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GIL GIRALDO, Gina Alejandra. Hidrofobizacdo com Oleos vegetais e acido
organico de celulose extraida de casca de aveia. 2021. 110 f. Tese (Doutorado em
Biotecnologia) — Universidade Estadual de Londrina, Londrina, 2021.

RESUMO

Nos ultimos anos tem havido um grande interesse na valorizacdo dos residuos
agroindustriais transofrmando-os em produtos de maior valor agregado, como por
exemplo, para a obtencéo de celulose. Neste trabalho, a celulose extraida da casca
de aveia através do branqueamento com &cido peracético foi modificada
guimicamente com o0 objetivo de aumentar a sua hidrofobicidade através da reacao
de esterificacdo. Foram empregados compostos organicos ndo toxicos e de fonte
renovavel, assim como, processos ecoamigaveis, tais como a extrusdo reativa e
ultrassonicacéo para a modificacdo da celulose. Numa primeira etapa, foram obtidas
amostras de celulose modificadas com 6leos vegetais (6leos de soja, girassol e coco),
empregando-se o processo de ultrassonicacdo. Numa segunda etapa, a celulose foi
modicada com acido citrico, empregando os processos de ultrassonicacéo e extrusao
reativa. As amostras foram caracterizadas por espectroscopia no infravermelho por
transformada de Fourier (FTIR), difracdo de raios X (DRX), microscopia eletrbnica de
varredura (MEV), propriedades térmicas, molhabilidade, capacidade de absor¢éo de
agua e oleo e propriedades de adsorcdo de agua. Tanto nas amostras modificadas
com O6leo vegetal, quanto nas amostras modificadas com &cido citrico, pode-se
confirmar a reacéo de esterificacdo através do aparecimento de uma nova banda entre
1735-1747 cm-1 nos espectros de FTIR. O padréo de cristalinidade nao foi afetado
nas amostras modificadas, assim como a morfologia das fibras de celulose. Todas as
amostras modificadas apresentaram menores valores de capacidade de absorcao de
agua, maiores valores para capacidade de absorcdo de Gleo, e maior afinidade por
solventes nédo polares. Nossos resultados confirmaram que a modificacdo da celulose
através da reacdo com compostos organicos de baixa toxicidade € benéfica para
aumentar a hidrofobicidade da celulose, assim como, 0 uso da extruséo reativa e da
ultrassonicacdo, como processos ecoamigaveis, simples e com tempos de reagéo
mais curtos podem ser uma alternativa viavel para a obtencéo da celulose esterificada.

Palavras-chave: casca de aveia; celulose; modificacdo quimica; hidrofobizacéao;
compostos organicos.



GIL GIRALDO, Gina Alejandra. Hydrophobization with vegetable oils and organic
acid from cellulosis extracted from oat hulls. 2021. 110 p. Thesis (Doctorate in
Biotechnology) — Universidade Estadual de Londrina, Londrina, 2021.

ABSTRACT

In recent years there has been a great interest in the valorization of agroindustrial
residues, transforming them into products with higher added-value, such as for the
obtainment of cellulose. In this study, cellulose extracted from oat hulls by bleaching
with peracetic acid was chemically modified in order to increase its hydrophobicity
through the esterification reaction. Organic, non-toxic and renewable source
compounds were used to modified the cellulose, as well as ecofriendly processes,
such as reactive extrusion and ultrasonication. In a first step, cellulose was modified
with vegetable oils (soybean, sunflower and coconut oils), using the ultrasonication
process. In a second stage, cellulose was modified with citric acid, using
ultrasonication and reactive extrusion assisted processes. The samples were
characterized by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction
(DRX), scanning electron microscopy (SEM), thermal properties, wettability, water and
oil absorption capacities and water adsorption properties. In both groups of samples,
modified with vegetable oils and citric acid, it was possible to confirm the esterification
reaction through the appearance of a new band between 1735-1747 cm-1 in FTIR
spectra. The crystallinity pattern was not affected in the modified samples, as well as
the morphology of the cellulose fibers. All modified samples showed lower values for
water absorption capacity, higher values for oil absorption capacity, and greater affinity
for non-polar solvents. Our results confirmed that the modification of cellulose through
the reaction with low toxicity organic compounds was beneficial to increase the
hydrophobicity of cellulose, as well as the use of reactive extrusion and ultrasonication,
as eco-friendly processes, simple and with short reaction times, being viable
alternatives for obtaining esterified cellulose.

Keywords: oat hulls; celulose; chemical modification; hydrophobization; organic
compounds.
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1 INTRODUCAO

A celulose € o biopolimero mais abundante na natureza e tem sido
empregada para as mais diversas aplicacbes, como por exemplo, nas industrias
téxtil, de alimentos, farmacéutica, na exploracdo de petréleo e na producdo de
bioetanol de segunda geragéo, dentre outras. A celulose pode ser obtida de uma
grande variedade de matérias-primas naturais, porém a sua fonte comercial mais
importante ainda é a madeira, sendo capaz de atender a crescente demanda por
produtos de fonte renovavel e biocompativeis, porém os processos de extracdo da
celulose da madeira ainda sdo processos bastante poluentes, e a busca por
matérias-primas alternativas tem levantado o interesse de muitos pesquisadores
(EYLEY; THIELEMAN, 2014; IBA, 2019).

A celulose pode ser obtida alternativamente a partir de residuos
agroindustriais, conhecidos também como materiais lignocelulésicos, e muitos deles
apresentam uma menor quantidade de lignina que a madeira, sendo, portanto,
matérias-primas com grande potencial para extracdo de celulose. Neste sentido, o
emprego de residuos agroindustriais tais como, palha de trigo, casca e palha de
arroz, casca e palha de aveia, casca de soja, palha de milho, fibra de milho, dentre
outros, tem crescido substancialmente, por serem uma alternativa interessante para
a extracdo de celulose, uma vez que apresentam baixo custo, elevada
disponibilidade, baixa densidade, boa resisténcia térmica e mecanica, e Ssao
biodegradaveis e provenientes de fonte renovavel (MOSIER et al., 2005).

A casca da aveia € um subproduto da moagem do grédo
(DESHPAND; SINGH; SINGH, 1991; WEBSTER, 1996), e representa de 25 a 30%
do peso do mesmo. A composi¢do quimica parcial da casca, com base no peso
seco, apresenta teor de celulose de 29%, hemicelulose de 28% e lignina de 22%
(TAMANINI et al., 2004). Independentemente da origem, a estrutura quimica da
celulose € a mesma: unidades de glicose conectadas por ligacdes glicosidicas tipo
B(1-4) (AGRAWAL et al., 2014).

Ao contrario do seu mondémero, a glicose, a celulose € insoluvel em
agua e em muitos solventes organicos, 0 que é necessario para sua propria funcao
como sustentacgao estrutural nas paredes celulares vegetais (OGEDA; PETRI, 2010).
Embora a celulose seja uma molécula polar, com varios grupamentos hidroxila com

capacidade de formacéao de ligagdes de hidrogénio, sua baixa solubilidade se deve a
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formacao de ligacdes de hidrogénio, que sdo responsaveis pela formacdo de uma
estrutura supramolecular densamente arranjada, sem deixar de mencionar a
cristalinidade, que certamente afeta a solubilidade (COURTENAY; SHARMA;
SCOTT, 2018; HASSAN; HASSAN; OKSMAN, 2011; LEE et al., 2011; TANG et al.,
2017). Outro fator que estéd relacionado a insolubilidade da celulose é a baixa
flexibilidade estrutural das suas cadeias (MEDRONHO et al., 2012).

A presenca dos grupamentos hidroxila localizados na posicao
equatorial do anel conferem a celulose um carater hidrofilico, com elevada
capacidade de rearranjo de moléculas de dguas em seu entorno. Esta caracteristica
hidrofilica restringe o seu uso para algumas aplicacbes como tratamentos de agua
com residuos lipidicos, além de poder resultar em reducdo da estabilidade estrutural
do biopolimero. Pela riqgueza de grupamentos hidroxila em sua superficie a molécula
de celulose possui carater polar, e a sua modificacdo quimica, por exemplo, através
da esterificacdo, promove a substituicdo desses grupamentos que sdo hidrofilicos
por grupamentos apolares, resultando em superficies mais hidrofébicas
(COURTENAY; SHARMA; SCOTT, 2018; HASSAN; HASSAN; OKSMAN, 2011; LEE
et al., 2011; TANG et al., 2017).

Devido as caracteristicas estruturais da celulose, a modificacdo da
mesma pode ser uma alternativa tecnolégica para melhorar a sua hidrofobicidade,
potencializando assim suas propriedades e convertendo-se em um material
promissor em diferentes setores industriais (LU et al., 2012). Uma grande proporcao
de reagentes quimicos de fontes ndo renovaveis e prejudiciais ao meio ambiente
sdo utilizados para a modificacdo quimica da celulose, tais como haletos de amonio
(propriedade surfactantes), dioxido de titanio, polidopamina (tratamentos de agua
residuais), grafeno ou O6xido de grafeno, nanoparticulas de metais nobres,
nanoparticulas de oxido de metal. Em fungédo disto, tem se buscado nos ultimos
anos substituicdo dos reagentes quimicos de origem sintética por agentes organicos
reativos menos agressivos e, preferivelmente, de fonte renovavel.

Compostos organicos como 06leos vegetais (soja, girassol e coco) e
acido citrico podem ser uma alternativa para produzir celulose modificada,
permitindo aumentar a sua hidrofobicidade através do processo de esterificacao,
trazendo vantagem na reducdo do impacto ambiental gerado pela geracdo de
efluentes toxicos.

No laboratério de pesquisa do Departamento de Bioquimica e
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Biotecnologia do Centro de Ciéncias Exatas da Universidade Estadual de Londrina,
h& mais de 5 anos trabalha-se com a extracdo, caracterizacdo de celulose e
nanocelulose a partir de residuos agroindustriais através do emprego de reagentes
livres de cloro (PASCHOAL et al., 2015; NASCIMENTO et al., 2016) e processos
gue visam a minima geracao de efluentes, tais como a extrusao reativa (DEBIAGI et
al., 2020a; 2020b; MERCI et al., 2015) e a ultrassonicacédo (DEBIAGI et al., 2019;
MANTOVAN et al., 2020; ; MARIM et al., 2020; MELLO et al., 2020).

Atualmente, poucos estudos descrevem a modificacdo de celulose
com reagentes oriundos de fonte renovavel, empregando-se processos simples,
rapidos e de baixo impacto ambiental. A proposta deste trabalho sera produzir e
caracterizar celulose extraida da casca de aveia empregando-se reagentes livres de
cloro, e modificar esta celulose com 0leos vegetais e acido citrico, e analisar a
influéncia das modificagbes em relacdo a hidrofobicidade da celulose, e outras

propriedades.



