affinity of the pore surface.  
Fig. 2 shows the foams  diffractogram and spectrogram. The synodal curve in all cases was between 
the 10° and 20° positions (Fig. 2, left) showing a typical behavior of amorphous structures such as 
polyurethane, which is an amorphous polymer because it does not have a well-defined spatial order. 
The Zn peaks were not identified because the amount grafted onto the foams is lower than the 
detection limit of the employed technique.  
The spectrograms for Un-PC and ZnO/HA-PC foams were similar (Fig. 2, right). The slight peak 
near 3338 cm-1 is typical for the N-H bond, while the peak near 2864 cm-1 characterizes the CH2 
group. The sequence of small peaks at 1713 cm-1, 1528 cm-1, and 1241 cm-1 is responsible for the 
C=O, N-H/C-H, and N-H/C-N bonds, respectively. Finally, the sharpest peak at 1100 cm-1 is 
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characteristic of the C-O-C bond. All those bonds are typical and expected in the polyurethane 
structure. 
 

 
Figure 1. EDS, SEM, and contact angle before (A, B, and E respectively) and after (C, D, and F, 
respectively) ZnO grafting + HA coating. 

 

 
Figure 2. DRX and FTIR before (Un-PC) and after (ZnO/HA-PC) ZnO grafting + HA coating. 

 
Sorption tests were performed on multi-component systems that simulate an oil spill. The results are 
compiled in Table 1. In the first system, seawater (92%):(8%) diesel oil, the Un-PC foam showed 
the highest sorption of diesel oil and seawater. Compared to ZnO/HA-PC foam, Un-PC absorbed 
261% more seawater and only 20% more diesel fuel. Although the modified foam reduced the 
sorption capacity of diesel oil, it strongly reduced the sorption of seawater. 
In the second system, seawater (92%):(8%) 20W40 engine oil, the ZnO/HA-PC foam showed the 
best results. There was an undesired increase in seawater sorption (compared to unaltered foam) but 
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also an outstanding 950% increase in 20W40 engine oil sorption. Un-PC foam was practically 
unable to sorb water or oil. Viscosity played a fundamental role when the two systems were 
compared. The viscosity of 20W40 engine oil (120 cSt) is about 30 times greater than the viscosity 
of diesel oil (4 cSt). In the system with diesel, both foams had an excellent performance in 
capturing the oil as it flowed easily into the pores. However, in the system with engine oil, the flow 
difficulty caused by the increase in viscosity made the ZnO/HA-PC foam modifications stop being 
coadjuvant and become the leading actor in attracting the oil to the inside of the pores. 

 

Table 1. Sorption testes results on multicomponent systems seawater-diesel and seawater-20W40 engine oil. 

Sorption (g·g-1) 
Seawater Diesel 

Un-PC ZnO/HA-PC Un-PC ZnO/HA-PC 
15.78a ± 0.51 4.37b ± 0.20 30.44A ± 1.86 25.19B ± 0.99 

Sorption (g·g-1) 
Seawater 20W40 engine oil  

Un-PC ZnO/HA-PC Un-PC ZnO/HA-PC 
0.09b ± 0.00 0.45a ± 0.02 1.38B ± 0.04 14.50A ± 0.04 

Equal lowercase (seawater) and uppercase (oils) letters on the same line indicate no statistical difference in the Tukey test with a 
significance level of 5%. 

 
Fig. 3 shows the kinetic profiles of sorption using ZnO/HA-PC foam in multicomponent systems 
seawater (92%):(8%) diesel oil and seawater (92%):(8%) 20W40 engine oil. 
 

 
Figure 3. Kinetic profiles for water and oil sorption using ZnO/HA-PC foam in seawater (92%):(8%) diesel 
(A and B) and seawater (92%):(8%) 20W40 engine oil (C and D) multicomponent systems. 

In the first multicomponent system, it is possible to observe a fast recovery of seawater and diesel 
oil. In 5 s, 45.5% of the initially spilled oil was already absorbed in the foam, and at 20 s, more than 
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82% had already been recovered (Fig. 3, B). From 20 s, the sorption remained with low growth 
stabilizing with approximately 87% of oil recovery at 60 s. Among the modeled kinetic models, the 
pseudo-second-order (HO & McLay) and logistic models were the ones that best described both the 
sorption behavior of seawater and diesel oil, both with R² = 0.99. 
In the second multicomponent system, seawater and 20W40 engine oil sorption were slower due to 
the difficulty in fluid flow caused by the engine oil's higher viscosity. Up to 10 s, the sorption grew 
with a rectilinear profile. Between 10 s and 20 s, the sorption of seawater (Fig. 3, C) and engine oil 
(Fig. 3, D) increased exponentially. From 30 s, both fluids' sorption slowed until stabilization at 
60 s, with the recovery of 55% of the engine oil initially spilled. As in the first system, the models 
that best described the sorption behavior of seawater and 20W40 engine oil were the pseudo-
second-order model (HO & McLay) and the logistic one, both with R² = 0.99. 
 
Conclusions 
Polyurethane foams obtained from post-consumer mattresses can be potential alternative materials 
to recover oils spilled in seawater. With simple and low-cost modifications, it is possible to increase 
the selectivity of the foams, which in this work could absorb up to 25 times their own weight in oil 
in less than 30 seconds of exposure. 
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Abstract - Synthetic dyes used in different industrial segments can pose a risk to the environment and health. Thus, 
several technologies and materials have been studied to remove these contaminants from wastewater, highlighting the use 
of pure polyurethane (PU) or synthesized with other materials (activated carbon, sodium alginate, graphene, and agro-
industrial residues) as adsorbent, mainly due to its low cost, ease of preparation and removal capacity. This work aimed 
to study the removal of Methylene Blue (MB) dye using PU foam synthesized with different proportions of orange peel 
(OP, 7 % and 10 %) as adsorbent material in different time intervals (0.5, 1, 2, 3 and 4 h). Among the samples studied, 
the PU/OP10 presented the highest removal (58.2 %) and adsorption capacity (9.99 mg/g) of MB in 0.5 h. Therefore, 
presenting an improvement of these characteristics compared to the control PU, thus promoting the removal of 
contaminants concomitant with the reuse of agro-industrial residues.

Keywords: Adsorption, Dyes, Polyurethane, Orange peel powder, Waste reuse.

Introduction
Dyes, in general, are pollutants commonly found in wastewater from the paper, food, carpet, textile, 
rubber, plastic, pharmaceutical, and cosmetic industries, among others [1]. Wastewater-containing 
dye reduces dissolved oxygen (DO) levels and sunlight penetration, negatively impacting aquatic life
[1,2]. As well, some dyes may have the potential to cause cancer and mutation [1,3]. Therefore, 
removing these contaminants becomes essential to preserve the environment, instigating researchers 
to study different techniques and materials that provide efficient alternatives for the removal of dyes
and heavy metals [2].
Due to its ease of use and the availability of various natural adsorbents, adsorption is a common 
technique that has shown promise and effectiveness for removing contaminants from industrial 
effluents [4]. Among the adsorbent materials that have stood out in removing pollutants is 
polyurethane. This polymer is commonly synthesized through the reaction of a polyol with a
diisocyanate, thus presenting itself as foam [5]. This material arouses interest as an adsorbent due to 
its chemical stability, biocompatibility, high mechanical strength, abrasion resistance, durability, high 
porosity, and low cost [2,5-6].
However, it is important to note that polyol is a petroleum derivative commonly used in the 
formulation of PU. This type of raw material has its use discouraged both by presenting a risk to the 
environment during its production and by advancing society's interests in using renewable raw 
materials. Renewable raw materials such as sunflower oil, palm oil, rapeseed oil, and agro-industrial 
waste, for example, are efficient alternatives to replace part of the polyol, improving the chemical 
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and physical properties of the PU [7]. Nevertheless, the polyol substituent must maintain or increases 
adsorption capabilities in the context of pollutant elimination. The orange peel, for example, is an 
agro-industrial waste that can remove numerous dyes such as Acid Violet 17, Direct Blue 86, 
Rhodamine B. Direct Yellow, Methylene Blue, and Remazol Brilliant Blue, among others [1].  This 
ability to remove dyes combined with its composition rich in lignin, hemicellulose, cellulose, 
limonene, and pectin, and the potential extraction of essential oils, can be an alternative to reduce the 
use of petrochemicals during the production of PU, as well as offer a nobler destination for the waste. 
In this context, this work aimed to investigate the removal capacity of methylene blue dye in an 
aqueous solution using polyurethane foam synthesized with powdered OP. In addition, the influence 
of different proportions of OP and time intervals in this capacity as been studied. 
 
Experimental 
Orange peel preparation 
The orange peels, previously washed with detergent and water, were immersed in 2.5% sodium 
hypochlorite solution for 15 min to sanitize the material [8]. Subsequently, the peels were pre-dried 
at room temperature for 48 h. Given the time, the samples were dried in a laboratory oven (New Lab) 
at 50 ºC until constant mass. The dry material was crushed in a pan mill (Amef) in a rotation of 1120 
rpm for 30 seconds per grinding cycle, which was repeated three times. The OP powder was crushed 
in a grinder and sieved in an electromagnetic sieve stirrer (Solotest) to obtain particles with a particle 
size of 100 mesh. 
 
Synthesis of polyurethane/orange peel foams 
The one-shot method was used for foaming (PU/OP), in which 4,4'-diphenylmethane diisocyanate 
(MDI) is added directly to polyol-polyester formulated with agitation manual. Thus, the powdered 
OP was mixed in the proportion of 7 % (PU/OP7) and 10 % (PU/OP10) to the polyol and stirred in a 
mechanical agitator (Fisatom, 713D) to MDI for 30 seconds at a rotation of 600 rpm. After 48 hours, 
the foams were ground in a pot mill (Amef) with a rotation of 1120 rpm for 30 seconds per grinding 
cycle (totaling 3 cycles). The powder obtained was sieved in an electromagnetic sieve stirrer to get 
particles with a particle size of 100 mesh and used as an adsorbent in the present study. The same 
procedure was performed for the PU foam without the orange peel, which was used as a control. 
 
Adsorption study 
The removal of methylene blue dye in an aqueous solution by the control PU, PU/OP7 and PU/OP10 
was performed in a batch adsorption process in a shaker (Tecnal, TE-4200) at 25 °C. In this process, 
1g/L of the adsorbent was added to the dye solution prepared in distilled water at 25 °C at a 
concentration of 20 mg/L [5]. Then, after specific time intervals (0.5, 1, 2, 3 and 4 h), the samples 
were centrifuged (Daiki, DT-4500) at 4000 rpm for 5 min and filtered with hydrophilic 
polytetrafluoroethylene (PTFE) syringe filter with a pore size of 0.22 µm. Subsequently, the 
concentration of the unabsorbed dye was determined at 664 nm with a UV-Vis spectrophotometer 
(Global Trade Technology). 
 
Determination of the percentage removal of MB and adsorption capacity of foam after adsorption 
processes 
The percentage removal and adsorption capacity were calculated by applying the following Eq. (1) 
and Eq. (2), respectively [9]: 

                                                       (1) 
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                           (2) 

 
 
where, Ci is initial MB concentration (mg/L); Cf is final MB concentration (mg/L); qt is total 
adsorption capacity (mg/g); w is the weight of adsorbent (g), and V is the volume of MB solution 
(mL) [8].  
 
Results and Discussion 
Effect of the proportion of OP and time in percentage of removal of MB dye 
Adsorption is a time-dependent process, and it is important to investigate how it influences the 
removal of the dye using pure PU, PU/OP7 and PU/OP10 (Fig. 1). It is possible to observe in Fig. 1 
that the removal percentage of the MB dye was higher for the PU/OP10 (58.2 %) in the time of 0.5 
h. In the study by Rosanti et al. [10], pure PO removed 38% of the MB dye in the same period. 
Similarly, the study by Baldez, Robaina and Cassela [11] showed removal of MB between 15 and 
45 % when using pure PU as adsorbent material. Therefore, this inferior result demonstrates that PU 
synthesized with OP can increase this removal satisfactorily. In addition, it was observed that after 
this time there is a decay behavior of this removal up to 2 h, followed by an increase in time of 4 h. 
This behavior may be associated with adsorption at the sites of the first layer, promoting a decrease 
in removal (between 1 and 2 h) until all these sites are occupied. When the bonds of the dye molecules 
with the active site of the adsorbent in the first layer are finished, the next layer begins to have active 
sites filled, increasing the removal of the dyes in 4 h [12]. 
 

 
Figure 1 - Percentage of methylene blue dye removal using pure polyurethane foams and synthesized with 
orange peel in different proportions. 
Note: MB: methylene blue; PU: polyurethane; PU/OP: polyurethane foams synthesized with orange peel. 
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Effect of the proportion of OP in adsorption capacity 
The absorption capacity of the adsorbent was influenced by the proportion of substituent OP in the 
polyol (Table 1). In Table 1, it is possible to observe that the adsorption capacity proportionally 
increased with the addition of OP in the PU. Thus, among the samples, the PU/OP10 presented the 
highest adsorption capacity (9.99 mg/g) at 0.5 h. In the study by Goes et al. [13], the absorption 
capacity of MB dye (30 mg/L) by PU was 1.66 mg/g. Similarly, in the study by Sivaraj, Namasivayam 
and Kadirvelu [3], pure OP showed an adsorption capacity of Violet Acid dye 17 (20 mg/L) of 4 mg/g 
in 1 h. Therefore, the results demonstrate that adding the agro-industrial residue OP in the synthesis 
of PU promotes an improvement of the adsorption capacity, especially the proportion of 10% in 
relation to polyol. 
 
Table 1  Adsorption capacity of pure polyurethane foams and synthesized with orange peel. 

Time (h) 
Adsorption capacity (mg/g) 

PU PU/OP7 PU/OP10 
0.5 3.83 ± 0.00 7.45 ± 0.14 9.99 ± 0.07 
1 0.66 ± 0.01 4.59 ± 0.01 7.24 ± 0.12 
2 0.98 ± 0.02 4.38 ± 0.11 5.53 ± 0.09 
4 3.19 ± 0.05 7.28 ± 0.12 8.42 ± 0.10 

Note: PU - pure polyurethane; PU/OP - polyurethane foams synthesized with orange peel. 
 

 
Conclusions  
The polyurethane foam synthesized with 10 % orange peel demonstrated the efficiency of removing 
methylene blue dye in aqueous solution compared to the control, presenting, consequently, the highest 
adsorptive capacity. This absorption capacity was influenced by the proportion of the substituent, 
being that the increase in the fraction of OP presented a direct relation with the increase of this 
capacity. In addition, the time also influenced the adsorption capacity, being sufficient in the time of 
0.5 h. Thus, it was confirmed from the results that the use of orange peel as a partial substitute for 
polyol is an efficient alternative for removing the contaminant, reuse the residue and improvement of 
the adsorptive capacity of polyurethane foam. It is noteworthy that the absorption capacity can be 
improved due to the increase in porosity, surface area, the degree of distribution of chemical species, 
among others; so it is suggested that the next steps for this research seek to investigate the changes in 
the chemical and physical characteristics of the material, as well as to perform a kinetic study in order 
to understand the absorption mechanism and determine the dimension of the potential of PU/OP for 
removal of pollutants. 
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REMOVAL OF POTENTIALLY TOXIC METALS BY HYDROGELS 
CONTAINING MICROCELLULOSE WASTE FROM EUCALYPTUS
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Abstract - This work investigated the use of hydrogels based on corn starch reinforced with microcellulose (MC) prepared 
from eucalyptus sawdust wastes to remove potentially toxic metals (PTMs), such as copper (Cu2+), zinc (Zn2+), nickel 
(Ni2+), manganese (Mn2+), cadmium (Cd2+), and hexavalent chromium (Cr6+) from the sorption process. The MC 
presented the following metallic affinity order: Cu2+ > Mn6+ > Ni2+ > Zn2+ > Cd2+ > Cr6+. Besides, incorporating MC 
fibers contribute to increased physicochemical properties with good interaction with corn starch. Cu2+ removal increased 
with high MC concentration in the starch hydrogel. The sorption affinity of Cu2+ has followed the order: MC > starch/MC-
5% > starch/MC-3% > starch/MC-1% > starch/MC-0%. Thus, starch-containing cellulose microstructures are efficient 
alternatives to treat contaminated waters.

Keywords: Hydrogels; Microcellulose; Corn starch; Sorption; Potentially toxic metals.
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Introduction
Currently, the world faces difficulties related to the quantity of water due to industrial 

expansion, population growth, and urbanization intensification. PTMs are widely used in various 
industrial activities (e.g., electroplating, metallurgy, leather, and textile), and are often found in 
wastewater [1]. The presence of these metals in water resources is related to risks to human health 
and the environment. The sorption process is considered an alternative technology with a high 
potential for the removal of these metals at low concentrations. The application of advanced materials 
such as starch and microcellulose hydrogels can be an alternative to increase the sorption capacity of 
these metals [2-4].

This work evaluated the development of a biodegradable composite hydrogel based on corn 
starch-containing cellulose microstructures derived from eucalyptus wastes for the removal of PTMs 
(Cu2+, Mn3+, Ni2+, Zn2+, Cd2+, and Cr6+) from a synthetic aqueous medium.

Experimental
Microcellulose (MC) extraction

Cellulose isolation was carried out as described by Ferreira et al. [5]. The eucalyptus wastes
were dried for 24 h. The samples were subjected to a solution of 3.2% w/v sodium chlorite and 
maintained under constant agitation at 70 °C for 2 h. After washing until neutral pH, the sample was 
subjected to an aqueous solution of 10% w/v sodium hydroxide and 10% w/v potassium hydroxide, 
under constant mechanical agitation at 25 °C for 2 h. The material obtained was washed until neutral 
pH. The MC was isolated by grinding the material in an aqueous medium at 5% w/v, using a 
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conventional blender for 30 min. Finally, it was combined with high-intensity ultrasound for 20 min, 
in pulses of 30 s with 5 s intervals in an ice bath. 
 
Starch-based composite hydrogel synthesis 

The starch-based hydrogels were synthesized according to the methodologies proposed by 
Camani et al. [4]. The hydrogels were prepared from starch Amisol 3408 containing 28% w/w 
amylose and 72% w/w amylopectin. Corn starch was dissolved in ultrapure water. After dissolving 
corn starch, sodium hydroxide was added. The mixtures were maintained under mechanical agitation 
at 40 °C for 3 h. Then, citric acid was added to form the crosslinking agent. Chemical crosslinking 
took place with the system under mechanical agitation at 40 °C for 17 h. The produced hydrogel was 
heated in a bath, stabilized at room temperature, and dried in an oven at 60 °C for 48 h. For the 
composite hydrogels, MC was added during the solubilization of starch in the concentrations of 1.0, 
3.0, and 5.0% w/w (Starch/MC-1%, Starch/MC-3%, and Starch/MC-5%). Finally, the produced 
hydrogels were neutralized and dried again in an oven at 60 °C for 48 h. 
 
Scanning electron microscopy (SEM) 

Morphology was obtained by SEM technique (FEI Quanta 250, Thermo Fisher Scientific, 
USA). The sample was covered with a thin layer of gold with a thickness of 25 nm (Sputtering Leica 
EM ACE200, Leica Microsystems, Germany). The micrographs were obtained under the conditions: 
current of 50 pA, voltage of 10 kV, and spot size of 4 nm. 
 
Laser diffraction spectroscopy (BetterSize) 

To evaluate the particle size of MC, a BetterSize ST (Bettersize Instruments, China) was used, 
within a measurement range of 0.10 to  

 
Fourier transform infrared spectroscopy (FTIR) 
 The functional groups were obtained using the FTIR technique (Frontier 94.942, PerkinElmer, 
USA) in the operation mode with attenuated total reflectance (ATR), using a range of 4000-500 cm 1, 
the spectral resolution of 4 cm 1, and 32 scans. 
 
Water absorption 

The water absorption of the hydrogels was obtained by immersing 0.1 g of dry hydrogel pieces 
in 50 mL of ultrapure water. Samples were collected periodically from 0 to 24 h to weigh the mass 
of swollen hydrogels. At the end of the assay, the hydrogel solubility was measured to determine the 
weight loss. The degree of swelling (DS) and solubility (%S) were calculated by Equations (1) and 
(2), respectively. 

 (1) 

 (2) 

wherein,  is the initial dry mass of hydrogels (g),  is the swollen mass of hydrogels at time t (g), 
and  is the final dry mass of hydrogels (g). 
 
Sorption assays 

The affinity of MC for Cu2+, Zn2+, Ni2+, Cd2+, Mn2+, Cr6+ (0.17 mmol/L each) and starch-
based composite hydrogels for Cu2+ (1.0 mmol/L) were performed using a dosage of 10.0 g/L. The 
sorption affinity assays were conducted in a shaker incubator, under 200 rpm at room temperature (~ 
25 °C) and pH between 4.0  4.5. After 24 h, PTMs concentrations were determined by ion 
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chromatography, IC (940 Professional IC Vario, Metrohm, Switzerland). Removal efficiencies (%R) 
were determined by Equation (3). 

 (3) 

wherein,  is the PTMs initial concentration (mmol/L) and  is the PTMs concentration at 
equilibrium (mmol/L). 
 
Results and Discussion 

Fig 1 shows the MC micrograph. The fibrous character is observed, in which the diameter is 
much smaller than the length of the fiber. The diameter observed in micrography of the MC sample 
varies between 7  ted, possibly due to 
hydrogen bonds after drying the sample for analysis or the presence of residual lignin. 

 
Figure 1  Micrograph obtained by SEM of MC with 500x magnification. 

 BetterSize analysis was used to characterize the size distribution of MC particles. The size 
distribution curve is shown in Fig 2. The D90, D50 and D10 
respectively, with a Span of 3.6, indicating high fiber size dispersion. The D4.3 and D3.2 were 81.7 and 
28.3 µm, respectively. The bimodal aspect of the distribution may be associated with a disturbance 
in the measurement by the difference in the dimension between diameter and length of the evaluated 
fibers. Another hypothesis is the heterogeneous in particle size distribution of these particles. 

 
Figure 2  Particle size distribution for MC obtained by BetterSize analysis. 

In effluent samples, heavy metals are found with other potentially toxic contaminants at 
varying concentrations, affecting their sorption efficiency due to competition for binding sites. Thus, 
the performance of MC was investigated in synthetic wastewater with six coexisting ions (Cr6+, Cd2+, 
Ni2+, Mn2+, Zn2+, and Cu2+) at 0.17 mmol/L each (Fig 3). From Fig 3, MC presented the following 
metallic affinity order: Cu2+ > Mn6+ > Ni2+ > Zn2+ > Cd2+ > Cr6+. It is interesting to note that the MC 
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exhibited a high removal efficiency for divalent cations (greater than 90%), while Cr6+ showed 
removal efficiency of around 30% under the same operational conditions. The high removal of 
divalent cation by MC may be related to its high specific surface area with numerous pores, besides 
to a negatively charged surface with many  functional groups. 

 
Figure 3  Sorption affinity of PTMs ions (Cu2+, Cd2+, Mn2+, Zn2+, and Cr6+) by MC. 

Fig 4 (a) shows the FTIR spectra for MC, Starch/MC-0%, Starch/MC-1%, Starch/MC-3%, 
and Starch/MC-5%. A band around 3350 cm-1 and a less intense band at 2900 cm-1 are observed in 
all samples, characteristic of the symmetric stretching of the -O-H and -C-H bonds, present in MC 
and starch. The bands close to 895, 1025, and 1158 cm-1 are attributed to vibrations -C-H, elongation 
-C-O, and asymmetric vibration -C-O-C, of the MC chains, respectively [4,5]. Additionally, the bands 
around 1095, 1593, and 1731 cm-1 can be attributed to the presence of lignin and hemicellulose, which 
were not completely removed when obtaining the MC from the eucalyptus residue [5]. Fig 4 (a) also 
shows an increase in intensity at the 3280 cm-1 regions for Starch/MC-3% and Starch/MC-5% 
hydrogels, which could be associated with increased hydroxyls in the hydrogels since MC has this 
function group in its composition. It could indicate that hydrogels with a higher MC concentration 
might be more hydrophilic once the hydroxyl groups of that spectra are associated with water 
absorption. The wavenumber region between 1750 and 1450 cm-1 was shifted for high wavenumber, 
comparing the Starch/MC-0% hydrogel and composite hydrogels. Lastly, a peak at 1390 cm-1 had 
higher intensity and shifting for composite hydrogels containing 3.0 and 5.0% w/w MC. 

From the observed water absorption results (Fig 4 (b)), all hydrogels showed considerable 
water absorption during the test. The pure starch composition showed approximately 89% of water 
absorption capacity. When incorporating the MC in the hydrogel, there was a reduction of absorption 
by up to 24%, which indicates that the microfibers probably increased the rigidity conformation of 
the hydrogel, resulting in less molecular chain mobility, diffusivity, and water retention within the 
pores and hydrogel volume. Additionally, during the water absorption tests, the hydrogel samples had 
high solubility in the aqueous medium without MC (close to 30.1%). This result indicates that the 
hydrogel without MC did not present a satisfactory physical performance for application in sorption 
tests. Adding MC to the starch hydrogel reduced the solubility in aqueous media to about 5%. 
Therefore, the addition of MC microstructure plays an important role in maintaining the network 
structure of the hydrogel. 

The MC, starch-based hydrogel and hydrogels containing different MC concentrations (1.0, 
3.0, and 5.0% w/w) were evaluated for Cu2+ sorption (Fig 4 (c)). The results indicate that there was a 
good affinity of Cu2+ for MC. However, MC has a high solubility in aqueous media (close to 32%), 
which makes its application difficult in the Cu2+ sorption process. Despite this, adding MC in the 
starch hydrogel polymeric matrix increased the Cu2+ sorption rates, reaching a maximum removal of 
about 52% for the starch/MC-5% sample.  
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Figure 4 FTIR spectra, water uptake (%), and removal efficiency of Cu2+ (%) for MC, corn starch-based 
hydrogel and hydrogels containing different MC concentrations (1.0, 3.0, and 5.0% w/w).

Conclusions
The present work demonstrated that starch-based composite hydrogel reinforced with MC is a 
promising biosorbent for application in the removal of PTMs (e.g., Cu2+) in aqueous media. The 
results showed a direct effect of the addition of cellulose microstructure on the efficiency of the 
adsorptive process. The addition of the 5% w/w concentration of MC favored the process, reaching a 
maximum removal of about 52% for the starch/MC-5% hydrogel. In contrast, low water absorption 
was observed, that can be linked to decrease of chain mobility. Thus, to deeply understand the 
sorption process, additional studies will be carried out, including thermal, morphological, and 
chemical analyses.
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Abstract Since the degradation process of superabsorbent materials can influence the gradual release of substances, it 
is necessary to investigate this process. A polyelectrolyte complex (PEC) was prepared by mixing sodium alginate and 
chitosan solutions. The biodegradation process of this material was investigated through the characterization of the 
materials before and after burial in an Ultisol by Fourier-transform spectroscopy in the infrared region (FTIR), Raman 
spectroscopy and scanning electron microscopy (SEM). The results showed that the main alteration in the chemical 
composition was due -glycosidic bond, which altered to soil morphology from a leafy to fibrous 
structure, evidencing the fragmentation during biodegradation. Therefore, the results presented are valuable for 
understanding how the biodegradation of the PEC occurs, aiming at planning future strategies that can prolong the time 
of action of the material in soil.
Keywords: biodegradation; alginate; chitosan; polyelectrolyte complex.

Introduction
Polyelectrolytic complexes (PECs) are obtained from electrostatic interactions between two 
polyelectrolytes, namely polymers with opposite charges in their chains [1]. In this work, a PEC 
based on alginate (ALG) and chitosan (CHI) was used. Alginate is an anionic polysaccharide 
extracted mainly from brown seaweed [2], while chitosan is a cationic polysaccharide typically 
found in acid media, obtained through the deacetylation reaction of chitin [3], a polysaccharide 
extracted mainly from the shells of crustaceans [4]. Since the irrigation of agricultural crops is 
responsible for the highest percentage of water consumption in the world [5], the use of PECs or 
superabsorbent hydrogels capable of gradually retaining and releasing water or aqueous solutions is 
necessary [6, 7].
In this work, the effects of biodegradation of the polyelectrolytic complex were studied. For this, 
meticulous monitoring was carried to investigate possible chemical and morphological alterations 
of the materials during the biodegradation tests.

Experimental

Preparation of the polyelectrolyte complex (PEC)

The PEC was obtained from a previously prepared mixture of alginate and chitosan solutions [8]. 
After 24 hours of mixing, the PEC was washed and lyophilized.
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Biodegradation assays

The PEC samples were buried in a clayey soil collected from a private property located in the 
municipality of Campos dos Goytacazes, in the northern region of the state of Rio de Janeiro, Brazil
(latitude 21º14'55'' S and longitude 41º19'23'' W). The PEC samples were buried in individual 
polypropylene (PP) pots, with 800 grams of soil, at a depth of 5 cm [7]. The soil was irrigated daily 
and the samples were dug up daily until the fifth day, and thereafter weekly until the eighth week. 
Afterward, the samples were washed with deionized water, lyophilized, and characterized [9].

Characterization of the PEC samples before and after biodegradation assays

The PEC samples were characterized before and after the biodegradation tests by Fourier-transform 
spectroscopy in the infrared region (FTIR) and Raman spectroscopy, in order to observe possible 
changes in the chemical composition of the material, and scanning electron microscopy (SEM) to 
observe possible morphological changes in PEC samples during biodegradation.

Results and Discussion

In the biodegradation tests, it was possible to find intact PEC samples only up to two weeks (Fig. 
1). Therefore, samples after this interval were washed and lyophilized. Between three and six 
weeks, the PEC samples were found without a defined form in the soil, i.e., as particulates. After six 
weeks, the samples were not found at all and were considered to be fully biodegraded.

Figure 1 PEC before burial in the soil (a) and after freeze-drying (b).

Fig. 2 shows a decrease in the transmittance intensity of some absorption bands of the PEC sample 
weeks after burial in relation to the sample before burial. These bands were located at 1152 cm-1

(stretching of the C-O-C bond of the pyranoside ring), at 1074 and 1018 cm-1 (stretching of the C-O 
bond of secondary alcohol) [10] and at 940 cm-1 -glycosidic bond) [11]. The decrease in these 
bands indicated that biodegradation occurred through the cleavage of these bonds [12]. Fig. 2 also 
shows an increase in the absorption of the band at 1275 cm-1, referring to the stretching of the acetyl 
group [13], which is indicative of the increase in acetylated units, proportionally, in the PEC after 
two weeks of burial, in relation to the PEC before burial.
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Figure 2 PEC FTIR spectra before (H0D) and after two weeks of burial (H2W).

The results obtained by Raman spectroscopy (Fig. 3) indicated the lowest proportion of CH3 and 
CH2 groups (2941 and 2905 cm-1), in addition to the breaking of glycosidic bonds (480 cm-1) [14, 
15], reinforcing the results obtained by FTIR.

Figure 3 Raman scattering spectra for the samples: H0D (before burial), H1D (after burial for 1 day), 
H2D (after 2 days), H3D (after 3 days), H4D (after 4 days), H5D (after 5 days) and H1W (after 1 week).

Fig. 4 shows the occurrence of a generalized change in the morphology of the PEC samples after 
biodegradation, such as roughness, fragmentation of the polymeric structure, and presence of 
fibrosity in the material.
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Figure 4  SEM micrographs of samples: H0D (before burial) (a); H1D (after burial for 1 day) (b); H5D 
(after burial for 5 days) (c); H2W (after burial for 2 weeks) (d); H0D (e) and H2W (f) at 100x magnification. 
(a), (b), (c) and (d) with 500x magnification. 
 
Conclusions 
The biodegradation of the PEC prepared from sodium alginate was studied in clayey soil. 
Spectroscopic analys -glycosidic bond is the main factor 
responsible for breaking the polymeric chains, even though the polyelectrolytes interact 
electrostatically. The morphological analysis (SEM) of the surface of the PEC revealed 
fragmentation of the polymeric structure and formation of fibrosity. 
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CNSL

Lucius Stienissen1, Pedro H. B. O. Nogueira2, Renata C. S. Araújo2*

1 Avans University of Applied Sciences, Chemistry department, Breda, The Netherlands
2 Chemistry Department, Federal University of Minas Gerais (UFMG), Belo Horizonte, MG, Brazil

renatasa@ufmg.br

Abstract - The improvement of properties of coatings based on liquefied macaúba were studied by making a mixture 
with cashew nut shell liquid (CNSL) 1:1. These new coatings were more homogeneous, without pores. The thermal 
stability of the coatings did not change with different macaúba contents. However, the electrochemical impedance 
showed an increase in corrosion protection with increasing macaúba content, showing a maximum for the content of 
30% of liquefied endocarp.
Keywords: Polyurethane coatings, liquefied macaúba, cashew nut shell liquid, electrochemical impedance.

Introduction 

The growing global industrial production has been causing environmental problems such as global
warming and the problematic disposal of waste. Therefore, researchers and industries have been
looking for alternatives to the use of petrochemical products Biopolyols obtained from the 
liquefaction of macaúba endocarp were used in the synthesis of polyurethane coatings. The use of 
crude glycerol, despite decreasing the liquefaction yield, increased the thermal stability and the 
anticorrosive effect of the coatings. These coatings also showed pores and some phase segregation
[1].
With the intention of improving the homogeneity and properties of these coatings based on 
liquefied endocarp, a blend was made with cashew nut shell liquid, which is also a material from a 
renewable source.

Experimental 

Macaúba endocarp liquefaction
The endocarp liquefaction reaction was carried out at 130ºC for one hour. Different content of 
macaúba endocarp (0, 10, 20, 30, 30, 40 %) were used to study this influence on coatings 
properties.

Hydroxyl number
The hydroxyl content was determined from the acetylation of the samples and subsequent titration
with NaOH (1.0 M) in potentiometric titrator. The procedure was based on the work of Hassan and
Shukry [5].
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Synthesis of coatings 
The synthesis was carried out in one step, reacting a mixture of polyols and HDI (hexamethylene 
diisocyanate) at NCO/OH ratio = 1.1. For all contents of liquefied macaúba (0, 10, 20, 30 and 40%), 
the same weight of cashel nut shell liquid was mixed reacting with HDI and PUs were applied by 
spraying on carbon steel plates without any type of treatment. 
 
Characterization of biopolyols and coatings 
Biopolyols and coatings were characterized by thermogravimetry in TA equipment 
TGA Q50, N2 flow at 100 mL/min at a rate of 10°C/min up to 750°C. The absorption spectra in the
infrared were obtained on the Perkin Elmer FTIR Frontier equipment by ATR in a range of 4000 to 
550 cm-1. The coatings were also characterized by electrochemical impedance performed in
accordance to ASTM G3-14. In preparation for the impedance test, the coated plates were immersed 
in a 3.5% m/v NaCl solution for three days and, subsequently, the analyzes were carried out in the 
Autolab potentiostat from 0 to 100 kHz and 0.03V amplitude. 
 
 
Results and Discussion  
 
The thermogravimetric curves of coatings based on liquefied endocarp with different content and 
CNSL showed similar thermal stability. The fig. 1 showed curves of biocoatings with 0, 20 and 
40% of liquefied macaúba. We can see Three main degradation events in DTG curves, 
characteristic of PUs degradation.  
 

 
Figure 1  TG curves for Biocoatings based on CNSL and liquefied macaúba in different contents.

 
 

Examples of IR spectra of the PU-coatings are shown in fig. 2. The spectra showed NH stretching 
bands at 3302 cm-1, different types of CH bonds between 2800-2990 cm-1 and C=O bonds from 
urethane linkages at 1702 cm-1. These stretching bands indicate the successful PUs synthesis. The 
coatings based only on liquefied macaúba endocarp showed an NCO band at 2280 cm-1 which did 
not occur in the coatings that were created with the CNSL.  
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Figure 2  FTIR spectra of polyurethane coatings based on a mixture of different content of 
liquefied macaúba endocarp (0, 10, 20, 30, 40%) and CNSL. 
 
In the results obtained through electrochemical impedance spectroscopy, through the Nyquist 
diagrams (Fig. 3), it was observed that the applied polyurethane coatings containing 30% of 
liquefied macaúba in the blend showed a greater capacitive arc, which indicates a greater resistance 
to polarization. Such behavior was similar both in the initial test and after 24 hours of immersion, 
thus confirming that the coating obtained the best anticorrosive performance. 

 
Figure 3  Nyquist curves for PUs based on liquefied macaúba in different contents mixed with 
CNSL, with 0h and 24h immersed. 
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In the analysis of the Bode diagrams, both for the initial test and for the one carried out after 24 
hours of immersion, the result is confirmed with the coating containing 30% w/w, obtaining the 
highest impedance modulus values. 
 
Furthermore, all coatings showed similar behavior with respect to immersion time. Through the 
table 1and the bar graph (Fig. 4), it can be seen that after 24 hours of immersion in saline solution, 
all coatings had their impedance modules reduced. It happens that with the passage of time in 
immersion, the electrolyte diffuses through the pores of the coating and comes into contact with the 
metallic matrix, which increases the transfer of charge and mass due to the nucleation of small 
corrosion sites. However, it was observed that in the coating containing 40% m/m, the highest 
content studied, this drop was more pronounced. This fact may be due to the fact that a greater 
amount of biomass is present in the coating, phase separation increases the number of pores in the 
coating, making the diffusion of the electrolyte to the metallic matrix more efficient. 
 
Table 1  Values of impedance modulus performed at time zero and after 24 hours of 
immersion in saline solution 
 
Impedance modulus performed at time zero and after 24 hours of immersion in saline solution. 

Macaúba content (%w/w) Initial impedance modulus ( ) Impedance modulus after 24h 
of immersion ( ) 

0 57.177 46.653 
10 122679 110323 
30 338709 293053 
40 204381 99911 

 

 
Figure 4  Impedance modulus variation with time. 
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Conclusions  
The usage of cashew nut oil during the curing process mixed the liquefied macaúba endocarp polyol 
with the HDI was better to create a homogeneous coating without phase segregation and pores. The 
produced coatings showed good adhesion, thermostability and anti-corrosive properties, which 
gives them potential as coatings for metal surfaces for commercial use.  
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Abstract Lignin thermochemical conversion is becoming a promising pathway for the replacing of fossil resources in 
different applications, due to its structure composed of repeating units such as guaiacyl, syringyl, and p-hydroxyphenyl, 
whose thermal decomposition results in oxygenated aromatic compounds. Furthermore, the type of lignin can influence 
the composition of the final products obtained from pyrolysis and the comprehension of thermal decomposition stages 
would be useful to optimize the products selectivity and aromatic compound yield. This research aims to study the 
thermal pyrolysis behavior of two different kraft lignins (Eucalyptus spp and Pine Tree) using the ultimate analysis to 
determine the elemental composition and thermogravimetric analysis coupled with the deconvolution method to 
evaluate the thermal decomposition stages. The pyrolysis of the samples showed that the composition of lignin directly 
affects the thermal decomposition rates. Hardwood lignin produces more syringyl compounds than softwood lignin due 
to the higher presence of methoxyl groups, which can lead to a lower yield of aromatic products.  
Keywords: Kraft lignin, thermal pyrolysis, thermogravimetric analysis, softwood, hardwood.
Fundings: CNPq (Conselho Nacional de Pesquisa e Desenvolvimento) and FAPESC (Fundação de Amparo à Pesquisa 
e Inovação do Estado de Santa Catarina).

Introduction
The pulp and paper sector produces streams with large amounts of lignocellulose, which consists of 
an abundant form of biomass with numerous possibilities as raw materials for the energy sector and 
the chemical industry due to its composition and availability. In industrial sites, lignin can be 
extracted from black liquor, a by-product of the cooking step, which is typically burned at recovery 
boilers. As well known, lignin presents an abundant natural phenolic structure and can be 
considered a renewable feedstock of phenolic and aromatic resources (basic building blocks of the 
chemical industry). In kraft pulping processes, lignin is readily available in large amounts, and its 
extraction from black liquor can reduced the bottlenecks associated with scale-up in recovery 
boilers [1] [3]. 
Lignin is a complex three-dimensional amorphous polymer composed of three repeating units: p-
hydroxyphenyl (H), guaiacyl (G), and syringyl (S). The proportions of these repeating units are 
highly variable and mainly depend on the type of lignocellulosic biomass, i.e., whether lignin was 
obtained from hardwood, softwood, or grasses. Depending on the lignin source, different ether -
O-4 -O-4) and carbon-carbon - -5) linkages connect the repeating units. Softwood lignin (G-
unit) has 43 50 % of ether linkages and more carbon-carbon bonds than hardwood lignins (S and 
G-units) which have 50 65 % of ether bonds. The density of these linkages depends on the 
amounts of repeating units in each lignin, and affects the thermal decomposition behavior and 
cracking product distribution [4], [5]. 
Pyrolysis is an efficient technology for the thermochemical conversion of lignin by the action of 
heat in an inert environment into bio-char, bio-gas, and bio-oil. During the thermal pyrolysis (Fig. 
1), the lignin structures can be cleaved, producing several phenols and aromatic compounds with
different functional groups, like carboxyl, carbonyl, and methoxy. When escaping from the benzene 
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ring, these groups form light gases (CH4, CO2) by thermal cranking, repolymerization, and 
aromatization. Following another pathway, lignin also generates bio-char with abundant functional 
groups through carbonization, in which the available functional groups can be further cracked with 
increasing temperature, producing light gases. In addition, the active aromatic species in bio-oil can 
be converted into bio-char through repolymerization [6], [7]. Therefore, this research aims to 
provide a broader view of the thermal pyrolysis behavior of two different types of kraft lignin from 
thermogravimetric analysis coupled with the deconvolution method. In addition, this work discusses 
the effect of repeating units and linkages amounts on stages of thermal pyrolysis, and, consequently, 
on the product distribution. 

 
Figure 1: Pathways of thermal decomposition of lignin into pyrolysis products. The linkages marked by 
solid red squares are ether bonds and by red dot squares are condensed linkages. The blue dot squares are the 
repeating units of lignin: p-hydroxyphenyl, guaiacyl, and syringyl.  

Experimental 
Two samples of kraft lignin were used in experimental runs: Eucalyptus spp (lignin A), which was 
donated from International Paper, and the Pine Tree (lignin B) (CAS# 8068-05-1, cata# 471003) 
that was purchased from Sigma-Aldrich. These samples can be classified as hardwood and 
softwood lignins, respectively.  
The ultimate analysis was carried out at the Laboratory of Analysis and Testing of coal and fuels in 
Criciúma-SC (SATC/LABSATC/LAEC) to determine the carbon (C), hydrogen (H), nitrogen (N), 
sulfur (S), oxygen (O) and ash content and was performed using a 2400 Series II CHNS/O analyzer 
(Perkin Elmer, USA) according to ASTM D5373-08. 
The lignin pyrolysis was evaluated using a DTG-60 thermogravimetric analyzer (Shimadzu, Japan). 
For each experimental analysis, the sample (approximately 10 mg) was heated (from 25 to 900 °C) 
at 20°C/min under an inert flow of high-purity nitrogen gas (N2, 99.997%) at a flow rate of 100 mL 
min-1 [10]. The average DTG curve was built from the mass loss profiles (measured at duplicates), 
and the deconvolution method was applied to study the reactions that occurred during the pyrolysis 
of each lignin using OriginLab® Software.    
Results and Discussion  
Characterization 
Table 1 lists the physicochemical properties and the elemental composition of the two Kraft Lignins 
samples. Hydrogen-to-carbon effective ratio (H/Ceff) was computed as shown in Table 1 to evaluate 
the relative hydrogen content of different feedstocks according to the number of O, C, and H moles 
in the sample. A higher ratio can suggest an increase in the amount of aromatic hydrocarbons in the 
bio-oil [8]. The percentage of methoxyl groups (OCH3) was obtained based on the H and O contents 
as the footnote in Table 1 [9]. Similarly, the higher heating value (HHV) and low heating value 
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(LHV) were computed by equations in the footnote in Table 1, in which C, H, O, N, S, and ash are 
the mass fractions on a dry basis [10]. 
Compared to the pine tree sample (Lignin B), the eucalyptus sample (Lignin A) has higher amounts 
of C, H, S, and O, along with small N contents, indicating a higher quantity of methoxyl groups in 
the lignin A. However, lignin B has a higher H/Ceff ratio, meaning an easier conversion into 
aromatic hydrocarbons. The lower OCH3 content in lignin B is desirable because produces a 
product with less acidity. The HHV and LHV of both samples suggest that lignin is an excellent 
energy source because can provide a high thermal yield in combustion processes. The 
physicochemical characterization shows similar results to the findings seen in other literature works 
[11], [12]. 
Table 1: Lignin physicochemical characterization. 

Ultimate Analysis 
Type of lignin 

Ultimate Analysis 
Type of Lignin 

Eucalyptus spp Pine Tree Eucalyptus spp Pine Tree 
Carbon (C) (a) 56.4 49.36 Ash (a) 1.34 20.23 

Hydrogen (H) (a) 5.91 4.82 H/Ceff 
(c) 0.38 0.42 

Nitrogen (N) (a) 0.18 0.23 OCH3
(d) 16.81 9.55 

Sulfur (S) (a) 3.3 0.67 HHV (e) (MJ.kg-1) 23.56 20.00 

Oxygen (O) (a, b) 32.87 24.69 LHV (f) (MJ.kg-1) 22.27 18.95 
a Dry basis; b Calculated by the difference; c H/Ceff = (H  2O) / C); d OCH3 = 18.5769 + 4.06580H + 
0.345430O; e HHV (MJ.kg-1) = 0.3491C + 1.1783H + 0.1005S  0.1034O  0.0151N  0.0211Ash (3); f LHV 
(MJ.kg-1) = HHV (MJ.kg-1)  0.2183H. 
Evaluation of thermal decomposition 

The thermogravimetry (TG) and derivative thermogravimetry (DTG) profiles of pyrolysis 
experiments at 20 °C/min for both lignins are presented in Fig. 2. The lignin thermal pyrolysis can 
be divided into three stages: the initial one associated to water evaporation (< 200 °C), the primary 
decomposition (200  500 °C), and carbonization stage (>500 °C). The first phase at < 200° (I) 
details part of the initial stage, where the sample presented dehydration. The main peaks (200  
450 °C) occur in the second phase at 200  500° (II), indicating the final part of the initial stage and 
the first part of the second stage. In this step, lignin started to depolymerize into monomers, that 
were converted to methoxyphenols through the cleavage of ether and carbon-carbon bonds [4], [5], 
[7], [13]. At 400  600 °C, volatile compounds are released through reactions like 
depolymerization, demethoxylation, and the production of phenolic monomers is enhanced 
significantly due to the increase in the conversion of lignin. The third phase (III) represents the 
primary stage final part (500  600 °C) and the carbonization stage (600  900 °C), where happens 
the organization of benzene rings in a polycyclic structure, the aromatic ring secondary cracking,  
the removal of functional groups into char, and the char carbonization [4], [7]. 
At phase one, lignin B (A: 2.22%; B: 6.19%) lost more mass indicating a higher peak that was 
related to dehydration and depolymerization reactions that can produce G-type phenols. In contrast, 
lignin A lost more mass at phase II (A: 48.19%; B: 29.66%) possibly through depolymerization and 
repolymerization reactions of methoxyl groups. Moreover, hardwood lignin contains more ether 
bonds due to S-units, so one can see lower amounts of bio-char. However, lignin B has a higher 
condensation degree due to the G-unit and high carbon-carbon linkages, resulting in higher bio-char 
yield. Therefore, Lignin B is more susceptible to a second cracking of aromatic rings and 
rearrangement reaction at the third phase (A: 11.50%; B: 14.17%) thus leading to greater weight 
loss [3], [7], [14].  

1718



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

 
Figure 2: TG and DTG curves at 20 °C/min. 
The deconvolution of DTG curves presented nine peaks during the temperature rise (Fig. 3). The 
first two peaks in both lignins represented the initial stage (< 200°C), where the weakly bonds at the 
functional groups are cleaved with the melting of lignin to form liquid intermediates. Peak one (A: 
86 °C; B: 98 °C) can represent the water evaporation while the second peak (A: 171 °C; B: 143 °C) 
indicates the start of the ether linkages breakdown caused by the depolymerization reaction that 
forms the condensed lignin phase with a larger molecular weight [3], [7], [13].  

 
Figure 3: Deconvolution of DTG curves at a heating rate of 20°C/min: (A) Lignin A and (B) Lignin B 
Peaks 3 and 4 between 200 350 °C represent the intermediate depolymerized into monolignols that 
can be converted to methoxyphenol through the cleavage of C-O and C-C bonds. Peak 3 (A: 247°C; 
B: 217 °C) represent the breaking of the most common linkage in lignin ( -O-4) and the 
reorganization of the chemical groups formed by breaking of the ether bonds, leading to the 
formation of oxygenated compounds such as CO, CO2, and H2O. Peak 4 (A: 313 °C; B: 292  °C) 
indicates a possible break of the bond between monomer units that provoke the release of phenolic 
compounds with a structure close to one of the monomer units (e.g. 4-vinylguaiacol) [13]. In lignin 
A, when the temperature reaches 385 °C at peak 5, the methoxy groups in the ortho position of the 
hydroxyl group become reactive and different types of fragmentation reactions result in the 
substitution of the methoxy group. However, these reactions tend to occur at a lower temperature in 
lignin B (357 °C) indicating that their bonds were easier to cleave due to the presence of fewer ether 
bonds than lignin A [4], [5].  
At peak 6 (A: 455 °C; B: 418 °C), most of the initial bonds between monomer units have broken 
and severe gasification reactions started. At this stage, the substituent methoxyl groups were 
cleaved and hydroxyl or methylated groups bonded to the aromatic units, i.e., the major products 
formed in this stage like syringol can be converted into o-vanillin, guaiacol, and o-quinonemethide, 
meaning that the maximum yield of phenolic products can be achieved [3].  
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The second pyrolysis starts from peaks 7 and 8 in lignin A (516 °C; 579 °C) and at peak 7 in lignin 
B (488 °C). These peaks can be designated as reactions of demethylation, demethoxylation, and 
dehydrogenation that convert G-type compounds into catechol-type ones, alkyl-phenols, and 
aromatics. The presence of peaks 7 and 8 in lignin A can indicate a degradation of S-type to G-type 
units into other compounds such as methyphenol or can also represents the benzene rings broken 
down and conversion into no-condensable gases [3]. These peaks can also mean the start of the 
coke formation by the depolymerization process of the methyl groups. Peak 8 (728 °C) and Peak 9 
(715 °C) in lignin B and lignin A, respectively, represent the coke formation, meaning that these 
peaks can be related to reconstruction, condensation, and polycondensation of the aromatic-ring 
structures [7].  
Conclusions 
Despite lignin being a natural source of phenolic compounds, the complexity of its structure should 
be considered when choosing the type of biomass for the pyrolysis processes. According to the 
results, softwood lignin started its decomposition at lower temperatures, which can be attributed to 
the presence of guaiacyl units. Hardwood lignin, however, needed higher temperatures to provide 
the decomposition of methoxyl groups that led to the transformation of S-unit phenol to G-unit 
phenol or another compound, justifying the lower amount of bio-char. The presence of OCH3 
directly influenced the pyrolysis reaction, indicating that the softwood lignin, due to its lower 
methoxy group content, can provide products with higher aromatic content. With the results 
presented in this study, the understanding of the lignin pyrolysis mechanism can be improved and 
used for future research on the composition of bio-oil, bio-gas, and bio-char.  
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Abstract - Biodegradable potato starch-based films with 10% and 20% yerba mate extract concentrations were 
prepared by casting. The thermal degradation and biodegradability of the films obtained were studied, as well as the 
effect of the addition of malic acid to the composition. By TGA, it was found that the incorporation of yerba mate 
extract led to a decrease in the percentage of loss mass in the event with the highest degradation kinetics, a behavior 
amplified with the addition of malic acid. Formulations containing malic acid and yerba mate reached a higher 
temperature in the most intense mass loss event, suggesting an improvement in the thermal stability of the films, in 
addition to a higher degradation rate in the natural weathering and composting tests.
Keywords: Starch films; potato starch; yerba mate; malic acid; thermal degradation; composting; natural weathering

Introduction
In recent years, natural and biodegradable polymers have gained significant attention for the 
development of new eco-friendly materials capable of addressing the high consumption of non-
renewable resources and the substantial amount of plastic waste generated [1]. Starch represents an 
interesting alternative due to its high degradation rate, having the potential to contribute to a 
significant reduction in waste volume and leading to a crucial environmental benefit [2]. 
The study of polymeric materials requires an efficient evaluation of their resistance to natural aging 
and biodeterioration by microorganisms since their exposure to the natural environment can modify 
both their appearance and properties. Additionally, the possibility of composting is important for 
the study of polymeric waste disposal. Furthermore, to determine their competitiveness and 
processability, it is essential to evaluate the temperatures supported by the material and its thermal 
degradation [2-3]. 
The incorporation of vegetal fibers into the polymeric matrix contributes to the modification of the 
material's properties and may also influence its degradation rate [4]. In this context, the addition of 
yerba mate, a plant of great importance to the southern region of Brazil, was studied as an extract. 
To enhance the material's thermal stability, the use of crosslinkers carboxylic acids such as malic 
acid (MA), which is a non-toxic and naturally occurring organic acid found in vegetables and fruits
[5], was analyzed. 

Experimental
Materials
Potato starch was supplied by Federal Institute of Rio Grande do Sul (IFRS). Glycerol P.A./ACS 
(NEON) was used as plasticizer and malic acid (DL) P.A. (Êxodo Científica) was used as 
crosslinking agent. Yerba mate (Ilex paraguariensis) extract was simulated using commercial yerba
mate purchased at a local market in Porto Alegre, Brazil. 
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Preparation of the yerba mate extract
The yerba mate extract was prepared by infusing 3 g of sifted yerba mate in 100 g of distilled water 
at an initial temperature of 80 °C, under agitation [6-7]. After 5 minutes, the liquid was filtered and 
cooled to room temperature. 
 
Preparation of the potato starch films 
The polymeric matrix was developed by mixing 5 g of potato starch (PS) in glycerol (1 g) and 
distilled water (94 g). For samples containing yerba mate extract (YM), a fraction of distilled water 
was replaced by the desired concentration of extract (10 g and 20 g). The systems were 
homogenized under constant agitation at 100 °C until complete starch gelatinization. Subsequently, 
about 30 g of each filmogenic solution was poured into individual polymeric plates. After casting, 
the solutions were oven-dried at 30 °C for ~24 h under ventilation to form polymeric films. The 
same method was followed to prepare samples containing 0.5% malic acid (MA) (wt/vol), with a 
proportional decrease in the distilled water fraction. The samples produced are described in Table 1. 
 
Table 1 – Composition of potato starch (PS) films with yerba mate extract (YM), with and without malic 
acid (MA).
Film specimen Composition 
PS 100% potato starch
PS10YM Potato starch + 10% yerba mate extract 
PS20YM Potato starch + 20% yerba mate extract 
MA 100% potato starch + 0.5% malic acid 
MA10YM Potato starch + 10% yerba mate extract + 0.5% malic acid 
MA20YM Potato starch + 20% yerba mate extract + 0.5% malic acid 
 
Thermogravimetric analysis (TGA) 
Thermogravimetric tests were performed using a TA Instruments TGA Q50 equipment. Pieces of 
each film were heated from room temperature to 900 °C at a rate of 20 °C/min under nitrogen flow 
of 30 mL/min. From the plots of weight loss values versus temperature, the different degradation 
phases were obtained. 
 
Natural weathering and composting 
Three samples from each formulation (20 mm × 20 mm) were exposed to natural weathering from 
five and ten days on platforms built with an angle of 45° to the ground, in Porto Alegre, RS 
(Brazil), 30°04'23.9"S 51°06'52.2"W, according to D 1435- 99 standard. 
The compost degradation was conducted based on G160-12 standard. Samples of each system (20 
mm × 20 mm) were buried in containers with soil fertilized with organic compounds (humus) to a 
depth of approximately 20 mm. At the fifth and tenth days, three samples of each formulation were 
carefully removed from the soil, oven-dried and weighed on a precision scale. The loss of mass for 
both tests was calculated according to Eq. 1, where mi and mf are equivalent to the initial and final 
masses of the samples, respectively.  

Loss of mass (%) = ((mi – mf)/mi) × 100     (1) 
 
Results and Discussion
Thermogravimetric analysis (TGA) was carried out in order to analyze the thermal stability of the 
different starch-based films containing yerba mate extract (Fig. 1). While the thermal 
decomposition of potato starch takes place in two main stages, notably involving water evaporation 
(~ 120 °C) and decomposition of amylose and amylopectin (~ 320 °C) [6], the incorporation of 
yerba mate adds additional steps related to the degradation of pectins and hemicellulose (reportedly 
between 200 °C and 300 °C [1]), organic components present in the vegetal material. Within this 
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temperature range, the decomposition of the glycerol-rich phase also occurs. In all cases, this event 
is hidden by the intense peak observed in the same region [2], which corresponds to the largest drop 
in the TGA curve and represents the most intense mass loss.
By DTG (Fig. 1-b), a decrease in the peak of the highest degradation kinetics is visible in the 
samples containing yerba mate, proportional to the amount of extract added to the formulation. This 
is explained by the fact that this temperature range also corresponds to the degradation of cellulose 
in yerba mate, which is a less intense event compared to the main starch degradation step [2]. This 
behavior is replicated in samples containing malic acid (Fig. 1-d), although the addition of this 
agent is responsible for a significant decrease in the weight loss rate per Celsius degree. 
 

 
Figure 1 – (a) TGA curves for PS and PS/YM films; (b) DTG curves for PS and PS/YM films; (c) TGA 
curves for MA and MA/YM films; (b) DTG curves for MA and MA/YM films.  
 
Table 2 presents the decomposition characteristics for the different films produced. Similar to Fig. 
1, it can be observed that the percentage of mass loss at the main event decreases with increasing 
temperature for the samples containing malic acid and yerba mate. For pure PS, this stage occurs at 
approximately 319.91 °C and degrades 82.69% of the film's mass. In contrast, for the MA20YM 
sample, this stage eliminates 53.48% of the mass and takes place at approximately 327.23 °C. This 
implies that the addition of malic acid could improve the thermal degradation temperature, because 
the crosslinking present in this additive could strengthen the PS backbone chains and create strong 
linkages, thereby enhancing the thermal degradation temperature of the crosslinked films [5]. 
The remaining residues at the end of the process for films containing yerba mate are typically 
composed of aromatic rings, which exhibit stability in their ashes above 600 °C under a nitrogen 
atmosphere [7]. The high amount of residues in the malic acid films may also suggest the formation 
of strong crosslinkages between the acids and the potato starch chains [5]. 
 
Table 2 – Thermal decomposition characteristics of PS, PS/YM, MA and MA/YM film samples. 
Sample %m1 %m2 %m3 %m4 %ashes T peak (°C) 

PS 10.64 82.69 ND ND 6.67 319.91 
PS10YM 8.47 6.74 4.88 67.44 12.47 319.09 
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PS20YM 8.21 5.78 8.04 62.97 15.00 313.21

MA 10.03 4.91 57.34 13.72 14.00 313.40
MA10YM 8.28 5.46 17.05 50.34 18.87 323.97

MA20YM 4.18 5.91 17.13 53.48 19.30 327.23 
%m: mass loss content at each stage of thermal decomposition. 
T peak: temperature of greatest decomposition kinetics. 
ND: not detectable.

 
In order to study the stability of the systems against degradation, natural weathering and 
composting tests were conducted for five and ten days. The temperatures in the city of Porto Alegre 
during the testing period ranged from 10 °C to 27 °C, presenting an average relative humidity 
between 70% and 95%. Fig. 2 provides a comparison of the percentage of remaining mass for all 
samples after the tests. All formulations exhibited a higher degree of mass loss during composting 
compared to natural ageing. 
 

 
Figure 2 – Loss of mass by formulation as a function of composting time (continuous line) and weathering 
time (dashed line) for 5 days (blue line) and 10 days (orange line). 
 
Vegetal compounds are easily degraded by microorganisms when buried in the soil [8]. In this 
sense, the incorporation of yerba mate may be responsible for increasing the rate of degradation of 
the material in the soil, since the addition of vegetal fibers can facilitate the hydrolysis process. This 
leads to the formation of small monomers and short chain oligomers that are available to 
microorganisms, resulting in a higher rate of decomposition [1-2]. Furthermore, some of the 
compounds of yerba mate had low molecular weight and, therefore, are more susceptible to 
degradation before starch [2]. 
The presence of lignin in yerba mate is capable of absorbing UV radiation, which accelerates the 
photodegradation of the samples when exposed to weathering [9]. Furthermore, the high 
hydrophilic character of vegetal compounds leads to a tendency to absorb atmospheric moisture, 
resulting in surface wear of the material through dilatation or delamination [10]. 
It is important to highlight that the addition of malic acid to the formulation is responsible for 
increasing the degradation rate of the material, resulting in a 35% weight reduction after 10 days of 
testing. This may indicate that malic acid acts as an anti-retrogradation agent for starch, inhibiting 
its recrystallization and leading to high moisture absorption, opposite to what is expected with the 
incorporation of these acids [11]. 
From Fig. 3, it is possible to compare the visual aspects of pure PS and MA20YM (lower and 
higher mass loss, respectively) at t0 and after degradation tests. The absorption of UV radiation by 
lignin leads to a change in the coloration of the films, as can be observed in MA20YM, which had 
its color changed from greenish to transparent at the end of the weathering test. Compared to the PS 
film, the composting test showed the most significant variation in the appearance of the samples, 
with a thinning of the film with fractures that produced fragmentation and disintegration.
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Figure 3 – Visual comparison between the samples PS and MA20YM after 10 days of natural weathering 
and composting, respectively. 
 
Conclusions
Thermal analysis revealed a lower mass loss in the stage of highest degradation kinetics in the 
samples containing yerba mate, which is proportional to the amount of yerba mate extract added. 
This behavior became more apparent with the addition of malic acid to the yerba mate extract, 
indicating greater thermal stability in the films with this composition. The films with this 
formulation also exhibited higher mass loss in the biodegradation tests, suggesting that malic acid 
can act as an inhibitor of starch retrogradation, leading to increased moisture absorption in these 
samples. The faster degradation in soil of the starch-glycerol-yerba mate extract films makes them 
very promising to continue with new trends to preserve the environment.  
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Abstract - Polyurethane foams were obtained from three aromatic isocyanates namely, toluene 2,4-diisocyanate, 
bifunctional 4, -methylene diphenyl diisocyanate, and poly(methylene diphenyl diisocyanate). In this work, the more 
suitable isocyanate has selected to produce foams able to be recycled through a process called vitrimerization. This 
process involves converting the permanent cross-linked thermosets into vitrimer polymers without depolymerization.
The mechanochemical vitrimerization with the aid of a solid catalyst is considered a feasible method. Most of 
vitrimerization methods enables reprocessing of PU foams into films. In the mechanochemical method, the vitrimerized 
network can be foamed again by applying heat and small pressure. In a preliminary evaluation, carried out using SEM 
and TGA, the polymeric MDI seems to have giving rise to the appropriate foam, mainly because its good thermal 
stability. The vitrimerization experiments are ongoing and soon the findings will be reported.

Keywords: Polyurethane foams, Isocyanates properties, Recyclable thermosets, Vitrimers.
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Introduction
In general, polyurethanes (PU) are based on the exothermic reaction of polyisocyanates with polyol 
molecules, containing hydroxyl groups [1]. Relatively few basic isocyanates and a range of polyols 
of different molecular weights and functionalities are used to produce the whole spectrum of 
polyurethanes [1]. By itself, the polymerization produces a solid polyurethane. Foams are made by 
forming gas bubbles, in a process called blowing [1]. Several aromatic and aliphatic isocyanates are 
available, but about 95 percent of all polyurethanes are based on two of them. These are toluene 
diisocyanate (TDI) and diisocyanate diphenylmethane (MDI) and its derivatives [1]. TDI is almost 
always used as a mixture of the 2:4- and 2-6-isomers, usually the 80:20, and largely used for 
flexible foams [2]. The greatest outlet for MDI is in rigid foams, where it is employed as a complex 
mixture known as polymeric MDI [1, 2]. Pure MDI is a solid of melting point of 38 °C which is 
produced by separation from a polymeric MDI precursor [1]. There are three principal methods of 
PU foam preparation: (a) prepolymer; (b) semi-or quasi-prepolymer; and (c) one-shot [3]. The 
prepolymer process involves the reaction of a polyol with an excess of a diisocyanate prior to 
foaming. Foaming occurs by reaction of the prepolymer with water, with formation of urea linkages 
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and evolution of carbon dioxide, which acts as the blowing agent [3]. The semi-or quasi 
prepolymer method utilizes the reaction of a diisocyanate with a portion of the polyol, resulting in a 
relatively low viscosity, low molecular weight polymer dissolved in a large excess of diisocyanate. 
Foaming is brought about by reacting the semi-prepolymer with the remainder of the polyol and 
water [3]. In the one-shot process the various foam components are mixed simultaneously [3]. The 
properties of PU foams are categorized based on the type of foam structure: open-cell structure or 
closed-cell structure [4]. In the open-cell structured foam the cell walls, or surfaces of the bubbles, 
are broken up and are filled up with air that fills up all the spaces in the material [4]. This makes the 
foam soft or weak [4]. In closed-cell foam, most of the cells or bubbles in the foam are not broken, 
and it is strong enough to resist major distortions [4]. On the other hand, thermosetting PU foams, 
cannot be recycled economically and efficiently due to their permanently crosslinked structures [5]. 
In order to circumvent this, researchers have increasingly focused on introducing dynamic covalent 
bonds to prepare PU foams containing covalent adaptable network (CAN) [5]. Such approach aims 
to combine the advantages of both type of polymers, thermoplastics and thermosets, and is known 
as vitrimeric behavior [6]. In polyurethanes with CAN-containing dynamic carbamate bonds, the 
chemical structure of isocyanate has a significant impact on the network rearrangement [6]. 
Gamardella et al. [7] demonstrated that among the reprocessable and recyclable poly(thiourethane) 
thermosets, that prepared from the aromatic isocyanate achieved the reorganization of the network 
faster than those prepared from the aliphatic isocyanate. Thus, this work aims to preliminary select 
the isocyanate to produce PU foam with promising thermal reprocessability by hard segments 
vitrimerization. 
 
Experimental 
The foams were prepared using the one-shot process with the amount of reagents entirely based on 
the previous work of our group [8]. In short, PPG 2000 (1.25 g) and Biopol® 411 (11.25 g), a 
polyol (ester) derived from castor oil, were mixtured with deionized water (0.4 g), tin catalyst 
(0.025 g), and silicone foam stabilizer (0.10 g). These reagents were under mechanical stirring at 
1000 rpm for 2 min before the addition of TDI (11.65 g) and stirred for another 30 s when the 
foaming started. In the present work, TDI was replaced by pure MDI (Sigma Aldrich SUK 
256439) and polymeric MDI (Biopol® ISO, PolyUrethane - Ibirité, Brazil). The obtained foams 
were called as TDI foam, pure MDI foam and poly MDI foam, respectively. They were 
characterized by SEM (Hitachi 4000 Plus with backscattered electrons detector), FTIR (Thermo 
Scientific Nicolet  6700 Gold spectrophotometer in ATR mode) and TG (Exstar 7200, Seiko-SII 
Nanotechnology, Inc.).  
 
Results and Discussion 
The amide A, amide I, amide II and amide III bands are widely used in the spectroscopy study of 
polyurethane. The term "amide bands", which is taken from amide spectroscopy, is correct, because 
a urethane group differs from an amide group only by an additional oxygen atom [9]. Such bands 
were detected at 3304 cm-1 and, in the region called fingerprint region of the IR spectrum of PU, at 
1700 cm-1, 1522 cm-1 and 1182 cm-1, respectively [9]. The absorption at 1042 cm-1 is attributed to 
C O C vibration of ether group and the presence of the band at 2270 cm-1 denotes residual free 
isocyanate groups (NCO) [10]. There are no significant differences between the spectra.  
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Figure 1  FTIR spectra of: (a) TDI foam, (b) pure MDI foam and (c) poly MDI foam.  
 
The morphology of the three foams was observed through SEM. Morphology of the foam reveals 
important information such as cell shape and domain size. 
 

 
Figure 2  SEM images of polyurethane foams: TDI foam (a and b), pure MDI foam (c and d) and poly 
MDI foam (e and f). 
 
The texture is uniform in the case of pure MDI foam, with more well organized cell shapes than the 
other foam samples. Similar result was also observed by John et al. [11]. By comparing pure MDI 
foam with poly MDI foam, it is possible to see that the use of multifunctional polymeric MDI 
affects significantly the formation of the cellular morphology. Apparent density is so called because 
it is calculated from the volume of expanded cellular material that includes its cell cavities. Herein, 

determined. The values in g cm-3 are 0.096±0.004, 0.0121±0.004 and 0.063±0.003 for TDI foam, 
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pure MDI foam and poly MDI foam, respectively. Bandegi et al [12] utilized the carbamate 
exchange reaction for the vitrimerization of thermoset rigid PU foams. Triazabicyclodecene (TBD) 
as organocatalyst was used for the vitrimerization in an environment-friendly mechanochemical 
process. The authors showed that the vitrimerized network could be foamed again by applying heat 
and small pressure. However, the initial foam has density of 0.01 g cm-3 and the density for the 
foam produced from the vitrimerized network is 0.56 g cm-3. Thus, in a first exploratory study to 
obtain a foam from vitrimerized network, polymeric MDI might be selected. 
The thermal stability of the foams was analyzed by TGA and the weight loss and the derivative 
curves are shown in Fig. 3. The first observation is a weight loss at around 100 °C, generally 
attributed to water evaporation. After this, all curves display two distinct regions of weight loss. The 
first one correlates with degradation of the hard segment, while the second one correlates with the 
degradation of the soft segment [13].  
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Figure 3  TGA and DTG curves of the different PU foams: (a) TDI foam, (b) pure MDI foam and (c) poly 
MDI foam. 
 
