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Resumo

A pesquisa e desenvolvimento de novos produtos biodegradaveis e provindos
de fonte renovavel tem aumentado nos Uultimos anos atendendo a uma
tendéncia de mercado, tanto em funcdo da maior compreensdo dos
consumidores em relagdo a procedéncia das matérias-primas, como dos
processos empregados na sua manufatura. Com base nisso, novas estratégias
tecnologicas tém sido utilizadas no desenvolvimento de novos produtos e
processos que resultem em menores impactos ambientais. No presente
trabalho, o objetivo geral foi produzir e caracterizar biocompésitos na forma de
hidrogéis (filmes) a partir de misturas de gelatina, celulose extraida da casca de
aveia, e goma xantana, assim como, filmes a base de poli (3-hidroxibutirato-co-
3-hidroxivalerato) (PHBV), poli (adipato-co-tereftalato de butileno) (PBAT), e
fibras de canhamo, com vistas a sua aplicagdo na area cosmética e de
alimentos, respectivamente. Com base nisto, a primeira etapa do presente
estudo consistiu na produgdo e caracterizagdo dos hidrogéis. Inicialmente, a
celulose da casca de aveia foi extraida utilizando o acido peracético como
agente de deslignificagdo, e os acidos citrico e succinico foram empregados
para modificagdo da celulose como agentes esterificantes em diferentes
concentragdes (0, 5, 12,5 e 20%) empregando-se o0 processo de extruséo
reativa. Os resultados mostraram que a esterificacdo ocorreu em todas as
amostras para ambos os acidos, e que as amostras modificadas apresentaram
maior hidrofobicidade, porém nao sofreram alteragcdo quanto a sua estrutura
morfolégica ou padrdo de cristalinidade. Este estudo mostrou ser possivel
modificar a celulose através da reacdo com acidos organicos utilizando um
processo simples e ecologicamente correto baseado na extrus&o reativa, que
possui baixa geragdo de efluentes, tempos de reagado curtos, e é escalonavel
para larga escala. Em seguida, amostras de celulose nativa e modificada foram
empregadas como reforco em matrizes de gelatina e goma xantana para

obtencao de hidrogéis na forma de filmes pelos processos de extrusao reativa



e termoprensagem. A estratégia empregada neste estudo para obter os
hidrogéis foi eficaz, resultando em materiais com propriedades promissoras
para serem usados como formas farmacéuticas em potencial para liberagcédo de
compostos ativos em produtos cosmeéticos. A goma xantana atuou como um
agente de reticulagao alternativo na formagao da matriz polimérica, resultando
em hidrogéis que apresentaram intumescimento dependente do pH, e os
maiores valores foram obtidos em pH 4, variando de 5,3 a 7,9 g/g. A celulose
nativa ou modificada atuou como agente de reforgo para os hidrogéis,
aumentando a estabilidade térmica e a resisténcia a tragao dos filmes quando
empregada no nivel mais alto (7%). Maior teor de celulose também resultou em
maior capacidade de adsorgdo de agua e permeabilidade ao vapor de agua
dos hidrogéis. Na segunda etapa, fibras de canhamo (Cannabis sativa) foram
caracterizadas quanto ao seu teor de proteinas, lipidios, umidade e lignina, e
foram utilizadas na producédo de filmes biodegradaveis a partir de misturas
contendo diferentes concentra¢des de PHBV e PBAT, com a adigéo de cera de
abelha ou de carnauba. Os filmes foram produzidos por extrusdao e
termoprensagem, e foram caracterizados por suas propriedades mecanicas,
angulo de contato, MEV e permeabilidade ao vapor de agua. A incorporagéo
das fibras de canhamo resultou em filmes com maior permeabilidade ao vapor
de agua e menor resisténcia mecanica em comparagdo aos materiais sem
adicdo das fibras. Os filmes com a adicdo das ceras apresentaram
propriedades mecanicas semelhantes as dos filmes preparados sem a cera,
mas exibiram angulo de contato significativamente maior (89°), e ainda, menor
permeabilidade ao vapor de agua, indicativo de sua maior hidrofobicidade. De
forma geral, nas duas etapas deste estudo, tanto a celulose nativa ou
modificada extraida da casca de aveia, como as fibras de canhamo, resultaram
em reforco das matrizes poliméricas obtidas, assim como, 0s processos
empregados se mostraram adequados para a produgdo dos biocompdsitos
obtidos, que podem ser considerados como alternativas em potencial para a

aplicagao nos setores cosméticos e de alimentos.

Palavras Chaves: Celulose, casca de aveia, canhamo, extrusido reativa,
termoprensagem, biocompostos.
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Abstract

Research and development of new biodegradable products from renewable
sources has increased in recent years, due to the better understanding of
consumers of the origin of the materials used to manufacture the products.
Based on this, new technological strategies have been used in the development
of new products and processes that result in lower environmental impacts. In
the present work, the general objective was to produce and characterize
biocomposites in the form of hydrogels (films) from mixtures of gelatin, cellulose
extracted from oat hulls, and xanthan gum, as well as films based on poly (3-
hydroxybutyrate-co -3-hydroxyvalerate) (PHBV), poly (adipate-co-butylene
terephthalate) (PBAT), and hemp fibers, with a view to their application in the
cosmetic and food areas, respectively. Based on this, the first stage of the
present study consisted of the production and characterization of the hydrogels.
Initially, the cellulose was extracted from the oat hulls using peracetic acid as a
delignification agent, and citric and succinic acids were used to modify the
cellulose as esterifying agents at different concentrations (0, 5, 12.5 and 20%)
using the reactive extrusion process. The results showed that esterification
occurred in all samples for both acids, and that the modified samples showed
greater hydrophobicity, but did not change their morphological structure or
crystallinity pattern. This study showed that it is possible to modify cellulose
through reaction with organic acids using a simple and ecologically correct
process based on reactive extrusion, which has low effluent generation, short
reaction times, and is scalable for large scale. Then, native and modified
cellulose samples were used as reinforcement in gelatin, and xanthan gum
matrices to obtain hydrogels in the form of films by reactive extrusion and
thermopressing processes. The strategy employed in this study to obtain the
hydrogels was effective, resulting in materials with promising properties to be
used as potential pharmaceutical forms for the release of active compounds in
cosmetic products. Xanthan gum acted as an alternative crosslinking agent in
the formation of the polymeric matrix, resulting in hydrogels that showed pH-

dependent swelling, and the highest values were obtained at pH 4, ranging from



5.3 to 7.9 g/g. Native or modified cellulose acted as a reinforcing agent for the
hydrogels, increasing the thermal stability and tensile strength of the films when
used at the highest level (7%). Higher cellulose content also resulted in higher
water adsorption capacity and water vapor permeability of the hydrogels. In the
second step, hemp (Cannabis sativa) fibers were characterized for their protein,
lipid, moisture and lignin content, and were used in the production of
biodegradable films from mixtures containing different concentrations of PHBV
and PBAT, with the addition of beeswax or carnauba wax. The films were
produced by extrusion and thermopressing, and were characterized by their
mechanical properties, contact angle, SEM and water vapor permeability. The
incorporation of hemp fibers resulted in films with higher permeability to water
vapor, and smaller mechanical strength compared to materials without the
addition of fibers. The films with the addition of waxes presented similar
mechanical properties to the films prepared without the wax, but exhibited a
significantly higher contact angle (89°), and even lower permeability to water
vapor, indicative of its greater hydrophobicity. In general, in both stages of this
study, both native or modified cellulose extracted from oat hulls, as well as
hemp fibers, resulted in reinforcement of the polymeric matrices obtained, as
well as the processes employed proved to be adequate for the production of
biocomposites obtained, which can be considered a potential alternatives for

application in the cosmetic and food sectors.

Key words: Cellulose, oat hulls, hemp fiber, reactive extrusion,
thermopressing, biocomposites.
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1. INTRODUGAO

O avango na tecnologia de polimeros e biopolimeros tem
levado ao crescente desenvolvimento de produtos obtidos a partir matérias-
primas de fonte renovavel (Cascone; Lamberti, 2019). Nesse sentido, hidrogéis
e filmes obtidos a partir de materiais poliméricos tém se destacado (Cascone;
Lamberti, 2019; Garcia et al., 2018; Gutiérrez; Valencia, 2021; Kalendova et al.,
2021; Mitura; Sionkowska; Jaiswal, 2020; Podshivalov et al., 2017; Rodriguez-
Rodriguez et al., 2020; Vercelheze et al., 2019).

Os hidrogéis podem ser obtidos a partir de polimeros naturais
ou sintéticos, sdo uma classe unica de materiais que sao formados por redes
poliméricas viscoelasticas tridimensionais hidrofilicas, que permitem a difusdo e
fixacdo de moléculas e células. Essas redes sdo mantidas devido a presenca
de ligagbes cruzadas (reticulagdo) entre as cadeias dos polimeros,
apresentando capacidade inerente de intumescer e reter 4gua na sua estrutura
de gel. O processo de reticulagdo pode ser de natureza fisica ou quimica. Nos
géis fisicos, as cadeias poliméricas sdo mantidas por ligagées de hidrogénio,
hidrofébicas ou van forcas de Van der Waals. Os hidrogéis quimicos
apresentam ligagdes covalentes entre cadeias poliméricas, e sdo mais estaveis
as alteracbes de temperatura, pressdo ou estresse mecanico (Deng et al.,
2019; Frachini; Petri, 2019; Gutiérrez; Valencia, 2021; Varaprasad et al., 2017).

Os filmes biodegradaveis podem ser produzidos a partir de um
unico polimero, natural ou sintético, dentre os quais amido, gelatina, celulose, e
gomas em geral, como também a partir de suas misturas. Os filmes
biodegradaveis vém sendo estudados ao longo dos anos com diversas
aplicagbes, em especial como embalagens de alimentos (Alves et al., 2009,
Fakhouri et al., 2003, Lucena et al.,2017), revestimentos comestiveis (Krochta
et al., 1994; Fakhouri et al., 2007; Romio et al., 2017), ou ainda, em sistemas
de liberacdo de farmacos (Dixil; Puthili, 2009; Ketul et al., 2013; Patil;
Shrivastava, 2014).

Os biopolimeros sao polimeros de fonte renovavel, dentre os
quais podemos citar os polissacarideos e proteinas, macromoléculas que

podem ser utilizadas na obtencdo de matrizes poliméricas para a liberagao de
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principios ativos, incluindo na obtencdo de hidrogéis e filmes. Em geral, os
polissacarideos e proteinas apresentam elevada capacidade de absorcdo de
agua, o que esta relacionado a presenga de grupamentos hidrofilicos presentes
na sua estrutura quimica, tais como grupamentos amina (NH), hidroxila (-OH),
amida (-CONH-, -CONHgy), carboxila (-COOH), dentre outros (Mitura et al.,
2020).

A gelatina € uma proteina de baixo custo, obtida através da
hidrolise acida ou alcalina do colageno isolado a partir de pele, ossos ou tecido
conjuntivo de animais, amplamente empregada pela indUstria farmacéutica. E
facilmente soluvel em agua a temperatura média de 40 °C, formando uma
solugdo viscosa e com capacidade de formacdo de filmes e géis
termoreversiveis, e esta caracteristica vem sendo amplamente explorada em
estudos envolvendo a produgao de hidrogéis e filmes biodegradaveis e/ou
comestiveis com as mais diversas aplica¢cdes (Borges et al., 2013; Laffleur;
Strasdat, 2019; Rodriguez-Rodriguez et al., 2020).

A celulose € um homopolissacarideo linear formado pela
repeticdo de unidades de B-D-glicose, que sdo unidas por ligagbes B-(1—4),
com trés grupos hidroxila por unidade de monossacarideo (Gan et al., 2017), o
que faz da celulose uma o6tima plataforma para modificagdes quimicas. A
celulose pode ser facilmente modificada para a utilizagdo em matrizes

poliméricas (Capanema et al., 2018; Maaloul et al., 2021; Tao; Nonaka, 2021).

A goma xantana é um biopolimero de origem microbiana,
produzido pela bactéria Xanthomonas campestris que vem sendo muito
utilizado na industria farmacéutica e cosmeética. Possui boa viscosidade e
capacidade de formar filmes, podendo ser utilizado como cadeia hidrofilica para
a liberagdo de principios ativos em hidrogéis (Kola; Kumar, 2013; Silva;
Cristiano, 2017). A goma xantana é um heteropolissacarideo ramificado que
apresenta uma cadeia principal semelhante a da celulose, constituida de
moléculas de glicose ligadas através de ligagdes B-(1—4). A sua cadeia lateral &
formada por um trissacarideo ligado a segunda unidade glicose da cadeia
principal, sendo constituida de uma molécula de acido glicurénico entre duas

unidades de D-manose. A D-manose ligada a cadeia principal contém um
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grupo acetila na posicao 6 e, aproximadamente, metade das D-manoses
terminais contém um residuo de acido piruvico ligado através de um grupo

cetbnico aos carbonos 4 e 6 (Cristiano, 2017; Garcia-Ochoa, 2000).

O poli (3-hidroxibutirato-co-3-hidroxivalerato) (PHBV) & um
polimero pertencente a familia dos polihidroxialcanoatos (PHAs), que sao
polimeros biodegradaveis e nao toxicos produzidos por diversos
microrganismos. PHBV tem atraido atengdo devido as suas caracteristicas de
desempenho favoraveis em relagdo aos outros membros da familia dos PHAs,
e preco mais baixo em relacdo a outros polimeros da familia dos PHAs. O
PHBV é formado pela adi¢do de poli (3-hidroxivalerato) (PHV) a molécula de
PHB (Gupta et al., 2022; Meereboer et al., 2020; Pal et al., 2020). No entanto, o
PHBV tem algumas desvantagens inerentes, incluindo fragilidade e custos mais

elevados em comparagao com outros polimeros biodegradaveis e tradicionais.

O poli (adipato-co-tereftalato de butileno) (PBAT) é um
copoliéster amorfo, de cadeia alifatico-aromatica, formado pela
policondensacgao do 1,4-butanodiol com os acidos adipico e tereftalico (Jian et
al., 2020; Pal et al., 2020). Embora o PBAT n&o seja um polimero totalmente de
origem natural, sua capacidade de sofrer biodegradagdo o torna uma boa
alternativa para ser utilizado na producdo de materiais que substituam os

plasticos convencionais (Pal et al., 2020).

As fibras naturais sdo materiais de fonte renovavel e de baixo
custo que estao disponiveis em todo o mundo a partir de diferentes fontes, e
sao matérias-primas em potencial para a aplicagdo como reforcos de matrizes
poliméricas biodegradaveis para a obtengcdo de biocompédsitos. Os
biocompdsitos podem ser definidos como uma classe de materiais provindos
de fonte renovavel que sdo heterogéneos, com no minimo duas fases distintas,
uma delas sendo descontinua chamada de reforco, responsavel por fornecer a
principal resisténcia ao esforco. A outra fase é continua, chamada de matriz,
correspondendo ao meio de transferéncia deste esforgo (Khalili et al., 2023;
Lamsaf et al., 2023).
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Os residuos lignocelulésicos sao fontes de fibra em potencial
para a aplicagao na obtencéo de biocompdsitos, alguns exemplos s&o madeira,
juta, miscanthus, cdnhamo, linho e sisal. O uso de residuos lignocelulésicos
esta cada vez mais frequente, pois além de ser uma alternativa as fibras
sintéticas de base petroquimica, oferecem caracteristicas que ajudam no
melhoramento de varias propriedades, tais como, resisténcia mecanica, rigidez,
juntamente com uma redugéo no custo final de producao (Pal et al., 2020; Wu
et al., 2018).

A fibra de canhamo (Cannabis sativa) € uma fibra natural
longa, com fibrilas de celulose cristalina, o que as torna uma fonte em potencial
de fibras lignocelulésicas naturais (Wu et al., 2018). Entre todas as fibras
naturais, o canhamo tem os maiores valores de modulo de Young e possui uma
das fibras de celulose de maior resisténcia. Além disso, as fibras de canhamo
possuem elevada razdo de aspecto (comprimento/largura), que € outra
caracteristica que as torna adequadas para uso como reforgo em
biocompositos (Lamsaf et al., 2023; Promhuad, et al., 2020). O cdnhamo é
altamente utilizado como plantacdo industrial com diversas aplicagoes,
principalmente na Europa e na China, o que o torna uma fonte de material

lignoceluldsico barato originado de residuos industriais (Wu et al., 2018).

A producédo de hidrogéis e filmes podem acontecer a partir do
uso de um polimero, ou do uso de uma mistura polimérica. Ao se optar pela
mistura polimérica algumas caracteristicas podem ser melhoradas, tais como a
hidrofilicidade, resisténcia mecanica e capacidade de intumescimento
(Antoniolia et al., 2018; Garcia et al., 2018; Grabska; Sionkowska, 2019). A
extrusdo reativa € uma tecnologia que apresenta diversas vantagens, se
classificando como um processo eco-amigavel, continuo, e sem a geragao de
efluentes. A extrusdo reativa pode ser utilizada na modificacdo de
polissacarideos através da combinacdo de calor, pressao e atrito mecanico,

assim como, para a mistura e obtencdo de matrizes de biocompadsitos.

A modificagcao e obtengdo de matrizes poliméricas empregando
o0 processo de extrusdo trazem varios beneficios, tais como a utilizacdo de

matérias-primas com baixa umidade, possibilidade de adicionar reagentes e
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aditivos como auxiliares de processamento e estabilizadores, resultando em
baixo custo, simplicidade, e possibilidade de produ¢cdo de materiais em larga
escala (Cai et al., 2019; Liu et al., 2016; Ye et al., 2019).

Dentro deste contexto, a proposta deste trabalho foi o
desenvolvimento de biocompdsitos a partir de matérias-primas biodegradaveis,
indo ao encontro a uma tendéncia de mercado que prioriza matérias-primas e
processos de baixo impacto ambiental. Os biocompdsitos foram obtidos a partir
da utilizacado de gelatina, goma xantana, PHBV, PBAT como matrizes
poliméricas, e celulose da casca de aveia e fibras de canhamo como materiais
de reforgo, tendo em vistas suas aplicagbes em industrias cosméticas e de

embalagens alimenticias.
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2. OBJETIVOS
2.1 OBJETIVO GERAL

Produzir e caracterizar biocompésitos na forma de hidrogéis
(filmes) a partir de misturas de gelatina, celulose extraida da casca de aveia
goma xantana, assim como, filmes a base de PHBV, PBAT e fibras de
canhamo, com vistas a sua aplicacdo na area cosmética e de alimentos,

respectivamente.

2.2 OBJETIVO ESPECIFICOS

- Extrair celulose da casca de aveia utilizando acido peracético;

- Modificar a celulose através da introdugéo de ligagdes cruzadas via extruséo
reativa com acidos succinico e citrico;

- Desenvolver processo para a produgao dos hidrogéis biopoliméricos a partir
das misturas poliméricas de celulose nativa e modificada, gelatina, e goma
xantana;

- Caracterizar os hidrogéis produzidos em relagdo a sua microestrutura,
densidade, estabilidade térmica, capacidade de absor¢do de agua e

capacidade de adsorg¢ao de agua;

- Fazer a caracterizagao das fibras de canhamo em relacdo a quantidade de

proteinas, gorduras, teor de umidade, lignina, cinza e carboidratos totais.

- Desenvolver processo de producio de filmes a partir das misturas de PHBV,
PBAT e das fibras de canhamo, e caracterizar os filmes produzidos quanto as
suas propriedades mecéanicas, angulo de contato, permeabilidade ao vapor de

agua e microscopia eletronica de varredura.
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3. REVISAO DA LITERATURA

3.1. MATERIAIS BIODEGRADAVEIS

3.1.1.Biopolimeros

Os biopolimeros sao polimeros ou copolimeros produzidos a
partir de matérias-primas de fontes renovaveis (ABNT-NBR 15448-1, 2008). As
matérias-primas obtidas de fontes renovaveis apresentam um ciclo de vida
muito mais curto quando sdo comparadas com as de fontes fosseis como, por
exemplo, os polimeros sintéticos plasticos derivados do petréleo (Brito et al.,
2011). Além de serem de fonte renovavel, na maioria das vezes apresentam
outras vantagens, como ser biodegradaveis e biocompativeis, ou seja, séo
matérias-primas que nao oferecem riscos, tais como reagdes adversas, toxicas
e carcinogénicas ao paciente (ISO 10993-1, 2009). Sdo empregados como
espessantes, excipientes, em revestimentos, filmes biodegradaveis e
microencapsulagdo de farmacos, e no preparo de hidrogéis (Afonso et al.,
2019; Pereira et al., 2022).

Apesar de a maioria dos biopolimeros ser biodegradavel, nos
ultimos anos houve um aumento na producdo de biopolimeros néo-
biodegradaveis. Esses plasticos nao-biodegradaveis que sao produzidos
empregando carbono organico de fontes renovaveis (via processo
fermentativo) ndo s&o biodegradaveis, uma vez que a biodegradabilidade esta
relacionada estrutura do polimero e ndo a fonte de carbono, esses polimeros
apresentam propriedades idénticas as suas versdes petroquimicas
convencionais, ajudando a reduzir pegada de carbono do produto, mas eles
permanecem nao biodegradaveis (AndreelRen; Steinblchel, 2019; Taiatele et
al., 2019).