14

2 OBJETIVOS

2.1 OBJETIVO GERAL

Produzir celulose a partir da casca de aveia e modifica-la com Oleos
vegetais (soja, girassol e coco) e acido citrico com vistas ao aumento da sua

hidrofobicidade empregando os processos de ultrassonicacao e extrusao reativa.

2.2 OBJETIVOS ESPECIFICOS

e Padronizar as condicbes de ultrassonicacdo e extrusao reativa para

modificar a celulose;

e Analisar a influéncia da modificacdo da celulose com 6leos vegetais e
com &acido citrico quanto ao aumento de hidrofobicidade através das
medidas de molhabilidade, capacidade de absorcdo de agua e de oOleo,

isotermas e cinética de adsorcédo de agua;

e Caracterizar a celulose modificada quanto a sua estrutura e morfologia
utilizando microscopia eletrbnica de varredura (MEV), analise
termogravimétria (GTA/DTGA), calorimetria diferencial exploratoria (DSC),
difracdo de raios-X (DRX) e espectroscopia no infravermelho com

transformada de Fourier (FTIR).
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3. REVISAO DA LITERATURA

3.1 RESIDUOS LIGNOCELULOSICOS

O termo material lignocelulésico é um termo geral atribuido a todos
0s materiais de origem vegetal que apresentam celulose, hemicelulose e lignina
como componentes majoritarios (GONCALVES, 2014). Os materiais lignocelulésicos
provenientes de residuos agricolas sdo uma interessante alternativa de matéria-
prima, dividida em priméria (graos e oleaginosas), secundaria (biomassa celulosica
de residuos de culturas e culturas energéticas) e terceira (microalgas). A secundaria
e a terciaria tém atraido interesse de pesquisa porque sdo consideradas como
materiais ndo-alimentares, ndo apresentando concorréncia com as industrias de
alimentos, além de apresentar menor custo do que matérias-primas convencionais,
além de elevada disponibilidade (LIU et al., 2014; OBIORA; LOPE; TIM, 2017).

A maioria dos residuos lignocelulésicos agroindustriais consiste
principalmente em trés componentes, celulose (30-60%), hemiceluloses (10-40%) e
lignina (4-30%) (MENON, RAO, 2012; KAPARAJU et al., 2009; ANWAR GULFRAZ;
IRSHAD, 2014) (Figura 1), que s&o quimicamente ligadas por interagbes néao
covalentes e ligagdes cruzadas covalentes (PEREZ et al., 2002) na parede celular
vegetal. Celulose e hemiceluloses sdo polissacarideos estruturais e a proporcédo de
celulose: hemiceluloses geralmente varia entre 2: 1 a 1: 1 (SCHADEL et al., 2010).
Nesses materiais a celulose, em geral, € o componente quimico majoritario, e as
suas fibras se localizam em volta de uma matriz amorfa de hemicelulose e lignina. A
composicdo e concentracdo dos componentes variam entre os diferentes tipos de
materiais lignocelulésicos de acordo com as espécies de plantas, idade e posicdo no
caule da planta do solo, condi¢cdes climaticas e manejo a que as plantas foram

submetidas durante seu crescimento (DA SILVA et al., 2018).
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Figura 1 - Estrutura da biomassa lignocelulosica.
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Fonte: Adaptado de Menon e Rao (2012)

Uma grande diversidade de residuos lignocelulésicos é proveniente
do agronegdcio, e dentre as destinagcdes mais utilizadas para estes residuos esta a
disposicdo em aterros, venda, reciclagem, incineracdo e transformacdo, esta ultima
sendo a que mais instiga os pesquisadores, por gerar a possibilidade de dar valor
agregado aos subprodutos gerados (ABRELPE, 2020; PACHON; MANDADE;
GNANSOUNOU, 2020).

Estima-se que cerca de 140 bilhdes de toneladas de biomassa do
setor agricola sdo gerados todos os anos no mundo (FOSTER-CARNEIRO et al.,
2013; PERLATTI, FORIM, ZUIN, 2014, SADH; DUHAN; DUHAN, 2018). Desenvolver
estratégias alternativas para evitar perdas e produzir produtos de alto valor agregado
poderia minimizar o volume de materiais ndo renovaveis (fontes fosseis) que sao
usados atualmente, diminuindo a dependéncia destes recursos, e seria o suficiente
para reduzir as emissbes de gases de efeito estufa. Portanto, considerando o
volume disponivel e o0 baixo custo, associados a estrutura e heterogeneidade
quimica, todos os residuos agroindustriais podem ser considerados, quanto ao seu
potencial quimico e material, como uma fonte de energia e 6tima matéria-prima para
a obtencao de novos materiais (LIN, LUQUE, 2014; TUCK et al.,2012; ZUIN, RAMIN,
2018).
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O Brasil registrou avangcos em 2019 em relacdo ao
reaproveitamento dos residuos, os numeros referentes & geracdo de residuos
revelam um total anual de 79 milhdes de toneladas de 2018 a 2019, onde o0 92%
foram coletados e redirecionados. Ainda existe um grande caminho para que estes
sejam avaliados como alternativa de geracado de novos materiais, sendo um desafio
procurar solugdes tecnologicas as problematicas ambientais, sociais e econémicas
decorrentes do manejo inadequado dos residuos no Brasil (ABRELPE, 2020)

Os residuos lignocelulosicos podem ser redirecionados para o
desenvolvimento de tecnologias “verdes” através da biotecnologia, para a obtencéo
de produtos de alto valor agregado, como é o caso da celulose, com o intuito de
reduzir os impactos negativos do seu descarte e destinacdo inadequados e suas
consequéncias (FURLAN; DUARTE; MUARTE, 2012; JAWAID; ABDUL KHALIL,
2011; KU et al., 2011; OECD-FAO, 2019).

3.2 CASCA DE AVEIA

Aveia branca (Avena sativa) € um cereal de inverno cultivado
principalmente nos estados do Rio Grande do Sul, Parani e Santa Catarina. Sua
producdo mundial anual é bastante expressiva, em torno de mais de 50 milhdes de
toneladas por ano. No Brasil, desde 2016, a aveia branca teve seu maior aumento
em area cultivada, de 118,4 mil hectares para 218,3 mil hectares (DALL CORTIVO,
2017). A produgéo brasileira de graos de aveia aumentou de 37,4 mil toneladas em
1976, para 900,6 mil toneladas no ano de 2020 (CONAB, 2020), eliminando, dessa
forma, a necessidade de importacao desse cereal.

Neste contexto, a aveia assume papel cada vez mais importante no
sistema produtivo brasileiro. No entanto, o processamento de aveia para consumo
humano gera residuos, com a casca, que tém como funcdo a protecdo do gréo
contra fatores do ambiente e ataque de patdégenos (KUREK et al., 2002). As cascas
se desprendem dos graos e parte do endosperma, sao aproximadamente mais de
265.000 toneladas que nao tem uma reutilizacdo adequada, razdo pela qual, a
producdo desse residuo ainda ndo possui valor econémico (DUARTE; MAURLE,
2012). E um subproduto mal utilizado, tornando-se em um poluente ambiental.

A casca gerada no processamento do cereal (moagem da aveia) tem
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um grande potencial, especialmente em relacdo a quantidade de matéria-prima que,
segundo Webster (1986), representa aproximadamente o 30% da massa do cereal,
com aproximadamente 90% de fibra, que é superior a trigo (47%) ou farelo de milho
(62%) (GALDEANO; GROSSMANN, 2006). A composi¢cao quimica parcial da casca
(Figura 2) com base no peso seco, apresenta teor de celulose de 29%, hemicelulose
de 28% e lignina de 22% (TAMANINI et al., 2004), e seu uso pode ser interessante
como matéria-prima para obtencdo de produtos de interesse industrial como a

celulose.

Figura 2 — Composi¢ao quimica parcial da casca de aveia
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Fonte: Tamanini et al. (2004)

3.3 BIORREFINARIA

O aproveitamento de residuos agroindustriais esta inserido no
conceito de biorrefinarias, as quais tém como objetivo explorar diferentes matérias-
primas renovaveis para a obtencdo de biocombustiveis e produtos classicos
oriundos do petréleo, sempre respeitando os critérios da sustentabilidade em seus
processos (COTANA et al.,, 2014; DUQUE et al., 2014; GANGULY et al., 2020).
Segundo Abdul khalil et al. (2014), o sistema de biorrefinarias pode ser
compreendido como a evolugao das tecnologias, que visa explorar o potencial dos
residuos em conjunto com processos biolégicos, quimicos e térmicos, tendo como

resultado produtos variados, com baixo custo e melhor competitividade.


http://www.scielo.br/scielo.php?pid=S1415-43662018001000707&script=sci_arttext#B23
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A biorrefinaria pode ser classificada como de primeira ou segunda
geracdo, considerando-se a matéria-prima empregada. Biorrefinarias de primeira
geracdo usam culturas comestiveis para processos simples, como a producao de
biodiesel a partir de 6leos vegetais e producdo de bioetanol a partir de culturas
energéticas. No entanto, estas culturas estdo disponiveis apenas em certas
estacOes, e a degradacdo espontanea pode ser um problema durante o
armazenamento de longa data, resultando em processos pouco sustentaveis.
Biorrefinarias de segunda geracao utilizam produtos ndo comestiveis como residuos
agricolas, industriais, zootécnicos, pesqueiros e florestais como principal matérias-
primas, o que pode resultar em producdo sustentavel de energia e produtos
quimicos; no entanto, os processos sdo geralmente mais complexos (OZDENKCI et
al., 2017).

O conceito de biorrefinaria atende a visdo de uma economia
sustentavel usando recursos biolégicos (DE BHOWMICK; SARMAH; SEN, 2018;
MENON, RAO, 2012), com o objetivo de reduzir custos, melhorar a competitividade
de novos produtos e explorar o potencial de alguns residuos. O intuito da
biorrefinaria, € melhorar o uso dos recursos naturais e diminuir os efluentes gerados,
maximizando os beneficios e o lucro (PACHON; MANDADE; GNANSOUNOU,
2020).

Neste contexto, o desenvolvimento de novas tecnologias e solucdes
gue levem ao aproveitamento de todo o potencial econébmico e energético da
biomassa lignoceluldsica € de fundamental importancia, devendo ser considerada,
ainda, a sustentabilidade das cadeias produtivas, que passa por uma avaliacdo
criteriosa dos impactos ambientais, econdmicos e sociais (SHARMA; SAINI, 2020).