It's easily noticeable that foams based on MDI have more thermal stability than foam based on TDI, 
as well as poly MDI foam has more thermal stability than pure MDI foam. Foams obtained using 
MDI were rigid and the reaction was slower when compared to that of TDI [11]. It is obvious that 
the thermal stability of hard segment has a great influence on the thermal stability of soft segment 
[13]. The higher thermal stability of hard segment leaded to a higher degradation temperature of 
soft segment. In addition, the use of multifunctional polymeric MDI in fabrication of polyurethane 
foams affects significantly the formation of the cellular morphology [14]. Such observation is an 
accordance with SEM analysis, which showed pores that are more irregular. Possibly, there are 
more closed pores due to the high viscosity of the matrix resulting from the crosslinking reaction 
with polymeric MDI. In the poly MDI foam DTG curve the peak corresponding to degradation of 
the soft segment appears as a doublet, which reinforces the irregular morphology of the foam. In 
spite of this, polymeric MDI might be selected for producing a foam from vitrimerized network. 
Since high thermal stability is beneficial for the vitrimerization process.  
 
Conclusions 
Polyurethane foams were obtained with TDI, pure MDI or polymeric MDI for exploring the effect 
of isocyanate functionality on the properties such as cell morphology and thermal stability. The 
foam using polymeric MDI presented the lowest density. Due to this, polymeric MDI was 
considered a good candidate for producing vitrimer foam with the ability to foamed again after 
reprocessing. In addition, such polyurethane foam has greater thermal stability, which is beneficial 
for the vitrimerization process. The vitrimerization experiments are ongoing in our laboratory.  
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ELECTRICAL AND ELECTRONIC EQUIPMENT (WEEE) IN OBTAINING 
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Abstract Waste from electrical and electronic equipment (WEEE) has been increasing rapidly due to its short lifespan. 
This study aims to assess the feasibility of producing a 3D printing filament from polymeric waste derived from CRT 
monitor and television casings. Spectroscopic characterization revealed differences in polymer identification compared 
to analysis results. The thermal and rheological properties were similar to virgin ABS. Extrusion of the waste ABS 
under the same conditions as virgin ABS was satisfactory, but post-extrusion cooling introduced high porosity. FDM 
printing with the recycled filament was efficient, but porosity was observed in the printed parts. Parts printed with the 
recycled filament exhibited lower mechanical properties, with a significant reduction in impact strength due to the 
voids. The filament produced from WEEE is suitable for 3D printing applications requiring good dimensional tolerance 
without high mechanical properties.

Keywords: WEEE, Additive manufacturing, ABS, post-consumer waste

Introduction
Currently, we live in a disposable society where the production of durable and reusable 

goods is not desired. In this context of exchange and disposal, waste generation continues to 
increase. Waste from electrical and electronic equipment (WEEE) has one of the highest growth 
rates due to the increasing popularity of electrical and electronic devices (EEE) and their 
accelerated obsolescence in the face of new technologies.

Recycling has emerged as a sustainable alternative to mitigate the negative effects of 
accumulating these wastes in the environment. Thermoplastic materials are easily recyclable, 
bringing cost savings to the industry by reducing the need for raw material acquisition [1].

With the growing competitiveness among companies, 3D printing has been widely adopted 
in industries due to improved processes, product quality, and cost and time reduction. The 3D 
printing process involves transforming a virtual 3D object into a physical object [2].

There are various types of additive manufacturing, but fused deposition modeling (FDM) is 
the most commonly used technique for constructing plastic parts with great geometric freedom, low 
equipment investment, and low consumable costs. FDM uses a thermoplastic polymer filament as 
the raw material for manufacturing parts, with the most commonly used materials being 
Acrylonitrile Butadiene Styrene (ABS) and Polylactic Acid (PLA) [2-4].

The properties of ABS have made it one of the most popular materials in the 3D printing 
process due to its good printability, precision, and dimensional stability. Additionally, the quality of 
parts printed with ABS using the FDM process can be controlled by adjusting various printing 
parameters such as infill type and density, printing orientation, layer height, printing temperature, 
printing speed, among others.
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In this regard, this study will demonstrate the recycling capability of EEE waste, particularly 
ABS from polymer casings, to produce a filament for use in 3D printing using the FDM technique. 
The production potential of the filament through extrusion, the printability of this material in an 
open FDM printer, and the chemical, thermal, and rheological properties compared to commercial 
filament will be evaluated.

Experimental
Materials

The following materials were used for the experimental phase: ABS MG47F (manufactured 
by Sabic), with a melt flow rate of 5.6 g/10 min (230°C/3.8 kg), was used to produce the standard 
commercial filament. Waste from electrical and electronic equipment (EEE) originating from post-
consumer electronic device casings, including CRT monitors, televisions, keyboards, and printers, 
which were damaged or obsolete. The waste was collected from a local repair shop located in Nova 
Prata-RS, Brazil.

Initially, the act of disassembling and segregating the polymer material from other 
composite materials, including metals, ceramics, electronic circuit components was executed. Only 
ABS housings were kept to subsequent steps.

Method

The waste was cleaned with water and neutral soap to remove impurities. The carcasses 
were broken into small pieces using a steel hammer, as seen in Figure 1. Fragments were dried for 
48 hours in the shade and then packaged in clean plastic wrappers.

ABS fragments from WEEE were ground using a knife mill until reaching a size range of 1-
5 mm. The flakes were then dried in an oven at 80 °C for 4 hours. Similarly, pure ABS pellets 
underwent the same drying process. Next, the ABS flakes were heated and extruded in an extruder 
with a 2.0 mm diameter matrix, using temperature ranges of 155-180 °C with a matrix temperature 
of 165 °C. The extruded filament was cooled in a water-filled bathtub, and its diameter was 
measured. Segments with diameters of 1.65-1.75 mm were selected for printing the CPs. The dried 
filament was then stored in a light-protected wrapper until used for printing.

The specimens were produced utilizing a Fused Deposition Modeling (FDM) printer, 
fabricated by Mastre Automação, and employing ABS filaments in conjunction with waste from 
Waste Electrical and Electronic Equipment (WEEE). The specimens were fabricated in accordance 
with the geometric specifications prescribed by the ASTM D638 Type I standards for the 
analysis of tensile strength.

The test specimens were modeled using CAD software (Fusion 360) following the ASTM 
D638 standard. They were then exported to Ultimaker Cura software, version 5.0.1, in "stl" format. 
A printer specifically developed for this study was used to print the test specimens. Printing 
parameters are present in Table 1.

Figure 1 Fragments of parts used for filament production.
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Table 1  Printing Parameters 
 

Layer Height (mm) 0,2 

Printing Temperature (º C) 185 

Nozzle Diameter (mm) 0,4 

Table Temperature (º C) 150 

Perimeter Layers        5 

Infill Percentage (%) 100 

Printing Speed (mm/s) 60 

Cooling Fan  Not Present 

First Layer Speed (mm/s) 20 

 
Characterization 

Differential Scanning Calorimetry (DSC) analysis was conducted on the filament that was 
produced in order to determine the temperatures of melting (Tm) and glass transition (Tg). The 
aforementioned test was carried out utilizing Perkin Elmer DSC 6000 equipment in conformity to 
ASTM D3418. Each sample consisted of approximately 9 mg and was heated initially to 220 °C 
and allowed to stabilize for a duration of 3 minutes. Subsequently, the sample was cooled down to -
30 °C and allowed to acclimatize for a period of 5 minutes, followed by a second heating up to 220 
°C. The ramp for both heating and cooling was maintained at a constant rate of 20 °C/min, and the 
entire process was conducted in an environment of nitrogen. 

For the mechanical tests, five specimens were printed for each sample, and a universal 
testing machine (EMIC, model DL200) with a 5000 N load cell was used. The specimens were 
tested at a crosshead speed of 10 mm/min according to the ASTM D638 standard. They were 
stretched until a 50 mm limit was reached. 

Also, pure ABS and WEEE filaments printability were evaluated as weight and surface 
quality, as a qualitative measurement of roughness.  

 
Results and Discussion  
 
Differential Scanning Calorimetry 

To investigate the thermal events that occurred during the heating and cooling of the r-ABS 
sample, differential scanning calorimetry was conduct. The results of which are presented in Figure 
2, which includes both the cooling (depicted in blue) and second heating (depicted in red) curves. 
Our findings indicated that the r-ABS sample exhibited a single peak corresponding to the 
crystalline melting temperature (Tm), and a glass transition temperature (Tg) of approximately 102 
°C, which is attributed to the acrylonitrile-styrene (SAN) phase of ABS. These observations 
confirmed the absence of a secondary polymer in the analyzed sample's composition. 
 In a similar study conducted by Harris et al. (2019) that focused on the thermal and 
mechanical properties of ABS, the authors found that Tm (ABS) was approximately 111.8 °C, and 
Tg was approximately 100.2 °C for pure ABS [3]. These results are analogous to the outcomes of 
our study. 
 
Tensile Strength 

The obtained results indicate similar Young's modulus for both recycled (r-ABS) and virgin 
ABS materials, as shown in Figure 3. The Young's modulus values were determined to be 534.3
MPa and 519.8 MPa for r-ABS and pure ABS, respectively. This suggests a comparable strength 
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between the materials, although the recycled material exhibits a slightly higher standard deviation. 
Further examination of the graphical representation highlights the superior properties of the 
recycled material. 
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Figure 2 - DSC of the r-ABS sample being cooling in blue and second heating in red. 
 

 
Figure 3 - Elasticity Modules for both recycled (r-ABS) and pure ABS materials 
 
Figure 4 illustrates the average maximum breakage stress for ABS and r-ABS. The 

assessment of tension until rupture reveals similar outcomes for both materials, with no significant 
differences. The virgin ABS material demonstrated a maximum stress of 29 MPa, while r-ABS 
exhibited a value of 26 MPa. 

 
Figure 4 - Ultimate Tensile Strength of ABS and r-ABS. 
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These findings align with the research conducted by Fernandez-Vicente et al. (2016), which 
emphasized that higher fill density in FDM printing reduces voids and enhances tensile strength [5]. 
However, focusing solely on tensile properties without considering impact resistance may lead to 
the production of fragile products. 
 
Conclusions 

Through the present investigation, the potential of producing a filament for Fused 
Deposition Modeling (FDM) printing from recycled Acrylonitrile butadiene styrene (r-ABS), whose 
polymers were sourced from Waste Electrical and Electronic Equipment (WEEE), was evaluated. 
The preparation steps taken evince the ease with which collection, cleaning, and fragmentation can 
be carried out on a large scale, yielding high-quality flakes for filament production. 

The manufacture of the r-ABS filament in a single-screw extruder was found to be feasible, 
devoid of major setbacks, but excessive porosity was observed in the recycled filament. 
Nevertheless, prints were achievable, exhibiting no consistent faults during the material deposition 
stage and without clogging in the printing nozzle, using parameters similar to those conventionally 
adopted for commercial ABS printing. Moreover, material adhesion to the printing table was more 
persistent during material deposition and was conveniently removable after cooling. 

The results obtained suggest a similarity in the mechanical properties of recycling, making it 
a viable alternative to using virgin polymers in additive manufacturing applications. 
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Biodegradable and oxo-degradable polymers were developed to limit human-induced plastic 
pollution.1 In this study, we evaluated the microplastic fragmentation of commercial oxo-
degradable bags compared to the conventional ones, both exposed to different abiotic experimental 
conditions. One conventional high-density polyethylene (HDPE) and three different HDPE oxo-
degradable bags were selected. For the indoor degradation, the samples were cut into 6.5 x 6.5 cm
and placed in an accelerated degradation box equipped with three mercury lamps (36 W) for 0-79 
days, with blocks of 8 h of exposition followed by 16 h of a dark time. For the outdoor degradation, 
the samples were cut into 5.0 x 2.0 cm strips and exposed to the weather on two different slopes 
during 0-90 days of degradation. Structural modifications were evaluated through visual changes 
and chemical characterization using Fourier transform infrared spectroscopy (FTIR-ATR). For the 
indoor degradation, only HDPE conventional and 2/3 of the oxo-degradable bags showed visual 
change into slightly opaque and yellowish, both features increased with exposure time. 2/3 of oxo-
degradable samples had small cracks that followed until fragmentation. Only one sample produced 
about 18 microplastic particles within 54 days and approximately 43 particles within 79 days. 
Furthermore, the longer the exposure time, the smaller the size of the fragmented particles. For the 
outdoor, only 2/3 of the oxo-degradable bags showed color change. As the exposure period 
increased, the conventional HDPE and 2/3 of the oxo-degradable samples showed color change and 
the presence of biofilms on the surfaces. Only one oxo-degradable sample had small cracks that 
followed until fragmentation. The FTIR spectra showed the development of the bands in the region 
from 1800 to 1650 cm-1 attributed to the carbonyl region2 showing surface oxidation in all samples.
We conclude that different commercial oxo-degradable bags presented fragmentation potentials, 
and therefore potentials for microplastic production.

1. J. Charles; G. R. Ramkumaar, Asian Journal Chemistry 2009, 21, 4477.
2. A. Benítez; Sánchez, J. J.; Arnal, M. L.; Müller, A. J.; Rodríguez, O.; Morales, G. Polymers Degradation and

Stability 2013, 98, 2490. https://doi.org/10.1016/j.polymdegradstab.2012.12.011
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Abstract 

The apparel industry has found in polymers a strong ally for the development of new fabrics and 
patterns. Taking that in account, there was an increase in the generation of non-biodegradable waste. 
And this problem has grown over time, with little attention has been devoted to this important class 
of materials and fabrics. Among the tissues widely consumed worldwide, PET (polyethylene 
terephthalate) and PA (polyamide) are the leaders. There is still no solution to this problem. The 
depolymerization of PET and PA by acid hydrolysis is already known in the literature but has been 
studied in isolation; in the present study, the mix of these polymers was investigated. The mix was 
refluxed in acid aquo solution for different intervals. The study was carried out using a factorial design 
24 with the mass of PET, PA, pH and reaction time as input. The decrease in residual solid mass after 
the continuous reaction was used as the response. FTIR (Fourier transform infrared spectroscopy) 
was used to identify the components, due PET be we have only one already polyamide, might be 
more than one (Nylon 6; Nylon 6,6; Nylon 6,10; Nylon 6,12,). In this study, the FTIR-ATR, 
(spectroscopy in the infrared range by attenuated total internal reflection) was used. The ANOVA 
(variance analyses) showed that from four variables studied, only the concentration of polymers had 
a significance on the process and concentration of PET has great contribution. However, it was also 
found that PA decomposition was not as significant in isolation, suggesting a possible interaction 
with a byproduct of PET decomposition in the PA reaction. This type of synergistic effect contributes 
to the process. From the FTIR spectroscopy, characterized the material studied (PA), has been nylon 
6,6.
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Abstract - Microplastic particles (MPs) contamination poses an increasing threat to all ecosystems, 
potentially accompanied by other contaminants such as pesticides, which, if used indiscriminately, 
can pose health problems for humans and the environment. This study evaluated the effect of the 
pesticide chlorpyrifos adsorption on polyethylene microplastics subjected to photodegradation to 
simulate the effects of solar radiation. The photodegradation was conducted in a chamber equipped 
with UV-B fluorescent lamps at different exposure times (1, 4, 6, and 8h). The MPs before and after 
degradation were characterized in terms of surface electrostatic potential using the pH point of zero 
charge (pHPZC) technique, and morphological changes were identified by scanning electron 
microscopy (SEM) technique. Adsorption tests were carried out at pH 7.0, with 10 mg/L of initial 
pesticide concentration and 0.2 g/L of MPs do
concentrations were determined using high-performance liquid chromatography (HPLC). The results 
indicated that photodegradation caused morphological alterations in the MPs by increasing cavities 
and roughness in the aged materials, as well as chemical changes, reflected in reducing pHPZC values 
after aging. The adsorption tests revealed that the aged plastics had increased adsorption capacity, 

eir ability to retain chlorpyrifos, meaning 
that these microplastics in the environment may have their toxic effects increased when exposed to 
weather conditions.
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Abstract - Thermosetting composites of epoxy resin reinforced with carbon fiber (CF) are widely 
used in automotive applications mainly due to the several advantages offered by these materials [1]. 
However, in recent years, a growing increase in industrial waste from these composites has been 
observed, and consequently an urgent need for the correct disposal of these materials that have a high 
market value [2,3]. In this context, the present proposal aims to carry out the mechanical recycling of 
these thermosetting composites. The epoxy/FC wastes resulting from the production process of 
components in the automotive sector were collected, cut into small pieces using a grinder, and 
subsequently ground using a knife mill. Then, the granulometric separation of the resulting powder 
was carried out using a 10-
particles. Then, the particles were characterized by scanning electron microscopy (SEM) and optical 
microscopy (OM). The mass yield of the milling process was determined by the difference between 
the final (after milling) and initial (before milling) mass. It was observed in the OM that the particles 
present different sizes and shapes with a large dispersion of the average particle size. In the SEM 
images, it was observed that the epoxy resin is well adhered to the carbon fiber. After the sieving 
process, it is noted the presence of few agglomerates and more dispersed carbon fibers. This technique 
made it possible to recover carbon fibers that can be used as reinforcement for the development of 
new composites with short fibers.
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The Brazilian paper industry emerged from the eucalyptus monoculture generating severe 
consequences, such as the loss of biodiversity and many others. As an alternative to such questions, 
there is the production of bacterial cellulose (BC), which is a pure and non-toxic biopolymer. This 
study proposed an alternative production to conventional paper through the use of low cost BC in 
saline production medium. After producing the BC, 96.0 g were ground together with 100 mL of 
distilled water for 2 minutes until a paste was obtained. Then CaCO3, resin and Poly(vinyl acetate) 
were added. The final mixture was taken to the oven until it dried and formed the BC Paper film. As 
main results, BC P
predominantly has a grammage between 70 and 180 g/m². In addition to being used as a raw 

for direct wrapping of products or combined with other materials to obtain good mechanical 
resistance and protection against humidity. Due to its properties, BC has been produced, studied and 
indicated as a matrix for the development of new materials, such as, for example, in the 
manufacture of . 1-a and Fig. 1-c we have a pilot material called BC 
paper, which can be visually compared to bond paper (Fig. 1-b). In Fig. 1-d it is possible to observe 
a prototype of a packaging made from BC plus additives. The prototype using BC Paper obtained 
promising characteristics for use in sustainable packaging.

Figure 1- Plain Paper (b), BC Paper (a and c) and packaging prototype made from CB (d).
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Abstract - Bacterial cellulose (BC) is a nanofibrillar extracellular polysaccharide that can be produced by several types of bacteria and has excellent 

characteristics, such as atoxicity, high crystallinity, high tensile strength, high water retention capacity, high purity, biocompatibility and 

biodegradability [1]. These characteristics provide the biopolymer with a wide range of applications in various industrial sectors such as food, cosmetics, 

medicine, among others [2]. The medium most used to produce BC is Hestrin, but due to its high cost, some alternative means with better cost-

effectiveness have been used, with different carbon sources. In this work, the production of cellulose membranes was carried out using the bacteria 

Komagataeibacter hansenii and as a culture medium, tea from Erythrina mulungu, a plant characteristic of the caatinga that has several medicinal 

properties, and glucose as a source of carbon [3]. After the formation of the films, they were irradiated with gamma rays at a dosage of 25 kGy for 

effective sterilization. Then, they were dried in an oven at 45°C for 24 hours and then the characterizations were performed. The methods used to 

characterize the films were Fourier Transform Infrared Spectroscopy (FTIR), X-Ray Diffraction (XRD) and Thermogravimetric Analysis (TGA). 

Antimicrobial and antioxidant activity assays were also performed. As the main results showed, it was possible to verify that the BC membranes were 

perfectly formed through the innovative culture medium used, and its structure was confirmed through FTIR analysis.  It was also observed through the 

XRD technique that the structure of the cellulose formed was less crystalline than the BC usually presents, however, with crystalline planes characteristic 

of type I cellulose. In the thermogravimetric analysis, three stages of degradation were observed, characteristic of the BC produced by conventional 

means, proving that the alternative medium of mulungu tea can be used to produce cellulose membranes.
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Abstract Using red macroalgae in nature to produce polymer films has not yet been widely 
studied. Kappaphycus alvarezzi, macroalgae that contain the hydrocolloid carrageenan in its 
composition, which is a natural polymer, has prospects for use in non-food packaging and single-
use objects. It is a biodegradable material that, when not chemically modified and not mixed with 
synthetic polymers, degradation is comparable to pure algae biomass in cold polar waters within 
4.5-7 weeks. This research aims to evaluate the processing in the thermal and rheological properties 
of the material. The macroalgae were collected on a farm in the city of Palhoça/SC, and 
subsequently, the macroalgae were cleaned and desalinated. Grinding was performed using a knife 
mill and then dried in an oven at 40°C. The dried biomass was then processed in a Haake rheometer 
at a temperature of 110 °C at 200 rpm for 10 minutes in a 75/25 water/algae ratio. The processed 
biomass had a rubbery appearance after processing. Thermogravimetry analyses carried out in a 
nitrogen atmosphere showed a residue of 35% in the processed biomass and 42% in the virgin 
biomass. Both showed degradation at 177 °C and 182 °C, respectively, with the processed biomass 
losing water at 100 ° C. In the DSC analysis, the glass transition temperature of the processed and 
virgin biomass was 27°C and 22°C, respectively. The Melt Flow Index at 110°C the material did 
not show a viscous regime necessary for the validity of the analysis. The results indicate that the 
processing of macroalgae biomass in the presence of water alters its thermal and rheological 
behavior.
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Abstract - Due to the impacts caused by the increasing generation of plastic waste, alternatives to 
reduce the durability and resistance to degradation of these materials are explored by the scientific 
community. However, it is still necessary to broaden the studies about the effectiveness of the 
biodegradation of marketable plastics. The purpose of the study was to evaluate the biodegradability, 
under anaerobic conditions, of poly(ethylene terephthalate) (PET). This material is the film 
commercialized by the company Terphane called PETbio. The polymeric films were submerged in 
sludge from Sewage Treatment Plants, placed in digesters. The quantification of biodegradation was 
done through the evaluation of the biogas by gas chromatography. Regarding the characterization of 
the films, they were submitted to Scanning Electron Microscopy, Thermogravimetry, Differential 
Scanning Calorimetry and Fourier Transform Infrared Spectroscopy. Furthermore, analyses of the 
microorganisms present in the medium were performed. The results showed an increase in the 
anaerobic population and a decline in aerobic organisms, while methane gas production reached its 
peak at the end of the first month and continued to decline afterwards. At six months, under the study 
conditions, there was no statistical difference in biodegradation between the negative control films 
(PET) and the PETbio films.
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Abstract - The research aims to develop effective environmental remediation systems to address 
pollution and contamination [1]. A promising approach is to combine heterogeneous photocatalysis 
with titanium dioxide (TiO2) and natural polymers to enhance the photocatalytic properties of the 
material for improved pollutant degradation and microbial elimination [2]. TiO2 was synthesized 
with a biopolymer derived from the mesocarp of babassu coconut using the sol-gel method [3]. The 
obtained material was characterized using X-ray diffraction (XRD), N2 adsorption-desorption, and 
diffuse reflectance spectroscopy (DRS). Photocatalytic tests were performed using methylene blue 
dye (MB) at a concentration of 12.0 × 10 mol L , with a catalyst dosage of 0.5 g L . Toxicity 
tests were conducted on the dye solution after the photocatalytic process to confirm the absence of 
toxic by-products. XRD analysis revealed that the material exhibited an anatase crystalline phase.
N2 adsorption-desorption showed a material with a type IV isotherm and an H2 hysteresis 
characteristic of mesoporous materials. Material band gap energy was calculated using the Kubelka-
Munk function, resulting in Eg = 3.19 eV. The photocatalytic tests demonstrated a dye discoloration 
rate of 69.3% for MB. The toxicity test indicated that no toxic by-products were generated during 
the photocatalytic process.
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Abstract - There has been a significant increase in global consumption in recent years, with an emphasis on the 
textile industry. However, while the consumption of these products is widely discussed, little attention is paid to the 
waste generated during production and after consumption. Motivated by this theme, this study compares PET fiber 
derived from post-industrial (PET-PI) waste to recycled PET fiber (PET-C) obtained commercially (Fig 1.). The PET-PI 
was first purge with sodium carbonate, and then the fiber's properties were investigated using DSC, TGA, FTIR, and 
SEM analyses. The SEM reveals fiber surfaces that are deformed-free. In the case of FTIR, the obtained spectra were 
coherent and comparable to PET fiber studies [1], with bands in the same wavelength regions, indicating that the 
sodium carbonate treatment did not degrade the polymer. Regarding TGA, there are no differences between the Tonset 
and Tmax values of PET-PI before and after the treatment, confirming the FTIR findings that no degradation occurred 
during material purging with sodium carbonate under various conditions. Using DSC, the crystallinity of the fiber was 
determined, revealing that commercial PET-C is less crystalline than PET-PI. In addition, it was observed that the purge 
treatment decreased the PET-PI crystallinity. Therefore, the preliminary results obtained indicate that PET-PI has the 
potential to be introduced into the textile industry, promoting the opportunity to reintroduce the waste in order to 
produce environmentally friendly, sustainable products.

Figure 1- Post-industrial PET fiber waste and recycled PET commercial fiber.
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Abstract Biomass has several applications such as biofuels, chemical compounds, polymers, 
resins, dispersants, solvents, films, among others [1]. The implementation of biorefineries based on 
lignocellulosic biomass for the conversion of waste into value-added products may be interesting 
mainly in the ethanol production chain from sugarcane. One of the possibilities would be to explore 
the production of cellulose nanocrystals (CNC) from the residues obtained after the enzymatic 
hydrolysis (RHE) of sugarcane bagasse (SCB). The objective of this study is to produce and 
characterize these RHE and verify if these materials have the necessary characteristics to produce
CNC. Three SCB pre-treatments were carried out: PT1) 170°C, 1.5% NaOH, 30 min, 
bagasse:NaOH ratio 15:1; PT2) 0.4% NaOH, 70°C, 3h; followed by 0.5% of H2SO4, 140°C, 15min; 
and PT3) steam explosion, 190°C, 15min, followed by 1.0% NaOH, 100°C, 60min, bagasse:NaOH
ratio 10:1. The pre-treated pulps were submitted to enzymatic hydrolysis with enzymatic cocktail 
produced by LNBR, at pH 5.0, 50°C, 72h. The pulps and RHE obtained were characterized by 
FTIR, MEV, chemical composition, DRX and TGA. PT3 showed greater mass loss (57.48%) but 
PT1 showed greater delignification (75.97%). The RHE contents were 30.6%, 21.96% and 41.06% 
for PT1, PT2 and PT3, respectively. After converting the polysaccharides during hydrolysis, the 
RHE showed lignin content of 26.31%(PT1), 30.915(PT2) and 26.81%(PT3). The FTIR spectra 
demonstrate the variation in the chemical composition in the different steps, corroborating the 
chemical characterization. It was observed by TGA that the RHE presented a decrease in the initial 
degradation temperature, but greater stability at elevated temperatures. The RHE presented a higher 
crystallinity index than the bagasse but lower than the pulps. As expected, SEM images show that 
RHE are more fragmented particles. We can conclude that the RHE can be used in the production of 
CNC, however there is a need to remove the residual lignin which is very high.
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Bacterial cellulose (BC) is a biopolymer that is extremely versatile, it can be worked and molded in 
its pure form or processed and added with filler materials in order to obtain new composites. As an 
example, have a coconut fiber (CF) that is very resistant, but also elastic and can play an important 
role as a reinforcement material for the BC matrix. In this regard, very natural fibers, basically 
cellulose, hemicellulose and lignin, have become increasingly popular in the manufacturing industry, 
as they are sustainable materials that can be converted into useful products [1]. With the aim of 
developing new materials from natural fibers, this study examines the creation of BC composite film 
reinforced with CF. The filmogenic solution (BC and CF) was prepared in proportion 2:1 and then 
placed in a mold (A = 58 cm²), at 65 ºC until drying for 24 hours. The material was characterized by 
Fourier transform infrared spectrometry (FTIR). The pure BC was also characterized for comparative 
purposes. The FTIR analysis (Fig. 1) confirmed the existing functional groups in CF that overlapped 
those in BC, for the most part. However, the band close to 1736 cm 1 was attributed to the symmetrical 
stretching C=O of carbonyl groups evident in hemicelluloses and lignin, present only in coconut fibers 
[2]. In general, this study provides new perspectives for the application of ecologically correct natural 
fiber composites in the field of engineering and the manufacturing of products.

Figure 1- A: FTIR of pure BC and BC + Coconut fiber. B: Composite film of BC reinforced with CF.
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Abstract - The objective of this work is producing polymeric blends based on starch and a 
derivative of the depolymerization reaction of poly(terephthalate of ethylene) (PET) to be applied 
on the slow release of urea [1, 2]. For this, the PET derivative (dPET) was obtained by glycerolysis 
reaction under microwave conditions and catalysis of zinc acetate [3]. The reaction was carried out 
at 250 ºC with 1:3 PET-glycerol ratio, in times of 5, 15 and 30 min, generating the by-products of 
interest. Thereafter, the blends were produced by casting process, where starch and dPET were 
mixed with a proportion of 35:65 w:w and with 5, 10 and 20% of urea. The suspensions were mixed 
in ultrasonic bath for 2 min for homogenization and were heated up to 85 ºC for 30 min. The blends 
were characterized by thermogravimetric analysis and in relation to their water absorption capacity, 
release of urea and toxicological analysis. In general, the blends showed good thermal stability and 
absorbed between 110-650% of water in 24 h. The slow release of urea in water was carried out 
with ultraviolet-visible spectroscopy at 420 nm, utilizing the Ehrlich reaction methodology [4]. The 
aqueous solutions samples were taken in 1, 7 and 14 days of interaction with blends. Through the 
results, it was observed that at first occurs a fast release of urea passing through a phase of 
reabsorption of this urea in solution and then a slow-release profile was verified, possibly due to 
partial diffusion of urea in the hydrogel, releasing about 30% urea in 7 days and 45% in 14 days. In 
additional, no harmful toxicological effects have been observed and the blends promoted corn and 
onion growth. Based on the aforementioned results, the developed blends showed a great potential 
for the slow release of urea in water.
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Abstract - Present in the composition of a large portion of industrial effluents, copper is a heavy 
metal highly harmful to human health and the environment. Among the treatments applied in 
effluent recovery, the adsorption technique is superior due to its efficiency, simplicity and low cost. 
Chitosan hydrogels were prepared with mass ratios of carbon nanotubes at 0.1%, 0.2%, and 0.3%. 
The hydrogels were obtained in the form of spheres using the alkaline coagulation technique, and 
the adsorption capacity of the developed adsorbents was studied using a copper sulfate solution 
(0.07g/mL). The morphological characterization of the adsorbent was carried out by scanning 
electron microscopy, which confirmed the adequate morphological formation for adsorption. The 
adsorption capacity was studied based on the data obtained from UV-visible spectroscopy, which 
showed a copper ion loading of up to 15 mg/g for the hydrogels with higher carbon nanotube 
content. Langmuir and Freundlich adsorption isotherms were also applied. It was concluded that the 
Freundlich isotherm model fitted better to the kinetic data of the samples, indicating that the 
adsorption occurs in a monolayer on the heterogeneous surface of the samples. Based on the results 
obtained, it was concluded that the formulation of chitosan hydrogel with carbon nanotubes is a 
favorable option to be used as a copper ion adsorbent.
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To minimize the impact of non-biodegradable packaging, different materials and combinations of 
these have been studied for the development of biodegradable films. However, the barrier properties 
of these films are still unsatisfactory for their application as food packaging. Thus, this study aimed 
to evaluate the barrier properties of broken bean flour films added with cellulose acetate. Control 
bean flour films (F1) were obtained by the casting method, at a concentration of 5% (w/v) of red 
bean flour and 30% (w/w) of glycerol. To prepare the blend (F2), the same filmogenic solution as 
F1 was mixed with the cellulose acetate solution in a 90:10 ratio. The films were characterized 
according to their thickness, water vapor permeability (WVP) and solubility (S). Statistical analysis 
of the thickness data showed that there was no difference between samples F1 and F2. This was 
expected due to the patterning of solids in the filmogenic solution deposited on the plates. The 
analysis of the results for WVP showed that after the formation of the blend with cellulose acetate, 
the film property did not improve, since the results were statistically equal, being 21.636
g.mm/h.m².kPa (F1) and 20.778 g.mm/h.m².kPa (F2). The S results also showed no significant 
difference between the F1 and F2 samples (24.9% and 24.3%, respectively). The results found 
showed that the addition of 10% of the cellulose acetate solution (1%) did not promote the expected 
improvement in the properties of the films. This may have occurred due to the low concentration of 
acetate in the final composition of the film. In view of this, we can conclude that new tests with 
higher proportions of cellulose acetate in relation to the filmogenic bean flour solution should be 
carried out.
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The uncontrolled use of synthetic packaging has been associated with several environmental 
problems and has generated positive discussions about the use of environmentally friendly 
packaging. Natural polymers in packaging development are a promising alternative to solve the 
environmental problems associated with petroleum-based synthetic packaging. However, the 
physical properties of these packaging materials are unsatisfactory compared to currently 
commercialized packaging, limiting their application. This study aims to evaluate the effect of corn 
zein atomization on the physical properties of bean flour films. Bean flour films were produced by 
the casting technique at a concentration of 5% (w/v) flour and 30% glycerol (w/w). Subsequently, 
an ultrasonic atomization technique was used to deposit a 5% zein solution (ethanol - 80%) on the 
surface of the bean flour films. Then, films F1 (bean flour films) and F2 (bean flour films with zein) 
were characterized for thickness (mm), mechanical properties of the tensile strength (TS (MPa)) and 
elongation at break (E (%)), and water vapor permeability (WVP (g.mm/d.m².kPa)). The thickness 
of films F1 and F2 showed significant differences (p<0.05) and varied between 0.199 and 0.234 
mm, respectively. Similarly, significant differences (p<0.05) were observed between F1 and F2 for 
TS (MPa) and E (%). F2 had higher TS (7.9 MPa) and lower E (11.29%) compared to F1, which 
had TS (5.79 MPa) and lower E (23.58%). For WVP, film F2 exhibited better water barrier property 
(27.75 g.mm/d.m².kPa) compared to film F1 (21.27 g.mm/d.m².kPa). These results suggest that 
atomization of corn zein constitutes a promising alternative to improve the properties of 
biodegradable packaging produced from bean flour.
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Abstract The article highlights the use of calcium carbonate (CaCO3), commonly used as a filler to enhance 
some polymers application properties, particularly in the context of sustainable alternatives to fossil-based 
plastics, specifically for applications that claim to be more sustainable. The study compares the Okeanos BC09 
compound and polypropylene (PP) blends with 100wt% PP packaging for cosmetic packaging. Fourier Transform 
Infrared (FTIR) confirms CaCO3 absorption, while Differential Scanning Calorimetry (DSC) shows no thermal 
events for CaCO3, and Thermogravimetric Analysis (TGA) indicates delayed thermal degradation. Impressively, 
despite a 58% weight increase, the innovative BC09 compound packaging demonstrated a significant 20.5% 
reduction in carbon footprint, as measured by Life Cycle Assessment (LCA), without compromising 
processability and productivity. This indicates a promising avenue for environmentally friendlier packaging 
solutions.

Keywords: Calcium Carbonate, Sustainable Packaging, Cosmetics, Fossil-based Plastic Alternative, LCA.

Introduction
Emerging in the mid-19th century, the era of polymers took its first steps. This epoch has 
unfolded continuously, interconnected with advancements spanning myriad facets of human 
achievement. From the domains of automotive, electronics, and medicine to the pivotal realm 
of packaging, its impact remains profound [1]. Greenhouse gas emissions (GHG) from plastic's 
production and consumption are predicted to double by 2060 (3.8 Gigatonnes CO2 equivalent) 
from 2019 (1.6 Gigatonnes CO2 equivalent). This suggests a substantial growth in emissions 
if current trends continue [2]. Calcium carbonate (CaCO3), a renewable and abundant material 
found in sources like limestone, seafood residues, and eggshells, is commonly used to reinforce
mechanical properties of polymer matrices due to its cost-effectiveness and biocompatibility 
[3,4]. While most studies focus on using CaCO3 as reinforcement, Okeanos introduces a 
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unique concept, employing CaCO3 as the main element in a material inspired by eggshells, 
aimed at partially replace non-renewable plastic in packaging. This material, known as BC09, 
blends CaCO3 with polyolefin for cohesion. To create packaging, this blend is mixed with 
polyethylene (PE) or polypropylene (PP) resins, adaptable for processes like injection, 
extrusion, and blowing molding.  
This article compares cosmetic packaging made of a blend of CaCO3 and PP to 100wt% PP 
packaging, assessing processability, dimensional analysis, characterization, and LCA. The goal 
is to showcase that utilizing high CaCO3 percentages in packaging can offer an alternative to 
reduce the carbon footprint and lessening reliance on non-renewable resources. 
 
Experimental 
Materials and Methods  
The CaCO3 used in this research was BC09 compound obtained from Okeanos LLC, Brazil 
and the PP used was H301 obtained from Braskem, Brazil.  
  
Sample Preparation 
Samples were prepared using a Haitian SA160t injection molding machine. The sample was 
placed in the injector's feed zone without prior treatment. Various CaCO3 concentrations were 
tested to maximize incorporation. Refer to Table 1 for formulations used. 
 

 Table 1 Composition of formulations used in this study 

Sample 
BC09 concentration CaCO3 

expected 
concentration 

BCO9 
addition 

PP H301 
addition CaCO3 

HDPE + 
additives 

DS#1 - - - - 100wt% 

DS#2 70wt% 30wt% 10wt% 15wt% 85wt% 

DS#3 70wt% 30wt% 40wt% 57wt% 43wt% 

DS#4 70wt% 30wt% 51wt% 73wt% 27wt% 

 
Processability and Dimensional Analysis  
Table 2 shows the processing conditions used to produce the samples from BC09 compound 
and PP H301. Sample DS#1 is the standard. After the processing, analysis of process 
performance was conducted using 10 samples to assess measurements of weight, total height, 
and screw diameter, using a standard caliper Mitutoyo Like 1.  

Table 2 Injection molding machine parameters 

Parameter 
100% PP 

H301 
DS#1 

15% BC09 + 
85% PP H301 

DS#2 

57% BC09 + 
43% PP H301  

DS#3 

73% BC09 +  
27% PP H301  

DS#4 

Zone 1 (ºC) 230 175 175 175 
Zone 2 (ºC) 225 190 190 190 
Zone 3 (ºC) 220 190 190 190 
Zone 4 (ºC) 220 190 190 190 
Zone 5 (ºC) 210 190 190 190 

Cooling time (s) 9 12 12 12 
Holding time (s) 2.42 2.2 2.2 2.2 

Screw speed (mm/s) 50 45 45 45 
Cycle time (s) 22.24 22.97 22.9 22.92 
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Characterization techniques 
Structural changes were measured via Fourier Transform Infrared Spectroscopy (FTIR) using 
a Nicolet iS50 spectrometer in ATR mode (4000 to 650 cm 1, 32 scans, 4 cm 1 resolution). 
Dynamic thermal behavior was assessed via heat flow DSC on a TA Instruments Discovery 
DSC250 (10°C/min, 5.95 mg). Thermogravimetric analysis (TGA) was performed with a TGA 
Q500 instrument, heating the sample to 800°C (10 °C/min, 11.76 mg).  
 
LCA 
Conducted LCA using SimaPro 9.1.1 with Ecoinvent 3.4 database via 20-year GWP method 
(IPCC 2013). Assumed IMA-NA 20164 study for calcium carbonate as benchmark, factoring 
in Brazil's energy grid change. Limited by single cradle-to-gate analysis study for "Calcium 
Carbonate, ground, fine treated, 3 microns." Resin production data solely from Ecoinvent 
database. 
 
Results and Discussion 
Processability Analysis 
During processing, samples DS#2, DS#3 and DS#4 filled mold cavity easily. Additionally, 
during process in barrel there was a 31% temperature reduction in samples DS#2, DS#3, and 
DS#4 compared to sample DS#1, leading to decreased energy consumption. Despite a 25% 
increase in cooling time, the overall injection cycle remained unchanged, preserving mold 
productivity. Additionally, it is believed that the cooling time could even be reduced in long 
term studies. Graphs 1, 2 and 3 illustrate 3 important measurements: weight, internal height, 
and screw diameter, respectively. Sample DS#1, comprising the standard packaging made 
entirely of 100% PP H301, had established LSL (Lower Specification Limit), target, and USL 
(Upper Specification Limit) values. 
 
Graph 1  Graph 2  Graph 3 

Weight  
 

Internal Height  Screw Diameter  

The weight increases in graph 1 shows proportionality to the rise in BC09 concentration, due 
to the high density of CaCO3 when compared to PP. In Graph 2, it is evident that the internal 
height of DS#1 yielded results below LSL. However, as the concentration of BC09 increased, 
the results fell within the target. This outcome can be attributed to the BC09 shrinkage rate 
being reduced compared to PP, thereby mitigating the deviation. The screw diameter depicted 
in graph 3 also falls outside the LSL, due to shrinkage rate, when measured in samples DS#2, 
DS#3 and DS#4. However, there appears to be no correlation between this deviation and the 
increase in concentration. Given that there was no impact on functionality, all concentrations 
received approval from usability perspective. With the aim of enabling packaging with the 
greatest reduction in fossil-based plastic, characterization and LCA analysis continued with the 
highest expected concentration of 51% CaCO3 in the final package, identified as sample DS#4, 
compared to DS#1. 
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Characterization techniques 
The qualitative FTIR analysis in the mid-infrared spectrum is depicted in Figure 1, highlighting 
the absorption traits of PP H301. Figure 2 illustrates the interaction between polyolefin and 
CaCO3. 
 
Figure 1 Figure 2 

  
FTIR the mid-infrared spectrum sample DS#1 FTIR the mid-infrared spectrum sample DS#4 

 
Fig 3 illustrates that the crystalline melting temperature reported in DSC aligns with the 
findings from studies conducted on PP H301 [5]. Fig 4 shows that two thermal events were 
observed when the sample DS#4 was heated, at 128°C and 162°C (T ), indicating melting 
characteristics. During sample cooling, two thermal events were observed at 116°C and 119°C 
(Tpc), indicating crystallization characteristics. The melting temperatures at 128°C and 162°C 
indicate the presence of linear low-density polyethylene (LLDPE) and PP, respectively. No 
thermal events occur for CaCO3 in the conditions and measured range used.  
 
Figure 3 Figure 4 

DSC curves sample DS#1 DSC curves sample DS#4 
 
Thermogravimetric (TG) and Derivative thermogravimetry (DTG) of sample DS#1 illustrates 
in Fig 5 the beginning of thermal degradation occurred at 430ºC with maximum degradation 
around 460ºC.  Fig 6 shows 3 thermal degradation events, illustrated: 
(1) Mass reduced by 48.0% from 33°C to 550°C, mainly polymer loss. 
(2) Mass decreased by 22.2% from 550°C to 800°C, due to carbonate decomposition. The 
presence of carbonate leads to a delay in thermal degradation, which means a stabilization 
effect. 
(3) 29.8% mass as inorganic waste at 800°C, due to metallic oxides, fillers, calcium. 
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Figure 5 Figure 6 

TGA analysis sample DS#1 TGA analysis sample DS#4 
 
LCA 
When comparing samples DS#1 and DS#4 using the Life Cycle Assessment tool, the results 
indicate that by replacing packaging DS#1 with packaging DS#4, there is a projected carbon 
emission reduction of 20.5%, despite a weight increase of about 58%. This translates to a 
decrease in CO2 equivalent emissions. 
 
Conclusions 
This study successfully demonstrates the feasibility of decreasing the fossil-based 
polypropylene concentration in cosmetic packaging produced through injection molding. This 
reduction of 20.5% in CO2 equivalent emissions, compared to packaging using 100wt% fossil-
based polypropylene, is achieved without compromising processability and productivity. There 
are two potential pathways for future studies: one involves designing a new injection mold that 
maintains structural integrity and visual impact, featuring thinner walls, possible due to lower 
shrinkage rate of CaCO3 that avoid warping, leading to a reduction in packaging mass and, 
consequently, greater sustainability benefits. The second pathway involves substituting fossil-
derived polypropylene with bio-based polyolefins, aligning with environmentally friendly 
practices.  
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Abstract - The use of oil derived polymers is widespread in modern society due to the current high 
availability and low cost of both the source material and final product. However, these materials are 
characteristically non-renewable resources and the resulting polymers are very rarely degradable
and often not recyclable. Vegetable oils are employed in monomer synthesis and polymerization to 
create renewable materials, and the esterification of these oils can be a straightforward path to
improve degradability. The green trend can be furthered by monomer synthesis and polymerization 
being carried out through green pathways, using enzymes as a catalyst for esterification and later 
polymer degradation, and photoinitiated thiol-ene addition as the polymerization mechanism. This 
study uses enzymatic esterification of undec-10-enoic acid, derived from castor oil, with both        
2-hydroxyethyl acrylate and 2-hydroxyethyl methacrylate1 to produce two asymmetric diene 
monomers in a solvent-free system at 50 ºC. Bulk thiol-ene photopolymerization of both monomers 
with a dithiol or a tetrathiol, as well as free radical homopolymerization, yielded solid cross-linked 
polymers, ranging between 12% and 92% gel content. FTIR analysis showed leftover thiol groups 
in methacrylate samples that had 1:1 stoichiometric proportion of thiol to double bond functional 
groups, indicating the prevalence of propagation in such systems. As such, polymerization of thiol-
ene-methacrylate systems does seem to occur in two stages2, and thiol addition is likely selective 
towards the allylic double bond, while acrylate systems show concurrent process and lower
selectivity3. Presence of ester groups in the polymer backbone enables its biodegradation, which 
was verified in an enzymatic medium (Candida antartica lipase B) by measuring mass loss over 28 
days, reaching losses between 10 and 70%, with the semicrystalline structure and highly cross-
linked matrix slowing down degradation4.
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Abstract - The increasing interest in sustainable development has led to a growing focus on 
biodegradable polymers, with chitosan being a prominent candidate due to its derivation from 
chitin, the second most abundant biopolymer in nature. Chitosan offers high biocompatibility and 
versatility, enabling its application in diverse fields such as biomedicine, packaging, cosmetics, 
agriculture, water treatment, and electronics. This study investigates the production of chitosan 
from crustacean shell waste by utilizing the residual exoskeletons of shrimp (Farfantepenaeus 
brasiliensis). The chitosan production process involves demineralization, deproteinization, 
depigmentation, and deacetylation of chitin. However, producing chitosan from shrimp waste can 
potentially generate environmental impacts. This study compares different deacetylation methods: 
conventional heating (D-H) and microwave radiation with different power levels (D-M1, D-M2, 
and D-M3). The energy consumption per gram of chitosan produced is assessed for each 
deacetylation method, revealing values of 382.1 KJ/g, 14.3 KJ/g, 8.7 KJ/g, and 8.9 KJ/g for D-H, 
D-M1, D-M2, and D-M3, respectively. The deacetylation degree was 76%, 85%, 55%, and 88% for 
the D-H, D-M1, D-M2, and D-M3 samples, respectively. The results demonstrate that the 
application of microwave energy shows greater efficiency, reducing energy consumption and 
processing time compared to conventional heating methods. Environmental impact assessment 
using the ReCiPe Midpoint H method reveals that potential terrestrial ecotoxicity, global warming, 
non-carcinogenic human toxicity, and land use are the identified categories with the greatest relative 
environmental impact. The deacetylation method D-M3, utilizing microwave radiation at a power of 
500 W, exhibits the lowest potential for environmental impact due to its higher efficiency. The 
application of microwave energy for deacetylation demonstrates improved efficiency and reduced 
environmental impact compared to conventional heating methods. The findings provide valuable 
insights for optimizing chitosan production processes, enhancing sustainability in waste 
valorization, and directing future research toward developing greener technologies in biopolymer 
production.
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Polymeric materials are obtained from non-renewable petroleum sources, therefore, these sources are 
subject to future scarcity, considering that the current consumption is more intense than their 
obtaining cycle. However, these polymerized materials present themselves as a major environmental 
problem, especially PET (polyethylene terephthalate), a highly resistant, durable, and versatile plastic 
that is widely used in packaging for beverages, food, and other products. However, it is extremely 
slow to decompose, leading to significant environmental problems. Millions of tons of PET are 
discarded annually, contributing to ocean pollution, ecosystem degradation, and the release of 
greenhouse gases during its production and disposal1,2. Based on these facts, the objective of this 
paper is to address the chemical recycling of PET using the hydrolysis method. Initially, hydrolysis 
was performed on plastics of different colors (transparent and green) to compare their yields and 
analyze about the interference of additives to the process. The hydrolysis was conducted in an alkaline 
solution using a solution of Sodium Hydroxide (NaOH) with a concentration of 10 mol/L. The 
synthesis was carried out in a double reaction flask by adding the NaOH solution to the PET waste, 
with a particle size of less than 1 cm². Then the system was heated to 118 ± 5 °C for 2 hours, and 
50% v/v sulfuric acid was added until the pH reached 1. After cooling, the product was filtered1. The 
result of this study will be evaluated by means of Fourier transform infrared spectroscopy (FTIR), 
thermogravimetry (TGA) and the mass obtained from its precursors terephthalic acid (PTA) and 
ethylene glycol (EG).
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Abstract - Waste management in an environmentally sustainable way is a difficult goal to achieve, 
especially considering the volume of waste produced each year, many of which are disposed of 
irregularly1. Recycling is a more appropriate form of disposal, using waste to produce new materials 
with potential for use and trade. Two materials that are commercially produced on a large scale and 
were recycled in this study were expanded polystyrene (EPS) and waste tire rubber (WTR). EPS is 
mainly used in protective packaging for electronic products and is difficult to reuse due to its low 
density2. Tires also have high consumption, with 1.5 billion tires discarded per year, which may 
increase with vehicle demand and could reach 5 billion by 20303. The study produced blends of 
recycled polystyrene (PS) with WTR with the presence and absence of the compatibilizing agent 
styrene-butadiene-styrene (SBS) to promote the reuse of waste and transforming it into a new 
material to be evaluated. The thermal properties of the materials were evaluated from two analyses, 
the thermogravimetric analysis (TGA) and the dynamic mechanical analysis (DMA). It was 
observed that both the PS/WTR and PS/SBS/WTR samples showed an increase in thermal stability 
in presence of WTR content, indicated by the increase at the onset of decomposition and the  
maximum rate of thermal decomposition temperature, the result was more effective in the 
compatibilized samples4,5. The presence of rubber and compatibilizer resulted in increased thermal 
stability, reduction in the glass transition (Tg) and increased elastic energy storage of the blend.
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Abstract - The processing of tamarind pulp (Tamarindus indica L.) produces residues such as 
seeds, bark and fibers, which remain underused. Therefore, taking advantage of fruit residues 
in the development of new products is a technological alternative that can bring economic 
benefits to producers and positively impact the environment, leading to more diversified 
products. A byproduct that is less known and explored is the tamarind gum, a neutral 
polysaccharide biopolymer derived from the endosperm of tamarind seeds, in which it has 
functions of stabilization, emulsification, thickening, coagulation, water retention and film 
formation. For gum extraction, different temperatures (50, 60 and 70 ºC), pH (4, 7 and 10) and 
mass ratio (0.015; 0.020 and 0.025) were used for a 23 full factorial design. The resulting gum 
was dried in a circulation at 50 °C for 24 h, obtaining an average yield of 0.019 g gum/g seed. 
The processing is strongly dependent on the pH extraction media.
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Abstract 
The world's dependence on fuels to maintain social and economic development motivates a 
significant increase in demand from the energy sector. As a sustainable alternative to vehicular 
diesel, we can mention biodiesel. Biodiesel can be obtained through the transesterification reaction 
where the transformation of fatty acids occurs, which react with alcohols with the aid of a catalyst, 
resulting in esters. The objective of this work is to evaluate the main parameters that directly 
influence the production of biodiesel in a process with continuous flow, using macauba oil and 
methanol as reagents and calcium oxide from the calcination of chicken eggshell as a heterogeneous 
catalyst. For the production of the catalyst, chicken eggshells were washed, dried, crushed and then 
placed in a muffle furnace at 1000°C for 5 hours for calcination. The catalyst produced was 
analyzed by Scanning Electron Microscopy (SEM) to characterize the catalyst surface (Fig 1). The 
transesterification reactions followed a 24-1 fractional factorial design with four variables: 
temperature (50 to 60°C), flow rate (0.8 to 1.6 ml/min), catalyst concentration (2 to 10%) and molar 
ratio (1:6 to 1:12.) with triplicate in the central point. From the effect of each of the variables, it can 
be concluded that the transesterification yield is maximized in the following condition: temperature 
of 60°C, oil:methanol molar ratio of 1:12, catalyst concentration of 2% and flow rate of 0.8 ml/min. 
Under these conditions, the yield obtained was 97.78% in esters.

Figure 1 Scanning Electron Microscopy of calcined eggshell.
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Enzymes contribute to the biodegradation process of plastic polymers, so investigating enzyme-
substrate interactions helps understand the molecular mechanisms of the biodegradation process. 
This work aimed to build nine monomers and nine tetramers of polyurethane (PU) and perform 
molecular docking with the modeled and validated structure of the polyurethanase from Serratia 
liquefaciens L135. The three-dimensional structures of PU monomers and tetramers were built and 
optimized by Spartan'14 version 1.1.8. Molecular docking was performed using the Molegro Virtual 
Docker® software, and the catalytic site was restricted to a sphere with a radius of 30 Å. The in
silico approach, using molecular docking, allowed selection of the best substrate conformation for 
the enzyme activity according to the energy values. The more negative the binding energy and 
hydrogen bond values, the stronger the enzyme-substrate interactions. The in silico results showed 
that the nine monomers showed favorable interactions with the polyurethanase with binding energy 
values ranging from -84.75 to -121.71 kcal mol-1. Tetramers showed less favorable interactions due 
to repulsive steric interactions attributed to their long chains, with binding energy values ranging 
from 24.26 to -45.50 kcal mol-1. The higher binding energies of these PU monomers and tetramers 
may be due to higher hydrogen bonding interactions with polyurethanase ranging from -9.03 to -
3.26 kcal mol-1. Furthermore, the distance amino acid residue S207, part of the polyurethanase 
catalytic triad, ranged from 2.0 to 16.2 Å from the carbamate and ester groups of all PUs. The
proximity is essential, as this amino acid residue is responsible for the hydrolytic action of 
polyurethanase. Therefore, polyurethanase from S.liquefaciens is a good candidate for in 
vitro investigation to mitigate environmental pollution by PUs. 
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Abstract The separation of polymers is a fundament step during mechanical recycling of 
thermoplastic since the mixture of different polymers lead to the formation of immiscible polymer 
blends with depreciated mechanical properties. However, the separation of polymers is often 
unviable due to the combination of different polymers in the same products such as multilayer 
films. Low-density polyethylene (LDPE) and polypropylene (PP) are the main polymers, 
considering the global consume of the thermoplastics. Thus, in present study the aim was to 
evaluate the changes in mechanical properties of LDPE and LDPE/PP blends due to the probable 
structural change and molecular combination caused by mechanical processing under high shear 
rate, which can be a way to the compatibilization of complex mixtures of polymer waste during 
mechanical recycling. Virgin LDPE and LDPE/PP blend containing PP at 30 wt% (LDPE/PP30)
were thermomechanically processed in an internal mixer MH-600 under atmosphere of nitrogen, 
maintaining a rotation at 4500 rpm by 30, 60 and 90s after polymer melting. Afterward, the 
materials were processed by injection molding for preparation of tensile specimens and analyzed in 
equipment EMIC DL2000, according to the standard practice ASTM D6381. It was verified
significant changes in Young modulus, tensile strength and elongation at break of LDPE and 
PEBD/PP30 blend as a function of the processing time, which there is an increase in values of these 
properties in PEBD/PP30 blend when compared to the LDPE. Thus, the mechanical processing 
under high shear rate can be used to compatibilization of complex polymer mixture in mechanical 
recycling2. 
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Abstract - Among the different environmental decontamination processes under development, the 
use of natural polymers for the production of new materials has proven to be efficient for effluent 
treatment proposals. In this study, the natural polymer chitosan (QTS) was obtained from shrimp 
residues from fishing industries in the State of Rio Grande do Norte, aiming at a better use of this 
raw material that is discarded in nature, as well as the minimization of solid waste. Microspheres 
were produced from chitosan, with adsorptive properties for use in the treatment of effluents from 
textile industries, with  minimization of environmental contaminants, through monitoring of 
environmental parameters of UV-Vis color, turbidity, pH, temperature and conductivity electrical, 
also having potential use in the removal of metallic cations from these effluents. All samples 
showed removal efficiency greater than 82%, regardless of the concentrations of the reagents used 
in the formation of the microspheres. High efficiency, above 91%, in removing color using 0.40% 
(w/v) of microspheres was observed in one of the samples after 48 hours of treatment. At times 
greater than 48 hours of treatment, a decrease in efficiency values was observed, due to the 
desorption of the dye with the microspheres.  The use of natural polymers in the formulations 
studied brings an important advantage: they can be degraded by microorganisms present in the 
aquatic environment, resulting in environmentally less toxic products compared to those of 
synthetic origin. Therefore, polymeric microspheres act to reduce the toxic effects caused by heavy 
metals and dyes, promoting the renewal and preservation of the ecosystem.
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Abstract - This work describes the modification process of whey protein isolate (WPI) with the 
surfactant cetylpyridinium chloride (CPC) as well as its combination with the plasticizer 
polyethylene glycol (PEG). The samples were named considering the composition (parts of PEG 
and/or CPC per 100 parts of WPI (phr)) and were prepared by dilution in deionized water and then 
subjected to thermal treatment, drying, lyophilization and milling. The rheological properties of the 
samples were studied by rheometry of parallel plates (deformation amplitude of 1.0%., distance 
between the plates of 1 mm, and angular frequency range of linear viscoelasticity from 0.01 to 500 
rad/s at 160 ºC). As example of the results, the behavior for the sample 100PEG/75CPC and the 
complex viscosity for some samples are presented in Fig 1. The rheological behavior showed the 
predominance of th . The 
formulations 0PEG/100CPC and 100PEG/75CPC presented lower values of complex viscosity at 
low shear rate. This behavior indicates that the original intramolecular interactions of the protein
remained present or even that new interactions between the components were formed in such a way 
that the elastic behavior was predominant in the material.

  Figure 1- (a) Rheological behavior for 100PEG/75CPC sample; (b) Complex viscosity for some samples.
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Abstract - The problem of inadequate disposal of post-consumer materials has been a topic of 
discussion for some time. In this regard, this study proposes alternatives to minimize environmental 
impacts from two different ways. The first one relates to conventional plastics, which have a 
lifespan incompatible with their degradation time. The second one concerns agro-industrial 
residues, also known as Food-Loss Waste, which has energy potential in its biomass. Through a 
biorefinery process, these residues are reintroduced into the circular economy and transformed into 
materials, thereby increasing their lifespan [1]. This work produces plasticized citrus pulp from 
orange residues obtained from juice-producing companies [2]. Additionally, two different washing 
methods are tested to extract sugar and other components of these residues. Washing method A 
involves using 99% ethyl alcohol in two long immersion cycles, while method B employs a freeze-
dryer to remove water from the frozen waste. Furthermore, glycerol is incorporated as a plasticizing 
agent to improve the processability of the residue in tree different concentrations [3]. Next, each of 
these waste materials is fed into a co-rotating twin-screw extruder, maintaining the parameters for 
both washings and three different concentrations of glycerol, resulting in six different filaments of 
renewable origin. Finally, to evaluate the properties obtained in each of the biodegradable filaments, 
mechanical tensile strength tests and chromatographic chemical tests are conducted to analyze the 
components extracted from the residue and present in the washing alcohol. Through these tests, 
better mechanical properties were observed for the materials subjected to washing method A, and 
the presence of some components such as sugars and oils in the washing water justified this 
behavior.
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Abstract - Chemical recycling of plastics is currently being pursued as one of the most promising 
technologies to reduce post-consumer plastic's ecological and social impact. The technology can 
simultaneously process different post-consumer plastic types in an inert atmosphere, resulting in a 
liquid stream rich in hydrocarbons, low molecular weight gases, and a smaller char fraction. This is 
frequently simulated using lump approaches. However, even the works using more complex 
reaction networks do not consider a thermodynamic equilibrium between the liquid phase, 
containing lower molecular weight products, and the gas phase. In this work, we simulate the vapor-
liquid equilibria (VLE) based on the ideal gases, the Peng-Robinson (PR) equation of state (EOS), 
and the Perturbed Chain Statistical Associating Fluid Theory (PC-SAFT) EOS. The kinetic 
reactions are simulated using a kinetic Monte Carlo (kMC) method similar to a previous
methodology employed by our group. We show that, for polyolefins, the VLE is essential to obtain 
the diesel-, naphtha-, and wax-fractions obtained in the literature; and that different methodologies 
do not only lead to different simulation times but also the advantages and disadvantages of each.
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Abstract There is a possibility that synthetic organic polymers might be preserved in the 
geological record when plastic is combined with denser material, such as rocks, pebbles, and sand.
In this sense, novel plastic debris with a rock-like appearance has been reported worldwide in the 
marine environment. We reported the first plastic rock occurrences in Brazil in a remote site 
(Trindade Island, SE Atlantic Ocean). In addition to a geological approach, 16 samples were 
selected for chemical analyses through Fourier Transform Infrared Spectroscopy (FTIR) and
Thermogravimetric Analysis (TGA) to identify the type of insoluble plastic resin present. 
Considering the visual isotropic resemblance of plastic in the deposits and its physical aspects, the
selected samples were separated into two sets according to colors identified in melted occurrences. 
The profile of the spectra was compatible with that of pure polyethylene (PE) and polypropylene 
(PP) samples. The FTIR spectra presented some characteristic signals of high-density polyethylene
(HDPE), low-density polyethylene (LDPE), and linear low-density polyethylene (LLDPE) spectra, 
such as the relatively intense bands at 717 and 730 cm-1 and in the region of 1464 and 1471 cm-1.
However, it is also possible to observe low-intensity signals in the 800 to 1200 cm-1 range, which is 
the fingerprint of the PP spectra, as well as the band at 1377 cm-1 which for PP is more intense than 
that in 1455 cm-1. The most relevant information obtained through the TGA, conducted in an 
oxidizing atmosphere (synthetic air), referred to the low levels of inorganic substances found in 
both samples, which showed almost complete thermal degradation at 1000 ºC. The identification 
and analysis of plastic rocks in marine environments, such as these occurrences, indicate the 
potential preservation of synthetic organic polymers in sedimentary columns when combined with 
lithic materials. These findings contribute to our understanding of plastic pollution and its impact on 
geological systems. Thus, it is crucial to investigate the chemical composition of plastic debris, the 
main sources and alternatives to mitigate this type of pollution.
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Polyurethanes (PUs) are plastic polymers found in many everyday products, occupying a sixth place 
among the most used plastics in the world. With high production and use, much PU waste 
accumulates as a pollutant in all ecosystems. Microorganisms have become a promising alternative 
to mitigate this environmental challenge. The searching for microorganisms of the gut microbiota of 
larvae for plastic degradation seems to be an attractive strategy. Therefore, this work aimed to 
isolate bacteria from the gut of the Galleria mellonella larvae with the potential to biodegrade PUs. 
A Gram-positive bacterium with the biodegradation potential of Impranil® PU was isolated. The 
DNA of this bacterium was extracted, sequenced, assembled, and annotated. The bacterium was 
identified as Staphylococcus warneri and was named strain UFV_01.21. S. warneri could use 
Impranil® as the only carbon source, in addition to biodegrading 58% and 96% of Impranil® in 
minimal medium and Luria Bertani broth, respectively, after six days of incubation, at 30 ºC. 
Impranil® and poly[4,4'-methylenebis(phenyl isocyanate)-alt-1,4-butanediol/di(propylene 
glycol)/polycaprolactone] (PCLMDI) films were used for biodegradation tests by S. warneri. It was 
verified that this isolate could form biofilms on the surface of these PUs, reaching 108

CFU/Impranil disk and 106 CFU/cm2 of PCLMDI. In addition, by scanning electron microscopy, it 
was possible to observe cracks, pores, and roughness on the surface of these polymers, 
characterizing the biodegradation process. This is the first work that reports the potential of S. 
warneri to biodegrade PUs and confirms that the gut of larvae is a promising source of isolation of 
microorganisms capable of biodegrading plastic polymers.
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Abstract - Nowadays single use plastics have become a problem to society and alternatives for the 
use of these materials are emerging [1]. This work aims to recycle post-consume poly(ethylene 
terephthalate) (wPET) through glycerolysis reaction with 1:6.25 (wPET:glycerol) molar ratio under 
zinc acetate catalysis in microwave at 250 °C and different reaction times (5, 15 and 30 min). 
Afterwards, the recycled products (dPET) were transformed into hydrogels through reaction with 
citric acid and the materials were evaluated in relation to retain the crystal violet (VC) dye, aiming 
an application on wastewater treatment. The synthesis of hydrogels was performed using 10 and 20 
mmol of citric acid/g of dPET under tin (II) chloride catalysis in an oil bath at 150 °C for 3 h 
followed by a step of vacuum until the hydrogel became rigid. The hydrogels were characterized by 
Fourier-transform infrared (FTIR) and hydrogen nuclear magnetic resonance (1H NMR) 
spectroscopies and in relation to its capacity to absorb water and adsorb VC [2]. The results 
indicated that the dPET was successful obtained and the hydrogels were efficiently formed. For 1H
NMR, signs related to both aromatic portion derived from PET and alkyl portion derived from 
glycerol are observed, and in the FTIR, a large band at 3300 cm-1 related to O-H bond was observed 
[3]. When hydrogels were formed, the intensity of this band was decreased, indicating the cross-
linking between the acidic portion of citric acid and the hydroxyls of dPET. In relation to the water 
absorption capacity, a range of 310-1442% was observed, where the highest values were obtained 
from samples with more content of citric acid. Regarding the VC adsorption, removals between 57-
90% were obtained, where the best performances being observed for samples with longer reaction 
time in the depolymerization, indicating the hydrogels utility on wastewater treatment [3].
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Abstract - Removal of heavy metals such as copper from industrial wastewater is a very important
task due to the negative effects on human health and living organisms in the environment. For that 
purpose, hydrogels were prepared from sodium alginate reticulated with Ca+2 and Mg+2 ions and
carbon nanotubes were added to act as adsorbent agent. Sodium alginate was dissolved (5% w/v) in 
water (pH 7) for 6 hours on magnetic stirring and samples contend 0, 0,01, 0,02 and 0,03 % wt. of 
carbon nanotubes was prepared. Sodium alginate spheres with carbon nanotubes were obtained by 
dripping the dissolved solution using a peristaltic pump. Reticulation was performed in solution 
containing CaCl2 (5% w/v) and MgCl2 (5% w/v), this reaction took the period of 1 hour under 
magnetic stirring to be completed. Hydrogels obtained were lyophilized for 24 hours. Scanning 
electron microscopy analysis showed that there is adhesion between the carbon nanotubes and the 
sodium alginate matrix and the existence of a rough surface with cavities, which contributed to the 
adsorption process. In terms of swelling degree, it was observed that the addition of nanotubes 
contributed to an increase in the adsorption capacity of the hydrogel, resulting in a swelling of 
around 600% within 40 minutes for the sample containing 0.03% carbon nanotubes. It was observed 
that the addition of carbon nanotubes contributed to improvement of the adsorption of copper ions. 
The hydrogel containing 0.03% wt. carbon nanotubes achieved a maximum adsorption capacity of 
3.25 mg of copper ions per gram of adsorbent. The results showed that sodium alginate hydrogel 
containing carbon nanotubes can be applied efficiently in the removal of copper ions from 
contaminated industrial wastewater.
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Abstract The reuse of industrial wastes is an alternative for sustainability. Brewers
(BSG) is a by-product rich in phenolic compounds with antioxidant action, and its use in cosmetic 
products to maintain skin health is interesting [1 3]. This work aimed to develop biodegradable 
films based on cassava starch and poly (vinyl alcohol), added of BSG extract. The total content of 
phenolic compounds and antioxidant activity (ABTS and DPPH ) were performed in the BSG
extract, and the mechanical, structural and barrier properties, as well as the release kinetics of total 
phenolic compounds from the biodegradable films was evaluated. The antioxidant activity of BSG

of 2.0 ± 0.6, meanwhile the antioxidant 
od showed the result of 196.0 ± 18.6. The total phenolic content for the 

extract was 310.1 ± 62.6 mg GAE/g. Higher proportions of BSG extracts resulted in denser films, 
with more heterogeneous and rougher surface, suggesting that higher concentrations of extract 
interfered in the regularity and homogeneity of the polymeric matrix. The mechanical performance 
and water vapor permeability of the biodegradable films was not significantly influenced by the
inclusion of the BSG extract. An increase in the content of phenolic compounds released by the 
films was observed over time, reaching values of 163.3 ± 20.9 mg GAE/mL for films with 3 % 
(w/w) of BSG extract and 165.7 ± 23.6 GAE/mL for the films with 5% (w/w) of BSG extract, at the 
end of 4 hours, in aqueous media. BSG extract resulted in biodegradable films with promising 
physicochemical properties and antioxidant potential, which can represent an alternative to be 
applied as antiaging skin masks. 
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Abstract - Wood is a product present in almost all stages of civil construction buildings such as 
coating. The major preoccupation occurs when we must reconcile the use of wood with its 
sustainability. Residue from domestic packaging of Polyethylene Terephthalate - PET and High-
Density Polyethylene - HDPE have become a worldwide concern and any alternative to minimize 
this impact contributes to the improvement of the environment. Thus, composites were produced 
with powder of the sawing from five wood species used in the metropolitan region of Belém city, 
PET powder, and HDPE powder (wood/PET and wood/HDPE) in polyester resin matrix in the 
proportions of 10% and 15% of each filler in relation to the volume of resin for analysis of physical-
chemical properties, Fig 1. The composites were obtained through a handmade process, with 
lamination hand layup at room temperature, 25°C. The results showed better mechanical 
performance in the flexural of both composites in relation to the polyester resin matrix, however, 
there was a reduction in density and hardness values that may be related to poor interaction between 
matrix and reinforcement.