Os biopolimeros biodegradaveis podem ser separados em trés
grupos de acordo com a sua origem. Esses grupos sao: origem agricola (por
exemplo, amido, celulose, gelatina); origem microbiana (por exemplo, goma
xantana e celulose bacteriana), e polimeros de origem biotecnologica, tais
como o acido polilatico e os polihidroxialcanoatos (Kalhid, Arif, 2022; Shamsuri
et al., 2021; Taiatele et al., 2019).
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De acordo com Arif et al. (2022), os biopolimeros tém
apresentado um enorme potencial de aplicagdo devido a diversidade de
compostos, o que resulta em materiais com uma grande variedade de
propriedades fisicas e mecanicas. Os biopolimeros tém sido efetivamente
utilizados em muitas aplicagbes biomédicas e de engenharia, incluindo
liberagdo controlada de medicamentos, embalagens de alimentos, na
construgédo civil, medicina regenerativa, eletrénicos, implantes ortopédicos,
dentre outras aplicagdes. Particularmente, na ultima década, os biopolimeros
experimentaram um renascimento devido a limitagdo dos recursos fosseis em
combinagdo com as demandas publicas por processos ambientalmente
amigaveis e sustentaveis, o que levou a formacdo de um mercado para
materiais poliméricos de base bioldgica.

Os materiais a base de biopolimeros também sao responsaveis
pela redugcédo da pegada de carbono durante sua fabricagcédo e sua degradacgéo
microbiana, resultando em menores impactos ambientais quando comparados
aos materiais sintéticos de origem féssil empregados com a mesma finalidade
(Andreefen, Steinblchel, 2019).

O uso de biopolimeros biodegradaveis tem sido relatado para o
desenvolvimento de novos materiais direcionados para o uso em cosmeéticos,
pois geralmente sdo materiais atdéxicos e nao irritantes. Além disso, existem
varias caracteristicas que podem ser controladas com a escolha do polimero,
como tempo de desintegrac&o, resisténcia mecanica e flexibilidade. Portanto, a
escolha do polimero ou polimeros para ser usado € uma etapa critica da
pesquisa (Afonso et al., 2019; Karki et al., 2016; Pereira et al., 2022). Os
biopolimeros podem ser empregados em varios produtos cosméticos, com as
mais diferentes aplicagbes, como espessantes ou matrizes poliméricas para
liberagado de compostos ativos (Arif et al., 2022).

Gupta et al. (2022) relatam que biopolimeros como goma
xantana, goma carragena, pectina, agar, acido hialurénico, amidos, goma de
guar, alginato, gelatina, colageno e queratina tém sido utilizados na pesquisa e
desenvolvimento de produtos cosméticos direcionados para uso dermatoldgico,
dentre outros usos, pois sdo seguros e biocompativeis. Adicionalmente, Rao et
al. (2022) relatam que a biocompatibilidade, biodegradabilidade, n&o

carcinogenicidade e ndo imunogenicidade torna os biopolimeros materiais em
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potencial para uso em cosméticos, podendo ser aplicados tanto em
formulagdes de hidratantes, cremes, emulsdes, filmes e adesivos dérmicos.

De acordo com a sua origem, o biopolimero pode apresentar
baixo custo e alta disponibilidade, como exemplo tem-se os amidos de
diferentes fontes e a gelatina. Entretanto, apesar de todas as vantagens que
apresentam, os biopolimeros que possuem origem bioldgica apresentam
algumas limitagdes técnicas que tornam mais dificil sua processabilidade e seu
uso como produto final. Entre essas limitagcbes encontramos a
processabilidade, resisténcia térmica, propriedades mecanicas, propriedades
reologicas, permeabilidade a gases e a elevada taxa de degradacao (Brito et
al., 2011).

Em funcdo destas limitagbes, o emprego de misturas
poliméricas se torna uma alternativa viavel e bastante buscada nos ultimos
anos por diferentes pesquisadores, para diferentes aplicacdes. De acordo com
Shamsuri, Abdan e Kaneko (2021), o emprego de misturas biopoliméricas pode
ser interessante, sendo uma estratégia para melhorar as propriedades destes
materiais. Rogovina e Vikhoreva (2006) relatam que as propriedades fisico-
quimicas e mecanicas de misturas poliméricas sao determinadas pelo tipo de
ligacbes estabelecidas entre os componentes, sua compatibilidade e as
caracteristicas de uma estrutura supramolecular em formacao.

Mitura, Sionkowska e Jaiswal (2022) relatam que o emprego de
misturas de biopolimeros pode ser importantes alternativas para liberacdo de
compostos bioativos em formulagdes cosméticas. Sionkowska et al. (2016)
observaram misturas ternarias a base de colageno, quitosana e 4&cido
hialurbnico apresentam boas propriedades de intumescimento quando
empregadas na formulagdo de matrizes poliméricas para uso cosmético. Estes
autores relatam que a mistura de polissacarideos e proteinas pode ser benéfica
devido a sua compatibilidade quimica.

Singh et al. (2022) relataram a produ¢do de uma mascara facial
a partir da mistura polimérica composta de alginato de sédio, hidroxipropilmetil-
celulose ou hidroxietilcelulose, com a adicdo de nanoparticulas de prata.
Pereira et al. (2021) relataram que a mistura binaria de amido e gelatina pode
ser promissora para a produgao de filmes biodegradaveis de uso cosmético a

serem aplicados como matriz para liberagdo de compostos antioxidantes. De
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acordo com Seth ef al. (2022), a mistura binaria de amido e gelatina resulta em
hidrogéis com maior hidrofilicidade e resisténcia mecanica em comparagao aos

hidrogéis obtidos a partir dos materiais puros.

3.1.1.1 Gelatina

A gelatina é uma proteina de origem animal que resulta de
hidrolise acida ou alcalina a partir do colageno que € proveniente da pele,
ossos e tecidos conectivos de bovinos e suinos. Possui alta solubilidade em
agua a temperatura média de 50 °C. De acordo com a matéria prima usada em
sua producéo, a gelatina podera apresentar um tipo de mistura de polipeptidios
(Garcia et al., 2018; Rodriguez et al., 2020). Grande parte da gelatina
produzida no mercado n&o tem massa molecular homogénea por ser obtida a

partir da degradacéo de cadeias longas (Garcia et al., 2018; Wang et al., 2016).

A representacgédo (GLY-XPRO)" é a responsavel pela estrutura
de tripla hélice da gelatina, onde o X representa os aminoacidos lisina, arginina,
metionina e valina. Um terco da cadeia é composta por glicina
(aproximadamente 33%), o outro um terco € composta por prolina ou
hidroxiprolina (aproximadamente 33%), e o restante da cadeia é composta por
outros residuos de aminoacidos. A gelatina exibe um comportamento anfotérico
devido a presenga tanto de grupos basicos como acidos (Laffleur, Strasdat,
2019; Rodriguez et al., 2020; Su; Wang, 2015).

Os géis de gelatina s&o capazes de formar uma rede
tridimensional, sendo formados géis em baixas concentragcées de solidos, a
partir de 1%. Sao géis termorreversiveis, que fundem em temperaturas entre
30 — 40 °C. O mecanismo mais aceito para a gelatinizagdo € a reversao das
hélices enroladas aleatoriamente, onde as regides ricas em determinados tipos
de aminoacidos provenientes das diferentes cadeias polipeptidicas atuam
como potenciais zonas de jungdo, na medida em que, ao resfriar a solugéo,
elas assumam uma conformagao helicoidal, o que resulta em um gel
tridimensional (Mariod, Adam, 2013).

A gelatina é amplamente utilizada na industria alimenticia e

farmacéutica como estabilizante, espessante, formador de filmes, protetor
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coloidal, emulsificante, agente espumante e clarificante de bebidas (Laffleur;
Strasdat, 2019; Rodriguez-Rodriguez et al., 2020). Devido a excelente
capacidade de se dissolver na agua e formar solugado viscosa com capacidade
de formacao de filmes e géis, a gelatina vem sendo amplamente explorada em
estudos envolvendo a producgédo de filmes biodegradaveis e/ou comestiveis
com as mais diversas aplicagdes (Borges, 2013; Wang et al., 2016), incluindo a

producao de matrizes poliméricas para liberagao de principios ativos.
3.1.1.2 Celulose

A celulose € um homopolimero natural, ndo ramificado e
fiboroso de origem vegetal ou bacteriana. E composta por unidades de B- D
glicopiranose unidas por ligagbes glicosidicas - D (1- 4), que ao se unirem
liberam uma molécula de agua a partir das hidroxilas presentes nos carbono 1
e 4. A celobiose é a unidade de repeticdo da molécula de celulose (Klemm et
al., 2005, Gan et al.,2017). Na figura 1 tem-se a ilustrada a estrutura quimica

da celulose.

Figura 1: Estrutura quimica da celulose.
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Fonte: MORGADO, 2009.

Na estrutura da celulose, a molécula de glicose possui 3
hidroxilas livres que estdo ligadas aos carbonos 2,3 e 6 (Morgado, 2009). As
moléculas de celulose sdo capazes de formar ligagbes de hidrogénio inter e
intramoleculares, dessa forma podem se agregar e levar a formacao de
microfibrilas. Tais microfibrilas possuem zonas ordenadas que sdo chamadas
de regides cristalinas, e zonas ndo ordenadas que sdo chamadas de regides
amorfas (Claro, 2017). Nas regides cristalinas, as fibras possuem maior

resisténcia a tragéo, ao alongamento e a solvatagao (Morgado, 2009).
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Entre a vasta quantidade de polimeros naturais no mercado, a
celulose e seus derivados apresentam varios beneficios, como a
biocompatibilidade e biodegradabilidade, e tém sido extensivamente utilizados
como matéria-prima para a produgdo de hidrogéis para a aplicagdo em
diversos setores, tais como, tratamentos de feridas, liberagao de medicamentos

e aplicagbes cosméticas (Capanema et al., 2018; Gan et al., 2017).
3.1.1.3 Goma xantana

A goma xantana é um polissacarideo de origem microbiana,
sua sintese ocorre a partir da fermentacdo de acgucares pela bactéria
fitopatogénica Xanthomonas campestris. Possui elevada viscosidade, com
comportamento pseudoplastico, sendo estavel em uma grande faixa de
temperatura (10 — 60 °C) e pH (3-12), com estabilidade maxima de pH entre 4-
10, essas caracteristicas sao altamente exploradas nas industrias
farmacéuticas, cosmeéticas e alimenticias (Fitzpatrick et al., 2013; Nunes, 2016;
Raschip et al., 2015).

A goma xantana é um heteropolissacarideo anionico (Figura 2),
com a cadeia principal constituida de residuos de D-glicose que s&o unidos por
ligagbes B(1—4) e uma cadeia lateral trissacaridea que contém uma unidade
de acido D-glucurénico entre duas unidades de D-manose ligadas a residuos
alternativos de D-glicose. Metade da D-manose terminal esta ligada a um acido
piravico, e a unidade D-manose que esta ligada a cadeia principal pode conter
um grupo acetil ligado (Alizadeh-Sani et al., 2019).
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Figura 2: Estrutura quimica da goma xantana.
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Fonte: BUENO et al., 2013 e SILVA; CRISTIANO, 2017.

A natureza anibnica da goma xantana se deve a presencga
de grupamentos carboxilicos no acido glicurbnico e piravico, que estédo
presentes na sua cadeia lateral (Horn et al., 2015). Aspectos de seguranca e
tecnolégicos referentes a esse polimero foram extensivamente estudados para
a sua aplicagao nos setores farmacéuticos e alimenticios, sendo considerado
um produto atéxico, que ndo causa sensibilizagdo ou irritagdo (Garcia-Ochoa,
2000; Silva; Cristiano, 2017).

Joshy et al. (2020) usaram a goma xantana para a produgao de
filmes reforcados com o6xido de zinco para revestimentos comestiveis em
frutas, e observaram que os tomates e macas revestidos apresentaram menor
perda de massa quando comparados com frutas e vegetais ndo revestidos.
Raschip et al. (2015) produziram hidrogéis de goma xantana e lignina para a
liberacdo controlada de bisoprolol fumarato e os resultados demostraram que

essa € uma excelente matriz para liberagao controlada de compostos ativos.
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3.1.2 Poliésteres biodegradaveis
3.1.2.1 Poli (3-hidroxibutirato-co-3-hidroxivalerato) PHBV

Os PHAs sao poliésteres alifaticos conhecidos por suas
propriedades biodegradaveis e sua origem de fonte microbiana. O poli(3-
hidroxibutirato-co-3-hidroxivalerato) (PHBV) € um membro da familia dos PHAs
que é formado pela adicdo dos monémeros de poli(3-hidroxivalerato) (PHV) a
mondmeros da molécula de PHB. O PHBV vem sendo muito estudado devido
ao seu melhor desempenho e custo mais baixo quando comparado com outros
polimeros da familia dos PHAs (Gupta et al., 2022; Meereboer et al., 2020).

Figura 3: Estrutura quimica do PHBV.
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Fonte: Briso & Aroca 2018.

O PHBV é um excelente candidato para substituir plasticos
convencionais ndo biodegradaveis. No entanto, junto com todas as suas
vantagens, o PHBV apresenta alta fragilidade, apresenta custo elevado em
comparagao com outros polimeros biodegradaveis e convencionais (Pal et al.,
2020). Assim, a incorporagdao de outros agentes de refor¢co pode ser uma
abordagem adequada para sobrepor essas desvantagens apresentadas pelo
PHBV (Gupta et al., 2022).

Paul et al. (2020) utilizaram uma mistura de PHBV com PBAT,
com a adicdo de nanoargila modificada organicamente para produzir
embalagens a partir de duas técnicas, por compressao e extrusdo de filme, e

por casting. Como resultado, observaram que os filmes produzidos por
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extrusao de filme apresentaram melhores propriedades de barreira. Nakayama
et al. (2018) trabalharam com uma mistura de PHBV com PLA (acido
polilactico) e fibras de seda, para a produgao de biocompdsitos. Observaram
que as fibras de seda nao tiveram uma boa interagdo com os polimeros,
apresentando zonas de aglomeragdo, entretanto observaram que estes
materiais poderiam ser aplicados em aplicagbes que exigiam alto impacto e
forca.

3.1.2 Poli (butileno adipato-co-tereftalato) PBAT

O PBAT é um copoliéster alifatico-aromatico que exibe
biodegradabilidade completa. Ele sofre degradagdo em um curto espacgo de
semanas, o qual é facilitado por processos enzimaticos (Jian et al., 2020). O
PBAT pode ser incorporado em misturas poliméricas para promover melhoria

na elongacao de ruptura (Larsson et al., 2016).

Jiang et al. (2006) utilizaram uma mistura de PBAT com PLA
para a produgdo de materiais biodegradaveis pelo método de extrusdo. Nos
resultados, analisaram que a adicdo de PBAT na mistura melhorou as
propriedades dos filmes em relacado aos filmes de PLA, obtendo filmes menos
rigidos e quebradigos, sem perder a biodegradabilidade dos mesmos.
Moustafa et al. (2017) trabalharam com uma mistura de PLA com PBAT, com a
adicao de nanoargilas com propriedades antibacterianas para a producao de

embalagens.

De acordo com Pal et al., (2022), filmes obtidos pela mistura
entre PHBV e PBAT por extrusdo sdo candidatos em potencial para serem
utilizados como embalagens flexiveis. Pal et al., (2023) desenvolveram filmes a
base de PBAT e PHBV, com a incorporacédo de 5% de amido, que foi tratado
com silano como agente acoplador empregando-se o processo de extrusao.
Zytner et al., (2023) relataram a producdo de materiais biodegradaveis de
PBAT e PHBYV via injecdo termoplastica, e observaram que estes poliésteres
sdo naturalmente imisciveis, porém dependendo das proporgbes empregadas
de cada polimero, assim como das condicdbes de processamento, suas

propriedades e aplicagbes podem ser largamente melhoradas.
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3.2 FIBRAS DE CANHAMO

Recentemente muitas fibras lignoceluldsicas, tais como,
canhamo, juta, e fibra de sisal vém sendo estudadas como reforgo em matrizes
poliméricas (Dixit et al., 2022). Muito cultivada na América Latina, Europa e
China, a fibra de canhamo apresenta alta concentragcdao em celulose cristalina
(65-72%), lignina (2-5%) e hemicelulose (8-19%), o que torna essa fibra muito
atrativa para a utilizagdo como reforgo polimérico (Promhuad et al., 2022; Yingji
et al., 2018). Se submetidas a tratamentos fisicos, quimicos, ou a uma
combinagao de ambos, as fibras de cAnhamo podem apresentar uma melhora
significativa em suas propriedades mecanicas e de barreira, o que torna este
material ainda mais interessante para a sua aplicagdo como agente de reforgo

em matrizes poliméricas (Dixit et al., 2022).

Gupta et al. (2022) produziram biocompdsitos a partir da
mistura de fibras de cdnhamo em matrizes de PBAT, PBAT modificado com
anidrido maleico e PHBV pelo processo de extrusdo. Como resultado,
obtiveram filmes com melhor resisténcia mecanica em comparagdo com o
PHBV original, o que possivelmente ocorreu porque o processo de extrusao
reativa melhorou a interagao interfacial entre a matriz fibrosa, o PHBV e o
PBAT.

Lamsaf et al. (2023) adicionaram fibras de cdnhamo a matrizes
de PBAT, resultando em aumento da resisténcia mecanica dos filmes de PBAT,
exercendo efeito de agete reforgador da matrz polimérica. Gheribi et al. (2023)
relataram o emprego de fibras de cdnhamo como reforco em materiais de
embalagem a base de quitosana, resultando em aumento da resisténcia
mecanica e decréscimo da permeabilidade ao vapor de agua, indicativo de que
os biocompdsitos desenvolvidos tiveram suas propriedades melhoradas. Both
et al. (2023), relataram o uso de fibras de canhamo como reforco em
biocompdsitos por meio de uma reacio de reticulagdo em matriz polimérica a
base de pectina. As fibras de cdnhamo foram reticuladas por meio de um
processo de transesterificacdo entre a lignina presente nas fibras de canhamo
e a pectina, resultando em compositos de fibra de canhamo em um processo

de etapa unica.
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3.3 HIDROGEIS BIODEGRADAVEIS

Os hidrogéis podem ser definidos como materiais formados por
rede polimérica de estrutura tridimensional formada a partir da reticulacdo de
polimeros hidrofilicos, com o objetivo de manter a sua integridade estrutural,
permitindo a absor¢ao e retencdo de grande quantidade de agua ou fluidos
biolégicos sem se desintegrar, podendo ser obtidos a partir de polimeros
sintéticos ou biopolimeros (Cagnin et al., 2021; Chang et al., 2021; Deng et al.,
2019; Erdagi; Ngwabebhoh, Yildiz, 2020; Heidarian et al., 2020; Nascimento et
al., 2018; Tang et al., 2022).

Os hidrogéis podem ser preparados como membranas, filmes,
hidrogéis injetaveis, microgéis, nanogéis, ou microesferas, dependendo da
técnica de polimerizagdo e preparacdo (Ahmed, 2015; Yazdi et al., 2020). A
resisténcia a dissolugdo acontece em fungdo das ligagdes cruzadas entre as
cadeias poliméricas formadoras da rede tridimensional. Os hidrogéis, quando
secos apresentam-se quebradi¢os, quando em contato com agua, tornam-se
um gel elastico, e a sua forma original é preservada (Ahmed, 2015; Biduski et
al., 2018; Shahzamani, et al., 2020; Simoes et al., 2020).

A interag&o entre as cadeias poliméricas e a agua e/ou fluidos
biolégicos acontecem de trés formas diferentes, por osmose, forgas de
hidratacdo ou forgcas capilares. Essas forgas sao contra equilibradas e acabam
por causar uma expansao das redes poliméricas. Com isso, o equilibrio na
formagdo do hidrogel depende da magnitude dessas forgas contrarias que
também irdo determinar algumas propriedades inerentes dos hidrogéis, tais
como, resisténcia mecanica, transporte interno e difusdo (Buwalda et al., 2014;
Ye; Chang; Zhang, 2019; Varaprasad et al., 2017).

Os hidrogéis podem ser produzidos a partir de homopolimeros,
que sao formados apenas por um tipo de unidade monomeérica; ou por
copolimeros, que sédo formados por dois ou mais mondmeros diferentes; ou por
misturas poliméricas, que também podem ser utilizadas (Deng et al., 2019).
Varios polimeros naturais e sintéticos tém sido relatados nas ultimas duas

décadas para a obtencao de hidrogéis com diferentes aplicagoes.
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Os hidrogéis podem ser classificados com base em suas
diferentes propriedades, como fonte de polimero, método de preparacéo,
cargas ibnicas, fontes, taxa de biodegradagédo, natureza e densidade da
reticulacdo (Ahmed, 2015; Ullah et al., 2015). Independentemente do tipo ou
origem do polimero ou do método de preparagao do hidrogel, a introdugéao de
ligagcdes cruzadas (reticulagdo) deve ser realizada na matriz polimérica do
hidrogel. De acordo com Ahmed (2015), qualquer técnica que pode ser usada

para criar um polimero reticulado pode ser usada para produzir um hidrogel.