A diversificacdo de matérias-primas é a principal caracteristica da
biomassa vegetal, o que demanda diferentes tecnologias de cultivo e manejo. Na
atualidade, a biomassa vegetal agroindustrial é dividida em quatro tipos:

- Biomassa lignocelulésica, a mais representativa em termos de
guantidade de massa disponivel;
- Biomassa sacarosica (cana-de-agucar e sorgo sacarinico);
- Biomassa oleaginosa (soja, girassol e palma);
- Biomassa amilacea (batata, milho e beterraba) (VAZ Jr, 2013).
O Brasil € um pais mundialmente conhecido por sua grande

capacidade de producdo de produtos agricolas e como consequéncia uma grande
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guantidade de biomassa vegetal, muitas vezes refletida na exportacdo de
commodities agricolas. Porém, mesmo sendo estratégica a producédo e exportacao
de tais commodities, a possibilidade de agregar valor a biomassa deve ser
considerada como uma oportunidade de geracdo de conhecimentos técnico-
cientificos nacionais, que levardo a oportunidades de emprego nas industrias,
especialmente nas indastrias de alimentos, quimica e farmacéutica (AMULYA,
DAHIYA; VENKATA-MOHAN 2016; BATISTA-MENESES et al.,, 2020; CANAL
BIOENERGIA, 2016).

Esta necessidade estd forcando a humanidade a mudar da
economia linear baseada em recursos fésseis para a bioeconomia circular
sustentavel, exigindo matérias-primas renovaveis que tenham potencial para gerar
um espectro de produtos de base bioldgica, envolvendo areas multidisciplinares
como ciéncia, gestdo e engenharia (AMULYA; JUKURI; VENKATA-MOHAN, 2015).
Neste contexto, os residuos agroindustriais sdo considerados um potencial para o
desenvolvimento de uma bioeconomia (VENKATA-MOHAN et al., 2017). E claro que
a mudanca de uma economia linear para uma economia circular se faz necessaria,
portanto, a plataforma de biorrefinaria deve ter uma visdo ambiciosa para o futuro,
promovendo uma mudanca do consumo de reservas fésseis para recursos
renovaveis ou "verdes" (VENKATA-MOHAN et al., 2016). Segundo Ganguly et al.
(2020) a biorrefinaria tem capacidade de promover um crescimento econémico
sustentavel e uma transformacao positiva das economias, ao introduzir bioprodutos
no mercado, transformando residuos em eletricidade, materiais, combustiveis e uma

série de novos materiais (Figura 3).
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Figura 3 - Abordagem do ciclo integrado de biorrefinaria como estratégias

integradas para aplicagfes de multiplos propadsitos.
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Fonte: BNDES e CGEE, 2008

A abordagem da biorrefinaria pode resultar em varios produtos
importantes como biocombustiveis (Hz, CHa4, biodiesel), produtos quimicos
(acucares, acidos carboxilicos, bioetanol, biobutanol), bioeletricidade, biofertilizantes
e biopolimeros, como a celulose, que tem destaque por suas propriedades e
carateristicas interessantes para diversas aplicacdes. A abordagem de biorrefinaria e
economia circular pode ser capaz de proporcionar o a implantacdo de processos
industriais sustentaveis e com menor impacto ambiental (BATISTA-MENESES et al.,
2020; DAHIYA et al., 2018; GANGULY et al., 2020).

3.4 CELULOSE

A celulose € um biopolimero que pode ser extraido principalmente
de plantas, e de uma grande variedade de espécies vivas como fungos, algas,
bactérias, e sdo o0s polimeros naturais mais abundantes e inesgotaveis disponiveis
na Terra (KALIA et al.,, 2014; CHING et al., 2016). A historia confirma que este

biopolimero serviu a humanidade por mais de quinze décadas e provou ter um lugar
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notavel nas cronicas de polimeros com pesquisas que datam de 1838, quando
Payen reconheceu esse polissacarideo como uma substancia importante, atribuindo
assim o nome “celulose” (HOKKANEN; BHATNAGAR; SILLANPAA, 2016).

Do ponto de vista atual, a celulose tem uma estimativa 28,2 bilhdes
de toneladas produzidas anualmente. Desde 2018, o Brasil se consolidou como o
segundo maior produtor mundial de celulose, atras apenas dos Estados Unidos da
América, exportando 14,7 milhdes de toneladas, representando um incremento de
11,5% em relacéo ao ano anterior (IBA, 2019).

A celulose é composta pela repeticdo de unidades de [-D-
glicopiranose, as quais sdo unidas por ligagdes (3-(1—4), com trés grupos hidroxila
por unidade de glicose, o que faz da celulose uma otima plataforma para
modificacdes quimicas de superficie (Figura 4a). A celobiose é a unidade basica da
molécula de celulose (NGWABEBHOH; UFUK-YILDIZ, 2018). Os grupos hidroxilas
em ambos os finais da cadeia de celulose exibem diferentes comportamentos, o
carbono 1 (C1) tem propriedades redutoras, em quanto o grupo hidroxila no carbono
4 (Ca) livre é dito ndo redutor. O polimero linear de celulose é fortemente associado
através das ligacfes de hidrogénio intramoleculares e intermoleculares (Figura 4b),
sendo que o primeiro tipo de interacdo é responsavel pela rigidez da cadeia e o
segundo pela formacao da fibra (DONINI et al., 2010). A celulose apresenta regides
altamente ordenadas, chamadas de regifes cristalinas, que compreendem de 50 a
70% do total, entrecortadas por regibes menos ordenadas, as regibes amorfas

(Figura 4c).
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Figura 4 - Estrutura Molecular da Celulose. (a) Celobiose, unidade repetitiva da
celulose. (b) Ligagbes intramoleculares e intermoleculares da celulose. (c) Regiédo

cristalina e regido amorfa da celulose.
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O tamanho molecular da celulose pode ser definido pela média do
seu grao de polimerizacéo (DP), isto é, nimero de unidades monoméricas na cadeia
polimérica do esqueleto da celulose, este DP depende da origem da celulose, como
€ processada, 0 qué por sua vez afeta as propriedades do material, por exemplo as
cadeias de celulose em parede celular priméaria de plantas tém DP na faixa de 5.000
a 7.500, e o DP de celulose de madeira é de cerca de 10.000, e a de celulose de
algoddao 15.000 (OGEDA; PETRI, 2010). Diferencas no DP podem afetar a
viscosidade das solucdes de celulose, bem como as propriedades mecéanicas do

produto final.
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O mecanismo de cristalizagdo das microfibrilas pode dar origem a
sete aloformas de celulose: la e IR (celulose nativa), I, I, Iz, VI Vi1
interconversiveis (Figura 5), onde a rede de ligacbes de hidrogéneo e orientacao

molecucular pode variar amplamente (MESQUITA, 2012).

Figura 5 - Diagrama do polimorfismo da celulose
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A celulose | é composta por duas distintas fases cristalinas que
coexistem normalmente, conhecidas como la e If que se diferenciam por diferentes
padrées de difracdo. A celulose | (alfa) € dominante nas algas e bactérias, possui
uma estrutura cristalina triclinica, a celulose | (beta) predominante em plantas
superiores, possui uma estrutura cristalina monoclinica com duas cadeias de
celulose por cela unitaria. A diferenca ocorre nas ligacdes de hidrogénio e na
conformacao das cadeias de celulose vizinhas (FINK et al., 1997; KOYAMA et al.,
1997; KLEMM et al., 2006; MESQUITA, 2012).

O arranjo estrutural da celulose confere propriedades fisicas Unicas
como: forca de tenséo, elasticidade, durabilidade, além de elevada capacidade de

absorcéo e retencdo de agua, biodegradabilidade, ndo € toxica, nem alergénica, por
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estas propriedades é considerada um material biolégico de alto potencial, o que leva
a muitas pesquisas investigar seu comportamento térmico, fisico/quimico e até
mesmo mecanico (LESTARI et al., 2014). Essas propriedades permitem que a
celulose seja aplicada em diferentes processos sob diferentes condicdes de
operacdo (UMMARTYOTIN; MANUSPIYA, 2015). Devido a isto, as aplicacdes deste
biopolimero sdo verséteis e vao além do seu emprego na industria de papel, sendo
usadas em areas como tratamento de aguas residuais (GE et al., 2016) sistemas de
liberacdo de medicamentos (SHEN et al., 2016), engenharia de tecidos (SVENSSON
et al., 2005), embalagens (MIHALY-COZMUTA et al., 2017; SOUZA et al., 2020) e
no setor de alimentos (FISCHER et al., 2017; MARCHETTI; ANDRE’S, 2021; MA et
al., 2020).

De forma geral, a celulose utilizada atualmente pela industria é
proveniente da madeira, no entanto, para a remocao da lignina sao utilizados
processos convencionais que envolvem a utilizacdo de reagentes quimicos a base
de cloro (cloro, diéxido de cloro, hipoclorito de sédio) (BRASILEIRO; COLODETTE;
PILO-VELOSO, 2001; MARIM et al., 2020). Esses processos apresentam o grande
inconveniente da formacédo de compostos organoclorados, especialmente dioxinas e
furanos, de toxidez elevada. O grande volume de &gua utilizado nestes processos e
o0 descarte dessas aguas residuais contendo organoclorados constituem um dos
mais sérios problemas ambientais do setor de celulose (DUAN; YU; LI, 2017,
TANDJAOUI et al.,, 2016). A obtencdo de celulose livre desses compostos tem
levado a busca de processos alternativos como a utilizagcdo de fortes agentes
oxidantes (oxigénio, peroxido de hidrogénio e 0z6nio), atendendo as legislacdes
ambientais mais severas e demandas crescentes do mercado (AJEEL; AROUA;
DAUD, 2015; GAO; TEPLYAKQV, 2014; TANDJAOUI et al., 2016).

3.5 EXTRACAO DE CELULOSE DE RESIDUOS LIGNOCELULOSICOS

O pré-tratamento do material lignocelulosico proveniente de residuos
agroindustriais € um passo fundamental para a sua utilizagéo eficiente. Favorece a
ruptura da parede celular e tecidos internos da biomassa lignoceluldsica através de
processos de conversdo quimicos, bioquimicos ou fisicos, envolvendo ruptura e
desintegracdo das estruturas recalcitrantes (AGBOR et al., 2011; AGU; TABI,
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DUMONCEAUX, 2017; MOSIER et al.,, 2005; QUINTERO, RAMON, CARDONA,
2011;), visando liberar a celulose da matriz de hemicelulose e lignina, e aumentar a
sua porosidade (MELLO et al.,, 2020; NOMANBHAY; HUSSAIN; PALANISAMY,
2013; ZHAO et al., 2007; ZHU et al., 2006; ). Segundo Chandra e colaboradores
(2015), o branqueamento muda a microestructura, a macroestructura e a
composi¢cdo quimica do material lignocelulésico. Neste processo, a lignina e a
hemicelulose que fazem parte do complexo lignocelulésico se decompdem e sao
removidas.

Varios métodos de branqueamento que visam remover a lignina e
hemicelulose tém sido propostos na literatura, mas a escolha do tratamento para
uma determinada matéria-prima € influenciada por muitos fatores, como a
preservacdo da integridade do biopolimero, diminuicdo de custos, facilidade do
processo, maior estabilidade e baixa toxicidade (CHEN et al., 2017; FERRAZ, 2018).