Figure 1 Composites: a) Resin/Piptadenia Moniliformes (timborana)/PET and b) Resin/Piptadenia 
Moniliformes (timborana)/ HDPE.
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Abstract - MDF, a raw material widely used in industries and construction, is a material 
internationally known as ecologically correct, since for its manufacture it is not used native trees, but 
reforested woods, such as pine and eucalyptus. However, even with this approach, its incorrect 
disposal becomes harmful to the environment, due to the resins used in the manufacturing process of 
the material. A material seen as class I by NBR 10.004/2004, this is a product with several problems 
when recycling is taken into account; it cannot be used as fuel under burning conditions, and the 
correct disposal of the residues of this material becomes a problem for companies. Taking into 
account this difficulty of disposal, a study of recycling of the material was necessary, with the focus 
to return this waste back to the industry as a new material, which could become a product with higher 
added value, with different characteristics of the original material, but with a recycling cycle in which 
the waste itself can return to the same line of recycling. Furthermore, this study presents promising 
results when empirically compared to the original material. In the initial tests, for proof of concept, 
the material showed higher resistance to damping when compared to traditional MDF, besides 
allowing the use of finishing techniques such as sanding. These characteristics were achieved from 
the insertion of certain proportions of polymers in the material, which were previously studied and 
evaluated. And the results led to the formation of a composite material with great potential to be 
explored.
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Abstract - The exponential increase in population and rapid development of various industries have 
increased water consumption in the last five decades [1], and it is predicted that by 2025, half of the 
world's population will live in water-scarce areas [2]. Mining dam failures in Brumadinho and 
Mariana in Brazil have caused water contamination in Paraopeba and Doce rivers with heavy 
metals[3 6], worsening the regional scenario. To mitigate this contamination, eco-friendly bio-based 
castor oil polyurethane foams (PUF), containing a cellulose-halloysite green nanocomposite were 
prepared[7]. These new adsorbents, with 0% weight of nanocomposite (PUF-0), 5% weight of 
nanocomposite (PUF-5), and 10% weight of nanocomposite (PUF-10) were produced. Sequentially 
they were morphologically analyzed, through scanning electron microscopy and X-ray tomography,
and the adsorption capacity of the foams in pH=2 and pH=6.5 for manganese, nickel, and cobalt ions
was investigated by using Ultraviolet-Visible spectroscopy [8]. An increase of 5.47 times in 
manganese adsorption capacity was found after only 30min in contact with a solution having this ion 
at pH=6.5 for PUF-5 and 11.38 times for PUF-10 when both were compared with PUF-0. Mn 
adsorption efficiency was 68.17% at pH=2 for PUF-5 and 100% for PUF-10 at pH=2 after 120h, 
while for the control foam, PUF-0, the adsorption efficiency was only 6.90%. The adsorption of cobalt 
and nickel was also evaluated and enhanced for foams that contained the nanocomposite. Thus, these 
results project a vast horizon for tailoring and improving the adsorption of toxic ions in bio-based 
polyurethane foams that extend the use of polyurethane foams beyond the well-documented 
application of this type of foam in collecting non-polar hazardous substances.
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Abstract
Contamination of soils and groundwater by petroderivatives has caused growing concern, due to its 
improper disposal, leading to serious environmental impacts [1, 2]. The present study aims to evaluate 
the efficacy of the superabsorbent polymer Sodium Polyacrylate (PAS), extracted from disposable 
diapers, as an alternative for the remediation of contaminants from lubricating oil in soil. Studies have 
been emphasizing the application of superabsorbent polymers, such as PAS, in soil remediation, due 
to its great absorption power of aqueous solutions, which can also be considered as an alternative for 
remediation of soils contaminated by mining activities [3-6]. Lubricating oils are often used in large 
machines, whose activity in the mining environment is extremely frequent. Thus, when dumped in 
soil, contamination by potentially toxic metals occurs, which can reach and pollute groundwaters [2]. 
In this work, contamination of soil by lubricating oil in systems were simulated, containing alternating 
layers of sand, soil and polymer, in order to evaluate how these soils can be affected by the oil runoff. 
All extracts were submitted to organic matter, pH, moisture, swelling capacity and Fourier Transform 
Infrared Spectroscopy (FTIR) analyses. FTIR results showed that the superabsorbent polymer is 
effective in the remediation of lubricating oil up to certain concentrations.
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Abstract - Environmental problems related to waste accumulation have encouraged recycling, 
especially of polymeric materials, such as multilayer packaging, which is hardly recycled because 
of consisting of distinct materials in each layer1-3. Furthermore, knowing the polymers that compose 
the films is essential to make their recycling feasible4. The purpose of this work was to identify the 
polymers that compose three different postconsumer multilayer packaging by the techniques of 
selective dissolution and precipitation, optical microscopy (OP) and Fourier transformed infrared 
spectroscopy (FTIR). The packages were sanitized with neutral soap and water and cut into 1 cm2

pieces. The samples were stirred in a solvent system of toluene at 110 °C for 4 h with a polymer-to-
solvent mass ratio of 1:30. After heated filtration, the system was allowed to cool to room 
temperature, and then acetone was combined with the filtered solution with a solvent-to-antisolvent 
ratio of 1:4 by mass. Following stirring for 15 min, the precipitated solids were filtered out. The two 
solid fractions for each packaging were washed with water, dried in an oven overnight at 70 °C, and 
analyzed by OP and FTIR. Images showed that the first solid fractions (FSF) were composed of 
films which were not dissolved by toluene, whereas the second solid fractions (SSF) consisted of 
irregular forms in the majority, resulted from the precipitation process. FTIR spectra of FSF showed 
characteristic bands of ethylene vinyl alcohol copolymer and poly(ethylene terephthalate) for two 
packages, and ethylene vinyl alcohol copolymer and polyamide for the third one. As for SSF, the 
presence of polyethylene and ethylene vinyl acetate copolymer was indicated in all three packages.
Therefore, selective dissolution and precipitation technique was crucial to separate some layers of 
the packages based on solubility. Polymers identification will be further explored by differential 
scanning calorimetry in order to confirm FTIR analysis.
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Abstract The use of waste in the synthesis of materials is important to avoid the use of virgin raw 
materials and environmental degradation. In this work, in addition to the use of residual frying oil, 
pyrolysis charcoal obtained from materials from an association of recyclable waste pickers [1] was 
used. Polyurethane foams based on waste cooking oil were synthesized modifying the residual oil 
by epoxidation and ring opening, obtaining a polyol. The PU foams were synthesized using 0, 1, 2 e 
4% of carbon from two sources: pyrolysis product and commercial activated carbon. The main
objective was the use these materials as adsorbents, comparing just the foam and the set foams and 
carbon [2]. The foams obtained was homogeneous presenting as rigid materials, as showed in Fig.
1. The foams were characterized by infrared spectroscopy, thermogravimetric analysis and density. 
The thermal stability of PU foams with activated carbon were higher than pyrolysis carbon and the 
lower stability was observed for foam without carbon. As the carbon content decrease, the stability 
decreased. The density showed a little increase in foams based on carbon varying from 0,020 to 
0,029 g/cm3. An essay using blue methylene was performed to study the adsorptions showing the 
presence of carbon as an important addictive. 

Figure 1 Polyurethane foams based on waste cooking oil and pyrolysis and actived carbon as filler.
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Abstract 
The growing negative impact of synthetic packaging on the environment and human health has led to 
the search for sustainable alternatives. In this context, biodegradable packaging made from natural 
polymers emerges, aiming to provide safe, healthy, and chemical-free food while reducing 
environmental impact. A recent study focused on the biodegradation of packaging made from cassava 
starch with the addition of tomato peel (lycopene), with the goal of deepening knowledge about the 
degradation process and evaluating its performance over time [1]. The packaging used consisted of 
modified cassava starch with different concentrations of total solids, incorporating tomato peel. The 
biodegradation process was assessed using a specific methodology, which involved burying the 
samples in the soil for approximately 18 days, with periodic removal every 6 days for monitoring [2]. 
After this period, the packaging was subjected to Fourier Transform Infrared Spectroscopy (FTIR) 
analysis and visual evaluation. During the biodegradation assessment, various visual changes were 
observed in the packaging composed of cassava starch and tomato peel, such as cracks, holes, fissures, 
size reduction, color change, and the presence of microbial colonies. These changes indicate the 
weakening of the polymeric chains and evaporation of the plasticizer from the polymeric matrix [2]. 
FTIR analysis revealed a gradual reduction in peak intensity, suggesting weakening and breaking of 
chemical bonds [3]. The presence of tomato peel significantly accelerated the degradation process, as 
confirmed by infrared spectroscopy analysis. These packages exhibit biodegradable characteristics 
and stand out as a sustainable alternative to reduce the environmental impact of conventional 
packaging, replacing non-biodegradable plastic materials.
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Due to the complexity and diversity of polyolefin plastic waste streams and the inherent non-
selective nature of the pyrolysis chemistry, the chemical decomposition of plastic waste is still not 
fully understood [1]. Accurate data of feedstock and products that also consider impurities is, in this 
context, quite scarce. In view of this, the search for new technologies for the treatment of this 
plastic waste has become a necessity of great energies [2,3]. The pyrolysis process is a promising 
alternative for recycling plastics [4]. The main objective of this work was to develop an 
experimental study on the thermochemical recycling via pyrolysis of different virgin and 
contaminated waste-derived polyolefin feedstocks (i.e., low-density polyethylene (PEBDL), 
polystyrene (PS) and high density polyethylene (PEAD), along with an investigation of the 
decomposition mechanisms based on the detailed composition of the pyrolysis oils. For each 
experiment, 7 g of sample, N2 gas flow of 100 mLmin-1 and 500 °C temperature were used. Liquid 
and gaseous samples were observed by gas chromatography for analysis of the present compounds. 
The results of the mass balance showed a high content of condensable followed by volatiles and 
solids, corroborating the creation of databases that make this process possible as a technique for 
characterizing mixtures of plastics and polymeric residues. In short, the study presented a 
sustainable alternative for the treatment of this waste in the context of the circular economy.
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The solid waste of plastic materials in the world reach number that reach millions of tons in recent 
decades, a large part of which is discarded improperly, harming the environment. Some of these 
residues are polystyrene (PS), which is a thermoplastic polymer and expanded polystyrene (EPS), 
produced by the polymerization of PS monomer, subjected to an expansion process. The objects 
produced from EPS are of very brief use, being quickly discarded. Another residue that has been the 
subject of study is leftover Medium Density Fibeboard (MDF) from furniture industries, usually 
burned for energy production, but depending on the conditions, it can release toxic substances into 
the environment. The use of these two materials, through the formation of composites, was the 
object of study in this work. Composites were prepared by solubilizing the EPS in chloroform and 
slowly adding the MDF. The already pasty material was placed in molds for drying. Different 
EPS/MDF ratios and different granulometries for MDF were used. Some characteristics and 
properties of the obtained composites were studied by scanning electron microscopy (SEM) and by 
tensile strength test. The results showed that the composites that presented the best homogeneity 
were those prepared using MDF with 32 mesh. The 1:1 mass ratio, EPS:MDF, in addition to having 
the best visual characteristics, was also the one that showed the greatest homogeneity in the SEM 
micrographs. The tensile strength test has not yet been carried out for samples with this proportion, 
and the best results so far have been presented by composites prepared in a 2:1 proportion 
(EPS:MDF). A very interesting result is that these composites absorb fat of animal origin, but do 
not absorb water. More experiments will be carried out to verify the absorption of water and oils or
fats by these composites.
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Abstract - Textiles have been concomitants of human civilization for thousands of years. Its 
industries are characterized as one of the main economic activities, surpassing values of billions of 
dollars per year. On the other hand, it is also one of the industries that most pollutes and harms the 
environment, with high energy consumption and uncontrolled waste generation. Conceptually clean 
production seeks to integrate continuous use with deterrent environmental approaches to processes, 
products and services, aiming to increase efficiency and minimize environmental risks. Due to the 
complexity of solid waste and effluents generated during the processing process, industrial 
laundries gain prominence and have a high polluting potential. Thus, the main objective of this 
research is to synthesize and characterize cellulose nanocrystals via acid hydrolysis, varying time 
and temperature of solid waste generated by drying machines, resulting from the jeans improvement 
process. Acid hydrolysis was performed using diluted sulfuric acid due to its low capacity to 
depolymerize cellulose in the concentrated fraction, analyzing treatment conditions for the isolation 
of cellulose nanocrystals, comp
60 minutes) at the 60% concentration. The suspensions after hydrolysis were characterized by the 
techniques of Zeta Potential, X-ray Diffraction (XRD), Atomic Force Microscopy (AFM), Scanning 
Electron Microscopy (SEM), Fourier Transform Infrared Spectroscopy (FTIR), Thermogravimetric 
Analysis and Differential Scanning Calorimetry (TGA/DSC) and Particle Size. The microstructural 
and morphological results prove that nanocellulose can be obtained from residues from industrial 
dryers without the need for pre-treatment at 60% at 
and subsequent application of cellulosic films feasible.
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Abstract The development of environmentally conscious and sustainable new materials follows
Goal 12 of the United Nations´ 17 Sustainable Development Goals which emphasizes the 
importance of environmental sustainability1. In this context, the main objective of this work is the 
synthesis of a 100 % renewable biobased monomer (3-hydroxypropylundec-10-enoate) from        
10-undecenoic acid (10-UA, 0.1 mol) by different esterification reactions using 1,3-propanediol 
(0.13 mol). In Steglich esterification, 4-dimethylaminopyridine is the nucleophilic catalyst (0.01 
mol), and N,N'dicyclohexylcarbodiimide (0.1 mol) is the coupling agent. The reaction was carried 
out at room temperature for 18 h under magnetic stirring in dichloromethane (100 mL)2. In Fischer 
esterification, p-toluenesulfonic acid (0.009 mol) is the catalyst. Toluene (120 mL) was added to a 
round bottom flask equipped with a magnetic stirrer and a Dean-Stark apparatus and the reaction 
was performed at 135 °C for 5 h3. After the specified reaction times, the solvents were evaporated 
under reduced pressure, and liquid-liquid extraction was performed with sodium carbonate solution 
(1 M). Then, the crude product of each reaction was purified by column chromatography filled with 
silica gel using ethyl acetate and hexane as eluents in ratios of 30:70 and 50:50, respectively. The 
crude and purified products were submitted to proton nuclear magnetic resonance spectrometry 
analysis. Steglich esterification had a global conversion of the monomer of 96.3 % and a monomer
selectivity of 83.3%, while Fischer esterification resulted in 99.1% and 72.1%, respectively.
Therefore, the 3-hydroxypropylundec-10-enoate monomer was obtained with high selectivity in 
both synthetic routes. In the next step, this monomer, which is sourced exclusively from renewable 
resources, will be used to produce novel biopolymers.
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Abstract - Plastic materials are essential for human life and provide sustainable solutions for 
society. The current challenge, therefore, revolves around the management of plastic wastes, which 
constitute one of the major concerns of current society. Studies indicate that every minute, an 
amount equivalent to the contents of a garbage truck ends up "leaking" into the oceans, totaling 
approximately 8 million tons of plastic per year. For this reason, various technologies can be 
employed to reintroduce plastic wastes into the chemical chain. Pyrolysis is one of the polymer 
recycling techniques that has gained prominence in recent years because most polymeric wastes is 
compatible with this technique. For these reasons, the present study investigated the effect of salt on 
the pyrolysis process and product compositions. The aim was to simulate the marine environment, 
which contains approximately 3.5% NaCl (sodium chloride), to determine if a high concentration of 
salt would exert any significant impact on the process. Duplicate experiments were conducted using 
10% commercial NaCl in polypropylene (PP) and real marine wastes, at an operating temperature 
of 500 °C. Thermal degradation provided high liquid yields in both cases, with increased amounts
of solids in presence of NaCl, as expected. For the marine wastes, higher yields of volatiles and
small amounts of solids (around 5 wt%) were obtained, which can be attributed to the presence of 
organic contaminants and inorganic fillers and contaminants (including salt) present from the 
marine environment. Regarding the composition of the products, it was characterized that the 
condensable liquid streams obtained from PP and PP/NaCl were rich in long-chain hydrocarbons
and that the salt did not exert significant influence on the nature of the formed products, which is 
good for processing of marine wastes.
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Since its production and large-scale commercialization in the 1950s, more than 9 gigatons of plastic 
materials have been produced. Many of these materials have short life cycles, strongly contributing 
to the impressive fact that more than 70% of all plastic material produced in the world has already 
been discarded, and only 9% was recycled [1, 2]. Polyethylene is the mostly used plastic for
packaging, which has commonly a single use, being a considerable a problem for mechanical 
recycling when in its flexible form [3]. Chemical recycling has gained prominence due to its 
potential of transforming the plastic carbon chain into smaller molecules with high added value. In 
this context, this work studies the pyrolysis of virgin polyethylene and flexible plastic waste rich in 
polyethylene, with the aim of understanding the influence of the reflux temperature on the polymer 
chain breaking. For this, a semi batch quartz reactor, inertized with 80mL.min-1 of nitrogen was 
inserted into an oven with two temperature zones. The first zone is where the pyrolysis occurs and it 
was maintained at 500 °C for all reactions, the second one is the top reflux zone and was set into
different temperatures from off to 500°C. Reaction times were measured until the complete
reaction, mass balances were calculated, and the condensable and gaseous products were 
characterized by chromatography. The results show that the decrease in reflux temperature led to 
longer retention times of pyrolysis gases inside the pyrolysis zone, increasing the total time for 
complete reaction and generating condensable products with lower boiling points thus forming 
increasingly lighter products. The study showed that manipulating the reflux temperature can 
orientate the chains size of the products aligned with the chemical industry necessity, promoting the 
circular economy of plastic waste.
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The zinc oxide (ZnO) incorporated with a natural polymer through an environmentally friendly 
synthesis process [1,2] is one of the strategies to improve some properties of materials. This study 
aimed to synthesize ZnO using a sol-gel method, incorporating a natural polymer, and investigate 
its photocatalytic and antimicrobial properties to determine its potential for use in cementitious 
materials. The synthesized material was characterized using X-ray diffraction (XRD), while its 
photocatalytic activity was assessed by measuring its performance in degrading methylene blue dye 
under visible light. The characterization analysis confirmed the successful formation of ZnO 
nanoparticles and the presence of natural polymer within its matrix. Furthermore, the photocatalytic 
tests demonstrated effective degradation of the methylene blue dye, indicating the material's ability 
to function as a photocatalyst in the visible light spectrum. This research offers valuable insights for 
developing environmentally friendly treatments to enhance the durability and performance of 
construction materials while ensuring the well-being of both humans and the environment.
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Abstract - The tingui or timbó (Magonia pubescens A. St. -Hil.) is a tree native from the Brazilian 
Cerrado. Its fruit was widely used in the last century, by the local rural population, for animal 
diseases treatment, fishing and the manufacture of soap. Its fruit has a resistant shell rich in lignin
that can serve as a source for hydrogel production. The lignin was extracted from the fruit peel 
using the soda extraction method. The hydrogel was prepared using poly (methyl vinyl ether-co-
maleic acid) and characterized. Methylene blue cationic dye and the indigo blue anionic dye were 
used, and a 23 full factorial experimental design was employed for adsorption tests. The pH, ionic 
force and adsorbent to solution ratio were analyzed as variable factors. The hydrogel obtained 
promising results in the adsorption of both dyes, adsorbing up to 84% of the cationic dye and up to 
90% of the anionic dye. The hydrogel is effective in the adsorption of dyes, however a dependence 
of the pH on the stability of the hydrogel was observed, having a better performance in acidic pH.
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This study focuses on the characterization of rigid polyurethane foam derived from powdered 
polyurethane waste and a methylene diphenyl diisocyanate (MDI) based resin. The waste material 
was obtained from the mechanical recycling of refrigerators. Various foam compositions were 
produced using the Extreme Vertices Mixture Design of Experiment (DOE) approach, incorporating 
waste concentrations ranging from 10% to 30%. Water was utilized as a blowing agent and to 
facilitate the foaming process, with a range of 20% to 40%.The foam samples were subjected to 
characterization through Thermogravimetric Analysis (TGA), and the apparent density and 
compression properties were evaluated following ASTM standards D1622 and D1621, respectively. 
The thermal behavior showed no significant variation among different compositions, all samples 
including the waste itself showed a peak of degradation at approximately 330~345ºC, followed by a 
gradual mass decline.The influence of waste concentration on the foam's density and compression 
properties was evident. As the waste content increased, the density notably increased, ranging from 
an average of 0.228 g/cm³ for lower waste concentrations to 0.425 g/cm³ for higher concentrations. 
Similarly, compression strength displayed a significant change, with lower waste concentrations 
exhibiting an average strength of 23.5 MPa, while higher concentrations reached 109.2 MPa and a 
more brittle behavior. Interestingly, the center point composition demonstrated a compression 
strength of 122.8 MPa.Overall, this study highlights the impact of waste concentration on the 
properties of rigid polyurethane foam, particularly regarding density and compression strength and 
thermal degradation. The developed rigid foam shows promising potencial for construction 
applications, providing a more sustainable disposal method for PU waste.
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Brazil is the largest coffee producer in the world. Coffee processing generates great amounts of waste, 
including coffee husks (CF) (Fig. 1a). This work aimed to obtain lignocellulose from CF with minimal 
cost and environmental impact. CF were washed with water at 50 ºC for 1 h and then treated with 
commercial sodium hypochlorite (2% v/v NaClO) at 50 °C for 2 h. The product obtained was a white
gel like material (Fig. 1b). The exact content regarding holocellulose and lignin in the CF and the 
white gel is under progress. The gel was freeze dried, which led to the formation of cryogels without 
the necessity of using any crosslinking agent (Fig. 1c). In similar way, the gel was also oven dried in 
absence of a crosslinking agent, yielding films with high stability in the pH range from 1 to 11 (Fig. 
1d). This behavior makes the gel a suitable matrix for the incorporation of CaO2 microparticles for 
the controlled release of O2 

1. For this purpose, 143.7 mg of CaO2 was added to 4.6 g of the gel and 
then oven dried at 100 °C for 2 h. This led to the formation of a xerogel containing CF lignocellulose
and CaO2 microparticles, coded as Xgel-CaO2 (Fig. 1e), presenting slower O2 release in aqueous 
media than pure CaO2. Xgel-CaO2 mitigated the burst effect by reducing the initial velocity of O2 

release from 0.82 ± 0.04 mg L-1 (pure CaO2 microparticles) to 0.115 ± 0.003 mg L-1 (Fig. 1f).

Figure 1 (a) Crude CF, (b) gel formed after washing CF with water at 50 °C for 1 h and treating with 2% v/v 
NaClO at 50 °C for 2 h, (c) cryogel and (d) film obtained after freeze or oven drying the white gel, (e) xerogel 
(Xgel-CaO2) and (f) kinetics of O2 release from pure CaO2 microparticles and Xgel-CaO2.
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NATURAL POLYMERS: DEVELOPMENT OF ADVANCED MATERIALS 
AND DELIVERY SYSTEMS
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Abstract Natural polymers are macromolecules found in renewable sources, which present
biodegradability and can be used to prepare eco-friendly materials in several shapes, such as films, 
micro or nanoparticles and hydrogels, depending on the focused application. Moreover, the 
functional groups present in the natural polymers allow for chemical modifications, which expands 
the main field of applications of natural polymers-based materials [1]. The natural polymers are 
gaining increasing attention on the last years, mainly for advanced materials and drug release 
systems due to their biocompatibility and low immunological rejection [2]. Also, the release of the 
drug or bioactive compound from the natural polymer matrix can be modulated by several 
strategies, such as the use of co-encapsulation [3] or multi-layer systems [4], as well as applying
crosslinking strategies or functionalization of the molecule. In this keynote, the development of 
several advanced materials using natural polymers will be explored, analyzing the relationship 
between structure and properties of the materials, as well as the influence of the drug on the final
material.
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In this keynote, some recent results obtained in the last 5 years in our research groups in 
the development of polymeric materials with potential application in the medical, 
pharmaceutical and tissue engineering areas will be presented. The materials are mainly 
those related to polymeric biomaterials, aiming at: i) the controlled release of drugs [1]; 
ii) bactericidal action [1,2]; iii) substrates for cell growth [3]; materials with virucidal 
action to combat the SARS-Cov 2 virus, related to the recent coronavirus pandemic, and 
for wound healing [4]. The polymeric materials that will be presented are prepared mainly 
through three-dimensional matrices (hydrogels) made from the formation of 
polyelectrolyte complexes between anionic/cationic polymers of chemically modified (or 
not) polysaccharides and through the electrospinning technique. Various methodologies 
for obtaining matrices of different geometries (cylindrical, spherical, irregular particles, 
thin films, nanofibers, etc.) of different sizes (macro, micro and nanometric scales) will 
be shown and discussed. 
 

 

[1] Oliveira, R. W. G., et al., Films composed of white angico gum and chitosan containing chlorhexidine as an 
antimicrobial agent. Int. J. Biol. Macromol. 235, 2023, 123905, DOI: 10.1016/j.ijbiomac.2023.123905  

[2] Souza, P.R, et al., Poly(ethylene terephthalate) films coated with antimicrobial gelatin/ chondroitin sulfate 
polyelectrolyte multilayers containing ionic liquids. Progr. Org. Coatings, 170, 2022, 106997, DOI: 
10.1016/j.porgcoat.2022.106997 

[3] Bonkovoski, L.C. et al., Cytocompatible drug delivery devices based on poly[(2-dimethylamino) ethyl 
methacrylate]/chondroitin sulfate polyelectrolyte complexes prepared in ionic liquids. J. Drug Deliv. Sci. Tech. 63, 
2021 - 102520, DOI: 10.1016/j.jddst.2021.102520 

[4] Cestari, M. el al., Silk fibroin nanofibers containing chondroitin sulfate and silver sulfadiazine for wound healing 
treatment. J. Drug Deliv. Sci. Tech. 70, 2021  103221, DOI: 10.1016/j.jddst.2022.103221 
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DEVELOPMENT OF CHITOSAN-BASED NANOPARTICLES FOR 
DOUBLE ENCAPSULATION OF 5-FLUOROURACIL AND 

METHOTREXATE

José Ribamar P. Junior*, Aline T. dos Santos, Eric P. Bandeira e Judith P. de A. Feitosa
Department of Organic and Inorganic Chemistry, Federal University of Ceará (UFC), Fortaleza, CE, Brazil 

junior_sousa11@hotmail.com

Abstract - In this work, we develop nanoparticles based on chitosan, using the ionotropic gelation technique, for double 
encapsulation of methotrexate and 5-fluorouracil. The obtained nanoparticles were characterized by FTIR and dynamic 
light scattering. The yield of the reactions varied between 30 and 40%. Drug encapsulation efficiency was 12% for MTX 
and 17.4% for 5-FU. The FTIR spectrum of the nanoparticles showed the characteristic bands of the starting material.
The nanometric size. The diameter of the nanoparticles obtained by dynamic light scattering were 146 and 440 nm for 
the drug-free and drug-containing systems, respectively. The zeta potential of both systems was above +27 mV, showing 
stability of the system in solution. Thus, the systems showed promising characteristics for future anticancer applications.
Keywords: Chitosan, Nanoparticles, Ionic gelation, 5-Fluorouracil, Methotrexate.

Introduction 
According to data from the World Health Organization (WHO) published in 2020, diseases such as 
Alzheimer's, cancer, heart attacks and strokes are responsible for most deaths worldwide. Among the 
these cancer stands out, and has become a serious threat to human health, already being considered a 
public health problem worldwide [1]. It is estimated that in 2040 there will be 30.2 million cases of 
cancer, against 18.1 million in 2020. 
In the Brazilian scenario, according to the National Cancer Institute (INCA), 704 thousand new cases 
of cancer are expected per year in the 2023-2025 triennium. 
The main difficulty faced in the treatment of cancer is the metastasis phase. In more advanced cases, 
tumor removal is not as effective, due to the rapid spread of cells in the metastasis phase, which makes 
it possible for a new tumor to appear after surgery.
Currently, there are several types of treatments for cancer, such as: surgery, chemotherapy, 
radiotherapy and biological therapies (hormonal or immunological)[2]. One of the most used 
treatments is chemotherapy. Among the chemotherapy agents, 5-fluorouracil (5-FU)[3], 
methotrexate[4], paclitaxel [5] and doxorubicin[6] are the most used. However, despite its good 
efficacy, these drugs have several adverse reactions, such as: nausea, hair loss, liver damage and 
kidney damage. Some studies report that the combined use of drugs can attenuate these adverse 
reactions [7]
5-FU is a similar pyrimidine that acts through the irreversible inhibition of thymidylate synthase. It 
is constantly used in the treatment of malignant neoplasms, mainly those located in the colon, ovary, 
liver, lung, skin and breast.[8] Methotrexate is an antineoplastic drug, acting as a competitive inhibitor 
of dihydrofolate reductase necessary for DNA synthesis. However, it has some limitations in its 
application.[9] Chitosan (CH) is a cationic polysaccharide derived from chitin. It is a biodegradable 
and non-toxic polymer when administered orally. By presenting these characteristics, it is favorable 
to its application to produce usable particles in controlled release systems.
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Experimental  
 
Materials 
 
Chitosan (77% deacetylation degree) was purchased from Polymar. Glacial acetic acid (CH3COOH) 
was obtained from Synth. The reagents used: sodium hydroxide (NaOH) (Synth), 5-fluorouracil 
(C4H3N2FO2) (Sigma-Aldrich), Methotrexate (C20H22N8O5) (Sigma-Aldrich) sodium 
tripolyphosphate (Na5P3O10) (Sigma-Aldrich), polyethylene glycol 1,450 g.mol-1 (Sigma-Aldrich). 
To prepare the phosphate buffer: sodium hydrogenphosphate dihydrate (Na2HPO4·2H2O), potassium 
dihydrogenphosphate (KH2PO4) were obtained from Sigma-Aldrich. A dialysis membrane with a cut-
off molar mass of 10,000 g.mol-1 was used. 
 
Nanoparticles production 
 
Nanoparticles (NPs) were prepared following the methodology proposed by Samy et al., 2020.[10]
The chitosan solution (CH) was prepared using a 0.5% (v/v) acetic acid solution. The sodium
tripolyphosphate (TPP) solution was prepared in distilled water and the polyethylene glycol was
solubilized in the TPP solution. The TPP/PEG solution was dropwise to the chitosan solution, with a
flow rate of 1 mL.min-1 with the aid of a peristaltic dosing pump. After the addition, the solution was
under magnetic stirring (600 rpm) for 45 min. After then, the system was centrifuged at 6000 rpm for
30 min. The CH:TPP:PEG ratio used was 5:1:30. At the end of centrifugation, the supernatant of the
system was dialyzed against distilled water and subsequently freeze-dried. Obtaining the free-drug
nanoparticles. 
 
MTX and 5-FU encapsulation 
 
Double encapsulation was performed in two steps. In the first step, MTX was solubilized in 0.1 mol/L
phosphate buffer (pH= 7.4) and dripped into the initial CH solution. The system was centrifuged and
the supernatant dialyzed against distilled water. To NP with MTX was obtained after freeze-dried.  
In the second step, for the encapsulation of 5-FU, the lyophilized NP with MTX was dispersed in an
aqueous solution of 5-FU and remained under stirring for 24 h. After then, the system was centrifuged
at 10,000 RPM for 15 min, and the precipitate freeze-dried to obtain NP with MTX and 5-FU double
encapsulation. 
 
Infrared absorption spectroscopy (FTIR) 
 
The FT-IR spectra of the materials were obtained on KBr pellets using the Shimadzu IR Trace-100
spectrophotometer in the region from 400 to 4000 cm-1. 
 
Encapsulation efficiency 
 
The encapsulation efficiency of MTX and 5-FU were using the solvent extraction method. Distilled 
water was the solvent, due to the high affinity of the drug with the solvent. 5 mg of nanoparticles 
were weighed and then dispersed in 10 mL of solvent. The system was stirred for 24 h and then 
centrifuged for 30 min at 10,000 rpm. The supernatant was analyzed in a UV-Vis spectrophotometer 
to quantify the drug present (5-Fu and MTX) in the sample. Thus, determining the Encapsulation 
Efficiency and the Drug Loading of the system. The drug calibration curves are in Eq. 1 and Eq. 2 
for MTX and 5-FU, respectively. 
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y = 47.922x + 0,0087 (R2=0,9998) (1)
y = 53.571x + 0.0022 (R2=0,9999)                                          (2)

 
where: y = absorbance and x = drug concentration in ppm. 
 
Dynamic Light Scattering (DLS) 
 
The mean diameter of the nanoparticles, the polydispersity index (PDI) and the zeta potential were
determined by dynamic light scattering, using the Nano Zetasizer equipment from Malvern® model
ZS 3600, with a 633 nm laser reader, operated at an angle of 173°. 
 
Results and Discussion 
 
Yield and encapsulation efficiency 
 
The yield of obtaining nanoparticles was 33% for the system with drug-free nanoparticles. In the 
MTX and 5-FU encapsulation steps, the yield was 31 and 42%, respectively. 
Encapsulation efficiency of 12.0% ± 1.3 was reached for MTX and of 17.4% ± 0.3 for 5-FU.
 
Infrared absorption spectroscopy (FTIR) 
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Figure 1  FTIR spectrum in the range of 4000-400 cm-1of chitosan, sodium tripolyphosphate, PEG 1450, 
MTX, 5-FU and the nanoparticle with double encapsulation. 
 
Fig 1 shows the presence of characteristic bands of all starting materials in the nanoparticulate system. 
At 3420 cm-1 the presence of the band of strong intensity attributed to the stretching of the O-H and 
N-H bond present in the CH. At 2885 cm-1 a band attributed to symmetric and asymmetric stretching 
of C-H bonds [11]. The strong band in the region between 1800 and 1520 cm-1 is an overlap of the 
bands attributed to stretching of the C=O bond, present in CH, 5-FU also in MTX structure.[12-14] 
At 1247 cm-1 it is possible to observe the presence of a weak intensity band, which is attributed to the 
stretching of the single bond between C-N present in the 5-FU. In the FTIR spectrum of nanoparticles 
with 5-FU/MTX, in the region between 1200 cm-1 and 750 cm-1 several bands from the starting 
materials were observed. 
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Dynamic light scattering (DLS) 
 

 
Figure 2  Size distribution x intensity of: (A) drug-free nanoparticle; (B) NP MTX/5-FU. 
 
In Fig. 2 the size distribution of the two systems presented a unimodal profile. Comparing the systems, 
the drug-free nanoparticle had a smaller diameter than the system with double encapsulation. This is 
due to the molar mass of MTX and 5-FU, 454 g.mol-1 and 130 g.mol-1, respectively. 
Table 1 shows the diameter, polydispersion index and zeta potential of the nanoparticles. The NP 
diameter increased from 146 nm to 440 nm, along with the increase in PDI, rising from 0.214 to 
0.380. The zeta potential followed the same trend, increasing from +27 to +31 mV, making the system 
more stable in solution. 
 
Table 1  Size, PDI and Zeta Potential of nanoparticles. 

Sample Size (d. nm) PDI 
Zeta Potential 

(mV) 

NP 146 ± 2 0.214 ± 0.009 +27 ± 1

NP MTX/5-FU 440 ± 27 0.380 ± 0.001 +31 ± 1

 
Conclusions 
 
Nanoparticles of MTX/5-FU were produced with a yield of 42%, with encapsulation efficiency of 
12% and 17% for the encapsulation of MTX and 5-FU, respectively. The FTIR spectrum of the 
nanoparticles showed characteristic bands of the starting materials. The diameter of the systems were 
146 and 440 nm for the systems without and with drugs. The zeta potential of the system was positive, 
which is ideal for systems targeting anticancer activity. 
Therefore, these characteristics make the nanoparticulated system double encapsulated a potential 
anticancer application. thus, the nanoparticle can be studied later in in vitro assays against cancer 
cells, to evaluate its effect. 
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Abstract: This study investigates the encapsulation of 1,4-anhydro-4-seleno-d-thalitol (SeTal), a bioactive seleno-organic 
compound, in gelatin and alginate (Gel-Alg) polymeric films as a strategy for improving the treatment and attenuation of 
atopic dermatitis (AD) like symptoms in a mouse model. Hydrocortisone or vitamin C were encapsulated with SeTal in 
the Gel-Alg films, and their synergy was investigated. All the prepared film samples were able to encapsulate and release 
SeTal in a controlled manner. A series of in-vivo/ex-vivo experiments were performed using mice sensitization with 
dinitrochlorobenzene, which induces AD-like symptoms. Long-term topical application of the loaded Gel-Alg films 
attenuated disease symptoms and pruritus, with suppression of the levels of inflammatory markers, oxidative damage, 
and the skin lesions associated with AD. Moreover, the loaded films showed superior efficiency in attenuating the 
symptoms analyzed compared to hydrocortisone cream, a traditional AD treatment.

Keywords: Skin diseases; 1,4-anhydro-4-seleno-D-talitol; hydrocortisone; vitamin C; biomaterials.

Founding: The authors thank to CNPq (429859/2018-0, 312747/2020-9), FAPERGS (PqG 21/2551-0001943-3 and 
21/2551-0002162-4), CAPES, the Independent Research Fund Denmark (Danmarks Frie Forskningsfond; DFF-7014-
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Introduction
         Atopic dermatitis (AD) is a well-known chronic inflammatory skin disease in which the patient 
experiences intense itching and recurrent eczematous lesions. The current treatments for this disease 
focus on restoring epidermal barrier function, with first-line therapies including topical 
corticosteroids. However, growing concerns regarding the use of this drug class among patients and 
medical professionals are resulting in decreased treatment compliance, which worsens AD control 
and patient welfare [1]. Accordingly, new agents are sought for the treatment and attenuation of AD 
symptoms as alternatives to corticosteroids. 
           In a previous study, we demonstrated the potential of SeTal (1,4-anhydro-4-seleno-D-talitol) 
to reduce inflammatory mediators associated with AD-type skin lesions induced by 2,4-
dinitrochlorobenzene (DNCB) in mice [2]. To broaden our understanding of this compound and gain 
insight into its potential, herein we investigated the use of biopolymeric films composed of gelatin 
(Gel) and sodium alginate (Alg) loaded with SeTal as a local treatment for AD-like lesions.  The use 
of these films as vehicles for the controlled release of SeTal is advantageous because it facilitates 
administration, increases compound bioavailability, and enables long-term treatment. The 
encapsulation of SeTal in a Gel-Alg film, in addition to overcoming the problems related to the rapid 
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release and loss of SeTal when applied to exudative lesions, due to the high solubility in water of this 
compound, also presents attractive properties for the preparation of biomaterials for application 
topical drugs on the skin. Blending Gel with Alg followed by crosslinking with low amounts of a 
carbodiimide allows the generation of materials with enhanced stability, mechanical and bioadhesive 
properties to be prepared [3].       

Here, we also examined the potential additive effects of SeTal and other pharmacological agents 
used to treat AD symptoms, by also evaluating Gel-Alg films containing SeTal together with 
hydrocortisone (HC) or vitamin C (VitC). Despite concerns regarding the topical use of this 
corticosteroid, encapsulation of HC in a polymeric delivery device is an efficient alternative for 
controlling its systemic absorption, thereby limiting adverse side effects [4]. On the other hand, VitC 
is a powerful natural antioxidant that plays a pivotal role in various structural and functional skin 
processes. In this study, all prepared films were extensively characterized using a variety of analytic 
techniques, with systematic in-vitro/in-vivo/ex-vivo experiments used to evaluate their performance 
in the treatment and attenuation of AD-like symptoms in an animal model. 

Experimental  
Preparation of Gel-Alg films: The films (loaded or unloaded) were prepared by a conventional solvent 
casting method, with the composition of each sample detailed in Table 1. Experimentally, Gel was 
first solubilized in water (50 mL) at 60 °C for 1 h, after which Alg was added to this solution. The 
Gel:Alg mass ratio was fixed at 10:1 based on previous experiments. After homogenization, glycerol 
was added to the Gel-Alg solution, with stirring continued at 30 °C for another 30 min. N-(3-
dimethylaminopropyl)- -ethylcarbodiimide hydrochloride (EDC) was then added to the solution 
while being vigorously stirred for 15 min prior to being poured into a Petri dish. Solvent casting 
followed by heating in an oven at 40 °C for 24 h led to a film, which was peeled from the Petri dish 
and stored in a dissector. The film samples loaded with SeTal, SeTal/HC, and SeTal/VitC were 
similarly prepared, with pre-determined amounts of the drug compounds added to the filmogenic 
solution with magnetic stirring for 30 min prior to the solvent-casting step. Based on previous 
experiments, the amounts of these compounds were adjusted to around 1 w/w% based on the total 
mass of biopolymer.    

Table 1. Composition of the prepared Gel-Alg films.  

Film  
Gel   

(mg)  
Alg   
(mg)  

Glycerol  
a  

EDC  
(mg)  

SeTal   
(mg)  

HC   
(mg)  

VitC   
(mg)  

Gel-Alg  900  90  100  5  -  -  -  
Gel-Alg/SeTal  900  90  100  5  10  -  -  
Gel-Alg/SeTal/HC  900  90  100  5  10  10  -  
Gel-Alg/SeTal/VitC  900  90  100  5  10  -  10  
a This volume refers to 126 g of glycerol.  

In-vivo and ex-vivo assays:  Animal experiments were approved by the Committee for Care and Use 
of Laboratory Animals of the Universidade Federal de Pelotas (Brazil) (CEEA 4294-2015) according 
to the National Institutes of Health guidelines for the care and use of laboratory animals (65NIH 
Publications No. 8023, revised 1978). The experimental protocol for the in vivo experiments is 
summarized in Fig. 1. The mice were subjected to behavioral testing on the last day of the 
experimental protocol (day 30), after which the animals were euthanized and their backs, ears, and 
spleens were removed for further analysis. The effects of topically applying Gel-Alg, Gel-Alg/SeTal, 
Gel-Alg/SeTal/HC, and Gel-Alg/SeTal/VitC in cooperation with the control group were evaluated on 
skin lesion severity, scratching behavior, and back skin thickness.  
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Fig. 1. Summary of the experimental protocol used to develop AD-like skin lesions in DNCB-
sensitization mice. 

Results and Discussion  
Characterization of the Gel-Alg films  

 The chemical nature of the films was studied by FTIR spectroscopy with representative spectra 
presented in Fig. 2(a). The spectra of the Gel-Alg films exhibited major bands typically associated 
with the biopolymers used to prepare it, with those from Gel dominating, as it is present in excess. 
The band between 3600 3000 cm-1 is believed to reflect the high number of hydroxyl and amine 
groups, as well as the large number of H-bonds among the functional groups of Gel, Alg, and glycerol 
(the plasticizer). The shoulder-type band at 1689 cm-1 is assigned to amide C=O stretching formed 
through the crosslinking process. As reported by Staroszczyk et al. [5], EDC mediates the formation 
of iso-peptide bonds between amino groups and activated carboxylic groups of glutamic or aspartic 
acid residues in Gel. Since carboxylic groups are also available on the Alg backbone, we propose that 
amide bonds are also formed between the Gel and Alg chains. The spectrum of the film containing 
SeTal (Gel-Alg/SeTal) is similar to that of the bare film, indicative of weak interactions between this 
molecule and the polymer matrix, though the bands associated with C H, C O, and C C vibration 
modes were more intense in the spectrum of Gel-Alg/SeTal compared to Gel-Alg, with these ascribed 
to contributions from the functional groups of SeTal. The spectrum of Gel-Alg/SeTal/HC exhibited 
a small band at 1742 cm-1 and a shoulder-type band at 1625 cm-1 assigned to the C=O and C=C 
stretching of HC. The more intense bands in the 1500 1200 cm-1 range are also attributed to HC, 
confirming the presence of this compound in the film. The spectrum of the film containing VitC 
exhibited the characteristic bands of Gel-Alg/SeTal with the additional bands observed at 3528, 1741, 
and 863 cm 1 assigned to the O H, C=O, and C C ring stretching vibrations of VitC. These findings 
confirm that VitC had been stably entrapped in the film. Moreover, these spectroscopic data indicate 
that both the SeTal and VitC in the Gel-Alg/SeTal/VitC films are physically entrapped in the polymer 
matrix, with no evidence of any chemical interactions.  
      The structures of the encapsulated compounds (SeTal, VitC, and HC) were determined by XRD. 
The data presented in Fig. 2(b), shows that Gel-Alg exhibits only a broad halo at around 2  
in its XRD pattern, confirming the amorphous nature of this material. No significant changes were 
observed when the XRD pattern of the bare film was compared with those obtained from the drug-
containing films (SeTal, SeTal/VitC, and SeTal/HC). The absence of diffraction peaks from these 
crystalline compounds (Fig. 1b) indicates that they undergo structural transitions to amorphous states 
during encapsulation. Thus, intermolecular interactions among SeTal, VitC, and HC with polymeric 
matrix appear to limit the crystallization of these compounds, which is advantageous in terms of drug 
solubility and release (cf. previous reports [6]). 
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Fig. 2. (a) FTIR spectra and (b) XRD patterns of Gel-Alg, Gel-Alg/SeTal, Gel-Alg/SeTal/HC, and 
Gel-Alg/SeTal/VitC.   

 
Effect of the prepared films on the clinical signs of AD-like skin lesions  

   DNCB has been used to induce AD-like skin conditions in mice. This small molecule of the 
hapten class penetrates the skin barrier and intact epidermis of mice to initially cause an acquired 
immune response. Repeated exposure leads to the development of an AD-like state [7]. DNCB 
induction causes anaphylaxis and the appearance of AD-like skin lesions, including thicker skin, 
dryness, swelling, edema, and erythema. The effects of topical application of Gel-Alg, Gel-Alg/SeTal, 
Gel-Alg/SeTal/HC and Gel-Alg/SeTal/VitC on skin lesion severity, itching behavior and back skin 
thickness can be observed in Fig. 3. One-way ANOVA followed by Tukey's post-hoc test revealed 
that DNCB significantly increased skin severity scores [F6.42 = 45.79, p < 0.0001], scratching behavior 
[F6.42 = 420.3, p < 0.0001] and back thickening [F6.42 = 32.76, p < 0.0001] compared with the control 
group, consistent with DNCB inducing an AD-like phenotype. Topical treatment with film loaded 
with Gel-Alg (p < 0.0001), Gel-Alg/SeTal (p < 0.0001), Gel-Alg/SeTal/HC (p < 0.0001) and Gel-
Alg/SeTal/VitC (p < 0.0001) reduced the severity of DNCB-induced skin damage, scratching 
behavior, and back thickening. Gel-Alg/SeTal, Gel-Alg/SeTal/HC and Gel-Alg/SeTal/VitC films also 
significantly improved clinical and behavioral parameters compared to those detected with HC cream. 
DNCB-induced stimulation resulted in typical allergic responses including itching, erythema, skin 
thickening, edema, excoriation, and scaling typical of AD, and films improved these symptoms and 
pruritus. 

 AD induces a variety of immune responses, with the spleen being responsible for the production 
of immune cells, as well as other bodily functions [8]. Consequently, we measured spleen length and 
mass on day 30 to assess for splenomegaly, an indicator of immunologic abnormality [9]. This 
exposure to DNCB causes a significant increase in mouse spleen length [F6.42 = 14.83, p < 0.0001] 
and mass [F6.42 = 39.26, p < 0.0001], and this treatment with Gel-Alg (p < 0.001), Gel-Alg/SeTal (p 
< 0.0001), Gel-Alg/SeTal/HC (p < 0.0001) and Gel-Alg/SeTal/VitC (p < 0.05), as well as HC cream 
(p < 0.01), reducing these changes in the sensitization of animals with DNCB. The Gel-Alg/SeTal/HC 
film more effectively modulated these parameters than the HC cream. HC is a synthetic analog of 
cortisol and long-term administration is known to result in suppression of the hypothalamic-pituitary-
adrenal (HPA) axis and adrenocorticotropic hormone, which leads to adverse effects including 
adrenal atrophy. In turn, changes in the HPA axis affect the immune system and inflammatory 
pathways [10], as observed in our study through changes in the spleens of animals sensitized with 
DNCB. Thus, the encapsulation of HC in the Gel-Alg film reduced the adverse effects of topical HC, 
while the incorporation of SeTal further improved its effects. 
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Fig. 3. Effects of topical treatment with various films (Gel-Alg, Gel-Alg/SeTal, Gel-Alg/SeTal/HC, 
and Gel-Alg/SeTal/VitC), as well as hydrocortisone cream on atopic-dermatitis-like (AD-like) 
symptoms in mice induced by DNCB, photographic images of dorsal skin. 

Conclusions  
Films of Gel and Alg were prepared and loaded with different compounds (SeTal, HC, and/or 

VitC) to serve as biomaterials for treating and attenuating symptoms of AD. Characterization analyses 
confirmed the presence of the compounds in the film matrices. A series of in vivo/ex vivo studies 
showed that films loaded with SeTal, HC, and/or VitC have beneficial effects on multiple parameters 
used to evaluate AD in a DNCB-induced model. These films were more efficient at treating or 
attenuating key disease parameters compared to the positive control (HC cream). Therefore, 
encapsulating SeTal with HC and/or VitC in a biopolymer film of Gel-Alg appears to be a promising 
alternative therapy for the long-term treatment of AD. Furthermore, these biopolymer films also 
reduced adverse effects associated with corticosteroids, such as HC. These films may also provide 
beneficial effects on other skin diseases.  
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Abstract – Additive manufacturing technology has been widely employed in the field of tissue 
engineering to create implants with a variety of shapes, sizes, and mechanical characteristics(1).
Within this context, it can be used to produce three-dimensional structures known as scaffolds, which 
serve as support for the growth of cells and tissues(2,3). In this study, photosensitive polycaprolactone 
(PCL) resins were developed, a biocompatible and bioabsorbable polymer, with the incorporation of 
methacrylate groups. To enhance its properties, bioceramic fillers were added, hydroxyapatite (HAp), 
which also presents bioactivity in bone and dental tissues. Furthermore, the surface of the 
hydroxyapatite was treated with 3-aminopropyltrimethoxysilane (APTES) to promote greater 
interaction between the polymeric matrix and the inorganic filler. The developed resins were 
characterized by their mechanical and physical-chemical properties and were used for printing 
scaffolds, whose porosity and architecture were evaluated.
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Abstract Human skin, the body s largest organ, is essential for physical protection, sensory touch,
and thermoregulation.1 Wounds are described as skin integrity and function disruptions and may be 
caused by different factors, such as burns, mechanical trauma, and diseases.2 Wound dressings 
exercise an essential function in supporting wound healing.3 They provide a physical barrier 
between the wound and the external environment to prevent further damage or infection.4

Considering the lack of wound dressing materials able to deliver antimicrobial agents and promote 
adequate healing of tissues, a wound dressing based on alginate and hydroxyapatite (HA) composite
film is proposed. Alginate and alginate/hydroxyapatite (1%, w/w) composite films were obtained by
continuous casting method and crosslinked with copper. X-ray diffraction (XRD) measurements 
were conducted on a Shimadzu XRD 6000 diffractometer, 10 70°, 1° min . 
The water vapor permeability (WVP) of films was determined by ASTM E96 with modifications.
The antimicrobial activity of the films was tested against Escherichia coli (ATCC 11229) and
Staphylococcus aureus (ATCC 6538) as per the disc diffusion test methodology. Alginate exhibited 
a broad peak around 23°, characteristic of amorphous alginate.5 The addition of hydroxyapatite to 
the alginate matrix affected the crystalline structure of the polymer: the broad reflection of alginate 
decreased and the characteristic peaks of HA become evidenced, indicating the interaction between 
HA and alginate on the composite. Water vapor permeability (WVP) is a fundamental property of
wound dressings because the moisture content on the wound is essential for tissue healing. WVP of 
the composite films were higher in relation to pure alginate film, therefore the composite alginate 
films are more adequate for wound healing applications since an ideal environment for wound 
healing can be created. In addition, alginate/HA composite film displayed antimicrobial activity 
against both studied bacteria.
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Bone fractures occur frequently in the world population, reaching about 8.9 million cases in 2022, 
for example. As a result, new biomaterials such as titanium derivatives and its alloys, bioceramics, 
biopolymers, and composite materials are being developed. Bone tissue is a specialized connector 
that undergoes mineralization processes with calcium phosphates in the form of hydroxyapatite. 
Regeneration of bone tissue is a biological process controlled by progenitor cells capable of forming 
new osteoblasts. In this study, we investigated poly (glycerol sebacate) (PGS), a synthetic material 
with great osteogenic potential that has attracted more attention in the field of tissue regeneration 
(e.g., bone tissue) due to its good biocompatibility and high elasticity. This polymer can be 
designed to achieve mechanical properties and degradation rates targeted to a specific application, 
and has a chemically cross-linked structure that allows elastic recovery after impacts. The focus of 
this work is to investigate the physical, chemical and biological properties of PGS in its dense and 
porous form with the addition of calcium phosphates for bone regeneration. PGS was synthesized 
by prepolymerization of glycerol and sebacic acid in microwave followed by curing at 150°C for 24 
hours. By modified protocols from the literature, the simulated body fluid (SBF) method was used 
to deposit calcium phosphates on PGS. The test samples were characterized for their structural and 
chemical properties by attenuated total reflectance Fourier transform infrared spectroscopy (ATR-
FTIR), water vapor permeability, degree of swelling, and hydrolytic degradation. The tests have 
shown that the structurally modified PGS with the addition of calcium phosphates has great 
potential for use in bone tissue regeneration. Therefore, the chosen synthesis and chemical 
modification strategies were effective in producing a promising biomaterial that is cost-effective, 
biocompatible, bioresorbable and can be used for bone tissue development.
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Abstract The polymer poly-L-lactic acid (PLLA) has biomedical applications due to its 
biocompatibility and resorption. However, its hydrolysis releases lactic acid, resulting in an intense 
inflammatory reaction due to the pH decrease at the implantation site.1 To mitigate this effect, the 
use of copolymer poly(l-lactic acid-co-trimethylene carbonate) (PLLA-PTMC) is proposed as a 
biocompatible material with a mild inflammatory response.2 Currently, additive manufacturing is 
gaining ground in the biomedical field through three-dimensional printing (3D), enabling the 
production of customized prosthetics for each patient.3 In order to enable 3D printing of absorbable 
parts with a mild inflammatory reaction, the production of filaments from PLLA-PTMC pellets 
(Resomer LT706S, Evonik) was tested through extrusion. The parameters were divided into 3 
conditions: 170°C/without prior dehumidification, 170°C/with dehumidification, and 190°C/with 
dehumidification. The extrusion was carried out in a single-screw mini-extruder at 14 RPM, and the 
dehumidification was performed in an oven for 1 hour at 60°C. The temperature of 170°C was 
selected based on the differential scanning calorimetry (DSC) analysis, and the temperature of 
190°C followed the proposal of Marchewka.4 After extrusion of the 170°C/without 
dehumidification group, it was observed that the filament had roughness and imperfections, 
confirming the need for dehumidification in the other groups. The temperature of 170°C was not
efficient, showing small defects along the filament attributed to partial polymer fusion. The 
temperature of 190°C yielded the best result, a homogeneous filament without imperfections. Then, 
a type V test specimen (ASTM D638) was printed on a 3D printer (Ender-3 PRO, Creality) using 
the 190°C filament. It was performed with a heated bed at 40°C, a nozzle temperature of 190°C, 
and a speed of 10 mm/s. The printed piece showed no defects or deformities, concluding that the 
filament is viable for 3D printing.
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Abstract
Polymer composites with bioactive fillers have great potential in biomedical applications due to the 
combination of mechanical and bioactive properties. Polycaprolactone (PCL) is a low melting 
temperature bioabsorbable polymer, while F18 is a bioactive glass with good processability, which 
favors its spinning from melt. So far, there has not been an investigation into composites of these 
materials obtained through extrusion. In order to study their properties, PCL 3D printing filaments 
with up to 12.5 wt% continuous and discontinuous fillers (powder and short fiber) of F18 were 
extruded and analyzed by differential scanning calorimetry, thermogravimetry and parallel plate 
rheology. For comparison, conventional glass fillers were also used. Manufacturing was successful,
including the extrusion through a crosshead die for coating of glass fiber bundle. Composites with 
bioactive fillers showed lower thermal stability (up to 62°C below the decomposition temperature 
of neat PCL, 419°C), possibly because the ions released by these fillers are catalysts for chain 
scission reactions during melt processing [1]. Conventional powder and short fibers had a 
nucleating effect (increase of up to 7.9% in the degree of crystallinity compared to neat PCL), while 
bioactive powder restricted the ordering (decrease of up to 7.1% in the degree of crystallinity). 
Short and continuous bioactive fibers tend to lower the melting temperature (from 64°C to 59°C), a 
phenomenon attributed to matrix degradation. Short fibers raised the viscosity of the polymer more 
than the powder. However, by filtering the fillers, it is observed that short fibers and mainly the 
powder reduce the viscosity of the matrix, possibly due to the reduction of the molar mass. The 
results indicate that these composites are promising in the development of scaffolds through 
additive manufacturing.
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The incorporation of zinc oxide (ZnO) into poly (lactic acid) (PLA) is a promising strategy
for the manufacture of bioactive scaffolds for bone tissue application1. However, the degradation of 
the PLA matrix stimulated by the release of Zn2+ ions during processing is an obstacle to the 
application of this composite, since the acidic products resulting from degradation and the fast release 
of ions decrease cell viability in the culture medium2. Here, we functionalized ZnO with maleic 
anhydride using plasma, and subsequently fabricated the PLA-ZnO composites (5 and 10 wt% ZnO), 
aiming to control the ion release and degradation. This study analyzed whether plasma 
functionalization with maleic anhydride of ZnO particles (ZnO_MA) for 5 and 15 minutes effectively 
controls PLA degradation and, consequently, maintain the biocompatibility of the scaffolds. The 
material processing occurred through an internal mixer coupled with a torque rheometer at 175°C and 
60 rpm for 5 min, with 5% and 10% ZnO. Afterward, scaffolds were manufactured by 3D printing. 
Thermogravimetric analysis (TGA) was used to evaluate the thermal stability of the composites and 
cell viability assay (WST-1) was performed to analyze mesenchymal stem cells proliferation of the 
scaffolds. TGA analysis showed that PLA/ZnO_MA biocomposites present an onset degradation 
temperature close to PLA, and 30 °C higher than the PLA-ZnO without plasma treatment. From the
biological analysis, the samples containing raw ZnO decreased cell viability, with 10% ZnO being 
cytotoxic ( 70%); while the incorporation of ZnO_MA maintained the biocompatibility of the PLA. 
The cytotoxicity of PLA/ZnO composite is a consequence of the low pH caused by the release of 
acidic degradation products of PLA and the intense release of Zn2+ ions. We demonstrated that the 
ZnO plasma functionalization with maleic anhydride has excellent potential in controlling PLA 
degradation, therefore enabling cell proliferation.
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Abstract
Hydrogel networks, composed of cross-linked polymers in a three-dimensional (3D) structure, can
absorb and retain substantial quantities of water. The adjustable characteristics and adaptable 
manufacturing techniques of hydrogel materials have facilitated their utilization in various
biomedical and engineering fields. These applications encompass tissue engineering, regenerative 
medicine, wastewater treatment, and soft robotics. With the advent of additive manufacturing, 
hydrogels have been used along with cells to develop bioinks and to manufacture bioprinted 
structures with a series of functions such as maintaining the phenotype and/or differentiation,
envisioning disease modeling, and tissue engineering. For that, some properties are necessary: 
biocompatibility, biodegradation in a controlled manner, adequate rheological properties that allow 
printing, and mechanical properties like those of the tissue you want to recreate. Therefore, this 
study assessed different biocompatible hydrogels, aiming to recreate the neural niche for disease 
modeling. The systems were composed of gelatin methacrylate (GelMA), gelatin/GelMA,
gelatin/GelMa/alginate (Al) and Gellan Gum (GG)/GelMa. The hydrogels developed were 
characterized by mechanical properties, biodegradation and cell viability (live-dead). The 
mechanical properties were assessed under a compression regime, and the specimens were cast into 
a Petri dish and further stamped with a punction to fabricate reproducible samples. The 
biodegradation was analyzed by evaluating their mass variation when exposed to PBS solution 
under different time points, and finally, their biocompatibility was determined by live-dead assay. 
By tailoring the hydrogel compositions, they presented compressive modulus from 5-10 kPa, 
biodegradation from several days to months and high biocompatibility (viability higher than 80%).
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Microbial colonization and biofilm formation is one of the biggest concerns related to indwelling 
and implantable medical devices (e.g., Central Venous Catheter), that cause a threat to the health 
and the life of patients [1]. Due to the rise of resistance of specific bacterial strains towards 
antibiotics, there is an urgent need to develop technologies that can adequately protect against those 
pathogens [2]. Chitosan, a chitin-derived biopolymer, has been widely used to synthesize 
antimicrobial films and coatings, especially in the presence of inorganic metals, such as silver, due 
to its oligodynamic effect when in nanoparticles (NPs) form [3]. Combining silver and chitosan in a 
single material is one strategy to prevent biofilm formation. This work aimed to synthesize 
Chitosan-Silver nanoparticles (CS-AgNPs) to be used as an antimicrobial coating in medical 
devices. For the synthesis, chitosan and silver nitrate solution were combined in different ratios 
(2:1; 4:1; 6:1 (w/w)) and heated until boiled for 6 hours. The formed solution was characterized by 
Dynamic Light Scattering, UV-Vis spectra, and Scanning Electron Microscopy, and it has its 
antimicrobial and antibiofilm properties verified against Staphylococcus aureus by the Minimum 
Inhibitory Concentration method and biofilm formation assay, adapted from [4]. The synthesis was 
successfully performed, resulting in nanoparticles with a distribution size smaller than 100 nm. The 
presence of NPs was also confirmed by UV-vis absorption spectra, where the characteristic plasmon 
band at 415 nm indicates the presence of silver NPs. The combination of Chitosan and Silver 
resulted in a synergistic antimicrobial effect against S. aureus, with the capacity to inhibit and 
eradicate biofilm formation when coated in a polyurethane catheter surface at the 2:1 ratio. The 
material synthesized in this work can be seen as a promising strategy for an antimicrobial coating to 
prevent biofilm formation and bacterial infections caused by medical devices.
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Abstract - In recent decades, resveratrol has gained importance due to its impressive range of 
biological activities, however, its true potential as a drug is restricted by its low bioavailability [1]. 
To minimize this pharmacokinetic problem, we studied a way to modify the chemical structure of 
the resveratrol molecule by synthesizing polymeric microparticles from the trans-resveratrol 
molecule, via condensation with carboxylic acids, obtaining new polyesters with potential use as 
prodrugs [2]. Resveratrol is a polyphenol obtained from renewable sources, such as grape skins, and 
has esterifiable hydroxylases [3]. Studies on the chemical composition of resveratrol polyesters 
obtained by condensation with sebacic and adipic acid dichlorides, 1H and 13C nuclear magnetic 
resonance (NMR) and infrared (FTIR) spectroscopy indicated that the syntheses were successful. 
Thermogravimetry (TG) indicated a degradation behavior in two steps, suggesting the degradation 
of the aliphatic region (sebacate and adipate region), followed by the decomposition of the aromatic
rings (resveratrol region), while differential exploratory calorimetry (DSC) showed that thermoset 
resveratrol polyesters with Tg in the range between 43 and 77 ºC have been synthesized. Obtaining 
dense polymeric microparticles with a smooth surface was confirmed by means of microscopic 
analysis. The study of the in vitro hydrolytic degradation process in phosphate buffer pH 7.4, 
indicated that the polymers undergo a degradation of second order kinetics (k= 1.69 x 10-2 m%-1 s-1) 
until the third week, passing to a first order degradation (1.25 x 10-3 s-1) after this period. This 
result, together with studies by TG and DSC, suggest that there are less crosslinked domains that are 
more easily hydrolyzed and responsible for the first stage of mass loss, while more crosslinked 
domains (in greater proportion) are apparently more resistant to the hydrolytic process.

References
1. E.A. Oganesyan; I.I. Miroshnichenko; N.S. Vikhrieva; A.A. Lyashenko; S.Y. Leshkov Pharmaceutical Chemistry 

Journal 2010, 44, 25-27. https://doi.org/10.1007/s11094-010-0401-1
2. A. Prudencio; N.D. Stebbins; M. Johnson; M. Song; B.A. Langowski; K.E. Uhrich. Journal of Bioactive and 

Compatible Polymers 2014, 29, 208-220. https://doi.org/10.1177/0883911514528410
3. M.J. Acerson; M.B. Andrus Tetrahedron Letters 2014, 55, 757-760. https://doi.org/10.1016/j.tetlet.2013.12.019

Fundings: FAPESC (2021TR928) and CAPES-DS.

Keywords: Resveratrol, Polymeric prodrug, Microparticles, Controlled release, Bioavailability.

1832



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

ANTIMICROBIAL ACTIVITY OF SILVER NANOPARTICLES PRODUCED BY 
GREEN SYNTHESIS FROM ENDOPHYTIC FUNGI PENICILLIUM SPP

Laisa A. P. L. Garcia1 Marcelo Assis3 and Cristina P. Sousa1, 2, 4

1 Laboratory of Microbiology and Biomolecules, Department of Morphology and Pathology (UFSCar), São Carlos, 
SP, Brazil 

2 Laboratory of Microbiology and Biomolecules, (LaMiB)Department of Morphology and Pathology (UFSCar), São 
Carlos, SP, Brazil 

3 Center for Development of Functional Materials (CDMF), and Chemistry Department (UFSCar), São Carlos, SP, 
Brazil

4 Graduate Program of Biotechnology PPGBiotec (UFSCar), São Carlos, SP, Brazil
Correspondent author - prokarya@ufscar.br

Abstract 
The increase in bacterial resistance to antimicrobials has become a major problem for public health 
in recent decades. Endophytic fungi, that lives in mutualistic association with plants, are a rich 
source of bioprospecting for such bioactive compounds. The objective of the present project was to 
synthesize silver nanoparticles through green synthesis, an ecologically sustainable approach that 
uses biological organisms as biofactories to the production of metallic nanoparticles. The utilization
of metallic nanoparticles can be applied in the study of the control of resistance to traditional 
antimicrobials using inhibition as prevention of microbial diseases. The endophytic filamentous 
fungi Penicillium spp., isolated from Polygala spp., a plant collected in Brazil, were used in the 
biosynthesis of silver nanoparticles. The synthesis of AgNPs were conducted utilizing the 
Penicillium spp. fermentation broth with 1 mL de AgNO3 (1mM). To conduct the characterization 
of AgNPs the 1,5 mL of reactional solution was submmited to the UV-Vis (200 and 800 nm) in 72, 
144 and 216 h incubation, and fermentation broth without AgNO3 as control. Subsequently, the 
nanoparticles were submitted to evaluative assays to test their antimicrobial, effects. The 
nanoparticles presented inhibition of Escherichia coli and Staphylococcus aureus, with better 
results for the Gram negative bacterium. The results show that the green synthesis is a good method 
to produce metallic nanocomposites utilizing endophytic Penicillium spp.

Key words: Penicillium spp., endophytes, green synthesis, metallic nanoparticles, AgNO3, 
microbial inhibition

Experimental
The use of polimers as metallic nanoparticles is an important and innovative tool, since the 

generated data can achieve better results when the subject is the study of the microbial resistance to 
traditional antimicrobials.This protocol can impact directly the resistance as a major public health
concern, giving new highlight into the microbial diseases.