Os processos de reticulagao fisica ou quimica sao relatados na
literatura. Os hidrogéis reticulados fisicamente sdo formados por interagdes
transitérias formadas a partir do enovelamento das cadeias dos polimeros, ou a
partir de interagdes fisicas, como interagdes idnicas, ligagdes de hidrogénio ou
interacdes hidrofébicas. Essas interacbes sio fracas e podem se interromper
quando as condigdes favoraveis sédo alteradas (Ahmed et al., 2015; Nascimento
et al., 2018; Shahzamani, et al., 2020; Ullah et al., 2015; Varaprasad et al.
2017).

Em matrizes poliméricas reticuladas quimicamente sao
introduzidas ligagado covalentes permanentes entre as cadeias poliméricas, o
que confere uma maior estabilidade em comparagao aos hidrogéis obtidos por
reticulacdo fisica (Heidarian et al., 2020). Um agente reticulante é uma
molécula de massa molecular muito menor que as cadeias poliméricas
envolvidas na formagéo do hidrogel, e que devera apresentar pelo menos dois
grupamentos reativos capazes de estabelecer ligagbes (pontes) entre as
cadeias dos polimeros. Os grupamentos funcionais presentes nos polimeros
que s&o responsaveis pelas ligagbes com os agentes reticulantes sdo os
grupamentos aminicos (NHz), hidroxila (-OH), amida (-CONH-, -CONH,) e
carboxila (-COOH), entre outros (Maitra; Shukla, 2014).

Varios agentes reticulantes tém sido empregados para a
introdugéo de ligagdes covalentes em matrizes de hidrogéis, dentre os quais o
formaldeido, glutaraldeido e epicloridrina. No entanto, estes reticulantes exibem
um certo nivel de toxicidade fisiologica tanto devido a presenca de fragdes do
reticulante, quanto dos subprodutos gerados durante a reagdo de sintese,
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havendo interesse no uso de novos agentes reticulantes de menor toxicidade
(Erdagi, Ngwabebhoh, Yildiz, 2020; Maitra, Shukla, 2014).

Os acidos organicos, em especial os acidos policarboxilicos,
tais como os acidos citrico e succinico, sdo considerados uma alternativa viavel
e ecoamigavel como agentes reticulantes, sendo de baixo custo e a atdxicos
(Golachowski et al., 2020; Miskeen et al., 2021). O acido citrico € um acido tri-
carboxilico que vem sendo muito utilizado na funcionalizagdo de biopolimeros,
como o amido e a celulose (Garcia et al., 2014; Gil-Giraldo et al., 2021; Simdes
et al., 2020; Tao et al., 2021). O acido citrico vem sendo largamente explorado
no campo da biomedicina por ser um material biocompativel e biodegradavel
(Salihu et al., 2021). A Figura 4 demonstra a reacao de reticulagao da celulose

com acido citrico.
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Figura 4 - Reacao de reticulagdo entre celulose e acido citrico.
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Figura 5- Estrutura do acido succinico.
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pode ser considerado um agente promissor para a modificacdo da celulose,
uma vez que ele permite a introdugao de ligagdes cruzadas entre as cadeias do
polimero. Leszczynhska et al. (2019) relataram que a reagdo do acido succinico

com a celulose resultou em alteragbes nas suas propriedades fisicas e

OH
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Os processos convencionais de reticulagao tém sido realizados
em reatores descontinuos ou de tanque agitado continuo, com longos tempos
de processamento, resultando em impactos ambientais dos efluentes gerados
em todos os processos; portanto, o uso de métodos fisicos associados aos
métodos quimicos pode ser uma alternativa interessante para minimizar o uso

excessivo de reagentes (Cai et al., 2019).
3.4 FILMES POLIMERICOS

Os filmes biodegradaveis produzidos a partir de biopolimeros
vém sendo estudados ao longo dos anos com diversas aplicagdes, em especial
como embalagens de alimentos (Alves et al., 2009; Fakhouri et al., 2003;
Lucena et al.,2017,), como revestimentos comestiveis (Fakhouri et al., 2007;
Krochta et al.,1994; Romio et al., 2017). Nos ultimos anos, varios trabalhos tém
relatado o uso dos filmes biodegradaveis na produgdo de biomateriais para
aplicagbes médicas, como na produgdo de enxertos e proteses (Ulery et al.,
2011), ou ainda, em sistemas de liberagdo de farmacos (Dixil; Puthili, 2009;
Ketul et al., 2013; Patil; Shrivastava, 2014).

Os polissacarideos e proteinas apresentam excelentes
propriedades para a sua utilizagdo como filmes em produtos direcionados a
aplicagdo em alimentos, cosméticos e medicamentos. Além disso, sao
biocompativeis, biodegradaveis, bioestaveis, abundantes e suscetiveis a
digestdo enzimatica no corpo humano, resultando em materiais n&o citotoxicos
(Rodriguez et al., 2020; Vaparasad et al., 2017).

Os filmes devem possuir facil manuseio e transporte, eles
podem ser produzidos a partir de uma alta diversidade de macromoléculas,
levando em consideracio as propriedades fisico-quimicas do componente ativo
de interesse (Dixit, Puthli, 2009; Hashide et al., 2012; Nishigaki et al., 2012).

3.5 EXTRUSAO REATIVA PARA PRODUCAO DE HIDROGEIS E FILMES

A extrusao é caracterizada como um processo térmico, que
combina calor, umidade e trabalho mecénico a fim de gerar modificagdes

estruturais nos materiais poliméricos, na forma fisica e nas suas caracteristicas
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funcionais. Trata-se de um processo de transporte e mistura dos polimeros por
uma rosca sem fim, no qual a rosca tem a capacidade de fundir, amolecer,
homogeneizar e plastificar o polimero (Samaniego et al., 2022; Vahabi et al.,
2022).

A extrusora monorosca (Figura 6) € constituida de uma rosca
sem fim que fica dentro de um cilindro, o que possibilita o facil manuseio. A
mistura polimérica ocorre através da acdo combinada de calor, pressao e atrito
mecanico, as quais apresentam vantagens tais como, alta produtividade e

auséncia de efluentes (Merci et al., 2015; Ye et al., 2019).

Figura 6. Esquema simplificado de uma extrusora monorosca.

Fonte: Merci et al., 2015.

A extrusdo reativa é considerada uma técnica ecologicamente
correta que pode ser usada para modificacdo quimica de polimeros, uma vez
que nenhum solvente é empregado no processo, sdo empregados tempos de
reagao curtos, e o processo € escalonavel para escala industrial (Gil-Giraldo et
al., 2021; Mantovan; Yamashita; Mali, 2022).

A utilizacdo de extrusdo reativa € um método possivel de
mistura de polimeros, como também de modificagdes quimicas nos polimeros
utilizados. Na literatura a utilizacdo de extrusao reativa para a producédo de
hidrogéis ainda é limitada (Crippa, 2016; Todd,1988; Nascimento, 2016;
Simdes et al., 2020). Simdes et al. (2020) utilizaram a extrusao reativa para a

obtencdo de hidrogéis a base de amido de mandioca e goma xantana, e a
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técnica se mostrou eficiente na produgéo dos hidrogéis. Nascimento (2016)
utilizou a extrusdo reativa para a produgao de hidrogéis superabsorventes de
amido e alcool polivinilico para aplicagdo agricola na agricultura. Cagin et al.
(2021) obtiveram hidrogéis de amido com carboxilmetil-celulose através da
utilizagao de extrusao reativa e relataram resultados satisfatorios. Gil-Giraldo et
al. (2021) relataram que o uso da extrusao reativa foi eficiente para introdugéo
de ligagdes cruzadas na estrutura da celulose através da reagdo com acido
citrico. Apdés a modificagcédo, a celulose apresentou mudangas importantes na
sua solubilidade, com aumento da hidrofobicidade e da capacidade de

absorgao de 6leo.



39

4. Referencias Bibliograficas

ABNT NBR- Embalagens plasticas degradaveis e/ou de fontes renovaveis-
115448-1, 2008.

AHMED, E. M. Hydrogel: Preparation, characterization, and applications: A
review. Journal of Advanced Research, v. 6, p. 105-121, 2015.

ALVES, J. S. Elaboragao e caracterizagao de filmes finos de amido e
parafina. 2009. Dissertagdo de mestrado, Universidade Federal de Lavras,
Lavras, 2009.

ANTONIOLIA, D.; LAUS, M.; SIONKOWSKA, A. Natural polymer blends:
Thermal and mechanical behavior. AIP Conference Proceedings, v. 198,
020111, 2018.

ASTM. (2001). ASTM Standard D 882 Standard test method for tensile
properties of thin plastic sheeting. ASTM Standards.

BORGES, J. G.; TAGLIAMENTO, M. S.; SOBRAL, A. G.; CARVALHO, P. J. A;;
APARECIDA, R. Development and characterization of orally-disintegrating films
for propolis delivery. Food Science and Technology, v.33, p.28-33 2013.

BOTH, A. K.; CHOUDHRY, D.; CHEUNG, C. L. Journal of Applied Polymer
Science, v. 140(10), €53586, 2023. https://doi.org/10.1002/app.53586

BRITO, G. F.; AGRAWAL, P; ARAUJO, E. M.; MELO, T. J. A. Biopolimeros,
polimeros biodegradaveis e polimeros verdes. Revista Eletrénica de
Materiais e Processos, v. 6, n. 2, p. 127-139, 2011.

BUWALDA, S. J.; BOERE, KW.M.; DIUKSTRA, P. J.; FEIEN, J;
VERMONDEN, T.; HENNINK, W. E. Hydrogels in a historical perspective: from
simple networks to smart materials. Journal of Controled Release, v.190, pp.
254-273, 2014.

BUENO, V. B.; BENTINI, R.; CATALANI, L. H.; PETRI, D. F. S. Synthesis and
swelling behavior of xantana-based hydrogels. Carbohydrate Polymers, v.92,
p. 1091-1099, 2013.

CAl, C.; TIAN, Y.; YU, Z;; SUN, C.; JIN, Z. In Vitro Digestibility and Predicted
Glycemic Index of Chemically Modified Rice Starch by One-Step Reactive
Extrusion. Starch/Staerke, v. 72, p. 1-11, 2020.

CAPANEMA, N. S. V.; MANSUR, A. A. P.; DE JESUS, A. C.; CARVALHO, S.
M.; DE OLIVEIRA, L. C.; MANSUR, H. S. Superabsorbent crosslinked
carboxymethyl cellulose-PEG hydrogels for potential wound dressing
applications. International Journal of Biological Macromolecules, v. 106, p.
1218-1234, 2018.

CAGNIN, C.; SIMOES, B. M.; YAMASHITA, F.; ANDRELLO, A. C.; DE
CARVALHO, G. M.; GROSSMANN, M.V.E. Hydrogels of starch/carboxymethyl
cellulose crosslinked with sodium trimetaphosphate via reactive extrusion.
Journal of Applied Polymer Science, v. 138, p. 1-12, 2021.



40

CASCONE, S.; LAMBERTI, G. Hydrogel-based commercial products for
biomedical applications: a review. International Journal of Pharmaceutics,
118803, 2019.

CHANG, L.; XU, L.; LIU, Y.; QIU, D. Superabsorbent polymers used for
agricultural water retention. Polymer Testing, v. 94, p. 107-121, 2021.

CLARO, F. C. ELABORAQAO E CARACTERIZAQAO DE FILMES A PARTIR
DE NANOFIBRILAS DE CELULOSE VEGETAL. Dissertagdao de mestrado,
Universidade Federal do Parana, 2017.

CRIPPA, A. ESTUDOS DO DESEMPENO DE FILMES MULTICAMADAS EM
EMBALAGENS TERMOFORMADAS. Dissertagao de menstrado, Universidade
Federal do Parana, 2016.

DENAVI, G.; TAPIA - BLACIDO, D. R.; ANON, M. C.; SOBRA, P. J. A.; MAURI,
A. N.; MENEGALLI, F. C. Effects of drying conditions on some physical
properties of soy protein films. Journal of Food Engineering, v. 90, p. 341-
349, 2009.

DENG, Z.; WANG, H.; MA, P. X.; GUO, B. Self-healing conductive hydrogels:
preparation, properties and applications. nanoscale. Royal Society of
Chimestry, v.12, p.1224-1246, 2019.

DIXIT, R. P.; PUTHLI, S. P. Oral strip technology: Overview and future
potential. Journal of Controlled Release, Amsterdam, v. 139, p. 94-107,2009.

DIXIT, S.; MISHRA, G.; YADAV, V. L. Optimization of novel bio-composite
packaging film based on alkali-treated Hemp fiber/polyethylene/polypropylene
using response surface methodology approach. Polymer Bulletin, v. 79, p.
2559-2583, 2022.

ERDAGI, S. I.; NGWABEBHOH, F. A_; YILDIZ, U. Genipin crosslinked gelatin-
diosgenin-nanocellulose hydrogels for potential wound dressing and healing
applications. International Journal of Biological Macromolecules, v. 149, p.
651-633, 2020.

FAKHOURI, F. M.; BATISTA, J. A.; GROSSO, C. R. F. Desenvolvimento e
caracterizagdo de filmes comestiveis de gelatina, triacetina e acidos graxos.
Brazilian Journal of Food Technology, v. 6, n. 2, p. 301-308, 2003.

FAKHOURI, F.M.; FONTES, L.C.B.; GONCALVES, P.V.M.; MILANEZ, C.R;
STEEL, C.J.; COLLARES-QUEIROZ, F.P. Filmes e coberturas comestiveis
compostas a base de amidos nativose gelatina na conservagéo e aceitagéo
sensorial de uvas Crimson. Ciéncia e Tecnologia dos Alimentos, v. 27, n. 2,
p. 369-375, 2007.

FITZPATRICK, P.; MEADOWS, J.; RATCLIFFE, I.; WILLIAMS, P. A. Control of
the properties of xanthan/glucomannan mixed gels by varying xanthan fine
structure. Carbohydrate Polymers, v. 92, n. 2, p. 1018-1025, 2013.



41

FRACHINI, E. C. G.; PETRI, D. F. S. Magneto-responsive hydrogels:
preparation, characterization, biotechnological and environmental applications.
Journal of the Brazilian Chemical Society,v.30, p.2010-2028, 2019.

GAN, S.; ZAKARIA, S.; CHIA, C. H.; CHEN, R. S.; ELLIS, A. V.; KACO, H.
Highly porous regenerated cellulose hydrogel and aerogel prepared from
hydrothermal synthesized cellulose carbamate. PLoS ONE, v. 12, n. 3, p. 1-13,
2017.

GARCIA-OCHOA, F.; SANTOS, V.; CASAS, J.; GOMEZ, E. Xantham gum:
production, recovery, and properties. Biotechnology Advances, v.18, p.549 -
579, 2000.

GARCIA, V. A. S.; BORGES, J. G.; MACIEL, V. B. V.; MAZALLI, M. B
GUIMARAES, J. G. L.; VANIN, F. L.; CARVALHO, R. A. Gelatin/ starch orally
disintegrating films as a promising system for vitamin C delivery. Food
Hidrocolloids, v.79, p. 127-135, 2018.

GHERIBI, R.; TALEB, Y.; PERRIN, L.; SEGOVIA, C.; BROSSE, N.; DESOBRY,
S. Development of Chitosan Green Composites Reinforced with Hemp Fibers:
Study of Mechanical and Barrier Properties for Packaging Application.
Molecules, v. 28, 4488, 2023. https://doi.org/10.3390/molecules28114488

GOLACHOWSKI, A.; DROZDZ, W.; GOLACHOWSKA, M.; KAPELKO-
ZEBERSKA, M.; RASZEWSKI, B. Production and properties of starch citrates—
Current research. Foods, v. 9, p. 1-14, 2020.

GUPTA, R.; LOLIC, L.; MEKONNEN, T. H. Reactive extrusion of highly filled,
compatibilized, and sustainable PHBV/PBAT — Hemp residue biocomposite.
Composites Part A: Applied Science and Manufacturing, v. 156, 106885,
2022.

GUTIERREZ, T. J.; VALENCIA, G. A. Reactive extrusion-processed native and
phosphated starch-based food packaging films governed by the hierarchical
structure. International Journal of Biological Macromolecules, v. 172, p.
439-451, 2021.

HORN, M. M.; MARTINS, V. C. A; GUZZI PLEPIS, A. M. Influence of collagen
addition on the thermal and morphological properties of chitosan/xanthan
hydrogels. International Journal of Biological Macromolecules, v. 80, p.
225-230, 2015.

ISO- INTERNATIONAL ORGANIZATION FOR STANDARDIZATION. 1SO
10993. Partes 1 a 20, 2009.

JIAN, J.; XIANGBIN, Z.; XIANBO, H. An overview on synthesis, properties and
applications of poly(butylene-adipate-co-terephthalate)-PBAT. Advanced
Industrial and Engineering Polymer Research, v.1, p- 19-26, 2020.



42

JIANG, L.; WOLCOTT, P. M.; ZHANG, J. STudy of Biodegradable
Polylactide/Poly(butylene adipate-co-terephthalate) Blends.
Biomacromolecules, v. 7, p. 199-207, 2006.

KALENDOVA, P.; SVOBODA, L.; HROCH, J.; HONCOVA, P.; DROBNA, H;
SLANG, S. Hydrogels Based on Starch from Various Natural Sources:
Synthesis and Characterization. Starch/Staerke, v. 73, p. 1-13, 2021.

KLEMM, D.; HEUBLEIN, B.; FINK, H. P. e BOHN A. Cellulose: fascinating
biopolymer and sustainable raw material. Angewandte Chemie International
Edition, v. 44, n. 22, p. 3358-3393, 2005.

KOLA, R.; KUMAR, P. B. A. A detailed description of synthetic and natural
polymers which are used in the formulation of sustained release drug delivery

system: a review . Journal of Chemical and Pharmaceutical Science, v.6, p.
161-169, 2013.

KROCHTA, J. M.; BALDWIN, E A.; NISPEROS-CARRIERO, M.O. Edible
coatings and films to improve food quality. Lancaster: Technomic Publishing
Co., p. 379, 1994.

LAFFLEUR, F.; STRASDAT, B. Gelatin-based formulations for dermal
application. European Polymer Journal, v. 118, p. 542-550, 2019.

LARSSON, M.; MARKBO, O.; JANNASCH, P. Melt processability and
thermomechanical properties of blends based on polyhydroxyalkanoates and
poly(butylene adipateco-terephthalate). Royal Society of Chemistry, 44354,
2016.

LESZCZYNSKA A.; RADZIK P.; SZEFER E.; MICUSIK M.; OMASTOVA M.;
PIELICHOWSKI K. Surface Modification of Cellulose Nanocrystals with Succinic
Anhydride. Polymers, 11 (5), 866, 2019.

LIU, G.; ZHOU, H.; WU, H.; CHEN, R.; GUO, S. Preparation of alginate
hydrogels through solution extrusion and the release behavior of different drugs.
Journal of 37 Biomaterials Science, Polymer Edition, v. 27, p. 1808—1823,
2016.

LUCENA, C. A. A;; COSTA, S. C,; ELEAMEN, G. R. A.; MENDANCA, E. A. M;
OLIVEIRA, E. E. Desenvolvimento de biofilmes a base de xilana e
xilana/gelatina para producdo de embalagens biodegradaveis. 2017.
Dissertacdo (mestrado em Ciéncias Farmacéuticas) - Universidade Estadual da
Paraiba, Campina Grande, 2017.

LAMSAF, H.; SINGH, S.; PEREIRA, J.; POCAS, F. Multifunctional Properties of
PBAT with Hemp (Cannabis sativa) Micronised Fibres for Food Packaging: Cast
Films and Coated Paper. Coatings, v.13, 2023.

MAALOUL, N.; OULEGO, P.; RENDUELES, M.; GHORBAL, A.; DIAZ, M.
Selected case studies on the environment of the mediterranean and
surrounding enhanced Cu ( ii ) adsorption using sodium trimetaphosphate —
modified cellulose beads : equilibrium , kinetics , adsorption mechanisms , and
reusability. Environmental Science and Pollution , p. 46523-46539, 2021.



43

MARIM, B. M.; MONTOVAN, J.; GIL-GIRALDO, G. A.; MALI, S. Environment-
friendly process based on a combination of ultrasound and peracetic acid
treatment to obtain cellulose from orange bagasse. Journal of chemical
Technology Biotechnology, 96, 630-638, 2021.

MARIOD, A. A.; ADAM, H. F. Review: Gelatin, source, extraction and industrial
applications. Acta Scientiarum Polonorum, Technologia Alimentaria, v. 12,
n. 2, p. 135-147, 2013.

MEEREBOER, K. W.; MISRA, M; MOHANTY, A. K. Review of recent advances
in the biodegradability of polyhydroxyalkanoate (PHA) bioplastics and their
composites. Green Chemistry, v. 22, 2020.

MISKEEN, S.; HONG, J. S.; CHOI, H. D.; KIM, JONG, Y.. Fabrication of citric
acid-modified starch nanoparticles to improve their thermal stability and
hydrophobicity. Carbohydrate Polymers, v. 253, p. 117242, 2021.

MITURA, S.; SIONKOWSKA, A.; JAISWAL, A. Biopolymers for hydrogels in
cosmetics: review. Journal of Materials Science: Materials Medicine, p. 31-
50, 2020.