Legislagdes ambientais mais severas e demandas crescentes por
tecnologias mais sustentaveis e menos poluentes tém levado a busca de processos
alternativos de brangueamento, em especial para que o uso de cloro seja
drasticamente reduzido. Em funcéo disto, varios reagentes como oxigénio, peroxido
de hidrogénio, diéxido de cloro e oz6nio tém sido empregados (BRASILEIRO;
COLODETTE; PILO-VELOSO, 2001, MARIM et al., 2020; RAGAUSKAS et al.,
2014).

Durante o branqueamento, pode ocorrer degradacdo dos
carboidratos paralela a remocdo e modificacdo da lignina. Portanto, € necessario
que se estabeleca um ponto de equilibrio entre todas as varidveis do controle do
branqueamento, como tempo, temperatura e quantidade de reagentes (VENTORIM
et al., 2009). As extracOes oxidativas sdo tecnologias bem estabelecidas, que
contribuem para a diminuicdo dos custos de branqueamento e também reduzem o
emprego dos compostos clorados (ANDRADE; COLODETTE; BATALHA, 2015).

O peroxido de hidrogénio é um reagente quimico bem conhecido no
branqueamento de celulose. E utilizado em meio alcalino gerando o fon peridroxila
(HOO"), um oxidante poderoso e muito seletivo. A alcalinidade durante o
branqueamento com H202 deve ser mantida durante o processo, de modo que se
tenha sempre no sistema a presenca do HOO-, ao qual € atribuida a acéo
branqueante (MANTOVAN et al., 2020; YAN et al., 2020). As aplicacdes do peroxido

de hidrogénio no branqueamento visam reduzir a quantidade de compostos
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organoclorados dos efluentes e permitir a obtencdo de celulose (JUNIOR;
COLODETTE; MARTINO, 2015). Ele pode ser transportado facilmente e
armazenado em forma de solugbes aquosas com concentracdo de até 70% em
massa. E pouco volati e sua decomposicdo gera apenas oxigénio e agua.
(BIERMANN, 1996).

Posteriormente, devido ao seu elevado poder oxidante, os peracidos
passaram a ser considerados como potenciais substitutos para o0s reagentes
clorados empregados para o branqueamento. Os peracidos sao geralmente
preparados pela mistura de peroxido de hidrogénio (solugbes de 50 a 70%) e o
acido correspondente. Além disso, o branqueamento com este tipo de reagente tém
apresentado bons resultados em termos de resisténcia, indicando baixos indices de
degradacdo da celulose. Durante o branqueamento, os peracidos sdo consumidos
em reacOes de oxidacdo da lignina e em decomposicdes espontaneas. A
decomposicdo espontanea dos peracidos envolve a formacdo de oxigénio
(BRASILEIRO; COLODETTE; PILO-VELOSO, 2001; ZHANG; PEI; WANG, 2016).

Um dos peracidos mais estudados é o acido peracético (Pa) que,
desde o final da década de 40, vem sendo investigado como reagente de
branqueamento e deslignificacdo. Pode ser preparado pela oxidacdo do acido
acético por peroxido de hidrogénio, esta reacdo € um equilibrio em que estédo
presentes acido acético, peroéxido de hidrogénio e agua. O acido peracético, em
meio acido, é considerado um agente deslignificante altamente seletivo, devido a
sua capacidade de oxidar estruturas ricas em elétrons, como 0s anéis aromaticos da
lignina, formando quinonas e intermediarios hidroxilados ainda mais reativos do que
as estruturas iniciais (DUAN; YU; LI, 2017; JOHNSON, 1980).

Paschoal e colaboradores (2015), no branqueamento da casca de
aveia com acido peracético obtiveram fibras da casca de aveia descoloridas, com
uma cor branca, e observaram que os componentes nao-celulosicos da casca da
aviea foram majoritariamente removidos por esse processo.

Duan, Yu e Li (2017) estudaram as alteragdes estruturais
decorrentes da remocao da hemicelulose e lignina das fibras de juta através do
branqueamento com acido peracatico, que se mostrou eficaz na separacao de fibras
de celulose individualizadas. De acordo com estes autores, o acido peracético pode
ser considerado um agente de branqueamento com grande potencial uso na

industria, por combinar excelentes efeitos de branqueamento com a geracédo de
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efluentes de baixa toxicidade.

Marim e colaboradores (2020) realizaram branqueamento de bagaco
de laranja com acido peracético, e relataram que o acido peracético € um forte
agente oxidante com excelentes propriedades de branqueamento, apresentando
baixo impacto ambiental quando comparado a reagentes clorados empregados em
processos convencionais usados para extracdo de celulose, uma vez que gera

produtos de decomposi¢cao nao toxicos.

3.6 MODIFICACAO DE SUPERFICIE DA CELULOSE PARA HIDROFOBIZACAO

Devido a ampla gama de aplicacbes potenciais e propriedades
inerentes importantes da celulose, ha um esforco continuo em como melhorar e
otimizar as propriedades das fibras naturais a base de celulose. As aplicacbes da
celulose sdo muitas vezes dificultadas devido a sua fraca dispersibilidade em
solvente organico nao polar. As fibras celuldsicas tém uma tendéncia a se agregar
devido a formacéo de ligacdes de hidrogénio inter e intra-moleculares entre os trés
grupamentos hidroxila da unidade de glicose, e este resulta em fraca dispersao de
particulas em solventes ndo polares (MONDAL, 2017). Estudos mostraram que as
propriedades da celulose podem ser alteradas pela modificacdo da superficie (CHEN
et al., 2014).

A capacidade de funcionalizacdo da superficie das moléculas de
celulose esta ligada ao grupamento hidroxila do Cs presente na unidade de glicose,
que torna a celulose muito receptiva a funcionalizagdo, ja que fornece plataformas
reativas para modificagcdes quimicas, uma vez que este grupo estd exposto na
superficie, conferindo a molécula sua caracteristica hidrofilica. A reducdo da sua
hidrofilicidade pode ser obtida pela substituicdo dos grupos hidroxila por outros
grupos de interesse, possibilitando a hidrofobizac&o da celulose (TANG et al., 2017,
2018; DE OLIVEIRA, 2019).

Dentre as vérias estratégias de modificacdo podemos citar a
esterificacdo (LJUNGBERG et al., 2005), cationizagdao (HASANI et al., 2008),
carbaminacéo (HABIBI; DUFRESNE, 2008; SHANG et al., 2013), sililagao (YU et al.,
2015), amidacdo (HARRISSON et al., 2011; MANGALAM; SIMONSEN; BENIGHT,
2009;), e eterificacdo (KLOSER; GRAY, 2010). De acordo com Her e colaboradores

(2020) e Wang e colaboradores (2018), a esterificacdo representa a modificacao
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quimica mais promissora, e nas ultimas décadas, houve uma extensa pesquisa na
esterificacdo de celulose, devido a versatilidade de compostos que podem ser
empregados para a esterificacdo, assim como, a sua simplicidade. A acetilacdo
usando anidrido acético e acido acético com um catalisador € a esterificacao tipica,
porém uma série de compostos podem ser empregados (TEACA et al,. 2020).

Os ésteres de celulose sao geralmente classificados em inorganicos
(fosfoesteres, sulfoesteres) e organicos (esteres carbinicos). Esteres de celulose de
cadeia longa podem ser obtidos empregando-se métodos homogéneos e
heterogéneos. Na esterificacdo homogénea as reagdes sao realizadas em condi¢cbes
controladas, em basicamente trés etapas: (1) ativagdo, (2) dissolucdo, e (3)
derivatizacdo da celulose, e entre as suas vantagens esta uma distribuicdo mais
uniforme das cadeias laterais ao longo do esqueleto de celulose e um maior controle
da substituicdo. Apesar das vantagens do método homogéneo, na maioria dos
casos, os ésteres de celulose de cadeia longa sdo produzidos em condi¢cdes
heterogéneas. Na rota heterogénea a celulose esta insollvel no inicio da reacao, e
ndo ha controle sobre o grau de substituicdo (HEINZE et al., 2006; 2018; KOSTAG
et al., 2019; WILLBERG-KEYRILAINEN; ROPPONEN, 2019).

A maioria das modificacbes da celulose relatada na literatura ocorre
pela rota heterogénea e com reagentes de origem sintética dada a dificuldade em se
dissolver a celulose em agua ou na maioria dos solventes organicos tipicos. A
reacdo heterogénea e o0s solventes sintéticos “ndo verdes” também podem
apresentar restricbes em relacdo a volatilidade, toxicidade e instabilidade no
processamento da reacdo. Para superar este problema, o uso de agentes de
esterificacdo de fontes naturais se configura como uma solugéo promissora (HER et
al., 2020; WILLBERG-KEYRILAINEN; ROPPONEN, 2019).

Nos Uultimos anos tem se buscado substituir-se 0s reagentes
quimicos usados para a modificacdo dos biopolimeros, incluindo a celulose, por
agentes organicos reativos, como alguns 6leos vegetais e acidos carboxilicos, como
o acido citrico, dentre outros, o que pode ser considerada uma estratégia de menor
impacto ambiental para modificacdo de superficie da celulose. Além destes
compostos serem considerados agentes de esterificagcdo de baixo custo e fonte
renovavel, configuram-se como uma excelente op¢édo de modificacdo para alteragédo
do carater higroscopico da celulose, e sdo capazes de superar a toxicidade e os
custos associados a outros agentes de esterificagdo (CHEN et al.,, 2017, DE
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CUADRO et al., 2015; DANKOVICH; HSIEH, 2007; DEMITRI et al., 2008; DONG et
al., 2013; DONG; LI, 2015; GHOSH; GANGOPADHYAY, 2000; GORADE et al.,
2019; HE et al., 2018; LI; HER et al., 2020; MOKHENA; JOHN, 2020; ROMEO et al.,
2020; RAMIREZ et al., 2017).

Na Figura 6 esta representada a esterificacdo do grupo hidroxila no
Cs da celulose empregando-se acido graxo oriundo de 6leos vegetais.

Figura 6 - Modificacdo quimica por esterificagdo com acido graxo do grupo hidroxila

exposto na superficie da celulose.
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3.7 MODIFICACAO DE SUPERFICIE DA CELULOSE PARA HIDROFOBIZACAO EMPREGANDO-SE

AGENTES DE ESTERIFICACAO ORGANICOS — OLEOS VEGETAIS E ACIDO CITRICO

Os Oleos vegetais representam um dos principais produtos extraidos
de plantas, sdo substancias hidrofobicas, e sdo constituidos predominantemente por

triglicerideos, compostos formados majoritariamente por ésteres de acidos graxos
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com o glicerol. O Brasil produz grande diversidade de espécies vegetais
oleaginosas, das quais é possivel extrair 0leos vegetais, uma vez que possui
condicbes privilegiadas como clima e solo. Dentre as oleaginosas produzidas estédo
o 6leo de soja, dendé (palma), girassol, algoddo, amendoim, macauba e canola
(MAPA, 2014; CESAR et al., 2015) .