To proceed with the development of the endophyte, Penicillium spp. was submmited to the 
fermentation broth that was cultivated in BDA, in the absence of light at 28°C, during 10 days 
incubation (Fig. 1).
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The synthesis of AgNPs, was done utilizing 100 mL of fermentation broth with 1 mL of 
AgNO3, to final concentration of 1 mM. The silver ions were reducted as visualized by color 
reactional change. The characterization of AgNPs was made utilizing UV-Vis in CDMF, Chemistry 
Department. The reactional solution was submmited to double beam spectrophotometry, operating 
in 200 and 800 nm in 72, 144 and 216 h of incubation time. Fermentation broth without AgNO3 
was used as the negative control. The evaluation of AgNPs antimicrobial activity were made using 
the diffusion method in solid media. To do the characterization of AgNPs (CDMF/UFSCar) 1,5 mL 
of reactional solution was submmited to the UV-Vis (200 and 800 nm) in 72, 144 and 216 h 
incubation, and fermentation broth without AgNO3 as control (Verassami et al., 2011).  

To conduct the bioguided tests, we used the batcterial pathogens Escherichia coli and 
Staphylococcus aureus as Gram + and -, respectively. The bacterial padronization was made using 
spectophotometer at 620 nm and an OD between 0,08 e 0,10.  
 
Results and discussion 
 

Figure 1 show the studied organism, Penicillium spp. In this picture, it can be seen the 
morphologic colony characteristic of the fungi. Table 1 shows the antimicrobial effect of AgNPs 
against E. coli and S. aureus, that were similar, but higher to S. aureus with the identified inhibition 
zones.  
 
Figure 1. Penicillium spp. typical microbial morphology, growing in BDA plate dish. 
 

 
 

 
Figures 2 and 3 shows the UV-vis spectre for the tested samples. AgNPs have unique optical 

properties due to superficial plasmon ressonance. 
 
Figura 2. UV-vis spectre with pic near 450 nm in the reactiona solutions, indicating the presence of 

silver nanoparticles. Control solution showed one pic near 200 nm indicating the presence of 

reductor molecules in the broth fermentation. 
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Figure 3 shows the UV-vis spectre with results from sample 3 in different incubation times. It can 

be seen that was a considerable pic after 72 hours of incubation. However, after 144 hours, the pic 

presented a little growth indicating that the synthesis was approching the end time.  

 

 

Figure 3. UV-vis spectre results from sample 2 in different incubation times. 

 

Based on literature (Halkai et al., 2017), it is expected that the NPs synthetised from the 
Penicillium spp. fermentation broth presents morphology with 16-40 nm and spherical aspect.  
 
The results presented in Table 1 shows the presence of halos numbers and data is similar to 
work conducted by Jaidev and Narasimha (2010).  
 
Table 1. Nanoparticles inhibition zones (mm) sinthetized by Penicillium spp. broth fermentation 
against E. coli and S. aureus.  
 
 

Samples E. coli S. aureus 

AgNPs 1 2-4 

AgNO3 1 1 

Fermentation 
broth (- control) 

- - 
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In Figure 4 it is showed the inhibition halos against Escherichia coli. DA MOTA et al., (2018) 
worked with Gram negative bacteria and these authors results are similar to this presented here. 
 

 

The Figure 4 shows the bioguided test with inhibition halos. Plates with E. coli in the a) 
AgNPs reactional solution, b) tetraciclin, c) AgNO3 and d) fermentation broth.   

 

 

 

Source: Authors 

 

In the figure 5, the results show the evaluation of AgNPs with charcteristic results. 
These data present some difference from Bogas et al., 2022. 

 
 

Figure 5. S. aureus plates with (a) AgNPs reactional solution (b) tetraciclin, (c) AgNO3 solution 
and  (d) fermentation broth.  

 

 

Source: Authors 

There was no inhibition halo formation in the fermentation broth plate (a) and the tetraciclin 
(b). In the others tests the inhibition halo was present.   
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As can be seen in Figures 2 and 3, the plates with the AgNPs showed inhibition halos for 
both pathogens, with better results for S. aureus.  On the other hand, the plates with AgNO3 (1 mM) 
had a small inhibition halo and the plates with fermentation broth presented  no halo, as expected.  

 
 

 
Conclusion  

 The extracellular syntesis of AgNPs from Penicillium fermentation broth was done 
succesfully.  

The antimicrobial activity of nanoparticles presented activity against E. coli and S. aureus. 
The green synthesis can provide good results and an ecologically sustainable approach that uses 
biological organisms as biofactories in the production of metallic nanoparticles. 
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Abstract 3D printing of hydrogels is a new strategy for encapsulating cells and drugs, allowing the 
manufacture of biomaterials for biomedical applications, ranging from organs and tissues to drug release devices and 
sensors. Chitosan is a well-known hydrogel that is widely used as a support for controlled drug release. Still, it has low 
mechanical properties that can be enhanced by adding gelatin to obtain a viscoelastic material capable of forming a 
scaffold by 3D printing. Crosslinking the chitosan/gelatin hydrogel with genipin, a biomolecule extracted from the 
jenipapo plant, improves its mechanical properties and stabilizes the material. Adding imidazolium-based ionic liquids 
containing fluconazole promotes antifungal activity in the material.

Keywords: 3D Printing, Chitosan, Gelatin, Genipin, Antifungal properties  

Fundings: CAPES, UFRGS

Introduction 

The ability to print customizable three-dimensional structures has placed 3D printing in the 
tissue engineering scenario, allowing the production of three-dimensional supports that assist in cell 
proliferation and tissue reconstruction. Besides, it acts as a mechanical support during tissue 
reconstruction, remodeling and allowing drug delivery directly to the site. In addition, the designed 
supports are scaffolds and can be customized in shape, dimension, and porosity. [1] Bio-printing is 
more prominent than other techniques due to the possibility of manufacturing biological synthetic 
structures in a three-dimensional matrix. Thus, biological microenvironments can be created that 
can facilitate cell-cell and cell-matrix interactions. The great advantage of using hydrogels is their 
macromolecular structure. Because they are composed of polymeric chains that have the property of 
expanding their volume when immersed in water, they do not dissolve due to the presence of 
intermolecular interactions and/or cross-linking. In this way, they can maintain the structure of the 
solvent in their three-dimensional structural network, which can also contribute to the transport of 
oxygen and nutrients when used, for example, in tissue engineering [2]. Chitosan is a cationic 
copolymer composed of two monomers, D-glucosamine and N-acetyl-D-glucosamine.[3] In 
addition to being biocompatible, hypoallergenic, and biodegradable, it can also be used as a drug-
carrying hydrogel, acting as a biomaterial for tissue engineering.[4] Although it has low mechanical 
properties, the chitosan chain presents the existence of amino (-NH2) and hydroxyl (-OH) groups, 
which are typically used to react with crosslinking agents to promote crosslinking, thus improving 
the mechanical properties of the chitosan hydrogel. [5] Another versatile polymer is gelatin, 
obtained through processes involving the denaturation of collagen, which occurs through acidic or 
basic cleavage of intermolecular and intramolecular covalent bonds. Due to its chemical structure, 
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numerous functional groups pendant along the gelatin chain allow the molecule to undergo 
functionalization, such as the use of a drug, or even something more straightforward, such as a 
crosslinking reaction, to improve the material's mechanical properties. To improve the mechanical 
properties and stability of chitosan/genipin hydrogels, this project aimed to develop 3D-printed 
hydrogels and promote a post-crosslinking process, adding genipin as a chemical reagent. The 
incorporation of antifungal was assisted by adding ionic liquids, based on its ability to solubilize the 
flucozanol and promote a synergistic effect with the drug, which can increase its antifungal 
capacity.[6]  

 
Experimental  
 
Chitosan-gelatin hydrogels  

For hydrogel preparation, chitosan 3% (w/v) was dissolved in lactic acid and gelatin, and 
12% (w/v) was dissolved in PBS; both were stirred for 30 min at C for 30 min. Before forming the 
chitosan-gelatin blend, the pH was increased to 6.0 by adding 0.5 M NaOH. 
 
Chitosan Gelatin with ionic liquids (E8 or E15)  

To prepare the hydrogel with ionic liquids, 2 mL of ionic liquid  [C12MIM]Br, denominated 
E8, and [C16MIM]Br, denominated E15, was added to the gelatin preparation. For the preparation, 1.2 
g of gelatin type B was mixed by magnet stirring with 2 mL of ionic liquid plus 8 mL PBS at 40°C 
for 30 min. The chitosan hydrogel was prepared with 0.3 g of chitosan and dissolved in 10 mL of 
lactic acid 3% (v/v) under magnetic stirring for 40 min. The bioink hydrogel was prepared 
chitosan/gelatin-ionic liquid in (1:2) ratio (w/w). 

 
3D printed parameters 

 Printing speed: 20% 
 Print flow: 100% 
 Temperature in the extrusion nozzle: 30°C 
 Piston descent speed: 60% 

 
Crosslinking Degree (%) 
 
The crosslinking reaction was carried out after the printing process. The printed scaffold was 
immersed in an alcoholic genipin solution at 1.0, 0.5 and 0.25% (w/v) for 30 min at room 
temperature. Then, the crosslinked scaffolds were washed with water/ethanol solution. 
 
Results and Discussion 
 
Twelve 3D-hydrogels were obtained according to Table 1. The same method was applied to 
hydrogels containing the imidazolium ionic liquids E8 and E15. The hydrogels can be visualized in 
Figure 1. The changes in the colour is promoted by the covalent bond between chitosan amine 
groups and the genipin, which forms a chromophore group. 

 
 

 
 
 
 

 
 

a) b) 
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Figure 1. (a) 3D-Hydrogel chitosan/gelatin (b) 3D-Hydrogels after crosslinking. 
 
 
Table 1. Chitosan/Gelatin hydrogel formulations for 3D printing  

Hydrogel Gelatin 
(ratio) 

Chitosan 
(ratio) 

Ionic Liquid 
(mL) 

Genipin (% w/v) 

CHI/GEL 2 1 - - 
CHI/GEL 0.25 GEN 2 1 - 0.25  
CHI/GEL 0.5 GEN 2 1 - 0.5  

CHI/GEL 1.0 GEN 2 1 - 1.0 

CHI/GEL E8 2 1 2 - 
CHI/GEL E8 0.25 GEN 2 1 2 0.25 

CHI/GEL E8 0.5 GEN 2 1 2 0.5 

CHI/GEL E8 1.0 GEN 2 1 2 1.0 

CHI/GEL E15 2 1 2 - 
CHI/GEL E15 0.25 GEN 2 1 2 0.25 

CHI/GEL E15 0.5 GEN 2 1 2 0.5 

CHI/GEL E15 1.0 GEN 2 2 2 1.0 

 
 

The FTIR-ATR analysis revealed that hydrogels exhibited characteristic bands of gelatin 
and chitosan.  Notably, we observed the corresponding band related to stretching the N-H bond of 
secondary amide at 3300 cm-1, characteristic of the gelatin molecule. The same functional group 
also shows an apparent band at 1650 cm-1, characteristic of the stretching of the C=O bond. From 
3300 to 3500 cm-1, the stretching band of the primary amine N-H and the bending of the primary 
amine N-H bond at 1550 cm-1 can be observed, corresponding to the chitosan chemical structure. 
The addition of ionic liquids did not cause displacement or the appearance of bands, and the 
crosslinking reaction promoted by the genipin was not visualized in the FTIR spectra. This behavior 
probably is due to the low concentration of genipin in the solution, which avoided the detection of 
characteristics bands in the FTIR-spectra.  

 
 
 
 
 
 
 
 
 
 

 

4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm-1)

 QUI/GEL 
 QUI/GEL 0.25% GEN
 QUI/GEL 0.5% GEN
 QUI/GEL 1.0% GEN a) 

1840



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. FTIR-ATR (a) Chitosan/Gelatin (CHI/GEL) and CHI/GEL with genipin (1.0; 0.5 and 0.25% w/v) 
(b) Hydrogel Chitosan/gelatin E8 (CHI/GEL E8) and  (c) Chitosan/Gelatin E15 (CHI/GEL E15) and CHI/GEL 
E15 with genipin (1.0; 0.5 and 0.25% w/v). 

 
The swelling results are shown in Figure 3. Crosslinked hydrogels' swelling degree (%) was 

550% compared to initial dry weight, whereas the crosslinked hydrogels presented a 490% 
swelling. It was observed that a higher genipin concentration led to a lower swelling degree. 
Besides that, the crosslinking provided more resistance to the hydrogel without solubilizing. 
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Figure 3. Swelling degree (%)  of 3D hydrogels (a) Hydrogel CHI/GEL and hydrogel CHI/GEL crosslinked 
with genipin (1.0; 0.5 and 0.25%),  (b) Hydrogels with ionic liquids, CHI/GEL E8 and CHI/GEL E15, (1.0; 
0.5 and 0.25%). 

 
A disk-diffusion assay was performed with the drug fluconazole to evaluate the efficiency of 

the hydrogels in releasing the ionic liquid containing fluconazole against Candida albicans. The 
methodology was adapted from the CLSI document M44-A2. Discs containing 25 µg of 
fluconazole were used for the control group. C. albicans was cultivated on Petri dishes containing 
Sabouraud Dextrose Agar with Chloramphenicol in a 1x106 UFC/mL concentration. The hydrogel 
samples remained in contact with the culture medium incubated for 48 hours at 35°C. The blank 
hydrogels (Chi/Gel) did not present an inhibition zone against Candida albicans. In contrast, the 
hydrogels containing E8 ionic liquid exhibited a significant inhibition zone against C. albicans (20 
mm), demonstrating that the developed material could release the drug into the medium. However, 
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the inhibition zones of the hydrogel containing E15 ionic liquid were not evident, but an antifungal 
effect was observed due to the inhibition of yeast growing in the hydrogel.

 
 

 
Figure 4. Adapted disk diffusion test of hydrogels: (a) CHI/GEL, (b) CHI/GEL E8 and (c) CHI/GEL 

E15.  
 
Conclusions  

We developed Chitosan/Gelatin 3D printed hydrogels with antifungal activity in the present 
work. The addition of genipin was effective as a crosslinking agent, showing an effect on swelling 
properties. Besides, the incorporation of ionic liquids did not affect the printability of the hydrogels.  

The developed hydrogel demonstrated the ability to inhibit fungal growth on its surface, and 
hydrogels with ionic liquid in their composition were able to form an inhibition zone against C. 
albicans.  
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Abstract 

AZ31 magnesium alloys have become an important alternative in orthopedic applications due to their 
biocompatibility, biodegradability, mechanical properties and promotion of bone regeneration making this 
temporary device suitable to avoid a new surgical intervention as well as pain and discomfort. However, the 
inherent corrosion rate of magnesium must be reduced, for this we propose to coat with different 
concentrations of collagen solutions (0, 16 and 64% w/w) the surfaces of these AZ31 alloys which we call 
scaffolds "Mg sponges", Beforehand, surface activations (alkaline activation and hydrofluoric activation) 
were performed to ensure the coating with the collagen solution and finally we evaluated the corrosion rate 
by means of the hydrogen evolution method in a simulated physiological conditions environment (SBF). 
Quantitative and qualitative study techniques such as atomic absorption spectroscopy (AA), with which we 
determined the magnesium concentration in the SBF solution, and scanning electron microscopy with atomic 
analysis (SEM/EDS) were used for the analysis of results to describe morphologically and elementally the 
surfaces before and after corrosion. The tests showed that the scaffolds, "Mg foams", corrode more for those 
samples having alkaline activation and no collagen coating, corrode less for those samples having 
hydrofluoric activation and coated with 16% (w/w) collagen and corrode minimally for those samples having 
hydrofluoric activation and coated with 64% (w/w) collagen.

Key words: AZ31 magnesium, collagen, scaffolds, corrosion, physiological conditions.
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Introduction

Magnesium and its alloys have been the subject of study for many decades since the early 
1878 for their potential uses in the field of biomaterials [1]. Magnesium itself is a light 
metal with very convenient characteristics such as low density, high strength, high 
buffering capacity, low heat capacity, negative electrochemical potential, non-toxicity, and 
above all it is an essential element in the biological functions of human beings [2, 3]. The 
use of Mg and its alloys is basically based on a Young's modulus similar (about 45 GPa) 
to that of human bone (15-30 GPa), which can reduce stress protection during load transfer 
at the bone-implant interface, and on its density which is 1.79 g/ cm3, very close to that of 
human bone (1.75 g/cm3) [4]. Titanium is the most used material in orthopedic implants 
over time, however, its use has been discussed because of its failures such as loosening 
after implantations and corrosion products that compromise related tissues [5]. As a result, 
magnesium has been proposed as a substitute for titanium as an orthopedic implant material 
due to its mechanical, chemical and biological qualities; many researchers have conducted 
studies that support this for decades [6-9]. Surface modification methods such as surface 
activation and coatings on magnesium-based materials have proven to be efficient in 
controlling the rate of degradation [7, 9, 10]. In this research, chemical surface treatments 
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such as alkaline and hydrofluoric surface treatments are proposed as they show promising 
results [10], and coating on collagen as it is abundantly found as a structural protein in the 
body [11], plays the role of a major component of the extracellular matrix (ECM) in 
addition to its biodegradation, biocompatibility and non-cytotoxicity properties, easily 
modified to produce materials as desired using its functional groups [12]. Importantly, the 
results of slowing down the corrosion rate of the "magnesium foams" ensure that this 
biomaterial remains for the necessary time required for bone regeneration and that when it 
finally culminates it can degrade completely without internal or external affectation. 
 

Experimental Part 
 

i) Preparation of the Mg foam simples 
The cylindrical samples with dimensions of 7 mm in diameter and 60 mm in 
height, have a porosity percentage of 75 ± 2% and a specific surface area of 
0.04354 cm2/mg. These were cut into 12 pieces with dimensions of 7 mm in 
diameter and 10 mm in height approximately, then they were immersed in 
ultrasonic bath at 40°C for 10 minutes in acetone, then in chemically pure 
absolute ethanol and finally in distilled water. Finally, they were left to dry at 
ambient conditions in a fume hood for 1 hour. 

ii) Surface activation: a) in alkaline medium and b) with hydrofluoric acid. 
Samples of already cleaned "magnesium foam" scaffolds were immersed in 
boiling 5 M KOH(ac) solution for 15 minutes, then dried with cold air inside a 
fume hood for 1 hour and finally stored for 7 days inside a desiccator at 
ambient temperature and relative humidity conditions of 25 ± 3°C and 73 ± 
5%, respectively. In a group of six, 50% of the samples already treated with 5 
M KOH(ac) were immersed in prepared 40% (w/w) HF(ac) solution and then 
incubated in a water bath at 60°C for 30 minutes. The samples were then dried 
with cold air in a fume hood for 1 hour and finally stored in a desiccator for 7 
days. 

iii)  Coating with different concentrations of collagen. 
The concentrated solution of collagen 80%(w/w) used was mouse tail type I, 
(Sigma Aldrich, USA) from which the following solutions were prepared 0% 
(w/w) ,16% (w/w) and at 64% (w/w), the different magnesium elections 
samples were immersed in these concentrations for a time of 1 minute, then 
allowed to dry for a time of 15 minutes at temperature and relative humidity 
of 25 ± 3°C and 73 ± 5%, respectively, for each sample three repetitions were 
carried out. 

iv) Corrosion evaluation by the hydrogen evolution method.  
Each sample was immersed in simulated body fluid (SBF) solution for 24h. 
The physiological temperature was 37 ± 1°C, while the atmospheric pressure 
was kept constant at 760 mmHg. The pH of the SBF solution was regulated 
using 1M HCl and 1M NaOH in order to maintain the physiological pH of 
7.4± 0.3, the system was armed to collect the volume of hydrogen gas by 
volumetric method and the measurement of the volume of hydrogen displayed 
in the burette was started every hour for 24 hours. 

v) Characterization of the coated surface. 
The characterization of the coated surfaces of the scaffolds "magnesium 
foams" was performed using a scanning electron microscope (SEM) models 
Prisma E of the TermoFisher brand with microanalysis detector (EDS) and 
the Quanta200 FEI. For atomic absorption, the Shimadzu AA-7000 Atomic 
Absorption Spectrometer was used. 
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vi) Statistical analysis of data 
For the data analysis a 2x3 factorial experiment design was used which 
consists of six treatments with two, randomly obtaining 12 runs. This type of 
experiment was chosen to test the effect of different collagen concentrations 
(C0=0%, C1=16% and C2=64%), surface activation media (alkaline (OH) 
and hydrofluoric (HF)) and the interaction of both on corrosion rates. 
 

Results and discussions 
 
The tests showed that AZ31 magnesium alloys corrode more for those samples with alkaline 
activation and without collagen coating and where a higher volume of hydrogen gas is 
released (see Fig. 1). a,b,c) the before and after corrosion evaluation, they corrode a little 
and the volume of hydrogen gas evolved is less for those samples that have hydrofluoric 
activation and coated with 16% (w/w) of collagen and they corrode minimally for those 
samples that have hydrofluoric activation and coated with 64% (w/w) of collagen and 
therefore there is almost no hydrogen gas release (see Fig.1 d,c,e) before and after corrosion 
evaluation; their average corrosion rates being 7.92 ± 0.25,1.22 ± 0.02 and 0.89 ± 0.22 
mm/year respectively. It is also demonstrated through ANOVA analysis that there is a 
significant effect of the collagen concentration on the corrosion rate which, at the same time, 
this effect is modulated by the type of surface activation used.
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Figure 1

SEM images of the coated surface of the "Magnesium foams" scaffolds before and after corrosion evaluation

Figures a), b), c) have alkaline activation and coated with 0%(w/w) 
,16%(w/w) and 16%(w/w) collagen respectively prior to corrosion 
evaluation.

Figures a.1), b.1), c.1) have alkaline activation and coated with collagen at 
0%(w/w) ,16%(w/w) and 16%(w/w) respectively after corrosion evaluation.

Figures d), e), f) have hydrofluoric activation and coated with 0%(w/w) 
,16%(w/w) and 16%(w/w) collagen respectively prior to corrosion 
evaluation.

Figures d.1), e.1), f.1) have fluoride activation and coated with collagen 
at 0%(w/w) ,64%(w/w) and 64%(w/w) respectively after corrosion 
evaluation.

a) a.1) d) d.1)

b) b.1) e) e.1)

c) c.1) f) f.1)
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Conclusions 
 
The results of the tests performed indicate that a collagen coating was formed on the 
surface of the Mg sponge, which improved the corrosion resistance of the alloy in SBF 
solution. Surface activation in 40 (w/w%) HF is feasible in the generation of highly 
protective coatings against magnesium degradation in physiological media, and should be 
considered for future applications of magnesium as a temporary metallic implant. This 
simple chemical conversion treatment confers to the coating good protective properties in 
the physiological environment. The optimal conditions for corrosion abatement are to 
perform a fluoride surface modification and subsequent coating with collagen at a 
concentration of 64%(w/w), pH=7.4 ± 0.3, immersion time of 1 min, drying time of 15 min 
and temperature of 37 ± 1°C. Collagen coatings at lower concentration and with alkaline 
surface modification do not provide sufficient protection against substrate corrosion, which 
originated the imminent alkalinization of the medium and an increase in corrosion rate. 
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Abstract - Leishmaniasis is a globally neglected disease caused by the bite of hematophagous insects infected with the
parasite Leishmania. In Brazil, the disease mainly manifests as cutaneous leishmaniasis. Over the years, one of the primary
therapies has been the administration of pentavalent antimonials such as Glucantime®. However, the high toxicity and
severe symptoms of this treatment lead many patients to abandon it. Thus, the use of polymers, such as PEG 4000, has
gained prominence for its ability to reduce adverse effects and toxicity. Therefore, this study describes the analysis of the
Zeta potential, controlled drug release, as well as the standard concentration curve. Consequently, the use of PEG 4000
and PEG 4000 Acetylated becomes a safe option for formulations aimed at the treatment of leishmaniasis. Cytotoxicity
was determined and PEG 4000 and PEG 4000 Acetylated were not cytotoxic.

Keywords: Antimoniate, Glucantime, controlled release, cell viability, Leishmaniasis

Introduction

Leishmaniasis is a disease caused by protozoa of the Leishmania genus and is transmitted by
hematophagous insects. Among them, Leishmania braziliensis (LT) is endemic in 76 countries and
in the American continent, with Brazil being responsible for 90% of registered cases in Latin America.
The main antiparasitic used in Brazil is meglumine antimoniate (Glucantime), Fig. 1, which is 
injectable. Due to the toxicity of antimony, a daily dose of the vaccine is recommended, and its side 
effects include nausea, vomiting, fever, fainting, among others [1]. Due to the various effects of
antimony, many patients abandon the treatment, complicating their health and, in extreme cases, 
leading to death. To avoid the side effects, further research incorporates biodegradable polymers into
the medication, encapsulating the same polymer and releasing the antimoniate into the patient's body.
It is essential to mention PEG 4000 when it comes to polymers in the clinical and pharmaceutical 
industry, as it is the most widely used and is considered the safest   for the human body. Furthermore, 
it is used due to its compatibility with medications, melting point,high hydrophilicity, chemical
inactivity, the possibility to enhance other medications ,and increase their half-lives [2,3].
Its use occurs when incorporated into other medications, suchas a capsule, transporting the medication
and providing controlled release in the body. In medications with a high toxicity rate and, consequently,
a large number of side effects, the process of incorporatingthe medication into polyethylene glycol can
provide relief and reduction of side effects in the patient's
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body [4]. PEG 4000 can be applied as bioactive pharmaceutical product, which means it can 
potentially increase the efficacy of medications and produce target specificity, unlike conventional
pharmaceutical formulations. Therefore, when used in medication formulations, the doses and
administration frequencies can be reduced, consequently mitigating the adverse effects caused by
high doses and resulting in successful therapy. Additionally, the use of modified polymers exhibits
specific actions and characteristics, such as the reduction of adverse effects, the ability to act directly
on specific tissues or organs, and the reduction of the medication quantity while maintaining a
concentration sufficient for effective therapeutic action without being destroyed before reaching the
desired site. Therefore, applying PEG-4000 and acetylated PEG 4000, Fig.2, for treating
leishmaniasis becomes a likely safe [5]. This study describes the analysis of zeta potential, controlled
drug release, standard concentration curve, and cell viability.

Figure 1: Chemical structure of Meglumine Antimoniate

General Considerations

Synthesis of acetylated PEG 4000 (P2)
In a round bottom flask, 2.00 g of PEG 4000 solubilized in 10.00 mL of dichloromethane and a
solution with 5.00 mL of acetic anhydride and 5.00 mL of acetic acid were added. The reaction was
maintained at a temperature of 40 ºC for 30 min. Upon completion of the reaction, the mixture was
poured into a beaker with 100.00 mL of ice water. The modified PEG 4000 solidified and was
separated by simple filtration. Solvent evaporation was made in a stove for 40 ºC and 1.00 g of a dry
White film was obtained.

Figure 2: Synthesis of acetylated PEG 4000

Determination of Zeta Potential
The Zeta potential of the samples was determined by electrophoretic mobility using a Zetasizer. The
samples were diluted in water and then placed in a capillary cell. Triplicate measurements were
performed for four different samples. The results were expressed in millivolts (mV).

PEG 4000 acetylated PEG 4000
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Incorporation of Meglumine Antimoniate in PEG 4000 and derivatives 
 
In order to obtain the polymeric benznidazole particles, 1.20 g of polymer and 0.40 g of benznidazole 
were added to a beaker with 6.00 mL of acetone at approximately 30 °C. This system was kept mixing 
until complete dissolution. In a beaker containing 40.0 mL of water at approximately 70 °C, 0.48 g 
of polyvinyl alcohol were dispersed, stirring slowly until complete dissolution. The aqueous phase 
was poured into the organic phase. The mixture was subjected to agitation at 500 rpm for 4 h at 35 
°C. Then, the products were taken to the oven at 40 °C for 24 h to evaporate the acetone. After this 
time, the particles were obtained. 
 
Buffer Solution of pH 7.3 

In the controlled release, one buffer solution of pH 7.3 was used to mimic the blood pH. In one beaker, 
6.8 g of KH2PO4 was solubilized in 250 mL of MiliQ water. In another beaker, 1.4 g of NaOH was 
solubilized in 175 mL of MiliQ water. After both were solubilized, they were mixed, and the volume 
was made up with MiliQ water to 1000 mL. The solution was then poured into an amber glass 
container, labeled, and stored in a refrigerator. The pH was measured in a pH meter BEL 
ENGINEERING. 
 
Standard Curve 

The standard curve was performed by preparing solutions containing the ketoconazole drug and a pH 
7.3 buffer solution at increasing concentrations (10 µg/mL, 20 µg/mL, 30 µg/mL, 40 µg/mL, and 50 
µg/mL) in 10 mL volumetric flasks. Each solution was analyzed in UV-Vis spectrophotometer 
GENESYS 10S at the wavelength of 217 nm according to the recommendations by. 

 
Controlled Release 
For controlled release, absorbance readings were taken using a UV spectrophotometer, adopting the 
drug's wavelength of 217 nm as described in the literature. Solutions of the drug incorporated into the 

 
reading was taken at time 0 (zero), and subsequent readings were taken at 30-minute intervals until 8 
hours had elapsed. The solutions were prepared using a pH 7.3 buffer solution. 
 
Cell Viability 
Murine L929 fibroblasts, cultivated in RPMI 1640 medium (Sigma®), were distributed in 96-well 
plates at a density of 5 x 104 cells per well and then incubated at 37°C with 5% CO2 for 24 hours. The 
cells were treated with samples dissolved in RPMI medium supplemented with 2% DMSO at 
concentrations ranging from 1000.00 to 7.81  Cell viability was assessed using the 
sulforhodamine B (SRB) assay [6]. After 24 and 48 hours of incubation, the medium was removed, 
and the cells were fixed with 20% trichloroacetic acid for 1 hour at 4°C. The plates were washed with 
distilled water and allowed to dry. Subsequently, the fixed cells were stained for 30 minutes with 
0.1% SRB dissolved in 1% acetic acid. The plates were rewashed with 1% acetic acid and dried, and 
200  of 10 mM TRIS buffer (pH 10.5) were added to solubilize the dye at room temperature for 30 
minutes. The absorbance of the samples was read on a spectrophotometer at 490 nm, and the values 
were expressed as a percentage of cell viability using GraphPad Prism software 8.0.1. 

 
Results and Discussion 

 
Zeta Potential 
The analysis of Zeta Potential indicates the surface charge of the sample, thus determining the stability 
of the particles [7]. High values of Zeta Potential (positive or negative) indicate that particles  tend to 
repel each other (Table1). Zeta Potential values between -30 mV and +30 mV indicate 
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instability in the system, while other values indicate stability [2]. Table 1 presents the Zeta Potential 
values of the PEG 4000 samples, acetylated PEG 4000, and their respective drug incorporations. It 
can be observed that the values for PEG 4000 and its derivative are below 30 mV. However, the steric 
stabilization of PEG 4000 and its derivatives is provided by the surface groups of PEG, which is 
sufficient for stabilization. In comparison to the incorporations made with the drug, a significant 
variation is observed. This is due to the influence of the functional groups of the drug when 
incorporated into the polymeric matrices. 
 
Table 1: Zeta potential of PEG4000 and derivades 

Sample Zeta Potential (mV) 
PEG 4000 -5,13 
PEG 4000 Acetylated -14,30 
PEG 4000 incorporated with Meglumine Antimoniate +1,61 
PEG 4000 Acetylated incorporated with Meglumine Antimoniate +3,68 
 
Controlled Release 
Based on the release curve obtained at a wavelength of 217 nm, it is observed that initially there was 
a significant release of the drug until it reached its therapeutic range. Subsequently, the release 
stabilized and remained slow and constant. Therefore, the drug incorporated into PEG 4000 or PEG 
4000 Acetylated exhibited a release profile, as shown in Fig. 3, displaying continuous release [2]. 

 
 

 
Figure 3: Release curve of PEG 4000 (blue) acetylated PEG 4000 (red) with incorporated 

meglumine antimoniate at pH 7.3. 
 
Cell Viability 
The administration of the drug can cause adverse effects. Thus, the developed acetylated PEG 4000 
polymers are an alternative to reduce the toxicity of this antiprotozoal, as they reduce the drug s 
 lipophilicity due to the polar terminal functional groups of acetylated PEG 4000. The cyto toxicity 
assay performed with sulforhodamine B indicated this low toxicity of the developed polymer. The 
tested concentrations of PEG 4000 Acet + Meglumine Antimoniate (1000 µg/mL) were considered 
nontoxic to fibroblasts (Fig. 4), according to ISO2009 10993-5, as the cell viability was higher than 
70%. The concentration of 1000 µg/L was considered toxic as it was below 70%. The other 
concentrations of the samples were above the threshold, and thus considered non toxic. In the 48-hour 
test, all concentrations were shown to be nontoxic. The fact of the absence of 
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toxicity may suggest a tendency not to observe the adverse effects experienced by patients when 
undergoing treatment with the non-incorporated medication. 

 
 
 
 
 
 
 
 
 
 
 

Figure 4: Cell viability assay  

Conclusion 
The release demonstrated efficiency, indicating a controlled release from the drug incorporated into 
acetylated PEG 4000, thereby increasing the therapeutic efficacy of the drug and reducing its toxicity. 
Furthermore, the Zeta Potential of the pure PEG 4000 and acetylated PEG 4000, as well as the drug 
incorporated into the polymeric matrices, exhibited values lower than |30| mV, indicating that these 
polymers had low electrostatic charge. Cytotoxicity was determined, and PEG 4000 and acetylated 
PEG 4000 were not cytotoxic. 
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Abstract - Bacterial cellulose (BC) is promising for application as wound dressing because it is non-toxic, non-
allergenic and maintains moisture in the wound. Although BC does not have antimicrobial activity, its structure allows 
the incorporation of antimicrobial compounds such as essential oils (EOs). This study aims to associate BC membranes 
with rosemary, clove, eucalyptus, ginger, lavender and lemongrass EOs to obtain wound dressings. The Gas 
Chromatography Mass Spectrometry and Fourier Transform Infrared Spectroscopy analyses showed characteristic 
compounds of EOs in the incorporated membranes. The Scanning Electron Microscopy indicated that the EOs filled the 
membrane pores and coated the cellulose fibers. The incorporation of EOs into BC improved the antimicrobial 
properties of the biomaterial, highlighting the samples incorporated with clove, ginger and lemongrass EOs.
Keywords: Bacterial cellulose, essential oils, wound dressings.
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Introduction
Traditional methods of treating chronic wounds include dressings that can interfere with the healing 
process since constant dressing changes are made, causing pain and discomfort to the patient and 
delaying tissue reconstitution [1]. As an alternative to traditional dressings, a new generation of 
functional dressings has been developed seeking to prevent infections and improve wound healing, 
with properties such as maintenance of wound moisture, removal of exudates and antimicrobial 
control. In that regard, biopolymer-based dressings may be a good choice for treating these wounds
[1, 2]. Thus, bacterial cellulose (BC) stands out because it is biodegradable, has high purity, high 
mechanical resistance, biocompatibility and has a reticulated structure that serves as a barrier 
against pathogenic microorganisms. BC has a structure similar to the skin's extracellular matrix, 
creating and maintaining a humid environment for the wound due to its high hydrophilicity and also 
serving as a barrier against UV radiation [3]. However, BC alone cannot inhibit the growth of 
pathogenic microorganisms, which reduces its effectiveness as a dressing for contaminated wounds. 
Nonetheless, antimicrobial agents can be incorporated into its structure to improve its biological 
properties. In this sense, essential oils (EOs) become a good option for this purpose due to their 
antimicrobial, antioxidant, and anti-inflammatory properties, arising from the presence of bioactive 
compounds such as phenols and terpenes in its structure. In addition, EOs are advantageous over 
synthetic antimicrobial agents because they are widely available natural compounds with low 
toxicity [4, 5], making the material promising for application in tissue regeneration. In that regard, 
some EOs that can be used for the production of biocomposites includes rosemary (REO), clove 
(CEO), eucalyptus (EEO), ginger (GEO), lavender (LEO) and lemongrass (LGEO)[5]. In addition 
to their antimicrobial properties, these EOs stimulate tissue regeneration, strengthen the immune 
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system, exert a healing effect on individual organs and systems (respiratory and digestive organs, 
nervous and circulatory systems) [6]. In this context, the present work aims to develop a BC
dressing incorporated with the aforementioned EOs. 
 
Experimental 
Production and characterization of materials 
BC membranes were synthesized by the bacterium Komagataeibacter hansenii (ATCC 23769) in a 
culture medium adapted from Hestrin and Schramm [7], incubated at 30 °C in static condition for 
12 days. Afterwards, the BCs were purified with a 0.1 M NaOH solution at 80 °C for 1 h. 
Subsequently, the membranes were washed with distilled water repeatedly until the pH 7. Then, the 
BC membranes were sterilized and submitted to the incorporation processes. Following the 
methodology adapted from Albuquerque [8], BC membranes were immersed in 150 mL of ethanol 
at 60 °C for 10 min. Afterward, each BC was immersed in a solution containing 3.0 g of EO in
20 mL of ethanol and heated at 60 °C until the solution evaporated. Finally, the BCs incorporated 
with the EOs were lyophilized and stored for analysis of incorporated EO content by Gas 
Chromatography-Mass Spectrometry (GC-MS), High Resolution Scanning Electron Microscopy 
(SEM), Fourier Transform Infrared Spectroscopy (FTIR) and antimicrobial activity. 
 
Results and Discussion 
The main components of EOs detected by GC-MS in the samples are presented in Table 1.  
 

Table 1 - Main components of EOs detected by GC-MS. 
Components Sample  Concentration (%) Sample Concentration (ppm) 

Eucalyptol 
Camphor 

-pinene 

REO  72.222 
13.366 
4.105 

BC/R 4,640 
258.133 
6,164 

Eugenol 
-caryophyllene 

CEO  86.809 
11.397 

BC/C 76,860 
nd 

Eucalyptol 
Limonene 

EEO  89.303 
8.259 

BC/E 4,220 
4,120 

Ar-curcumene 
Zingiberene 

-sesquiphelandrene 
Neral 

Geranial 
- caryophyllene 

GEO  2.215 
3.651 
1.484 
6.882 
9.536 
10.709 

BC/G 364,440 
102,840 
232,440 
117,360 
151,200 
93,240 

Linalool 
Linalyl acetate 

LEO  45.298 
35.844 

BC/L 126,880 
126,980 

Neral 
Geranial 

LGEO  30.292 
41.572 

BC/LG 60,360 
85,680 

*nd = not detected. 
 
The compound with the highest concentration in REO and EEO was eucalyptol. The concentrations 
in ppm of the BC/R and BC/E compounds were low concerning the other samples, which may be 
due to the greater volatilization of these EOs and their components during incorporation into the 
BC. For CEO, eugenol, the major compound of clove [9] -caryophyllene were identified. The 
incorporated sample maintained a high concentration of eugenol; how -caryophyllene was not 
identified. The GEO -caryophyllene, neral 
and geranial (citral) were identified with the highest percentage. The compounds with the highest 
concentrations in BC/G were ar- -sesquiphelandrene, possibly due to greater 
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volatilization of the other compounds during incorporation. LEO and LGEO presented two major 
compounds each: linalool and linalyl acetate, and neral and geranial, respectively. The BC/LG 
sample kept geranial as the compound with the highest concentration, and BC/L had a very close 
concentration between its two compounds, suggesting a greater volatilization of linalool. The 
chemical composition of essential oils is quite variable, as it depends on the EOs extraction method 
and time, type and concentration of solvents, the species involved, the climatic conditions and the 
soil where the plant was grown, among others [10]. 
The FTIR spectra presented the main bands obtained from the samples of BC, EOs, and 
incorporated BCs. The BC sample showed high-intensity bands at 3344 cm-1, attributed to the axial 
stretching of hydroxyl groups present in organic compounds [11]. Other bands referring to the 
presence of OH groups were observed at 1205 and 664 cm-1, referring to in-plane binding and out-
of-plane angular deformation, respectively [3]. Bands referring to the C-H bonds of methyl groups 
were observed at 2896 and 895 cm-1 due to stretching and angular deformation, respectively [12]. 
Furthermore, several bands attributed to the stretching of C-O groups were observed, such as those 
at 1336, 1161, 1055 and 1032 cm-1 [12]. Moreover, the band at 1641 cm-1 stands out, which, in the 
case of BC, refers to the angular deformation of water, demonstrating its hydrophilicity [3]. In the 
incorporated samples, several bands related to EOs appeared, such as the C-H stretching band in 
vinyl groups at 3088 cm-1, attributed to the presence of linalool and linalyl acetate in the BC/L 
sample [13]; around 1735 cm-1, referring to the stretching of C=O groups for BC/R, BC/L and 
BC/LG samples, derived from camphor, linalyl acetate and citral (neral and geranial), respectively
[13]; around 1675 cm-1 for BC/G and BC/LG, attributed to citral [14]. Bands referring to the 
eugenol of the BC/C sample were observed at 3515 and 1511 cm-1, attributed to the stretching of 
O-H bound to benzene and stretching of C=C of the aromatic ring, respectively [15]. Bands were 
observed at 985 cm-1, referring to out-of-plane symmetric deformation of CH2, which, in the case of 
samples incorporated with rosemary and eucalyptus, can be attributed to the presence of 
eucalyptol[16].  
The morphologies of pure BC and incorporated BCs were observed by SEM (Fig. 1). 
 

 
Figure 1 - SEM micrographs (a) BC, (b) BC/R, (c) BC/C, (d) BC/E, (e) BC/G, (f) BC/L and (g) BC/LG. 
 
The micrograph of pure BC (Fig. 1a) shows the typical structure of this material, consisting of 
tangled nano and microfibrils arranged randomly and with pores [17]. The BC/R (Fig. 1b) presented 
a more homogeneous and smooth surface, demonstrating that the EO filled the membrane pores. 
Similar morphology to that of BC/R was observed for samples of BC/G (Fig. 1e), with regions of 
greater roughness, and BC/L (Fig. 1f), where fibers can be seen at different points. BC/C (Fig. 1c) 
and BC/LG (Fig. 1g) samples maintained the tangled fiber structure of pure BC, however, with 
greater thickness and roughness. In this case, the EOs might have coated the BC fibers. Finally, the 
BC/E (Fig. 1d) presented a region resembling the BC/R, BC/G and BC/L samples with a 
homogeneous surface; however, it also has a region with greater roughness. These two regions are 
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separated by an interface with irregularities, which may be related to the difference in BC 
membrane thickness in these regions. The interaction between BC and added materials can occur by 
the hydrogen bonds between the hydroxyls of the BC with the added materials [18], which causes a 
decrease in porosity and roughness [19]. This behavior was observed for BC/L, where an interaction 
between the linalool hydroxyl and the BC hydroxyls may have occurred. The same was not 
observed for BC/C, where the interaction between BC and eugenol hydroxyl maintained the fibrillar 
morphology of the sample. The other samples do not have hydroxyls in the structure of their main 
components, where the interaction may have happened by physical adherence. In addition, the 
evaporation of EOs during the preparation of samples for analysis may have caused a collapse of 
the pores of the membranes, which explains the samples that presented a smoother surface.
Fig. 2 shows the antimicrobial activity results obtained for REO (R), CEO (C), EEO (E), GEO (G), 
LEO (L) and LGEO (LG) at 15%; and for BC samples incorporated with the EOs against C. 
albicans, E. coli and S. aureus.

Figure 2 - Antimicrobial of the samples for (a) C. albicans, (b) E. coli and (c) S. aureus.

REO did not show inhibitory action against the microorganisms. The BC/R had inhibition halos 
with a mean diameter of 8.67 mm against S. aureus (Fig. 2c), suggesting a lower absorption of EO 
by the filter paper used in the test concerning the amount absorbed by the BC. EEO and LEO 
samples showed irregular halos for E. coli and S. aureus, and there was no inhibition of C. albicans. 
Conversely, the BC/E sample had inhibition zones against all test microorganisms. The BC/L 
sample maintained antimicrobial activity against E. coli but with a decrease in the inhibition zone 
from approximately 14 mm to 7.25 mm. The BC/R and BC/E samples showed a similar 
concentration of eucalyptol in their composition; however, the antimicrobial activities were 
different, which may be related to the different morphologies of these samples. On the other hand, 
CEO, GEO and LGEO showed inhibitory effects for all test microorganisms, with halos. With few 
exceptions, the membranes incorporated with these EOs had a slight decrease in the average 
diameter of the inhibition zones, suggesting minor incorporation or less diffusion of the microbial 
agents in these incorporated BCs. The literature proves the inhibitory action of these oils against C. 
albicans, E. coli and S. aureus [20 22]. The components of EOs, such as phenols and terpenes, 
have hydroxyl groups that affect the cells of microorganisms by several mechanisms, which include 
disturbance of the enzymatic system, damage to the genetic material of the microorganism and 
reactions with the phospholipid membrane, resulting in the release of cell constituents and 
consequent death of microorganisms [4]. Thus, considering the compounds identified in the GC-
MS, it is possible to state that the compounds with the greatest antimicrobial power were eugenol, 
present in CEO, and citral, present in GEO and in greater quantity in LGEO.
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Conclusions
The effectiveness of the incorporations was confirmed by GC-MS and FTIR analyses, which 
identified the compounds of the EOs in the incorporated BCs. CEO and LGEO coated the cellulose 
fibers, maintaining a morphology more similar to the original, while the other EOs infiltrated the 
pores of the cellulose membrane, filling them and giving the samples a more distinct morphology. 
CEO, GEO and LGEO showed the best antimicrobial activities due to the presence of eugenol and 
citral mainly. These characteristics were maintained after incorporation into BC. Based on the 
results obtained, it is possible to affirm that incorporating EOs in BC membranes is promising due 
to the good characteristics inherent to cellulose and the ease of application of the methodology. 

 
References 
1. J. Boateng,; O. Catanzano. Journal of Pharmaceutical Sciences, 2015, 104, 3653 3680. 

https://doi.org/10.1002/jps.24610. 
2. S. Gustaite; et al. Colloids and Surfaces A: Physicochemical and Engineering Aspects, 2015, 

480, 336 342. https://doi.org/10.1016/j.colsurfa.2014.08.022. 
3. H. S. Barud, Ph.D. Thesis, Universidade Estadual Paulista, 2010. 
4. S. Casalini; M. G. Baschetti. Journal of The Science of Food and Agriculture, 2022, 103. 

https://doi.org/10.1002/jsfa.11918. 
5. I. Liakos; et al. Journal of Materials Chemistry B, 2015, 3, 1583-1589. 

https://doi.org/10.1039/C4TB01974A. 
6. E. Schmidt; et al;. Natural Product Communications, 2010, 5, 1365-1368. 

https://doi.org/10.1177/1934578X1000500906. 
7. S. Hestrin; M. Schramm. The Biochemical Journal, 1954, 58, 345-352. 

https://doi.org/10.1042/bj0580345. 
8. R. M .B. Albuquerque. Universidade Católica de Pernambuco, 2019. 
9. N. Hasheminejad; F. Khodaiyan; M. Safari. Food Chemistry, 2019, 275, 113-122. 

https://doi.org/10.1016/j.foodchem.2018.09.085. 
10. A. Ali; J. J. Cottrell; F. R. Dunshea. Metabolites, 2022, 12, 1016. 

https://doi.org/10.3390/metabo12111016. 
11. A. Ricci; et al. Applied Spectroscopy Reviews, 2015, 50, 407 442. 

https://doi.org/10.1080/05704928.2014.1000461. 
12. É. Pecoraro; et al. Monomers, Polymers and Composites from Renewable Resources, 2007,

369-383. https://doi.org/10.1016/B978-0-08-045316-3.00017-X. 
13. E. Truzzi; et al. Phytochemical Analysis, 2021, 32, 907-920. https://doi.org/10.1002/pca.3034. 
14. G. Antonioli; et al. Food Chemistry, 2020, 326, 126997. 

https://doi.org/10.1016/j.foodchem.2020.126997. 
15. Universidade Federal do Rio Grande do Sul, 2020. 
16. A. Dzimitrowicz; et al. Arabian Journal of Chemistry, 2019, 12, 4795 4805. 

https://doi.org/10.1016/j.arabjc.2016.09.007. 
17. M. Fernandes; et al. Microbial Biotechnology, 2019, 12, 650 661.

https://doi.org/10.1111/1751-7915.13387. 
18. N. Shah; et al. Carbohydrate Polymers, 2013, 98, 1585 1598.

https://doi.org/10.1016/j.carbpol.2013.08.018. 
19. E. Jahed; et al. Reactive and Functional Polymers, 2017, 117, 70-80.

https://doi.org/10.1016/j.reactfunctpolym.2017.06.008. 
20. N. Rahimifard; et al. Biomedical and Pharmacology Journal, 2015, 1, 43-46. 
21. P. K. Sharma; V. Singh; M. Ali. Pharmacognosy Journal, 2016, 8, 185-190.

http://doi.org/10.5530/pj.2016.3.3. 
22. A. Ahmad; A. Viljoen. Phytomedicine, 2015, 22, 657 665.

https://doi.org/10.1016/j.phymed.2015.04.002. 

1863



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil
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Chitosan is a polysaccharide widely used as a scaffold for cell adhesion and proliferation. However, it is 
unclear how some scaffold's physical features like topography and nanomechanical properties might affect the cellular 
behavior. In this work, we propose a simple methodology for the production of vanillin crosslinked chitosan scaffolds 
with different mechanical properties and surface topography via the incorporation of Polydimethyl siloxane (PDMS)
oil/water emulsions of controlled size. Vanillin was successfully grafted onto the chitosan backbone, resulting in 
increased crosslinking between chitosan chains. PDMS emulsions were then produced and incorporated into the 
modified chitosan solution. The casting of the precursor solution led to the formation of films with increased roughness 
and lower Young's modulus in comparison to the dried films in the absence of PDMS emulsions. The PDMS-
incorporated crosslinked films showed large surface heterogeneity, which influenced C2C12 cells attachment 
differently.

Keywords: Chitosan scaffolds, Mechanical properties, Cell mechanotransduction.
Fundings: FAPESP 2020/05632-9 / BEPE FAPESP 2021/13925-9

Introduction

Tissue engineering has emerged as a promising alternative to conventional approaches, such 
as prosthetics and tissue transplantation, commonly used in regenerative medicine [1]. The 
underlying principles of this field involve the integration of cells, scaffolds, and growth factors to 
develop innovative materials capable of repairing damaged tissues and organs, and potentially even 
replacing them in the future [1,2].  Generally, an appropriate scaffold needs to possess specific 
physical and chemical properties that can effectively stimulate the processes of cell adhesion, 
migration, proliferation, and differentiation [3,4]. For a scaffold to be effective in tissue 
engineering, it is crucial that its chemical composition promotes suitable wettability and affinity for 
cell proteins responsible for adhesion while ensuring controlled degradation [5] and minimizing 
adverse immune responses [6].  The use of natural compounds has emerged as an alternative to 
synthetic materials in the production of new scaffolds [7,8]. Chitosan is a naturally occurring 

-acetamido-2-deoxy-D-
glycopyranose (GlcNAc) and 2-amino-2deoxy-D-glycopyranose (GlcN) units and can be obtained 
by deacetylation of chitin, the second most abundant natural polysaccharide after cellulose.  

In addition to its abundance, chitosan also presents exceptional biocompatibility, low 
toxicity and the presence of reactive chemical groups in its structure, which guarantees the 
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possibility of further modifications, both chemical and biological [9]. For these reasons, chitosan 
has been considered one of the main biopolymers with medical applications, mainly in the field of 
regenerative medicine. Many studies have evaluated its application in the production of scaffolds 
for the growth and regeneration of different tissues, including: skin, bone, cartilage and nerves [10]. 

Additionally, physical attributes of cellular scaffolds such as nanotopography and 
mechanical properties are also known to significantly impact cellular behavior [7]. Several 
parameters such as migration, gene expression, signaling and polarization can be drastically altered 
through the production of scaffolds with different rigidity and topographic patterns printed on their 
surface [11].  Biological materials might exhibit a complex structure at both micro- and nano-scale 

MPa. Owing to this, the biomechanical characterization of these materials normally requires both 
force and displacement at micro- and nano-scale resolutions [11].   

AFM measurement methods provide a variety of tools for evaluating properties at the 
nanoscale by measuring local interactions between the tip of a microcantilever and the surface being 
analyzed, which guarantees the analysis of surface morphology in three dimensions with a 
resolution of a few nanometers. In addition, the technique allows for analysis in a liquid medium 
and does not require specific sample preparation methods, which makes it excellent for the study of 
biological samples and hydrogels.  Fig 1 presents a scheme for obtaining mechanical properties of a 
soft material via AFM. An indentation force (F) is applied to the sample surface through the tip of a 
flexible cantilever with a known elastic constant (k). The microscope's piezoelectric scanning 
system monitors the movement of the base of the cantilever (z) as the probe tip advances to 
different depths within the 
system, consisting of a laser beam and a photodetector determines how much the cantilever deflects 

and indentation 
force (F), respectively. 

=  (1) 

=  (2) 

 
Figure 1- Scheme of application of the AFM technique for the quantification of mechanical properties of
soft materials. 

 
Different models of force-indentation curves (F-

properties of materials. The Hertzian model assumes that the contact between two elastic bodies is a 
smooth, curved surface and that the deformation and stress caused by the contact can be described 
by a set of equations. These equations take into account the geometry of the contact surface, the 
elastic properties of the materials involved, and the amount of force applied.  

The main challenge of this study consists in the development of a simple procedure for the 
creation of crosslinked chitosan scaffolds with surface topography features and modulable 
mechanical properties. Changes in surface roughness and mechanical properties of the produced 
scaffolds will be consistently evaluated using atomic force microscopy applying the Hertzian model 
of contact. Afterwards, the cellular behavior of C2C12 rat muscle cells will be evaluated for the 
different systems produced.    
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Experimental 
 

Fig 2 presents a scheme of all the steps followed for the production of chitosan scaffolds. In 
step 1, a chitosan solution (1% w/w in 50 mM acetic acid) was prepared with the addition of 
vanillin (20% in relation to the chitosan mass) as the crosslinking agent, under magnetic stirring for 

chitosan primary amines and the vanillin aldehyde.  
In step 2, two oil-water (O/W) emulsions were prepared. In the first emulsion, the oil phase 

was composed of a mixture between polydimethyl siloxane (PDMS) and its curing agent at a 
proportion of 10:1, whereas in the second emulsion the oil phase was composed of hexane. Both 
dispersions were produced in the final volumetric fraction of 0.05 with respect to the aqueous phase 
which was composed of polysorbate 20 at its CMC (80 mM) and lauryl alcohol (40 mM), which 
acted as a coemulsifier.  

In step 3, the emulsions were be dripped into the previously crosslinked chitosan solution 
under vigorous magnetic stirring, at room temperature, until complete dispersion. In step 4, the 
colloidal systems were deposited in silicon molds and left to dry at room temperature. It was 
expected that after solvent evaporation the PDMS emulsion pattern could leave protuberances on 
the surface of the produced scaffolds. In the case of the system containing the n-hexane emulsion, it 
was expected that the hexane molecules had completely evaporated from the casting solution, 
producing cavities on the surface of the dried scaffolds. PDMS emulsions had their size distribution 
characterized using optical microscopy and their surface charge was accessed by measuring their 
zeta potential. Surface modifications and mechanical properties of the dried films (before and after 
incorporation of the emulsions) were followed using mainly AFM technique. 

 
Figure 2- Schematic representation of all steps followed for the production of chitosan scaffolds. 

 
Results and Discussion 

 
Qualitative evidences of the grafting of vanillin to the chitosan backbone were obtained by 

ATR-FTIR and 1H NMR spectroscopies of the dried films. The crosslinking between chitosan 
chains was quantitatively evaluated by immersing the films in water and following their swelling 
degree (SD) and gel contents (GC). The GC increased from 57 to 69.8 % upon adding vanillin to
the chitosan backbone whereas the SD decreased from 29.4 to 23.2%, which indicates that the 
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grafting of the natural aldehyde leads to an increase the number of joint points between chitosan 
chains.  

The production of Tween 20 stabilized PDMS emulsions was followed using optical 
microscopy (Fig 3B). These emulsions presented a broad size distribution in the micrometric range 
of 1 to 9 m (Fig 3A), with the most frequent size within 2 to 3 m and an average negative zeta 
potential of 12 mV. Fig 3B shows an SEM image of PDMS domains immobilized in dried 
crosslinked chitosan films. The broad size distribution of PDMS domains could still be observed as 
well as the first evidence of surface modification by the incorporation of the emulsions. 

 
Figure 3  Size distribution of Tween 20 stabilized PDMS emulsions (A), Optical microscopy of Tween 20 
stabilized PDMS emulsions in water (B), PDMS domains immobilized in dried crosslinked chitosan films. 
 
 Figs 4A and B show the process of surface modification of chitosan films upon the 
immobilization of PDMS emulsions. The arithmetic average roughness (Ra), which indicates the 
average difference between peaks and valleys in the AFM images, invreased from 1.19 to 53.99 nm 
upon inserion of the PDMS domains. This process can be better seen at the lower 3D AFM images. 
On the other hand, the force-volume mapping of the two different systems sowed an overall 
decrease to the average Young`s modulus of the crosslinked chitosan films from 3.18±0.27 GPa 
(CV= 9%) to 1.38±0.6 GPa (CV=48%). The higher coefficient of variation obtained for the 
population of force-indentation curves after PDMS emulsions incorporation indicated a greater 
level of dispersion around the mean value for such system, which in its turn is a reflex of regions 
with greater or lesser concentrations of emulsions on the film surface, leading to a higher 
heterogeneity of elasticity modulus. Such heterogenity seemed to influence the attachment of 
C2C12 rat muscle cells to the surface of the modified material once regions fully covered with cells 
contrasted with regions were very little population could be detected, as presented in the confocal 
microscopy image in Fig 4C. 

 
Figure 4  AFM images of vanillin crosslinked chitosan films in the absence (A) and in the 
presence of PDMS surface domains (B). Confocal microscopy of C2C12 rat muscle cells adhered to 
crosslinked chitosan film with PDMS domains on its surface (C). 
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Conclusions 
Vanillin was successfully grafted to the backbone of chitosan, as indicated by structural 

changes using ATR-FTIR and NMR techniques, which led to a subsequent increase in the 
crosslinking between chitosan chains. The incorporation of PDMS emulsions into the crosslinked 
films induced surface topography modifications, resulting in an increase in the average surface 
roughness, as well as a decrease in the material mechanical properties, measured via the mapping of 
force-indentation curve maps. Finally, the attachment of C2C12 rat muscle cells to the surface of 
the modified chitosan film was evaluated using confocal microscopy, which revealed regions fully 
covered with cells contrasting with regions where very little population could be detected. These 
findings suggest that the surface modification process has a significant impact on cell attachment 
and could be used to develop new biomaterials with improved properties for tissue engineering 
applications. Overall, this study provides important insights into the modification of chitosan films 
with PDMS emulsions, with potential applications in the development of new biomaterials for 
tissue engineering and related fields. 
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Abstract Curcumin (CUR), a yellow hydrophobic polyphenolic compound, often used in cooking, has been explored 
in pharmacological applications for demonstrating interesting anti-inflammatory, antimicrobial, anticancer, antioxidant,
and healing properties. The widespread use of CUR presents a major obstacle, due to its low water solubility and short 
circulating half-life, limiting its bioavailability. In the literature, the number of studies that aim to evaluate the 
spectroscopic effects of the association of CUR with other molecules that can improve its solubility in aqueous media is 
still limited. Thus, the present study proposes a spectroscopic characterization of CUR in different percentages of 
water/acetonitrile (0 to 100% v/v) by the absorption and emission spectroscopy to evaluate the effects of piperine (PIP) 
on the process of self-aggregation of CUR. The fluorimetric method employed was preceded by electronic absorption 
analysis to determine the maximum absorption of each percentage. In general, the increase in water percentages promoted 
a sharp decrease in the intensity of absorption and emission for CUR and mixtures, favoring the self-aggregation of 
molecules. In addition, these previous results indicate that PIP acts to reduce the processes of self-aggregation of CUR, 
that is, acting as a solubility promoter. Therefore, an interesting candidate to be used together with CUR in polymer 
micelles of the Pluronic® type for use in dressings, which provide a more liposoluble microenvironment, which can
accommodate poorly soluble compounds such as CUR with greater efficiency, thus favoring, its use in the biomedical 
field.
Keywords: Curcumin, piperine, fluorescence, absorption, emission.

Introduction 

Curcumin (CUR) is a yellow hydrophobic polyphenolic compound, often used in cooking, 
and is extracted from a tropical plant of the ginger family, originating in South Asia [1]. When 
inserted into an aqueous medium, CUR presents two very important balances, namely the 1,3 
diketo/keto-enol balance (keto-enol; D/CE) (Figure 1) and the process of self-aggregation into dimers, 
when two CUR molecules form self-aggregates through association [2].

Figure 1 Keto-enol tautomerism of CUR. Adapted from Pereira, C.I. (2022) [3].

The typical characteristics of the aggregation of these monomers and dimers can be analyzed 
through their spectroscopic properties, through the observation of the splitting of the absorption band, 
spectral shift, decrease in absorption at the maximum wavelength of the monomer, and additional 
band formation at other wavelengths [3]. Thus, in acidic or neutral aqueous solution, CUR has intense 
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absorption between 410 and 430 nm with a maximum wavelength ( max) at 421 nm and a weak 
absorption in the region between 260 and 280 nm, due to the * transitions [4]. 

By interesting biological activities and prophylactic effects for human health, such as anti-
inflammatory, antioxidant, antitumor, antimicrobial, and antifungal activity, enabling its application 
as an active ingredient in the treatment of various diseases, CUR has attracted much interest in the 
scientific Community. However, CUR is difficult to solubilize in an aqueous medium, a fact that 
limits its bioavailability. In this way, the use of solubility-promoting agents becomes an interesting 
and attractive alternative [5]. 

Piperine (PIP) is an alkaloid present in black pepper (Piperis nigrum), which is one of those 
responsible for the spicy taste in the Piper species. According to studies, it can enhance the absorption 
of several active compounds, such as CUR, promoting greater bioavailability of the active, orally or 
transdermally. Thus, its use in formulations with CUR is favored, to obtain synergistic action in a 
specific treatment [6]. 

The incorporation of formulations with synergistic action such as CUR and PIP in 
nanocarriers such as polymeric micelles is also an effective alternative to overcome deficiencies 
associated with CUR, improving its therapeutic abilities and stability. Therefore, triblock copolymers 
based on Pluronic®, such as F-127, are used for drug encapsulation and delivery [7]. Therefore, the 
objective of this study is to evaluate the behavior of CUR in the presence of piperine (PIP), in aqueous 
medium, and water-acetonitrile mixtures. In this scenario, this preliminary study is fundamental to 
defining the best conditions for the future incorporation of the CUR/PIP mixture in polymeric 
micelles based on pluronic F-127. 
 
Experimental  

Experimental methodology 
Solutions with different percentages of water and acetonitrile 99,9% (Sigma Aldrich) (ACN) were 
prepared by measuring separately the fractions of each solvent that were then combined. The solutions 
ranged from 0 to 100% water and acetonitrile. The ACN/H2O percentages being: 100/0, 90/10, 85/15, 
80/20, 75/25, 70/30, 60/40, 50/50, 40/60, 30/70, 20/80, 10/90 and 0/100. UV-Vis and fluorescence 
analyzes were performed for these ACN/H2O percentages for CUR (Sigma Aldrich) (1 mol·L-1) 
with PIP 92% (Sigma Aldrich (1 mol·L-1)) solutions. 

Fluorimetric titration 
From CUR in 70%ACN/30%H2O (1.0 µmol·L-1) and stock solutions of PIP 70%ACN/30%H2O 
(1x10-4 mol·L-1; 2.0x10-4 mol·L-1; 2.5x10-4 mol·L-1; 3.0x10-4 mol·L-1 and 3.5x10-4 mol·L-1), the CUR 
titration was performed. It started with 1.4 mL of the CUR solution, followed by successive additions 
of 150 µL of the PIP solutions. The fluorescence spectrum was followed from 441 to 800 nm, using 

exc = 421 nm, excitation/emission slits = 10/10. Then, the calculation of the Stern-Volmer equation 
was carried out (Eq. 1): 

 

 
Being F0 and F the fluorescence intensity in the absence and presence of the quencher, [Q] the 
concentration of the quencher and Ksv is the association constant. 
 
Characterization  
UV-Vis spectroscopic analyzes were carried out using Kasuabi B-500 equipment with optical fiber. 
Fluorimetric analyzes were carried out in Cary Varian Eclipse equipment at the Laboratory of 
Catalysis and Interfacial Phenomena (LACFI) for the proportions of acetonitrile and water studied. 

[1] 
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Results and Discussion 

The spectral absorption of curcumin (CUR) in different percentages of water-acetonitrile (v/v) 
is shown in Figure 2 (a). It is observed that the increase in the percentage of water in the samples 
generates a sharp decrease in the intensity of the CUR spectra. This behavioral trend is related to the 
aggregation of CUR [8]. Samples with a higher percentage of acetonitrile (ACN) showed higher 
absorption intensities. Thus, for the CUR with 100% ACN, max was obtained at 419 nm. The molar 
absorptivity ( ) at 419 nm was 59.8x103 L·mol-1·cm-1, which is following the literature [4]. It is also 
observed that the percentage with the addition of 10% of H2O, presented a slightly higher intensity 
of absorption compared to 100% ACN.

By incorporating piperine (PIP) into the system, it can be seen that the spectral behavior of 
the CUR maintained the tendency of decay in the intensity of the spectra with the increase in the 
percentage of water. However, the addition of PIP (Figure 2 (b)) resulted in a more accentuated 
decrease in spectral absorption between each percentage of water, remaining close to zero for the 
percentages below 20% of ACN, with also a decrease in the width of the bands formed, when 
compared to the absorption spectrum of the CUR alone. For 100% ACN, the molar absorptivity ( ) 
at 420 nm was 68.1x103 L·mol-1·cm-1, indicating that the addition of PIP led to a slight increase in 
the probability of electronic transition.

Figure 2 Absorption spectrum (a) CUR and (b) CUR-PIP.

The interaction study of CUR and PIP in mixtures in percentages of water-acetonitrile is 
presented in Figure 3. The spectral emission profiles of CUR (Figure 3 (a)) follow a similar tendency 
to the absorption spectra of the compound. However, there are practically no differences in width. 
For percentages rich in water, emission extinction is observed. In studies available in the literature, it 
is reported that the fluorescence emission of CUR in high percentages of water is related to three 
conditions: (i) decrease in molar absorptivity; (ii) water molecules acting as a quenching agent of the 
monomeric form of CUR in state of electronic excitation; and (iii) the formation of non-fluorescent 
self-aggregating species of CUR [3,9].

Still, for the spectrum with only CUR, maximum emission was observed at 526 nm for 100% 
solvent. Percentages below 70% of ACN are practically extinct. The fluorescence spectrum of CUR 
and PIP (Figure 3(b)), showed a high emission intensity at 100% ACN with maximum emission at 
517 nm. The addition of 10% of water provided an intense decrease in fluorescence emission, while 
the other percentages showed almost non-existent emission.

(b)(a)
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Figure 3 Emission spectrum (a) CUR and (b) CUR-PIP.

In Figure 4 (a), the emission of CUR is observed in increasing variations of PIP concentration. 
The emission intensity decreases with the increase in the concentration of PIP in the medium, 
corroborating the previously analyzed studies, indicating that CUR interacts with PIP. It is also noted 
that the increase in PIP concentration generates precipitation.

Assuming a static fluorescence quenching mechanism, between CUR and PIP, we can apply 
the Stern-Volmer equation (Eq. 1) to the influence of the quenching agent. In Figure 4 (b), we have 
the formation of a straight line that correlates the concentration of the quenching agent [S] and the 
fluorescence intensity - (F0/F), which presents a linear increase as a function of the increase in 
concentration. The value of the Stern-Volmer constant (Ksv) is 713 ± 44 L·mol-1 with R² = 0.992.

In general, the increase in the percentage of water leads to a sharp decrease in the absorption 
and emission spectra of CUR and mixtures, favoring the self-aggregation of molecules in the medium 
[9]. It is observed that there was an interaction of CUR with PIP, however, larger studies need to be 
carried out to evaluate this interaction and its impact.

Figure 4 (a) Emission spectrum of CUR (1µmol·L-1) varying PIP concentration at 70%ACN/30%H2O and 
(b) Graphic representation of CUR fluorescence suppression by PIP.
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Conclusions 

The absorption spectra of the CUR and the mixtures containing PIP described a tendency 
towards a decrease in the formation of electronic absorption bands and fluorescence emission with 
the increase in the percentage of water in the medium. The spectra with only CUR suggest better 
results for percentages of up to 30% of water in the medium, in which the formation of self-aggregates 
can be better controlled. Similar results were observed for mixtures of CUR with PIP. Concerning 
the emission spectra only for the CUR, a marked reduction was observed with the increase in the 
percentage of water, obtaining practically the extinction of the fluorescence for the highest 
percentages. In the presence of PIP, however, all percentages of water generated emission spectra 
close to zero, with a region of intense emission being observed only for 100% solvent. By fluorimetric 
titration, it is observed that CUR and PIP interact to reduce the fluorescence emission of CUR. The 
Stern-Volmer constant obtained indicates good efficiency in suppressing CUR fluorescence in the 
presence of PIP. 