MORGADO, D. L. Biocompésitos a partir de linter: filmes de acetato de
celulose/celulose e quitosana/celulose. Tese de Doutorado, Universidade de
Sao Paulo, 2009.

NAKAYAMA, D.; WU, F.; MOHANTY, A. K., HIRAI, S.; MISRA, M.
Biodegradable Composites Developed from PBAT/PLA Binary Blends and Silk
Powder: Compatibilization and Performance Evaluation. ACS Omega, v. 3 (10),
p.12412-12421, 2018.

NASCIMENTO, D. M.; NUNES, Y. L.; FIGUEIREDO, M. C. B.; AZEREDO, H.
M. C. A,; AOUADA, F. A,; FEITOSA, J. P. A;; ROSA, M. F.; DUFRESNE, A.
Nanocellulose nanocomposite hydrogels: technological and environmental
issues. Green Chemistry, v.20, 2018.

NASCIMENTO, C. E. SINTESE DE SUPERABSORVENTES POLIMERICOS
BIODEGRADAVEIS POR MEIO DA EXTRUSAO REATIVO DO POLI
(ALCCOL VINILICO) E AMIDO, EM PRESENCA DE ALDEIDO E ACIDO
GLICOXILICO, PARA USO AGRICOLA. Dissertagio de mestrado,
Universidade de Sao Paulo, 2016.

PAL, K. K,; WU, F.; MISRA, M.; MOHANTY, A. K. Reactive extrusion of
sustainable PHBV/PBAT-based nanocomposite films with organically modified
nanoclay for packaging applications: Compression moulding vs. cast film
extrusion. Composites Part B: Engineering, v. 198, 108141, 2020.

PARK, S. B.; LIH, E.; PARK, K. S.; JOUNG, Y. K.; HAN, D. K. Biopolymer -
based functional composites for medical applications. Progress in Polymer
Science, v. 68, p. 77-105, 2017.



44

PARENTE, M. E.; ANDRADE, A. O.; ARES, G.; RUSSO, F. Jiménez-Kairuz, A.
Bioadhesive hydrogels for cosmetic applications. International Journal of
Cosmetic Science, 2015.

PENG, J.; YUAN, J.-P.; WU, C.-F.; WANG, J.-H. Fucoxanthin, a marine
carotenoid present in brown seaweeds and diatoms: Metabolism and
bioactivities relevant to human health. Marine drugs, v. 9, p. 1806-1828, 2011.

PIZZOLATTI, M. G.; VENSON, F. A.; SMANIA JUNIOR, A.; SMANIA, F. A;
BRAZ FILHO, R. Two epimeric flavalignans from trichilia catigua (Meliaceae)
with antimicrobial activity. Zeitschrift fuer Naturforschung, C: Journal of
Biosciences, v. 57, n. 5/6, p. 483-488, 2002.

POMATTO, L. C. D.; DAVIES, K. J. A. Adaptive homeostasis and the free
radical theory of ageing. Free Radical Biology and Medicine, v. 124, p. 420—-
430, 2018.

PROMHUAD, K.; SRISA, A.; SAN, H.; LAORENZA, Y.; WONGPHAN, P.;
SODSAI, J.; TANSIN, K.; PHROMPHEN, P.; Chartvivatpornchai, N.;
Ngoenchai, P.; Harnkarnsujarit, N. Applications of Hemp Polymers and Extracts
in Food. Textile and Packaging: A Review. Polymers, 14,4274, 2022.

REDDY, N.; YANG, Y. Citric acid cross-linking of starch films. Food Chemistry,
v. 118, p. 702-711, 2010.

REISCHE, D.; LILLARD, D.; EITENMILLER, R. Antioxidants. In: AKOH, C. C,;
MIM, D. B. (Ed.). Food Lipids. Food Science and Technology, 2002.

RODRIGUEZ, R. R.; ANDREWS, E. H.; MARTINEZ, C. V.; CARVAJAL, Z. Y.
G. Composite hydrogels based on gelatin, chitosan and polyvinyl alcohol to
biomedical applications: a review. International Journal of Polymeric
Materials and Polymeric Biomaterials, v.69:1, p. 1-20, 2020.

ROMIO, A. P.; LUNKES, A. M.; BRUSAMARELLO, C. Z.; BERTAN, L. C;;
OLIVEIRA, L.; ASSIS, O. B.; TEO, T. Encapsulacdo do carvacrol em filmes
comestiveis de amido de mandioca e gelatina. Embrapa Instrumentagao, p.
213-216, 21 nov. 2017.

SACHINDRA, N. M.; SATO, E.; MAEDA, H.; HOSOKAWA, M.; NIWANO, Y,
KOHNO, M.; MIYASHITA, K. Radical scavenging and singlet oxygen quenching
activity of marine carotenoid fucoxanthin and its metabolites. Journal of
Agricultural and Food Chemistry, v. 55, p. 8516-8522, 2007.

SALIHU, R.; ABD RAZAK, S. I.; AHMAD ZAWAWI, N.; RAFIQ ABDUL KADIR,
M.; IZZAH ISMAIL, N.; JUSOH, N.; HASRAF MAT NAYAN, N. Citric acid: A
green cross-linker of biomaterials for biomedical applications. European
Polymer Journal, 146, 110271, 2021.

SHEN, L.; XU, H.; KONG, L.; YANG, Y. Non-Toxic Crosslinking of Starch Using
Polycarboxylic Acids: Kinetic Study and Quantitative Correlation of Mechanical
Properties and Crosslinking Degrees. Journal of Polymers and the
Environment, v. 23, p. 588-594, 2015.



45

SHELLHAMMER, T. H.; RHIM, JW. Lipid-based films and coatings.
Innovations in Food Packaging, p. 362 - 383, 2005.

SILVA, I. D. V.; CRISTIANO, C. M. Z. Estudos de blendas biopoliméricas
constituidas por goma xantana e poli (alcool vinilico). Revista Iberoamericana
de Polimeros, v. 18, p. 229-237, 2017.

SIMOES, B. M.; CAGNIN, C.; YAMASHITA, F.; OLIVATO, J. B.; GARCIA, P. S ;
DE OLIVEIRA, S. M.; EIRAS GROSSMANN, M. V. Citric acid as crosslinking
agent in starch/xanthan gum hydrogels produced by extrusion and
thermopressing. LWT, 108950, 2019.

SOARES,' P. A. G. OBTEN(;AO, CARACTE'RIZA(}AO E APLICA(;AO DE
HIDROGEIS A BASE DE POLISSACARIDEOS. Tese de doutorado,
Universidade Estadual de Pernanbuco, 2015.

SCOTTI, L.; SCOTTI, M. T.; CARDOSO, C. L.; PAULETTI, P. M.; GAMBOA, 1.
C.; BOLZANI, V. S.; VELASCO, M. V. R.; MENEZES, C. M. S.; FERREIRA, E.
I. Modelagem molecular aplicada ao desenvolvimento de moléculas com
atividade antioxidante visando ao uso cosmético. Revista Brasileira de
Ciéncias Farmacéuticas, v. 43, n. 2, p. 153-166, 2007.

SU, K.; WANG, C. Recent advances in the use of gelatin in biomedical
research. Biotechnology Letters, v. 37, n. 11, p. 2139-2145, 2015.

TAIATELE, I.; BOSCO, T. C. D.; TISCHER, P. C. S. F.; BILCK, A. N;
YAMASHITA, F.; BERTOZZI, J.; MICHELS, R. N.; MALI, S. Abiotic hydrolysis
and compostability of blends based on cassava starch and biodegradable
polymers. Journal of Polymers and Environment, 2019.

TAKAICHI, S. Carotenoids in algae: distributions, biosynthesis and functions.
Marine Drugs, v. 9, p.1101-1118, 2011.

TANG, W.; HIOKI, H.; HARADA, K.; KUBO, M.; FUKUYAMA, Y. Antioxidant
phenylpropanoid-substituted epicatechins from Trichilia catigua. Journal of
Natural Products, v. 70, n. 12, p. 2010-2013, 2007.

Tappi Test Method T222 om-88, Acid-Insoluble Lignin in Wood and Pulp, in
Tappi Test Methods; Tappi Press: Atlanta, GA, USA, 1999.

TAO, X.; NONAKA, H. Wet extrusion molding of wood powder with
hydroxypropylmethyl cellulose and with citric acid as a crosslinking agent.
BioResources, v. 16, p. 2314-2325, 2021.

TAVARES, R. S. N.; ENGLER, S. S. M.; COLEPICOLO, P.; DEBONSI, H. M
KORTING, M. S.; MARX, U.; GASPAR, L. R.; ZOSCHKE, C. Skin irritation
testing beyond tissue Vviability: fucoxanthin effects on inflammation,
homeostasis, and metabolism. Pharmaceutics, v. 12(2), p. 136, 2020.

TODD, D. B. Plastics compounding: equipment and processing. Carl
Hanser Verlag, Munich, 1988.

ULERY, B.D.; NAIR, L.S.; LAURENCIN, C.T. Biomedical applications of
biodegradable polymers. Journal of Polymer Science, Part B: Polymer



46

Physics, v. 49, n. 12, p. 832-864, 2011.

ULLAH, F.; OTHMAN, M. B. H.; JAVED, F.; AHMAD, Z.; AKIL, H. MD.
Classification, processing and application of hydrogels: A review. Material
Science and Engineering C, v. 57, p. 414-433, 2015.

VANINI, L. S; SANTOS, A. C. F.; KALSCHNE, D. L.; VIEGAS, M. C.; BENASSI,
M. T.; LONNI, A. A. S. G. Desenvolvimento de uma formulagdo cosmecéutica
para regido dos olhos com extrato padronizado de café verde developmente.
Visao Académica, v. 18, p. 18-34, 2017.

VAN SOEST, P.J. Symposium on factors influencing the voluntary intake of
herbage by ruminants: Voluntary intake in relation to chemical composition and
digestibility. Journal of Animal Science, 24, 834-843, 1965.

VARAPRASAD, K.; RAGHAVENDRA, G. M.; JAYARAMUDU, T.; YALLAPU, M.
M.; SADIKU, R. A mini review on hydrogels classification and recent
developments in miscellaneous applications. Materials Science and
Engineering C, v. 79, p. 958-971, 2017.

VERCELHEZE, A. E. S.; MARIM, B. M.; OLIVEIRA, A. L. M.; MALI, S.
Development of biodegradable coatings for maize seeds and their application
for Azospirillum brasilense immobilization. Applied Microbiology and
Biotechnology, v. 103, p. 2193-2203, 2019.

YE, D.; CHANG, C.; ZHANG, L. High-strength and tough cellulose hydrogels
chemically dual cross-linked by using low- and high-molecular-weight
crosslinkers. BIOMACROMOLECULES, V. 20, P. 1989-1995, 2019.

YINGJI, W.; CHANGLEI, X.; LIPING, C.; SHELDON, Q. S.; JIANGTAO, C.
Water-resistant hemp fiber-reinforced composites: In-situ surface protection by
polyethylene film. Industrial Crops and Products, v.112, p. 210-216, 2018.

WANG, C. S.; NATALE, G.; VIRGILIO, N.; HEUZEY, M. C. Synergistic Gelation
of Gelatin B with Xanthan Gum. Food Hidrocolloids, v. 60, p.374-383, 2016.

WILES, P. G.; GRAY,Il. K.; KISSLING, R. C.; DELAHANTY, C.; EVERS,
J.; GREENWOOD, K. Routine analysis of proteins by Kjeldahl and Dumas
methods: Review and Interlaboratory study using dairy products. Journal of
AOAC International, 81 (3), pp. 620-632, 10.1093, 1998.

WU, W.; XIA, C.; CAI, L.; SHI, S. Q.; CHENG, J. Water-resistant hemp fiber-
reinforced composites: In-situ surface protection by polyethylene film. Industrial
Crops and Products, v. 112, 2018.

ZHANG, Y.; FANG , H.; XIE, Q.; SUN, J.; LIU, R.;; HONG, Z; YI, R.; WU, H.
Comparative evaluation of the radical-scavenging activities of fucoxanthin and
its stereoisomers. Molecules, v. 19, p. 2100-2113, 2014.

ZYTNER, P.; PAL, A. K.;; WU, F.; RODRIGUEZ-URIBE, A.; MOHANTY, A. K;;
MISRA, M. Morphology and Performance Relationship Studies on Poly(3-



47

hydroxybutyrate-co-3-hydroxyvalerate)/Poly(butylene adipate-coterephthalate)-
Based Biodegradable Blends. ACS Omega, v. 8, p. 1946-1956, 2023.



48
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Pereira, J.F. Chemical Modification of Cellulose Using a Green Route by
Reactive Extrusion with Citric and Succinic Acids. Polysaccharides 2022, 3,
292-305. https://doi.org/10.3390/polysaccharides3010017

Abstract

Cellulose is a natural, unbranched, and fibrous homopolymer that is a major
component in several agroindustrial residues. The aim of this study was to
extract cellulose from oat hulls and then to modify it using a green route to
obtain esterified cellulose through reaction with organic acids employing the
reactive extrusion process. Citric (CA) and succinic (SA) acids were employed
as esterifying agents in different concentrations (0, 5, 12.5 and 20%). Modified
cellulose samples were characterized by their degree of substitution (DS),
Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (DRX),
scanning electron microscopy (SEM), wettability, oil and water absorption
capacities, and thermal stability. DS of modified samples ranged from 2.28 to
3.00, and FTIR results showed that the esterification occurred in all samples for
both acids by observation of important bands at 1720 and 1737 cm™ for
samples modified with CA and SA, respectively. All modified samples presented
improved hydrophobicity. The modification did not have influence on the
morphological structure or crystallinity pattern of all samples. This study proved
to be possible to modify cellulose using a simple and ecofriendly process based
on reactive extrusion with organic acids, which has low effluent generation,
short reaction times and scalable for large scale, and also expand its use in the

industry.

Keywords: Reactive extrusion; Esterification; Lignocellulosic residues; Oat hull.
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1. Introduction

Cellulose is one of the most abundant natural, renewable, and
biodegradable polymers, it is an unbranched and fibrous homopolymer that can
be obtained from plants or synthetized by bacterial. The cellulose chain consists
of B-D-glucose units repetition joined by B (1-4) glycosidic bonds, with three
hydroxyl groups per monosaccharide unit (Nguyen et al., 2020; Raucci et al.,
2015; Zainal et al.,2020), which makes cellulose an excellent platform for
chemical modifications (Gil-Giraldo et al., 2021). So, cellulose can be modified
to be used in the cosmetic, pharmaceutic and food industries and in agricultural
systems, among others (Capanema et al., 2018; Liu et al., 2006; Javanmard et
al., 2020).

Agroindustrial residues can be considered interesting sources
for cellulose extraction, and in the last few years there is an increased interest
in the obtainment of cellulose from these materials using different approaches,
which can be considered a promising alternative for the production of
sustainable products at affordable prices to reduce the dependency on
petroleum-based products (Das et al., 2021). The use of agroindustrial residues
to obtain new products is inserted into the concept of biorefineries, meeting the
vision of a sustainable economy using biological resources, maximizing benefits
and profits through strategies to add value to the plant biomass chain (De
Bhowick et al., 2018; Zuin et al., 2018).

Oat hull is a by-product from oat grain milling and represents 25
to 30% of oat grain weight, with approximately 28 - 35% of cellulose, 18 - 28%
of hemicellulose and 18 - 22% of lignin (Debliagi et al., 2018; Debliagi et al.,
2021; Gil-Giraldo et al., 2021), being considered an interesting raw material for
cellulose obtainment.

Modifications in the cellulose structure have been largely
studied to enhance its properties. Among all the possible modification types,
esterification is one of the most reported approaches (De Cuadro et al., 2015;
He et al., 2018). The esterified cellulose transfers from hydrophilic to
hydrophobic nature due to the introduction of hydrophobic aliphatic branches (Ji
et al., 2019).

In the last few years there has been great interest in green

routes to obtain new materials from renewable sources, including modified
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cellulose. According to Liyanage et al. (2021), the use green technologies for
the production of versatile materials can reduce carbon footprint. The use of
organic acids such as citric or succinic acids has gained attention as esterifying
and crosslinking agents for carbohydrate polymers in many aspects, they are
safe, inexpensive, UV resistant, and biocompatible multifunctional monomers
that are listed in the generally regarded as safe (GRAS) category by the US
Food and Drug Administration (FDA) (Cui et al., 2020; De Cuadro et al., 2015;
He et al., 2018; Ji et al., 2019; Liyanage et al., 2021; Quin et al., 2016; Salihu et
al., 2021; Zainal et al., 2020).

Citric acid and other polycarboxylic acids had been described
as efficient esterification and crosslinking agents for polysaccharides, such as
cellulose. The reaction of cellulose with polycarboxylic acids occurs due to the
attachment of the carboxylic group from acid via esterification with a cellulosic
hydroxyl group, and also a further reaction via esterification with another
cellulosic hydroxyl group can produce a crosslink between cellulose chains
(Demitri et al., 2008; Gil-Giraldo et al., 2021; He et al., 2018; Salihu et al., 2021;
Zainal et al., 2020). Although the catalytic mechanism of cellulose esterification
with organic acids has not been completely elucidated, esterification catalyzed
by a-hydroxy acids have been proposed to proceed via a nucleophilic attack of
the acylant by the hydroxyl groups of the a-hydroxy acid, followed by second
nucleophilic attack of the intermediate formed by the hydroxyl groups of

celulose (Nguyen et al., 2020; Romeo et al., 2020).

According to Gil-Giraldo et al. (2021), reactive extrusion
process is an efficient method for modifying cellulose and it is considered an
ecofriendly technological solution since the extruder is used as a reactor, where
chemical reactions such as esterification and crosslinking can be performed.
Reactive extrusion combines the thermomechanical energy to promote the
reaction between cellulose and organic acids in a single process without using
other reagents. Additionally, reactive extrusion is a continuous process that has
commercial viability, and it is easy to adapt to industrial large scales, offering
short reaction times (2—3 min) (Formele et al., 2018; Moad et al., 2011).

The use of reactive extrusion to obtain esterified cellulose
through reaction with organic acids has not been fully exploited in the literature.
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The aim of this study was to extract cellulose from oat hulls and then to modify it
using a green route to obtain esterified cellulose through reaction with organic
acids (citric and succinic acids) employing the reactive extrusion process.

2. Materials and Methods
2.1. Materials

The oat hull was acquired from a local oat processing industry
(SL Alimentos - Maua da Serra-PR, Brazil). The citric acid (CA) and succinic
acid (SA) of analytical grades were purchased from Synthlab (Synthlab,

Diadema, Brazil), like all other reagents and solvents.

2.2.1. Extraction of the cellulose from oat hulls

The extraction of the cellulose was performed following the
process described by Marim et al. (2021). Oat hulls (10 g) were treated with 250
mL of peracetic acid (50% acetic acid, 38% hydrogen peroxide, and 12%
distilled water), the suspensions were maintained on a mechanical stirrer with a
controlled temperature of 60 °C for 24 h. After this procedure, the samples were
filtered, and washed with distilled water to reach pH 5-6 and dried at 35 °C for
24 hin an air circulation oven.

Cellulose and hemicellulose contents were determined by the
Van Soest method (1965). Lignin contents were determined by the TAPPIT222
om-88 method (1999).

2.2.2. Modification of cellulose by reactive extrusion

The citric acid (CA) and succinic acid (SA) were used in
different concentrations (0, 5.0, 12.5 and 20.0% — g acid/100 g cellulose) as
esterifying agents. CA or SA in different concentrations were dissolved in
distilled water and mixed with de cellulose (100 g), resulting in a final moisture
content of 32% (g water/ 100 g cellulose). Each mixture was slowly added to
sealed plastic bags and equilibrated for 1 h before extrusion. A control sample
was extruded without any reagent other than water, resulting in the same final
moisture content of 32%. The reactive extrusion parameters were based on a
previous study of Gil-Giraldo et al. (2021). All samples were extruded in a single
screw extruder (AX Plastics, Diadema, SP, Brazil) with a screw diameter of 1.6
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cm and a screw length/diameter ratio (L/D) of 40, with four heating zones and a
matrix of 0.8 cm in diameter. The temperature in all zones was 100 °C and the
screw speed was 60 rpm. The modified cellulose was collected, placed in an
oven, dried to constant weight at 45 °C, grounded and sieved through an 80-
mesh sieve. The samples were washed three times with absolute ethanol to
remove the unreacted CA or SA, and finally the washed samples were air-dried
at 45 °C before being characterized. Cellulose samples prepared by reaction
with CA were labeled CA5%, CA12.5% and CA20% throughout the study, while
samples prepared with SA were labeled SA5%, SA12.5% and SA20%
throughout the study.

2.2.3. Determination of the degree of substitution (DS)

The DS of the modified cellulose was determined using the
method of Karnitiz et al. (2007). The carboxylic acid concentration (Ccoon) per
gram of the modified cellulose was determined by retro titration using
hydrochloride acid and sodium hydroxide. The DS was calculated according to
the equation as follows: DS = [(Cnaon vNaoH) - (4:Chci'VHa)] / Mm”where: Caon
is the sodium hydroxide solution concentration (mmol/L), Cuc is the
hydrochloric acid solution concentration (mmol/L), Vnaon is the sodium
hydroxide volume (L), VucL is the hydrochloric acid volume spent on the titration

of sodium hydroxide unreacted (L) and Mm is the cellulose mass used (g).