O que diferencia os 6leos vegetais entre si é a sua composi¢cdo em
acidos graxos, e neste trabalho serdo empregados como agentes de esterificacédo
Oleos vegetais de trés diferentes fontes, os 0leos de soja, girassol e coco. Segundo
Delbem (2014), o 6leo de soja € composto majoritariamente por acidos graxos
insaturados com teores variando entre 79 e 88%, havendo predominancia de acido
oleico C18:1(n9) em 24%, acido linoleico C18:2 (n9, n12) em 54% e acido linolénico
C18:3 (n9, n12 e n15) em 7%.

O dleo de girassol apresentam em sua composi¢ado baixa quantidade
de acidos graxos saturados e alta em acidos graxos poliinsaturados, em torno de 80
a 90%. Ha predominancia de acido oleico C18:1(n9) de 14 a 40%, acido linoléico
C18:2(n9, n12) de 48 a 75% e acido linolénico C18:3 (n9, nl12 e nl5) de <7%
(OLIVEIRA; SUAEREZ; SANTOS, 2008).

O 6leo de coco é caracterizado pela predominéncia de acidos graxos
saturados, sendo o acido graxo laurico (C12:0) o mais representativo (cerca de 50%)
(MYHRSTAD et al., 2011), os triglicerideos de cadeia média (TCM) correspondem a
cerca de 70% a 80% do total.

O emprego dos 6leos vegetais como agentes de esterificacdo €
pouco explorado na literatura. Dankovich e Hsieh (2007) modificaram a superficie da
celulose do algoddo com triglicerideos de varios 6leos vegetais, incluindo soja,
colza, azeitona e coco, e a reacdo com todos os tipos de Oleos, exceto coco,
resultaram em algodé&o hidrofébico e com menor capacidade de absorcédo de agua.
Dong e colaboradores (2013) modificaram a superficie da celulose com 6leo de soja
através de um método simples misturando o éleo com etanol, como resultados
houve uma diminuicdo da hidrofilicidade da celulose apresentando uma maior
afinidade para solventes com baixa polaridade, como o diclorometano e o tolueno.
Kale e colaboradores (2018) estudaram a modificacdo de celulose microcristalina
com Oleo de farelo de arroz, e confirmaram a sua hidrofobizagdo. Mokhena e John
(2020) relataram a modificagdo de nanocelulose com 6leo de canola para conferir

um carater hidrofobico ao material.
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O acido citrico ou 2-hidroxi-1,2,3-propanotricarboxilico (CeHsO7) e
outros acidos organicos também podem ser considerados agentes de esterificacdo
em potencial. A 4cido citrico é um constituente natural e metabdlito comum de
plantas e animais, encontrado em frutas citricas como lim&o, laranja, tangarina,
morangos em diferentes concentragdes. A estrutura multicarboxilica que possui é a
razdo pela qual o acido citrico pode ser utilizado para modificacdo da celulose, ja
gue por meio de ligacbes quimicas entre 0 o acido citrico e a celulose pode-se obter
um material com hidrofobicidade aumentada (GARCIA et al., 2014; SIMOES et al.,
2019).

Espino-Perez e colaboradores (2014) propuseram a modificacédo
qguimica da celulose, sem solventes, e com &cidos carboxilicos aromaticos. O
método apresentou varias vantagens, como menor toxicidade dos acidos
carboxilicos, baixa temperatura de reacdo, reacdo a pressdo ambiente e
possibilidade de reciclar o excesso de reagente pela técnica de destilacao.

Adewuyi e Pereira (2017) extrairam celulose da semente de
gergelim, e a celulose foi modificada na superficie com a introducdo de um grupo
funcional éster através de uma reacdo simples para aumentar hidrofobicidade com
acido subérico (C¢H;,(COOH),). A maior hidrofobicidade foi indicada pela reducao
na capacidade de absor¢cdo de agua e aumento na capacidade de absorcéo de 6leo
apo6s a modificacao.

Véarios autores relataram o emprego do acido citrico para
esterificacdo da celulose nos ultimos anos, e relataram que houve alteracdo do seu
carater higroscopico através de uma modificacdo quimica direta para aumentar a
hidrofobicidade da celulose ou nanocelulose, e como salientado por varios autores, é
um agente de esterificacdo capaz de superar a toxicidade e os custos associados a
outros agentes de esterificacao inorganicos (CHEN et al., 2017; DE CUADRO et al.,
2015; DIMITRI et al., 2008; GHOSH; GANGOPADHYAY, 2000; HE et al., 2018; LI,
DONG,; LI, 2015; ROMEO et al., 2020; RAMIREZ et al., 2017).

De acordo com Kostag e colaboradores (2019) e Wang e
colaboradores (2018), os &cidos carboxilicos apresentam baixa reatividade e é
necessario o uso de agentes ativadores capazes de quebrar as ligacbes de
hidrogénio na estrutura supramolecular da celulose, e alguns deles apresentam alta
toxicidade ou resultam em reacdes colaterais de degradacédo da celulose. Neste
sentido, 0 uso de processos quimicos e fisicos combinados pode superar a baixa
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reatividade dos acidos carboxilicos.

Neste estudo, empregou-se o uso de dois processos fisicos
diferentes para obter a celulose esterificada com acido citrico, a extrusdo reativa e a
ultrassonicacdo, pois sdo processos que podem atuar favorecendo a ruptura das
ligacOes inter e intramoleculares de hidrogénio na celulose e, posteriormente,
permitir a sua esterificacdo (ZHANG et al., 2014; UDOETOK; WILSON; HEADLEY,
2018).

A ultrassonicacdo gera ondas alternadas de baixa pressao-alta
pressdo no liquido exposto. Durante o ciclo de baixa pressdo, as ondas
ultrass6nicas criam pequenas bolhas de vacuo em que o liquido colapsa durante um
ciclo de alta presséo, fenbmeno este denominado de cavitacdo. A cavitacdo induzida
qgue ocorre durante a ultrassonicacdo resulta no colapso violento e repentino de
grande numero de microbolhas, o que gera uma poderosa forca de cisalhamento
hidromecanico no meio liquido no qual a biomassa lignocelulésica esta sendo
ultrassonicada (GOGATE; KABADI, 2009). Podem ser observadas a alteracdes na
biomassa lignocelulésica quando esta € submetida a este processo, como a ruptura
das células vegetais e aumento da porosidade do material (HASSAN; WILLIAMS;
JAISWAL, 2018).

O processo de extrusdo € um método para transformacdo de
materiais que requer pouco espaco com obtencdo de grandes quantidades de
produto comparado a outras técnicas, sendo um processo rapido e pratico, onde
pode se combinar processos fisicos e quimicos, afetando as propriedades reol6gicas
do material através de um processo de tranformacdo continuo (MORAES et al.,
2017). Consiste basicamente da entrada do polimero em um cilindro aguecido, pela
acdo de um parafuso rotativo, realizando trocas de calor entre as paredes do
cilindro, o parafuso e o material, sob alta temperatura e pressao, 0os parametros
dependem das condi¢cdes operacionais, dentre as quais, a taxa de alimentacéo,
temperatura e rotagéo do parafuso (SMITH, 1998).

A extrusdo reativa tem sido relatada como um processo viavel para a
modificacdo quimica de polimeros. A modificacdo das fibras pode ser realizada por
extrusdo, atraves da combinacdo de reagentes, calor, pressdo, temperatura e
cisalhamento. Dessa forma, ha um ganho significativo em eficiéncia, combinando-se

0s processos de mistura e modificacdo quimica em uma etapa Unica, sem a geragao
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de efluentes, favorecendo a viabilidade comercial do produto, a um preco
competitivo (DEBIAGI; FARIA-TISCHER; MALLI, 2020a; 2020b).

Existem poucos estudos na literatura explorando o uso de processos
de extrusao reativa ou ultrassonicacédo para obter celulose modificada. Bhandari et
al. (2012) obtiveram carboximetilcelulose por extruséo reativa, enfatizando que é um
processo com um tempo de reacdo curto. Zhang et al. (2014) relataram a
modificacdo quimica da celulose por extrusdo reativa, observando que a extrusao
reativa pode destruir a regularidade das cadeias de celulose e da rede de ligacdes
de hidrogénio de forma eficiente, favorecendo modificagdes quimicas e a introducéo
de novos grupamento quimicos. Por sua vez, Udoetok, Wilson e Headley (2018)
obtiveram celulose reticulada com epicloridrina, e Tang e colaboradores (2013) e
Kale e colaboradores (2018) obtiveram nanocelulose esterificada, ambos
empregando a ultrassonicacdo; estes autores relataram que quando a
ultrassonicacéo foi usada a extensao da modificacdo foi melhorada pelo decréscimo
da cristalinidade dada celulose, que foi atribuida aos efeitos de cavita¢do acustica do
processo.

A extrusdo reativa pode ser considerada como um tipo de
processamento ecoamigavel que pode ser usado para modificacdo quimica de
polimeros (CARLBOURN; MATUANA, 2006; DEBIAGI; FARIA-TISCHER; MALI,
2020a; 2020b; VAIDYA; GAUGLER; SMITH, 2016; ZHANG et al., 2014), uma vez
gue nenhum solvente é empegado durante o processo. Adicionalmente, o uso da
ultrassonicacdo também pode ser considerado um método simples e conveniente
para a modificacdo da superficie da celulose (TANG et al.,, 2013; UDOETOK;
WILSON; HEADLEY, 2018), e neste estudo estes dois processos foram empregados

na modificacdo de superficie da celulose com Oleos vegetais e &cido citrico.
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ARTIGO |

Increasing the hydrophobicity of cellulose from oat hulls by ultrasound-

assisted surface modification with vegetable oils

Abstract

Cellulose extracted from oat hulls by bleaching with peracetic acid was modified
employing a simple ultrasound method that resulted in an esterification reaction with
different vegetable oils (soybean, sunflower and coconut) to produce modified
cellulose (MC) with increased hydrophobicity. MC samples were characterized by
Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning
electron microscopy (SEM), wettability, oil and water absorption capacities, and water
adsorption isotherms and kinetics. FTIR analysis indicated that the reaction with all
oils occurred, which was observed by a new pronounced band associated with ester
carbonyl groups (1747 cm). Crystalline structure and surface morphology of
cellulose were not affected by modifications. MC samples modified with all oils
sources showed a decrease in water absorption capacity of almost 6 - 9 times and
consistently showed an increase in oil absorption capacity of 3 times, and higher
affinity for low polar solvents such as dichloromethane. Modified samples when
stored at different relative humidity conditions adsorbed lower water amounts with

lower adsorption rates.

Keywords: Lignocellulosic residue; Cellulose; Surface Modification; Hydrophobicity;
Vegetable Oils

1. INTRODUCTION

Natural cellulose materials in the form of wood, hemp and cotton have
been used as engineering materials for thousands of years; however, environmental
issues in the last few years have driven research on the use and transformation of
lignocellulosic materials from other sources to obtain cellulose (WANG et al., 2018).