From the present study, it is intended to insert the CUR-PIP in biocompatible polymeric 
systems (micelles originated by Pluronic® F127) for use in bandages, aiming for biomedical 
applications. It is expected that in the aqueous environment, the hydrophilic portion from the most 
external region of the micelles and the hydrophobic portion present in the center of the micelle in 
which the drug will be incorporated, promoting its stability and favoring an improvement in its 
delivery, increasing the absorption over the skin. It is also estimated that the formation of these 
micellar systems in an aqueous solution makes it possible to observe the shift in the keto-enol 
equilibrium, providing a more significant interaction between the drug and copolymer. 
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Abstract - The antibody immunoglobulin G (IgG) is employed for many different medicinal purposes. It is necessary to 
employ high purity IgG for these applications, which requires employing purification chromatographic methods based 
on adsorption. However, it is crucial to first conduct research to determine how IgG interacts with the adsorbent before 
utilizing chromatographic methods. Additionally, there are no studies that analyze IgG adsorption by fibroin in the 
literature. As a result, the objective of this study was to assess how well human IgG adhered to fibroin microparticles 
while changing the rotation rate from 20 to 40 rpm. Using the atomization process, the microparticles were produced 
from a fibroin solution. The average diameter of the microparticles was 108.5 m. At 30 rpm, the adsorption capacity 
was 704.29 mg g-1. The adsorption capacity found in this study is higher than that reported for other adsorbents in the 
literature.
Keywords: Atomization, rotation rate, Bath Adsorption, Zeta potential.

Introduction
Immunoglobulins are glycoproteins that perform several important functions by interacting 

with various cell bodies, where protection is a major concern. Mammalian immunoglobulins are
divided into five classes based on their structure and biological properties: IgA, IgD, IgE, IgM, and 
IgG, with the latter being the most common [1, 2].

Adsorption techniques are often used to obtain IgG, since many proteins may have surface 
charges derived from their amino acids. In addition, the pH of the medium affects the surface 
charge of proteins, providing an easy way to tune the adsorption properties of solutes. Therefore, 
protein adsorption and desorption can be performed by changing the pH or ionic strength of the 
eluent [3].

Silk fibroin is a polymer that can be used as an ion exchange matrix [4]. Fibroin is a natural 
polymer obtained from silkworm cocoons Bombyx mori and spider webs Nephila clavipes. Fibroin 
consists of two chains, one with a high molecular weight of approximately 325 kDa and the other 
with a low molecular weight of approximately 25 kDa. Sericin also exists in the cocoon, which has 
the function of combining fibroin filaments and protecting the cocoon [5]. Due to the existence of 
weak acids and bases, fibroin is an amphoteric matrix that exchanges ions, and the pH of the 
medium can govern the flow of ions. As a result, fibroin is a matrix that depends on the pH [6].

Despite fibroin having a high capacity for dye adsorption, there are no studies that examine 
IgG adsorption by fibroin in the literature. Therefore, the main goal of our work was to confirm the 
ideal circumstances for the IgG adsorption process in fibroin microparticles. With the help of the 
study's findings, it will be feasible to investigate novel uses for microparticles that take into 
consideration the medium in which they are placed as well as enhance IgG purification methods 
that may be used in the pharmaceutical industry.
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Experimental
Material 

Bombyx mori silkworm cocoons were provided by Bratac (Londrina, Brazil). Octapharma's 
(Austria) high purity human Immunoglobulin G (IgG) antibody (Octagam) was employed. 
Analytical grade compounds were employed. 

 
Fibroin solution preparation 

Silkworm cocoons were treated with 600 mL of an aqueous sodium carbonate solution 
(Na2CO3) containing 1 g L-1 of sodium carbonate for every 50 g of cocoon for 90 minutes at a 
constant temperature of 85°C. Every 30 minutes, the Na2CO3 solution was replaced, and the sericin-
free fibroin was then thoroughly rinsed with distilled water. The fibroin was then dried for 24 hours 
at room temperature. Sericin-free fibroin strands were broken apart. 100 mL of a ternary solution of 
calcium chloride (CaCl2), ethanol (CH3CH2OH), and water (H2O) (in a molar ratio of 1:2:8) were 
added to each 10 g of fibroin, and the resulting suspension was kept at 85° C for 90 minutes. In 
distilled water, the 10% (w v-1) fibroin saline solution was dialyzed for 3 days, at 10 °C, in a 
volumetric ratio of 1:15 (fibroin:water). The dialysis water was changed every 24 h. 

 
Preparation of the silk fibroin microparticles 

Using ethanol as a coagulant, the microparticles were created by atomization. An atomizing 
nozzle with a diameter of 0.5 mm (Labmaq, Brazil), a peristaltic pump TE-BP-01 Mini (Tecnal, 
Brazil), and a compressor type OP8,1/30II (Pressure, Brazil) make up the atomization system. The 
coagulant solution was being stirred while the atomizing nozzle was 14 cm above it. Pumping was 
done using compressed air at a pressure of 1 bar and a flow rate of 0.045 L h-1 for the silk fibroin 
solution. The microparticles were then agitated for 10 min after 30 minutes of resting. Using a 
sample of 272 data points and a Primo Star microscope from Zeiss (Germany) with 10 x objectives, 
the average size of the material was determined. 

 
FTIR-ATR Spectroscopy 

The experiment was conducted using a Fourier transform infrared spectrophotometer (FTIR) 
from the Agilent Cary 360 (Agilent, USA), with a 400 4000 cm 1 scanning range, a spectral 
resolution of 4 cm 1, and 128 scans. 

 
Zeta potential 

The analysis was performed with ten suspensions of 10 mL of ultrapure water with 0.1 g of 
microparticles, each suspension had a different pH (2 to 11). The analysis was performed with the 
Malvern Zetasizer Nano Zs90 equipment. 

 
Adsorption isotherms with different stirring rates 

The tests were conducted in 2 mL Eppendorf® tubes with 0.4 mL of the suspension (25% v 
v-1) of fibroin microparticles equilibrated in MOPS buffer, pH 8, 25 °C, and the stirring rate from 
20 rpm to 40 rpm was investigated in order to get the adsorption isotherms. To achieve end-over-
end agitation, a Revolver-type tube rotator (Thermo Scientific, USA) was employed. The 
immunoglobulin solution was added after the microparticles at a concentration ranging from 0.5 to 
25 mg mL-1. Based on earlier adsorption kinetics tests, the tubes were shaken for a full hour. The 
supernatant was then separated from the liquid by centrifuging the flasks for 5 min at 2300 rpm. 
Reading the absorbance at 280 nm in a UV-VIS spectrophotometer model UV-1280 was used to 
quantify immunoglobulins. 

The adsorption capacity was obtained by Equation 1. Langmuir-Freundlich (Equation 2) 
model were fitted to the experimental data using the iterative method of Levenberg-Marquardt 
using Origin® software (Microcal, USA). 
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qe=(C0 Ce)V/m (1)
qe=qmLF(Ce)n/[Kd(LF)+(Ce)n]                                                                                                               (2)        

where qe is adsorption capacity (mg g-1), C0 and Ce are the initial and equilibrium 
concentrations of IgG in the liquid phase (mg L-1), respectively; m is the mass of adsorbent (g) and 
V is the volume of the solution (L), qmLF is the maximum adsorption capacity of the Langmuir-
Freundlich model (mg g-1), Kd(LF) (mol L-1) is the Langmuir-Freundlich constant, n is the 
heterogeneity factor. 

All experiments were performed in triplicate. 
 
Results and Discussion 

The infrared spectra of fibroin microparticles is shown in Fig 1. The -sheet conformation is 
shown to be connected with the absorption bands for Amide I around 1620 cm-1 and the band for 
Amide II near 1515 cm-1, whereas the -helix conformation is shown to be linked with the 
absorption band for Amide III near 1230 cm-1. The same peaks were also attained for fibroin 
microparticles produced using a hexafluoropropanol-methanol coagulant solution [7)] and silk 
fibroin scaffolds produced by treatment with ethanol [8]. 

 

Figure 1  FTIR-ATR Spectroscopy of fibroin microparticles and Zeta potential analysis of fibroin 
microparticles and IgG 
 

It is feasible to identify the pH at which the charge of the microparticles and the IgG are 
equal to zero by using the Zeta Potential analysis to calculate the surface charges of the IgG and the 
fibroin microparticles, according to the pH fluctuation.  Figure 1 illustrates the outcomes. When the 
pH was between 2 and 4, the fibroin microparticles assumed a positive charge, and when the pH 
was between 5 and 11, they assumed a negative charge. This behavior revealed that the  isoelectric 
point of the microparticles is between pH values 4 and 5, which is consistent with the literature [9]. 
Deprotonation of carboxyl groups occurs at higher pHs while protonation of amino groups (-NH2) 
occurs at lower pHs. 

The immunoglobulin G utilized has an isoelectric point close to 8. IgG demonstrated a 
positive charge between pH 2 and 7 and a negative charge between pH 8 and 10. Microparticles 
have a positive charge between pH 4 and pH 8, whereas IgG has a negative charge. This area is thus 
anticipated to have the best adsorption properties. 

The average diameter of the microparticles was 108.5 ± 53.4 µm. 
 

Effect of rotation 
As demonstrated in Fig 2, the qe values increased as the agitation rate increased from 20 rpm 

to 30 rpm, however there was a decrease from 30 rpm to 40 rpm because the greater agitation may 
have denaturized the IgG. IgG is by far the most prevalent immunoglobulin and has a number of 
subclasses, some of which are more stable than others [10]. 
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Figure 2  Adsorption of IgG onto fibroin at different agitation rates, with MOPS buffer, pH 8 and 25 °C. 

The rotational speed of 30 rpm had the highest adsorption capacity (704.29 mg g-1), 
followed by 40 rpm (544.4 mg g-1) and 20 rpm (415.5 mg g-1). The adsorption capacity found in this 
study is higher than that reported for other adsorbents in the literature. Furthermore, there are 
currently no studies that assess the potential of the fibroin as a matrix for human IgG adsorption. 

The Langmuir-Freundlich model yielded values for n that were all less than 1, indicating 
that the adsorption of one molecule had no effect on the adsorption of another, demonstrating 
negative cooperativity. The highest value for 2 was 760.7, and the R2 for all isotherms was more 
than 0.98. For 20, 30, and 40 rpm, the values obtained for qmLF were 880.7, 1050.7, and 902.5 mg g-

1, respectively. 
 
Conclusions 

At pH 8, 25 °C, and 30 rpm, and MOPS buffer, fibroin was able to achieve an adsorption 
capacity of 704.29 mg g-1. Additionally, the adsorption capacity obtained in this study is higher than 
that reported for other adsorbents in the literature. Consequently, with the successful completion of 
the project, it will be feasible to investigate novel fibroin microparticle uses and enhance IgG 
purification methods. 
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Abstract Laccases are glycoproteins that can catalyze oxidation reactions of several pollutants. This Study focuses on 
preparing biocatalysts by immobilizing Trametes versicolor laccase on diazotized Styrene-Divinylbenzene copolymers, 
aiming application in the degradation of nonylphenol. Styrene-divinylbenzene was prepared by aqueous suspension 
polymerization. These copolymers were submitted to nitration, reduction, and diazotization reactions to insert diazonium 
groups on these supports. These modifications reactions were accompanied by FTIR spectroscopy. The copolymers 
containing nitro, amino, and diazonium groups and unmodified copolymers were put in contact with laccase solution on 
citrate-phosphate buffer pH5, 20 mM to prepare heterogeneous biocatalysts. The characterization of the copolymer 
showed a porous material, reaching a specific surface area of 175.2 m2 g-1 and a pore volume of 0.62 cm3 g-1. The 
copolymers containing amino and diazonium groups showed percentages of immobilization yield.

Keywords: Laccase, styrene-divinylbenzene copolymers, heterogeneous biocatalyst, diazonium groups
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Introduction 
Laccases are extracellular monomeric glycoproteins in the multicopper oxidase family isolated 
mainly from higher fungi [1]. These enzymes have been the subject of research mainly due to their 
ability to catalyze the oxidation of various substrates and their wide application in different industrial 
sectors, such as biofuels, biosensors, and organic synthesis, among others [2]. Enzymatic
immobilization aims to enable the reuse of enzymes in other cycles, improving the cost-benefit ratio 
and providing stability to changes in pH and temperature [3]. Melo et al. (2017) [4] showed that 
microspheres of glycidyl methacrylate-co-ethylene glycol dimethacrylate (GMA-EDGMA) 
containing diazonium groups are adequate supports to laccase. Diazonium groups also can be 
introduced on styrene-divinylbenzene (Sty-DVB) copolymers through nitration and reduction 
reactions of benzene rings. These monomers cost less than glycidyl methacrylate and ethylene glycol 
dimethacrylate monomers. Sty-DVB copolymers containing diazonium groups have been 
investigated as supports of complexing groups for metals of environmental concern. However, these 
materials have not been sufficiently investigated as supports for laccases. This work aims at a 
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comparative study of the immobilization of laccase from Trametes versicolor onto Sty-DVB 
containing nitro, amino, and diazonium groups, besides unmodified copolymers. 
 
Experimental  
Synthesis of Sty-DVB copolymers
The Sty-DVB copolymer was prepared by aqueous suspension polymerization. The aqueous phase 
consisted of polyvinyl alcohol (PVA) and NaCl (1.5% m/v to the volume of distilled water). The 
organic phase was composed of the initiator Azobisisobutyronitrile (AIBN) (1% to the sum of the 
number of moles of monomers), Sty (0.12 mol), and DVB (0.18 mol) and the diluent n-heptane 
(degree of dilution of 100% v/v, to the volume of monomers). The organic phase: aqueous phase ratio 
was 1:3 v/v. The reaction was conducted in a tribulated flask with a mechanical stirrer and a 
thermostatic bath for 24 hours, using a stirring speed of 200 rpm and a temperature of 80 ºC. At the 
end of the reaction, the particles obtained were isolated through vacuum filtration, washed with 
distilled water, ethanol, and acetone, and dried at 60 ºC in an oven for 24 hours. The Sty-DVB 
copolymer was characterized by determining the apparent density, optical microscopy, SEM, and 
determination of specific area, volume, and pore diameter by ASAP. 
 
Chemical modification of the Sty-DVB copolymer 
The Sty-DVB copolymer has been chemically modified to insert diazonium groups into its structure. 
The polymer was pre-swelled in 1,2-dichloroethane (82 ml) for the nitration reaction for 24 hours. 
The nitration reaction was carried out using a mixture of HNO3 (51.3 mL) and H2SO4 (60.5 mL) for 
4 hours at 60°C, under stirring at 100 rpm. The polymers were separated by vacuum filtration, washed 
with distilled water, ethanol, and methanol, and dried in an oven at 60ºC for 24 hours. For the 
reduction reaction, the nitrated copolymer (7 g) was kept in contact with a solution composed of 
absolute ethanol (17.5 mL), anhydrous SnCl2 (172.536 g), and HCl (196 mL). The mixture was 
purged with N2 for 5 minutes. The reaction was carried out under slow stirring at 100 rpm at 90°C 
for 24 hours. At the end of the reaction, the beads were washed with 2 mol/L NaOH solution, water, 
ethanol, and methanol and dried at 50 ºC in an oven. The reduced copolymer was maintained in 
contact with dioxane (30 ml) for 30 minutes before the diazotization reaction. The diazotization 
reaction was carried out using aqueous HCl solution and NaNO2 solution under stirring at 100 rpm 
and monitoring the temperature (0 5 °C). The diazotized copolymer was filtered, washed with a small 
volume of distilled water, and stored under refrigeration. These reactions were followed by FT-IR 
spectroscopy. 
 
Immobilization of Trametes Versicolor laccases on copolymers 
All copolymers were submitted to contact with laccase solution to prepare heterogeneous biocatalysts. 
In other words, this step employed unmodified copolymers besides copolymers with nitro, amino, 
and diazonium groups. These materials were pre-treated with 20 mM citrate-phosphate buffer pH 5 
at 5°C and gently stirred in an orbital shaker for 1 hour. At the end of the period, the support was 
filtered under refrigeration. Soon after, an enzymatic laccase solution was prepared in a 20 mM 
citrate-phosphate pH5 buffer (2mg/ml). Then each copolymer was placed in contact with the 
enzymatic solution. Control of the enzymatic solution was also prepared and maintained under the 
same conditions for comparison purposes. Enzyme immobilization was performed at 5°C, 100 rpm 
for 24h. Aliquots were collected at times: 0, 15', 30', 45', 60', and 1440' to monitor the occurrence of 
immobilization through enzymatic kinetics. The laccase activity was monitored 
spectrophotometrically using substrate oxidation of 2,2'-azino-bis(3-ethylbenzoathiazoline-6-
sulfonic acid) (ABTS) (436 nm) [5]. 
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Results and Discussion 
A copolymer combining DVB crosslinking agent and Sty comonomer was synthesized by aqueous 
suspension polymerization. The apparent density, specific surface area, pore volume, and average 
pore diameter data obtained for the particles are presented in Table 1. 

Table 1. Apparent density, specific surface area, volume and average pore diameter data for Sty-DVB 
copolymers

Dap (gcm-3) S (m2 g-1) Vp (cm3 g-1) D
Sty-DVB 0.22 ± 0.010 175.2 0.62 174,1

Dap: apparent density; S: specific surface area; Vp: Pore volume; D: Mean pore diameter.

Optical (a) and scanning electron (b) microscopies can be seen in Figure 1. These data indicate that 
the copolymer Sty-DVB is a mesoporous material with an average pore diameter of 17.4 nm. This 
data was confirmed by N2 adsorption-desorption curve, which showed a type IV isotherm (Figure 2). 

Figure 1. Optical Microscopy and Scanning Electron Microscopy for Sty-DVB Copolymers

(a) (b)

Figure 2. N2 adsorption-desorption isotherms of Sty-DVB copolymer

Sty-DVB copolymer was submitted to nitration, reduction, and diazotation reactions to introduce new 
functional groups on the polymeric structure. These modifications were accompanied by FTIR 
spectroscopy. The nitration reaction was confirmed by bands at 1523 and 1348 cm-1, attributed to 
asymmetric and symmetric axial deformation of the NO2 group. The reduction of these groups was 
confirmed by the significative reduction of bands attributed to nitro groups besides a considerable 
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broadening in the band around 3426 cm-1 signaled as asymmetric stretching of the amino group [6, 
7].
Figure 3 shows comparative curves relating the immobilization yield as a function of time (60 
minutes) for Sty-DVB copolymer after reactions to introduce nitro, amino, and diazonium groups on 
the polymeric structure. The yield of laccase immobilization at the end of the contact time was: 
30.1%, 92.3%, 97.9%, and 98.6%, respectively, for the unmodified copolymer, a copolymer with 
NO2 groups, NH2 groups, and diazonium groups. This result indicates the need for polar functional 
groups in the polymeric matrix for better enzyme interaction. Probably the immobilization of laccase 
on modified supports probably involves non-specific interactions between functional groups and 
enzymes. More specifically van-der-Waals interactions and hydrogen bonds between these functional 
groups and amino acid side chains of enzymes. 

Figure 3. Comparative immobilization yield of laccases on different supports: Sty-DVB and Sty-
DVB copolymers containing nitro, amino and diazonium groups.

Conclusions 
A low degree of immobilization yield was observed for the unmodified Sty-DVB copolymer. 
However, introducing nitro, amino, and diazonium groups in these copolymers increased 
immobilization yield. For the copolymers containing amino and diazonium groups, immobilization 
yields 97.9% and 98.6%, respectively. The immobilization of laccase on copolymers containing nitro, 
amino, and diazonium groups involves van-der-Waals interactions and establishing hydrogen bonds 
with amino acid side chains of enzymes.
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Abstract - Photodynamic therapy (PDT) is an effective technique in the topical treatment of skin cancer, and has been 
successful using 5-aminolevulinic acid (5-ALA) as a photosensitizing agent (FS). However, its penetration into thick 
tumor tissues is hindered due to the high hydrophobicity. So, the electrospinning technique was used to obtain polymeric 
membranes of poly(vinyl alcohol) to convey the prodrug in the treatment of non-melanoma skin cancer. The most suitable 
membrane has fibers with thicknesses up to 250 nm, and was electrospun with 0.1 mL/h flow rate, 18 kV and 11 cm 
distance between collector and needle. The membranes were cross-linked by glutaraldehyde vapor for 6 hours under 
vacuum in a desiccator, with hydrochloric acid as a catalyst, in order to reduce their water solubility. Both membranes 
with and without crosslinking were subjected to SEM, FT-IR and TGA, for material characterization. 

Keywords: electrospinning, skin cancer, 5-aminolevulinic acid, poly(vinyl alcohol). 

Introduction 

Photodynamic Therapy (PDT) is a topical treatment that combines visible light with a 
photosensitizing molecule to eliminate cells. Photosensitizers (FS) are substances that generate 
reactive oxygen species (ROS) when they absorb energy at a specific wavelength [1]. PDT is 
particularly effective in treating tissue wounds associated with Cutaneous Leishmaniasis, ocular 
degeneration, and tumors. In Brazil, skin cancer is the most common type of cancer, but despite its 
frequency, it is also one of the pathologies with a high cure rate. 
One extensively studied photosensitizer is 5-aminolevulinic acid (5-ALA), which has been researched 
since the 1990s. It is referred to as a prodrug because it stimulates the synthesis of Protoporphyrin IX 
(PpIX) [2]. This natural molecule is essential in our cells for the production of the heme group of 
hemoglobin during the Porphyrin pathway. However, unlike PpIX, 5-ALA is hydrophilic and cannot 
penetrate the stratum corneum, the outermost protective barrier of the skin. Therefore, high doses of 
topical 5-ALA are required to achieve significant concentrations of PpIX, often resulting in pain for 
patients [3]. Consequently, in the last decade, numerous studies have focused on developing safe and 
effective methods to enhance the diffusion of the prodrug. 
In this project, nanofibers were chosen as the delivery system due to their ability to increase the 
dissolution rate of the drug and carrier, resulting in a controlled drug release. The electrospinning 
technique was employed to form the nanofibers, which relies on the application of a potential gradient 
between the polymer solution and the metal collector. This electric field disrupts the surface tension 
of the solution, causing it to stretch into a cone shape known as the Taylor Cone [1]. Eventually, the 
surface tension is broken, and a polymeric jet is generated between the needle and the collector. 
Electrospinning requires a high voltage source, needle, syringe, infusion pump, metallic collector, 
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and two electrodes. Therefore, the key parameters for electrospinning are voltage, flow rate of the 
polymeric solution, and the distance between the needle and the collector. 
The chosen polymer for drug diffusion was poly(vinyl alcohol) (PVA), which is a synthetic, 
biocompatible, and non-toxic polymer that readily degrades in aqueous media. PVA and 5-ALA 
possess significant hydroxyl content, making them compatible due to their hydrophilic nature. The 
production of PVA involves the polymerization of vinyl acetate monomers to form poly(vinyl acetate) 
(PVAc), followed by the hydrolysis of the acetate groups, resulting in a polymer chain with pendant 
hydroxyl groups [4]. PVA exhibits excellent processability and is suitable for the formation of 
hydrogels, fibers, and films. It possesses desirable properties such as elasticity, thermal stability, 
chemical resistance, and mechanical strength, making it widely employed in biomedical applications. 

Experimental 
Materials 
PVA (Mw = 30,000 to 70,000) and a hydrolysis grade of 87% to 90% was purchased from Sigma-
Aldrich in powder form. 5-ALA was also purchased from Sigma-Aldrich (molecular weight, 167.6 
g/mol). Glutaraldehyde 25% and acetate buffer solution with a pH of 5 and a concentration of 0.1 
molar were prepared by the laboratory staff using glacial acetic acid and sodium acetate trihydrate. 

Electrospun membranes of PVA/5-ALA 
A 20% w/v solution of PVA was prepared by dissolving PVA in a buffer solution with pH 5 at 80 °C 
for 3 hours. After this period, the solution was stirred for 24 hours at room temperature. The solution 
containing 5-ALA was produced by adding the prodrug at a concentration of 1 wt%, in relation to the 
mass of the polymer, after 24 hours of polymer stirring. After addition of ALA, the mixture remained 
another half hour of stirring for total compatibility between the polymer and the drug. [5] 
In this work, the electrospinning apparatus consisted of a high-voltage power supply (Glassman High 
Voltage PS/FC 6p02.0-11, USA), an infusion pump (KDScience, USA), a needle with an inner 
diameter of 0.8 mm (22G), and a grounded metal collector. The solution was injected using 5 mL 
plastic syringes and independently pushed at flow rates of 0.1 mL/h. Under the processing conditions, 
the voltage varied between 18 kV, the distance between needle and grounded metal collector was 11 
cm, and the temperature and humidity were kept between 20-22°C and 50-60%, respectively. 

Crosslinking of membranes 
The electrospun membranes were cross-linked with Glutaraldehyde (Glu) vapour for 6 hours, using 
Hydrochloric Acid (HCl) as a catalyst in a 3:1 (Glu:HCl) ratio, and a dissecator, to enhance a sealed 
and vacuum environment [6]. 

Characterizations 
The membranes obtained by electrospinning were characterized using scanning electron microscopy 
(SEM), which allowed evaluating the morphology of the fibers in terms of the presence of defects, 
average fiber diameter, and porosity. For the SEM analyses, the membranes were coated with gold 
using a metallizer. The fiber diameter was quantified using ImageJ software. 
Fourier-transform infrared spectroscopy (FTIR) with an ATR accessory in the range of 4000 to 400 
cm-1 was performed to observe the relative bands of functional groups of polymer and drug. 
Thermogravimetric analysis (TGA) was used to characterize the thermal stability profile of the 
membranes, including the initial temperature and the temperature of maximum weight loss rate. The 
samples were heated from 25°C to 700°C at a rate of 10°C/min under a nitrogen flow of 60 mL/min. 

Results and Discussion 
Figure 1 displays scanning electron microscopy (SEM) images of the PVA, PVA/5-ALA, cross-
linked PVA, and cross-linked PVA/5-ALA samples. The samples labeled with the suffix "-ret" 
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indicate that they were cross-linked using glutaraldehyde vapor. The SEM images were taken at a 
magnification of 50,000x and exhibited uniform and defect-free fibers in all samples. The PVA 
sample (Figure 1A) exhibited an average diameter of (137 ± 72) nm, while the PVA/5-ALA sample 
(Figure 1B) has an average diameter of (112 ± 75) nm. In the case of the PVA-ret sample (Figure 1C), 
the average diameter is (123 ± 52) nm. The final cross-linked PVA/5-ALA sample displayed fibers 
with a slightly larger standard deviation, with an average diameter of (164 ± 80) nm. These results 
suggest that the fibers are homogenous and reproducible, with mean diameters below 250 nm. 

 
 

Figure 1. SEM images of electrospun (a) PVA, (b) PVA-5ALA, (c)PVA-ret, (d) PVA/5ALA-ret 

 

Figure 2. (a) FTIR spectra, and (b) TGA analysis of PVA samples PVA, PVA-5ALA, PVA-ret, and 
PVA/5ALA-ret. 

The FTIR-ATR spectra are presented in Figure 2A that refers to the addition of 5-ALA in PVA 
membranes and its crosslinking. Analyzing the addition of ALA, it is inferred a significant increase 
in the bands at 3300cm-¹ and 1700cm-¹ that corresponds to the increase in the number of hydroxyls (-
OH) and carbonyls (C=O). In the case of the PVA/5-ALA-ret sample, as indicated by the arrows in 
Figure 2A, a distinct band appears at 1100 cm-¹, which corresponds to the presence of the acetate 
bond resulting from the crosslinking process [7]. Additionally, there is a significant decrease in the 
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intensity of the band at 3300 cm-¹, which represents consumption of the hydroxyl groups due to the 
crosslinking. 

The TGA analysis presented in Figure 2B clearly shows that when 5-ALA was added to fibers, its 
thermal stability decreases. The PVA/5-ALA-ret sample had two weight loss events with different 
Tonset temperatures, common to PVA, the first at 273.6°C and the second at 402.9°C, with a final 
degradation temperature of 474.4°C. 

Conclusions 
This work successfully achieved the fabrication of monolithic fibers of PVA/5-ALA as confirmed by 
the SEM analysis. SEM images demonstrated homogeneous fiber structures and a mean diameter 
below 250 nm. The FTIR analysis confirms the successful crosslinking of the membranes, as 
indicated by the presence of the acetate absorption band and the decrease in the intensity of the band 
associated with exposed hydroxyl groups. This confirms the chemical changes that occur during the 
crosslinking process and provides evidence of the modified composition of the membranes. 
Additionally, the TGA analysis plays a crucial role in understanding the effects of the drug on the 
thermal stability of the PVA. The results indicate that the addition of the drug leads to a decrease in 
the thermal stability. However, the subsequent crosslinking process significantly improves the 
thermal stability of the membranes. This can be attributed to the increased crosslinking within the 
polymer chains, which enhances the overall structural integrity and stability of the membranes. 
Considering these findings, it can be inferred that the properties of the nanofibers, as observed through 
these analyses, make them suitable for membrane applications. The successful crosslinking and 
improved thermal stability highlight the potential of these nanofibers in various membrane-based 
applications. 
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Abstract Zeolite silver (ZeAg) particles with antimicrobial activity were added to biodegradable wound dressings based 
on starch and brewer s spent grain (BSG). Four samples of biodegradable wound dressings (0, 0.5, 1 and 2% (w/v) of 
ZeAg particles) were obtained by thermopressing method and analyzed concerning their morphology, thickness, density,
solubility, water vapor permeability (WVP), water solubility and absorption indexes (WSI/WAI), and mechanical 
properties. The dressings had a rough appearance and brownish colors due to the addition of BSG. There was no significant 
difference between the samples in the thickness, density, solubility, WVP and WSI tests. SEM images showed a high 
number of pores in the surface of dressings. Regarding WAI test, the dressing with the addition of 0.5% ZeAg particles
obtained significant increase of the water absorption in relation to the other samples. The wound dressings with addition 
of 2% of ZeAg showed significant higher values in elongation at break, tensile strength and elastic modulus, as a 
consequence of the reinforcement role of the particles. Therefore, the biodegradable materials with ZeAg particles are 
considered promising for the application as a biodegradable wound dressing.

Keywords: Starch, Brewer spent grain, Wound dressings, Zeolite, Silver ions.

Introduction

Biopolymers of natural origin are promising due their characteristics of biocompatibility, non-
toxicity, processability and availability, in addition to being biodegradable, such as starch [1]. Starch-
based polymeric materials have some disadvantages such as their high permeability to water vapor
and low mechanical performance, forming brittle materials. To overcome these limitations, the use of 
lignocellulosic fibers as reinforcement in starch-based polymeric materials becomes a promising 
alternative. These materials are inexpensive and biodegradable, in addition to increasing the resistance
of polymeric matrices [2]. Brazil presents a territory where high amounts of lignocellulosic agro-
industrial -product of the 
brewing industry. It is currently used as animal feed, but due its rich composition, it can be also used 
in pharmaceutical and food applications [3,4].

One of the many biomedical applications of natural polymers is in the area of tissue immunity, 
serving as raw material in the production of biodegradable dressings. These materials must protect the 
injury until the healing process is completed [5]. Dressings with the addition of antimicrobials are 
efficient in healing infected and exudative wounds, with high absorption capacity due to their structure 
with high porosity, in addition to avoiding microbial contamination at the wound site [6]. An example 
is the use of silver compounds (Ag to treat infections in open wounds, burns and ulcers. However, 
they have some difficulties related to the release of Ag+ ions [7], and the use of materials that act as 
particle carriers seems to circumvent this problem, and zeolites stand out in this function [8]. Zeolites 
are natural or synthetic microporous minerals and are formed by silicon and aluminum molecules with 
ion exchange capacity, being used as catalysts, adsorbents, molecular sieve and dehydration and 
rehydration of materials [9].

Therefore, the purpose of this work was to produce biodegradable wound dressings based on 
starch and BSG including different proportions of zeolite and silver particles. The structural, barrier 
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and mechanical properties of the biodegradable materials were evaluated, considering an alternative
to obtaining biodegradable polymers for biomedical purposes.

Experimental

Zeolite and silver particles production
The obtention of ZeAg particles is shown in the Fig 1.

Figure 1 Obtention of ZeAg particles.

Wound dressings production
Four samples were tested to obtain the wound dressings, by using thermopressing method. The

components of the formulations were cassava starch (85% w.v-1), glycerol (9% w.v-1), BSG (5% w.v-

1) and different concentrations of the ZeAg particles (0, 0.5, 1 and 2% w.v-1). These components were 
mixed in 100 mL of water and was manually stirred. Subsequently, the mixtures were weighed, 
obtaining approximately 100 g of each formulation and this amount was transferred to the previously 
heated thermopress (175°C / 1 atm), for 18 minutes. The formulations were stored at 25±2ºC until the 
analysis.

Characterization of the biodegradable wound dressings

Scanning electron microscopic (SEM) analysis
A scanning electron microscope Tescan model Mira 3 was used to make observations 

in the surface of the dressings. Before coating with a gold layer, the samples were stored at 25 ±2 ºC
in a desiccator with CaCl2 (0% RH) for 7 days. The coating was performed with a SputterCoater 
(Quorum SC7620). Images were taken of the surface, with 1 kx of magnification.

Thickness and density of wound dressings
The thickness of films was measured with digital micrometer with resolution 0.001mm, 

through 5 random points. For the density, the films (2cmx2cm) were stored at 25 °C in a desiccator 
with CaCl2 (0% RH) for 7 days and then weighed to determination of weight of films. The thickness,
width and length were evaluated to perform the density calculation.

Water Solubility and Water vapor permeability (WVP)
For the water solubility test the samples were previously dried in a desiccator containing CaCl2

(0% RH) for 7 days. After this period, they were weighed and immersed in distilled water (30:1 ratio 
water:sample) for 48 hours at 25 °C. Excess water was removed and the material was dried in an 

oven at 105 °C until a constant mass, which is used as the final mass of the samples to calculate the 
water solubility of the materials. The determinations were performed in triplicate. The WVP was 
determined by the gravimetric method with adaptations from the American Society for Testing and 
Material (ASTM E-96-95, 1996). 

Water Absorption and Water Solubility Index (WSI and WAI)
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The water absorption index (WAI) and the water solubility index (WAI) were determined 
according methodology of Anderson et al. (1969) [10] with some modifications. Were placed in a 
centrifuge tube, previously weighed, approximately 2.5 g of sample and 30 mL of water. The tubes 
were shaken for 30 minutes on a mechanical shaker, then centrifuged at 3000 rpm for 5 minutes. The 
supernatant liquid was carefully transferred to a Petri dish and placed in an oven at 105°C until constant 
weight. The remaining material from the centrifuge tube (gel) was weighed and the WAI (g water/g 
solid) calculated was calculated by the ratio between the mass of the gel and the mass of the sample. 
WSI was calculated by the ratio between the mass of the evaporation residue and the initial mass of the 
sample.

Mechanical Properties
A universal mechanical testing machine (Shimadzu, Kioto, Japan) was used to determinate the

tensile properties of the films. Tensile tests were based on American Society for Testing and Material 
Standard (ASTM) D882-91 (1996) [11]. The tensile strength (MPa), elongation at break (%) and

modulus (MPa) were determined. 

Statistical analysis
The data were expressed as mean and standard deviation, followed by ANOVA analysis and

Tukey,s test, with  5% variance (p < 0.05).

Results and Discussion
The different wound dressing formulations presented the visual appearance shown in Fig 2.

The brownish coloration is due to the addition of 5% BSG in the formulations (Fig 2B, 2C and 2D). 
The materials presented a highly porous surface with malleability and resistance right after the 
process.

Figure 2 Biodegradable wound dressings. (A) Control sample, (B) 0.5% of ZeAg, (C) 1% of ZeAg, (D) 2% 
of ZeAg.

In SEM analysis, it was observed that sample with 0,5% of ZeAg (Fig 3B), showed a high 
number of pores throughout the surface area, leaving the material irregular, which can be attributed to 
the evaporation of water from the formulation during sample thermal processing. This porous aspect 
leads to a greater capacity for water and liquids absorption, due to the presence of cavities, which 
becomes an ideal characteristic in obtaining dressings that act on exudative wounds. The other samples 
showed homogeneity and regularity on their surfaces.
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Figure 3 SEM images for biodegradable wound dressings. (A) Control sample, (B) 0.5% of ZeAg, (C) 1% 
of ZeAg, (D) 2% of ZeAg.

The results obtained, both for the control and for the dressings with ZeAg, showed no 
significant difference for thickness, density, water solubility, WVP and WSI. Regarding WAI test, the 
formulation of 0.5% ZeAg showed significant higher value (4,274±0,495) in comparison with the 
other samples (2,864± 0,098 for the control, 2.341 ± 0.09 to ZeAg 1% and 2.315 ± 0.104 to ZeAg 
2%). In accordance with SEM images, this formulation shows the higher presence of pores on the 
surface, which may have exposed the hydrophilic groups of the polymer and resulted in greater 
absorption of water.

The mechanical properties are shown in Table 1. Tensile strength and elongation at break 
have been significantly increased in the 1 and 2% of ZeAg formulations. The rigidity represented by 

inforcement of the 
biodegradable material. These results points to a positive effect of ZeAg particles in the mechanical
performance of the biopolymers dressings, resulting                in more resistant materials to be used in 
biomedical applications. Several articles show the influence of zeolites on mechanical properties of 
starch films [12, 13].

Table 1 Tensile strength, elongation at break, and Young's modulus of the biodegradable wound dressings.

a,b

Conclusions
The biodegradable wound dressings materials were successfully obtained mechanical 

properties were improved with the addition of the ZeAg particles in concentrations above 1% which 
showed a significant increase in resistance and rigidity, in addition to increasing the elongation of the 
materials. Thus, the tests carried out in this work demonstrate that the biodegradable polymeric 
materials developed have the potential to be used as a dressing aimed at application in exudative 
wounds. However, it is necessary to carry out additional tests aimed at increasing the performance of 
its antimicrobial properties and evaluating its cytotoxicity.
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Abstract
Poly(vinyl alcohol) (PVA) is a polymer widely used in several sectors due to its solubility in water and non-toxicity. 
Chitosan (CS) is a biopolymer, biocompatible with excellent antimicrobial activity. PVA/CS blends are promising 
materials. In present study, PVA/CS fibers at different mass compositions (100/0, 99/01, 95/05, 90/10, 85/15 and 80/20) 
were prepared by electrospinning technique. SEM images showed nanofibers with uniform morphology, homogeneous
dispersion of CS into PVA matrix, and good interfacial adhesion between the polymeric constituents. The results also 
evidenced intermolecular interactions between two polymers in the blends. PVA/CS fibers exhibited inhibition action 
against gram-negative (E. Coli) and gram-positive (S. Aureus) bacteria, but they were non-cytotoxic for fibroblasts 
cells, indicating be suitable for tissue engineering applications.

Keywords: Poly(vinyl alcohol); Chitosan; electrospinning; scaffolds; antibacterial activity.

Introduction
Hybrid polymer materials, as the polymeric blends, always attracted considerable attention 

because they can combine efficiently the advantages of both components and adjust its properties 
for the desired application. Poly(vinyl alcohol) (PVA) is a non-toxic and water-soluble polymer [1]. 
Thus, it has found widespread applications, as food packaging [2], and in the biomedical field as in 
drug delivery system, wound dressings and skin tissue engineering [3, 4]. Chitosan (CS) is cationic 
linear polysaccharide consisting of poly- -(1-4)-D-glucosamine units obtained by partial 
deacetylation of chitin, the second most abundant biopolymer after cellulose, and the major
component of crustaceous, insects and fungi [4, 5]. CS has been aroused great interest due its 
significant antimicrobial properties and unique biological properties, such as non-toxicity, 
biocompatibility and biodegradability [2, 5]. However, CS has some limitations in its applications, 
due low mechanical strength, rigid structure and high production cost. One way to overcome these 
disadvantages is to blending it with synthetic polymers as PVA. PVA/CS in fibers morphology, 
prepared by electrospinning have exhibited excellent properties as the ability of physical gelation 
due to inter and intra-molecular hydrogen bonding [6]. Besides that, for fiber blends, the addition of 
CS to PVA has a thickener effect, increasing the viscosity and giving rise to uniform nanofibers [4]. 
Electrospinning, is a practical technique to produce polymers nanofibers, with relative low-cost and 
simplicity. The electrospinning process consists of the application of a strong electrostatic field to a 
viscous polymer solution held in a needle. Above a given threshold voltage, the electrostatic 
force overcomes the polymer droplet surface tension, and the resulted jet is ejected from the needle 
tip toward a collecting [7]. Due to the nanostructured architecture produced by such a process, the 
nanofibers are suitable to be applied tissue engineering as scaffold [4]. In present study, PVA/CS
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fibers at different compositions were prepared by electrospinning technique, aiming to develop a 
suitable biopolymeric platform for cell growth. A comprehensive investigation of the structural, 
thermal properties, morphology, antibacterial and cytotoxic activity of these materials was done.

Experimental

2.1. Preparation of PVA/CS fibers 
PVA and CS solutions were prepared separately. PVA solution (12% w/v) was prepared in 

distilled water, using a magnetic stirrer and mild heating of 45 °C for 4 hours. CS solution (2% w/v) 
was prepared in acetic acid solution (2 wt.%) and stirred for 4 hours. To prepare PVA/CS fibers at
different compositions (% weight), both PVA and CS solutions were mixed and stirred for 8 hours
at room temperature ( 25 °C), for complete homogenization. The mass ratio between PVA/CS was 
varied in 100/0 (pure PVA), 99/01, 95/05, 90/10, 85/15 and 80/20.

2.2. Characterization of PVA/CS fibers
PVA/CS fibers were characterized by ATR-FTIR spectroscopy (BrukerVertex 70Z 

spectrometer) and X-ray diffraction (XRD) (Bruker D2 Phaser XRD diffractometer). The percent 
crystallinity (Xc%) of the fibers was measured as a ratio of the crystalline peak area to the total area 
from XRD as follows Equation 1 [7]:

(1)

In which Ac corresponds to the peak area of crystalline phase; Aa is the area of amorphous phase 
and Xc (%) is the percent crystallinity.

The thermal properties of PVA/CS fibers (6.0 mg) were investigated by simultaneous 
thermogravimetry/differential scanning calorimetry (TG/DSC) STA 6000 Perkin Elmer 
(UTFPR/Medianeira), using alumina sample holders, with heating rate of 10 °C min-1, under a flow 
of O2 (white martins, 5.0 purity) at 20 mL min-1, by heating from 50 to 600 °C. Scanning electron 
microscopy (SEM) was obtained in a FEI Quanta 250 microscope. The hydrophilicity of the fibers
surfaces was analysed from contact angles ( c) measures, determined from the captured image of 
the drop-fabric contact at 22 °C using a Cam-Plus contact angle meter (Tantec, Denmark). The 

2.3. Antibacterial activity and Cell viability
The antibacterial action of PVA/CS fibers was evaluated against Gram-negative Escherichia 

coli (E. Coli) and Gram-positive Staphylococcus aureus (S. Aureus) stains, using the disc-diffusion 
method. The in-vitro cytotoxicity of PVA/CS fibers was investigated for health fibroblast cells
(ATCC L929) after 24 hours of incubation, and by MTT method.

Results and Discussion

Fig. 1(a) shows FTIR spectrum of pure PVA (100/0) fiber, which exhibits absorption bands
at 3600-3000 cm-1, characteristics of O-H stretching; between 2980 and 2876 cm-1 and a shoulder at
2850 cm-1, that can be attributed to C-H symmetric and asymmetric stretching [8, 9]; and also bands 
around 1756, 1676 and 1560 cm-1, that are associated to stretching of acetate groups (COO-), 
residues of poly (vinyl acetate) [10]. The absorption bands observed between 1500-1176 cm-1, are 
attributed to the angular deformation of C-H bond, coming from the CH2 group of the polymeric 
chain. The intense bands at 1150 and 980 cm-1 are associated to the stretching of C-C and C-O bond 
in structure of PVA, and the bands with low and medium intensity below 980 cm-1 are attributed to
the scissor-like stretch of CH2 [11]. The spectra of PVA/CS fibers displayed similar bands of pure 
PVA, however with the emergence of some bands such as at 3000 cm-1, characteristic of combined 
stretching vibration of the hydroxyl O-H and amine/amide group N-H, from chitosan, as well as the 
intramolecular hydrogen bonds [3,12,13]. 
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Figure 1.  (a) ATR/FTIR spectra; (b) XRD diffractograms; (c) TG and (d) DSC curves, obtained for 
PVA/CS fibers. 

Table 1. Crystalline peak center position (2 ); percent crystallinity (Xc%); melting temperature (Tm), and 
contact angle, measured for PVA/CS fibers.   

 Fibers 

  Xc (%) 
Tm (ºC) contact angle 

(degree) 
100/0 19.1 74.1 246 104.5 ± 2.4 
99/01 18.8 74.4 255 92.7 ± 7.7 
95/05 18.8 59.6 269 92.7 ± 4.3 
90/10 19.2 69.9 275 95.7 ± 1.0 
85/15 20.5 78.6 275 95.9 ± 1.2 
80/20 18.5 59.3 292 96.0 ± 7.6 

 
Fig 1(b) shows X-ray diffractograms obtained for PVA/CS fibers. PVA exhibits a more 

intense peak centered at 2 = 19.1°, corresponding to (101) crystal plane [14], and a halo at 40.0° 
belong to (111) crystal plane, demonstrating its semi-crystalline structure.  PVA/CS blends showed 
smoothly deviations in Bragg angles and lower crystallinity than pure PVA (Table 1), indicating 
that PVA and CS probably have interactions that affect the structural arrangement of polymer 
chains.  
 Fig 1(c) shows TG curves obtained for PVA/CS fibers. The thermal degradation of pure 
PVA occurs in three steps, and is caused by the water evaporation and polymer chains thermal 
degradation [15]. PVA/CS fibers showed behaviour similar to pure PVA, however the mains step of 
thermal degradation, between approximately 250-400 °C, was slightly shifted to lower 
temperatures. Fig 1(d) shows DSC curves of PVA/CS fibers, which exhibit a widening in the 
melting peak with increasing CS contents in the blends. Melting temperatures (Tm) presented in 
Table 1 demonstrate an increase in Tm for all PVA/CS blends compared to pure PVA, probably due 
to strong intermolecular hydrogen bonding interactions between PVA and CS, that can restrict the 

, requiring more energy for PVA/CS blends melting [16] and due to the Tm 
of crystalline domains of CS, since CS is a semi-crystalline polymer. 

SEM images obtained from PVA/CS fibers (Fig. 2) show elongated and uniform 
nanofibers with regular arrangement (beads-free) until 15% CS. Considering that all images are 
obtained with the same magnification, it is noted that the average diameter of the nanofibers 
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decrease with the increase of CS content. The contact angle estimated to the fibers (Table 1) varied
from 104.5 ± 2.4 (100/0) to 92.7 ± 4.3 (99/01 and 95/05), demonstrating that the presence of CS in 
PVA matrix slightly decreases the hydrophobic character of fiber surfaces, enhancing its 
characteristics for applications as scaffolds in tissue engineering. 

 

   

   
Figure 2. SEM micrographs of PVA/CS fiber surfaces with different compositions: (a) 100/0, (b) 99/01, (c) 
95/05, (d) 90/10, (e) 85/15 and (f) 80/20. Magnification 5000x and scale bar 
corresponding contact angle measurements on the surfaces. 
 

/CS fibers against E. Coli are show in Fig. 3(a) and (b), 
and against S. Aureus in Fig. 3(c) and (d). It is observed a narrow inhibitory zone around all 
PVA/CS fibers, especially for 95/05 sample against S. Aureus. This antibacterial action of PVA/CS 
fibers is assigned to Chitosan, which has a well-established antimicrobial activity in the literature 
[5]. The antibacterial activity of CS is attributed to deleterious interaction with protonated amino 
groups of CS with the negative charges at bacteria surface [4], that decrease the bacterium 
membrane permeability, resulting in inhibition of the growth bacterial [2]. The in-vitro cytotoxicity 
of PVA/CS fibers was evaluated for fibroblast cells by indirect MTT assay (Fig. 3(e)), and the 
results indicated a cell viability between 78 and 100% compared to the control, demonstrating that 
our PVA/CS fibers are not cytotoxic for healthy fibroblast cells.  
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Figure 3. Images of agar plates and inhibition zone for (a) and (b) E. Coli; (c) and (d) S. Aureus, 
both in contact with PVA/CS fibers. (e) Fibroblast cells viability by MTT assay in presence of 
PVA/CS fibers after 24 hours of incubation. 
 
Conclusions 

PVA/CS fibers with different CS contents were successfully prepared by electrospinning 
method. The results indicated a good interfacial adhesion, and the presence of intermolecular 
interactions between two polymers in the blends, beyond uniform distribution of CS into PVA 
matrix. In addition, it we verified that the melting temperature of PVA in the blends was affected by 
presence of CS.  PVA/CS exhibited elongated, continuous and uniform nanofibers until 15% of CS. 
Contact angles measure on fiber surfaces demonstrated the hydrophobic character of the fibers, 
required for use as scaffolds. PVA/CS fibers showed potential antibacterial against gram-negative 
and gram-positive bacteria, and does not show any cytotoxicity for health fibroblast cells, being 
promising materials to be used as scaffolds in tissue engineering.  
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Abstract
In this study, a membrane was obtained based on Poly(e-caprolactone) (PCL), Hydroxyapatite (HAp), and Silver

Nanoparticles (AgNP). It was characterized using Fourier Transform Infrared Spectroscopy (FTIR) and Scanning
Electron Microscopy (SEM). In the FTIR spectrum of the PCL+AgNP membrane, it was not possible to observe the
characteristic absorption band of AgNP. This could be due to the low concentration of AgNP that was impregnated on 
the surface of the membrane. In the micrograph, it is possible to observe that the blasting of AgNP onto the membrane 
surface did not alter the morphology of the membranes.

Keywords: Membrane, Rotary jet spinning, Poly(e-caprolactone), Hydroxyapatite and Silver Nanoparticle.

Fundings: Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq).

Introduction
Polymers are excellent candidates for the development of a membrane with bactericidal/virucidal

characteristics. Poly(e-caprolactone) (PCL) has properties that favor the use of the physical 
technique (Rotary jet spinning) to obtain polymeric fibers [3-6]. Rotary jet spinning is a physical 
technique for obtaining polymeric fibers in micrometric and nanometric scales. This technique 
stands out as an alternative to electrospinning, for obtaining fibers without depending on the 
conductivity of the solution. So, it is a versatile technique where polymeric emulsions or
suspensions are used. Furthermore, rotary jet spinning technique presents a higher production rate 
in relation to the electrospinning [2-4]. Hydroxyapatite (HAp) has been widely used as a 
biocompatible ceramic in many areas of medicine, but mainly for contact with bone tissue, due to 
its resemblance to mineral bone. Finally, to add bactericidal characteristics to rotary jet spun 
membrane, Silver Nanoparticle (AgNP) was sputtering on the rotary jet spun membrane surface [8-
9].

Experimental

The PCL solution was prepared adding 3g of PCL in 16 ml of chloroform. After PCL 
solubilization was added 1%, 2%, 4% and 8% of HAp (Hap weight/PCL weight) and the PCL 
membranes were obtained by the Rotary jet spinning. The solutions were poured into the reservoir
and kept rotating at 3,500 rpm. After obtaining the rotary jet spun membranes, AgNP was sputtered 
on its surface using the spray method. Subsequently, the samples were submitted to FTIR and SEM 
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analyses. In the FTIR analysis, the samples of rotospun PCL, pure hydroxyapatite and silver 
nanoparticle were analyzed in a Spectrum 65 model spectrophotometer (Perkin Elmer), in ATR 
module, each sample was scanned 64 times in the absorption spectrum of 4500 - 500 cm -1. 
Scanning electron microscopy (SEM) was performed on the fiber surface. The images were taken 
using a JEOL electronic microscope, model JSM  IT 200. A voltage of 3.0 kV was used. 

 

Results and Discussion 
The Fig. 1 illustrates the FTIR spectra of rotary jet spinning membrane with different 

concentrations of HAp and AgNP. The sample of pure PCL membrane shows absorption band at 
2940 cm-1 and 2860 cm-1 corresponding to the asymmetric and symmetric stretching vibrations of 
the CH2 group, respectively. The absorption band at 1720 cm-1 corresponds to the stretching 
vibration of the carboxylic bond ( C=O). The absorption band at 1240 cm  corresponds to 
asymmetrical stretching of the C O C bond the absorption band at 1170 cm  corresponds to 
symmetrical stretching of the C O C bond. Furthermore, the bands at 1460 cm-1 and 1370 cm-1 are 
due to CH bending of CH3 (symmetrical) and bending vibrations in the OH, respectively. 

 
Fig. 1. FTIR spectra of rotary jet spinning membrane with different concentrations of HAp and AgNP. 

 
After impregnating AgNP on the surface of PCL+HAp membranes, the spectra showed changes 

in absorption band intensities. In this case, it was observed that the absorption band at 2946 cm-1 
(asymmetrical stretching of the CH2 group) and 2863 cm-1 (at the symmetrical stretching of the CH2 
group) showed a reduction in intensity. In addition to these, the absorption band at 1726 cm-1 
(carboxylic bond stretching ( C=O)) and 1167 cm-1 (symmetrical C O C bond stretching) also 
showed a reduction in intensity. Thus, the reduction in the intensity of the absorption band may be 
related to the change in the vibration profile of these bonds, due to the presence of AgNP. 

The Fig. 2 shows SEM images of rotary jet spun membranes. In 43x increase, was possible to 
observe an enlargement along the wire, in the oval shape, is observed for all samples. With increasing 
the concentration of HAp, the amount of this oval shape in the rotary jet spun membranes increases. 
This could happen due to the difficulty of polymeric chains to flow during the rotary jet spinning 
process, since the presence of HAp preventing the sliding of one polymer chain over another when 
stretched at the exit of the capillary orifice as a jet. In 250x increase, it is possible to observe that the 
increase in the concentration of HAp makes the surface of the fiber rougher and with a greater 
presence of holes. In this case, during the exit of the PCL solution from the capillary orifice the HAp 
particles can pierce the polymer surface and lodges inside the formed wire. After spraying up the 
AgNP on the surface of rotary jet spun membrane, the presence of AgNP does not change the 
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morphology of membranes (PCL+HAp). 
 

 

 

Fig. 2. SEM images of rotary jet spun membranes.
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Conclusions 

The results showed low interaction between the PCL and HAp. After AgNP was sputtered on the 
rotary jet spun membrane surface (PCL+HAp), again low interaction between the PCL, AgNP and 
HAp chains is observed. SEM images showed that the presence of HAp makes the surface of the fiber 
rougher and with a greater hole than pure PCL membrane. 
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Abstract  Natural polymers such as alginate and chitosan has received increased interest for biomedical applications 
because of its biodegradability, biocompatibility, and non-toxicity. This study aimed to develop alginate filaments, 
through the wet spinning technique using coagulation bath containing calcium chloride at concentrations of 10% (w/v). 
After spinning process, the filaments were coated with a chitosan solution at a concentration of 2.5% (w/v). Sodium 
diclofenac (SD) was incorporated in the alginate matrix before coating or in the chitosan coating. The morphology of 
the filaments was more homogeneous in the presence of the chitosan coating and with SD incorporated in the chitosan. 
The water absorption capacity increased in the presence of coating, but the mass loss in 7 and 14 days was lower than 
filament without coating. The release kinetic in water demonstrated that the incorporation of the SD in alginate matrix 
before coating results in a higher amount of SD released and that this takes longer to reach equilibrium. 
Keywords: Wet spinning, medical textiles, drug release, biopolymers.  
 
Introduction  
Since ancient Egypt, the most used method to unite edges of wounds caused by trauma or surgical 
incisions is a suture. Tendons, hair, intestine of animals, and natural fibers such as silk and linen 
were used. Currently, a large number of materials for sutures are available, with a wide range of 
characteristics [1]. 
Suture materials are classified mainly based on two factors: according to degradability into 
absorbable or non-absorbable, and according to their source into natural or synthetic. The sutures 
can also be coated, dyed, and structured in monofilament or multifilament [2].  
Absorbable sutures are used for invasive sutures and are characterized by gradually losing their 
resistance until completely absorbed by the body. Absorbable suture of catgut, for example, is made 
from the sheep s intestine and has been associated with hypersensitivity reactions and infections [3]. 
Considering that suture materials must be biocompatible, biodegradable, and induce a minimal 
inflammatory response, polymers of natural origin are good candidates for their development. 
Sodium alginate is a salt of alginic acid, a linear polysaccharide found in brown algae and produced 
by some species of bacteria. This polymer is -L-guluronic acid (G) 
and -D-mannuronic acid (M), linked by glycosidic bonds. One of the most important 
characteristics of alginate is its ability to form strong gels in the presence of divalent ions, such as 
calcium. Sodium alginate can maintain a physiologically moist environment and has been widely 
used for wound healing applications [4].  
Another polymer of great interest for biomedical applications is chitosan. This polysaccharide is 
biocompatible, non-toxic, has antimicrobial properties, and a cationic character, giving it a wide 
range of applications involving the formation of polyelectrolyte complexes (PECs) with anionic 
polymers, such as alginate [5]. 
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A strategy to obtain differentiated suture materials capable of effectively contributing to the 
regeneration process is the incorporation of therapeutic compounds in their structure, such as anti-
inflammatory drugs and antibiotics. In this sense, the present study aimed to obtain wet-spun 
filaments based on alginate coated with chitosan and containing sodium diclofenac (SD). The drug 
SD was incorporated in alginate before chitosan coating and together with chitosan coating, and the 
kinetic release in vitro, morphology, and water absorption capacity and mass loss of these structures 
was compared. 
 
Experimental 
Materials 
The polymers used to obtain the filaments were medium viscosity sodium alginate and chitosan 

-375 
kDa, both from Sigma-Aldrich (USA). The crosslinking agent used in the coagulation bath was 
calcium chloride and the dissolution of chitosan was performed using acetic acid, both analytical 
grade products. As a drug model, was used the anti-inflammatory sodium diclofenac (Sigma-
Aldrich, USA). 
 
Production of filaments 
To obtain the filaments, sodium alginate solution was initially prepared in deionized water at 
concentrations of 2% (w/v) under magnetic stirring at room temperature (25°C). Next, the 
coagulation bath solution was prepared, which consisted of dissolving calcium chloride in deionized 
water at a concentration of 10% (w/v). Using a Fresenius Kabi infusion pump model Injectomat 
Agilia (Germany) and a 60 mL syringe, the solution was extruded at a constant flow rate of 60 
mL/h through a needle 2 mm in diameter and 4 mm in length, directly into the coagulation bath. 
The cross-linked filaments were manually collected from the bath, extended around cylindrical 
support, and then washed with distilled water to remove excess calcium chloride. Subsequently, the 
filaments were extended with the aid of universal supports, where they remained for 24 hours until 
complete drying.  
For chitosan coating, alginate filaments previously prepared and dried were completely immersed in 
10 mL of a chitosan solution (2.5% w/v) dissolved in acetic acid (2% v/v). The filaments were 
removed from the bath and again extended to dry at room temperature.  
The filaments containing the sodium diclofenac (SD) were obtained in two different ways: 
dispersed in alginate and dispersed in chitosan. For both cases, 25 mg of diclofenac per g of alginate 
was added to the polymeric solution. The drug was added to the sodium alginate solution before wet 
spinning and to the chitosan solution before the filament coating process. The processs for 
production of the filaments with SD was the same as already described. 
 
Morphology 

nalyzed from images taken with field
emission gun - scanning electron microscopes (FEG-SEM) (TermoFisher Scientific, model Quattro 
S). 
 
Water absorption capacity and mass loss 
The water absorption capacity of the filaments was determined, in triplicate, by immersing 5 cm 
long samples in 10 mL of deionized water at 25°C. After 24 hours, the filaments were removed and 
gently pressed between two sheets of filter paper to remove excess water, and then weighed for 
determining wet mass. The water absorption capacity (WAC) was obtained from Eq. 1, where Mw is 
the mass of wet sample and Md is the mass of the sample before immersion (dry mass). 
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  (1) 

 
For mass loss determination, samples at the same conditions were kept immersed in water for 7 
days and 14 days. After these periods, the samples were removed and dried in an oven at 100°C 
until constant mass. The mass loss (ML) was calculated from Eq. 2, where Mi is the mass before 
immersion and Mf is the mass after immersion and drying.  
 

  (2)  

 
Release kinetic 
For the analysis of SD release, 20 cm long filaments samples were immersed in flasks containing 10 
mL of deionized water, which were kept under stirring at 90 rpm and 37ºC in an orbital shaker. At 
time zero, the filaments were immersed in water, and after a predetermined time interval, an aliquot 
was removed from the flask for absorbance measure in the Micronal AJX-1900 spectrophotometer, 
at a wavelength of 275 nm. The aliquot was then placed back in the flask and the test was 
performed at different time intervals until equilibrium was reached.  
 
Results and Discussion  
Macroscopically, the filaments obtained by the wet spinning technique presented a homogeneous 
and uniform appearance. Under the processing conditions used, it was possible to continuously 
obtain 8 m of filament for each batch of 60 mL of polymeric solution. Regarding the microscopic 
aspect, the samples showed differences, as can be seen in the FEG-SEM images in Fig 1. 
 

 
Figure 1  FEG-SEM images of the filaments of alginate (Alg), alginate coated with chitosan 
(Alg + CS), and alginate coated with chitosan containing sodium diclofenac (SD) added in alginate and in 
CS. 
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The pure alginate filament (Alg) showed a surface without fractures or pores, but with the presence 
of particles attributed to calcium. Although an intensive washing was carried out after coagulation, 
an amount adhered to the surface remained. In the filament coated with chitosan (Alg + CS), the 
surface becomes smoother, and the calcium particles are no longer visible. For the filament
containing the drug added to the alginate solution (SD in Alg), the presence of particles on the 
surface is also observed and can be attributed to the drug that may have diffused from the alginate 
core to the chitosan layer during the coating process. In image of the filament with the drug added 
in the chitosan solution (SD in CS), the heterogeneity is smaller. Although the same mass of drug 
was added to both solutions, only a few part of the chitosan solution is transformed into a coating, 
which justifies the smaller apparent amount of SD. 
The results of water absorption capacity (WAC) (Table 1), indicated that, compared to the control 
filament (Alg), the presence of the chitosan coating promoted an increase in WAC. This result is 
due to the hydrophilicity of chitosan and the fact that the cross-linked alginate structure is in the 
inner part of the filament. The incorporation of the SD drug in the chitosan coating (SD in CS) 
showed an increase of the WAC in relation to the filament Alg + CS, which can be attributed to the 
reduction of interactions between chitosan and alginate because of the drug incorporation and also 
due to its hydrophilicity. For applications involving suture, low WAC values are desired because 
high swelling can compromise the mechanical resistance and security of the knots. In general, the 
results obtained are considered satisfactory. Azam et al. [6], for example, obtained water absorption 
values for alginate filaments (1 to 1.5%) in the order of 200%. In the study of Cruz [7], chitosan 
filaments with a concentration of 2.0% and 2.5% had a degree of swelling that varied between 
350% and 550% 
 
Table 1  Water absorption capacity (WAC) and mass loss (ML) of the filaments. 
Sample WAC (%) ML 7 d (%) ML 14 d (%) 
Alg (control) 22.9 ± 3.9 46.0 ± 0.2 49.7 ± 0.9 
Alg + CS 37.9 ± 4.8 24.9 ± 2.7 28.3 ± 1.1 
Alg + CS (SD in Alg) 38.8 ± 0.8 30.6 ± 2.8 33.1 ± 2.1 
Alg + CS (SD in CS) 55.2 ± 7.8 22.6 ± 2.4 24.1 ± 3.9 
 
Filament mass loss was similar at 7 and 14 days. The highest mass loss was observed for the pure 
alginate filament. This result correlated well to the FEG-SEM images that indicate the presence of 
particles on the surface. These particles may have been removed when in contact with the water. 
Despite having higher WAC, the filaments coated with chitosan (Alg + CS) had a mass reduction of 
almost 50% compared to the uncoated sample. The formation of polyelectrolyte complexes between 
alginate and chitosan tend to form more stable structures in liquid media.  
The release kinetics of SD from the filaments in contact with water at 37°C are presented in Fig 2. 
When SD is dispersed in the chitosan coating (SD in CS), release equilibrium was reached in about 
40 minutes, with a maximum release of 2.6 mg of the drug for each gram of filament. On the other 
hand, the filament with SD dispersed in alginate obtained a maximum release of 7.4 mg of the drug 
for each gram of filament. In addition to the greater mass of SD released, equilibrium was reached 
at around 70 minutes. 
The slower release of the SD when it is present inside the fiber is already expected, since it has the 
outer layer of chitosan as a barrier, making it difficult to diffuse it in the medium. This type of 
filament can be used in applications where a more prolonged release is sought, aiming at the 
diffusion of the drug in the organism for a long period of time. 
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Figure 2  FEG-SEM images of the filaments.  

 
Conclusions  
The study demonstrated that macroscopically uniform alginate filaments can be obtained by the wet 
spinning technique using a coagulation bath with CaCl2. The microstructure of the filament 
becomes more homogeneous with the application of a chitosan coating. The presence of the coating 
promotes increased water absorption capacity and reduced mass loss. These results were 
satisfactory considering an application such as suture. The in vitro release assays at 37°C indicated 
that the incorporation of the SD drug in the alginate matrix with subsequent chitosan coating results 
in a higher amount released and a longer time to reach equilibrium. In general, alginate filaments 
coated with chitosan and containing SD in the inner part of the structure have potential for 
subsequent studies aiming at biomedical applications. 
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Abstract

Atopic dermatitis (AD) is the most common chronic inflammatory skin disease with nasty effects on the 
psychosocial well-being of patients. Typically, glucocorticoids, such as hydrocortisone (HC), are the primary 
pharmacologic drugs used to treat AD and its symptoms. However, long-term treatment with HC is often 
accompanied by severe adverse effects [1]. So, this study reports the encapsulation of HC in polymeric films 
based on gelatin (Gel) and gelatin/starch (Gel/St) and investigates their potential to treat and attenuate 2,4-
Dinitrochlorobenzene (DNCB)-induced AD-like symptoms in BALB/c mice model. The prepared films were 
characterized by different techniques, which indicated that HC was physically entrapped into the polymer 
matrices. In vitro experiments indicate that the HC release process occurs in a controlled manner (up to 48 h) 
for both films. Regarding the in vivo experiments, HC-loaded films (Gel@HC and Gel/St@HC), unloaded 
films (Gel and Gel/St), and HC cream (1%) (as reference) were applied topically on the back of the DNCB-
sensitized animals and skin severity scores and scratching behavior was determined. Ex-vivo experiments 
were done to quantify inflammatory and/or biochemical parameters. As assessed, the topical application of 
the biopolymeric films (loaded or not with HC) improved the inflammatory parameters, while a lower 
corticosterone level was observed for the animals treated with Gel and Gel@HC films. In summary, the HC-
loaded films showed superior efficiency to treat/attenuating the analyzed parameter than the HC cream (1%). 
Further, no death or sign of toxicity was observed in animals exposed to HC-loaded films. Thus, the 
encapsulation of HC in biopolymeric films seems to be a promising alternative for the treatment of injuries 
caused by chronic skin diseases that require prolonged use of glucocorticoids [2].
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Abstract PLA (polylactic acid) scaffolds present an alternative for metallic bone implants in the 
biomedical field, because of their biocompatibility and good mechanical properties. However, its low 
hydrophilicity and low surface energy make bone growth around the
difficult. To overcome such limitations, surface treatments like plasma can be applied. Plasma is a 
macroscopic neutral partially ionized gas, consisting of neutral particles, ions, and electrons moving 
randomly in space. It is possible to create a low-pressure plasma in laboratory by applying an external 
electric field to accelerate the electrons and consequently ionize the particles by electron-neutral 
collisions. Plasma surface modification is an efficient and low-pollutant technique alternative to 
traditional wet-chemical methods. Nevertheless, the high temperature of the plasma system can be 
harmful to PLA and other polymers. To avoid sample excessive heating, a configuration known as 
active screen is used, consisting of a metallic cage positioned inside the reactor, where the polymer 

-TCP (Polylactic acid/ -tricalcium phosphate) scaffold surface using active screen argon 
plasma to create reaction sites to further deposit cerium oxide nanoparticles onto its surface. These 
nanoparticles are known for their ability to scavenge reactive oxygen species that derive from 
metabolic reactions, which can interfere with bone cell growth around the scaffold. The scaffolds 
were exposed to the plasma and then submerged in an aqueous and ethanolic cerium oxide solution
(0,1% m/v) for 10 minutes. Thermogravimetric analysis and Fourier-Transform Infrared (FTIR) were 
used to verify the presence of the nanoparticles. However, it was not possible to detect cerium oxide 
nanoparticles on lity or the 
inability of the argon plasma to create reaction sites.
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CHITOSAN/Zn2+-CURCUMIN OR Cu2+-CURCUMIN ANTIMICROBIAL
MEMBRANES FOR PHOTODYNAMIC THERAPY
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Abstract The antimicrobial activity of the curcumin associated to photodynamic therapy is a 
promising treatment to skin wounds. Metal curcumin complexes increase the antimicrobial properties
and bioavailability of curcumin and decreased metal toxicity. This work aims to synthesize metal 
complexes of curcumin with zinc and copper as antimicrobial agent in chitosan membranes to 
photodynamic therapy. The synthesis was carried out in a ratio 1:1 curcumin: metal ion (Zn2+ and 
Cu2+) at reflux for 1 hour at 80°C, using ethanol as solvent. The complexes were dried and analyzed 
by FTIR, UV-Vis spectroscopy, SEM-EDS, DSC, TGA and XRD techniques. In addition, a study of 
the antimicrobial activity associated with photodynamic therapy was carried out. Preliminary results 
indicate that the synthesis of Zn2+ and Cu2+ curcumin complexes was possible. The XRD (Fig 1a) 
shows comparatively the crystalline pattern of the complexes and of the curcumin. The MEV images 
in the Fig 1a, show the different morphology of Zn2+ and Cu2+ curcumin complexes.