2.2.4. Fourier transform-infrared spectroscopy (FTIR)

The pulverized and dried samples were mixed with potassium
bromide axd compressed into tablets. The FTIR analyses were carried out with a
Shimadzu FTIR - 8300 (Kyoto, Japan), which has a spectral resolution of 4 cm™
and a spectral range of 4000-500cm™.

2.2.5. X-ray Diffraction (XRD)

The crystallinity of each sample was investigated using XRD.
The samples were finely powdered (particles 0.149 mm) using an analytical
mill (IKA basic 23), and the analysis was performed using a PANalytical
X'Pert PRO MPD diffractometer (Almelo, The Netherlands) with copper Ka
radiation (A = 1.5418 A) under the operational conditions of 40 kV and 30 mA. All
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the assays were performed with a ramp rate of 1°/min. The relative crystallinity
index (Cl) was calculated as follows: Cl (%) = [ (Iz00 = lam) -100/(l200) ], Where 1y
is the intensity of the 200 peak (at approximately 26 = 20° - 22°) and |, is the

intensity corresponding to the peak at 26 = 18°.

2.2.6. Scanning electron microscopy (SEM)

SEM analyses were performed on the FEI Quanta 200
equipment (Hillsboro, USA). Samples were incubated in an air circulation oven
(Marconi MA 035, Piracicaba, Brazil) at 60 °C for 3 h and then kept in
desiccators containing anhydrous calcium chloride for 7 d. The dried samples
were assembled for viewing on bronze stumps using double-sided tape.
Afterward, the samples were covered with a thin layer of gold (40-50 nm) and

an accelerated voltage of 20 kV was used for all samples.

2.2.7. Differential scanning calorimetry (DSC)
DSC analyses were performed on a Shimadzu DSC 60 (Kyoto,

Japan) calorimeter. Approximately 3.0 mg of each sample were placed in
platinum containers and heated from 30 to 450 °C at a heating rate of 5 °C / min

in a helium atmosphere

2.2.8. Thermogravimetric analysis (TGA)
TGA of the samples were performed using the Shimadzu TGA-

50 (Kyoto, Japan) equipment. The scans were performed from room
temperature up to 600 °C with a heating rate of 20 °C/min under a nitrogen flow
of 20 mL/min.

2.2.9. Wettability

Samples were mixed into two different systems with two
immiscible solvents with different density values: 1) water (d: 1.000 g/cm™) and
dichloromethane (d: 1.335 g/cm™) and water (d: 1.000 g/cm™) and chloroform
(d: 1.490 g/cm?), allowing to observe the affinity of each sample for each

solvent (Namazi et al., 2010).
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2.2.10. Water absorption capacity (WAC) and oil absorption capacity (OAC)

WAC and OAC were determined following the methodology
described by Gil-Giraldo et al. (2021). Approximately 0.5 g of each sample (MO)
and 15 mL of water (or soybean oil) (M1) were added to a centrifuge tube.
Then, the samples were kept in a water bath for 30 min and centrifuged for 30
min at 9000 rpm (Hettich Centrifuge, Universal model 320R, Darmstadt,
Germany). The non-adsorbed water (or soybean oil) (M2) was removed, and
the water (or soybean oil) absorbed by the samples was estimated as the
difference between M1 and M2. WAC was calculated as: WAC (g/g) = (M1 -
M2)/M0 and OAC was calculated as: OAC (g/g) = (M1 = M2)/MO.

2.2.11. Statistical Analysis
Analyses of variance (ANOVA) and Tukey's mean comparison
test (p<0.05) were performed with R program.

3. Results

Oat hull bleaching was performed with peracetic acid to obtain
cellulose. Raw oat hull presented 26% cellulose, 30% hemicellulose and 21%
lignin, and these results are in agreement with other authors (Debiagi et al.,
2015; Gil-Giraldo et al., 2021; Paschoal et al., 2015). After bleaching with
peracetic acid, the obtained sample presented a composition of 78% cellulose,
8% hemicellulose and 3% lignin, and this sample was labeled as cellulose, and
it was employed in this study to obtain the modified samples by reactive

extrusion with organic acids.

3.1. Degree of substitution (DS)

Esterification implies the substitution of hydroxyl groups of
cellulose by less polar ester groups, and the DS is an indicative of the
substitution level. DS can be defined as the average number of substituted
hydroxyl groups per glucose unit and it has a maximum value of 3 (Nguyen et
al., 2020; Ratanakamnuan et al., 2012; Romeo et al., 2020). DS results of
cellulose samples modified by reactive extrusion are shown in Table 1, and it is

possible to observe that the DS values increased with increase of CA and SA
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concentration, and also that DS values were not affected by the type of acid
employed.

Ratanakamnuan et al. (2012) reported similar DS values that
the obtained in this study, their values ranged from 2.41 and 2.69 for cotton
cellulose esterified with several fatty acids (C4 to C12) under microwave
heating, and they stressed that shorter reaction times are required to obtain
samples with higher DS when the microwave power increases. Hoang et al.
(2020) and Ji et al. (2019) reported that in esterification of cellulose with citric
acid the increased concentration of the acid enhances the interaction between
carboxylic groups of citric acid and hydroxyl groups of cellulose. Xin et al.
(2017) presented DS results ranging from 0.337 to 1.191 in cellulose succinates
under a catalyze-free condition. Qin et al. (2016) reported that cellulose
succinates obtained by reaction with SA performed in a high-energy stirring ball
mill presented higher degrees of substitution when subjected to higher SA

concentrations.

Table 1. Degree of substitution of all samples.

Sample Degree of Substitution
CA5% 2.36
CA12.5% 2.40
CA20% 3.00
SA5% 2.28
SA12.5% 2.59
SA20% 3.00

3.2. Fourier-Transform Infrared (FTIR) Spectroscopy

FTIR spectra of cellulose, control sample and modified cellulose
with CA and SA are shown in Figures 1 a. It is possible to see that all samples
that were subjected to reactive extrusion with CA and SA presented a
pronounced band located between 1720 and 1737 cm™', which can be
associated with the C=0 stretching of carbonyl in the ester bonds.

Being an indicative that esterification using CA and SA
occurred. These results are similar to those presented by other authors (Cui et
al., 2020; He et al., 2018; Gil-Giraldo et al., 2021; Javanmard et al., 2020; Ji et
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al., 2019; Liu et al., 2006; Qin et al., 2016; Romeo et al., 2020; Xin et al., 2017),
who also used CA or SA as esterifying agents for cellulose, these authors
reported that bands between 1720 to 1750 cm™' can be used to show the
success of cellulose esterification.

For cellulose and control sample this band appeared with lower
intensity (Figures 1 and 2). Considering that cellulose was extracted from oat
hulls, and it remained with 8% of hemicellulose, this band in cellulose and
control samples (extruded without organic acids) possible corresponded to the
acetyl or uronic groups of the hemicelluloses (Marim et al., 2021). Gil-Giraldo et
al. (2021) reported that this band can also be explained by the
thermomechanical treatment applied to cellulose during extrusion, being

attributed to the C=0 group from the opened terminal glucopyranose rings.

Figure 1. FTIR spectra of cellulose, control sample, and modified cellulose with
CA (a) and FTIR spectra of cellulose, control sample, and modified cellulose
with SA (b).
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All samples presented a broad band near of 3500 cm ™' that can
be assigned to O—H stretching groups. The band at 2900 cm™ is due to the C-H
stretching (Gil-Giraldo et al., 2021; Liu et al., 2006). All the bands between 1057
and 1162 cm™" are corresponding to C—-O and C—O-C stretching vibration in
cellulose (Debiagi et al., 2020; Gil-Giraldo et al., 2021; Marim et al., 2021).

3.3. X-ray Diffraction (XRD)

The X-ray diffractograms and relative crystallinity indexes (IC)
of cellulose, control sample, and modified cellulose with CA and SA are shown
in Figure 2. It is possible to see that all samples presented characteristic peaks
of cellulose type |, at 26 = 16, 22, and 34° (Debiagi et al., 2020; Gil-Giraldo et
al., 2021; Qin et al., 2016; Ratanakamnuan et al., 2012). The extrusion process
with CA and SA employed in this study did not affect the polymorph type of
cellulose compared to cellulose sample. Other authors that subjected cellulose
extracted from oat hulls to modification by reactive extrusion also reported that
this process did not affect the inherent crystalline structure of extruded samples
(Debiagi et al., 2020; Gil-Giraldo et al., 2021). Ji et al. (2019) reported that
esterification of nanocellulose with CA has no influence on the position of peaks
and no changes on the crystalline allomorph of the cellulose. Gil-Giraldo et al.
(2021) also reported that esterification with CA possible occurred mainly at the
cellulose surface, without affecting the inner crystalline structure. According to
Qin et al. (2016), chemical reagents are difficult to enter into the crystalline

region of cellulose because of its stable structure.
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Figure 2. X-ray diffractograms of cellulose, control sample, and modified
cellulose with citric acid (a), and X-ray diffractograms of cellulose, control

sample, and modified cellulose with succinic acid (b).
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The crystallinity index (Cl) of cellulose was 42%, which is typical
of a semicrystalline material, and a very close value (43%) was reported by Gil-
Giraldo et al. (2021) for cellulose from oat hull. The CI for all extruded samples
(with and without reagent) slightly decreased, and the CI values ranged from 37
to 39% for samples modified with CA (Figure 4) and for 36 to 37% for samples
modified with SA (Figure 5). During the reactive extrusion process, the cellulose
fibers were exposed to high temperatures and high shear forces, however,
these processing conditions did not affect the crystallinity pattern of the modified
samples. These results agreed with other authors that used reactive extrusion
to esterify cellulose (Gil-Giraldo et al., 2021). Otherwise, Qin et al. (2016)
reported a decrease in Cl of cellulose esterified though reaction with SA in a

high-energy stirring ball mill, and they attributed this decrease to the disruption
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of the intramolecular and intermolecular hydrogen bonds in cellulose, which

effectively can destroy its crystalline structure.

3.4. Scanning Electron Microscopy (SEM)

Figure 3 shows the SEM images of oat hull, cellulose and
cellulose samples modified with citric acid 20% (CA20% sample) and succinic
acid 20% (SA20% sample). It is possible to observe that raw oat hull presented
a compact and uniform structure, with the fibers bundled with hemicellulose and
lignin components, which are typical for lignocellulosic materials (Gil-Giraldo et
al., 2021; Liu et al., 2006; Marim et al., 2021; Setyawan et al., 2017). The
extraction process with peracetic acid removed the external layer composed
mainly by hemicellulose and lignin, as result the cellulose sample showed a
different morphology, with long and individualized fibers (Abraham et al., 2011;
Gil-Giraldo et al., 2021; Paschoal et al., 2015).

Both CA and SA samples presented long and individualized
fibers, showing no difference from the cellulose sample, and these results were
consistent with XRD results, that showed that reactive extrusion with the
organic acids did not affect the crystallinity pattern of cellulose. Gil-Giraldo et al.
(2021) subjected cellulose to reactive extrusion with CA employing a higher acid
concentration (40%) and also reported that the surface morphology of the
cellulosic fibers did not change. He et al. (2017) also reported that morphology
of nanocellulose was not significantly affected by esterification, suggesting that
only the surface of the cellulose was modified during reaction with citric acid.
Cui et al. (2020) reported a slightly increase in roughness on the cellulose fiber

surface after esterification with CA.
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Figura 3. SEM images of oat hull, cellulose, and cellulose modified with CA
20% and SA 20%.
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3.5. Differential scanning calorimetry (DSC)

Figure 4 present the DSC curves of cellulose, control sample
and modified cellulose by CA and SA, respectively. All samples showed an
endothermic peak near 50 °C, which can be associated with water loss (Demitri
et al., 2008; Gil-Giraldo et al., 2021). It is possible to observe that all samples
showed an exothermic peak near 350 °C which can be attributed to the
cellulose depolymerization, this event was also reported by other authors (Agu
et al., 2017; Gil-Giraldo et al., 2021), and it can be observed that the
esterification of cellulose by reactive extrusion did not affect the thermal stability

observed from DSC curves.
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Figure 4. DSC curves of cellulose, control sample and cellulose modified with

citric acid (a), and DSC curves of cellulose and succinic acid modified cellulose

(b).
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3.6. Thermogravimetric analysis (TGA)

TGA and DTGA curves from cellulose, control samples, and
cellulose samples modified with CA and SA are shown in Figures 5 and 6,
respectively. All samples presented a small first degradation stage at 50-100 °C
(Figures 5a and 6a), which can be attributed to the loss of water of samples
(Capanema et al., 2018; Gil-Giraldo et al., 2021).
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Figure 5. TGA (a) and DTGA (b) curves of cellulose, control sample and

cellulose modified with citric acid.
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All samples started to decompose near 250 °C, and it can be
observed that for unmodified cellulose the temperature that correspond to the
maximum weight loss rate was 367 °C, and for all modified samples this value
decreased; samples modified with CA had the maximum weight loss rate
ranging from 360 to 364 °C, and for samples modified with SA these values
ranged from 349 to 362 °C (Figures S5b and 6b), which is an indicative of a
decrease in thermal stability of the modified samples. Ji et al. (2019) also
reported that thermal stability of nanocellulose decreased after esterification
with CA.
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Figure 6. TGA (a) and DTGA (b) curves of cellulose, control sample and

cellulose modified with succinic acid.
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3.7. Wettability

Figures 7 and 8 shows the wettability results in the two tested
systems, water/dichloromethane and water/chloroform, respectively. The
wettability property is directly influenced by the polar and non-polar groups

presents on the molecules surface (Gil-Giraldo et al., 2021; Hubbe et al., 2015;

Shi et al., 2018).
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Figure 7. Dispersion of cellulose, control sample, and modified cellulose with

CA and SA in a water/dichloromethane system.

Figure 8. Dispersion of cellulose, control sample and modified cellulose with CA

and SA in a in a water/chloroform system.

As can be seen in Figures 7 and 8, cellulose and control
samples showed affinity for water (polar solvent), while all the modified samples
showed affinity for dichloromethane and chloroform, which are non-polar
solvents, indicating that the hygroscopic character of cellulose changed by
chemical modification through reaction with CA and SA, with new hydrophobic
properties being evident. According to Hubbe et al. (2015) the substitution of
polar hydroxyl groups in the cellulose surface for less polar groups can affect
the wettability results. He et al. (2018) reported increases in cellulose
hydrophobicity upon esterification with CA. Gil-Giraldo et al. (2021) also



65

observed an increased affinity by non-polar solvents when cellulose was
esterified by reactive extrusion with CA. According to Adewuyi and Pereira
(2017), the poor hydrophobicity of cellulose limits its application, and this
limitation can be overcome by surface modification of cellulose, replacing its

hydroxyl groups, which can be an effective to improve its hydrophobicity.

3.8. Water absorption capacity (WAC) and oil absorption capacity (OAC)

WAC and OAC results are shown in Table 2. For the modified
cellulose, WAC values ranged from 6.46 to 7.13 (g/g). When compared to
cellulose (9.27 g/g) and control sample (8.55 g/g), all the modified samples
present significantly lower WAC values (Table 2). It is important to observe that
the type of acid or the acids concentration did not affect significantly the WAC

values of modified samples.

Table 2. Water absorption capacity and oil absorption capacity of samples.

Samples WAC (g/9) OAC (g/9)
Cellulose 9.27%+ 0.07 1.80°+ 0.01
Control Sample 8.55%+ 0.01 4.25%+0.61
CA5% 6.46"+ 0.01 7.26°°+ 1.33
CA12.5% 7.13°1+ 0.01 9.07%+ 0.55
CA20% 6.78%+ 0.05 9.94%+ (.32
SA5% 7.49°+0.03 8.88%°+0.79
SA12.5% 6.97°°®+ 0.05 8.81%°+ 0.15
SA20% 7.35°°+0.02 9.10%+ 0.11

Different letters on the same line indicate statistical difference by Tukey's test (p< 0.05).

From the OAC results (Table 2) it is possible to see that the
cellulose sample presented the lowest OAC value (1.80 g/g), while the modified
samples CA 12.5%, CA 20% and SA 20% showed the highest values, and it
can also be observed that the increase of acids concentrations resulted in
samples with higher OAC. This increase in hydrophobic capacity of modified
samples can be attributed to the decrease of free hydroxyl groups on the
cellulose surface by reaction with CA and SA. Adewuyi and Pereira (2017) in

their study with modified cellulose through reaction with suberic acid also
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reported the increase in hydrophobicity of modified samples, which was
observed by the decrease in WAC and increase in OAC values. Gil-Giraldo et
al. (2021) in their study with modified cellulose with CA also described lower
WAC and higher OAC values for cellulose modified with CA.

4. Conclusions

All the results showed it was possible to obtain cellulose
samples with increased hydrophobicity after employing a reactive extrusion
process to perform the esterification of cellulose with two organic acids, citric
and succinic acids. FTIR test confirmed the modification for all formulation
tested by the appearance of a new band at 1735 cm™. Regardless of the type of
acid used, all modified samples showed higher affinity for non-polar solvents,
and increased oil absorption capacity.

The process of modifying cellulose using reactive extrusion and
organic acids proved to be possible. When compared to the conventional
processes employed to obtain esterified cellulose this is an ecofriendly and
efficient alternative for cellulose modification, with some really good advantages
such as low effluent generation, short reaction times, lower investment costs

and the simplicity of operation due to its continuous nature.
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Abstract

Polysaccharides and proteins are compatible macromolecules that can be used
to obtain biopolymeric hydrogels through physical interactions. In this study, an
environmentally friendly strategy is being proposed to produce gelatin-xanthan
gum- cellulose hydrogels, without the addition of chemical synthetic
crosslinkers. Xanthan gum was employed as an alternative crosslinking agent,
and cellulose was used as a potential reinforcing agent in the polymeric matrix.
Firstly, the biopolymers were mixed by the extrusion process, and glycerol was
used as a plasticizer. Then, the polymeric mixture was molded by
thermopressing to obtain hydrogels as laminated films. All hydrogels
formulations resulted in films with smooth surfaces, without pores or cracks,
resulting in amorphous polymeric matrices. The obtained hydrogels had a pH-
dependent degree of swelling, the highest swelling values were obtained at pH
4 (5.3—-7.9 g/g) after 24 h of immersion. Cellulose acted as a reinforcing agent
for hydrogels, increasing thermal stability, tensile strength, and Young's
modulus of fiims when employed at the higher level (7%). The strategy
employed in this study to obtain nontoxic hydrogels without synthetic
crosslinkers was effective, resulting in materials with promising properties to be
used as pharmaceutical forms to deliver active compounds in cosmetic or
pharmaceutical products.

Keywords: Reactive extrusion, Termopressing, Hydrogel, Biopolymers.
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1. Introduction

Advances in biopolymers technology have led to the growing
interest in the development of biopolymeric hydrogels, which are a unique class
of material that is produced from hydrophilic three-dimensional viscoelastic
polymeric networks, allowing the diffusion and fixation of molecules (Cascone et
al., 2020; Mitura et al., 2020). These networks are maintained due to the
presence of physical and/or chemical bonds between the polymer chains,
presetting an inherent capacity to swell and retain water in their structure, while
having resistance to dissolution (Rodriguez et al., 2020).

A superabsorbent hydrogel can absorb over 100% of its dry
weight in water (Batista et al., 2019). The most common commercial hydrogels
are based on synthetic polymers, including polyacrylamide, poly (sodium
acrylate), poly (acrylic acid), and polyvinylpyrrolidone. These synthetic matrices
are bounded by chemical crosslinking, however, the usual crosslinkers may
cause some toxicity (Ahmad et al., 2022; Batista et al., 2019; Berger et al.,
2004). Glutaraldehyde and glyoxal are dialdehydes usually employed as
crosslinkers; glutaraldehyde is reported as a neurotoxic compound and glyoxal
is considered mutagenic (Berger et al., 2004).

Several efforts have been made to increase hydrogel
production from biodegradable polymers (Batista et al., 2019; Cascone et al.,
2020; Mitura et al., 2020; Rodriguez et al., 2020). Additionally, the obtainment of
physically crosslinked hydrogels can be considered a solution to overcome the
toxicity of chemical crosslinkers, resulting in a biocompatible polymeric structure
that gets broken down into nontoxic substances, being able to be use in
cosmetic and pharmaceutical sectors (Ahmad et al., 2022; Berger et al., 2004;
le et al., 2013; Le et al., 2015; Le et al., 2017).

Polysaccharides and proteins are compatible
biomacromolecules that can be used to obtain hydrogels by physical
interactions, including electrostatic interactions when these biopolymers carry
net opposite electric, hydrogen interactions, hydrophobic or Van der Waals
forces (Alavarse et al., 2022; Batista et al., 2019; Le et al., 2017). In general,
polysaccharides and proteins mixed systems can result in hydrogels with high
water absorption capacity, which is related to the presence of hydrophilic

groups present in their chemical structure, such as amine (NH.), hydroxyl (-
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OH), amide (-CONH-, —CONH,), carboxyl (-COOH), among others (Le et al.,
2013; Le et al., 2015; Le et al., 2017).