Cellulose can be obtained from several agroindustrial residues, which are composed
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mainly by cellulose, hemicellulose and lignin, and in general have lower amounts of
lignin than wood. Thus, the interest in using agroindustrial residues for cellulose
extraction has grown substantially in the last few years, these materials have a low
production cost, high availability, low density, and good thermal and mechanical
resistances (DEBIAGI et al.,, 2020a; SENTHIL-MUTHU-KUMAR et al., 2019;
MOSIER et al., 2005).

Oat hull is a by-product from oat grain milling (PASCHOAL et al., 2015;
DEBIAGI et al., 2020b) and represents 25 to 30% of oat grain weight, with
approximately 90% insoluble fibers, cellulose content of approximately 28 - 35%,
hemicellulose of 18 - 28% and lignin of 18 - 22% (DEBIAGi et al., 2019; GULVADY et
al., 2014; PASCHOAL et al., 2015).

The use of agroindustrial residues to obtain new products is inserted
into the concept of biorefineries, which can be described as the evolution of
technologies, consisting of integrated systems of sustainable, environmental and
resource friendly processes (ABDUL-KHALIL et al. 2014; DEBIAGI et al. 2020a;
MISHRA et al., 2020). The biorefinery concept meets the vision of a sustainable
economy using biological resources, maximizing benefits and profits through
strategies to add value to the plant biomass chain (DE BHOWMICK et al., 2018;
ZUIN; RAMIN, 2018).

Regardless of the origin of cellulose, its chemical structure is the same,
anhydroglucose units connected by glycosidic bonds B (1-4) between the equatorial
hydroxyl group of C4 and the C1 carbon atom (AGRAWAL et al., 2014; KLEMM et
al., 2005; NGWABEBHOH et al., 2018), being a linear-chain polymer with a large
number of hydroxy groups. Each anhydroglucose unit presents three hydroxyl
groups, one primary and two secondary moieties. Cellulose chain length is expressed
as the number of anhydroglucose units (degree of polymerization, DP), which varies
with the origin and treatment of the raw material (KLEMM et al., 2005; SINGH et al.,
2015).

The presence of hydroxyl groups gives cellulose a hydrophilic
character, with a high capacity to rearrange water molecules in its surroundings. This
hydrophilic characteristic restricts its use for some applications and also reduces the
structural stability of the biopolymer. Surface hydroxyl groups of cellulose allow its
modification through esterification, which promotes the replacement of hydroxyl

groups by nonpolar molecules, resulting in materials with more hydrophobic surfaces
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that can be targeted for several applications, such as in the treatment of lipid
residues and oil spills (COURTENAY et al., 2018; LEE et al., 2011; LU et al., 2012;
TANG et al., 2017).

A large proportion of chemicals from non-renewable sources that are
harmful to the environment are used for chemical modification of biomaterials. As a
result, it has been sought in recent years to replace these chemical reagents used by
less aggressive reactive organic agents and preferably from renewable sources
(AGU et al., 2017; FAN et al., 2018).

Vegetable oils are constituted mainly by triglycerides containing three
acyl chains of varying lengths and degrees of saturation attached to a glycerol
backbone. According to Dankovich and Hsieh (2007), cellulose can react with
triglycerides by a transesterification reaction between hydroxyls groups from cellulose
and hydrophobic long acyl chains from triglycerides, forming a covalent bonded
network by crosslinking reactions, which results in hydrophobic cellulose. The use of
vegetable oils is little explored in the literature, with few studies reporting the
obtainment of hydrophobic cellulose by reaction with vegetable oils (DANKOVICH,;
HSIEH, 2007; DONG et al., 2013; KALE et al., 2018), which can also be attributed to
the low reactivity of cellulose hydroxyl groups with fatty acids.

Ultrasound has been considered a promising and environmentally
friendly alternative for cellulose extraction and modification, consisting of the process
of transmitting energy in the form of sound waves (mechanical) into the system
(DEBIAGI et al., 2019; WANG et al., 2018), and it can be employed to overcome the
low reactivity of cellulose hydroxyl groups with fatty acids from triglycerides,
increasing the reactivity and accessibility of cellulose.

Thus, the objective of this work was to extract cellulose from oat hulls
and modify it with vegetable oils from different sources (soybean, sunflower and
coconut) to produce modified cellulose (MC) with increased hydrophobicity,
employing a simple process based on ultrasound. MC samples were characterized
by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning
electron microscopy (SEM), wettability, oil and water absorption capacities and water

adsorption isotherms and kinetics.
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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). Soybean (Cocamar, Maringa — PR, Brazil),
sunflower (Cocamar, Maringa — PR, Brazil) and coconut (Natural Life, S&o José dos
Campos — SP, Brazil) were used without further purification. Glacial acetic acid PA
(99 %, Synth, Brazil), and hydrogen peroxide PA (H202 35 %, Synth, Brazil) were

employed in the experiments.

2.2. Cellulose Extraction from Oat Hull

Approximately 50 g of oat hulls were dispersed in 500 ml of peracetic
acid solution (50% acetic acid, 38% hydrogen peroxide and 12% distilled water) at 60
°C with stirring for 24 h, the volume of the solution was sufficient for the sample to be
totally immersed. After this treatment, the sample was washed with distilled water

until pH 5.5 — 6.5 was achieved and then it was dried at 35 °C until constant weight.

2.3 Cellulose Modification with Vegetable Oils

Cellulose modification was performed based on protocol described
by Dong et al. (2013), with some modifications. Three different vegetable oils,
soybean, sunflower or coconut oils were employed. To obtain a homogeneous
mixture of cellulose and oil, 1.0 g of each oil was dispersed in 38 g of ethanol with
continuous stirring and 2.5 g of cellulose was added to the solution. Each mixture
was submitted to ultrasound treatment (Fisher Scientific Sonicator model 505,
Pittsburgh-PA, USA), coupled with a probe with a tip diameter of 1.27 cm (Fisher
Scientific model FB 4219, Pittsburgh-PA, USA), employing the following operational
conditions: 40% amplitude for 1 or 2 min (MCA401min and MCA402min samples)
and 80% amplitude for 1 or 2 min (MCA801min and MCA802min samples). The
samples were taken to the oven (Tecnal, Sdo Paulo, Brazil) at 110 ° C for 2 h and

finally, the material was washed by centrifugation (Hettich centrifuge, universal model
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320R, Germany) for 30 min at 9000 rpm with ethanol three times and dried at room

temperature.

2.4. Characterization of Cellulose Extracted from Oat Hull and Modified
Cellulose (MC)

2.4.1 Cellulose, Hemicellulose and Lignin Contents

Cellulose and hemicellulose contents were determined by Van Soest
method (1965). Lignin contents were determined by TAPPIT222 om-88 method
(TECHNICAL ASSOCIATION OF PULP AND PAPER INDUSTRY, 1999).

2.4.2 Fourier transform infrared spectroscopy (FTIR)

The samples were incorporated into potassium bromide and
subjected to high pressure for the production of tablets. Infrared spectra were
recorded on a FTIR Prestige- spectrometer (Shimadzu, Japan) in the range of 4000—

400 cm™! with a spectral resolution of 4 cm™.

2.4.3 X-ray Diffraction (XRD)

The samples were analyzed by using a PANalytical X'Pert PRO MPD
diffractometer (Netherlands) with radiation Ka of cooper (A = 1.5418 A), operational
conditions of 40 kV and 30 mA, scan range 20 = 2 a 206 = 60 °C, step -0.1° and
speed 1°/min, equipped with a secondary graphite beam monochromator. The
crystallinity index (Cl) was calculated by the method of Segal et al. (1959) as follows:
CI = ((loo2-lam) x100) / loo2, where, Cl refers to the crystallinity index of cellulose, loo2
the maximum peak intensity corresponding to the plane (002) (26 = 20-22°) and lam
the intensity of the amorphous part, which can be considered as the minimum

intensity between the diffraction peaks of the planes (002) (26 = 16-18 ©).
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2.4.4 Scanning electron microscopy (SEM)

The scanning electron microscope was performed at a FEI Quanta
200 microscope (Oregon — EUA). The samples were incubated in an air circulation
oven (Marconi MA 035) at 60 °C for 3 h and then kept in desiccators containing
anhydrous calcium chloride for a week. After, the samples were covered by a thin

layer of gold (40-50 nm) with an acceleration voltage of 20 kV.

2.4.5 Wettability

Samples (cellulose and MC) were mixed with two immiscible
solvents, water (density = 1.000 g cm~3) and dichloromethane (d: 1.335 g cm™3), with
different polarities and densities to observe affinity between samples and solvents,

according to the protocol described by Namazi and Dadkha (2010).

2.4.6 Oil Absorption Capacity (OAC)

The oil absorption capacity of the samples was determined according
to the methodology described by Lu et al. (2013), with modifications. About 0.05 g of
each sample (Mo) were placed in a previously weighed centrifuge tube and 2,5 mL of
soy oil (M1) was added to the samples, which were vortexed for 10 min at 600 rpm
(Brand Phoenix Luferco, model AP56, Brazil), and then centrifuged (Hettich
centrifuge, universal model 320R, Germany) for 30 min at 9000 rpm. Free oil layer
(M2) was removed while the oil absorbed by the samples was estimated as the
difference between M1 and M2. OAC was calculated as follows: OAC (g/g) = ((Mz1-
M2) / Mo).

2.4.7 Water Absorption Capacity (WAC)

A known weight of 0.05 g of each sample (Mo) were placed in a
previously weighed centrifuge tube and 1,5 mL distilled water (M1) was added to the
samples, they were in a water bath (Marconi MA 127) for 30 min, and then

centrifuged (Hettich centrifuge, universal model 320R, Germany) for 30 min at 9000
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rom. Free water layer (M2) f was removed while the water absorbed by the samples
was estimated as the difference between M1 e M2. WAC was calculated as follows:

WAC (g/9) = ((M1-M2) / Mo).

2.4.8 Moisture adsorption isotherms

Samples (0.25 g) were pre-dried for 24 h in a ventilated oven at 50
°C (035 Marconi MA, Brazil), and then the samples were placed at 25 °C in
desiccators containing different saturated solutions of salts providing specific relative
humidity (RH): (lithium chloride (LiCI.H20) 11% RH; magnesium chloride (MgCl2)
38% RH; potassium carbonate (K2CO3s) 46% RH; sodium bromide (NaBr) 60% RH;
sodium chloride (NaCl) 75% RH and barium chloride (BaClz) 90% RH) (ROCKLAND
1960). The equilibrium moisture content of each sample was calculated as the
increase in dry mass of the sample for each RH after 7 days, and it was determined
by oven drying at 105 °C.

Equilibrium moisture content of each sample was plotted as a
function of water activity (aw) (RH / 100), and the experimental data were fitted
according to the Guggenhein-Anderson-de-Boer (GAB) model (BIZOT, 1984),
determined by non-linear regression using the Statistica software 7.0 (Statsoft,
Oklahoma, EUA). The isotherm model of GAB can be expressed as follows:

M = moCKaw / (1 - Kaw) (1 - Kaw + CKaw), where M is the moisture content of the
equilibrium in a given water activity (aw), mo is the monolayer value (g water / g

solids) C e K are the GAB constants GAB. All tests were performed in triplicate.