Figure 1. XDR pattern Curcumin and Zn2+, Cu2+-Curcumin complexes (a) MEV Cu2+-Curcumin (b); Zn2+-
Curcumin (c)
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Abstract - Controlled release in cancer treatments offers a promising approach to enhance the 
efficacy of medications, reduce side effects and personalize treatment. One of the challenges is the 
formulation of magneto-responsive materials designed for release an active component at a 
predictable programmed rate to achieve One of the challenges is the formulation of magneto-
responsive materials designed to release an active component at a predictable programmed rate to 
achieve a great level of serum concentration. Nanomagnetite (Fe3O4) stands out as a notable choice 
for controlled release formulations due to its high saturation magnetization and biocompatibility. 
Various polymer components are used, including polyhydroxyalkanoates (PHAs), due to their 
biocompatibility and biodegradability. This research aimed the development and characterization of
the formulations for the controlled release of an anticancer drug, etoposide, from poly-3-
hydroxybutyrate (P(3HB)) and poly-3-hydroxybutyrate-co-3-hydroxyhexanoate (P(3HB-co-3HHx)) 
microparticles containing Fe3O4. Nanomagnetite was synthesized using the coprecipitation method 
and analyzed through X-Ray Diffraction (XRD) and Vibrating Sample Magnetometry (VSM), 
yielding superparamagnetic nanoparticles with an average crystal size of 10.09 nm and a saturation 
magnetization of 69.57 umu/g. The particles were formulated using the simple emulsion method, 
where the organic phase (PHAs, chloroform, nanomagnetite, and etoposide) was emulsified in an 
aqueous phase (polyvinyl alcohol solution) at a temperature of 10ºC, mechanical stirring at 200 
rpm, and ultraturrax at 13,500 rpm. Scanning Electron Microscopy (SEM) images revealed that the 
formed particles were spherical with an average size of 3.4 m (P(3HB)) and 8.23 m (P(3HB-co-
3HHx)). The systems utilizing P(3HB) and P(3HB-co-3HHx) exhibited a triggered release effect 
(24.1% and 17.9%, respectively) induced by an oscillating external magnetic field (0.2 T and 116 
Hz) after 168 hours.
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The composites of poly(lactic acid) and zinc oxide (PLA/ZnO) are considered highly 
promising materials for the fabrication of scaffolds for tissue engineering. However, the presence of 
ZnO fillers promotes significant degradation of the polymeric matrix during processing, caused by 
the release of Zn+2 ions that attack the ester bond of PLA, leading to chain polymer breakage and 
degradation2. One alternative to reduce the release of Zn+2 ions is to perform surface modification 
of the filler. In this work, the surface of ZnO was modified with L-lactic acid via plasma and by
physical mixing. A portion of plasma-functionalized fillers was vacuum-filtered in distilled water to 
assess the influence of unreacted monomers on polymer degradation. Composites were processed 
using an internal mixer coupled with a torque rheometer (175ºC/60 rpm/5 min). The degradation 
control was also analyzed through parallel plate rheometry using a permanent regime condition and 
thermogravimetry (TGA). The viscosity versus shear rate curves revealed the occurrence of control 
of PLA degradation, with an increase in viscosity of approximately 75% for plasma-modified 
PLA/ZnO over unmodified PLA/ZnO. Such results are similar to the data obtained by torque 
rheometry. Also, it was found that the excess L-lactic acid present in the composites with unwashed 
fillers promoted greater control of PLA degradation compared to those with washed fillers. 
PLA/ZnO composites modified by physical mixing showed degradation control comparable to that 
exhibited by plasma functionalized ones. TGA analysis showed that surface-modified PLA/ZnO 
composites exhibited higher decomposition onset temperatures than unmodified PLA/ZnO, 
providing evidence of increased thermal stability with treatment. We demonstrate that surface 
modification via plasma and by direct mixing of ZnO with L-lactic acid has potential for controlling 
the degradation of PLA. This enables the production of scaffolds with high structural quality, 
making them suitable for tissue engineering applications.
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Polymeric composite materials with bioactive ceramic fillers have great potential for 
application in tissue engineering, especially in the manufacturing of scaffolds. Adding bioactive 
glass to the melt mixture can degrade Polylactic acid (PLA) due to the release of calcium ions. 
Strategies to prevent degradation include the investigation of polymeric blends. In this work, 
custom scaffolds were fabricated using additive manufacturing with the Ecovio® blend (45% PLA 
and 55% poly(butylene-adipate-co-terephthalate) (PBAT)) and Biosilicate® in different proportions 
(1% to 10%). The composites were obtained through a Haake internal mixer (170°C/60rpm/5min) 
and the formulations were 3D printed using a temperature reduction method to control the viscosity 
due to the filler addition. The processing temperature ranged from 165°C (pure Ecovio®) to 138°C 
(Ecovio® with 10% Biosilicate®). The printed scaffolds were analyzed by Scanning Electron 
Microscopy, revealing an adequate distribution of the bioactive filler. Measurements showed that 

samples with 5% From the 
Differential Scanning Calorimetry curves, a high crystallinity of PLA was determined in the prints 
(11-24%), likely influenced by the thermal flow during processing and the decrease in molar mass. 
Furthermore, composites with the bioactive filler showed a glass transition around 50°C, 
characteristic of PLA, and another around 36°C, possibly indicating a transesterification reaction 
during degradation. Results from Thermogravimetric Analysis revealed that the addition of 
Biosilicate® to the PLA/PBAT blend reduced the initial decomposition temperature from 315°C to 
225°C with 10% biofiller. The maximum decomposition temperature of PLA decreased by 
approximately 100°C with increasing filler content, mainly affecting the PLA phase of the blend.
In conclusion, the printed scaffolds can be successfully produced using the PLA/PBAT blend, 
effectively controlling the degradation of PLA.
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Abstract - Microencapsulation of bioactive compounds is a set of processes in which active 
substances are coated with a wall material, being protected from the external environment. It is a 
technology that can be applied in several areas, such as medicine, pharmaceuticals and cosmetics, 
and the study of the release profile of encapsulated compounds is essential to determine possible 
applications. Barbatimão is a native plant from the Brazilian Cerrado and its therapeutic use is 
widespread in popular medicine due to its astringent properties, being used as healing and anti-
inflammatory agent. Barbatimão bark extracts (Stryphnodendron adstringens) can be encapsulated
before application to protect the bioactive compounds and promote a gradual release over long 
periods of time. These systems can be prepared from natural raw materials and renewable sources, 
such as lipids and natural polymers, presenting biodegradable and biocompatible properties and 
showing a wide range of applications. Thus, the objective of this study is to develop biopolymeric 
systems for the encapsulation of barbatimão extract, in order to preserve its bioactive properties. 
Therefore, alginate microparticles produced from ionic gelation technique were developed and the 
methods of incorporation of barbatimão extract in the microparticles were evaluated. Two methods 
were used for barbatimão extract incorporation into the alginate microparticles: addition of the 
extract to the alginate solution before the preparation of the microparticles and adsorption of extract 
in the microparticles. The alginate microparticles exhibited a spherical shape and were dispersed 
individually, with a mean diameter of 36.57 ± 6.96 d an aspect ratio of 1.03 ± 0.23. The 
incorporation of the extract in the sodium alginate solution before preparing the microparticles 
showed low values of encapsulation efficiency, while the adsorption process led to higher values of
incorporation of the extract into the microparticles. In this way, the methodology of incorporation of 
the extract by adsorption was chosen for the next steps of the project. Systems with greater 
encapsulation efficiency of the active compound will be applied to control the release of barbatimão 
extract.
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Abstract Oral mucosal diseases are relatively common and are characterized by the 
appearance of blisters, ulcers or painful wounds in the oral cavity, affecting the quality of 
life of patients1. The use of biocompatible and biodegradable compounds such as chitosan
(QTS) and citral, which have antimicrobial activity, has been reported in the literature for a 
wide range of applications, but they have limitations in terms of solubility in water. The aim 
of this study is to elaborate a nanoemulsion (NE) with citral, functionalized with N-succinyl 
chitosan (NQTS), with a focus on topical application in wounds in the oral mucosal region, 
where the polymer will act in the greater mucoadhesion of the system, enhancing the drug
effect, accelerating the healing process. The o/w NEs were prepared with lecithin and P123 
loaded with avocado oil and citral via the spontaneous emulsification technique2. NEs were
coated with QTS and NQTS for comparison. The chemical modification of chitosan3 was 
confirmed by Fourier Transform Infrared Spectroscopy with the appearance of a 
characteristic amide C=O band at 1655cm-1 and a secondary amide band at 1558cm-1, in
addition to the band at 1721 cm-1 associated with acid C=O carboxylic. Thermogravimetric 
analysis showed distinct degradation profiles, in addition to having more water loss for 
NQTS, indicating its greater affinity for water. By Differential Scanning Calorimetry, 
different glass transition temperatures were seen for QTS and NQTS. Elemental analysis 
data (CHN) suggest a degree of substitution greater than 50%. The result obtained with the 
dynamic light scattering technique showed that the methodology2 using lecithin and P123 as 
surfactants resulted in a monodisperse system with a droplet size smaller than 200 nm for 
the NEs. The results show that a nanoemulsion loaded with citral coated with NQTS was 
obtained, which presents promising characteristics for the treatment of diseases in the oral 
mucosa.
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The use of hydrocolloids to obtain three-dimensional systems has been gaining prominence in tissue 
engineering, generating substrates, such as scaffolds, with high surface area and adsorption. With
advance of cell therapy, there are an increasing of studies related to produce and evaluate cell 
growing in materials like aerogels and cryogels, exploring these systems herewith new techniques, 
including 3D-bioprinting. To produce these systems, biopolymers, including polysaccharides and 
proteins, are the most common raw materials, capable to form viscous solutions until rigid 
hydrogels. Based on this context, this study aimed to develop systems based on fucogel-FC, gellan-
GL, commercial gelatin-CG and hydrolyzed collagen-HC for 3D bioprinting and cryogels for 
biomedical applications. The hydrogel solutions were prepared in concentration 2wt% with 
different proportions of the biopolymers. Firstly, to investigate hydrogel behavior during
bioprinting process, the flow behavior was simulated with the aid of the syringe, varying the 
internal diameter of the needle tip. In the second step, to produce the cryogel systems, the hydrogels
were deposited in petri dishes, frozen and lyophilized. The materials were characterized by integrity 
after the printing flow, composition by infrared spectroscopy (FTIR), morphology by scanning 
electron microscopy (SEM) and stability in different pH. The results obtained with the simulated 
tests of extrusion in a 3D-bioprinter, was possible modulate the morphology of the hydrogels, 
maintaining the structural integrity, forming suitable supports for cell growth. By FTIR analysis, 
was observed different functional groups (-OH, -COOH, -NH, -COC) in structured scaffold. 
Additionally, the morphology of the cryogels systems showed micro-porosities between 70 and 80 

m with high heterogeneity and good stability in different pH media. The results of morphology, 
composition and stability, indicated that the hydrogel and cryogel has a high potential to be 
explored in different conditions for cell growth, thinking in biomedical applications.
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Occlusive dressings are typically unicellular materials that provide a scaffold structure for tissue 
engineering. These supports can generate functional and bioactive surfaces with porous structures 
as well mechanical properties for healing process of the skin. Some biopolymers, e.g., the bacterial 
cellulose is extensive explored for this application. However, the BC works only a physical barrier 
of the injured surface, not avoiding totally against infections. Thus, inclusion of bioactive additives 
is interesting to effective healing process. Therefore, the aim of this work was incorporate on BC 
matrix, the kappa-carrageenan (KC), a natural polysaccharide extracted from red algae of the 
Rodophyceae, as bioactive additive to produce the scaffold system. To this, the BC was 
mechanically defibrillated and characterized whit Fourier Transform Infrared (FTIR). The 
purification of KC, 1g was suspended in 50mL phosphate buffer at 65ºC and 85oC, stirred for 5h, 
elevated the temperature at 85ºC, and then centrifuged and precipitated with ethanol and dried in an
oven at 25 ºC for 72h. After, the BC (0,4g) was dissolved in deionized water (20 mL) and stirred for 
10 min, elevated the temperature at 80ºC and was added KC, the resulting solution was dried in a 
oven at 60 ºC for 48h. The BC and KC mixtures were prepared in the ratios of 1:1, 2:1, and 4:1, 
resulting in thicknesses between 0.07mm to 0.01mm, respectively. Morphologically, the composites 
of BC and KC showing a better uniformity compared to the control membrane with only BC. 
However, the inclusion of KC indicates less mesh like surface compared with BC membrane. The 
results showed the viability of production of BC and KC composites by casting method, allowing 
the inclusion of a bioactive biopolymers, such as Kappa-carrageenan, thinking to produce a 
biomaterial for biomedical field.
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Abstract - The prevalence of surgical site infections in hospital environments is consistently 
increasing (INPA, 2022). The use of PMMA-based bone cement for filling and stabilizing bone 
defects or fixing prostheses is a widely adopted practice in orthopedics. However, bone cement may 
carry a risk of infectious complications, leading to unfavorable clinical outcomes. Therefore, 
alternative approaches are being sought to minimize the spread of infectious agents. Biocidal 
polymers are polymeric materials that incorporate additives or chemical substances into their 
structure to prevent or inhibit the growth of microorganisms. Among these substances, quaternized 
polyethyleneimine (QPEI) stands out as a cationic polymer with excellent antimicrobial properties 
(Lan et al., 2019). QPEI is derived by quaternizing the amino groups of polyethyleneimine (PEI).
The objective of this study is to develop a bone cement loaded with QPEI, with the aim of 
preventing bacterial colonization and reducing the incidence of surgical site infections and 
prosthesis-related complications. Bone cement formulations with the addition of QPEI were 
prepared and evaluated through chemical, mechanical, thermal, morphological, and biocide tests to 
assess the material's performance. Structural and chemical analysis of QPEI demonstrated its 
technological viability. The Br and I content obtained through X-ray fluorescence analysis confirms
the functionalization with alkyl groups. Furthermore, the resistance to axial compression of the 
specimens was tested with varying concentrations of QPEI in the formulation, revealing that an 
increased amount of quaternized polyethyleneimine leads to a reduction in the material's 
compressive strength. The development of QPEI-loaded PMMA-based bone cements exhibited 
technological performance in accordance with normative standards.
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Abstract - There is a constant search to create alternatives to replace traditional dressings by
biodegradable materials[1]. Furthermore, it is desired that these materials present good performance 
properties, low cost, easy processing, and the possibility of controlled release of actives[2]. In this 
sense, transdermal dressings of thermoplastic starch (TPS) with different percentages (10, 20, 30 
and 40%) of polyvinyl alcohol (PVA) and reinforced with 2.5; 5.0 and 10% of cellulose 
nanocrystals (NCC) were optimized by casting technique. The synthesis and characterization of 
copper oxide nanoparticles (NPCuO) was also carried out. The nanobiocomposites film with the 
best properties for application were additivated with NPCuO, aiming to study the controlled release 
of these nanoparticles by the dressing. The final material developed (T/P/10NCC/NPCuO) was 
extensively characterized, with measurements of thickness, swelling capacity in PBS buffer, tensile 
test. In addition, solubility, water vapor permeation, and the cytocompatibility of the developed 
films were studied. Results showed that the nanobiocomposites presented thickness of ± 0.097 mm, 
being suitable for application in dressings, which ranges from 0.05 to 0.1 mm[1]. The material also 
presented swelling capacity of approximately 249% in PBS buffer, allowing the absorption of 
wound exudates. The elongation at rupture of 16.53%, thus showing a flexibility that allows the 
application in articulable areas of the skin. Added to this, the film presented solubility in PBS of 
25%, and water vapor permeability rate of 1.36 g.mm-2.kPa-1.day-1, results within the expected 
standards of commercial dressings with capacity to release actives.  Cytocompatibility tests proved 
that the material allows cell proliferation for up to 48 hours. Due to the characteristics of the 
optimized film, this was considered a promising material for application as a transdermal dressing.
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Abstract - Phototherapy has low invasiveness, insignificant toxicity, reduced side effects, and a lack 
of drug resistance in cancer treatments [1]. The encapsulation of photosensitizing agents is a useful 
tool to overcome some limitations since in addition to reducing the time that the photosensitizer takes 
to accumulate in the tumor [2], it also increases the accumulation power in strategic points of the 
cancer cell and presents greater penetration and retention in tumor tissue [3]. This work aims to 
encapsulate the hydrophilic photosensitizing agent Indocyanine Green (ICG) in polyglobalide (PGL)
nanoparticles (NPs). PGL was synthesized via enzymatic polymerization (Novozym 435, Candida 
antarctica B lipase immobilized on porous support) in solution at 65ºC. The encapsulation method 
was the Double Emulsion solvent evaporation technique. The first emulsion (water-in-oil) was 
prepared by mixing 0.5mL of an aqueous ICG solution (2.5mg/mL) to the organic phase of PGL 
(1.01g PGL in 10.18mL of dichloromethane - DCM) under magnetic stirring, followed by ultrasound 
emulsification (VC-505 Ultrasonic Processor, Sonics Materials) at 70% amplitude for 5 min (10s on/ 
5s off). This first emulsion was then added to 112mL of PVA aqueous solution (0.5 wt%) and 
emulsified by ultrasound at 70% amplitude for 12min (10s on/ 5s off) to form the second emulsion 
(water-in-oil-in-water). Then, the DCM was fully evaporated and the particle size and polydispersity 
index (PDI) of NPs were analyzed by Dynamic Light Scattering (Zetasizer Nano-S, Malvern
Instruments). The Encapsulation Efficiency (EE) was determined by ultraviolet-visible spectroscopy 
(UV-Vis U-1900 Hitachi) from the non-encapsulated ICG in the supernatant. Different formulations
and experimental conditions were evaluated, and in the optimal ones, NPs with less than 300nm and
PDI < 0.2 (narrow size distribution) were obtained. The EE of ICG in PGL NPs was 87,68±0,01 %.
Then, the double emulsion technique proved to be an efficient strategy to encapsulate ICG in PGL 
nanoparticles.
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Abstract - Skin cancer is the most common of all cancers worldwide. In this way, it is mandatory to 
adopt an adequate routine for sun protection, including the use of sunscreen lotion. However, 
despite the proven effectiveness of numerous chemical filters, many of them are also known for 
their allergenic and carcinogenic potential effects, which may be mitigated by exploring some 
encapsulation routes. Thus, the present work describes the encapsulation of photoprotective actives 
on starch nanoparticles for cosmetic applications, exploring the in situ inverse miniemulsion 
technique. More specifically, this work evaluates the influence of such ultraviolet (UV) hydrophilic
and hydrophobic filters (such as filtrasol and octocrylene) on the particle size distribution and 
morphology of starch beads. It also evaluates the encapsulation efficiency and the sun protection 
factor (SPF) of the loaded nanoparticles in sunscreen formulations. The studied UV filters did not 
affect the miniemulsion reticulation of starch chains, enabling the synthesis of distinct loaded 
nanoparticles. The addition of the filters shifted the particle size distribution to larger diameters, 
which is still acceptable for cosmetic formulations. Furthermore, starch latices were easily 
incorporated into sunscreen lotion formulations. The encapsulation efficiency and sun protection 
factors are still being evaluated. It was possible to observe that the filters were satisfactorily 
encapsulated by the in situ miniemulsion polymerization technique. Therefore, the use of in situ 
polymerization to produce starch nanoparticles loaded with UV filters is promising, presenting 
scientific, technological, and health relevance.
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NANOCELLULOSE THROUGH IN VIVO BIOFABRICATION
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Three-dimensional (3D) biomaterials based on bacterial cellulose (BC) hold tremendous potential 
for biomedical applications due to their exceptional mechanical resistance, flexibility, 
biocompatibility, and water adsorption capacity. In this study, we developed multifunctional 
platforms using a straightforward biofabrication method. The culture medium containing 
Komagataeibacter medellinensis bacteria was confined using superhydrophobic particles
(specifically polytetrafluoroethylene - PTFE), resulting in the formation of liquid marbles. 
Following an incubation period, the PTFE particles were removed, yielding highly porous BC 
capsules. This methodology enables the fabrication of capsules with diverse shapes, sizes, 
thicknesses, and even compartmentalization (e.g., capsule within a capsule) (Fig. 1). Encouraging 
results are presented, highlighting the influential process variables governing capsule formation, 
including culture medium volume, incubation time, humidity, and temperature. In summary, we 
introduce a multifunctional device prepared through an in vivo bioprocess with vast potential for 
advanced applications, such as drug release systems and tissue engineering. 

Figure 1. Bacterial cellulose capsules obtained from the biosynthesis process. Scale bar 1 cm.
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EVALUATION OF THE ANTIBACTERIAL ACTIVITY OF 
CHLORHEXIDINE ASSOCIATED WITH CASSAVA GUM HYDROGEL
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Abstract - The use of polysaccharides in the production of new materials for biomedical applications 
has become an attractive approach, mainly due to the abundance of these polysaccharides in nature 
and their biodegradable nature [1]. However, the antimicrobial properties of substances such as
chlorhexidine (CLX) poses a significant challenge [2-4]. This challenge arises from the increasing 
number of pathogenic bacteria that are constantly a problem due to the rise in antibiotic resistance 
[5]. Therefore, the objective of this study was to synthesize cassava gum hydrogels as a protective 
vehicle for chlorhexidine digluconate. Characterizations using X-ray diffraction (XRD) and 
Differential Scanning Calorimetry (DSC) confirmed the incorporation of CLX into the hydrogel 
matrix. Antibacterial activity against Gram-positive (Staphylococcus aureus) and Gram-negative 
strains (Escherichia coli) showed satisfactory results for hydrogels containing 0.5% CLX, which 
exhibited a 100% antibacterial effect. The toxicity results using Artemia salina demonstrated that the 
material did not exhibit cytotoxicity, thereby enabling the use of the hydrogel as a drug delivery agent.
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GREEN TECHNIQUES FOR MODIFYING CASSAVA STARCH TO 
IMPROVE FEASIBILITY IN PRINTED BONE SCAFFOLDS PRODUCTION
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Recent 3D printing advances enable the development of precise and complex porous scaffolds for 
bone tissue regeneration. These mimic bone tissue, facilitating osteoinductive cell growth [1]. Natural 
polymer-based hydrogel scaffolds, including starch, offer biodegradability and biocompatibility 
advantages [1]. However, native starch hydrogels have rheological and mechanical limitations. Green 
techniques like thermal treatments (dry heating - DHT, and heat moist - HMT) enhance functionality 
in various starch sources [1,2]. This study presents a pioneering investigation into the application of 
these physical technologies for modifying cassava starch. The aim is to enhance the printability and 
biodegradability of its hydrogels, with a specific focus on their utilization in the 3D printing of 
scaffolds (Fig 1). HMT was done in the starch (30% moisture content) at 100 oC for 1, 2, 3, and 4 h) 
and DHT (10% moisture content) at 130 oC for 1, 2, 3, and 4 h. The mechanical properties and 
printability of the starch hydrogels (10 % wt) were evaluated. Scaffolds based on these hydrogels 
were printed (BioedPrinterV4, BioEdTech - Brazil) and freeze-dried, and their biodegradability and 
swelling were evaluated. Increasing the modification time directly increases the impact on the 
evaluated parameters. HMT shows superior efficiency to DHT in achieving effects. In general, both 
technologies improved hydrogel printability, while modified starch-based scaffolds exhibited reduced 
swelling and biodegradability, enhancing their potential as bone scaffolds.

Figure 1. Schematic representation of methodology used in this work.
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IMPROVEMENT OF THE MECHANICAL PROPERTY AND 
COEFFICIENT OF FRICTION OF THE HIGH-DENSITY 

POLYETHYLENE/HYDROXYAPATITE NANOPARTICLE COMPOSITE 
(HDPE/HA) BY ADDING THE ERUCAMIDE-MONTMORILLONITE 

(EU/MMT) NANOCOMPOSITE
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Abstract - Polymeric composites containing hydroxyapatite have been applied for the manufacture 
of bone joint prostheses due to the advantages offered by the polymeric matrices, such as chemical 
stability, non-toxicity and good mechanical properties, and because of the biocompatibility of 
hydroxyapatite, which favors the osseointegration process. For these composites, one of the great 
challenges has been to reduce the coefficient of friction of their surfaces, with the main objective of 
increasing the mechanical resistances when applied as joint prostheses and, therefore, increasing the 
useful life of the elements manufactured with these materials. Considering these challenges, this 
work aimed to obtain and characterize a composite made of High-Density Polyethylene (HDPE) 
and Hydroxyapatite (HA) with a nanocomposite made of erucamide and montmorillonite 
(EU/MMT). The incorporation of the nanocomposite aimed to make the HDPE matrix compatible 
with the EU, considering that the EU is applied to reduce the friction coefficient of the polymer. In 
this process, it was considered that montmorillonite is a compatibilizer of erucamide molecules with 
the hydroxyapatite and HDPE phases. In the studies, the effects of the nanocomposite concentration 
on the friction coefficient and on the mechanical properties when subjected to tensile and bending 
stresses were evaluated. Thermal analysis, infrared spectroscopy, and analysis with scanning
electron microscopy and atomic force microscopy were applied to carry out more detailed studies 
regarding the properties of the EU/MMT nanocomposite and the surface characteristics of the 
specimens. The results indicated that it is possible to reduce of 29.7% the friction coefficient of the 
HDPE/HA composite with the use of the nanocomposite, without impairing the mechanical 
properties. These results enhance the use of HDPE/HA as a material that can be applied to the 
manufacture of bone joints, even replacing traditional polymeric composites for this purpose.

Keywords: HDPE/Hydroxyapatite composites, EU/MMT nanocomposite, HDPE/Hydroxyapatite-EU/MMT composite, 
Erucamide, Erucamide/Hydroxyapatite.
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TANNIN DERIVAVITE POLYMER AS VENUE FOR NEW BIOMATERIALS
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Abstract Tanfloc (TN), an amino-functionalized condensed polyphenol, a few years back have 
basically been used for complexation of heavy metal in water treatments [1]. However, this 
polycation has peculiarities such as biocompatibility, low toxicity and hydrophilicity that draws
attention to be used as scaffolds or in surface modification for biomedical applications [2]. In recent 
years, TN-based materials have expanded from polyelectrolyte complexes to layer-by-layer
deposition to bio-functionalize surfaces such as titania nanotubes [3]. Hence, the aim of this work 
was to gather the latest publications around TN and discuss its features for bioengineering. Fig 1 
schematize how TN have been combined with other macromolecules to produce nanofibers, 
hydrogels and other biomaterials that promote cell response, antibacterial activity, blood 
compatibility, endothelialization, conferring remarkable functions for biomedical implants and 
regenerative medicine.

Figure 1. Multiple uses of tannin derivative polymer (Tanfloc) in bioengeneering.
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USING BURITI (MAURITIA FLEXUOSA L.) OIL TO OBTAIN 
POLYURETHANES
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Abstract - Plant-derived polyurethanes (PU) have been highlighted in studies related to the 
therapy/replacement of bone tissue [1]. Among the vegetable oils used for this purpose, buriti 
(Mauritia Flexuosa L.) oil is an excellent candidate for the manufacture of these materials since it is 
an oil rich in bioactive compounds, such as carotenoids, tocopherols, and fatty acids, which have 
antioxidant and anti-inflammatory properties [1,2]. This research aimed to synthesize polyurethanes 
using buriti oil as a source of polyol, in addition to incorporating hydroxyapatite (HA) in the 
polymeric matrix. The monoacylglyceride (MAG) was obtained with the reaction between buriti oil 
and glycerol in the presence of the catalyst LiOH [3]. The obtained polyurethanes were 
characterized by Fourier Transform Infrared Spectroscopy (FTIR), X-Ray Diffraction (XRD), and 
Scanning Electron Microscopy (SEM). The characterizations confirm the formation of 
polyurethanes and the incorporation of hydroxyapatite in the polymeric matrix.
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POLYSACCHARIDE-BASED MATERIALS FOR ENHANCED EFFICIENCY 
FERTILIZERS: PERSPECTIVES FOR THE SUSTAINABLE 
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Abstract - The global challenge of sustainably feeding a growing population leads us to explore 
innovative solutions in agriculture. This talk focuses on a promising approach to employing 
polysaccharide-based materials in enhanced efficiency fertilizers (EEFs) to align with the Sustainable 
Development Goals (SDGs). EEFs, known to improve nutrient uptake, reduce fertilizer runoff, and 
minimize environmental impacts, hold immense potential for advancing sustainable agricultural 
practices. In this context, we will explore how we can take advantage of the chemical versatility of 
polysaccharides to develop EEFs with superior properties. However, the road to large-scale adoption 
of polysaccharide-based EEFs is challenging. Thus, existing limitations and ongoing research areas 
will also be addressed, illuminating opportunities for innovation and improvement. Additionally, 
accelerating the adoption of these innovative fertilizers for a more sustainable and prosperous future 
for agriculture will require collaborative efforts involving interdisciplinary researchers, 
policymakers, and industry stakeholders. In conclusion, emphasis will be placed on the key role of 
polysaccharide-based materials in advancing sustainable agriculture and achieving the SDGs.
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SYNTHESIS AND APPLICATIONS OF GLYCO-AMPHIPHILES
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Abstract - Carbohydrates are Ubiquitous in Nature and consist a huge feedstock of renewable and 
biodegradable materials. Moreover, they cover most of the living cells and are now recognized as 
major actors in many biological processes by interacting with various carbohydrate-binding proteins 
such as lectins, growth factors, enzymes and so on. As a result, carbohydrates present many 
opportunities for intervention in disease diagnosis and therapy. However, carbohydrates are 
scarcely found alone since they are linked to lipids (glycolipids, glycosphingolipids) forming the 
cell wall, to proteins (glycoproteins, proteoglycans) inducing 3D conformation and increasing 
stability and others. Despite the elegant carbohydrate chemistries devised by glycochemists, an 
effective and modular synthetic approach that meets the ever increasing interest in the preparation 
of functional carbohydrate derivatives is needed. Over the last decade, a continuous effort has been 
devoted to my research for the use of chemo-, stereo- and site-selective modification of the 
reducing-end of carbohydrates without the use of protecting groups in the spirit of click chemistry 
for the production of functional carbohydrate derivatives and mainly glyco-amphiphiles with self-
assembly properties in bulk or in solution.
During my talk, I will focus my presentation on the synthetic strategies allowing the modification of 
the reducing end of low-molecular weight carbohydrates by integrating hydrophobic segments 
leading to glyco-amphiphiles. Next, I will show how glyco-amphiphiles have been applied in 
various fields including self-assembly in solution (nanoparticles, gels) and with an opening on 
liquid crystal based-biosensor taking advantages on interaction with pathogenic carbohydrate-
binding proteins.
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BACTERIAL CELLULOSE FILMS FOR
BIODEGRADABLE PACKAGING WITH ESSENTIAL OILS
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Abstract - This work aimed to evaluate the effect of essential oils (EOs) of clove, cinnamon, basil and oregano as 
additives in bacterial cellulose matrix for application in food packaging. BC membranes were synthesized by the 
bacteria Komagataeibacter hansenii and incorporated into EOs using ethanol as a solvent. The membranes were 
characterized by Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), antimicrobial 
activity and soil biodegradation. FTIR analyses confirmed the incorporation of EOs into BC membranes. The thermal 
stability of the incorporated membranes was superior to pure BC. All samples showed antibacterial potential, except BC 
incorporated with the essential oil (EO) of basil. The fungal analysis was performed by visually evaluating the 
appearance of filamentous fungi on the surface of the pieces of bread. Soil biodegradation tests have proven the 
biodegradability of the incorporated membranes. 
Keywords: Active packaging, bacterial cellulose, essential oil.  
Fundings: The authors are grateful for the financial support of FAPESC and UNIVILLE for the project.

Introduction 
Packaging is relevant in the food industry in product protection and conservation, information and 
convenience to the consumer [1]. In times when food consumption is high, competitiveness among 
companies is frequent, and it is necessary to create and innovate to gain prominence in this market. 
Among these are the innovations in food packaging associated with mechanical resistance, barrier 
properties and gases and aromas, ensuring consumer safety and practicality [2]. New packaging 
additives have been developed to provide active protection to the product. Active packaging was 

additives, it is essential to consider that plastic packaging consumption produces large waste that 
accumulates in landfills [4]. The problem with incorrect disposal of plastics generates several 
environmental problems, such as flooding in large cities and pollution, among others [5]. Due to the 
large amount of food packaging produced and later discarded each year, the tendency is the use 
biodegradable polymers as potential substitutions to non -biodegradable petrochemical polymers 
[6]. A biopolymer targeted by various research is cellulose, the most abundant in nature and 
essential in the global economy [7]. The BC is synthesized purely, free from other plant molecules, 
and its purity does not require a high cost of extraction, purification processes and the use of 
environmentally hazardous chemicals [8]. The BC consists of a translucent and gelatinous film 
formed by cellulose microfibrils produced by various microorganisms [9]. Its physical and 
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mechanical properties are related to its nano and well-linked microfibrils, creating an extensive 
surface area with spacing that allows a large amount of liquid to retain [10]. Therefore, essential oils 
(EOs) are additives widely used in the food industry and in packaging to prolong the shelf life. EOs 
has antifungal, antioxidant, antiviral, antitoxic, antiparasitic, antibiotic and antiseptic properties 
[11]. Thus, an alternative to be evaluated is a packaging composed of BC with promising and 
poorly studied EOS incorporated into their matrix for specific actions. To this end, this work 
addressed the use of BC for application in biodegradable food packaging (active packaging). Clove, 
cinnamon, basil and oregano EOs were incorporated to develop active packaging to possibly be 
biodegradable and even extend the life of the food shelf. 
 
Experimental  
Obtaining BC and incorporation of essential oils (EOs) 
The synthesis of BC membranes was performed by the Komagataeibacter hansenii bacteria ATCC 
23769 cultivated in manitol (MM). Cultivation and purification followed methodology presented in 
previous works [12]. The incorporation of EOs into the membranes was performed according to 
Albuquerque [13]. Briefly, excess water from the membranes with paper towels were removed, 
after the membranes were immersed at 150 mL of 99% ethanol and heated at 60 °C for 10 min. 
After removal of excess ethanol, the membranes were incorporated with a 20 mL ethanolic solution 
containing 3.0 g of each EO and heated in a greenhouse at 60 °C for 10 min. In the end, the 
incorporated membranes were dried in greenhouse at 50 °C to constant mass. 
 
Membranes Characterization 
The membranes were characterized for infrared spectroscopy with Fourier transform (FTIR-ATR), 
thermogravimetric analysis (TGA), antimicrobial activity of the membrane and biodegradation in 
ASTM G160-98 soil. 
 
Results and Discussion 
Obtaining the BC and incorporation of the essential oils (EO) 
After cultivation, the BC membranes had an average thickness of 0.25 mm and a gelatinous 
appearance, as reported in the literature [14]. The membranes were previously immersed in an 
ethanol solution, promoting the replacement of water molecules inside the membrane. After the 
membranes were transferred to an ethanolic solution containing and dissolved (15% m/m), the 
diffusion was accelerated as a function of heating in a 60 °C heating for 10 min. 
 
Infrared spectroscopy with Fourier Transform - FTIR 
FTIR analysis was performed to prove the presence of EO in the BC membranes. The BCs 
prominent bands and characteristic connections were found in the pure BC membrane. The FTIR 
spectrum of the clove had characteristic bands corresponding to the stretch of the vibration of the 
hydroxyl group (O-H) linked to benzene [15], the stretch C = C and the stretching of the aromatic 
ring [16]. The cinnamon EO FTIR spectrum presented the C = C stretch referring to the aromatic 
ring, a C-OH alcohol, alkanes CH2 that face oscillation between aromatic rings = CH for flexion 
absorption on the plane, the ester C-O-C aromatic ring, C-OH stretching vibration of phenolic 
groups, C-OH deformation vibration and aromatic rings absorption = CH [17]. Already in the BC 
with the incorporation of basil EO, the bands attributed to the stretching vibrations of the aromatic 
ring- C = C- [18], and the band that represented the curvature C- H of alcene/aromatic groups [19]. 
With CB incorporated with oregano OE, the bands found indicated the presence of the carbonyl 
group (C = O), the unsaturations of the benzene ring and one of the rings itself. These bands are 
from p-ciman, thymol and Y aromatic hydrocarbons, and Y hydrocarbons -terpinene, in addition to 
the clove phenolic composed in the composition of the EO-OR [20]. 
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Thermogravimetric analysis (TGA)
The thermal degradation profile of the pure BC membrane presented 3 main events of mass loss 
provided for in the literature [21]. In comparison, BC, with the incorporation of EOs, presented 4 
main mass loss events, one of them being the mass loss related to the percentage of incorporated. 
The 1st stage of mass loss occurred between 30 and 150 °C, referring to water loss of samples (2.6 
to 5.5%) [22]. And simultaneously, the evaporation of the EOS, in the 2nd stage, between 116 and 
172 °C with a mass loss between 8.4 and 10.5% corresponding to volatilization of the volatile 
compounds of the oil [23]. The 3rd stage and most intense is attributed to the degradation of 
cellulose, including the depolymerization and decomposition of glucose units, which occurred in 
Tonset3 321 °C and TPEAK3 of 349 °C, with 73.8% mass loss for pure BC sample, the fact also 
evidenced by Lima et al. [21]. The presence of the oil did not change the degradation temperature of 
the films in question, as they all behaved similarly. 
 
Antibacterial activity of the incorporated membranes 
The antibacterial activity of the samples with EOS was evaluated against the Staphylococcus aureus 
and Escherichia coli bacteria. The inhibition halos (mm) of microbial growth refers to the BC 
incorporated. The BC-Or membrane showed a 13.33 mm inhibition halo, followed by CB-C with 
9.33 mm and CB-C-C-CE with a 5.67 mm halo. E. coli BC-Or also stood out among the others with 
11.33 mm of inhibition halo, followed by CBCR (6.67 mm), CBCA (5.33 mm). BC with basil 
showed no antimicrobial activity [24]. He studied antimicrobial activity in cellulose acetate films 
with 15% oregano, and obtained 10 mm of inhibition halo for both E. coli and S. aureus.

 

Soil biodegradation 

Membranes with approximate masses with an average standard deviation of 0.014 were buried in 
composed soil and removed after 1, 15 and 30 days from the biodegradation test. Fig 1 shows the 
loss of membrane mass during the test. During the 30 days of study, there was a subtle mass 
reduction. Arancibia et al. [25] studied the biodegradation of soy protein films with citronella 
additive, the films were kept on soil exposed to atmospheric conditions for 6 months, and it was 
possible to observe in 1 month a wrinkling of the films and for a period of conditioning longer (3 
months), the wrinkling was more pronounced. The film's surface has changed, particularly in 
movies stored for 6 months. Given the above, it is suggested for future work to perform the 
biodegradation test for a more extended period to prove the complete biodegradability of the films. 
 
Evaluation of the antifungal activity of membranes used on the surface of bread slices 
Antifungal analysis was performed visually, and the appearance of filamentous fungi was the end of 
the evaluation of each membrane. The accompaniment was daily, with a photographic record. In 
Fig 2, the bread and their respective membranes incorporated after 4 days of maturity of the bread 
were observed. On this day, the appearance of filamentous fungi on the surface of the slices of 
bread was beginning. However, the membranes remain fungal-free, except for pure BC, which 
already demonstrates the beginning of fungal growth on its surface. 
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Figure 1-Mass of pure BC, BC with oregano EO (BC-ROR), clove (BC-CA), cinnamon (BC-CI), basil (BC-
BA) after 1, 15 and 30 days of soil exposure. 

 Figure 2- Antifungal analysis of samples applied to bread after 04 days of maturity. 
 
After 10 days of bread maturity, there is the appearance of filamentous fungi in the pure BC, BC-C, BC-B-
BA membranes, and the BC-BA sample stands out for having greater fungal growth in this period of time, 
while in the BC-C-C-C-C-CE membranes only growth begins. But the BC-Or membrane remains free of 
fungi to the 14-day bread-salary period, when the beginning of fungal growth was observed. 
 
Conclusions  
BC membranes have been promising for use as active packaging with natural additives. FTIR 
analyses proved EOS incorporated into the BC membranes, and TGA analysis showed better 
thermal stability for incorporated samples. 
The BC-Or membrane demonstrated more effective antibacterial action, followed by membranes 
incorporated with (clove, cinnamon and oregano) which also demonstrated satisfactory effects. As 
for the visual growth analysis of filamentous fungi, it was realized that the EOS has efficient 
antifungal action, as they extended the shelf life of packed bread within 10 days without molding. 
The films incorporated with the EOs were influential in the function the study determined, and the 
incorporation methodology used with ethanol, performing polarity exchange, actually favored the 
incorporation of EOs in the membrane. 
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Abstract In this work, the influence of biodegradation of a polyelectrolyte complex (PEC) based on alginate (ALG) 
and chitosan (CHI) on the fertility of an Ultisol was evaluated. In addition, pH and soil moisture were monitored in 
order to observe the potential of PEC as soil conditioner. The physical, chemical and microbiological properties of the 
soil were analyzed before and eight weeks after the PEC samples were buried, by the company LaborSolo (Londrina, 
PR). The results showed that burying the PEC for eight weeks did not significantly alter soil fertility, with leaching
being the main factor responsible for the reduction of some levels of macro and micronutrients. Soil pH remained in a 
range considered not harmful for PEC stabilization, while soil moisture with PEC was higher than moisture without 
PEC until the end of the eight weeks. These results demonstrate that PEC inclusion is promising for the conditioning of 
clayey soil.
Keywords: biodegradation; alginate; chitosan; ultisol conditioning; soil monitoring.

Introduction

Alginate (ALG) is an anionic polysaccharide produced in sodium form by brown algae, mostly [1], 
while chitosan (CHI) is a cationic polysaccharide obtained by the deacetylation reaction of chitin 
[2], generally obtained from the shells of crustaceans [3]. The material formed by the electrostatic 
interactions between the two polyelectrolytes is called a polyelectrolyte complex (PEC) [4].
In this work, soil from the northern region of the state of Rio de Janeiro was used. Of the total area 
of the region, 48.91% (156,657 hectares) corresponds to clayey soil. Since PEC based on ALG and 
CHI has already been used for the gradual release of glyphosate [6], a herbicide widely used on
soybean crops, it is of paramount importance to study the impacts of this material on the soil, as 
well as its potential as a soil conditioner.

Experimental

Preparation of polyelectrolyte complexes (PECs)

ALG and CHI solutions were prepared in previously determined concentrations. After preparation, 
the polysaccharide solutions were mixed for 24 hours, washed with deionized water and 
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lyophilized. For the preparation of PEC, the volumetric ratio was maintained at 1:1, pH at 6 and 
temperature at 50 ºC [7]. 
 
Soil burial assays 
 
The prepared PEC samples were buried in soil for eight weeks at a depth of 5 cm and irrigated daily 
[8, 9]. The soil used was taken from a private property located in the municipality of Campos dos 
Goytacazes, in the northern region of the state of Rio de Janeiro, Brazil (latitude 21º14'55'' S and 
longitude 41º19'23'' W). 
 
Soil monitoring 
 
The soil  physical, chemical and microbiological characteristics were evaluated before and after 
the PEC burial tests, in order to know more about the soil, and its microbiota, and to observe 
whether the biodegradation of PEC would influence soil fertility. 
Over the eight weeks of testing, the soil was monitored in relation to pH and moisture. Soil pH 
monitoring aims to verify whether pH is responsible for the destabilization of polymeric chains. For 
this, 10 g of soil was removed and 25 mL of 0.01 mol L-1 CaCl2 aqueous solution was added. The 
solution was stirred and the pH was read in the supernatant solution [10]. Soil moisture was 
determined using the greenhouse method [11] and was calculated according to Eq. 1. 
 

U (%) = (mwater/mdry soil) x 100%                              (1) 
 
Where: U (%) is the calculated soil moisture, mwater is the mass of water present in the soil and mdry 

soil is the mass of soil after drying in an oven. 
 
Results and Discussion 
 
Table 1 presents the results obtained from the microbiological analysis of the soil before and eight 
weeks after the PEC samples were buried. 
 
Table 1  Microbiological analysis of soil with and without PEC. 

Soil 
Bacteria 

3) 

Beneficial 
fungi 

3) 

Potentially 
pathogenic fungi 

3) 
 F:B *** 

Fungal 
spores 
(indiv./cm3) 

Without 
PEC 

10094 11 N.D.* 0.001 N.D. 

With PEC **  677041 100 204 0.0001 270489 
*N.D. = Not detected;  ** after burial for eight weeks;  *** Fungi:Bacteria ratio. 

 
It was possible to observe a significant increase in the number of bacteria and fungi in the soil after 
eight weeks of testing. This increase indicated that biodegradation was taking place with daily 
irrigation. 
Table 2 reports the results obtained from the physical analysis of the soil, confirming that it is a 
clayey soil. 
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Table 2  Results of soil physical analysis with and without PEC samples. 

Soil Soil texture 
Composition 

Sand (%) Silt (%) Clay (%) 

Without PEC Clay 18 22 60 
With PEC* Clay 30 16 54 
* eight weeks after burial. 

 
Table 3 presents the results obtained by the chemical analysis of the soil, before and after eight 
weeks of testing. 
 
Table 3  Soil chemical analysis with and without PEC samples. 

Soil 

Anionic macronutrients (mg/dm3) Cationic macronutrients (cmolc/dm3) 

Mehlich 1 
Phosphorus 

 Mehlich 3 
Phosphorus 

SO42- Ca2+ Mg2+ K+ Na+ 

Without PEC 5.37 0.11 12.16 1.39 2.04 0.08 0.02 
With PEC** 4.01 N.D.* 29.71 1.41 1.46 0.07 0.07 

Soil 

 CEC*** (cmolc/dm3)  Micronutrients (mg/dm3) 
Organic 
matter 
(g/dm3) 

pH 7.0 Effective B Cu2+ Fe2+     Mn2+     Zn2+ 

Without PEC 6.34 7.06 3.53 0.38 0.41 143.18 150.97 1.51 
With PEC** 4.23 6.36 3.01 0.42 0.26 115.62 117.11 1.11 
* N.D. = Not detected; ** eight weeks after burial; *** Cation Exchange Capacity (CEC). 

 
The results showed, in general, a decrease in levels of macro and micronutrients, such as 
phosphorus, Mg2+, Fe2+, Mn2+. However, there was an increase in some micronutrients, such as 
SO4

2-, Ca2+, Na+ and B. The CEC decreased after eight weeks of testing, indicating a decrease in 
soil fertility, but it was not highly significant. The decrease in some levels of macro and 
micronutrients is possibly related to leaching, which occurred through daily irrigation until the end 
of the eight weeks, while the consumption of organic matter is related to the increase in the 
microbiota. 
The results obtained for soil pH and moisture (Fig. 1) demonstrated that the pH did not change 
significantly, remaining between the pKa of carboxyl groups and amino groups, of the alginate and 
chitosan chains, respectively [12, 13]. Thus, it was not responsible for the collapse of the material. 
The soil moisture results showed that the presence of PEC made the soil wetter compared to the soil 
without PEC. The highest moisture obtained was recorded after seven days of testing, where the soil 
with PEC was 7% moister than the soil without it. Higher soil moisture with PEC was maintained 
until the end of the eight weeks of testing, demonstrating the potential of PEC based on sodium 
alginate and chitosan as a clayey soil conditioner [14]. 

1945



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

 
Figure 1  Soil monitoring, with and without PEC, in relation to variations in: pH (a) and moisture (b) 
during the test period. 
 
Conclusions 
 
We can conclude that PEC based on alginate and chitosan has promise as a clayey soil conditioner. 
The biodegradation of PEC did not significantly alter soil fertility, while increasing its moisture and 
keeping it higher than that of the soil without PEC until the end of the eight weeks. By determining 
the pH of the soil during the biodegradation test of the PEC samples, it was possible to conclude 
that the pH of the soil did not influence the stabilization of the material. 
 
Acknowledgements 
 
We thank the Carlos Chagas Filho Foundation for Research Support of the State of Rio de Janeiro 
(FAPERJ) and the National Council for Scientific and Technological Development (CNPq) for their 
financial support. This study was also partly funded by the Office to Coordinate Improvement of 
Higher Education Personnel (CAPES), Finance Code 001. 
 
References 
 
1. N. M. Sanchez-Ballester; B. Bataille; I. Soulairol Carbohydrate Polymers 2021, 270, 118399. 

https://doi.org/10.1016/j.carbpol.2021.118399 
2. M. Khajavian; V. Vatanpour; R. Castro-Muñoz; G. Boczkaj Carbohydrate Polymers 2022, 275, 

118702. https://doi.org/10.1016/j.carbpol.2021.118702 
3. S. M. Joseph; S. Krishnamoorthy; R. Paranthaman; J. A. Moses Carbohydrate Polymer 

Technologies and Applications 2021, 2, 100036. https://doi.org/10.1016/j.carpta.2021.100036 
4. M. He; L. Shi; G. Wang; Z. Cheng; L. Han; X. Zhang; C. Wang; J. Wang; P. Zhou; G. Wang 

International Journal of Biological Macromolecules 2020, 155, 1245-1251. 
https://doi.org/10.1016/j.ijbiomac.2019.11.092 

5. Empresa Brasileira de Pesquisa Agropecuária, A produção da soja e do milho como um caminho 
para o desenvolvimento do agronegócio da região norte fluminense, EMBRAPA, Rio de 
Janeiro, 2021. 

6. M. P. M. da Costa; K. Rabelo; I. L. M. Ferreira; M. T. M. Cruz Journal of Applied Poylmer 
Science 2022, 139, 51776. https://doi.org/10.1002/app.51776 

7. M. P. M. da Costa, Ph.D. Thesis, Universidade do Estado do Rio de Janeiro, 2018. 
8. A. M. Senna; V. R. Botaro Journal of Controlled Release 2017, 260, 194-201. 

https://dx.doi.org/10.1016/j.jconrel.2017.06.009 
9. R. F. P. da Rocha, M.S. Dissertation, Universidade do Estado do Rio de Janeiro, 2023. 

(a) (b) 
So

il 
pH

 

4 

4.5 

5 

5.5 

6

Time (days) 
0 7 14 21 28 35 42 49 56 

 With PEC 

 Without PEC 

So
il 

m
oi

st
ur

e 
(%

) 

20 

25 

30 

35 

40 

45 

50 

Time (days) 
0 10 20 30 40 50 60 

 With PEC 
 Without PEC 

1946



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

10. Empresa Brasileira de Pesquisa Agropecuária, Manual de métodos de análise de solo, 
EMBRAPA, Distrito Federal, 2017. 

11. Associação Brasileira de Normas Técnicas, NBR 6457: amostras de solo: preparação para 
ensaios de compactação e ensaios de caracterização: método de ensaio, ABNT, Rio de 
Janeiro, 2016. 

12. M. Wolf; E. B. Tambourgi; A. T. Paulino Colloids and Surfaces A: Physicochemical and 
Engineering Aspects 2021, 609, 125679. https://doi.org/10.1016/j.colsurfa.2020.125679 

13. L. F. W. Vleugels; S. Ricois; I. K. Voets; R. Tuinier Food Hydrocolloids 2018, 81, 273-283. 
https://doi.org/10.1016/j.foodhyd.2018.02.049 

14. V. Hasija; K. Sharma; V. Kumar; S. Sharma; V. Sharma Vacuum 2018, 157, 458-464. 
https://doi.org/10.1016/j.vacuum.2018.09.012 

1947



1948



1949



1950



1951



1952



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil
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Abstract - Essential and vegetable oils are widely employed across industries for their antioxidant, anti-inflammatory, 
healing, and moisturizing traits. This study aimed to develop nanoparticles with copaiba essential oil (CEO) and jojoba 
vegetable oil (JVO), using the emulsification/ionic gelation method. This process involves the interaction of positive 
ions from chitosan with negative ions from sodium alginate, forming a stable 3D network or gel. Nanocapsules in the 
diameter range 147-312 nm were obtained for the studied systems. Nanocapsules of chitosan/alginate, encapsulating
JVO exhibited a good polydispersity index (PDI) with values around 0.25 and smaller particle diameter (Dp), when 
compared with nanoparticles containing CEO. In terms of encapsulation efficiency (EE), CEO samples achieved better 
results compared to JVO samples, with EE values up to 90%. The prepared of nanocapsules are promising for 
application in functional textiles.

Keywords: Nanocapsules; biopolymer; encapsulation efficiency; alginate; chitosan.
Fundings: CNPq/PIBIC, CNPq/Process 425402/2018-5T

Introduction 
Essential and vegetable oils (E/VOs) are widely used in various fields such as cosmetics, 

food, textile, agricultural, medicine, and therapy. In the textile industry, E/VOs have been used to 
obtain antimicrobial, repellent, flavored, medical and skin care textiles [1]. One vegetable oil with a 
wide range of benefits is jojoba vegetable oil (JVO), which has anti-inflammatory properties, 
antioxidant action, antiviral activity, analgesic activities, among others [2]. On the other hand, 
copaiba essential oil (CEO) has interesting characteristics including analgesic, antiparasitic, 
larvicidal, antibacterial, and anti-inflammatory actions [3]. However, the instability of essential and 
vegetable oils under normal conditions poses a barrier to be overcome, which makes the 
nanoencapsulation of oils to prevent oxidative degradation so interesting [4]. In addition, the 
incorporation of nanoencapsuled compounds can result in textile products with greater washing 
durability, better fixation, lower toxicity, prolonged release and activity [1].

One of the most promising methods for oil nanoencapsulation is the ionic gelation method. 
This method involves a chemical process in which the positive ions from one solution interact with 
the negative ions from another solution, forming a stable three-dimensional network or gel [5].

Sodium alginate is a polysaccharide capable to form gels and can be used in the ionic 
gelation method [6]. The gel formation is initiated in the presence of the Ca2+ cation from Calcium 
Chloride (CaCl2), and this model is known as the "egg-box" model [5]. Chitosan can also be added 
to this process through the strong electrostatic interaction between the amino groups of chitosan and 
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the carboxylic groups of sodium alginate [7]. Such addition helps in stabilizing the surface charges 
and assists in reinforcing and preventing the degradation of the nanocapsule [8]. 

This work aimed to study the encapsulation of copaiba essential oil and jojoba vegetable oil 
in sodium alginate and sodium alginate/chitosan nanoparticles, produced using the 
emulsification/ionic gelation technique. The samples were characterized based on their size, 
polidispersity, and encapsulation efficiency. 

 
Experimental  
 
Materials 

All the equipment and reagents used can be observed in Table 1. 
 
Table 1  The equipment and reagents used, as well as their respective company. 
Commercial name Company 
Tween 80 Êxodo Científica 
Sodium alginate Êxodo Científica 
Chitosan Êxodo Científica 
Jojoba oil Ferquímica 
Copaiba oil Ferquímica 
Calcium Chloride ACS Química 
Acetic Acid  CRQ Química 
Ultrasonic Homogenizer  U.S. Solid 
UV-M51 Bel Engineering 
TC-10.000 Daiki 
DLS Malvern NanoS 

 
Preparation of polymeric nanoparticles 

To prepare the nanoparticles, first 10 mL of an aqueous solution with 1.0% w/v Tween 80, 
were mixed with 0.2 g of JVO or CEO under magnetic stirring for 5 min, followed by sonication for 
18 min using an ultrasonic homogenizer with pulse parameters of 60 s on/30 s off, maximum 
amplitude of 40%, and performed in an ice bath to prevent heating of the solution. Then, 6 mL of 
sodium alginate were slowly added to the prepared oil dispersion under gentle agitation, followed 
by sonication using the same parameters. Subsequently, the obtained dispersion was dropped into 
15 mL of CaCl2 solution for the CEO/Alg-1, CEO/Chi-1, JVO/Alg-1, and JVO/Chi-1 samples, or 
into 21 mL of CaCl2  solution for the CEO/Alg-2, CEO/Chi-2, JVO/Alg-2, and JVO/Chi-2 samples, 
under gentle agitation, followed by sonication under the same parameters. Finally, for the CEO/Chi-
1, CEO/Chi-2, JVO/Chi-1, and JVO/Chi-2 samples, the dispersion was dropped into 6 mL of 
chitosan solution 1.0% v/v dissolved in 2.0% v/v acetic acid, followed by sonication under the same 
parameters. The samples were then placed in amber vials, cataloged, and stored in a refrigerator at 
an average temperature of 4 °C for further characterization. 

  
Characterization 

The encapsulation efficiency (EE), by indirect method was used to determine the amount of 
encapsulated oil. 1 mL of the nanoparticle dispersion was centrifuged in an Eppendorf tube for 15 
min at 10,000 rpm using a mini centrifuge. After this, an aliquot of the supernatant was collected, 
diluted in ethanol, and transferred to a quartz cuvette. The absorbance was measured at 208 nm for 
JVO and 224 nm for CEO using an UV-vis spectrophotometer, with all samples being triplicated. 
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The EE value was calculated using Eq. 1, where the oil concentrations were obtained using the 
calibration curves Yjojoba = 7.029x + 0.003 for JVO and Ycopaiba = 13.071x + 0.302 for CEO, 
where Y is the absorbance found at 224 nm for CEO and 208 nm for JVO, and X is the 
concentration of the oil. 
 

                                    (1) 

 
                                                                                                                                                      

The particle size and size distribution (PDI) of the samples were determined by dynamic 
light scattering (DLS), at 25 °C, without prior dilutions. All measurements were carried out in 
triplicate.        
                                                                                             
Results and Discussion  

The dispersions of both oils appeared homogeneous with a translucent white color. 
The values of average particle diameter (Dp) and polydispersity index (PDI) of the nanoparticles 
can be observed in Table 2. 
 
Table 2  Average particle size (Dp) and polydispersity (PDI) of the prepared nanoparticles 

Symbology Md PDI Md Dp 
CEO/Alg-1 0.404 ± 0.018 184 ± 3 
CEO/Alg-2 0.426 ± 0.013 241 ± 1 
CEO/Chit-1 0.496 ± 0.019 241 ± 5 
CEO/Chit-2 0.459 ± 0.026 313 ± 11 
JVO/Alg-1 0.258 ± 0.037 148 ± 4 
JVO/Alg-2 0.245 ± 0.002 156 ± 3 
JVO/Chit-1 0.350 ± 0.037 195 ± 3 
JVO/Chit-2 0.284 ± 0.007 184 ± 2 
 

Polydispersity index values in the range of 0.1 to 0.25 indicate a narrow size distribution 
with low colloidal instability, while PDI values above 0.5 indicate a broad distribution [9]. 
Therefore, it can be noticed that the JVO samples, especially those without chitosan, exhibited a 
lower polydispersity around 0.25 (excluding the JVO/Chit-1 sample), compared to the CEO 
samples, which had a PDI around 0.44.  

Small nanocapsules were obtained for all formulations, with average diameters in the range 
147-312 nm. It can be observed that the average diameter (Dp) of the JVO samples was smaller 
compared to the CEO samples, except for the CEO/Alg-1 sample. This result may be due to the 
differences in the oils composition which leads to different interactions with the polyelectrolytes 
sodium alginate and chitosan. Comparing nanoparticles with only alginate and those with alginate 
and chitosan, it can be noticed that the particle diameter always increased after chitosan addition, 
showing the formation of a second lay  

The values obtained for encapsulation efficiency are presented in Figure 1. High 
encapsulation efficiencies were obtained for both alginate and alginate/chitosan nanoparticles 
encapsulating copaiba oil. Samples with CEO achieved approximately double the EE% compared to 
JVO samples. This result is due to the complexity of vegetable oils, which contain a variety of 
lipids and bioactive compounds, making efficient encapsulation challenging. Additionally, lower 
affinity and unfavorable interactions between the vegetable oil and the encapsulation material may 
have compromised the effectiveness of the process [10]. The fact that JVO samples had the smallest 
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average particle diameter results may be also linked to their low EE%, meaning that the oil did not 
enter the nanocapsules, resulting in smaller particle sizes compared to the others. 

 
Figure 1  Encapsulation efficiency of CEO (red bars) and JVO (purple bars) in the prepared nanoparticles. 
 
 
Conclusion 

The results obtained in this study demonstrate the effectiveness of nanoencapsulation of 
copaiba essential oil and jojoba vegetable oil. All the studied formulations resulted in capsules in 
the submicrometric range, with Dp values from 147 to 312 nm. Nanoparticles with copaiba oil 
samples showed great encapsulation efficiency, with the CEO/Alg-2 sample reaching a value of 
89.03%. On the other hand, the encapsulation efficiency for samples with jojoba oil was 
considerably lower representing approximately half of the values obtained in copaiba oil samples. 
This disparity may be related to the lower affinity between the compounds present in the jojoba 
vegetable oil and the polymers used for encapsulation. However, further in-depth studies and tests 
are required to identify the underlying causes of this lower encapsulation efficiency. 

In summary, nanoencapsulation offers opportunities to improve the functionalities provided 
by essential and vegetable oils, but the complex characteristics of oils and variable properties, can 
affect the encapsulation process. With ongoing efforts in this area, oil nanoencapsulation has the 
potential to play a significant role in the textile industry, enabling the production of functional 
textiles with natural components.  
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Abstract - The advancement of electrospinning technology, combined with the versatility and low 
cost of PVC, favored the expansion of the use of the material for a wide variety of applications: 
air/water filtration systems, energy, and corrosion protection [1]. Mechanical resistance, adjustable 
hydrophobicity, and high porosity are characteristics that can be highlighted in electrospun PVC 
mats [1], and the combination of the material with other functional nanofillers, such as carbon 
nanotubes (CNTs), can further expand its field of use [2]. The present study aims to evaluate the 
influence of humidification with saline solution on the electrical impedance spectrum of electrospun 
PVC/CNT membranes. For this, membranes containing up to 3 wt% of CNTs were electrospun 
from solutions in THF/DMF and characterized by FE-SEM and TEM to analyze the morphology of 
the membranes and verify the dispersion of CNTs inside the nanofibers. Finally, dry, and wet 
membranes were subjected to electrical impedance spectroscopy measurements in the range of 10 
Hz to 5 MHz. For dry membranes, no significant differences were found in impedance results as a 
function of CNTs concentration. On the other hand, for those humidified with saline solutions there 
was a reduction in the impedance modulus from 8.7%, for neat PVC membrane, to 93.7%, for
PVC/CNT 3% composites, demonstrating that the impedance modulus decreases exponentially with
the concentration of CNTs. This behavior may be related to the hydrophilic characteristic of the 
nanotubes used, due to some degree of oxidation of the CNTs, thus increasing the interaction with 
water, and providing a greater ionic transport through the composite. TEM images show that most 
nanotubes are inside the fibers and oriented along them, while SEM micrographs showed 
membranes with homogeneous distribution of fibers with surface porosity.
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EFFECTS OF A CHITOSAN/GELATIN AND POMEGRANATE (PUNICA 
GRANATUM L.) PEEL EXTRACT COATING ON THE 

PHYSICOCHEMICAL AND SHELF-LIFE OF PAPAYA (CARICA PAPAYA
L.) FRUITS 
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Abstract - Papaya is a fruit cultivated in tropical regions and appreciated worldwide due to its high 
nutritional value and economic potential, despite its short shelf-life and high susceptibility to fungal 
diseases [1]. One alternative to extend the shelf-life of papaya is the use of polymeric edible 
coatings, based on natural polymers like chitosan and gelatin and containing phenolic compounds to 
confer antioxidant activity [2]. The aim of this study was to develop a chitosan/gelatin-based (C/G) 
coating containing pomegranate peel extract (PPE) and evaluate the improvements brought by its 
application on the shelf-life of papaya fruits. The coating (CPPEG) was prepared by dipping an 
ethanolic solution (60%, v/v) of PPE in a 2% (w/w) chitosan solution (in 1% w/w lactic acid), 
followed by mixing with a 1% (w/w) gelatin solution (1:1) at 45 °C. The final concentration of PPE 
in the coating was 4 mg g-1. The papaya fruits were coated with 1 mL of CPPEG for 10 s (n = 10), 
dried at room temperature, and stored at 16 °C and 65% of relative humidity. A control group of 
uncoated papayas was also evaluated. CPPEG was able to decrease the weight loss of the fruits after 
15 days of storage (23.29 ± 7.62% for the uncoated papayas and 13.71 ± 4.24% for the coated 
ones); the coated fruits showed significantly equal values of hardness (4.56 ± 2.98 N), pH (6.08 ± 
0.22) and total soluble solids (8.73 ± 1.19%) than the uncoated fruits, indicating that the coating 
was able to maintain the physicochemical properties of papayas. Moreover, the ripening of the 
coated fruits was visually delayed. Thus, the coating developed in this study has promising 
properties to be used in maintaining the physicochemical quality and extending the shelf life of 
papayas.
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Abstract Smart textiles have been studied as materials capable of sensing and responding 
to external stimuli and, in very intelligent systems, adapting to the environment.1,2 The use 
of textile structures is of great interest due to their characteristics such as conformability, 
flexibility, and comfort offered to the user. Given the above, there is a tendency to develop 
smart textiles that can be applied as wearable devices and that offer technological solutions 
to the user in order to take advantage of the movements generated during the use of clothes 
and accessories to supply and conduct an electric current that can be used in electronic 
devices.2-4 Thus, this present study aims to develop a conductive textile from the 
functionalization of the surface of two knitted fabrics Jersey and Rib in cotton and 
viscose- and to evaluate its conductivity. During the studies, polymerization conditions were 
made using polypyrrole (PPy) and FeCl3 in different concentrations respecting the molar 
ratio of 2:1 [FeCl3: PPy], as presented in previous works5,6. In the visual analysis, it was 
observed that the samples produced with ¼ of concentration presented little residue on the 
surface and less rigidity when compared to the other conditions produced. Another point 
observed, the time of 1 hour of polymerization, showed greater adhesion of the polymer to 
the surface, presenting the most effective functionalization condition. In the conductivity 
analysis, the 4-point technique was used and it was possible to observe that the 
functionalized knitted fabrics were shown to be conductive in all conditions studied, 
presenting conductivities of 0.06 S/cm and 0.04 S/cm for viscose Jersey and cotton Rib 
knitted fabric, respectively. This study has great potential to develop smart textiles in which 
conductivity is an important differential and opens up new possibilities for wearable 
technology.
Keywords: Smart textile; polypyrrole; weft knitted fabric.
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FUNCTIONAL POROUS MATERIALS FROM LIGNOCELLULOSE
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Abstract - Lignocellulose is the primary component of many biomasses, including sugarcane 
bagasse (SB) and kapok fibers (KF). Lignocellulose contains cellulose, hemicellulose, and lignin, 
and can be assembled with the aid of citric acid and polydopamine (PDA) to create functional 
porous materials. Recently, we combined SB microparticles with KF, which are hydrophobic 
hollow fibers extracted from the seeds of Ceiba speciosa. Such combination led to filters able to 
demulsify O/W emulsion wastes from a local lithium grease manufacturer. The mechanism
proposed involved the ion-exchange of Li+ by H+ on the SB surface, whereas the oil phase 
adsorbed on the KF surface. PDA coated SB microparticles were outstanding adsorbents towards 
Cr(IV) ions; under optimized operational conditions, the adsorption capacity was 1417.04 mg/g.
Electrostatic interactions and ion-dipole interactions, evidenced by X-ray photoelectron 
spectroscopy (XPS), drove the efficient adsorption process. The spent adsorbents were successfully 
incorporated into cements, which presented mechanical properties similar to the pure cement and no 
leaching of Cr(VI) was observed, indicating that this is a sustainable strategy to handle with the 
spent adsorbents. SB microparticles combined with chitosan or carboxymethyl cellulose via 
esterification with citric acid provided low-cost filters to treat the wastewater of undergraduate
laboratory containing 17 metal ions at pH 1. The charges on the polysaccharides and on SB 
microparticles played an important role on the metal ions selective adsorption. These are some 
examples to show that combining lignocellulose with other low impact reactants opens a myriad of
new functional materials (Figure 1).