Gelatin is a low-cost protein obtained from partial hydrolysis of
collagen from skin, bones or connective tissue of animals, being classified as
type A (acid hydrolysis) or type B gelatin (alkaline hydrolysis). Gelatin exhibits
an amphoteric behavior due to the presence of both basic and acidic groups,
presenting in its composition a large number of glycine, proline and hydroxyl-
proline residues. It is widely used in food, cosmetic and pharmaceutical
industries (Laffleur et al., 2019; Rodriguez et al., 2020). It is easily soluble in
water at an average temperature of 40 °C, forming a viscous solution by chain
association and threedimensional network formation, resulting in gels and films
employed for several applications (Laffleur et al., 2019; Wang et al., 2016).
Xanthan gum is the most important commercial bacterial polysaccharide, and it
is mostly produced by Gram-negative Xanthomonas campestris (Petri et al.,
2015).

Xanthan gum is a negatively charged heteropolysaccharide with
a main chain consisting of pB(1—4)linked D-glucose residues, and a
trisaccharide side chain that contains a D-glucuronic acid unit between two D-
mannose units attached to alternate D-glucose residues (Sethi et al., 2015).
One-half of the terminal D-mannose contains a linked pyruvic acid, and the D-
mannose unit linked to the main chain can contain a linked acetyl group (Sethi
et al., 2015; Simdes et al., 2020).

Cellulose is a linear homopolysaccharide formed by the
repetition of B -D-glucose units joined by 3(1—4) bonds, with three free hydroxyl
groups per monosaccharide unit (Gil-Giraldo et al., 2021). Cellulose
esterification is one of the most studied modifications, which can be performed
with nontoxic and renewable source reagents, such as organic polycarboxylic
acids (Alavarse et al., 2022; Gil-Giraldo et al., 2021; Pereira et al., 2022),
resulting in hydrophobic materials that can be efficiently used to reinforce
biopolymeric matrices. Cellulose and cellulose derivatives can be successfully
used in biodegradable hydrogel formulations as reinforcing agents (Cagnin et
al., 2021; Capanema et al.,, 2018; Fu et al., 2019; Javanbakt et al., 2018;
Koneru et al., 2020). The use of polymeric mixtures to obtain new hydrogels is a

simple and viable strategy to combine the advantages of different materials,
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improving their properties (Antonioli et al., 2018).

The use of protein and polysaccharides mixtures in aqueous
systems has been reported in the literature, including gelatin-xanthan gum (Lii
et al., 2002; Harirah et al., 2016; Wang et al., 2016; Wang et al., 2017) and {3 -
lactoglobulin-xanthan gum mixtures (Le et al., 2013; Le et al., 2015). Other
studies reported the production of films and hydrogels from gelatin, xanthan
gum, and carboxymethyl cellulose (Harirah et al., 2016), and gelatin-xanthan
gum mixtures by casting method (Demir et al., 2022; Guo et al., 2014; Shawan
et al., 2019). Hazirah et al. (2016) reported that xanthan gum can be used as an
alternative crosslinking agent in gelatin-carboxymethyl films, resulting in a
compatible blend, however, a major concern of the use of xanthan gum is its
dispersion in high solids concentrations (Sereno et al., 2007; Zeng et al., 2021).

Biodegradable hydrogel production by the casting method is
extensively reported in the literature, on other hand, the use of extrusion and
thermopressing processes is little exploited. According to Simées et al. (2020)
extrusion and thermopressing subject the materials to thermal and mechanical
combined energies, promoting chemical and physical reactions between
polymers.

Additionally, extrusion can be considered an eco-friendly
technological solution to obtain polymeric mixtures with higher solids contents
(Sereno et al., 2007; Zeng et al., 2021). This process combines thermal and
mechanical energies to promote the mixture and physicochemical modification
of materials in a single step, with some advantages that include a continuous
process easily adaptable to large industrial scales, short reaction times (2- 3
min), and low effluents generation (Gil-Giraldo et al., 2021; Simdes et al., 2020;
Pereira et al., 2022).

Guerrero et al. (2014) reported that proteins denature during
extrusion, which allows intermolecular interactions between proteins and
polysaccharides by hydrogen interactions. Sereno et al. (2007) and Zeng et al.
(2021) reported that extrusion of xanthan gum can favor its dispersion at higher
solids contents; they stressed that during extrusion, xanthan gum loses its
helical ordered conformation, and after hydration extruded xanthan can forms
particles that behave as superswelling polyelectrolyte gels.

In this study, a simple and environmentally friendly strategy is
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being proposed to produce biobased hydrogels without addition of chemical
synthetic crosslinkers. Xanthan gum was employed to act as an alternative
crosslinking agent, and cellulose was used as potential reinforcing agent for the
polymer matrix, resulting in a gelatin-xanthan gumcellulose mixture. In a first
step, the biopolymers were mixed by the extrusion process, and glycerol was
used as a plasticizer. Then, the polymeric mixture was molded by
thermopressing to obtain hydrogels in the form of laminated films, which were
characterized in terms of their physicochemical, mechanical, and thermal
properties. The use of this strategy allowed the mixing of three biopolymers at
higher solids contents, which would be unfeasible in aqueous systems given the
difficulty of dissolving them in high concentrations. Additionally, in this study we
utilized renewable source reagents and polymers to obtain the biobased
hydrogels, aiming its future use as a potential pharmaceutical form to deliver

active compounds in cosmetic or pharmaceutical products.

2. Materials and methods

2.1 Materials

Oat hull was kindly donated by a local industry (SL Alimentos -
Maua da Serra-PR, Brazil). Succinic acid (SA) and xanthan gum of analytical
grade were purchased from Synthlab (Synth, Brazil). Gelatin (type B) was
purchased from Biotec (Brazil). All reagents employed in this study were of
analytical grade.

2.2. Preparation of Hydrogels
Hydrogels formulations were prepared according the
methodology from Simdes et al. (2020). The hydrogels films were prepared in

three stages, according to the formulations shown in Table I.
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Table 1- Formulations used in the preparation of 100 g of hydrogels formulation

used to prepare the hydrogels.

Samples Formulation Formulation Formulation Formulation
1 2 3 4
(9/100g) (9/100g) (9/100g) (9/100g)

Gelatin 51 51 51 51

Native cellulose 5 - 7 -

Modified cellulose - - 7

Xanthan gum 7 7 7

Glycerol 35 35 35 35

In the first stage, for the pellets production, cellulose, gelatin,
and xanthan gum in different concentrations were dissolved in glycerol and then
manually mixed. The final mixtures were processed using a laboratory single-
screw extruder (model EL-25, BGM, Sao Paulo, Brazil) with a screw diameter
(D) of 25 mm and screw length of 26D, through a die with six circular 2 mm 5
diameter holes at temperatures of 90/100/110/100 °C, from the feeding zone to
the die zone, and a screw speed of 35 rpm. Then, the obtained profiles were
pelletized. In the second stage, the pellets were reprocessed in the same
extruder, using a flat die with a 5 mm x 130 mm (thickness and width,
respectively) gap, at temperatures of 90/100/110/100 °C and screw speed of 35
rpm, resulting in partially homogeneous sheets. Finally, to obtain the hydrogel in
films, approximately 8 g of the extruded pieces were placed between two sheets
of cellulose acetate and pressed in a hydraulic press (JOMAQ, model PHB 200,

Franca, Brazil) at a temperature of 100 °C for 10 min.

2.3. Thickness and apparent opacity

The thickness was determined using a micrometer (Mitutoyo,
Japan). The measurements were repeated at teen random positions on each
hydrogel formulation. The apparent opacity was determined using a colorimeter
123 (BYK Gardner, Germany) as described by Garcia et al. (2018).

2.3. X-ray Diffraction (XRD)

Samples were powdered and the analysis was performed in a
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PANalytical X’Pert PRO MPD diffractometer (Almelo, The Netherlands) with
copper Ka radiation under the operational conditions of 40 kV and 30 mA. All
the assays were performed with a ramp rate of 0.05 °C/min .

2.4. Fourier Transform-Infrared Spectroscopy (FTIR)

The pulverized and dried samples were then mixed with
potassium bromide and compressed into tablets. The FT-IR analyses were
carried out with a Shimadzu FT-IR-8300 (Kyoto, Japan), which has a spectral

resolution of 4 cm™ and a spectral range of 4000-500 cm™".

2.5. Scanning Electron Microscopy (SEM)

SEM analyses were performed on the FEI Quanta 200
equipment (OR, USA). Samples were incubated in an air circulation oven
(Marconi MA 035, Piracicaba, Brazil) at 60 °C for 3 h and then kept in
desiccators containing anhydrous calcium chloride for one week. The dry
samples were assembled for viewing on bronze stumps using double-sided
tape. Afterward, the samples were covered with a thin layer of gold (40-50 nm)

and an accelerated voltage of 20 kV was used for all samples.

2.6. Thermogravimetric Analysis (TGA)

TGA of the samples will be performed using the Shimadzu
TGA-50 (Japan) equipment. The scans will be performed at room temperature
up to 600 °C with a heating rate of 20 °C /min under a nitrogen flow of 20

mL/min.

2.7. Degree of swelling

Degree of swelling was determined using a gravimetric method
described by Pereira et al. (2022). Samples (2 x 2 cm) of each formulation were
carefully weighed and placed inside previously weighed cylindrical devices (3.0
x 3.5 cm) containing at one end a mesh with a nominal aperture of 138-75 mm,
and the devices were immersed in 10 mL of different pH buffered solutions (4, 7
and 9). At pre-determined times (5, 10 and 20 min, and 24 h), the devices
containing the hydrogels films were removed from the solutions, the excess was

removed using filter paper, and then the films were weighed again. From the
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obtained value, the degree of swelling of each sample was calculated in relation

to its initial dry weight. Analyses were performed in triplicate.

2.8. Water Sorption Isotherms

Samples of the materials (0.5 g) were dried for 15 days over
anhydrous calcium chloride, and then they were placed over saturated salt
solutions in separate desiccators, each with a specific level of relative humidity
(RH) (11, 33, 58, 75 and 90%) and held at 25 °C. Each sample was weighed at
regular intervals, and when two consecutive equal measurements had been
recorded, it was assumed that the equilibrium weight had been reached. The
equilibrium moisture content was calculated as the mass increase of the dried
sample at equilibration for each RH.

The GAB (Guggenheim— Anderson-de Boer) model was used
to fit the data from the sorption isotherms, and the monolayer values were
calculated from the GAB isotherm model (Capanema et al., 2018). M=
mOCKaw/(1-Kaw) (1-Kaw+CKaw), where M is the equilibrium moisture content
at a given water activity (aw), aw is RH/100, mO is the monolayer value (g
water/g solids), and C and K are GAB constants. All tests were conducted in
triplicate.

2.9. Water vapor permeability (WVP)

WVP was determined gravimetrically according to ASTM
E96/E96M-16. Each film sample was placed in a 60 mm circular opening of a
permeation cell, which was placed in a desiccator at 25 °C, and to maintain a
75% RH gradient across the film, anhydrous calcium chloride (0% RH) was
placed inside the permeation cell, and a saturated sodium chloride solution
(75% RH) was placed in the desiccator. After an equilibration period of 3 h, the
cells were weighed at regular intervals until a constant rate of mass gain was
obtained. Changes in the weight of the cell were recorded to the nearest 0.0001
g and plotted as a function of time. The angular coefficient of each line was
calculated by linear regression at a constant regime (r* > 0.99), and the water
vapor permeability (WVP) was calculated according to Equation 1:

(1)

(TWVPx*e)

(psx (**55)

WVP =
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Where WVP is the water vapor permeability (g/msPa), TWVP is
the water vapor permeability rate (g/m? s), e is the film thickness, Ps is the
water vapor saturation pressure at 25 °C, and URd and URc are the relative
humidity in the desiccator and capsule, respectively. Analyses were performed

in triplicate.

2.10. Mechanical properties

The tensile properties were determined using the texture
analyzer model TA.XT 147 plus (Stable Micro Systems, Surrey, UK), according
to Garcia et al. (2020) based on the 148 ASTM-D882-02 (2002) standard
method.

2.11. Statistical Analysis
Analyses of variance (ANOVA) and Tukey's mean comparison
test (p<0.05) were performed with R program.

3 Results and Discussion

Oat hull was bleached with peracetic acid, resulting in a
material with 78% cellulose, 8% hemicellulose, and 3% lignin, and this sample
was labeled as native cellulose. Native cellulose was employed to obtain the
surface-modified cellulose by reactive extrusion with succinic acid, and the
degree of substitution of was 2.28. The degree of substitution can be defined as
the average number of substituted hydroxyl groups per glucose unit, and it has
a maximum value of 3 (Romeo et al., 2020). Native or modified cellulose were

employed as reinforcing agents in hydrogels.

3.1 Appearance, apparent opacity, thickness

All hydrogel formulations (Table 1) were easily processed by
extrusion, indicating that the employed process can be considered as a viable
alternative to obtain mixtures of gelatin, xanthan gum and cellulose. Four
formulations were prepared varying the type of cellulose (native or modified)
and the cellulose concentration (5 or 7%). Gelatin, xanthan gum and glycerol
proportions were fixed as the quantities that resulted in films that were

homogeneous, continuous and easy to handle. A major concern of the use of
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xanthan gum is its dispersion in high concentrations, and the extrusion of this
gum results in a good dispersion of xanthan gum (Severo et al., 2007; Zeng et
al., 2021). In previous reports from other authors that produced gelatin films by
casting (Harizah et al., 2016), xanthan gum was added in concentrations
ranging from 5 to 25% in relation to the total mass of gelatin, which means that
in a polymeric matrix produced in an aqueous system with 5% of solids content,
for each 1.00 g of gelatin, it was employed the maximum of 0.25 g of xanthan
gum (Harizah et al., 2016). In this study, 100 g of each formulation were
extruded employing 51-53 g of gelatin, 7 g of xanthan gum and 5-7 g of
cellulose, resulting in a simple and rapid process when compared to the casting
method.

Figure 1a presents the visual appearance of hydrogels films
obtained from gelatin, xanthan gum and cellulose mixtures; it can be observed
that all formulations resulted in laminated films with a smooth surface, without
pores or cracks, with good resistance to handling, folding and crushing, which
suggests that the extrusion process was effective in obtainment of a stable
polymeric network. In this study, we employed two polysaccharides (cellulose
and xanthan gum) and one protein (gelatin), which is compatible
macromolecules that can establish intermolecular interactions by hydrogen
bonding, and also by electrostatic interactions between xanthan gum, which is
an anionic polymer, and gelatin, a protein with positively charged reactive
groups, which probably was favored by the extrusion process. According to Guo
et al. (2014) addition of xanthan gum to gelatin edible films can result in
interactions between these biopolymers by electrostatic forces, hydrogen

bonding and entanglements between them.
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Figure 1. Visual appearance of hydrogels films (a); visual appearance of
hydrogels films after 20 min (b) and after 24 h immersed (c) in buffered solution
atpH?7.

Hazirah et al. (2016) reported that xanthan gum can be used as
an alternative crosslinking agent in gelatin/carboxymethil cellulose films,
resulting in a compatible blend of composite film. Some brown spots were
sparsely distributed on hydrogels samples, and may possibly result from the
Maillard reactions. Su et al. (2012) reported the occurrence of Maillard reactions
between proteins and polysaccharides in films obtained by casting. The
carbonyl group of the polysaccharides reacts with the amino group of the
proteins, resulting in reddish-brown materials. All hydrogels presented a
homogeneous yellowish color, which can be related to the use of xanthan gum;
this was also observed by Simdes et al. (2020) who developed hydrogels based
on cassava starch and xanthan gum by a similar process. Cellulose was
employed as a reinforcing agent (Cagnin et al., 2019; Capanema et al., 2018;
Fu et al., 2019; Javanbakht et al., 2018; Koneru et al., 2020), and the variation
in cellulose contents and the type of cellulose did not affect the extrusion of
mixtures or the films appearance and handling after thermopressing (Figure 1a).

All films were translucent, and the apparent opacity results of
the hydrogels ranged from 1.54 to 1.92%um™" (Table 2). The samples with the
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modified cellulose (F2 and F4) were responsible for the highest apparent
opacity results; however, this difference was not enough to generate a change
in the visual transparency of the films as observed in Figure 1a. Su et al. (2012)
reported that higher transparency indicates higher compatibility between the
polymers in a film matrix, and possibly, in this study free hydroxyls groups of
native cellulose were more accessible for interaction with the other polymers
than modified cellulose.

The average thickness (Table 2) of the hydrogels ranged from
23.33 to 27.66 um F2 and F4 formulations had the lower values, these samples
were produced with modified cellulose. Possibly, when cellulose was subjected
to reaction with succinic acid by extrusion, some degree of acid hydrolysis may
have occurred, resulting in materials with lower viscosity and fluidity inside the
extruder than the materials produced with native cellulose (F1 and F3),
generating films with lower thicknesses. According to Simdes et al. (2020) the
reaction with citric acid can result in acid hydrolysis of starch polymeric chains
during reactive extrusion, reducing the viscosity of the molten material, resulting

in hydrogels films with lower thickness and larger surface.

Table 2- Apparent opacity, thickness, and mechanical properties of all samples.

Samples Y(%pm™) Thinckeness o (MPa) € (%) E (Mpa)
(hm)

F.1 1.56°+ 0.04 27.66°+2.42  2.01°+0.63 59.43°+12.28 5.34°+0.95

F.2 1.92°+0.04 23.33°+1.80 1.86°+0.14 57.03°+9.30 5.66°+0.57

F.3 1.54°+ 0.17 26.66°+2.07 2.90°+0.37 58.03°+7.84 9.50°+1.81

F.4 1.86%°+0.05 23.43°+2.07 2.11°+0.35 51.56°+10.55 7.55°°+0.65

Y (apparent opacity); o (tensile strength); € (strain at break); E (Young’s modulus). Different

letters in the same column indicate significant differences (p < 0.05) according to Tukey’s test.

The mechanical properties results are shown in table 2. The
tensile strength results ranged from 1.86 to 2.900. The F.3 was responsible for
the highest result, followed by the F.4 formulation. In the strain at break results
there were no statistic difference between them. The Young’s modulus results
the F.3 formulation was responsible for the highest value of 9.50 Mpa, followed
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by the F.4 formulation of 7.55 Mpa. The highest results observed in F.3 and F.4
formulation can be due to the higher concentration of cellulose used in this
formulation (Belay et al., 20120; Simbes et al., 2020).

3.2. X-ray Diffraction (XRD)

XRD is an important technique for the characterization of semi-
crystalline polymers, revealing important information about their molecular
organization, their crystallinity index and how the processing can affect their
native structure (Warren et al., 2016). The X-ray diffractograms of hydrogels
films are shown in Figure 2. It is possible to see that all samples presented an

amorphous pattern, without pronounced peaks.

Figure 2. X-ray diffractograms of all hydrogels films.
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A peak located at 20=22° discretely appeared in all samples,
this peak is attributed to cellulose type | (Debiagi et al., 2020; Gil-Giraldo et al.,
2021; Marim et al., 2021; Pereira et al., 2022). According to Luciano et al.
(2021), peaks near 26=7 and 20° refer to the formation of triple helix structure of

gelatin, and these peaks were not observed in this study (Figure 2). A peak at
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20=29° has been attributed to the double helix conformation of xanthan gum
(Balasubramanian et al., 2018), and it was not observed in this study.

Extrusion process is a combination of physical and
thermomechanical treatments, which can affect the proportion of amorphous
and crystalline fraction of polymers (Debiagi et al., 2020). In this study, the
extrusion process followed by thermopressing resulted in amorphous materials.
Hazirah et al. (2016) reported that the incorporation of xanthan gum to gelatin-
carboxymethyl cellulose films prepared by casting also resulted in amorphous

materials.
3.3. Fourier Transform-Infrared Spectroscopy (FTIR)

FTIR is a useful technique to provide information about the
hydrogels network structure and their chemical groups (Severo et al., 2007;
Warren et al., 2016). FTIR spectra of hydrogel films are shown in Figure 3. It is
possible to see that all formulation presented similar spectra, and this occurred
because all hydrogels formulations were obtained from materials with similar
chemical groups. There were no changes in the characteristic bands of the
formulations made with modified cellulose, which can be due to the presence of
cellulose (native or modified) which represents only 5 or 7% of the total of each
formulation. Pereira et al. (2022) observed that there were no changes in the
polymer characteristic FTIR bands after 0.5-10% of antioxidant addition in
starch-gelatin films, and they attributed this to the small concentration of
antioxidants used in the films formulations.

All formulation presented a wide band near 3400 and 3500 cm’
' which can be attributed to the O—H stretching of hydrogen bonds, and also a
band located near 2900 cm™ that was attributed to the presence of C—H
stretching (Debiagi et al., 2020; Gil-Giraldo et al., 2021; Hazirah et al., 2016;
Pereira et al., 2022; Su et al., 2012). Bands located between 1423 and 1325
cm™ can be attributed to the presence of CH2 group, C-OH vibration and C-H
stretch (Wannaphatchaiyong et al., 2019). Bands located near 1640, 1540 and
1241 cm™ corresponded to amine |, amine Il and amine lll, these bands
appeared in all samples, and they are characteristics bands of gelatin (Wang et
al., 2017).
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Figure 3. Fourier Transform-Infrared Spectroscopy of all hydrogel films.
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All the bands located between 1057 and 1162 cm™ appeared in
all samples, and they corresponded to the presence of C-O and C-O-C
stretching vibration in cellulose, xanthan gum and gelatin (Debiagi et al., 2020;
Gil-Giraldo et al., 2021; Pereira et al., 2022; Wang et al., 2017).