2.4.9 Moisture adsorption kinetics

Samples (0.20 g) were pre-dried for 24 h in a ventilated oven at 50
°C (035 Marconi MA, Brazil), and then they were placed in desiccators containing
different saturated solutions of salts (lithium chloride (LICl.H20) 20% RH; sodium
bromide (NaBr) 60% RH and barium chloride (BaClz2) 90% RH). Each sample was
weighted at regular intervals, every 2 h on the first day and subsequently at 24, 29

34, 48, 53, 58 and 72 h. The moisture adsorption data were adjusted according to a
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mathematical model and estimation methods suggested by Peleg (1988): M ) = Mo +
(t/ (k1 + kot)), where M  is the moisture after time, Mo is the initial moisture time, k1
the rate constant Peleg (h / (g water / g solids)) and k2 is the constant of ability to

Peleg (g water / g solids). All tests were performed in triplicate.

2.5 Statistical Analysis

The Statistica software version 7.0 (Statsoft, USA) was employed to
perform the Tukey’s test for comparing means (p < 0.05).

3. RESULTS AND DISCUSSION

Initially, oat hull bleaching was performed with peracetic acid to
obtain pure cellulose. Raw oat hull presented 26% cellulose, 30% hemicellulose and
22% lignin, these results are in agreement with Paschoal et al. (2015) e Cardoso et
al. (2018).

After bleaching with peracetic acid, the obtained sample presented
81% cellulose, 7% of hemicellulose and 3% lignin, and this sample was employed in
this study to obtain modified cellulose (MC) and it was labeled as cellulose. The
process yield was 33%, for each 100 g of raw oat hull it was obtained 33 g of

cellulose.

3.1 Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR spectra of all samples are presented in Fig. 1, and they were
used to identify functional groups of cellulose and MC and some differences
observed in the FTIR spectra can be used to assess the success of the reaction of
esterification. It can be observed that a new band appeared with higher intensity at
1747 cm? in the spectra of all MC samples, for MCA401min, MCA402min,
MCA801min and MCA802min, modified with all oil sources, this band did not appear
in cellulose before modification. The band at 1747 cm™ can be attributed to the C=0

stretching of carbonyl in the ester bonds and, therefore, it was the evidence that
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esterification occurred. These results are consistent with those presented by
Dankovich and Hsieh (2007), Dong et al. (2013), Shang et al. (2013) and Adewuyi
and Pereira (2017). They reported similar data, the appearance of new bands in their
modified material at 1746 cm, 1745 cm, 1700 cm* and 1745 cm* respectively,
confirming in all cases the cellulose esterification.

MC obtained in all conditions also showed an important band at 2920
cm?, this band appeared very discreet in cellulose sample. This band was associated
with the symmetrical C-H stretching of the CHs, CH2, CH groups attributed to alkyl
chains of the vegetable oil fatty ester (SHANG et al., 2013). Kale et al. (2018)
observed the same band when they modified microcrystalline cellulose using rice
bran oil, and they also reported that the new bands at 1745 and 2923 cm' ! are an
indicative that the esterification was carried out successfully.

A absor¢cdo na faixa de 1200 cm-1-1040 cm-1 poderiam ser
atribuido ao estiramento do carbono-oxigénio-éster (C-O-ester), este pico esta

ausente no espectro da celulose sem modificar.
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Figure 1. FTIR spectra of cellulose and MC samples modified with (a) soybean oil,
(b) sunflower oil and (c) coconut oll.
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3.2 X-ray diffraction (XRD)

Fig. 2. shows the XRD pattern of cellulose and MC samples, and in
all samples can be seen a similar scattering with peaks compatible with cellulose I,
which has peaks at 26 =10.7°, 16° e 22° and 34.5°. Cardoso et al. (2018), Debiagi et
al. (2019) and De Oliveira et al. (2019) also reported characteristic peaks of cellulose
type | at 20 = 22, 15 and 34°.

Cellulose and MC samples showed crystallinity index (CI) similar to
each other (Fig. 2), ranging from 40 to 43 %, demonstrating that the modification with
vegetable oils did not affect the crystalline structure of the samples; our results are
consistent to Dong et al. (2013), who modified microcrystalline cellulose with soybean

oil.
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Figure 2. X-ray diffractograms of cellulose and MC samples modified with (a)
soybean oil, (b) sunflower oil and (c) coconut oil.
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3.3 Scanning electron microscopy (SEM)

In Fig. 3 it can be seen the raw oat hull morphology as a compact
and rigid structure, typical aspect of a lignocellulosic material where hemicellulose
and lignin are covering the cellulose fibers. After bleaching process, in which lignin
and hemicellulose were removed, cellulose samples presented a very different
morphology, in this sample cellulose fibers can be evidenced by the removal of non-
cellulosic material (hemicellulose and lignin), these results were consistent to those
presented by Agu, Tabil and Dumonceaux (2017), Paschoal et al. (2015) and Debiagi
et al. (2019).

Figure 3. SEM images of cellulose and MC samples modified with soybean,

sunflower and coconut oils.
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Morphology of MC with the different vegetable oils were observed as
individualized bundles without differences when compared to unmodified cellulose
sample, and also without morphological differences between the samples modified

employing different conditions or oil source.

3.4 Wettability

Wettability is one of the parameters used in determining the
physicochemical and functional properties of polymers, due to the tendency for a
solvent to spread on the polymer surface in the presence of one or more immiscible
solvents (NAMAZI and DADKHAH, 2010). In the wettability test the dispersion
phenomenon was observed in the immiscible solvent system: water /
dichloromethane. In Fig. 4, it can be observed that after stirring unmodified cellulose
was unable to migrate to the dichloromethane (located at the bottom of the container)
due to its higher affinity for water, which can be attributed to the presence of hydroxyl
groups located on its surface, these groups have high capacity for rearranging water
molecules in their surroundings.

All MC samples were able to migrate to dichloromethane after stirring
(Fig. 4), and this was possible because hydroxyl groups located on cellulose surface
were replaced by nonpolar molecules, resulting in more hydrophobic surfaces,
suggesting a lower polar nature, similar results to those were presented by Dong et
al. (2013), Namazi and Dadkhah (2010), Sai et al. (2015) and Shang et al. (2013),
these authors reported that cellulose hydrophobization can be observed by changes
in the wettability pattern. Regardless of the treatment employed in this study, it was
observed an increased affinity for dichloromethane, these results were consistent

with the data obtained in FTIR, which confirmed the esterification of MC samples.
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Figure 4. Dispersions of cellulose and MC samples modified with soybean,

sunflower and coconut oils in a water/dichloromethane system.
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3.5 Water and oil absorption capacities

Water and oil absorption capacities are shown in Table 1. Results of
water and oil absorption capacities were significant different (Tukey test, p < 0.05)
when cellulose and MC were compared (Table 1); while water absorption decreased,

oil adsorption increased in all MC samples, and these results can be attributed to the



65

addition of nonpolar molecules to the cellulose surface, confirming that in the MC
samples occurred a change in their hydrophilic character, reducing their capacity of
water retention in almost 6 - 9 times for all treatments. In accordance with these
results, the oil retention capacity in the MC increased 3 times for all treatments,

indicating an improved hydrophobicity in MC over cellulose.

Table 1. Water and oil adsorption capacities of cellulose and MC samples modified

with soybean (S), sunflower (SF) and coconut (C) oils.

Sample WAC (g/g) OAC (g/9)
Cellulose 10.20 +0.002 1.92 +0.22°
MCA401mimS  1.87 + 0.05° 6.06 +1.142
MCA402minS 1.78 £ 0.03P 4.99 +£0.422
MCA801minS 1.33 +£0.34b 5.24 +0.592
MCA802minS 1.89 £0.13° 5.62 +0.492
MCA401minSF 1.57 + 0.24> 5,03 + 0.452
MCA402minSF  1.15+ 0.63" 5.38 + 0.392
MCA801minSF 1.71+ 0.14> 522+ 0.302
MCA802minSF 1.44 + 0.54°> 519+ 0.372
MCA401minC  1.70+ 0.29° 5,02 +0.222
MCA402minC  1.60+ 0.25° 5.36 +0.682
MCA801minC  1.57+ 0.12° 5.17 +0.602
MCA802minC  1.74+ 0.32° 553 * 0.522

*Different letters in the same column indicate significant differences (p < 0.05) between means (Tukey
test)

The different treatments or oil source did not affect significantly
(Tukey test, p < 0.05) water and oil absorption capacities of MC samples (Table 1).
Adewuyi and Pereira (2017) reported similar results by modifying cellulose with
sebacic acid, the authors reported a 6-fold decrease in water and a 2-fold increase in
oil absorption capacities. Dankovich and Hsieh (2007) reported a 3-fold decrease in
water absorption capacity of cellulose modified with vegetable oils, they stressed that

fatty acids present in vegetable oils have greater capacity for cross-linking in
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hydrophobic networks, decreasing water access through the cellulose surface due to

its compact structure.

3.6 Moisture sorption isotherms

Moisture sorption isotherms and parameters of the GAB model are
shown in Fig. 5 and Table 2, respectively. The monolayer value (mo) is the indicator
of the maximum amount of water that can be adsorbed on a single layer per gram of
dry matter. In this sense, cellulose showed the highest mo value (8.72 g of water /
100 g of solids) between all samples, indicating that that the modification with
vegetable oils resulted in a decrease in cellulose hygroscopicity. Between the
modified samples, the lowest mo was 3.36 g water / 100 g solids obtained for
MCA402minC (processed at 40% amplitude for 2 min, with coconut oil), and the
highest value was 6.6 g water/100 g solids for MCA802minSF (processed at 80%
amplitude for 2 min, with sunflower oil) (Table 2), however, between the MC samples
it cannot be possible to establish a relationship between the oil source or processing
condition with the mo values variation.

In general, all MC samples showed similar isothermal patterns
increasing equilibrium moisture content with increasing aw, however, the increases
were high in cellulose sample compared to all MC samples, in all aw conditions (Fig.

4), confirming the increase in hydrophobicity of MC samples.
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Figure 5. Moisture sorption isotherms and parameters of the GAB of cellulose and
modified cellulose with (a) soybean, (b) sunflower and (c) coconut oils. The lines are

derived from GAB model.
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Table 2. GAB model parameters for cellulose and MC modified with soy (S),
sunflower (SF) and coconut oils (C) (MCA401min, MCA402min, MCA801min and
MCA802min)

SAMPLE Mo C K r?