Figure 1 Examples of functional lignocellulosic materials for treatment of laboratory and industrial waste.
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Abstract - Currently, the world uses membrane technology for wastewater treatment, desalination, 
gas separation, and effluent treatment as an attractive process for water quality. The class of organic 
(polymeric) membranes is widely used in water treatment, where the final study leads to one for 
removing specific organic contaminants and resistance to biological treatment, preventing the reach 
of these compounds to the environment and the water consumed by humans. This research aims to 
develop membranes varying the proportion of polyetherimide (PEI) with solvent (90/10, 85/15, and 
80/20) obtained by the phase inversion method for water treatment with synthetic dyes. Flow 
measurements and contact angle characterized the membranes to determine their hydrophilicity 
through the sessile drop method, permeate quality analysis, and atomic force microscopy (AFM). 
With the analysis of the red dye used as a synthetic effluent, it was possible to obtain promising 
results, with a turbidity reduction rate of the permeate greater than 90%. In the AFM analysis, the 
roughness parameters were visualized, verifying the influence of the polymer content on the surface 
morphology. Parts of the AFM images suggest a sign of increased surface pore diameter. The 
contact angle measurements corroborate the results obtained by the flow measurement, confirming 
the surface hydrophilicity.
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Abstract - The chronic depletion of fossil fuel sources and vital environmental pollution issue
demand for systems or devices using green and renewable energy, aiming sustainability and 
reducing dependence on the non-renewable sources. So, research has been intensified to build
efficient materials, as conducting polymers, for power sources and charge accumulation devices. 
Polyaniline (Pani) is widely studied due its easy synthesis, good chemical and thermal stabilities, 
high electric conductivity and reversive oxidation / reduction processes. However, interaction 
between Pani and the carbon substrate used as current collector interferes on the efficiency of the 
final electrode. So, the present work has the objective of evaluate the effect of the plasma 
functionalization of carbon fiber textile (CF), with the intention to promote conjugated covalent 
bonds between the substrate and the polymeric chain, intensifying their interaction and electron 
transfer. The applied methodology was based on exposition of CF to Ar/N2 plasma, to promote 
reactive groups on its surface and creating anchors to the grow of the polymeric chain in the 
following interfacial synthesis of Pani. For comparison purposes, Pani electrodes were produced 
using CF without any treatment or CF with previous adsorbed aniline. The morphological 
characterization, by Scanning Electron Microscopy (SEM), allied with X-Ray Photoelectron 
Spectroscopy (XPS), showed modifications on the fiber rugosity and the insertion of polar and N-
functional groups on its surface. Eventually, the electrochemical Properties of the electrode were 
evaluated by Cyclic Voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS). The 
results showed lower impedance and higher peak and capacitive currents for the electrode whose 
CF was treated by Ar/N2 when compared with electrodes with CF without treatment or with 
adsorbed aniline.
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Abstract - This work was aimed at evaluating the antioxidant capacity of biodegradable gelatin films loaded with tannic 
acid (TA) and citric acid (CA). Both TA and CA are natural, non-toxic, and cheap antioxidant compounds, so their 
potential in active packaging have grown over the last years. TA- and CA-loaded gelatin films were prepared by bench 
casting (BC) at 35 ºC and continuous solution casting (CSC) at 120 ºC to evaluate the effect of casting conditions on the 
antioxidant performance of the ensuing films. From the DPPH scavenging method, it was observed that the TA-loaded 
gelatin films had a superior antioxidant activity than those containing CA. In addition, the antioxidant activity of TA was 
even more pronounced in the films produced by CSC rather than by BC, presenting Ec50 equal to 0.1 g/L and 4 g/L, 
respectively. CSC is a suitable technique to hasten the production of biodegradable active packaging from gelatin and 
natural antioxidants.
Keywords: Biodegradable packaging, DPPH, casting, active packaging. 
Fundings: FAPESP (Project nº 2022/13428-8); CNPq Universal (Project nº 407288/2021-0).

Introduction
Over the last decades, research into new biodegradable films has focused on incorporating bioactive
agents to extend the shelf-life of food products while reducing the amount of non-biodegradable 
plastic used in packaging [1]. Gelatin films, for instance, can serve as a carrier medium for bioactive 
additives with the purpose of adding antioxidant, bactericidal and pH-responsive functions to 
products [2]. Gelatin is a water-soluble protein obtained from hydrolysis of collagen, the most 
abundant protein in nature. Some key features of gelatin films beyond their intrinsic biodegradability
include low O2 permeance, but moderate one to moisture, good mechanical properties, and high 
optical transparency [2-4].
In a previous study, tannic acid (TA) was compounded with gelatin by bench casting (BC) to 
successfully create new eco-friendly antioxidant films [5]. TA are plant-derived polyphenolic 
compounds that have received much attention due to their low cost and multifunctionalities, such as 
antioxidant capacity, broad antimicrobial activity, and cross-linking effect on polymers such as 
gelatin [6-9]. However, TA can under oxidation and lose antioxidant activity depending on how it is 
exposed to O2 and heat in aqueous environments [5]. Thus, it is utmost importance to evaluate the
effect of processing conditions on the antioxidant performance of TA-loaded gelatin films, especially 
when produced by solution casting techniques.
This work aimed to investigate the correlation between casting conditions and antioxidant properties
of TA-loaded gelatin films produced by solution casting. Temperature was varied by conducting BC 
at 35 ºC and by producing films using a pre-pilot continuous solution casting (CSC) method at 120 
ºC [10]. TA was further compared with citric acid (CA) regarding the potential of ensuing antioxidant 
films with gelatin. CA is one the most traditional organic acids used in the food industry mainly as 
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an acidulant, flavoring, and antioxidant in the preparation of different products [11-13]. The 
molecular structures of both antioxidant agents are depicted in Fig. 1.

Figure 1: Molecular structure of (A) tannic acid [14] (B) citric acid [15].

Experimental

Materials
Powdered bovine gelatin (Bloom Strength-280) was provided by Gelco Gelatinas do Brasil Ltda 
(Pedreiras, SP). Tannic acid (TA) was purchased from Sigma-Aldrich (USA). Citric acid was 
purchased from ACS Científica (Brazil). Glycerol (CAS No. 56-81-5) was used as a plasticizer in all 
samples. All solutions were prepared with ultrapure water obtained from a Milli-Q system.

Preparation of film-forming solutions (FFS)
Aqueous gelatin/TA and gelatin/CA solutions were produced by mixing 30% (w/w) of gelatin, 25% 
(w/w) of glycerol followed by heating in a water bath under mechanical stirring for 20 min at 70 -
80 °C. Then, the antioxidant agents were added at 3% (w/w, gelatin mass basis) to the solutions using 
a mechanical stirrer for 10 min [5]. 

Bench (BC)
FFS were bench cast on steel plates (D = 40 cm) and dried in an air-circulating oven at 35 ºC for 24 
h. Afterwards, films were peeled off from the plates and stored in plastic bags prior to use.

Continuous solution casting (CSC)
FFS were processed by CSC on a KTF-S labcoater casting machine (Werner Mathis AG, 
Switzerland), using a doctor blade to conveyor height of 1.2 mm, conveyor speed of 12 cm/min and 
drying temperature at 120 °C [10]. Films were peeled off from the conveyor and stored in plastic bags 
prior to use.

Determination of antioxidant activity
Antioxidant activity was determined for each film using the standard DPPH free radical scavenging 
method, as described elsewhere [15 - 18].

Results and Discussion
Fig. 2 shows the results of the DPPH scavenging tests carried out for gelatin films containing TA and 
CA at 3% (w/w). It is possible to observe a clear difference between the proposed casting methods. 
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The most effective reductions in DPPH absorbance were achieved with the CSC-films, particularly 
those loaded with TA.
BC and CSC differ not only concerning temperature, but also with respect to the drying time. For BC,
the drying time FFS was about 24 h, which may have led to a substantial oxidation of TA due to its 
prolonged exposure in an aqueous medium even at low temperature [5]. Yet for CSC, the drying time 
was drastically cut down to 16 min [11]. The results indicate that CSC did not degrade TA at a high 
extent, even processing the FFS at 120 ºC.
An important parameter that can be obtained from the curves shown in Fig. 2 is the Ec50 (sample 
concentration capable of reducing the initial concentration of DPPH by 50%). According to the 
results, the Ec50 of TA-loaded gelatin films produced by BC and CSC were 4 g/L and 0.1 g/L, 
respectively, denoting the feasibility of CSC in preserving the antioxidants properties of TA.

Figure 2: DPPH absorbance variation as a function of antioxidant (TA or CA)-loaded gelatin film
concentration (g/L). Pure DPPH absorbance (A = 0.558) was added as a reference for null antioxidant activity.

It is also verified from Figure 2 that the TA-loaded gelatin films exhibited a significantly higher 
antioxidant activity than those loaded with CA, this latter presenting an ineffective result by the 
proposed method with no EC50 found in the studied concentration rage. A possible explanation for 
this result is that the main antioxidant mechanism of CA is based on its chelating effect on metal ions 
that catalyze oxidation reactions instead of scavenging free radicals. On the other hand, TA is a 
sterically hindered polyphenolic antioxidant, as illustrated in Fig. 1, that reacts directly with DPPH 
or any other free radical in a similar manner to primary antioxidants used in polymers (Irganox® and 
so on).

Conclusions
Biodegradable gelatin films containing TA displayed antioxidant performance that are highly 
superior to films containing CA. In addition, the films produced from the CSC method containing 
tannic acid showed the highest antioxidant activity among the tested films, with an Ec50 of 0.1 g/L,
evidencing the superior viability of this method over BC and confirming the antioxidant activity of 
tannic acid at high processing temperatures. Therefore, the scaled-up production of antioxidant films 
for packaging using the CSC method is a potential alternative due to its various commercial 
advantages when compared to BC.
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Abstract 

Chitosan-co-GLU/eucalyptus residue composite films were synthesized, characterized, and tested for the stabilization of 
enzymes in aqueous solutions, using lactase as enzyme model. Point of zero charge, Fourier-transformed infrared 
spectrometry, thermal analysis, and scanning electron microscopy confirmed the film structures. The following 
experimental conditions assisted in avoiding enzymatic degradation: i) enzyme/buffer solution ratio of 0.0057, ii) pH 
5.6, iii) membrane mass greater than 50 mg and iv) temperature from 10 to 45oC. Some polymeric materials serve as 
supports for the enzyme immobilization and matrices for the stabilization of soluble free enzyme in solution. Overall, 
food industrial reactor walls covered with thin chitosan films could be strategies for using free lactase in the production 
of dairy foods.

Keywords: Film. Chitosan. Lactase. Stabilization.

Introduction 

Lactase is an enzyme of the family of -D-galactosidases -D-galactohydrolase EC 3.2.1.23)
that is extracted from different sources, such as plants, animals, microorganisms (bacteria, yeasts 
[Kluyveromyces lactis or fragilis] and fungi [Aspergillus oryzae]) [1]. In the food industry, lactase is 
essential to the manufacturing of lactose-free dairy products, as a large and growing number of 
individuals are unable to digest this carbohydrate [2]. The use of lactase in the treatment of dairy 
effluents is also a promising strategy for the hydrolysis and recovery of whey [3]. Thus, this enzyme 
has considerable market potential due to the diversity of products that can be produced without 
lactose and possibility of using this enzyme in novel food and environmental technologies [4].

The low stability of lactase under operational conditions involving variations in temperature and 
pH limits the applications of this enzyme. Moreover, consumption in the reaction medium hinders 
the recovery and reuse of the enzyme, which constitutes a challenge that further diminishes the 
application of lactase in the food industry [1]. Thus, studies on the forced degradation of lactase in 
aqueous solutions are conducted to determine and predict possible degradation mechanisms under 
conditions of operational stress [5] and assist in finding ways to enhance enzymatic stability to 
make the application of enzymes feasible under different real-life situations in the food industry. 
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Therefore, the aim of this work was to synthesize, characterize and test chitosan composite films 
in the stabilization of lactase in aqueous solutions containing different enzyme/buffer solution ratios 
at different temperatures and pH values. 

Experimental  
 
Synthesis of chitosan films 

 
Initially, known amounts of chitosan were dissolved in a beaker containing diluted acetic acid, 

followed by the addition of glutaraldehyde and, when the aim was to prepare the film composite, 
eucalyptus residue. The solution was transferred to small, duly cleaned Petri dishes, which were 
subsequently placed in a forced-air oven (Fanem® Orion 515) at 60°C for 24 h for complete 
chemical reticulation. After the formation of thin, chemically reticulated films, the polymeric 
materials were placed into a desiccator for 24 h prior to the lactase stability studies. 

 
Characterization of chitosan films 

 
The point of zero charge on the polymeric structure of the film was determined by immersing 

100 mg of dry material in 25 mL of NaCl (0.1 g L-1) with initial pH (pHinitial) ranging from 2 to 12 
(adjusted by the addition of HCl or NaOH 0.1 mol L-1). After 24 h of contact, the final pH (pHfinal) 
of the solutions was measured. Fourier-transformed infrared (FT-IR) spectra were recorded in a 
PerkinElmer Frontier spectrometer with attenuated total reflectance (ATR). The operating 
conditions were wavenumber between 500 and 4000 cm-1, 32 scans per minute and resolution of 4 
cm-1. The thermogravimetric analysis (TGA) was performed in the PerkinElmer STA 6000 
analyzer. Differential scanning calorimetry (DSC) was performed in the Netzsch DSC 200 F3 
analyzer. These analyses were conducted by placing the samples in alumina pans and heating the 
system between 30 and 600°C at a rate of 10°C min-1. The entire process was performed in a 
nitrogen atmosphere with a flowrate of 20 mL min-1. For scanning electron microscopy (SEM), the 
polymeric films were placed in distilled water for 24 h, freeze-dried for 12 h, coated with a thin 
layer of gold and photographed using the JEOL equipment, model JSM-6701F. 

 
Lactase stability assays 

 
Different masses of the dry films (50, 100 or 200 mg) were separately introduced to 15 mL of 

three different buffer solutions (acetate buffer solution 0.10 mol L-1 with pH 4.0, acetate buffer 
solution 0.10 mol L-1 with pH 5.6 or phosphate buffer solution 0.10 mol L-1 with pH 6.8). Soluble 
lactase was then added with different enzyme/buffer solution ratios (0.00575, 0.0230, 0.04025, 
0.0575 and 0.07475) to each of the recipients. The flasks were then kept in a shaker incubator 
(Solab, SL-221) with stirring at 140 rpm and different temperatures (10, 20, 37 and 45°C). Aliquots 
of the aqueous solutions with the enzyme were collected at time intervals between 0 and 120 min 
for the quantification of the protein content using UV-Vis spectrophotometry (Spectroquant Prove 
600, Merck) at a wavelength of 595 nm. The enzyme concentration was estimated using calibration 
curve for bovine serum albumin (BSA). 

 
Results and Discussion  
 
Film of chitosan 
 

A chitosan-co-GLU film and chitosan-co-GLU/eucalyptus residue composite film were 
effectively synthesized, as shown in Figure 1. 
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                                                a)                                                              b)

Figure 1 Photographs of chitosan-co-GLU film (a) and chitosan-co-GLU/eucalyptus residue 
composite film (b).

The two films had a similar appearance. However, the composite one was stronger because 
eucalyptus residue has a high quantity of cellulose (~30 % of total mass) and lignin (~30 % of total 
mass). Moreover, the composite polymeric film contains a greater quantity of chemical groups on 
its surface that can interact with enzymes in solutions and modulate enzymatic stability. However, 
the presence of wood fibers in polymeric structures tends to diminish the porosity of the final 
material, compromising the intra-pore immobilization process, which occurs by diffusion and 
intermolecular interactions [6]. Only the composite membrane was used in the stabilization studies 
of -D-galactosidase in an aqueous solution due to its greater durability in the reaction medium.

Characterization of chitosan films

The point of zero charge on the surface of the chitosan-co-GLU films and chitosan-co-
GLU/eucalyptus residue composite films was 4.82 and 4.37, respectively. This means that 
protonated glucosamine (NH3

+) and carboxyl (COOH) groups would be found on the surface of the 
solid support and in the structure of the enzyme at pH lower than 4.82 and 4.37, which practically 
coincides -D-galactosidase (4.50), whereas deprotonated amine (NH2) 
and carboxyl (CH3COO-) groups would be found on the surface of the solid material and in the 
structure of the enzyme at pH higher than 4.82 and 4.37. These groups were confirmed in the 
polymer structures by means of absorption bands visualized by FTIR. The thermogravimetric 
analysis curves revealed two thermal decomposition stages. The first occurred between 80 and
140°C and was due to the loss of moisture from the hydrophilic three-dimensional networks [7]. 
The second occurred between 230 and 330°C and was due to the breaking of glycosidic bonds in 
the polymeric networks [6]. From differential scanning calorimetry were confirmed the 
thermogravimetry results. The scanning electron microscopy images have shown a slightly porous, 
less compact morphology on the surface of the chitosan-based film and a rougher, more rigid 
morphology on the surface of the chitosan-based composite films containing eucalyptus residue.

Lactase degradation/stability profiles

A reduction in the degradation of lactase was found with the increase in the mass of the 
composite film in the reaction medium. As the film practically does not absorb water to the point of 
changing the concentration of the enzyme in the reaction medium, the composite material clearly 
stabilized the enzyme during the operational procedure compared to the experiment with no film

1971



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

(control). Even low quantities of film were sufficient to inhibit enzymatic degradation. The 
enzyme/buffer solution ratio practically did not affect biodegradation at values higher than 0.0057. 
Indeed, lactase degradation was similar at higher ratios comparing the absence of the film (control) 
to the presence of 50 mg of composite film. The increase in the enzyme/buffer solution ratio 
(maintaining the buffer volume constant) increased the quantity of enzyme in the medium, which 
also increased the saturation capacity of the film surface due to the occurrence of electrostatic 
interaction forces. The -D-galactosidase degradation profiles at pH 4.0 were similar. No significant 
enzymatic degradation occurred in either the absence (control) or presence of the composite film in 
the medium, demonstrating that the polymer material exerted no influence on the enzymatic 
degradation process at this pH. Moreover, greater catalytic activity of the enzyme was found at this 
pH because its isoelectric point (4.5) is higher than the pH of the aqueous medium. Thus, the 
optimal pH range for the activity of lactase used in reaction systems includes pH 4.5, as described 
in the literature [3]. Practically no degradation of the enzyme occurred at 10 to 20°C. This is an 
interesting finding; as enzymatic immobilization processes would avoid the sorption of degraded 
particles with low catalytic activity on the surface of solid support structures. As lactase naturally 
has high activity at temperatures lower than room temperature, the presence of the polymeric film in 
the reaction medium did not generate substantial effects to the point of altering the enzymatic 
degradation profile. At higher temperatures (37 and 45°C), however, the presence of the composite 
film in the medium preserved the enzyme in comparison to the studies in the absence of the film 
(control). At both temperatures (37 and 45°C), higher concentrations of the enzyme were found in 
the media containing the composite film. 
 
Conclusions  

 
Chitosan films are solid matrices with potential to stabilize free soluble lactase in aqueous 

solutions. The intermolecular interactions that occurred at the film/enzyme/solution interface 
favored the approximation of the enzyme to the surface of the polymer material, which diminished 
the degradation of the enzyme in the operational medium. This phenomenon assisted in the 
maintenance of the activity of lactase. Thus, the enzyme could be reused for longer periods in 
lactose hydrolysis processes and under pH and temperature conditions that would otherwise 
denature or degrade the protein. As a conclusion, food industrial reactor walls covered with thin 
chitosan films could be strategies for using free lactase in the production of dairy foods with high 
efficiency. 
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Abstract -. Poly(lactic acid) (PLA) has good processability and high mechanical resistance, but due to its low 
toughness, it is normally used in blends with poly(adipate-cobutylene terephthalate) (PBAT). With the aim of 
improving the interaction between the PLA and PBAT phases, the blends were processed by reactive extrusion, at 
different experimental conditions, using maleic anhydride (MA) and dicumyl peroxide (DCP).. The processing 
conditions of PLA/PBAT (70/30, wt.%) with /bentonite clay (100% organophilized) was evaluated based on thermal 
and rheological properties . The TGA analysis showed a decrease in thermal stability of PLA phase , but when 
increasing the screw speed, maintaining the low level of the feed rate, an increase in PBAT phase thermal stability was 
observed. As expected, the MFI analysis showed a decrease in  flow behaviour in systems with clay. The DSC analysis 
showed that clay filler presented a nucleating effect in the PLA/PBAT blends. This effect was more pronounced in 
composites processed at lower feed rate, independently the screw speed analysed. The morphology showed a reduction 
on the PLA drop diameter when bentonite was added into PLA/PBAT blends, suggesting a compatibilizing effect of the 
clay between the polymeric phases.
Keywords: Biopolymers, Polymers Blends, Poly(lactic acid), Poly(butylene adipate-co-terephthalate).
Fundings: This study was financed in part by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior -
Brasil (CAPES) - Finance Code 001.
Introduction 
The growing search for the sustainable use of natural resources and the environment has led to an 
increase in interest in the development of biodegradable polymers (from natural sources) in the last 
20 years. Poly(lactic acid) (PLA) is the most used biopolymer thanks to its good processability, 
high mechanical strength and stiffness. However, it has low toughness at room temperature and low 
heat deflection temperature in relation to conventional polymers [1].
The blend of poly(lactic acid) (PLA) with poly(adipate-cobutylene terephthalate) (PBAT) has been 
widely used to balance the properties of PLA, since PBAT has high elongation at break and low 
elastic modulus, but its mixture is thermodynamically immiscible, which compromises the 
material's performance. In order to improve the miscibility, a reactive in situ extrusion using maleic 
anhydride and dicumyl peroxide can be employed [2].
Based on this, this work aims to determine the optimal processing condition to produce the 
composite based on PLA / PBAT / bentonite clay 100% organophilized (organoclay OC). The 
nanoclay was added to act as a coating in controlled release systems.  Previous results was analysed 
by thermal, rheological and morphological behaviour.

Experimental 
Material 
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The biopolymers PLA Ingeotm 4043D frow NatureWork and PBAT ecoflex F Blend C1200 from 
BASF were used along with the additives for reactive extrusion, which are the maleic anhydride 
(grade M188) and dicumyl peroxide (grade 329541) both purchased from Sigma Aldrich and the 
bentonite clay 100% organophilized donated by CLARIANT. 

Methodology
Determination of optimal processing parameters 

The determination of the optimum processing condition for PLA/PBAT 70/30 wt. % blend (reactive 
extrusion in situ using 2 phr of maleic anhydride and 1 phr of dicumyl peroxide in relation to PLA 
mass) was determined using a 2n (n = process variables) factorial design. The systems were 
produced in a twin-screw corrotational extruder, with the following process variables: screw speed 
(S), feed rate (FR) and clay content (C). The temperature profile set in the extrusion process was 90 

190 ºC. The organoclay (OC) was added into the polymer matrix (PLA/PBAT) in 3 wt.% content.

Table 1 shows the design matrix used. 

Table 1 Design matrix of PLA/PBAT/OC composites

Process conditions
(S/FR/C)

Screw speed
(rpm)

Feed rate
(kg.h-1)

Clay content
(wt. %)

200S/2.50FR/0C 200 2.50 0

200S/5.05FR/0C 200 5.05 0

300S/2.50FR/0C 300 2.50 0

300S/5.05FR/0C 300 5.05 0

200S/2.50FR/3C 200 2.50 3

200S/5.05FR/3C 200 5.05 3

300S/2.50FR/3C 300 2.50 3

300S/5.05FR/3C 300 5.05 3

Characterization of samples
The thermogravimetric analysis (TGA) of the samples was used to evaluate the thermal stability of 
the composite. and the maximum degradation temperature (TMAX) of PLA and PBAT. They were 
performed on a TA instrument TG analysis model Q500 analysis instrument, in a nitrogen 
atmosphere, with a heating rate of 10°C/min over a temperature range of 25-700°C.
The flow behaviour was analysed by Melt flow index (MFI), in a DYNISCO polymer test (MOD. 
LMI 4000), following ASTM D1238-13, with temperature and weight conditions being 190°C and 
2160g respectively.
Differential scanning calorimeter (DSC) analysis was also performed on the systems produced to 
monitor the glass transition temperature (Tg), crystalline melting temperature (Tm), crystallization 
temperature (Tc,). A Model Q2000 DSC analysis Ta instrument was used for the test, under 
nitrogen atmosphere and in cycles with the following conditions: (i) Fast cooling down to -60 °C 
(quench); (ii) Heating from -60 to 210°C (10°C/min); (iii) Isothermal for 1 min; (iv) Fast cooling 
down to -70 °C (quench); (v) Heating from -70 to 210°C (10°C/min) and (vi) Cooling down to -
70°C (10°C/min).
DSC analysis was also used to obtain the degree of crystallization of the PLA phase of the systems, 

based on the first heating, using Eq. 1.

        (1)

1975



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), Octob er 29-November 02, 2023, Joinville-SC, Brazil 

Where c is the degree of crystallinity of the PLA phase, Hm the enthalpy of fusion, Hc is the 
enthalpy of crystallization and HPLA  is the enthalpy of fusion of 100% crystalline PLA (93 J/g) 
[3]. 
 
The morphology of the neat PLA and the samples 200S/2.50FR/0C and 200S/5.05FR/3C was 
investigated by studying cryogenic fractured surfaces using a scanning electron microscope (SEM), 
FEI Quanta 400, accelerating voltage of 500X. The fractured samples were coated with gold 
particles before the experiment. 
 
Results and Discussion  
 

Figure 1 shows the TGA curves (and the DTG) for all the PLA/PBAT/OC systems. Table 2 
presents the data from the TGA curves. 

 
Figure 1  TGA curves of the PLA/PBAT/OC systems. 

Table 2  TGA results of PLA/PBAT/OC systems 

Sample 
TMAX 1 (°C) 

(PLA) 
TMAX 2 (°C) 

(PBAT) 
200S/2.50FR/0C 342 375 

200S/5.05FR/0C 349 382 

300S/2.50FR/0C 334 371 

300S/5.05FR/0C 354 382 

200S/2.50FR/3C 338 380 

200S/5.05FR/3C 339 381 

300S/2.50FR/3C 338 382 

300S/5.05FR/3C 339 380 
S = screw speed; FR = feed rate and C = organoclay content 

 
The results of the TGA (Table 2. and Fig.1.) were analysed considering TMAX1 (PLA) and TMAX2 
(PBAT). It is possible to notice that the addition of clay leads to a reduction in the thermal stability 
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of the material, as it can catalyse the degradation process through the strongly acidic sites generated 
during the thermal degradation of the intercalating agent [4]. Furthermore, its ability to reduce the 
material's sensitivity to processing is also observed, an effect evidenced by the non-variation of 
TMAX1 and TMAX2. It is also noted that the systems produced without adding clay, lower feed rates 
cause higher degradation during processing, however, increasing the screw speed from 200 to 300 
rpm does not change its thermal stability. 

Regarding MFI Analysis (Table 3.), it can be observed that the systems produced with 3 wt. % of 
clay presented a smaller variation in viscosity (8%); while those obtained without the nanoclay 
showed a variation of 22%, which indicates that the composites produced are less sensitive to 
processing conditions and present greater uniformity among themselves, corroborating the TGA 
analysis. It is also noted that higher feed rates and lower screw speed tend to have higher MFI 
values. Probably, such conditions allow the occurrence of degradation processes of the polymeric 
matrix during processing. 

Table 3  MFI results of the PLA/PBAT/OC systems 

Sample MFI (g/10 min) 

200S/2.50FE/0C 16,08 ± 0,82 

200S/5.05FE/0C 19,30 ± 0,60 

300S/2.50FE/0C 11,60 ± 0,40 

300S/5.05FE/0C 19,50 ± 0,76 

200S/2.50FE/3C 10,48 ± 0,18 

200S/5.05FE/3C 11,60 ± 0,40 

300S/2.50FE/3C 11,10 ± 0,38 

300S/5.05FE/3C 9,60 ± 0,40 
S = screw speed; FR = feed rate and C = organoclay content 

The DSC results (Table 4. and Fig. 2.) showed that the addition of clay lead to the occurrence of 
only one peak of Tm, a higher Tc (cooling) value and a higher crystallinity degree (PLA phase), 
which suggests the effect of clay as a nucleating agent. It is also notice that the composites 
produced with a lower rate feed showed greater crystallinity. For all the analysed samples can be 
seen that there was no variation in Tg values  of PLA and PBAT. 

 
Figure 2  DSC curves of the samples extruders using screw speed of 200 rpm (A) and 300 rpm (B) 

Table 4  DSC results of the PLA/PBAT/OC systems 

Sample 
Tg (°C) 
(PBAT) 

Tg (°C) 
(PLA) 

Tm 1 
(°C) 

Tm 2 
(°C) 

Tc (°C) 
(1st heating) 

Tc (°C) 
(cooling) 

Degree of crystallinity 
(%) 

200S/2.50FR/0C -27,57 58,85 144 151 100 52 0,23 
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200S/5.05FR/0C -29,58 59,56 145 151 98 57 0,70 
300S/2.50FR/0C -29,13 60,01 146 152 100 63 0,74 
300S/5.05FR/0C -29,42 59,69 115 151 100 57 1,22 
200S/2.50FR/3C -28,51 60,2 - 151 99 60 4,51 
200S/5.05FR/3C -30,7 59,94 - 151 98 72 1,92 
300S/2.50FR/3C -29,22 59,18 - 151 98 60 5,17 
300S/5.05FR/3C -29,76 59,73 146 152 100 59 0,49 
S = screw speed; FR = feed rate and C = organoclay content 
 
The SEM micrographs (Fig. 3.) showed that PBAT phase was dispersed in the PLA matrix by drop 
form. The addition of clay lead to a better PBAT phase distribution, reducing the drop diameter. 
Possibly thanks to a better interaction between the two phases. This behavior suggest a 
compatibilizing effect of clay between PLA and PBAT phases 

Figure 3  Micrographs of Neat PLA (A), 200S/2.50FR/0C (B) and 200S/5.05FR/3C (C)  

 
Conclusions  
From TGA analysis, it was observed that the addition of bentonite clay to PLA/PBAT blend led to a 
reduction in the thermal stability  of the blend. 
The MFI data showed that the addition of clay filler to PLA/PBAT blends restricted the flow 
behaviour of the melt, resulting in systems with higher viscosity. Beyond this, it was noticed a 
tendency to increase the flow behavior when higher feeding rates and lower screw speed conditions 
were applied during processing. Probably due to the occurrence of a degradation process of the 
polymeric matrix on these processing conditions.   
From DSC analysis, it was observed that clay acts as a nucleating agent, leading to an increase in 
crystallinity degree and crystallinity temperature (Tc). This corroborated SEM micrographs, which 
was observed smaller size of PBAT phase, favouring to crystallization process.   
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Abstract 
Effects of interactions of -D-galactosidase with chitosan films were studied by applying a central composite rotatable 
factorial design. The interactions increased the enzyme stability in solution between 0 and 60 min, with the most 
stability decrease occurring in assay 14 (80.03%). Assay 4 stood out between 60 and 120 min, with 42.05% protein 
concentration decrease. Significance was found for the linear enzyme/buffer ratio, linear temperature, and quadratic pH 
(p < 0.05) in the interval between 0 and 60 min of study. In the interval between 60 and 120 min, there was significance 
(p < 0.12) for linear temperature, the temperature-enzyme/buffer ratio interaction and the interaction between linear pH 
and linear enzyme/buffer ratio. Effects -D-galactosidase in 
solution after interactions with chitosan films were effectively described, indicating that food industrial reactors covered 
with such biomaterials could be a strategy for the hydrolysis of lactose during milk-producing processes.

Keywords: Polysaccharide. Polymer matrix. Stability. Experimental design.

Introduction 

-D-Galactosidase is a glycoside hydrolase secreted by microorganisms, plants, and animals. It is 
widely used for the conversion of lactose into glucose and galactose [1,2] -D-galactosidase is the 
main enzyme used for the processing of dairy products with low- or zero-lactose content. The focus 
of the dairy industry that produces these types of products is lactose-intolerant individuals [3].
However, the denaturation and degradation of the free enzyme in solution is a disadvantage during 
industrial processes [3]. Thus, studies that describ -D-galactosidase and 
solid supports constitutes a strategy for circumventing problems associated with the hydrolysis of 
lactose in industrial reactors [4]. Polymeric materials and composites synthesized by chemical or 
physical reticulation are part of a set of solid supports for studies on the immobilization, 
stabilization, and degradation of enzymes in aqueous solutions due to their physicochemical 
properties [5]. Such materials include those based on chitosan, pectin, gum Arabic, guar gum and 
other polysaccharides [6]. Intermolecular interactions that occur on the surfaces of biopolymer-
based solid supports offer greater stability of enzymes in operational media with abrupt changes in 
temperature and pH when compared to the free enzyme [5]. It is therefore possible to conduct 
forced degradation studies with enzymes in aqueous media to determine enzyme degradation routes 
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under different conditions of operational stress [7]. Therefore, the aim of the present work was to 
apply experimental planning using a 23 central composite rotatable design for evaluating the 
stabilization -D-galactosidase in aqueous solution containing a chitosan-based composite film. 
Different operational conditions were defined and evaluated in the experimental planning 
(variations in temperature, pH, aqueous enzyme/buffer solution ratio and interaction time).  

 
Experimental  
 
Synthesis of chitosan films 

 
Initially, known amounts of chitosan were dissolved in a beaker containing diluted acetic acid, 

followed by the addition of glutaraldehyde and, when the aim was to prepare the film composite, 
eucalyptus residue. The solution was transferred to small, duly cleaned Petri dishes, which were 
subsequently placed in a forced-air oven (Fanem® Orion 515) at 60°C for 24 h for complete 
chemical reticulation. After the formation of thin, chemically reticulated films, the polymeric 
materials were placed into a desiccator for 24 h prior to the -D-galactosidase stability studies. 

 
Enzyme partitioning assays between solution and film surface 
 

The -D-galactosidase content in solution after different contact times is an indicative of the 
presence of nondegraded full enzyme macromolecules. A relation between the initial and final 
enzyme concentrations can indicate the partitioning of the compound between solution and 
polymeric film surface, as there was no relevant immobilization in the biomaterial structure. -D-
galactosidase partitioning experimental assays between solution and film surface were conducted by 
varying the enzyme/buffer solution ratio, temperature, and pH of the aqueous solutions to evaluate 
the variables that would be later used in the experimental design. Some experimental conditions 
used in the present study were based on assays previously conducted by our research group [8]; in 
which the authors suggested that pH 5.6 and a temperature of 37 °C are desirable for studying the 
immobilization and activity of -D-galactosidase obtained from Kluyveromyces lactis. For all 
assays, control experiments without the chitosan film were conducted with the same experimental 
conditions and variables. From these initial test studies, some conditions were established for the 
experimental design of the current study. 
 
Experimental planning 
 

Experimental planning with a 23 central composite rotatable design was used to evaluate the 
-D-galactosidase stability 

studies in an aqueous medium containing a chitosan-based film. Six axial points and three 
repetitions of the central point were used, totaling 17 assays. The axial points were used for the 
determination of the degrees of freedom and evaluation of the quadratic equations. The dependent 
variable was enzyme concentration (mg mL-1) with loss percentages determined in two steps: from 
0 to 60 and 60 to 120 min. The respective intervals were chosen for understanding the effects of 
variables at different times by using p-values of 0.12 and 0.05, respectively. These significances 
were fixed at each condition to estimate the effects on real-world processes, in which commonly 
take place enzyme inactivation. The independent variables were temperature (X1), pH (X2) and 
enzyme/buffer ratio (X3). Table 1 displays the variables selected to study the effects of temperature, 
pH, and enzyme/buffer ratio in the stability of -D-galactosidase in solution. 
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Table 1  Independent variables with respective levels used in experimental planning with 23 
central composite rotatable design. 

  Levels 
Variables Code -1.68 -1 0 1 1.68 

Temperature (°C) (X1) 29.0 32.2 37.0 41.8 45.0 
pH (X2) 4.40 4.90 5.60 6.30 6.80 

Enzyme/buffer solution ratio (X3) 0.14 0.58 1.22 1.86 2.30 
 
Results and Discussion  

 
Enzyme partitioning assays between solution and polymeric film surface 

 
The enzyme partitioning assays enabled the determination of favorable experimental conditions 

for the studies, which are important to assist in diminishing the loss of enzymes in real industrial 
-D-galactosidase partitioning in aqueous medium 

containing the chitosan composite film were i) enzyme/buffer ratio of 0.0057, ii) pH 5.6, iii) film 
mass of 50 mg, and iv) temperature lower than 37 °C, as shown in Fig. 1. 

 
Fig. 1  -D-galactosidase content in aqueous solution with and without chitosan composite film. 
Experimental conditions: pH 5.6, enzyme/buffer ratio of 0.0057 and temperature of 37 °C. 

Under the experimentally optimized conditions, the presence of the chitosan film in the aqueous 
solution was essential to avoiding enzyme activity and concentration loss. It took place due to weak 
intermolecular and intramolecular interactions on the surface and in the pores of the film, leading to 
the st -D-galactosidase. This stabilization increased the quantity of enzyme in the 
reaction medium, enabling its reuse, with a subsequent reduction in the cost of industrial processes 

-D-galactosidase in the production of dairy products. The pre-
established experimental conditions enabled the determination of the levels to be used in the 
factorial design, confirming 50 mg of biopolymeric film as a standard quantity for all experiments. 
 
Experimental planning 

 
The results of the experimental planning with a 23 central composite rotatable design, in the 

interval from 0 to 120 min, are presented in Table 2. These results were separately presented in two-
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time intervals due to need of having two significance levels for the factorial design considered in 
this work. 

 
Table 2  Results of experimental planning with 23 central composite rotatable design, in the 
interval from 0 to 120 min. Independent variables: temperature (X1), pH (X2) and enzyme/buffer 
ratio (X3). 

Assays Independent variables Quantity of enzyme (%) 
between 0 and 120 min 

 X1 X2 X3 0~60 60~120 

1 32.2 4.9 0.58 28.01 15.85 
2 41.8 4.9 0.58 52.74 21.60 
3 32.2 6.3 0.58 34.21 16.01 
4 41.8 6.3 0.58 54.62 42.05 
5 32.2 4.9 1.86 35.12 26.42 
6 41.8 4.9 1.86 68.20 -5.150 
7 32.2 6.3 1.86 67.83 33.05 
8 41.8 6.3 1.86 79.23 22.37 
9 29.0 5.6 1.22 17.41 24.20 
10 45.0 5.6 1.22 58.26 -2.160 
11 37.0 4.4 1.22 12.99 0.370 
12 37.0 6.8 1.22 6.080 21.75 
13 37.0 5.6 0.14 6.330 10.24 
14 37.0 5.6 2.30 80.03 21.54 
15 37.0 5.6 1.22 55.02 14.66 
16 37.0 5.6 1.22 61.39 9.040 
17 37.0 5.6 1.22 64.32 4.980 

The enzyme loss rates determined in the assays containing the chitosan composite film ranged 
from 6.08 to 80.03% between 0 and 60 min and from -5.15 (or zero) to 42.05% in the interval from 
60 to 120 min. Negative degradation values can be associated to loss of mass due to desorption of 
enzyme weakly immobilized in the first times of contact. Overall, the enzyme loss results with 
negative values could be considered as zero. Slight response variations were identified at the central 
points, indicating the good repeatability of the experiment. The interval between 0 and 60 min was 
that in which a greater loss rate was found due to the influence of the variables of the process, with 
the greatest decrease occurring in assay 14 (80.03% protein loss). Assay 4 stood out in the interval 
between 60 and 120 min, with 42.05% protein loss. Thus, a higher decrease occurred in the initial 
time interval, indicating a greater loss rate in the first minutes of the experiment. Considering the 

-D-galactosidase in an aqueous solution to produce products by the dairy industry, it 
is important to monitor the enzyme decrease rate in the first moments of lactose hydrolysis to 
minimize losses in the industrial process. Thus, the polysaccharide film could be a useful option for 
the stabilization of enzymes in a reaction medium, enabling their reuse and diminishing the cost of 
the process. 
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Conclusions  
 
The factorial design was of the utmost importance, as it enabled the determination of the best 

-D-galactosidase in solutions containing a chitosan composite 
film with the aim of avoiding enzymatic inactivation. Thus, such studies are useful for enabling the 
app -D-galactosidase for the hydrolysis of lactose in industrial processes with high 
efficiency and low concentration loss. This could enable increasing the benefit/cost ratio of the 
production of dairy products with a low lactose content or even zero-lactose dairy products. 
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Abstract 
It seeks to expand the natural applications that have efficient activity against phytopathogens that bring greater 
productivity to agricultural crops. Two formulations of zein/lignin nanoparticles were characterized in terms of shape, 
size (nm) and dispersivity using the optical techniques of spectroscopy in the infrared region by Fourier Transform 
(FTIR) and atomic force microscopy (AFM). The results obtained by FTIR of the two formulations as well as their 
components separately demonstrated the presence of chemical interactions between the components of the formulations, 
as well as specific chemical groups used for production. Images obtained by AFM showed that all formulations 
presented spherical nanoparticles and with a greater frequency of size between 40 and 60 nm for formulations 
containing geopropolis compared to the formulation without geopropolis 80 100 nm. All results suggest that the 
proposed combination is suitable for the application performed and can be used for seed treatment as soon as more 
studies determine efficient and safe dosages against specific phytopathogens.

Keywords: Natural products. Stingless bee. Nanotechnology

Fundings: CAPES, UNESP, UFABC.

Introduction 
Brazil is one of the countries that produces the most raw materials of animal and vegetable 

origin in the world, however, its permissive legislation regarding synthetic inputs used in 
agriculture represents an imminent socio-environmental risk [1,2]. In this context, the search for 
natural products that can be safely used as biopesticides is growing, however, it is necessary that 
these products are efficient against organisms and microorganisms resistant to conventional 
pesticides [3].

In order to develop a suspended polymeric formulation, composed of renewable materials 
and containing an active ingredient from Brazilian biodiversity, for application in the treatment of 
agroecological seeds and, in the sense of combining nanotechnology with propolis, in order to 
improve the solubility characteristics of the bioactive components, the materials zein, lignin and 
geopropolis from Mandaçaia (Melipona quadrifasciata) were gathered. The antisolvent precipitation 
method [4] was applied, where zein and geopropolis, soluble in alcohol, are suspended in an 
aqueous solution containing lignin. Zein, the main endospermal protein of corn (Zea mays), stands 
out for its technological properties of solubility, as it is efficient in encapsulating hydrophobic 
compounds. In addition, it improves the release of liposoluble substances and promotes protection 
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against ultraviolet (UV) rays of bioactive compounds susceptible to photodegradation [5]. Lignin 
was chosen as a stabilizer for the colloidal suspension formed by zein and geopropolis extract, since 
it can react with hydrophilic and hydrophobic components of both zein and geopropolis, due to its 
amphiphilic nature [6]. 
 Previous results, obtained using the dynamic light scattering technique, with samples of 
zein/lignin formulations containing geopropolis, the same ones used in the present study, 
demonstrated that two (F and G) among six samples had the best hydrodynamic diameter 
characteristics ( nm), polydispersion index, Zeta potential (mV) and pH, over 85 days. Furthermore, 
the encapsulation efficiency was greater than 99.8% m/m for the six analyzed samples [7]. With 
this, the present study aims to characterize the F and G samples regarding the chemical groups 
involved in the preparation reaction of the polymeric formulation, by FTIR and regarding the 
morphology of the nanoparticles, size (nm) and dispersivity that will be evaluated by images 
obtained. 
 
Experimental  
Materials  
 All reagents used were analytical grade and deionized water purified by Milli-Q system, 
Millipore (Bedford, MA, USA). 
Proprietary absolute ethyl alcohol (P.A.) and potassium bromide (KBr) obtained from Labsynth 
were used. Alkali lignin and zein reagents (low sulfonate) were obtained from Sigma-Aldrich (Saint 
Louis, MO, USA). 

 
Samples 

Two samples of raw geopropolis from Mandaçaia bees (Melipona quadrifasciata), obtained 
from meliponiculturists in the region of Itapetininga, in the state of São Paulo, were identified as F 
come from the urban area of Itapetininga and G from the urban area of Tatuí. The samples were 
collected in August 2021 and sent, under refrigeration and protected from air, light and heat, to the 
Environmental Nanotechnology laboratory of the Institute of Science and Technology of Sorocaba 
(ICTS/UNESP). 
 
Procedures 

Geopropolis samples were extracted with 80% ethyl alcohol solution [8]. 
For the preparation of the formulation, the antisolvent precipitation method [4] was used, with 
modifications. Where, 12 mL of 2% m/m zein solution was added to 3 mL of 10% m/m geopropolis 
extract for 15 minutes, then 30 mL of 1% m/v lignin solution was added and the mixture was stirred 
for 30 minutes. After this period, the mixture was rotary evaporated to a final volume of 30 mL. 
 Infrared spectra were obtained by transmittance in the spectral range of 4000 - 
with 64 scans. Each sample was prepared in a KBr pellet at a mass ratio of 99:1. 
 Images were obtained using the atomic force microscopy technique, Basic AFM (Nano surf, 
EasyScan2), with a contact module using the Tap A1G cantilever for scanning the samples. For 
sample preparation, a 10,000 - fold dilution of the prepared formulations was performed. 
 
Results and Discussion  
 The FTIR spectrum reflects information about the chemical bonds of functional groups. 
Therefore, FTIR spectra were used to investigate potential interactions between zein, lignin and 
geopropolis extracts F and G. 
Next, in Fig. 1, the infrared absorption spectra of geopropolis F and G samples, zein/lignin 
nanoparticles with geopropolis F and G and the physical mixtures will be presented. 
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Figure 1 - Infrared spectra of geopropolis extract, and zein/lignin nanoparticles with geopropolis 
extracts 

 
(A) - Geop_6 - extract of geopropolis F; Form_ComAtivo_Geop 6 - geopropolis F nanoparticle formulation; 

MF_6 - physical mixture of zein, lignin and geopropolis F components; (B) - Geop_7 - geopropolis G; 
Form_ComAtivo_Geop 7 - geopropolis G nanoparticle formulation; MF_7 - physical mixture of zein, lignin 

and geopropolis G components. Source: elaborated by the author 
 

 Observing the FTIR spectra of geopropolis F and G (Fig. 1) it is possible to verify the similarity 
between them. Both extracts come from the same Mandaçaia stingless bee species, which may explain this 
similarity between the spectra. The first band observed in both was at approximately 3300 cm-1, 
referring to the elongation vibration of hydroxyl groups (OH of phenolic compounds) [9]. The 
bands at approximately 2920 cm-1 are attributed to the C-H stretching vibration of the methylene 
group. The band at 1698 cm-1 corresponds to the C=O stretching vibration, correlated with the 
antioxidant capacity [10]. The band at 1460 cm-1 may be related to CH3, CH2, flavonoids and 

-H and the stretching 
vibration of aromatics. The peak at approximately 1230 cm-1 is associated with phenolic resins 
[11,12]. The peak of ~ 879 cm-1 can be at -type glycosidic bonds present in 
carbohydrates of glycosylated polyphenols [13]. 
 In the spectra for the physical mixture and the active formulation, both for geopropolis F and 
for geopropolis G, it is possible to observe an overlap and displacement of some characteristic 
bands of their components. However, in physical mixtures, a higher concentration of peaks is 
observed, that is, less overlap. In formulations with active compound, the spectra showed 
characteristic peaks of zein, lignin and geopropolis, which corroborates the results of encapsulation 
efficiency and confirms the chemical interaction between the components. 
 The images obtained by AFM are shown in Fig. 2. These allowed the observation of the 
spherical shape of the nanoparticles in the zein/lignin formulations without geopropolis (F0), 
zein/lignin and geopropolis F (F6) and zein/lignin and geopropolis G (F7). 
 

 
 
 

A 
B 
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Figure 2 - AFM of formulation samples without and with active F and G 

 
F0  formulation without geopropolis; F6  formulation with geopropolis F; F7  formulation with 

geopropolis G. Source: elaborated by the author 
 

 Another possible aspect to be observed from F0, F6 and F7 (Fig. 2) is the size of the 
nanoparticles in the three different formulations. Therefore, the diameter sizes (nm) of the 
nanoparticles were measured using the Image J software, and the values obtained are represented in 
the histograms (Fig. 3). 
 

Figure 3 - Size distribution of nanoparticle formulations without and with geopropolis 

 
F0 - formulation without active; F6 - formulation with geopropolis F; F7 - formulation with geopropolis G. 

Source: elaborated by the author 
 

 The tendency of polydisperse systems is evidenced by observing the histograms. 
Nanoparticles with sizes between 40 and 60 nm showed a higher frequency for F6 and F7 while for 
F0, the highest frequency observed was for nanoparticles with sizes between 80 and 100 nm. This 
demonstrates a possible effect of smaller particle sizes in the presence of geopropolis. 
 
Conclusions  

Spectra in the infrared regions of the extracts showed vibrations of hydroxyls and aromatic 
compounds, characteristic of phenolic compounds, naturally and mostly present in geopropolis. In 
addition, spectra of nanoparticles containing geopropolis provided results that point to the chemical 
interaction of zein, lignin and geopropolis components. 
 Images obtained by AFM showed spherical nanoparticles and a higher frequency of smaller 
nanoparticles (40-60 nm) when the formulations had geopropolis in the composition. These results 
corroborate that the choice of formulation was suitable for the proposed application. 
In addition to the treatment of arable seeds, formulations incorporated with geopropolis can be 
applied in post-harvest technologies, in the coating of fruits and vegetables, as well as in the grain 
storage sector, replacing synthetic fungicides. 
 
 

F0 F6 
F7 

F0 F6 F7 
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Abstract Brazil is the leading orange juice producer worldwide, generating tons of fruit residue and waste annually. To 
help minimize the environmental burden of the orange juice industry, a promising alternative is to repurpose this waste 
into new sustainable materials. In the present work, orange peels were used to extract pectin, which was used to produce 
edible film formulations aiming to extend the shelf life of fresh-cut apple. The addition of CaCl2 to the formulation 
reduced edible film sensitivity to water and resulted in a lower browning index (BI) when applied to apples. Fruit without 
coating became brown rapidly and presented the highest browning index among evaluated samples.

Keywords: Orange peel, pectin, edible film, minimally processed apples
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Introduction 
Brazil is the leading orange juice producer worldwide [1]. Around half of the feed used in industrial 
orange juice production ends up as residue, the majority of that composed of peels [1]. One alternative 
to minimize such environmental impact is to use waste and byproducts as precursors to develop 
sustainable materials [2]. About 30% of raw orange peels is pectin [2], which is a polysaccharide 
mixture containing methylated ester of D-galacturonic acid units [2] that have excellent film-form 
properties, and so can be used in the manufacturing of edible films [3-5]. Edible films can extend 
food shelf-life and help to reduce the use of conventional non-biodegradable packaging [3]. This class 
of packaging can be ingested or converted into simple compounds harmless to the environment if 
discarded [6]. In addition to that, it can be used as an alternative to fulfill the commercial demand for 
minimally processed food (fresh-cut fruit), extending its shelf life and keeping its nutritional value 
[7]. Edible films should have low cost, be made of readily available material, and have adequate 
barrier properties [4]. In this context, the present work investigated the extraction of pectin from 
orange peel, the production of edible films, and its application on fresh-cut apples aiming to expand 
fruit shelf life. FTIR spectra results confirmed the successful obtention of pectin from orange peel. 
Pectin edible films were characterized by FTIR, moisture content, and solubility in water. The effect 
of pectin film on fresh-cut apples was evaluated by calculating the Browning index.
Experimental 
Materials

Citrus Sinensis) oranges bought in a 
local market (Belo Horizonte, Brazil). Fresh apples (Fuji) were bought in a local shop (Belo 
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Horizonte, Brazil). Fuji apple was chosen for this study due to commercial demand and the rapid 
browning of its tissue after cutting [8]. CaCl2 (Synth, Brazil), Glycerol (Synth, Brazil), Ethanol 96% 
(Synth, Brazil), Citric Acid (Engenharia das Essências, Brazil) were used as received without further 
purification. 
Pectin extraction 
P et al [9]. Dried orange peels 
were added to an aqueous citric acid solution (pH 1,5) with a liquid/solid ratio (LSR) equal to 20. The 
mixture was kept under magnetic stirring at 70 °C   for 1h. After that, the mixture was filtered, and 
ethanol (96%) was added to the remaining liquid (1:1 v/v). After 24 h, precipitated pectin was filtered, 
washed with ethanol (96%), centrifugated, and dried at ambient temperature. The dried material was 
milled into powder using a grinder (IKA A10, IKA Labortechnik, Germany).  
Film preparation  
Pectin films were prepared by the solution cast method, as reported in the literature [10]. 4 g of pectin 
was dissolved in 170 mL of deionized water (DI). Glycerol was added at 20% (w/w, based on pectin) 
as plasticizer. Then, 30 mL of a 1% CaCl2 solution was added, and the resultant solution kept under 
magnetic stirring for 20 min at 70 C. One formulation without CaCl2 was also prepared, using an 
equivalent amount of DI in place of CaCl2 solution. The film-forming solution (FFS) was cooled 
down at room temperature, casted on a plastic petri dish and dried at ambient temperature.  
Application of FFS solution on fresh-cut apple 
Fresh-cut pieces of apples were individually immersed for 60´s in the Pectin/Glycerol FFS (PEC/Gly) 
and Pectin/Glycerol/CaCl2 FFS (PEC/|Gly/CaCl2). The coated fruits were air-dried and then kept at 
ambient temperature [8]. Fruits without film were used as control and stored at the same conditions.  
FTIR 
The chemical structure of extracted pectin and pectin films was investigated by FTIR (Nicolet 6700, 
Thermo Scientific) using an ATR accessory, at absorption mode, at a range of 4000-500 cm , with 
4 cm  resolution.  
Film water sensitivity: moisture content and water solubility  

were evaluated for each formulation. To evaluate moisture content samples were weighed on an 
analytical scale (±0.0001 g) before and after drying. The moisture content was calculated by Eq. 1: 

 

Where W1 is the initial weight, W2 is the film weight after drying.  
To evaluate water solubility dried film samples were immersed into 20 mL of water at ambient 
temperature for 6 h. The liquid was filtered, and the remaining solid was dried at 105 °C until a 
constant weight was obtained. The solubility in water was calculated by Eq. 2: 

 

Where W1 is the initial weight, W2 is the remaining dry matter weight.  
 
Effect of films on Apple shelf life: Browning Index (BI) 
The effect of film application on prolonging apple shelf life was investigated by the Browning Index 
(BI) as suggested in the literature [7]. It was used a spectrophotometer (Konica Minolta CM-600D) 
in reflectance mode, using the CIE color space parameters L*, a*, and b*. illuminant/angle D65/10  
with a 30 mm measurement opening controlled by Spectra Magic NX Software. The browning index 
(BI) was calculated according to Eq.3 [7]: 

 

 
Where X was calculated by Eq.4: 

1995



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil 

 
Four slices of apple were used for the color test, with eight readings per analysis (3 readings per slice), 
during 0, 1, 2, 3, 4, 20, and 24h. Samples were stored at ambient temperature without any additional 
cover. 
 
Results and Discussion  
The FTIR spectra of neat pectin, PEC/Gly film, and PEC/Gly/CaCl2 shown in Fig.1 do not present a 
significant change among them, as reported previously in the literature [5]. It was observed a broad 
band around 3300 cm  attributed to the hydroxyl groups in pectin, as well as absorbed water [5]. The 
presence of a peak at 1745 cm-1, that is characteristic of methoxycarbonyl absorption, and a peak at 
1630 cm-1 attributed to carboxyl absorption [11], could be an indication that the pectin obtained was 
High Methoxyl pectin (HM) [11]. Pectin can be classified into two categories according to the degree 
of methyl esterification (DE). Low Methoxyl (LM) when DE<50%, and High Methoxyl (HM) when 
DE>50% [9, 11]. Wang et al [11] reported that HM and LM pectin present subtle differences in FTIR 
absorbance. According to the authors, HM pectin has characteristic peak at 1750 and 1630 cm-1, while 
in LM pectin the carboxyl absorbance peak is at a lower wavenumber (1604 cm-1).  According to the 
literature [9] the pectin extraction method adopted in the present work results in HM pectin. Sayah et 
al [12] also reported that using citric acid to extract pectin, as used in the present work, resulted in 
HM pectin. LM pectin has different properties that LM pectin. For instance, LM jellifies slower than 
HM pectin [9].  

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-1)

Pectin

PEC/Gly

 

PEC/Gly/CaCl2

 
Figure 1. FTIR spectra (Neat pectin, PEC/Glycerol, PEC/Glycerol/CaCl2). 
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The sensitivity of films to water was evaluated by moisture content and solubility in water [5]. Pectin 
is a hydrocolloid that can hold a large amount of water [4]. Such behavior can be explained by the 
presence of numerous hydroxyl groups in pectin that favor the interaction with water molecules due 
to hydrogen bonds, leading to water diffusion into and through the material [2]. According to the 
literature [13], a high-water solubility is an important factor in edible films considering that it should 
easily dissolve in the mouth. As presented in Table 1, developed pectin films without CaCl2 possess 
high sensitivity to water. Water solubility is around 89%, and moisture content 23%. The addition of 
CaCl2 contributed to reducing the film solubility to 85.70% and moisture content to 19.78%. This 
could be due the formation of a more compact structure, due to ionic linkages between calcium ions 

-  Zhang et al [5] 
reported a similar result (87.53%) for pectin/thymol films cross-linked with CaCl2. The authors also 
reported that cross-linking with Fe3+ and Cu2+ reduced the water solubility of the films to 23.57 and 
23.46%. Hari et al [10] reported lower values of moisture content and solubility in water for 
crosslinked pectin with Ca2+, being 14.2% and 31.8%, respectively. Such differences could be due to 
variations in pectin structures due to species, ripping stage, and storage conditions [11]. 
 
Table 1. Moisture sensitivity of developed edible films.  

Water sensitivity PEC/Gly film PEC/Gly/CaCl2 film  

Moisture Content (%) 23.9 ± 0.0075 19.78 ± 0.0058 

Solubility in water (%) 89.21±0,0188 85.70 ± 0.0172 
Data represent the mean ± standard deviation. 
 
When an apple is peeled off and/or is sliced, its color rapidly changes to brown, reducing minimally 
processed fruit shelf life. This happens due to polyphenol oxidases releasing after damage to cell 
tissue [7, 14]. As shown in Fig.2, the uncoated slices presented higher browning index values during 
the storage time of 24 h. Coated apple slices took longer to increase the BI index. After 24 h, samples 
coated with PEC/CaCl2 presented the lowest BI index, indicating that the film formulation was 
efficient in delay browning of fresh cut apples. Sólis-Contreras et al [7] investigated three 
formulations of edible films (Citric acid/Chitosan/Cinnamon oil; Glycerol/Cinnamon oil/Guar Gum; 
Glycerol/Cinnamon oil/Guar Gum/Corn Starch) for fresh cut apples and reported that all of them had 
a similar BI value, while uncoated apples showed the highest BI.  
 

 
 
 
Figure 2. The brown index (BI) of Fuji apple slices coated (with PEC and PEC/CaCl2) and not treated (WF) 
at hour 0, and after 1, 2, 3, 4, 20, and 24 hours of storage at ambient temperature. Values indicate the means ± 
standard deviations.  
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Conclusions
Pectin was obtained from orange peel and successfully used to produce edible films. The addition of 
CaCl2 reduced edible film moisture content and solubility in water. When applied to fresh-cut apples 
it delayed, and diminished the browning process compared with uncoated fruit, indicating its potential 
use in extending the shelf life of minimally processed apples. 
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Abstract - Biopolymers emerge as an important and sustainable alternative for the development of eco-friendly 
packaging. In this work, bacterial cellulose (BC) was obtained from Kombucha, an ancient, fermented beverage valued 
for its health benefits, which fermentation occurs naturally, taking several days to complete. Three different commercial 
packaging were compared to a BC film from Kombucha, as a conservation method for strawberries in natura. Materials 
were investigated pre and post use, regarding its structure, thermal properties, and crystallinity, and strawberries were 
analyzed by its mass loss and visual aspect. Regarding conservation method investigated, synthetic polymers (PE, PP and 
PVC) showed significant lower mass loss when compared to BC and to Control sample. Water vapor permeability (WVP) 
of these films is lower when compared to BC, promoting lower moisture loss, which preserves the fruit moisture, texture 
and weight for longer periods and, when compared to commercial packaging, its performance is inferior, which can be 
justified by the greater absorption of water by the BC. Thus, it is possible to infer that its performance may be higher 
when used in dry food packaging. Another promising application for the BC membrane is in membranes for dermal 
dressings in the medical field.
Keywords: bacterial cellulose, biopolymer, kombucha, strawberries, films.
Fundings: São Paulo Research Foundation (FAPESP) n° 2022/08431-0

Introduction
Nowadays, plastics films are one of the main materials used to preserve food, being an important 
segment in food production [1]. However, large production and consumption of plastic packaging has 
brought several problems, such as improper use and disposal, resulting in negative environmental 
impacts, including water and soil pollution [2]. Approximately one third of domestic waste consists 
of packaging and about 80% of it is short-term packaging, which reduces the useful life of landfills, 
its most common destination [3]. Therefore, biopolymers emerge as an important and sustainable 
alternative for the development of eco-friendly packaging [4], [5]. In this segment, bacterial cellulose 
stands out as a biopolymer that results from the metabolism of a cell growth cycle, which are derived 
from biological sources, such as microorganisms, plant biomass and agro-waste. Being obtained 
naturally by the ecosystem increases their importance in relation to their biodegradability, since they 
can be easily degraded by microorganisms found in the environment. [6], [7]. In this work, bacterial 
cellulose (BC) was obtained from Kombucha, an ancient, fermented beverage valued for its health 
benefits, which fermentation occurs naturally, taking several days to complete. Obtention consists in 
a biofilm, known as SCOBY (Symbiotic Culture of Bacteria and Yeasts), composed of bacteria and 
yeasts, added to a substrate of green or black tea, sucrose and kept in a place without light, resulting 
in the formation of a new BC membrane that floats in the liquid [8]. BC is a linear polymer, with 
molecular structure identical to cellulose from plants. It is produced by aerobic bacteria and has 
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physical-chemical properties suitable for various applications [9], [10], obtained from a symbiotic 
culture (SCOBY) of bacteria Gluconacetobacter in a suitable culture medium [11]. This bacterium is 
considered purer than plant-derived celluloses, i.e., related to the absence of hemicelluloses and lignin, 
and has a distinct fibrous structure, with unique properties, such as high porosity, nanofibrillar 
structure, ability to retain water, crystallinity, and higher degree of polymerization, as well as high 
mechanical and tensile strength [12]. Here, three different commercial packaging were compared to 
a BC film from Kombucha, as a conservation method for strawberries in natura. Materials were 
investigated pre and post use, regarding its structure, thermal properties, and crystallinity, and 
strawberries were analyzed by its mass loss and visual aspect.  

Experimental 
Four samples were investigated and compared in this work, Bacterial Cellulose (BC) from Kombucha 
and three commercial packaging from Polypropylene (PP), Polyethylene (PE) (according to the 
manufacturer it is an 80% HDPE/20% LLDPE blend) and Polyvinyl chloride (PVC). Kombucha 
bacterial cellulose was obtained by fermenting green tea rich in sugar with the addition of SCOBY, 
under conditions with room temperature and shelter from light. After 5 days, BC film presented an 
appropriate thickness to be removed from the liquid-air interface. BC film was then washed in 
distilled water and treated with sodium hydroxide solution, at 80°C for 1 hour. After treatment, BC 
film was washed again in distilled water, dried for 72 hours at 35 °C and then stored for further 
analysis. Fourier Transform Infrared Spectroscopy (FTIR) analysis was performed in a Perkin Elmer 
Frontier equipment with Attenuated Total Reflection (ATR) accessory, from 4000 to 400 cm-1, 4cm-

1 of resolution and 16 scans. Differential Scanning Calorimetry (DSC) analysis was conducted in a 
TA Instruments DSC25 equipment with RCS90 cooling system, from room temperature to melting 
of each polymer, under a heating rate of 10°C/min. Samples masses were about 2-4mg placed in an 
aluminum pan. Enthalpy of melting and melting temperature were obtained by TRIOS  software. 
Strawberries were tested by its mass loss up to 11 days, under two different conditions, at room 
temperature and under typical refrigeration, both with the presence of each film for conservation (BC, 
PP, PE and PVC) and without the film (Control). After weighing, strawberries  visual aspects were 
analyzed. 

Results and Discussion 
Fig. 1 presents FTIR spectra (a) and thermal analysis of DSC (b) for all samples prior to the strawberry 
test. Since all commercial polymers tested present similar monomers, several bands in the spectra are 
similar, varying only in shape and/or intensity. All samples presented methyl or methylene (C-Hn) 
absorption bands near 2920-2850 cm-1 region, sharper for PE and PVC [13]. PE also presented 
characteristic alkane bands at 1472 and 1462 cm-1, clearly observed at Fig. 1 (a). At 1458 cm-1, PP 
presented a characteristic band of alkane, according to the authors [14], which is also observed here, 
blue shifted in comparison to the PE spectra. Additionally, PVC presented a characteristic band at 
698-638 cm-1 region, related to C-Cl bond [15]. BC sample showed characteristic bands of cellulose 
at 3345 cm-1, associated to -OH elongation. At 2925 and 2854 cm-1 regions, typical -CH bonds were 
observed. Band located at 1647 cm-1 was attributed to C=O group, suggesting the production of 
organic acids, such as acetic acid, derived from kombucha fermentation. Bands located at 1428 cm-1 
and 1312 cm-1 are typical for cellulose -CH2 and -CH or -COO groups, respectively, and 1168 to 1000 
cm-1 are associated to the elongation of COC and -CO groups. Also, bands located at 668, 604, 550 
cm-1 correspond to the presence of sugars [16] [18]. 
Commercial polymers melting temperatures (Tm), glass transition temperature (Tg), crystallinity 
index (XC m) are presented in Fig. 1 (b), prior to the strawberry test. 
PVC presented typical amorphous curve under DSC analysis, with no detected melting peak and Tg 
at 61.60 °C, lower than the observed by others (86 °C) [19]. PP and PE melting temperatures are 
similar to those observed by [19] m) peaks are in agreement to 
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m of 146.91 J/g, compared to the observed (97 
J/g) [20]. BC sample showed an endothermic event close to 100°C, referring to the loss of water from 
the biofilm. The absence of other events suggests that the bacterial cellulose is amorphous and 
thermally stable, as no further thermic event was observed [16], [17], [21] Crystallinity indexes (XC) 
were calculated by Eq. 1, according to [22] and are expressed as a percentage value in Fig. 1 (b) for 
semicrystalline polymers. 

 (1) 

  

(a) (b) 

Figure 1 - FTIR spectra (a) and DSC analysis (b) of all samples. 

  

(a) (b) 

Figure 2 - Strawberries mass loss up to 11 days of analysis. Fig. 2 (a) shows the behavior of fruit 
conditioned in a refrigerator and Fig. 2 (b) at room temperature. 

 It is possible to observe that Control sample presented the 
highest mass loss rate during the storage, as expected, followed by BC, PVC, PE and PP. Under 
refrigeration, strawberries lasted significant longer, but mass loss were greater, considering the same 
period. This observation is related to the longer conservation of strawberries under refrigerated 
conditions combined to higher moisture loss [23] [25]. Regarding conservation method investigated, 
synthetic polymers showed significant lower mass loss when compared to BC and to Control sample. 
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Water vapor permeability of these films is lower when compared to BC, promoting lower moisture 
loss, which preserves the fruit moisture, texture and weight for longer periods [26] [29]. However, 
BC increased the durability of strawberries compared to Control sample and its high biodegradability 
should be considered in the development of several types of packaging. 

Conclusions 
The results obtained in this work allow us to conclude that the BC packaging provides greater 
conservation when compared to fruits that were exposed directly in the environment. However, when 
compared to commercial packaging, its performance is inferior, which can be justified by its greater 
absorption of water, being possible to conclude that its performance may be higher when used in dry 
food packaging. Further studies should be performed in addressing other promising applications for 
BC, such as membranes for dermal dressings in the medical field. 
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Abstract - Biolubricants are considered a potential alternative for the lubricant industry, to reduce the use of the world
reserves of fossil fuels sources and the environmental impact. This work aims to obtaining fatty amides through
transamidation of different fatty acids, stearic acid (SA), oleic acid (OA) and castor oil (CO) with diethanolamine
(DEA), to evaluate the effect of the presence/absence of unsaturation, and hydroxyl group in a carbon chain of the same
size (C18). The fatty amides were characterized by nuclear magnetic resonance (NMR), Fourier transform infrared
(FTIR), size exclusion chromatography (SEC), thermogravimetry (TGA), differential scanning calorimetry (DSC) and

higher thermal oxidative stability and higher viscosity index, characterizing the presence of unsaturation and hydroxyl
group are important for obtaining better lubricating properties.

Keywords: Biolubricant, Fatty acid, Sustainable sources, Vegetable oil.