3.4. Scanning electron microscopy (SEM)

Scanning electron microscopy allows obtaining high resolution images from the
materials, providing relevant information on surface topography of the specimen
(Merrett et al., 2002), and also about compatibility between polymers in
polymeric mixtures (Cagin et al., 2021).
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Figure 4. SEM imagens of hydrogels films.

In Figure 4 it can be seen the SEM images of surface and

fracture of all hydrogels films. It is possible to see from the surface images that
all formulation presented a smooth appearance, without pores or cracks. This
fact can be associated to the thermopressing process, as reported by Simdes et
al. (2020) they also obtained homogeneous and smooth hydrogel films of starch
and xanthan gum by reactive extrusion followed by thermoprocessing. The
fracture images also showed the formation of a compact structure, and
according to Cagnin et al. (2021) this is an indication of a good interaction

between the biopolymers employed to obtain the hydrogel network.

3.5. Thermogravimetric Analysis (TGA)

TGA of hydrogels is performed to determine weight changes as
a function of temperature in order to study their thermal stability (Demir et al.,
2022; Laffleur et al., 2019). TGA and DTGA curves from the curves formulations
are shown in Figure 5. It is possible to see that all formulations presented the
same pattern of decomposition, in all samples it can be observed a similar
pattern in thermograms (Figure 5), an initial weight loss was found in the range
from 65 to 70 °C for all samples, and according to Pereira et al. (2022) and Guo
et al. (2014) this first stage (temperatures below 200 °C) corresponds to the
evaporation of water or low molecular weight compounds. It was observed for

all samples a second degradation stage between 243 and 247 °C (Figure 5),
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and a third degradation stage that showed a double-peak distribution at 320—
333 °C and 353-360 °C (Figure 4), and these peaks could be related to gelatin,
xanthan gum and cellulose degradation.

Guo et al. (2014) reported that degradation of xanthan gum and
gelatin occurs between 290 and 310 °C. Gil-Giraldo et al. (2021) reported that
the maximum weight loss rate of native cellulose from oat hull occurs at 360 °C.
All formulations presented 10% of mass loss (T10) at temperatures between
101 and 111 °C, and it can be observed that F3 and F4 formulations, which
were prepared with the highest concentration of cellulose (7%), had the higher

T10 values (Figure 5), indicating a higher thermal stability when cellulose was
added at the higher level.

Figure 5. Thermogravimetric Analysis of all hydrogel films.
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3.6. Degree of swelling

The swelling process of a hydrogel is governed by physical and
chemical forces that induce the entry of liquid into the polymeric matrix, by
capillarity and diffusion. The swelling process of hydrogels can be controlled by
varying their composition, by the amount of crosslinking and also by external

factors, such as the presence of salts, pH of the medium and temperature
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(Batista et al., 2015; Bukhari et al., 2015; Eman et al., 2022; Simdes et al.,
2020; Shafagh et al., 2018). The degrees of swelling of the hydrogels are
shown in the Figure 6.

According to Batista et al. (2015) the stability during swelling of
biodegradable hydrogels is one the main technological challenges in developing
these materials. Depending on the hydrogel application, different swelling times
and stabilities are required. Additionally, the swelling profile can help
understanding the release behavior when these materials are employed as drug
delivery systems (Eman et al., 2022; Pereira et al., 2022).

For all samples and pH conditions, with increase of time from 1
min to 24 h, the degree of swelling increased. It can be observed that the
obtained hydrogels had a pH-dependent swelling; the highest swelling values
were obtained at pH 4 for all samples, followed by samples at pH 9, and the
lowest values were obtained at pH 7 (Figure 6). At pH 4, the swelling ranged
from 5.3 to 7.9 g/g after 24 h of immersion; at pH 9, the swelling degree ranged
from 6.0 to 6.3 g/g, and at pH 7, the values ranged from 4.0 to 6.3 g/g (Figure
6). At higher pH, the hydrogels swell due to the ionic repulsion of protonated
carboxylic groups in xanthan and gelatin (Bukhari et al., 2015), while at lower
pH, protonated aminic groups on gelatin molecule also resulted in repulsion of
these charged groups (Shafagi et al., 2018), and in both cases, these repulsion
forces could be responsible for the increase of swelling in hydrogels.

Shafagh et al. (2018) reported that hydrogels based on gelatin,
citric acid and silver nanocomposite had higher degree of swelling at acidic pH,
and they attributed this to the presence of a large number of electrostatic
repulsive forces between the positively charged groups in gelatin, resulting in
higher swelling degrees. The F1 formulation presented the higher degree of
swelling in pH 4, increasing from 0.92 g/g to 7.90 g/g (92—790%) after 1 min and
24 h of immersion in water, respectively, and at pH 7 and 9, degree of swelling

was not affected by the different formulations (Figure 6).
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Figure 6. Degree of swelling of hydrogels films.
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According to Batista et al. (2019) when the hydrogel has the
ability of absorb water more than 100% of its total weight, these hydrogels can
be considered superabsorbent hydrogels, therefore, the hydrogels obtained in
this study can be considered as superabsorbent hydrogels.

The swelling values obtained in this study were close to the
values reported by Simdes et al. (2020) who reported values from 5.0 to 9.0 g/g
for biodegradable hydrogels from starch and xanthan gum after immersion in
water for 48 h. Demir et al. (2022) reported swelling degrees between 4.0 and
6.0 g/g for gelatin-xanthan gum hydrogels after 24 h of immersion, and Farris et
al. (2011) observed a swelling degree of 3.0 g/g for a gelatin-pectin physical
hydrogel, while a gelatin hydrogel chemically crosslinked with a synthetic
crosslinker (glutaraldehyde 0.3%) presented a swelling of 2.15 g/g after 24 h of
immersion. On the other hand, the values were lower than values reported by
Eman and Shaken (2022), who reported maximum swelling degrees ranging
from 21.6 to 24.8 g/g after 24 h at pH 6 for a hydrogel made from a synthetic
polymeric matrix based on poly(N-isopropylacrylamide) and reinforced with
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nanocellulose esterified with succinic anhydride. All hydrogels remained intact
after 20 min (Figure 1b) and after 24 h (Figure 1c) immersed in a pH 7 buffered
solution, which demonstrated that they have the capacity of swelling without
losing their structural integrity, which is an important feature considering their

use as a potential polymeric matrix in drug delivery systems.

3.7. Water Sorption Isotherms

Moisture sorption isotherm of a material describes the
equilibrium relationship between water activity and moisture content at constant
temperature, being useful to give insights about the moisture-binding
characteristic of the studied material (Kartniz et al., 2007; Marim et al., 2021;
Merci et al., 2015). Moisture sorption isotherms and GAB model parameters are
shown in Figure 7 and Table 3, respectively. As can be seeing from Figure 7, all
samples showed similar patterns, with an increase close to linear in the
equilibrium moisture content with increase of aw, which is typical of hydrophilic
materials. It can be attributed to the water adsorption that are partially bound in
the samples (Gil-Giraldo et al., 2021).

The GAB model was efficient to describe the moisture sorption
isotherms of the hydrogel samples, and the monolayer value (mO) is an
indicator of the maximum amount of absorbed water of a single layer per gram
of dry matter, being an indicative of how hydrophilic the samples are (Gil-
Giraldo et al., 2021; Marim et al., 2021; Merci et al., 2015). According to the
results of mO presented in Table 3, the mg increases by increasing the cellulose
concentration in the hydrogel films, it is possibly because of the increase of
hydroxyl groups presented on hydrogels matrix, which were able to interact with

water by hydrogen bonds.
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Samples my C K r2

F.1 15.63 2.28 0.82 0.99
F.2 14.84 217 0.84 0.99
F.3 17.07 2.04 0.80 0.99
F.4 16.23 1.91 0.82 0.99

M = moCKaw/(1 - Kaw) (1 - Kaw + CKaw), where M is the equilibrium moisture content at a

water activity (aw), mO0 is the monolayer value (g water/100 solids), and C and K are the GAB

constants.

Figure 7. Moisture sorption isotherms of all hydrogels. Lines are derived from
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According to Cagnin et al. (2021) in carboxymethyl cellulose

hydrogels crosslinked with sodium trimetaphosphate the free hydroxyls and

carboxyl groups can interact with water by hydrogen bonds.

3.8. Water vapor permeability (WVP)

Water vapor permeability measures the passage of water vapor

through the hydrogel film (Demir et al., 2022). Water vapor permeability values
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are presented in Table 4. It can be observed that the highest value was from F4
formulation, while the lowest value was observed for F1, which is the
formulation with the lower concentration of native cellulose. Only the formulation
F1 and F4 showed statistic difference between each other, and it can be due to
the concentration of cellulose used in each one, increasing the WVP as the
cellulose concentration increased. This result agrees with the result of moisture
sorption isotherms presented in this study, where the mO values increased with
the increase in cellulose content, possibly because of the higher hydroxyl
groups from native cellulose.

Demir et al. (2022) studied the production of xanthan-gelatin
and xanthan-gelatin-keratin wound dressings for local delivery of vitamin C, and
they reported that hydrogels with lower WVP can causes the accumulation of
exudates, increasing the risk of bacterial growth, and higher WVP results in

faster drying and scar formation, making it more suitable for exudate wounds.

3.9. Mechanical properties

According to Cagnin et al. (2022) the requirement for the
mechanical properties of hydrogels films depends on the applications for which
they are intended, however, it is important enough tensile strength to withstand
processing and handling. The mechanical properties results are shown in Table
4. The tensile strength values ranged from 1.86 to 2.90 MPa, and F3
formulation resulted in the film with the highest result. Elongation of samples
ranged from 52 to 59%, and the different formulations did not present statistical
differences between each other. Simbes et al. (2020) reported similar values of
tensile strength (1.04-3.83 MPa) and higher values for elongation (63.31—

138.64%) for hydrogels based on cassava starch and xanthan gum.
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Table 4. Water vapor permeability (WVP) and mechanical properties of

hydrogels.
Samples WVP x 10° Mechanical Properties
(g/msPa) Tensile Elongation Young Modulus

Strength (%) (MPa)
(MPa)

F1 1.73°+0.31  2.01°+0.63 592 +12 5.34° £0.95

F2 2.05°+0.04 1.86°+0.14 5729 5.66° £0.57

F3 2.45%°+0.55 2.90%+0.37 582+ 7 9.50% +1.81

F4 2.77°+0.31 2.11°+0.35 52%+10 7.55% +0.65

Different letters indicate significant differences (p < 0.05) according to Tukey's test. F1 (53%
gelatin, 7% xanthan gum, 5% native cellulose and 35% glycerol); F2 (53% gelatin, 7% xanthan
gum, 5% modified cellulose and 35% glycerol); F3 (51% gelatin, 7% xanthan gum, 7% native
cellulose and 35% glycerol); F4 (51% gelatin, 7% xanthan gum, 7% modified cellulose and 35%

glycerol).

F3 formulation also presented the highest Young modulus (9.50
MPa), followed by the F4 formulation (7.95 MPa). The highest results observed
in F3 and F4 formulations can be due to the higher concentration of cellulose
used in these formulations, which acted as a reinforcing agent in the polymeric
matrix. Cagnin et al. (2022) reported that the reinforcement in a hydrogel
network results from interactions between the polymers via hydrogen bonds

(physical crosslinking).

4. Conclusions

The strategy employed in this study to obtain nontoxic
hydrogels without the use of synthetic crosslinkers was effective, resulting in a
gelatin-xanthan gum-cellulose hydrogel with promising properties to be used as
a modified pharmaceutical form to deliver active compounds in cosmetic or
pharmaceutical products. Xanthan gum acted as an alternative crosslinking
agent, resulting in hydrogels that had a pH-dependent swelling, the highest
swelling values were obtained at pH 4, which values ranging from 5.3 to 7.9 g/g.
Cellulose acted as a reinforcing agent for hydrogels, increasing thermal stability,

tensile strength and Young’s modulus of fiims when employed at the higher
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level (7%). Higher cellulose content also resulted in higher water adsorption

capacity and water vapor permeability of hydrogels.
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Abstract

The ability of natural hemp fibers (HF) to be use as reinforcement in
biodegradable packaging films has been evaluated by mixing them with
commercially- available biodegradable polyesters, aiming at incorporating the
maximum amount of HP in a more cost-efficient and environmentally friendly
way. A blend of poly(hydroxy-butyrate) (PHBV) and poly(butylene adipate-co-
terephthalate) (PBAT), was used as a continuous matrix. HP was minimally
processed by melt-blending and compression molding, and the effect of HP
loadings on the final performance of the films was investigated. HP fibers were
mainly composed of lignin ¢22%) and carbohydrates ( 62-67%) but significant
amounts of proteins ¢ 8.77%) were also detected. Interestingly, up of 40 % of
HF could be incorporated into the biopolymer matrix. The incorporation of HP
resulted in films with higher water vapor permeability than pure biopolyesters. In
order to improve its hydrophilic nature, food-grade beeswax or carnauba wax
were incorporated into the biopolymer matrix and the resulting films showed
similar mechanical properties than their counterparts prepared without wax but
displayed significantly higher contact angle and better water vapor barrier
performance.

Key words: Biodegradable, PHBV, PBAT, Hemp fiber, Biocomposite.
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1. Introduction

Advancements in biodegradable materials play a crucial role in
sustainability and offer an effective contribution to reduce the dependence on
fuels fossils. Currently, most of the efforts in this field are focused on the use of
biodegradable polymers derived from renewable sources and also the
integration of diverse natural fibers, such as wood fibers, jute, miscanthus, sisal,
hemp, and flax (Pal et al., 2020; 2023; Wu et al., 2018). The use of natural
fibers contributes to enhance properties of the biobased material, including
mechanical and barrier performance, and also it results in a decrease in the
final cost (Dixit et al., 2022).

Among all natural fibers, hemp has the greatest Young's
modulus values and has one of the strongest cellulose fibers. Additionally, HF
possess high aspect ratio (length/width ratio), which is another characteristic
that make them suitable for their use as fillers in biocomposite materials
(Promhuad et al., 2020). HF is a natural fiber that presents crystalline cellulose
fibrils and lengthy fibers, which have a potential material to be used as fillers in
biocomposites materials (Pal et al., 2020; Wu et al., 2018). The hemp is highly
used as an industrial crop in both Europe and China, being a great source of
cheap lignocellulosic material that is originated from waste biomass (Wu et al.,
2018).

In the last decades the world is facing a huge problem related
to environmental pollution; this situation has led to the increasing in the study
and research involving the use of more environment friendly materials for this
application (Jian et al., 2020; Moreno et al., 2020; Pal et al, 2020).
Biodegradable polymers are considered a great alternative for conventional
plastics (Lamsaf et al, 2023; Pal et al, 2023). Among them,
polyhydroxyalkanoates (PHAs) are biodegradable and non-toxic biopolyesters,
which are produced by different microorganisms. Within the PHAs group,
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) has gained considerable
attention due to its favorable performance features and lower price, as
compared to other PHAs polymers. PHBV is a copolymer, produced by the
addition of poly(3-hydroxyvalerate) (PHV) to the PHB molecule (Gupta et al.,
2022; Meereboer et al., 2020; Pal et al., 2023). Nonetheless, PHBV has a few

inherent drawbacks, including brittleness, and higher expenses compared to
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other biodegradable and traditional polymers. To overcome this problem,
blending PHBV with others biodegradable polymers and natural fibers obtained
from waste biomass can be a good strategy to improve the mechanical property
and to decrease production costs. On the other hand, poly(butylene adipate-co-
terephthalate) (PBAT) is an amorphous copolyester, with an aliphatic-aromatic
chain, made by a polycondensation of 1,4-butanediol with the adipic and
terephthalic acids (Jian et al., 2020; Pal et al., 2020). Although PBAT is not a
natural polymer, its biodegradable capacity makes it a good alternative to be
used in the production biodegradable materials.

To the best of our knowledge, little information is available on
literature regarding the use of hemp fibers as reinforcing agents for composites,
and they were mainly reported for conventional plastics such as polyethylene
and polypropylene (Dixit et al., 2022; Wu et al., 2018). Gupta et al. (2022)
stated that the use of hemp fibers in biodegradable matrices, such as PHBV,
enhanced the overall performance of the resulting material. Considering these
aspects, this work is aimed at evaluating the suitability of hemp fibers to
develop biodegradable packaging materials based on PHBV and PBAT, by
means of extrusion processing, optimizing the highest amount of natural fibers
that can be incorporated in the biopolymer matrix. Then, food-grade natural
waxes (beeswax and carnauba wax) were incorporated into the biopolymer,

with the aim of improving overall properties of the resulting film.

2. Material and Methods
2.1. Materials

The hemp fibers (HF) were obtained from hemp stems
(Cannabis sativa), that was grown in Spain (Burgos) and provided by a local
converter. Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and
polybutylene adipate-co-terephthalate = (PBAT) were purchased from
NaturePlast SAS (France). The beeswax was purchased from WWR (BDH

Chemicals). The carnauba wax was donated from Agrakem (Barcelona, Spain).

2.2 Physicochemical analysis of the hemp fibers
The stalk of the HF were washed, dried, and either used as

whole, or separated into pulp and cortex. Then it was ground and sieved to a
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size of 2 mm before the characterization. The protein content of the hemp fiber
was obtained based on the nitrogen content estimated with the Dumas
combustion method, multiplied by a factor 6.25 (Wiles et al., 1998). The lignin
conten was analysed following the TAPPI 222 (lignin insoluble) and 250 (lignin
soluble) standards. The lipid content was determined using the Soxhlet 8000
extraction with hexane according to AOCC method 2003.06. The moisture
content was determined by gravimetry by drying the samples overnight in a
convection oven at 60 °C. The ash content was determined by
thermogravimetric curves wusing a Setaram TG/ DTA92 (SETARAM
Instrumentation, France). The monosaccharide composition was determined
after acid methanolysis, using a high performance anion exchange
chromatography with pulsed amperometric detection (HPAEC-PAD) with a ICS-
3000 system (Dionex) equipped with a CarboPac PA1 column (4 x 250 mm,

Dionex) at 30 °C and a flow rate of 1 mL min™".

2.3. Development of the biocomposite films

Before the production of the films, the polymers and HF were
dried in a convection oven at 60°C for 2 h, to ensure elimination of non-bound
water. Later on, the different components from each formulation were manually
mixed, before feeding them into the compounding machine. The masterbatch
formulations were prepared using a co-rotative twin-screw mini extruder (Xplore
Instruments, The Netherlands) at a temperature of 190 °C for 2 min and 100
rom. To obtain the films, the extruded materials were pressed in a hydraulic
press (Carver 4122, USA) at a temperature of 190 °C for 2 min with a pressure
of 12 tonnes. Different percentages of the polymers (PHBV and PBAT) and the
hemp fibers (HF) were used to obtain the masterbatch formulation, as described
in Table 1. The different material samples were named as “xPHBV-
yPBAT _zHF” where ‘X’and ‘y’ refers to the PHBV and PBAT percentage in the
biopolymer, respectively, and z the percentage of HF respect to the biopolymer
matrix. In the ones containing 5% of beeswax (BW) or carnauba wax (CW), the

nomenclature was included BW or CW, respectively.
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Table 1- Formulations of the biodegradable films.

Formulation Mass(%)

PHBV PBAT HF BW CWw
50PHBV/50PBAT 50.0 50.0 0 0 0
50PHBV/50PBAT_15HF 425 422 15.0 0 0
50PHBV/50PBAT_30 HF 35.0 35.0 30.0 0 0
50PHBV/50PBAT_40HF 30.0 30.0 40.0 0 0
50PHBV/50PBAT_40HF/5BW  27.5 27.5 40.0 5.0 0
50PHBV/50PBAT_40HF/5CW  27.5 275 40.0 0 5.0
60PHBV/40PBAT 60.0 40.0 0 0 0
60PHBV/40PBAT_15HF 51.0 34.0 15.0 0 0
60PHBV/40PBAT_30HF 42.0 28.0 30.0 0 0
70PHBV/30PBAT 70.0 30.0 0 0 0
70PHBV/30PBAT_15HF 595 255 15.0 0 0
70PHBV/30PBAT_30HF 49.0 21.0 30.0 0 0
80PHBV/20PBAT 80.0 20.0 0 0 0
80PHBV/20PBAT_15HF 68.0 17.0 15.0 0 0
80PHBV/20PBAT_30 HF 56.0 14.0 30.0 0 0

2.4. Mechanical Properties

A universal testing machine (Instron, USA) was used to
determine the tensile strength (TS), elastic modulus (E) and elongation at break
(EAB) of the films, according to ASTM standard method D882.10 (ASTM,
2001). Pre-conditioned specimens at 53% RH (1 cm wide by 7 cm long) were
mounted in film-extension grips of the testing machine and stretched at 50 mm
min~ " until breaking. The tensile parameters were determined from the stress-
strain curves, estimated from the force-distance data obtained for the different

films. At least 4 replicates per film formulation were obtained.

2.5. Contact angle measurements
The hydrophobicity of the surface as well as the wettability of
the hemp-based films were assessed by measuring the contact angle on a
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DSA25 (Kruss- Germany) equipment equipped with the AD4021 image analysis
software under ambient conditions. A precision syringe deposited a drop of
water on the surface of the film. The contact angle values were obtained by
analyzing the shape of the drop of distilled water after placing it on the film for

10 s. Four replicates per film formulation were analyzed.

2.6. Water vapor permeability (WVP)

WVP was determined from the difference of the weight gain
versus time curves at 25 °C, using the ASTM 2010 gravimetric method.
Permeability cups containing silica were positioned inside a stabilized cabinet at
75% relative humidity, which was achieved by utilizing a saturated chloride salt

solution.

2.7. Scanning electron microscopy (SEM)

SEM images were obtained by a Hitachi microscope (Hitachi S-
4800) at an accelerating voltage of 10 kV. The samples were cryo-fractured
after immersion in liquid nitrogen and randomly broken to investigate the cross-
section of the samples. Samples were fixed on M4 Aluminum Specimen Mount
and sputtered with a gold-palladium mixture under vacuum before their

morphology was examined.

2.8. Statistical analysis
Analysis of variance (ANOVA) and Tukey’s mean comparison

test (p < 0.05) were performed with R program.

3. Results and Discussion
3.1. Compositional characterization of the hemp fibers

Hemp was valorized in this study to evaluate the possibility of
using it to develop biodegradable packaging materials. The composition of the
whole hemp, pulp and cortex was characterized and the results are compiled in
Table 2. The results evidenced no significant differences between whole hemp
and cortex, being mainly composed of structural carbohydrates. As expected,
lignin was the second major component representing ca. 22-23% of the

biomass, in line with previous works (Baltazar-y-Jimenez et al., 2007; Bismarck



105

et al., 2006; Kostic et al., 2008). Only small amount of lipids (ca. 1.2%), proteins
(ca. 7-8%) and ashes (ca-5%) were detected in both whole hemp and the
cortex. In contrast, the pulp had slightly higher protein content (ca. 10%) and
ashes (ca. 9%) and, as expected, significantly lowers lignin content. The
carbohydrate composition (Figure 1) consisted mainly of glucose, ascribed to
cellulose. Xylose was also present being two-fold higher in the cortex and whole
hemp than in the pulp, and representing ca. 20% and 10% for the cortex and
pulp, respectively. Apart from glucose and xylose, all the samples contained
typical pectin components, mainly glucuronic acid, as well as low amounts
arabinose, rhamnose and galactose, being higher in the pulp. In fact,
galacturonic acid, represented ca. 7% of the carbohydrate content in the pulp,

being twice higher than its content in the cortex and whole biomass.

Figure. 1- Monosaccharide composition of the pulp, cortex and whole hemp

fiber.
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Based on the similar composition between the whole biomass
and the cortex as well as the tedious work and low pulp yields obtained to
completely separate the pulp from the cortex, the whole hemp was selected to
develop biodegradable packaging materials. Furthermore, the presence of
hemicelluloses (such as pectin) has been reported to have a positive impact on

packaging performance (Cebrian-Lloret et al., 2022).

Table 2 - Composition of the hemp fiber.

Samples Protein Fat Lignin Total Ashes Moisture
(%) (%) (%) carbohydrates (%) content
(%) (%)
Pulp 10.60+0.04° 1.42+0.06° 11.63+1.54" 67.50+4.7 8.88°  7.41+0.06°

Cortex 7.72+0.02° 1.28+0.01°  23.93+62.50° 61.70+1.2 5.38°  6.760.08"
Whole 8.01£0.05° 1.3410.01°  22.06+29.64° 62.64+3.8 5.95°  7.300.01°

Values with different letters are significantly different (p < 0.05).

3.2. Optimization of the maximum hemp loading in the film.

In this work, hemp biomass in different percentages were mixed
with PHA and PBAT , aiming the maximum possible amount of HF addition in
the films; the material was processed by melt mixing and compression molding
to prepare packaging materials. Adjusting the PHBV:PBAT ratio in the
formulations was crucial to guarantee the maximum amount of hemp biomass in
the biobased packaging, in order to obtain homogeneous materials with good
mechanical integrity. Based on screening results, PBAT was needed to
guarantee a good compatibility between PHBV and hemp biomass. Therefore,
the effect PHBV: PBAT ratio on the mechanical performance of the films was
assessed by means of tensile testing and representative parameters obtained
from the stress-strain curves compiled in Table 3. Pure PHBV films showed
poorer tensile properties than the well-known thermoplastic starch or polylactic
acid (PLA) films (Gupta et al., 2022; Meereboer et al., 2022).

In general, the incorporation of PBAT had a plasticizing effect
(reducing the elastic modulus, while increasing the elongation at break). This

effect was more evident as the PBAT concentration increased, reaching 3-fold
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increase in the EAB values with 50% PBAT. On the other hand, tensile strength

was not significantly improved at higher PBAT concentration.

It is well-know that the interfacial adhesion between the fibers
and the matrix directly influence the mechanical response of the biocomposites.
Therefore, the effect of HF concentration (15 and 30% respect to the
biopolymer matrix) was also evaluated in all the films prepared with PHBV:
PBAT mixtures and the results are also presented in Table 3. As observed, the
mechanical properties of the films were largely affected by the hemp addition
showing lower elongation at break and tensile strength but higher elastic
modulus than their counterparts prepared without hemp biomass. This agrees
with literature since fibers usually decrease the chain mobility in the respective
biopolymer matrix which ultimately enhances the elastic modulus (Gitari et al.,
2019).

Considering that the elastic modulus is a property at low
deformation which should not be affected to interfacial adhesion (Pukanszly,
1990), the higher E values obtained in hemp containing films can be ascribed to
the higher intrinsic rigidity of the fibers as compared to the biopolymer matrix.
Similarly, Gupta et al. (2022) reported a decrease in EAB values for
PHBV/PBAT films containing maleic acid and hemp. Robledo-Ortiz et al. (2021)
also observed a decreased in TS values of PHBYV films containing 30 or 40% of
sugarcane straw. The presence of lipids and other non-cellulosic compounds
(lignin, hemicellulose and pectin) on the surface of hemp fibers could reduce the
adhesion with the matrix, thus reducing TS values, as it was reported for other
natural fiber reinforced composites (Ku et al., 2011). However, there was not a
clear effect of the hemp concentration, except when it was incorporated in the
mixture containing the higher amount of PHBV (80PHBV-20PBAT), effect that
can be ascribed to a partial degradation of PHBV. Thus, the presence of hemp
in PHBV-PBAT mixture led to more rigid films and less elongable but not
significant differences were observed between 15 and 30% loadings, except in
those containing the higher amount of PHBV.

Therefore, considering the overall mechanical performance and
aiming at optimizing the maximum hemp loading in the film, the one prepared
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with 50% of each biopolymer was selected to evaluate the effect of a higher
amount of hemp fibers, with the additional advantage that the lower amount of
PHBV in the resulting films will be also important for the economical

perspective.

Furthermore, increasing the amount of the natural fiber in the
resulting biocomposite material will be of great interest due to its low cost, eco-
friendly and biodegradability properties. Thus, the amount of hemp fibers in the
50PHBV-50PBAT film was optimized to maximize its content in the
biocomposite. A maximum amount of 40% of hemp fibers could be incorporated
in the biopolymer matrix, since a higher amount could not be properly
processed in the mini-extruder. The results, also shown in Table 3, did not show
significant differences in the elongation at break and tensile strength values,
although a higher elastic modulus was observed, evidencing the higher intrinsic

tenacity of the hemp fibers.

Table 3 - Mechanical properties of the films.

Formulation EAB (%) TS (MPa) E (MPa)
50PHBV/50PBAT 5.40°+0.55 20.83°+1.52 913.68"+77.02
50PHBV/50PBAT_15HF 1.71%£0.52 9.34°°+2.23 1083.79°+94.86
50PHBV/50PBAT_30 HF 1.69°'+0.20 9.38°°+0.77 1195.18“+107.90
50PHBV/50PBAT_40HF 1.02°+0.35 8.85°°+2.89 1523.71°'£200.72
60PHBV/40PBAT 3.43°+0.52 22.05°+2.02 169.76°'+£144.95
60PHBV/40PBAT_15HF 1.65%+0.32 9.05°+1.6 1043.94°+57.85
60PHBV/40PBAT 30HF 0.98°+0.26 6.21ct1.6 1204.70"+138.14
70PHBV/30PBAT 3.01°+0.45 23.64°+2.21 1341.69°°+113.99
70PHBV/30PBAT_15HF 1.11°£0.50 10.84°°+3.03 1352.00°°+£124.46
70PHBV/30PBAT_30HF 1.12¢°+0.24 8.20™+0.71 1371.26°°°+175.41
80PHBV/20PBAT 1.76*+0.32 20.14°£3.48 1712.84™°+169.92
80PHBV/20PBAT _15HF 1.92°:0.08 21.32°+1.72 2026.14°+188.35
80PHBV/20PBAT_30 HF 1.52%+0.15 11.74°+1.16 1574.27>°£76.71

TS: tensile strength; EAB: elongation at break; E: Young's modulus. Values with different letters

are significantly different (p < 0.05).
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3.3 Effect of wax addition

A potential undesirable effect of incorporating natural
lignocellulosic fibers, such as HF, in a more hydrophobic biopolymer matrix
(PHBV/PBAT) is the higher water sensibility of the resulting biocomposites
which could affect their potential application due to the high-water activity of
fresh foods and an accelerated degradation of the film’ components caused by
the presence of water molecules. As a strategy to limit the moisture uptake of
these materials is the incorporation of natural waxes to improve the permeability
resistance of the biocomposites. Table 4 gathers the mechanical and barrier
properties of biocomposites films containing 5% of BW or CW. The amount of
wax was optimized based on the processing conditions in the mini-extruder.

Table 4 - Mechanical properties and water vapor permeability results of the

films.

Formulation EAB (%) TS (MPa) E (MPa) WVP *10™
(Kg-m/Pa-s-mz)

50PHBV/50PBAT 5.40°+0.55 20.83%+1.52  913.68"+77.02 3.69+0.03"

50PHBV/50PBAT_40HF 1.02°+0.35 8.85°+2.89 1523.71°4200.72  9.39+0.31°

50PHBV/50PBAT 40HF/  1.20°+0.08  6.23°+0.42 893.90°+57.93 8.77+0.15°

5BW
50PHBV/50PBAT 40HF/  0.84°:0.05 6.10°40.43  1115.92°t61.41  7.85:0.02°

5CW

TS: tensile strength; EAB: elongation at break; E: Young's modulus. Values with different letters

are significantly different (p < 0.05).

Figure 2 shows the contact transparency images of the
obtained films, with and without waxes, which were very similar. SEM
micrographs of the cross-section of the films (with and without HF or waxes) are

given in Figure 3.
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Figure. 2- Images of the obtained films.
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The incorporation of HF and waxes gave rise to a more
homogenous film matrix than the neat PHBV/PBAT film, but showing some
micro-voids at the filler/matrix interphase which could have an impact on the
barrier properties, as it will be detailed below. The degree of heterogeneity
depended on the nature of the wax, since BW appeared better integrated in the
matrix than CW.

Figure 3 — SEM images from the fracture of the formulation.
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When comparing the films, the first thing to highlight is that, as
expected, the presence of hemp fibers significantly decreased the water vapor

barrier properties of biocomposites compared to the neat 50PHBV-50PBAT,
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mainly ascribed to the hydrophilic character of the HF due to hydroxyl groups of
cellulose (Espert et al., 2004). The decrease of the WVP after the addition of
HP was also reported by other authors; Zhang et al. (2020) worked with PVA
and HF to produce films by the casting technique, the WVP results of the pure
PVA film was 0.98 x 1073 /(Kg-m/Pa-s-m?), while the result of the film with 10%
of HF increased to 1.14 x 10™"3( Kg-m/Pa-s-m?). Dixit et al. (2022) in his study
with polyethylene, polypropylene, natural and alkali treated HF observed an
improvement in the WVP value with the treated HF when compared to the
results of natural HF.

The incorporation of waxes reduced the average water vapor
permeability value compared to biocomposite containing 40% HP, but showing
no significant differences between the samples. As expected the most
hydrophobic nature of BW and CW containing films was confirmed by its higher
contact angle values reported for these films (figure 4), which were around 89°.
This improvement has been previously reported in nanocomposites and
multilayer films containing lipids (El Mouzahim et al., 2023; Fabra, L6pez-Rubio,
Ambrosio-Martin, Lagaron, 2016; Pérez-Bassart et al., 2023). In a recent work,
Dixit et al. (2022) reported higher contact angle values for films prepared with
natural and alkali HF films which were incorporated in polyethylene and
polypropylene matrices.

Regarding the mechanical properties, either BW or CW
provided less rigid and more ductile films with lower TS and E values but they
were not more deformable. This could be expected since if lipids are well-
dispersed in the matrix, they could act as a lubricant for the polymer chain
slipping during the film stretching, thus inducting an increase in stretchability

and ductility.
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Figure 4 — Contact angle results and representative images of water droplets
formed after 10 minutes of contact.
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4. Conclusion

In this work, biodegradable packaging films were produced by
melt-blending and compression molding. The concentration of the biopolymers
used (PHBV and PBAT) played an important role in the amount of the hemp
fiber that could be incorporated. The biocomposites produced using 40% of HF
showed an improvement in the interaction between the film’s components, as
shows the SEM images although the water vapor permeability was increased.
The incorporation of waxes increased the hydrophobicity of the resulting films,
as deduced from the contact angle results.
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CONSIDERAGOES FINAIS

Celulose extraida da casa de aveia foi modificada com os
acidos citrico e succinico, nas concentragdes de 5, 12.5 e 20%, por processo
de extrusdo reativa em extrusora monorosca. A comprovacio da ocorréncia de
modificacdo quimica foi verificada por espectroscopia FT-IR com o
aparecimento de uma nova banda em 1720 e 1737 cm’ em todas as
formulagbes produzidas. Todas as formulagdes com celulose modificada
apresentaram alta afinidade para solventes n&o polares e aumento na sua
capacidade de absorcao de dleo. O processo de obtencdo de celulose por
extrusao reativa pode ser considerado um método ecologicamente correto, com
baixa geracdo de efluentes, tempo curto de reagdo, baixos custos de
investimento, simplicidade de operacéo, e € escalonavel para uso em larga

escala.

A formulacdo de celulose modificada com 5% de acido
succinico foi escolhida para a produgao de hidrogéis. Filmes laminados de
hidrogéis foram produzidos utilizando celulose in natura e modificada, gelatina
e goma xantana, por processo de extrusdo reativa seguido de
termoprenssagem. Todas as formulagbes apresentaram boa aparéncia e
homogeneidade. No teste de intumescimento foi comprovado que todos os
filmes de hidrogéis apresentam elevado intumescimento em diferentes faixas
de pH, sendo os melhores resultado obtidos em pH 4. Todas as formulagdes
apresentam elevada estabilidade quando expostas a altas temperaturas. O
processo de producdo de filmes de hidrogéis utilizando a combinagdo de
extrusdo reativa e termoprenssagem se mostrou eficiente, sendo uma
alternativa promissora para a produgcdo de um material com excelente custo

beneficio.

Fibras de canhamo foram caracterizadas, e posteriormente
foram mescladas com PBHV e PBAT por processo de extrusdo, seguido de
termoprenssagem para a producgao de filmes biodegradaveis. Para melhorar a
hidrofobicidade dos filmes produzidos, dois aditivos foram incorporados, a cera
de abelha e a cera de carnauba. Todas as formulagdes apresentaram boa
aparéncia e homogeneidade. O teste de angulo de contato comprovou que a
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incorporacao das ceras aumentou a hidrofobicidade das amostras. O processo
utilizado para a producdo de filmes biodegradaveis utilizando uma alta
concentragao de fibras de canhamo se mostrou eficiente, sendo uma possivel
alternativa para a produg¢do de um material ecoamigavel com possiveis

aplicagbes em embalagens alimenticias.
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Abstract: Cellulose is a natural, unbranched, and fibrous homopolymer that is a major component
in several agroindustrial residues. The aim of this study was to extract cellulose from oat hulls and
then to modify it using a green route to obtain esterified cellulose through reaction with organic
acids employing the reactive extrusion process, which is a process that presents some advantages,
including low effluent generation, short reaction times, and it is scalable for large scale use. Citric
(CA) and succinic (SA) acids were employed as esterifying agents in different concentrations (0,
5,12.5, and 20%). Modified cellulose samples were characterized by their degree of substitution
(DS), Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (DRX), scanning electron
microscopy (SEM), wettability, oil and water absorption capacities, and thermal stability. DS of
modified samples ranged from 2.28 to 3.00, and FTIR results showed that the esterification occurred
in all samples for both acids by observation of important bands at 1720 and 1737 cm ! for samples
modified with CA and SA, respectively. All modified samples presented increased hydrophobicity.
The modification did not have an influence on the morphological structure or crystallinity pattern
of all samples. This study proved to be possible to modify cellulose using a simple and ecofriendly
process based on reactive extrusion with organic acids.

Keywords: reactive extrusion; esterification; lignocellulosic residues; oat hull

1. Introduction

Cellulose is one of the most abundant natural, renewable, and biodegradable poly-
mers; it is an unbranched and fibrous homopolymer that can be obtained from plants or
synthesized by bacteria. The cellulose chain consists of B-D-glucose units repetedly joined
by B (1-4) glycosidic bonds, with three hydroxyl groups per monosaccharide unit [1-3],
which makes cellulose an excellent platform for chemical modifications [4]. So, cellulose
can be modified to be used in the cosmetic, pharmaceutic, and food industries and in
agricultural systems, among others [5-7].

Agroindustrial residues can be considered interesting sources for cellulose extraction,
and in the last few years, an increased interest in the obtainment of cellulose from these
materials using different approaches was seen, which can be considered a promising
alternative for the production of sustainable products at affordable prices to reduce the
dependency on petroleum-based products [8]. The use of agroindustrial residues to obtain
new products is inserted into the concept of biorefineries, meeting the vision of a sustainable
economy using biological resources, maximizing benefits and profits through strategies to
add value to the plant biomass chain [9,10].

Oat hull is a by-product from oat grain milling and represents 25 to 30% of oat grain
weight, with approximately 28-35% of cellulose, 18-28% of hemicellulose, and 18-22% of
lignin [4,11,12], being considered an interesting raw material for cellulose obtainment.

Modifications in the cellulose structure are largely studied to enhance its properties.
Among all the possible modification types, esterification is one of the most reported
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are compatib lecules that can be used to obtain biopoly- F"“”"“""“"“"‘"

being proposed to produce gelatin-xanthan gum- cellulose hydrogels, without the addition of  *Perabsorbent hydrogels
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Introduction

Advances in biopolymers technology have led to the grow-
ing i in the devel of biopolymeric hydrogels,
which are a unique class of material that is produced from
hydrophilic three-di ional viscoelastic polymeric net-
works, allowing the diffusion and fixation of molecules."' !
These networks are maintained due to the presence of phys-
ical and/or chemical bonds between the polymer chains, pre-
senting an inherent capacity to swell and retain water in
their structure, while having resistance to dissolution."”!

A superabsorbent hydrogel can absorb over 100% of its
dry weight in water.'” The most common commercial
hydrogels are based on synthetic polymers, including poly-
ucryhmlde poly (sodium acrylate), poly (acrylic md) and

These

that gets broken down into nontoxic substances, being able
to be use in cosmetic and pharmaccunal sectors.'*?)

Polysaccharides and p are ible bi r0-
molecules that can be um:l to obtain hydrogcls by physical
interactions, including electrostatic interactions when these
biopolymers carry net ite electric, hyd interac-
tions, hydrophobic or Van der Waals forces.*""% In gen-
eral, polysaccharides and proteins mixed systems can result
in hydrogels with high water absorption capacity, which is
related to the presence of hydrophilic groups present in
their chemical structure, such as amine (NH,), hydroxyl
(-OH), amide (-CONH-, -CONH,), carboxyl (-COOH),
among others.'””!

Gelatin is a low-cost protein obtained from partial

polyvinylpy hetic matrices are bounded
by chemical crosslinking, howmr the usual crosslinkers
may cause some toxicity.'**! Gluunldeh)'de and glyonl are

hydrolysis of coll from skin, bones or connective tissue
of animals, being classified as type A (acid hydrolysis) or
type B gelatin (alkaline hydrolysis). Gelatin exhibits an

dialdehydes usually employed as crosslink 1d p ic behavior due to the presence of both basic and

is rcponcd as a neurotoxic compound and glyonl is consu:l- acidic groups, p ing in its composition a large b

ered mutagenic. 5l of glycine, proline and hydroxyl-proline residues. It is widely
Several efforts have been made to increase hydrogel pro- used in food, ¢ ic and ph eutical industries."™'"! It

duction from biodegradable polymers."'*’ Additionally, the
obtainment of physically crosslinked hydrogels can be con-

is easily soluble in water at an average temperature of 40°C,
fonmng a \'umus solunon by chain association and three-

sidered a solution to overcome the toxicity of chemical Iting in gels and films
crosslinkers, resulting in a biocompatible polymeric structure employed for several lpplicalions“"”'
(ONTACI'SuliliQ i hle of Bi istry and Bi gy, CCE, State University of Londrina, Londrina, PR, Brazi
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