Introduction
Lubricants has an important role in industry, for the proper functioning and prolonging the useful
life of the machinery, as it reduces the friction and wear [1]. Due to the increase in energy
consumption worldwide, increases the need to technologies focused on development of sustainable
sources to replace the use of fossil sources. Biolubricants have been studied as a proposal to
minimize the impact on the environment as well as on the dependence of fossil sources in the
industry [2-3].
There are several types of fatty acids, which can be saturated, unsaturated, polyunsaturated, with
short or long carbon chains, in addition to being able to have a higher content of hydroxyls (as is the
case of ricinoleic acid), not to mention the chemical modifications that can insert epoxide rings,
higher content of hydroxyls, organic compounds to increase the carbonic chain, variation of the
index of acidity, as well the polarity of the molecule, etc. All with the aim of promoting the
optimization of properties for a certain purpose. Vegetable oils formed by fatty acids are the raw
material usually the most used to produce biolubricants, due to the properties, such as a low pour
point, a good oxidative stability and low viscosity variation with heating, which guarantees a high
viscosity index, being important for good biolubricants [4].
Therefore, this work presented an evaluation of the application of fatty amides as potential for
biolubricant from the modification of different fatty acids with diethanolamine, one saturated fatty
acid (stearic acid), one unsaturated fatty acid (oleic acid) and a triglyceride formed by the ricinoleic
fatty acid which in addition to being unsaturated has the differential of having a hydroxyl in its
structure. With this, it will be possible to evaluate the influence of unsaturation and polar groups in
obtaining the desirable properties for a good lubricant [5].

Experimental
Transamidation of fatty acids and vegetable oil
Approximately 0.1 mol of fatty acid or vegetable oil and 0.35 mol of diethanolamine (DEA) were
added to a 250 mL round bottom flask, fixed to the magnetic stirrer at a speed of 300 rpm, for 12 h
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at a temperature of 130 ºC, Fig 1. The fatty amide was washed with a saturated sodium chloride 
solution and extracted with diethyl ether. The organic phase was dried over anhydrous sodium 
sulfate (Na2SO4), and then filtered and placed on a rotary evaporator [6]. 

 
 

Figure 1. Synthetic routes for obtaining fatty amides from fatty acids and vegetable oil. 

 
Nuclear magnetic resonance 
¹H NMR was performed to monitor changes in stearic acid, oleic acid and castor oil from the synthetic 
routes shown in Fig. 1, a Bruker 400 MHz spectrometer was used. 
Fourier transform infrared 
The spectra were obtained using the Nicolet 6700  Thermo equipment, in attenuated total reflection 
(ATR) mode with germanium crystal, and 4 cm-1 resolutions, operating in the range of 4000-500 cm-1. 
Size exclusion chromatography 
The analysis was performed to evaluate the molecular weight of the fatty amides. 
Thermogravimetry 
The thermogravimetric analysis was used to investigated the oxidative stability of the compounds by 
the initial temperature Tonset and the maximum temperature of degradation Tpeak, in an SDT Q600 
TA Instruments equipment, using an aluminum plate. 
Differential scanning calorimetry 
The analysis was carried out in an inert atmosphere, in a standard plate, in the temperature range from 
 70 to 100 °C, at a rate of 20 °C.min-1. The pour point is a very important parameter when it is 

treated to lubricants, and can be estimated by determination of the melting point by DSC (Q2000 TA 
Instruments [7]. 
Dynamic viscosity 
The dynamic viscosities were obtained from rheology analysis (ARES-G2 TA Instruments) at 40 °C 
and 100 °C and the viscosity index (VI) according ASTM D2270. 

 

Results and Discussion 
Nuclear magnetic resonance 
The 1H NMR spectra of stearic acid (SA), oleic acid (OA), castor oil (CO) and their respective fatty 
amides, from transamidations with diethanolamine (DEA), are shown in Fig. 2. Methynic hydrogen 
(a) signals corresponding to the glycerol portions of triglycerides are seen in the 5.2-5.3 ppm 
region, and 4.1-4.3 ppm methylene hydrogens (b) in the CO spectrum. These signals are not seen 
in the other spectra because they do not have the glycerol moieties attached. The signals of 
hydrogens attached to the vinyl carbons (c) of the double bond (C9 and C10) present in the spectra 
of CO, OA and their respective fatty amides, TCO and TOA are seen in the 5.5 ppm region, but are 
not seen in the spectra of SA and TSA, since SA is a saturated fatty acid. Once the reactions occur 
with the DEA, new signals at 3.4-4.0 ppm were observed related to the hydrogens attached to OH 
groups (d). 
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Figure 2. Comparison of 1H NMR spectra of fatty acids, vegetable oil and its derivatives fatty 
amides. 

Fourier transform infrared 
The FTIR spectra of stearic acid (SA), oleic acid (OA), castor oil (CO) and their respective fatty 
amides, from transamidations with diethanolamine (DEA), are shown in Fig. 3. The bands observed 
in the regions 3411 cm-1 and 1052 cm-1 refer to the stretching and deformation vibrations of the 
hydroxyl group (-OH), respectively. They come from the alcohol and the hydroxyl group present in 
the C12 of CO, because of that they are seen in all spectra, except in SA and OA. The spectra of 
SA, OA and CO have bands in the regions 1713 cm-1 and 1451 cm-1 refer to the stretching and 
deformation vibrations of the ester (-CO), at the same time the spectra of TSA, TOA and TCO have 
bands in the regions 1629 cm-1 and 1451 cm-1 refer to the stretching of amide (- C=O) and amine (-
CN-). 

 

Figure 3. Comparison of FTIR spectra of fatty acids, vegetable oil and its derivatives fatty amides. 

 
Size exclusion chromatography 
The results are presented in table 1. As expected, a higher molecular weight was observed for TCO and 
a lower molecular weight for TSA, presenting lower values in relation to their respective fatty acids and 
vegetable oil. 

Table 1. Average molecular weights and dispersity from fatty acids, vegetable oil and its 
derivatives fatty amides. 

Sample Mn (g.mol-1) Mw (g.mol-1) Ð 

TSA 358 376 1.0 
AS 341 359 1.0 
TOA 755 790 1.0 
AO 870 962 1.1 
TCO 821 844 1.0 
CO 1036 1316 1.2 
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Thermogravimetry
The first weight loss process until 150o C is due to the volatilization of the humidity and volatile
compounds followed by the chain degradation of the fatty amides. The results indicated a similar 
behavior stability of TSA and TOA, while TCO presented higher stability. The temperatures Tonset

and Tpeak are showed in table 2, the TGA and DTG curves are seen in Fig 4.

Table 2. Values of Tonset and Tpeak from the TGA and DTG curves of derivatives fatty amides.
Tonset (º C) Tpeak (º C)

Sample
First Second Third First Second Third

TSA 108 366 460 112 372 469

TOA 112 366 473 119 369 484

TCO 100 402 499 134 439 528

Figure 4. On the left TGA curves and on the right DTG curves from derivatives fatty amides.

Differential scanning calorimetry
The results presented in Fig 4 showed an endothermic peak (a melting point) about 51.7 ºC for TSA 
and three endothermic peaks about -64 ºC, - 18 ºC and 17ºC for TOA, while TCO do not show a 
melting point on the range temperature which the analysis occurred. This suggests that the TCO has 
a pour point below - 60 °C.

Figure 5. DSC second heating curves from derivatives fatty amides (20oC.min-1).
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Dynamic viscosity 
The results are summarized in table 3. TCO showed a high VI value about 514 cP, meanwhile TOA 
showed a lower VI, about 48 cP and TSA being solid at room temperature, with melting point (Tm) 
being above 70 ºC (as shown in the DSC), it was not possible to measure at 40 ºC, and at 100 ºC the 
equipment failed to measure. The higher the VI, the better the lubrication performance, which means 
greater viscosity stability in the face of temperature variations. 

 
Table 3. Dynamic viscosity and viscosity index of derivatives fatty amides. 

Sample 
Dynamic viscosity (cP) 

Viscosity Index a) 

 

 
a) Determined considering a unitary density of the products; 
b) solid at room temperature. 

 
Conclusions 

 
The viscosity index (VI), melting point and oxidative stability of castor oil fatty amide (TCO) were 
better than TSA and TOA results. Therefore, they indicate that the presence of unsaturation and 
polar groups as hydroxyl act in obtaining more desirable properties of a biolubricant. Therefore, 
TCO fatty amide is more suitable for application as a biolubricant. 
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PROPERTIES OF POLYESTER MULTIFILAMENTS

Camila G. Melo 1 , Leonardo G. de A. e Silva1, Jorge M. Rosa², Maria da C. C. Pereira¹  

1 Instituto de Pesquisas Energéticas e Nucleares, IPEN - CNEN, São Paulo, SP, Brasil 
camila.gomes.melo@hotmail.com

2 Faculdade de Tecnologia SENAI Antoine Skaf, São Paulo, SP, Brasil

Abstract The polyester fibers stand out among the fibers used in the textile industry, due to their numerous factors that 
make them attractive in terms of cost-effectiveness. The interaction of ionizing radiation with the polyester substrate 
allows the formation of reactive species capable of stimulating structural modifications of the fiber and, consequently, 
altering its properties. In this sense, the present work proposes to analyze the influence of ionizing radiation on the 
physical properties of PES multifilaments. PES multifilament samples were exposed to Cobalt-60 gamma ionizing 
radiation, with doses ranging from 50 kGy to 200 kGy. The physical properties of tensile strength and elongation were 
verified. Gamma irradiation treatment proved to be effective in increasing the elongation and strength of the PES 
multifilament.
Key words: elongation, ionizing radiation polyester, tenacity textile.
Financing: IPEN - CNEN/SP

Introduction
In the 1920s, the concept of polymer served as the basis for the subsequent development of 

numerous products of synthetic origin obtained from petroleum, such as polyester. Due to its 
diversity, it is used in numerous sectors such as automotive, civil construction, packaging, medical 
equipment, consumer products, among others [1 3]. 

In the textile sector, numerous synthetic fibers were developed, such as polyethylene 
terephthalate (PET), known in Brazil as polyester (PES), whose production rose exponentially in the 
1980s, currently making up 2/3 of the total products sold in the sector [4, 5]. The Brazilian panorama 
of consumption, in tons, of PES multifilaments in the last 5 years is shown in Fig. 1 [6]. 

Figure 1. Overview of PES consumption from the years 2016 to 2020 [6].
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In general, polymeric materials can be synthesized or adapted for numerous purposes, through 
processes such as ionizing radiation, whose interaction with polymeric materials allows changes in 
physical-chemical properties of interest to numerous areas, such as textiles. In this sense, the present 
work proposes to analyze the influence of ionizing radiation on the physical properties of PES 
multifilaments [7, 8].

Experimental
Samples of PES multifilament (192/40 Dtex) were exposed to gamma ionizing radiation 

through the Colbalt 60 Multipurpose Irradiator (IM 60 Co), located at the Centro de Tecnologia de 
Radiação (CETER-IPEN), whose analysis took place by comparing samples without treatment and 
those irradiated with doses that varied between 50 kGy and 200 kGy. The physical properties of 
tensile strength, called toughness (cN tex-1), and elongation (%) were verified using the STATIMAT 
4U equipment by Textechno, located at the 

Results and discussion
The figures below represent the observed relationships between absorbed dose and elongation 

(Fig. 2), and between absorbed dose and tenacity (Fig. 3), of PES multifilament samples.

Figure 2. Elongation of the PES multifilament as a function of the absorbed dose.

Figure 3. Tenacity of PES multifilament as a function of absorbed dose.
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The samples showed a non-linear increase in the elongation of the PES multifilaments, 
reaching a maximum of 23.94% at 100 kGy, in other words, it elongated more than 10% compared 
to the untreated sample. The yarn tenacity increased up to a dose of 130 kGy, whose maximum value 
of 38.41 cN tex-1 was obtained at 90 kGy. Thereafter, there was a drop in toughness with the lowest 
toughness observed at 200 kGy. Due to the fact that the warp threads are exposed to attrition and 
tension, resulting from the comb hitting the weft thread in in weaving, for example, the elongation 
and resistance of the thread to breakage become important characteristics for a smaller number of 
breaksof and the consequent increase in weaving efficiency.  
 This elongation behavior was also observed by Gisbert et al. [9], when analyzing the effect of 
the electron beam in 100% PES tissues, whose maximum elongation was reached at 100 kGy. In a 
study carried out in 1989, Fadel, Abdel-Zaher and El-Messiery [10] when examining the effects of 
neutron fluences on the mechanical properties of polyester, they found that the minimum value of 
tensile strength corresponded to a maximum value of elongation, but that at fluences greater than 10 
N cm2 -1 a slow decrease in both properties. 
 The mechanical properties of PES have been linked to changes in the crystallinity of the fiber, 
in which the higher the irradiation doses, the greater the degree of crystallization, resulting in the 
rearrangement of molecules and reduction of amorphous zones in the fiber [9, 11]. 
  
Conclusion 
 The cobalt-60 gamma irradiation process proved to be effective in altering the physical 
properties of elongation and tenacity of the analyzed polyester multifilament. After treatment, the 
sample increased elongation by around 12%, contributing to the increase in breaking strength and 
consequently increased efficiency in weaving machines. 
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Abstract - This study aimed to evaluate film-forming blends of alginate and xanthan containing
aqueous extracts of Jambolan (or Syzygium jambolanum L ) (EABV). In addition, thickness, moisture, 
water solubility, color, opacity, antioxidant capacity (DPPH radical scavenging) and total phenol 
concentration of the films were analyzed. The solubility of the films was not altered with theaddition 
of different extract volumes (EABV) (Table 2), although the other physical and optical characteristics 
were affected. There was a significant increase in moisture and greater opacity, with brown tones 
(lower EABV concentrations) and blue-green tones in the films with higher EABV concentrations 
(Figure 1). Films containing higher concentrations of extract showed visible color changes from pink 
to blue in different pH buffers. The EABV inserted in biofilms increased the visible light barrier 
property. Despite the increase total phenolics in  concentration and antioxidant capacity, the
increasing incorporation of EABV did not change the thickness of thefilms (Table 1). The results 
showed that EABV can be successfully added to alginate/xanthan films and can be used to obtain 
active packaging in order to evaluate product shef-life by pH variation food spoilage.
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Hydrogels (HG) have attracted attention in the scientific field due to their capacity to absorb fluids, 
particularly water, and their ability to enclose and release active substances1,2. They are a 
sustainable choice in agriculture as they can encapsulate plant-growth-promoting bacteria (PGPB), 
an eco-friendly fertilizer that fixes nitrogen, solubilize nutrients and/or produce fitohormones3. In 
this context, the present work aims to analyze the survival of bacteria encapsulated in alginate-
based hydrogels at different storage times. The sodium alginate was chemically modified using 
glycidyl methacrylate (GMA) and then crosslinked by an ultrasound-induced radicalar approach 
with N, N-dimethylacrylamide (DMAAm), and sodium acrylate to obtain the hydrogels. The HG
was dialyzed in distilled water until reaching chemical equilibrium, nd posteriorly 
autoclaved for bacteria encapsulation.
internal porous structure characteristic of such material. The autoclaved HG showed the maximum 
swelling degree in bacteria culture medium after 32 hours, reaching 113,32 g.g-1 by an anomalous 
transport mechanism. The encapsulated Azospirillum brasilense AbV5/6 survived into HG after the 
drying process and 30 days of storage, keeping around of HG, independently of the 
hydrogel shape (grainy or thin film). The bacteria-loaded hydrogels are stored at room temperature 
and without light to evaluate bacterial viability over extended periods. Our results indicate that the 
obtained material has a great potential to encapsulate and release bacteria probably due to its 3D 
polymer network and property to allow water diffusion.
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Abstract 

Bacterial cellulose membranes have been produced and used in a wide range of applications, from 
the food and pharmaceutical sector to the biomedical area. This material has a 3D structure 
composed largely of water and nanometric fibers, which are formed according to the growth of the 
bacteria used [1]. According to the chosen drying method, the structural and morphological 
properties are directly affected [2,3], as the fiber packaging can be modified in each process, and 
this aspect interferes with the application [4]. The objective of this work was to produce bacterial 
cellulose membrane through the cultivation of Gluconacetobacter hansenii in Hestrin and Schramm
standard medium, with four different drying techniques: oven (BCOD), room temperature, freezer 
and ultra-freezer combined with lyophilization) and consequently at different temperatures. The 
physical-chemical, morphological, and structural properties of the produced bacterial cellulose 
membranes were evaluated by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction 
(XRD), scanning electron microscopy (SEM), BET surface area and thermogravimetric analysis 
(TGA). The results showed that the four drying techniques affected the structure and final 
properties of BC. Although, ultra freezer drying with lyophilization (FD) showed better porosity, 
and freezer drying (RD) showed better crystallinity, oven drying (OD) resulted in films with a 
different color from the others and with good cohesion between the fibers, and at room temperature 
(ED) also showed good crystallinity with standard coloration and good cohesion between the 
polymeric fibers. Therefore, for each type of application, a drying technique can be used, as a way 
of optimizing the production process of bacterial cellulose membranes.

Keywords: Bacterial Cellulose. Drying. Temperature. Properties.
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Abstract Glycerol is a co-product of the transesterification process in biodiesel synthesis, and its 
presence in biodiesel (0.020 % w/w) is a big problem for combustion engines. The official methods 
for quantification of glycerol in biodiesel require specific, high cost and toxic reagents, opposing 
the purpose of biofuels.1,2 So, this work aimed at a simple, efficient, reagent-free, solvent-free, and 
low-cost method for free glycerol determination in biodiesel. The proposed methodology involves 
stir bar sorptive extraction (SBSE) of glycerol from biodiesel followed by high-performance liquid 
chromatography (HPLC) analysis. Sorptive stir bars were prepared with commercial cellulose 
acetate by dissolving it in dimethylformamide using octanol as a non-solvent. After the phase 
separation, octanol was removed via solvent exchange. Deacetylation of cellulose acetate monoliths 
(CAM) using a 0.25 mol/L NaOH solution yielded cellulosic monolith stir bars (CM). Optimization 
of glycerol extraction from fortified methyl oleate was achieved by the SBSE method using CM stir 
bars, considering factors such as contact time, desorption time and temperature, eluent, and stir bar 

length. The optimized conditions involved a 15-
minute contact time between a 10-mm CM stir bar
and biodiesel sample, followed by glycerol 
desorption in deionized water at 70 °C for 15 min. 
Under these conditions, HPLC analysis exhibited 
86% glycerol recovery, statistically comparable to the 
official method. In conclusion, the developed SBSE-
HPLC method using cellulose monolith sorptive stir 
bars was efficient, simple, cost-effective, and 
environmentally eco-friendly, making it suitable for 
routine analysis in biodiesel quality control 
processes.

Figure 1 Glycerol recovery (%) from methyl oleate under different desorption (a) time and (b) temperature 
using the SBSE method with cellulose monolith stir bar.
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Superabsorbent hydrogels have great technological potential due to their water retention capacity 
hundreds of times, which guarantees their application in important areas such as agriculture [1]. The 
objective of this work was the synthesis of angico gum hydrogels from purified and non-purified 
polysaccharides. Unpurified polysaccharides were used in their natural form, while purified ones 
were precipitated in ethyl alcohol [2]. Tests of water absorption capacity and toxicity against 
Artemia salina were performed [3]. Both materials showed close results for water absorption 
capacity, with values greater than 200 times their dry mass, indicating that the purification of the 
polysaccharide does not interfere with the swelling capacity of the hydrogels. Furthermore, no 
toxicity was observed against Artemia salina. The results suggest that the synthesis of angico gum 
hydrogels can be performed without the polysaccharide purification step, maintaining its desired 
properties and reducing a step in the synthesis process, thus promoting a lower process time and 
cost for larger scale applications.
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New technologies are being created to reduce the impact of synthetic packaging on the 
environment. One alternative to substitute synthetic materials is the production of biodegradable 
films that, once incorporated with additives with characteristics such as antioxidants, become active 
packaging. The present research has the purpose to evaluate the antioxidant activity (AA) of 
biodegradable films made with bovine gelatin (BG) incorporated with lipid extract from olive oil 
waste. The concentrations of the extract used were 0% control film (BG), 10% (GB10), 20% 
(BG20), and 30% (BG30). For AA, two different methods were used, ABTS radical capture and 
DPPH free radical scavenging. It was noticed that as the extract concentration increased, there was 
an increase in the AA of the films by both methods, being for GB10 (98.65% e 39.57%), BG20 
(98.92% and 46.65%) and highest AA for BG30 (98.99% and 54.43%), all of them higher than 
control films (59.36% and 38.30%), for DPPH and ABTS, respectively. The increase in the AA of 
the films is due to the high content of total phenols present in the extract, then the films with a 
higher amount of extract had higher antioxidant activity. Therefore, active films containing 
antioxidant compounds have great potential to reduce degradative processes such as lipid oxidation.
.
Keywords: additives, active packaging, sustainable packaging.
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Polysaccharide-based films (e.g., sodium alginate) are a sustainable alternative to reduce the 
environmental impacts caused by non-biodegradable materials derived from petroleum. The 
incorporation of plant extracts rich in phenolic compounds in biopolymeric films helps in the 
development of active packaging that prevents oxidation and extends the shelf-life of food products.
The aim of this study was to produce alginate films incorporated with purple onion peel (PO) and 
blue flower (BF) extracts and evaluate their antioxidant potential against ABTS and DPPH radicals. 
The extracts were obtained with 60% ethanol (v/v), with the PO in a ratio of 1:20 (g/mL) for 1 h in a 
shaker at 25 ºC, while the BF used an ultrasound at 350 W, 45 ºC and 30 min in a proportion of 1:80 
(g/mL). The filmogenic solution was obtained by mixing sodium alginate (2%), glycerol (40%), and 
distilled water at 70 ºC for 1 h. Separately, the solution was incorporated with 30% (v/v) of the PO 
and BF extracts, obtaining the films by the casting method at 40 ºC for 24 h, denominated as POF 
and BFF, respectively. A control film (CF) was obtained under the same conditions without the 
addition of extract. The films were evaluated for their content of phenolic compounds and capture of 
ABTS and DPPH radicals. The CF, POF, and BFF films showed phenolic content of 0.36, 26.19, and 
4.91 mg EAG g-1, respectively. When evaluating the antioxidant activity of functionalized films, it 
was observed that POF presented values 4.9 and 7.58 times greater than BFF for ABTS and DPPH 
radicals, respectively. Therefore, this study shows that sodium alginate films can be functionalized 
with PO and BF extracts, and the films incorporated with PO have greater bioactive potential due to 
their higher content of phenolic compounds.
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(CAPES) - Finance Code 001 and Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq). This 
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The objective of this work is to evaluate the hydrophilic property of the nanocomposite hydrogels 
(H-NC) and their effect on soil properties. H-NC were synthesized from polyacrylamide, 
carboxymethylcellulose and different concentrations of nanoclay (0, 10, and 20% w/v).1,2 The 
hydrophilic behavior and soil properties were analyzed with respect to degree of swelling (DS), 
kinetic parameters, water retention capacity (WRC) in the soil, moisture cycle, and drying. Finally, 
the effects of H-NC on values of pH of the soil solution were also analyzed. DS results in soil 
solution and distilled water demonstrate that the addition of nanoclay decreases the hydrophilicity 
of the polymer matrix in both swelling media studied. This effect was more pronounced in soil 
solution medium, reducing around 15.2, 13.0, and 10.5 g/g (in relation to distilled water medium)
for the hydrogels containing 0, 10, and 20% nanoclay, respectively. Probably, the mono, di and 
trivalent cationic ions, extracted from the soil, interacts with anionic groups present in polymeric 
chains and/or nanoclay structures reducing the elasticity of the nanocomposite chains. The kinetic 
parameters, obtained from Ritger-Peppas model, showed that the water mechanism followed 
preferentially the anomalous transport, and the water absorption increased by increasing nanoclay 
concentration. The WRC results on soil were 28.4 ± 0.4%, 47.0 ± 0.9%, 45.8 ± 0.7% and 45.6 ± 
0.6% for the control (without hydrogel), and the hydrogel composed by 0, 10, and 20% nanoclay, 
respectively. Additionally, even after four cycles of soil moisture and drying, the containers 
containing the H-NC still demonstrate excellent WRC when compared to the control. From analysis 
of pH of the soil solution, it was possible to conclude that the presence of H-NC contributes for
adjusting the pH of the medium, acting a buffer material. Therefore, it is evident that the H-NC 
synthesized in this work are promising materials to improve soil quality, with possible application 
in agriculture as a soil conditioner. 
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The search for strategies to maximize production and reduce costs is being pursued in the field of 
agriculture. Babassu mesocarp as a biodegradable polymer aims to minimize the environmental 
impact. Thus, superabsorbent hydrogels based on polysaccharides are being used as controlled soil 
and macronutrient fertilizers. The synthesis of babassu mesocarp hydrogel with and without 
phosphate was performed. The hydrogel was characterized by spectroscopy in the Infrared Region 
with Fourier transform and its capacity to swell at different pHs, its controlled release of 
macronutrients and its toxicity test against Artemia saline were studied. HMB showed characteristic 
vibration of the acrylamide monomer around 1670 cm-1, and the starch bands were masked by the 
polyacrylamide bands and the phosphate incorporated into the polymeric matrix. The swelling 
study shows that the hydrogels exhibited an expansion capacity (~ 30,000 times). The release of 
phosphate began 30 min after contact with the medium and remains constant after 24 hours in 
solution and does not demonstrate toxicity. Superabsorbent hydrogels have shown promise in
delivering macronutrients.
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Abstract - Enhanced efficiency fertilizers (EEFs) are an alternative for applying the necessary 
nutrients, attenuating losses, and promoting more sustainable agriculture. The challenge is to develop 
EEFs materials that degrade after fulfilling their function. Then, it is essential to understand how the 
biodegradation process occurs in soil and what factors influence it. We evaluate the EEFs produced 
by a double cover, i.e., a spray drying (starch-nutrients) to obtain microspheres and the melt-
processing (PVA/microspheres) in an internal mixing chamber (Haake Rheocord) followed by the 
hot-pressed to get 10 mm pastilles. The biodegradation (Bartha respirometry method for 100 days) in 
the soil of PVA/microspheres was allied to chemical (FTIR), thermal (DSC), and morphological
(SEM) characterization. After biodegradation, we observed an increase in the C=O band, ~ 1640 cm-

1 [1]. Besides, there was an increase in the Tg of all materials. Furthermore, starch-based material
showed a higher CO2 release and a mycelial coverage on the material's surface. The results indicate
that the PVA biodegradation process started and was positively influenced by the starch presence.
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Abstract - Most of the nutrients used to meet the plant's nutritional needs are lost through 
volatilization and leaching. Enhanced efficiency fertilizers (EEF) emerge as an alternative to 
improve nutrient uptake. Besides, it is important to anchor the nutrients on biobased and
biodegradable materials [2]. Cellulose nanofibrils (CNF) are a structural component of cellulose, 
are biodegradable, biocompatible with the nutrients used in EEF, have adaptable chemical surface 
and measure 10-100 nm in width. Here, we used ultrasonic defibrillated anionic (CNFANI, oxidation 
mediated by 2,2,6,6-tetramethylpiperidine1-oxyl) or cationic (CNFCAT, etherization by
2,3epoxypropyltrimethylammonium chloride) surface-modified CNF [3,4] and added equimolar
(NH4)2HPO4 to the surface charges. Finally, the CNF/(NH4)2HPO4 suspensions were spray-dried to 
obtain microspheres (Fig 1). The thermal, structural, and morphological characterizations showed 
that doubling the amount of salt in the CNFCAT microspheres affects the nutrient release 
mechanism. Furthermore, the nutrients released into water confirmed that the CNF surface charge 
influences the CNF/(NH4)2HPO4 interaction. After a week, the CNFANI and CNFCAT released 27.7 
and 74.5% of NH4

+ and 37.2 and 5.9% of PO4
3+, respectively. We conclude that after this period, 

the ions continued to interact with the surface charge of CNF, slowing the nutrient release.

Modified CNF microspheres production
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Abstract - The food industry generates large amounts of waste daily, causing environmental and 

social problems. In this context, the research aimed to utilize pectin extracted from orange peel 

albedo, a by-product of the food industry, to produce a biofilm and test its application on peeled 

Brazil nuts. The samples were selected based on size, ripeness, and intact appearance, excluding 

those with apparent damage. Pectin extraction was carried out in 10% citric acid following the 

methodology proposed by Canteri (2010) and cited by Trevisoli (2014). The biofilms were 

produced using the Casting method with water as the solvent. Four formulations (F1, F2, F3, and F4) 

were created with different concentrations of pectin (30%, 40%, 50%, and 60% dry mass) in 100 

mL of distilled water, along with 8% (w/v) glycerol, under agitation and heating at 80 °C for 2 

hours. The films were kept at room temperature for 120 hours and characterized regarding visual 

aspects, acid solubility, thickness, moisture content, density, water vapor permeability, water 

absorption, grammage, soluble solids content, pH, and mass loss. The moisture content ranged from 

12.33% to 23.67%, and water vapor permeability values ranged from 0.23 to 0.26 g/cm². 

Formulations F3 and F4 showed lower mass loss, corresponding to grammage values of 0.02 to 0.05 

g/cm². Acid content ranged from 3.63 to 4.96, while soluble solids content ranged from 1.50 to 2.40 

°Brix. The analyzed biofilms showed mass loss of less than 3% compared to the initial weight and 

dissolved completely in water. The results indicated that formulations F3 and F4, with higher pectin 

concentrations, produced thicker and less dense films with good acid solubility. The nuts with 

biofilm exhibited lower mass loss and higher soluble solids content, indicating an extended shelf 

life. The biofilms completely degraded within 15 days. The research achieved its objective, 

demonstrating the feasibility of producing and characterizing biofilms using pectin from orange 
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peel albedo. The biofilms exhibited favorable properties such as acid solubility and resistance. 

Formulations F3 and F4 stood out, showing potential for edible packaging. The application of the 

biofilm on peeled Brazil nuts resulted in reduced conversion of reserve tissues into soluble sugars, 

indicating improved food preservation. 

 
Keywords: Pectin; plasticizer; Brazil nuts, Biofilm 
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Abstract - Microbiological control methods are efficient, sustainable, non-polluting, and low-cost 
alternatives for the management of agricultural pests and diseases. However, microorganisms are 
relatively sensitive to formulation ingredients and environmental conditions during storage and field 
application, which impact upon efficiency and shelf life of products. In this context, biodegradable 
microparticles of Bacillus amyloliquefaciens BS01 were developed by the emulsion method using 
sodium alginate gelling in different concentrations (3.5 and 5% wt) and stirring rates (1000 and 
1500 rpm), focusing on particle size optimization. Fig 1 represents the methodology employed. 
Microparticles were evaluated by particle size (laser diffraction), morphology (SEM), UV 
protection, and antagonistic effect. Spherical cross-linked microparticles obtained (minimum 
diameter of 47 µm) showed high cell viability, efficient UVB radiation protection, and were 
effective in controlling the fungi Sclerotinia sclerotiorum and Rhizoctonia solani under in vitro
assay conditions. Our results support further development of the technology towards a novel 
industrial process.

Fig 1 - Methodology used and images of the encapsulated bacterial cells.
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Potassium is a nutrient of great importance for agriculture, and its availability in the soil is a 
limiting factor in plant development, but it is an easily leached nutrient due to its high solubility in 
water.

In this work, beads were developed from carboxymethylcellulose (CMC) and sodium 
alginate (SA) biopolymers aiming at application in the process of controlled release of potassium in 
the soil.

The beads were prepared through the extrusion/solidification method, with polymeric 
solutions of CMC/AS 50/50 composition, and with the addition of potassium in the forming 
solution. The solution was dropped into a calcium chloride solution (2% m/v) and the beads 
resulting from two periods of time in contact with the crosslinking solution were evaluated: 30 and 
360 minutes.

The determination of the amount of nutrient incorporated in the beads was carried out 
through a digestion process and the results indicated the incorporation of 0.208 mg and 0.211 mg of 
potassium per mg of crosslinked beads for 30 and 360 minutes, respectively.

The incorporated nutrient release process was evaluated through leaching columns, 
containing 2 kg of sandy soil, for the reference sample (potassium incorporated directly into the 
soil) and for the beads, in triplicate. The leached water was collected and the released potassium 
content was determined by flame spectrophotometry.

As a result of the leaching process, the reference sample releases approximately 92% of 
potassium in the first five leachings, while for the beads the release was 43% (crosslinked for 30 
minutes) and 37% (crosslinked for 360 minutes).

The nutrient release results showed a controlled release of potassium which prevented 
nutrient loss by leaching, while making the nutrient available for a longer time in the soil and 
making it more available to plants.

Keywords: biopolymers, beads, controlled release, soil, potassium 
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One of the biggest problems found in the process of fertilization of large areas is the loss of 
nutrients by leaching. Potassium, for example, is a nutrient of great importance for plants, and its 
availability in the soil is a limiting factor in their development, but it is an easily leached nutrient. 
To remedy this problem, the development of controlled nutrient release systems can be a viable 
alternative to control potassium release.

The main objective of this work was the development of biofilms from the polysaccharides 
carboxymethylcellulose (CMC) and sodium alginate (SA), for application in controlled potassium 
release processes.

Films were prepared by dissolving amounts of CMC/AS (50/50) at a concentration of 2% 
(w/v). Potassium (240 mg) as well as crosslinking agents (calcium or EDC (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide) were incorporated into the film-forming solution. The 
mechanical and morphological properties were evaluated, as well as water absorption and swelling 
tests.

The potassium release process was evaluated through leaching columns, containing 2 kg of 
sandy soil, for the reference sample (240 mg of potassium incorporated directly into the soil) and 
for the films, in triplicate. released potassium was determined by flame spectrophotometry.

The results showed that about 93% of the potassium incorporated directly into the soil was 
released by the fourth leaching. For the same amount of potassium initially incorporated, the cross-
linked films in solution with EDC and calcium, presented in the same period a release of 40 and 
55% of the nutrient, respectively.

The results showed that crosslinked films developed from CMC/AS showed a gradual 
release of potassium, which prevents the loss of the nutrient by leaching, while making the nutrient 
available for a longer time to the plant.

Keywords: sodium alginate, carboxymethylcellulose , controlled release, potassium, soil.
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Abstract One of the main challenges that humanity currently faces and will struggle within the 
next decades is environmental pollution, which together with climate change threatens the 
environment and quality of life on Earth in an irremediable manner. In this work, the aim is to 
investigate the use of fibroin membranes to adsorb pollutant composite material such as organic
dyes. Fibroin is a protein extracted from the silkworm cocoon that shows excellent biodegradability 
properties and adsorption capacity, and it represents a potential natural adsorbent for various 
contaminants. The fibroin porous membranes were tested and, for comparison purposes, a 
regenerated dense fibroin membrane was tested under the same conditions for adsorption. Briefly, 
the silk cocoon sericin was removed by washing the cocoons with a sodium carbonate solution 
(0.5% w/v). Following this, the fibroin was solubilized in a ternary solution of calcium chloride, 
ethanol and water (1:2:8) to form a 10% fibroin solution. For the porous membrane, the fibroin 
solution was poured into water at a ratio of 1:100 and stirred to create a foam, which was collected, 
compressed repeatedly and stored in ethanol for one day, then washed with water and freeze-dried.
For the regenerated membrane, the fibroin was dialyzed for three days to remove salt, poured in 
petri dishes and dried at room temperature. Then, the membranes were immersed in ethanol and 
dried again. For the adsorption tests, methylene blue, crystal violet and methyl orange were used as 
model dyes. Approximately 1.5 mL of dye solution at different dye concentrations was placed in 
contact with the membranes. For low concentrations of dye, adsorption was above 90% at pH near 
to neutral. The fibroin membranes, therefore are an interesting alternative in what concerns the 
adsorption of dyes and considering the adsorbent's biodegradability.
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CINNAMON ESSENTIAL OIL BASED FILM FOR EDIBLE COATING
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Abstract In recent years, the use of edible coatings to preserve the quality and reduce the spoilage
of fruits during the post-harvest period has increased because they can minimize water loss, control 
the internal gas atmosphere, and decrease fruit respiration rate. Polysaccharides such as starch and 
xanthan gum may be used as coating materials. Nanoemulsions have been employed to improve the 
properties of coatings. The objective of this study was to develop an edible coating based on starch 
with addition of cinnamon oil nanoemulsion to coat fruits and enhance their shelf life. Three 
formulations were tested. A 2% (w/v) starch coating solution was prepared by dissolving starch in 
distilled water with 20% glycerol (w/starch dry weight). Another solution was prepared as described 
previously, adding 0,1% of xanthan gum to its composition. In the last formulation, 1% (v/v) of 
cinnamon oil nanoemulsion was added to the starch xanthan gum solution. The nanoemulsion was 
produced by adding cinnamon essential oil and Tween 80 to distilled water. The nanoemulsion was 
characterized for its mean particle size. All formulations were characterized for their film surface 
morphology using scanning electron microscopy (SEM), thermogravimetric analysis and FTIR 
spectroscopy. Strawberries were coated with a starch xanthan gum solution and a starch xanthan 
gum nanoemulsion solution. Nanoemulsions with particle sizes below 200 nanometers were 
obtained and successfully incorporated into the polymeric films. The film composed of starch and 
xanthan gum were exhibited a homogeneous surface morphology as the starch film. However, the 
film with the nanoemulsion showed a distinct microstructure surface. Strawberries covered with the 
solution containing the cinnamon nanoemulsion showed the lowest mass loss. It was possible to 
develop a formulation for a polymeric film using only biodegradable compounds. Moreover, the 
development of these films has proven viable alternative for producing edible coatings for fruits.
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SULFONATED POLYACRYLAMIDE BY SEC-UV
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Polyacrylamides (PAM) are widely used in the petroleum industry as rheological modifiers. Its 
quantification in production water (PW) is important for optimizing the process and for controlling 
wastewater disposal.1 Its quantification via size exclusion chromatography with UV Vis detection 
(SEC-UV) can eliminate interfering substances from a complex matrix and provides a low detection 
limit. However, the hydrolysis of PAM under reservoir conditions can affect the quantification of
the polymer in PW.2 The conversion of the amide the functional group to carboxylate could affect 
the UV-Vis detection and/or the hydrodynamic volume of the polymer. Sulfonated polyacrylamide
(PAM-AMPS) is used to increase resistance to hydrolysis and allow its application at high 
temperatures, despite literature reports that hydrolysis still occurs in reservoir conditions3. 
Therefore, the aim of this work was to evaluate the possible effects of PAM-AMPS hydrolysis on 
the chromatographic behavior of this polymer, and the implications for its quantification in 
produced water. For that, sulfonated polyacrylamide was submitted to alkaline hydrolysis in 
different conditions and afforded polymers with different hydrolysis degree (HD). The resulting 
partially hydrolyzed sulfonated polyacrylamides were analyzed through 13C NMR, FTIR, and back-
titration, and HD ranging from 7 to 30% were observed, with the three employed techniques
providing statistically equivalent HD values. The hydrodynamic properties of the hydrolyzed 
polymers were studied by DLS, and the results were correlated with the analytical responses
obtained by UV- Vis and SEC-UV. The results showed that polymer hydrolysis affects its UV-Vis 
absorption as well as its quantification by SEC-UV, with errors of up to 30%. These findings were
atribuited to (i) the exchange of the chromophore, which leads to changes in the absorptivity of the 
polymer, and (ii) the enhance in the ionophilicity that alters polymer conformation and 
consequently, the environment experienced by the absorbing chromophores.
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Abstract Demand for cleaner and more renewable energies than fossil fuels, robust and efficient 
energy storage systems are needed, capable of storing energy produced in excess and distributing it 
when production falls below of demand. To meet this demand, existing battery technologies are 
insufficient and it is necessary to develop energy accumulators that accept charge and discharge 
surges and at the same time have a high storage capacity. In this context, supercapacitors, 
particularly those based on a pseudocapacitive effect, have stood out in the scientific community as 
promising alternatives. The current work presents the results of the electrochemical 
performance of polyaniline coated carbon fiber electrodes. The surfaces of the carbon fiber 
samples were functionalized by plasma generated in a cathode cage, with the intent of 
creating covalent bonds between the active electrode and the current collector, with the 
objective of improving electrochemical performance. A new methodology for the deposition 
of polyaniline films over carbon fiber was developed, consisting of the previous deposition 
of a thin layer of aniline over the fibers, through physical vapor deposition, followed by 
plasma functionalization and, finally, the growth of polyaniline films through the 
electrodeposition process. The chemical, physical and electrochemical properties of the 
polyaniline electrodeposited over the fibers were evaluated. It was observed a significant 
improvement in the electrochemical performance of the electrodes obtained through the 
methodology developed in this work, that is, with previous deposition of a thin film of 
aniline and functionalization in pulsed plasma (100 kHz) of N2/Ar, generated in a cathode 
cage, that resulted in an increase of about 40% in the peak current of the oxidation process 
of the polyaniline in relation to the control sample.This result came together with an 
increase of the electric double layer capacitance of these electrodes and of an increase in the 
mass of dopant absorbed. The results obtained qualify the methodology developed in this 
work for the deposition of polyaniline films over carbon fibers and, consequently, for the 
application of these electrodes as electric double layer capacitors with pseudocapacitive 
effect.
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The oxypropylation of biomasses, which consists of the polymerization of poly(propylene oxide) 
chains from OH groups of lignocellulosic materials, has been employed as a strategy for the synthesis 
of new polyols for the polyurethane industry [1]. In the present work, cellulose nanofibrils (CNFs) 
obtained from the defibrillation of cellulose fibers previously functionalized via oxypropylation 
reaction in the molar ratio [OHcellulose]/[Propylene Oxide] equal to 1:0.3[2] and named CNFs103 
were used. Through the acetylation reaction with 14% v/v acetic anhydride solution in the presence 
of pyridine, followed by titration with 2 mol.L-1 NaOH solution and Thermogravimetry (TGA) 
obtained the hydroxyl index (IOH) and moisture content of the sample equal to 780 mg KOH g-1 and 
4%, respectively. A polyol blend of 2,5g of this sample with 97,5 g of castor oil-derived biopolyol 
411 (IOH 311 mg KOH g-1 )[3] was employed in the synthesis of polyurethane foam from 4,4-
diphenylmethane diisocyanate polymer (MDIp), H2O as expander, surfactant Tegostab, N, N 
Dimethylcyclohexylamine and triethylamine as catalysts. The same formulation was used to elaborate 
a foam containing 100% of the commercial biopolyol that presented density of 27.76 g cm-3, while 
the samples containing the polyol blend presented density of 28.70 g cm-3. Analyses using Fourier 
transform infrared spectroscopy (FTIR), compression tests, scanning electron microscopy are 
underway to evaluate the effect of CNFs103 sample on the structural, morphological and strength 
properties of polyurethane foam.
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Abstract - Excessive fertilization stands as a significant contributor to ecological predicaments in 
the realm of agriculture. A prospective solution to address this issue lies in the application of 
controlled release fertilizer (CRF) [1,2]. Regrettably, the majority of instances involving CRFS 
necessitate the inclusion of solvents during their manufacturing process [3]. Within this framework, 
the objective of the work was to produce filaments for 3D printing consisting of PLA, urea and 
potassium rock powder for application in agricultural artifacts with controlled fertilizer release 
system via extrusion and without using solvents. The filaments were manufactured by extrusion 
varying the urea concentration (5 and 10 % m/m), mineral filler (0 and 10 % m/m) and processing 
temperatures (130 to 190 °C). The filaments were investigated by TGA, SEM, FTIR, and nutrient 
release test in distilled water. The results indicated that the addition of rock powder helped trap urea 
in the CRFS during the extrusion step, making the release of the nitrogen fertilizer more efficient 
when compared to the material without mineral filler, resulting in a filament with better printability. 
It was possible to produce printable filaments from a solution of PLA, urea and mineral filler, with 
release of nitrogen fertilizer (1.6 to 70.9 mg/L of urea in distilled water) during the evaluated period 
of 30 days. Finally, the materials produced proved to be a promising and environmentally friendly 
alternative for use in agricultural artifacts with nutrient release control.

References (Times New Roman 10, bold) Follow the examples in Times New Roman 10, single space line, justified 
paragraph, 1 column.

1. P. Vejan et al., Journal of Controlled Release 2021, 339, 0168-3659, https://doi.org/10.1016/j.jconrel.2021.10.003.
2. Y. Li. Et al., Progress in Organic Coatings, 2018, 119, 0300-9440, https://doi.org/10.1016/j.porgcoat.2018.02.013.
3. K. Lubkowski et al., J. Agric. Food Chem., 2015, 63, 2597. https://doi.org/10.1021/acs.jafc.5b00518

Fundings: This study was financed in part by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior -
Brasil (CAPES) - Finance Code 001.

Keywords: 3D printing, biopolymers, controlled-release, agriculture, rock powder.

2036



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

NANOCOMPOSITE HYDROGELS OF CASHEW TREE GUM WITH 
LAPONITE TO CONTROL WATER RELEASE

Jhaemely G. V. Silva1*, Albert S. Silva1, Josy A. Osajima1, Edvani C. Muniz1, Edson C. Silva-Filho1, Francisco E. 
P. Santos1

1 Federal University of Piauí (UFPI), Piauí, PI, Brazil
jhaemely_silva@ufpi.edu.br

Abstract The use of superabsorbent hydrogels in agricultural applications contributes to sustainable 
development because they can function as soil conditioners, storing larger volumes of water and 
reducing irrigation waste through the control of water release [1]. To investigate the swelling capacity 
and rheological properties of the hydrogels, superabsorbent nanocomposite hydrogels based on 
polyacrylamide, laponite, and cashew tree gum were synthesized using polymerization reaction. The 
results demonstrate normal modes that confirm the formation of hydrogels by FTIR and the presence 
of laponite in the nanocomposites' crystalline network by XRD. Based on rheological experiments, 
the presence of laponite in the hydrogels increased the material's resistance. With the swelling test, it 
was determined that an increase in pH from 4 to 7 favored the swelling of the hydrogels; however, 
the swelling capacity decreases with an increase in the amount of laponite because the addition of an 
inorganic load to the hydrogel matrix increases the density of crosslinking, resulting in a decrease in 
water absorption [2]. In the toxicity test, it was feasible to confirm that Artemia salina nauplii 
mortality was low in both nanocomposite hydrogels, and that the materials containing the highest 
concentration of cashew tree gum did not exhibit mortality in the bioassay. The results suggest that 
superabsorbent nanocomposite hydrogels with a higher cashew tree gum concentration and laponite 
addition are suitable for agricultural production.
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Abstract -. In this study, PEBAX/ZIF-67 mixed matrix membranes (MMMs) were fabricated to 
investigate their permeability and selectivity properties for gas separation applications. PEBAX, a 
commercially available copolymer, served as the continuous phase in the MMMs. ZIF-67 (zeolitic 
imidazolate frameworks) was synthesized in methanol using the solvothermal method with different 
concentrations of nanoparticles (1%, 3%, and 5%), followed by drying at varying temperatures to 
evaluate its impact on membrane performance. The nanoparticles were characterized by SEM, 
WAXD, and BET. The MMMs were produced in two steps, starting with dissolving PEBAX in an 
ethanol/water solution (70/30) followed by adding the different concentrations of ZIF-67 that were 
already dispersed in a solution by ultrasonic bath. The solution was then poured into petri dishes 
and dried in a vacuum oven at 40 °C for 48 hours to completely evaporate the solvent. Permeation 
tests were conducted at 10 and 15 bar for single gases (N2 and CO2) in a constant pressure cell with 
variable volume at 35 °C. SEM images revealed ZIF-67 particles with an approximate diameter of 
200 nm, while WAXD results exhibited characteristic peaks corresponding to the SOD (sodalite)
structure of ZIF-67. For neat PEBAX, CO2 permeability increased with pressure, while N2

permeability remained constant. The ideal CO2/N2 selectivity also rose with pressure, reaching 67 
(CO2 permeability = 132 ± 3.5 Barrer) at 15 bar. The effect of ZIF-67 particles varied with pressure 
and composition. At 10 bar, CO2/N2 selectivity decreased for all compositions compared to neat 
PEBAX. However, at 15 bar, the membrane with 1 wt% ZIF-67 exhibited higher selectivity than 
neat PEBAX, surpassing Robeson's upper bound for MMMs.
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Hydrogels are polymeric materials formed by the reaction of one or more types of monomers and 
have a molecular chain formed by physical or chemical crosslinks [1]. Despite the environmental 
appeal around the accumulation of polymeric materials in the environment, it is necessary to 
consider that degradation is only sometimes the result desired by industries because, depending on 
how polymer-based parts are used, these reactions may bring financial losses [2]. Studying 
photostability is important to understand how angico hydrogel behaves against UV light before use 
in environmental conditions. Thus, this study aimed to investigate the photostability of angico 
hydrogel against ultraviolet (UV) radiation for agricultural applications. Angico hydrogels were 
synthesized via crosslinking and characterized by viscometry. The photostability study was carried 
out in an irradiation box with temperature control, and samples were taken at predetermined times 
for up to 2 hours. The hydrogels were placed in a reactor to irradiate all sides equally. The source 
light was a 125 W mixed mercury vapor lamp without a bulb, and the UV radiation intensity was 
5.6 mW/m². The analysis was in triplicate. Through the test, an increase in viscosity was observed 
as a function of the time of exposure to light due to the formation of species with higher molar 
mass. In conclusion, exposing the hydrogel to UV radiation promoted crosslinking reactions, thus 
increasing its viscosity.
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Abstract - The demand for sustainability in agriculture motivates the development of products to
replace the use of chemical insecticides such as the use of pheromones in encapsulated formulations 
with controllable release to interrupt the reproductive cycle of pests. Soybean leaves have a 
hydrophobic character and crop protection agents (CPA) must be able to adhere to leaves surfaces
to be efficient1. In this context, a physicochemical study of the CPA product Pherogen®, a 
formulation of encapsulated pheromone in polymeric microcapsules developed by the company 
Provivi, was conducted aiming optimization of its performance in soybean plantations. Pherogen® 
was first characterized by Scanning Electron Microscopy which showed different adhesion 
behaviors of the microcapsules depending on the substrate. The contact angle (CA) of green and dry 
leaves was measured to determine the wettability of the substrates by the product and calculate the 
work of adhesion. Three liquids of different polarities were used to measure CA to further 
characterize surface free energy on soy leaves2. The physicochemical study revealed that 
Pherogen® has better adhesion on dry leaves and matured green leaves from reproductive stages, 
due to hydrophilic characteristics. Currently, volatiles released from the Pherogen® application are 
being characterized and submitted to a kinetic study. This investigation will provide details about 
key chemical features involved in the application of the product on soybean crops and is important 
to improve the efficiency of Pherogen® and optimize its use economically.

References:

1. H. Kang; P.M. Graybill; S. Fleetwood; J.B. Boreyko; S. Jung PLoS one 2018, 13, e0202900.
https://doi.org/10.1371/journal.pone.0207425.

2. C.E.P. da Silva; M.A.S. de Oliveira, F.F. Simas, I.C. Riegel-Vidotti Food Hydrocolloids 2020, 100, 105394.
https://doi.org/10.1016/j.foodhyd.2019.105394.

Fundings: Fundação de Estudos e Pesquisas Agrícolas e Florestais (FEPAF) and Provivi.

Keywords: Crop protection agents, pheromones, polymeric microcapsules, soybean, wettability.

2041



Proceedings of the 17th Brazilian Polymer Conference (17° CBPol), October 29-November 02, 2023, Joinville-SC, Brazil

POLYANILINE COATING ON COPPER AND ITS CORROSION 
PROTECTION IN ACID MEDIUM

Pedro José de Souza Medeiros1* and Carla Dalmolin1

1 Department of Chemistry, Santa Catarina State University (UDESC), Joinville, SC, Brazil
pedro.medeiros@edu.udesc.br

Abstract - Copper (Cu) is widely used in industrial applications such as process equipment, and 
electrical and electronic devices. Apart from high electrical and thermal conductivity and excellent 
formability, Cu also exhibits good corrosion resistance; however, it corrodes in variety of 
aggressive environments. Copper protection against corrosion is usually carried out by an inhibitor, 
using organic compounds mainly benzotriazoles and aminotriazole as well as its derivatives. Apart 
from the good protective properties of inhibitors in various corrosive environments, they are quite 
toxic; hence, application of conducting polymers could be considered as a possible environmental-
friendly procedure in corrosion protection of Cu. In this work, polyaniline (Pani) coating on Cu was 
studied in order to verify its corrosion resistance and electrochemical properties for a conducting 
cable. Pani was obtained by interfacial polymerization in its acid form, emeraldine salt. For 
dissolution in n-methyl-pyrrolidone (NMP), the powder were treated in alkaline (ammonia) medium 

1.0 mol/L for 30 min, to form the emeraldine base. A solution of Pani in its alkaline form 
(emeraldine base) in NMP 0,03 mg/mL was used for deposition on the Cu surface by drop 
casting. Coated cables were dried at 60 °C for 24h and then stored at room temperature, protected 
from light. Electrochemical characterization was performed using a 3-electrode cell, where Cu/Pani 
cables were the working electrodes, Ag/AgCl was used as reference electrode and Pt as counter-
electrode. In cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were 
made in acid medium, HCl 0.1 mol/L. CV showed the electrochemical profile expected for Pani and 
EIS showed an improvement on the corrosion resistance of Cu, verified by the increase in the 
charge transfer resistance of the electrode.
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Abstract N-nitrosodimethylamine (NDMA) is a carcinogenic subproduct spontaneously formed 
in some drugs, such as ranitidine and valsartan.1 The small amount of NDMA formed in the 
presence of several other molecules in the drug requires specific methods for its isolation and 
subsequent determination in these drugs.2 This study proposes the development of a monolithic 
organic polymeric device with the NDMA molecularly imprinted for the selective extraction of 
NDMA from different commercial drugs, with subsequent determination by high-performance 
liquid chromatography (HPLC). For this, the in situ polymerization of trimethylolpropane 
triacrylate (TMPTA), methacrylic acid (MAA), and ethylene glycol dimethacrylate (EDMA) was 
used with 2,2-azobisisobutyronitrile (AIBN) as a radical initiator and different porogenic solvents 
for the formation of a polymeric monolith organic inside a micropipette tip.3 Different 
concentrations of NDMA were evaluated as a template for the molecularly imprinted polymer 
monolith. The best conditions for the preparation of a highly porous monolith of poly(TMPTA-co-
EDMA-co-MAA) molecularly imprinted with NDMA were obtained at 60 °C for 20 h, using 
isopropanol and polyethyleneglycol-1000 as porogenic solvents and the ratio 
TMPTA:MAA:EDMA:porogen 4:2:14:80, w/w/w/w. Poly(TMPTA-co-EDMA-co-MAA) 
monoliths were morphologically and structurally characterized. The monoliths showed 65.8 % of 
total porosity, with a BET-specific surface area of 81.4 m2/g and a total pore volume of 0.24 cm3/g. 
In the infrared spectra of poly(TMPTA-co-EDMA-co-MAA), the disappearance of the signal at 
1630 cm-1, attributed to the stretching of the C=C bond of the monomers, and the signal broadening 
from 1000 to 1550 cm-1 were observed. NDMA molecularly imprinted was obtained from a 
0.5mmol/L of NDMA solution. The extraction of NDMA from drugs is in the study, using the 
disposable pipette extraction method with NDMA molecularly imprinted poly(TMPTA-co-EDMA-
co-MAA).
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Abstract - The wood industry has been one of the main demotivators for the production of 
wood panels, mainly due to the use of carcinogenic resins in these panels, which will be 
recurrent for a little over 70 years [1,2]. Based on this situation, and with the intention of 
producing a wood-polymer composite panel, this study seeks to obtain a particleboard 
composite from eucalyptus waste using vulcanized natural rubber (VNR) as a binding agent.
Panels were produced using 100 phr of natural rubber (NR) as reference material and two 
different concentrations of eucalyptus residue, 100 phr and 200 phr (Table 1). To obtain the 
first conductive polymeric nanocomposites, the mass of all the starting materials was 
measured, including natural rubber (NR), stearic acid and zinc oxide. Subsequently, the 
breakdown of the NR molecules is carried out through a cylinder mixer. After this process, 
stearic acid and zinc oxide are added, after this process, a minimum of 4 hours is waited in 
order to enhance the activation process. After the stipulated time, the mixture is returned to 
the mixer, the MBTS, TMTD and sulfur are weighed on the scale and mixed into the 
mixture. Subsequently, the samples were assigned to the rheometric test to determine the 
optimal curing time. Finally, they are placed in a hydraulic press heated to a temperature of 
150°C. SEM analysis indicated that the eucalyptus particles are homogeneously distributed 
and that the VNR coated these particles, demonstrating good interaction between the phases.
In order to evaluate the influence of VNR as a binder in particleboard composites, 
mechanical tests in tensile and compression modes were conducted. According to the 
results, as eucalyptus residue concentration was increased, the material became stiffer due to 
a decrease in stress at rupture and an increase in strain at rupture. According to the TG/DTG 
analysis, the particleboard composites presented the characteristic thermal decomposition 
events of VNR, as well as degradation of the cellulose that forms the eucalyptus particles. 
Both particleboard samples present good stability thermal. Due to this, the samples have 
excellent potential for use in the civil and construction industries.
Keywords: Vulcanized natural rubber; Eucalyptus; Composite; Wood, Plastic.

Table 1 Quantity of materials for the production of panels
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Components VNR Panel-1 Panel-2
Vulcanized Natural Rubber (VNR) 100.00 100.00 100.00 

Zinc oxide 4.00 4.00 4.00 
Stearic acid 2.00 2.00 2.00 

Sulfur 1.50 1.50 1.50 
Dibenzothiazol disulfide (MBTS) 1.00 1.00 1.00 

Tetramethylthiuram disulfide (TMTD) 0.50 0.50 0.50 
Eucalyptus 0 100 200 
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Abstract - Organomineral fertilizers are produced by incorporating mineral fertilizers into 
lignocellulosic-based residues, offering an alternative to improve the quality and productivity of 
agricultural inputs. Understanding the interactions within the components of the granulated 
organomineral fertilizer is crucial to contribute to its efficacy. The objective of this study was to 
evaluate the thermal stability of a lignocellulosic residue-based granulated organomineral fertilizer 
(GOF) through thermogravimetric analysis (TGA). The decomposition curves of the ammonium 
monophosphate (MAP), lignocellulosic residues, and GOF were compared. The results from Fig. 1 
revealed that the decomposition of MAP occurs in three distinct stages. In the first event, MAP 
decomposes into ammonia, phosphoric acid, and water, with a mass loss of 9.8% at an onset 
temperature of 189 °C. Subsequently, a second decomposition event related to the release of water 
and pyrophosphoric acid takes place. With increasing temperature, a third decomposition reaction 
occurs, where pyrophosphoric acid decomposes into water and phosphorus pentoxide, resulting in a
total mass loss of 63.5%. For the GOF, a similar decomposition pattern was observed, with the first 
stage involving the release of a greater amount of volatile substances, such as water, that come from 
the lignocellulosic-based residues. The second decomposition event, starting at a temperature of 
178 °C, corresponds to the degradation of ammonia and ammonium monophosphate, similar to the 
MAP curve. The total mass loss was 33.2%. GOF exhibited higher thermal stability than the 

lignocellulosic-based residues, demonstrating an increase 
of approximately 30 °C in the second decomposition stage. 
Additionally, the presence of the lignocellulosic base in the 
GOF prevented its complete decomposition, increasing its 
thermal stability, but did not prevent the initial 
decomposition of the ammonium phosphate. These 
characteristics can contribute to the efficacy of GOF in 
providing nutrients to plants over long periods.

Figure 1 Thermogravimetric curves for the lignocellulose base, GOF, and MAP.
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Abstract
Water-retention hydrogels based on synthetic polymers, such as polyacrylate and 
polyacrylamide, show advantages related to their high-water absorption capacity (300 500 
g/g in water).1 However, the effectiveness of them is hampered, among others, by their non-
degradability. Combining superabsorbent synthetic polymers with polysaccharides such as 
sodium alginate (Alg) can balance water absorption and retention properties and 
biodegradability.2 Superabsorbent hydrogels based on alginate-graft-polyacrylamide (Alg-g-
PAm), alginate-graft-potassium polyacrylate (Alg-g-PAc) and alginate-graft-
poly(acrylamide-co-potassium acrylate) (Alg-g-PAc-co-Am) were prepared by free-radical 
copolymerization in aqueous media, using N,N-methylene-bisacrylamide as crosslinker and 
potassium persulfate as initiator. Divalent ions were also incorporated into the formulation 
to result in the hydrogel formation. The effect of type of synthetic polymer: polyacrylate, 
polyacrylamide and poly(acrylate-co-acrylamide) grafted onto sodium alginate backbones on 
the hydration properties and biodegradability of hydrogels prepared with a weight ratio of 
4:1, Alg: synthetic monomer was investigated. Fourier transform infrared spectroscopy 
revealed that the synthetic monomer was grafted onto Alg. Surface morphology of the 
hydrogels was assessed by scanning electron microscopy (SEM). The swelling capacity 
ranged from 60 to 400 g/g in tap water and depended on the synthetic monomer grafted. 
Biodegradation studies of the hydrogels were carried out by soil burial test, and weight loss 
was observed above 60% in 30 days. Different degradation stages were also evaluated using 
SEM. In conclusion, the superabsorbent hydrogels exhibited high water retention capacity 
and biodegradability, making them efficient water-saving materials for agricultural
applications.
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Abstract: Hydrogels are polymeric materials that can be obtained from natural 
polymers, such as cashew tree gum (CG). CG is a natural exudate obtained from the 
Anacardium occidentale L., which is widely found in the northeast region of Brazil and, 
due to its biocompatible, low cost and handling, has been widely studied [1,3]. Ceramic 
materials such as hydroxyapatite, a calcium phosphate, can be added to CG hydrogels, 
whose surface can be modified with silane agents that allow the formation of more 
efficient materials [2]. The objective of this work was the synthesis and characterization 
of cashew tree gum hydrogels containing phosphates modified with the silane agent 3-
aminopropyltriethoxysilane (APTES). The materials were characterized by X-ray 
diffraction and FTIR, and the ecotoxicity test against Artemia saline was performed. 
The characterizations confirmed the formation of hydrogels. The ecotoxicity test of 
these materials against Artemia salina was performed at different concentrations and, at 
the end of the test, the amount of live nauplii was greater than 70%, indicating that the 
hydrogels did not present toxicity at the concentrations studied. 
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Abstract - The Campos Basin is one of the major oil-producing regions in Brazil and has several 
pre-salt fields. These reservoirs are located beneath layers of salt and are considered extremely
challenging but highly promising for oil exploration and production. During offshore exploration 
activities in ultra-deepwater and other harsh environments, scale formation is a significant issue 
encountered in the upstream oil and gas industry. In this work, the field water chosen for study has a 
scaling tendency for both the most common inorganic scales in the oil and gas industry, deposition 
of CaCO3 (calcite) and BaSO4 (barite). However, this problem can be effectively addressed through 
the injection of scale inhibitors. We herein reported the synthesis and characterization of a series of 
anionic molecules with dendritic structures. These structures were synthesized through the aza-
Michael reaction using ethylenediamine as a starting material. The investigation of the reaction 
involved different approaches, including conventional thermal heating and microwave irradiation.
The application of microwave irradiation significantly speeds up the process, enhancing the 
synthetic utility of this methodology for the preparation of these types of derivatives. The formation
of dendritic structures was confirmed by 1H NMR. Furthermore, the influence of the anionic 
functional group (phosphonic, carboxylic and sulfonic) on both the efficiency of scale inhibition 
and the brine compatibility was investigated and compared with the commercially available 
ethylenediamine tetramethylene phosphonic acid (EDTMP) using standard bottle test. Commercial
EDTMP proved to be the most effective inhibitor for barite scale, but it exhibited limited 
compatibility with brine solutions. In contrast, although all synthesized scale inhibitors showed 
better brine compatibility compared with EDTMP, they failed to effectively inhibit barite at a 
dosage of 2.5 ppm of active acid. This inefficiency persisted even when combining carboxylic and 
sulfonic dendritic molecules physically or utilizing a molecule containing both functional groups.
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Abstract - Hydrogels (hydro-retaining polymers) are being explored as viable options for 
processing and releasing macronutrients in agriculture. However, commercial hydrogels are entirely 
composed of synthetic materials derived from petroleum [1]. Hydrogels produced from natural 
materials emerge as an alternative to resolve this problem [2,3]. This research aimed to synthesize 
superabsorbent hydrogels from cassava gum and polyacrylamide for macronutrient release. The 
material was characterized by X-ray Diffraction (XRD) and Scanning Electron Microscopy (SEM). 
The characterizations confirmed the formation of the hydrogel and the presence of phosphate in its 
matrix. The hydrogel was studied for its capacity of controlled release of macronutrients and its 
toxicity test against Artemia saline. After 30 minutes of contact with the medium, the hydrogels 
began to release phosphate, maintaining a constant rate after 24 hours in solution. Furthermore, no 
toxicity of the hydrogels was observed. The synthesis of hydrogels with phosphate incorporation 
into the polymer matrix occurred satisfactorily, resulting in a promising material for the controlled 
release of macronutrients.
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Abstract - Sulfur (S) is a vital nutrient for plant growth, often managed with elemental sulfur (S8) 
application as a pellet or as a matrix to carry other essential fertilizers. Despite its advantage as an 
abundant low-cost residue, S8 tends to form brittle and non-uniform matrices, and its difficult 
processability is a challenge.1 Moreover, since plants can only absorb sulfate, the recovery of S8-S 
by crops depends on its biological oxidation in soil, which is significantly slow and limiting to the 
fertilizer efficiency.2,3 Polysulfides (PolyS) are easily processible and versatile S-rich materials
obtained with the inverse vulcanization of S8.4 This sustainable one-pot method is based on the 
stabilization of polymeric S-chains with small amounts of alkenes, without solvent use and
byproduct formation.5 Herein, PolyS was studied as a multifunctional matrix for the fine dispersion 
of phosphorus (P) in controlled-release fertilizer (CRF) composites. Solubility control of P 
fertilizers is important to minimize losses and environmental impacts. At the same time, matrix 
systems can also favor the dissolution of sources with low solubility like phosphate rocks. PolyS 
has an agronomic role as a S fertilizer, with superior oxidation to sulfate than S8. Thus, it is an ideal 
substitute to conventional polymeric or S8-based CRF matrices. Results showed that PolyS
oxidation favored P solubilization with its local acidity, while the polymeric barrier avoided a fast P 
release. Moreover, soybean cultivation with the composites reached increased plant biomass and S 
use efficiency than with a commercial reference. Overall, the PolyS proved to be an interesting CRF 
matrix for a more sustainable and efficient S and P delivery to plants.
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Abstract - In Brazil, there is a lack of interaction between engineering and exact sciences courses 
with high school education, which has led to a lack of interest among secondary school students in 
careers such as Engineering. To address this issue, actions that stimulate abstract reasoning and 
increase exposure to fundamental subjects like mathematics, physics, and chemistry are needed. 
This work presents the results of junior scientific initiation activities carried out by a high school 
student. The proposal was to incorporate research in the field of recycling into the students' daily 
activities, aiming to develop critical thinking and analytical skills. After selecting two students from 
public schools located in different regions of Rio de Janeiro, the composites were processed in the 
polymer processing laboratory at UERJZO. The developed composites were made from waste 
materials such as coconut fiber, sisal, and corn cob. This stage of the project sparked great interest 
among the students, fueling their scientific curiosity and analytical approach. The mechanical 
properties of tensile strength, density, hardness, impact, and Vicat were evaluated. For the students, 
it was a unique opportunity, and the actions were disseminated in their schools. The second stage of 
the project involves the development of selective collection actions in schools.
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Abstract - Brazil was one of the country most affected for the COVID-19 pandemic and faced one 
of the worst public health crises in its history in the period of 2020 to 2021. The crisis raised 
concerns primarily about the cross-contamination risks associated with waste management. The 
waste pickers, who are still very vulnerable in the Brazilian reality, were directly impacted by social 
isolation at the beginning of the pandemic. This work addressed the impact of the peak period of the 
pandemic on waste pickers organized in three cooperatives located in different municipalities in the 
State of São Paulo. The gravimetric data and the invoicing of each cooperative were evaluated, 
more specifically in terms of plastic materials, since these are one of the most important materials 
for the income generation of the cooperatives. The achievements arising from opportunities in the 
face of a shortage of raw materials around the world, with emphasis on polymer materials, were 
also highlighted.
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Abstract - The polymer sector is versatile and capable of serving several applications, including the 
structuring of systems containing other types of molecules, including peptides [1,2]. In order to 
understanding the technological development of the sector of polymers associated with peptides, an 
evaluation was made in the search system of the European Patent Office (EPO), which lists more 
than 140 million patent documents from different countries as a sampling strategy. what are the 
main industries related t peptide
p [3] platform and was conducted for evaluation in the entire 

scope of the platform defined as a global evaluation and also specifically in Brazil until the year 
2022, including the main sectors related to the International Patent Classification (IPC) [3]. The 
results show that considering all patents involving peptides, 38% are related to Polymers, reaching a 
total of about 227 thousand different patent families, of which 140.5 thousand (62%) are protected 
under the patent cooperation treaty (PCT), in an accumulated of around 880 thousand publications. 
The main countries are: United States (16 %), European Patent Office (12%), Japan (10%), China 
(9%) and Canada (8%). Brazil appears in 8th position with 3% with 26.8 thousand publications. 
Research data indicate that 56% of the documents meet human needs; 39%, Chemistry and 
metallurgy; 5% related to physics and less than 1% related to the performing operations sector; 
transporting. The results demonstrate the great technological interest in the association of polymeric 
materials with peptides and point out that this is a technological development market with a great 
perspective of internationalization, especially in the area of classification A61 - human necessities -
health; life-saving; amusement medical or veterinary science; hygiene. The work points out that the 
association has great potential for the internationalization of the technologies developed.
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