Cellulose 8.72 3.19 0.57 0.99
MCA401minS 4.86 5.16 0.56 0.99
MCA402minS 4.05 7.68 0.64 0.99
MCA801minS 5.44 4.01 0.53 0.99
MCA802minS 5.88 4.35 0.49 0.99
MCA401minSF 5.47 3.31 0.56 0.98
MCA402minSF 4.88 3.29 0.63 0.99
MCA801minSF 3.69 3.64 0.70 0.99
MCA802minSF 6.62 2.61 0.55 0.99
MCA401minC 3.69 4.96 0.68 0.99
MCA402minC 3.36 4.72 0.69 0.99
MCA801minC 5.57 2.82 0.55 0.98
MCA802minC 5.30 4.28 0.51 0.98

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

activity (aw), mo is the monolayer value (g water/100 g solids), and C and K are the constants.

3.7 Moisture adsorption kinetics

Moisture adsorption kinetics are shown in Fig. 6. For all samples, and
at all RH conditions, the water adsorption occurred faster at the initial stages of
storage, in the first 15 h of assay, until reaching a plateau, when the maximum level
of humidity remained stable. In addition, regardless of the conditions applied, in all
cases, the cellulose showed a higher water absorption compared to MC samples
(Fig. 6), corroborating the obtainment of cellulose with increased hydrophobicity.

Moisture equilibrium behavior was affected by storage RH, samples
stored at 90 % RH needed more time to reach the equilibrium and also adsorbed
more water than samples stored at 20 and 60% RH. To understand the water

adsorption behaviour, the data obtained were adjusted using the Peleg model
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(PELEG, 1988), the results are shown in Table 3; where ki is related to mass
transfer, the lower ki, the higher the initial water adsorption rate and k2 is related to
maximum water adsorption capacity and as the lower the k2, the higher the
adsorption capacity of the sample (MALI et al., 2005).

Cellulose had lower ki and k2 values when compared to MC samples
(Table 3), indicating its greater hygroscopic capacity when compared to MC samples,
in which the reduction of free hydroxyl groups on their surface resulted in samples
that adsorbed less water in a lower adsorption rate. These results are compatible and

consistent with the data obtained from the water adsorption isotherms.

Figure 6. Moisture adsorption kinetics of cellulose and MC samples modified with (a)

soybean, (b) sunflower and (c) coconut oils.
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Table 3. PELEG model parameters for cellulose and MC samples with soy (S),
sunflower (SF) and coconut (C) oils.

20% RH 60% RH 90% RH
SAMPLES
k1 ko r2 k1 k2 r2 k1 k2 r2
Cellulose 0.81 0.67 0.80 0.08 0.15 0.99 0.07 0.09 0.99

MCA401minS 14.16 4.35 0.70 0.13 0.18 0.99 0.20 0.13 0.98
MCA402minS 24.46 1.60 0.70 0.19 0.18 0.99 0.04 0.12 0.99
MCA801minS 37.37 1.24 0.80 0.12 0.16 0.99 0.20 0.11 0.98
MCA802minS 7.93 2.71 0.90 0.11 0.19 0.99 0.07 0.12 0.98
MCA401minSF 14.91 1.60 0.80 0.15 0.17 0.99 0.11 0.12 0.99
MCA402minSF 9.01 1.70 0.95 0.10 0.17 0.98 0.06 0.12 0.99
MCA801minSF 45.86 3.73 0.80 0.09 0.17 0.99 0.06 0.12 0.99
MCA802minSF 7.51 0.90 0.90 0.09 0.18 0.99 0.09 0.11 0.98
MCA401minC 294 130 0.85 0.13 0.17 0.99 0.07 0.11 0.99
MCA402minC  11.60 2.79 0.85 0.09 0.17 0.99 0.05 0.11 0.99
MCA801minC 12.32 2.72 0.90 0.07 0.16 0.99 0.06 0.12 0.97
MCA802minC 27.02 2.95 0.80 0.04 0.18 0.99 0.06 0.12 0.99

M@ = Mo + (t/ (ka+ kat)), k1 in h / (g water/g solids) and kz in g solid / g water.

4. CONCLUSION

Cellulose obtained from oat hulls were modified with vegetable oils
resulting in esterified samples that showed an increase in their hydrophobicity. The
success of the cellulose modification was evidenced by a new pronounced band
associated with ester carbonyl groups (1747 cm) in FTIR spectra and in the change
in the wettability of all the modified samples, confirming the binding of soybean,
sunflower and coconut oils in the cellulose skeleton without affecting their crystalline
structure or surface morphology.

The different operational conditions employed in modification or
different oil source did not affect the main properties of modified samples. After
modification, all samples presented higher affinity for low polar solvents, and also

higher oil absorption and lower water absorption capacities. Modified samples when
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stored at different RH conditions (20, 60 e 90% RH) adsorbed lower water amounts
with lower adsorption rates.

Ultrasonication assisted-processes employed in this work were
effective in modified cellulose by esterification with vegetable oils, being an eco-
friendly and simple strategy to obtain modified cellulose without the use of synthetic
or toxic reagents. expanding the industrial applications of these materials.
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ARTIGO I

Surface modification of cellulose from oat hull with citric acid using

ultrasonication and reactive extrusion assisted processes

Abstract

This study aimed to produce modified cellulose extracted from oat hulls by an
esterification re-action with citric acid (CA) employing ultrasonication and reactive
extrusion assisted processes. Modified samples were characterized by Fourier
transform infrared spectroscopy (FTIR), X-ray diffraction (DRX), scanning electron
microscopy (SEM), wettability, oil and water absorption capacities, water adsorption
capacity, and thermal stability. From FTIR results it can be observed a new band for
all modified samples at 1735 cm-1, confirming the esterification. The crystallinity
pattern and morphology of fibers were not affected by esterification. Both groups of
samples, obtained by ultrasonication and reactive extrusion showed decreases in
water absorption capaci-ties compared to unmodified cellulose, and increases in oil
retention capacities, and also the modified samples presented higher affinity by a
non-polar solvent in the wettability test. The new properties of modified cellulose
expand its use in the industry and proved that ultrasoni-cation and reactive extrusion
can be used to obtain esterified cellulose, being eco-friendly, sim-ple, and convenient

processes with short reaction times.

Keywords: Lignocellulosic residue; Hydrophobicity; Organic Acid; Esterification

1. INTRODUCTION

The transformation of agroindustrial residues into new bio-based
materials, maxim-izing the utilization of lignocellulosic biomass, and minimizing the
waste generation en-compasses the biorefinery concept. This is also according to the
main premise of a circular economy, which supports the concept of industrial synergy
that is encouraged by the re-use of residues within the industrial network, acting as a
mechanism for a sustainable future (UBANDO et al., 2020).
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Additionally, materials obtained through renewable resources have been developed
in the last decades as alternatives to replace fossil resources, being able to be
redirected to the development of green technologies through biotechnology to obtain
products with high added value, minimizing the dependence on fossil-based
resources and reducing the generation of solid and liquid wastes (DUQUE-
ACEVEDO et al., 2020; 3. LIGUORIC; FACARO, 2016; WANG et al., 2020).

The use of lignocellulosic residues such as wheat straw, rice hulls,
soybean hulls, orange bagasse, corn hulls, corn fiber, and oat hulls to obtain
cellulose can be an interest-ing alternative to valorize these materials, which
generally contain about 20-50% cellu-lose, 20-30% hemicellulose and 20 - 30%
lignin, offering great opportunities for sustaina-ble production integrated with
biorefinery processes to obtain bio-based materials (DUQUE-ACEVEDO et al., 2020;
DE CORATO et al., 2018; DEBIAGI et al., 2020; DEBIAGI et al., 2021; MANTOVAN
et al., 2020).

Considering their global availability, there is great interest in the
conversion of ligno-cellulosic biomass into the derivative products of cellulose
(HALDAR; PURKAIT, 2020). Cellulose has remarkable characteristics such as tensile
strength, elasticity, durability, in addition to high water ab-sorption and retention
capacity, biodegradability, it is neither toxic nor allergenic, because of these
properties it is considered a high potential bio-based material, with versatile ap-
plications in wastewater treatment (GE et al., 2016), packaging (MIHALY-COZMUTA,
2017; SOUZA et al., 2020), food industries (FISCHER et al.,2017; MARCHETTI,
ANDRE ', 2021; MA et al., 2020), drug delivery systems (SHEN et al., 2016) and
tissue engineering (FARIA-TISCHER et al., 2019).

Regardless of its origin, it is a naturally occurring semicrystalline
linear homopoly-mer composed of D-anhydroglucose units linked by B-(1 [14)-
glycosidic bonds, presenting crystalline and amorphous regions, containing three
hydroxyl groups per anhydroglucose unit that can participate in several reactions,
which makes cellulose a versatile platform for surface chemical modifications
(O'CONNELL et al., 2008; EL SEOUD et al., 2020; WANG et al., 2018).

The introduction of an ester group to the cellulose skeleton through
the reaction of es-terification of hydroxyl groups provides a hydrophobic character to
cellulose, making it more compatible with non-polar polymers and solvents (WANG et
al., 2018; CHEN et al., 2017; HOKKANEN et al., 2016; KOSTAG et al., 2019).
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The use of carboxylic acids to modify cellulose is less aggressive to
the environment, such as citric acid (CA), which appears as a low cost and
sustainable esterification agent capable to change the hygroscopic character through
a direct chemical modification to in-crease hydrophobicity of cellulose or
nanocellulose, and as stressed by several authors, it is an esterification agent able to
overcome toxicity and costs associated with other esterifi-cation agents (CHEN et al.,
2017; DE CUADRO et al., 2015; DEMITRI et al., 2008; GHOSH; GANGOPADHYAY,
2000; 2018; HE et al., 2018 ; LI et al., 2015; ROMEO et al., 2020; RAMIREZ et al.,
2017).

According to Wang et al. (WANG et al.,, 2018) and Kostag et al.
(KOSTAG et al., 2019), carboxylic acids have low reactiv-ity and it is necessary the
use of activating agents that can break hydrogen bonds in cellu-lose supramolecular
structure, and some of them present high toxicity or result in cellu-lose degrading
side reactions. The use of combined chemical and physical processes can overcome
the low reactivity of carboxylic acids. In this study, two different physical pro-cesses
were employed to obtain cellulose esterified with CA, ultrasonication and reactive
extrusion, since these both methods can act favoring the disruption of the inter- and
in-tramolecular hydrogen bonds and subsequently allowing esterification to occur
(ZHANG et al., 2014; UDOETOK et al., 2018).

There are few studies in the literature exploring the use of
ultrasonication or reactive extrusion assisted processes to obtain modified cellulose.
Bhandari et al. (BHANDARI et al., 2012) obtained carboxymethyl cellulose by
reactive extrusion emphasizing that is a process with a short reaction time. Zhang et
al. (ZHANG et al., 2014) reported the chemical modification of cellulose by reactive
extrusion in ionic liquid, they stressed that reactive extrusion can destroy the
regularity of cellulose chains and the hydrogen bond network efficiently, favoring
chemical modifica-tions of cellulose. Udoetok et al. (UDOETOK et al., 2018) obtained
cross-linked cellulose-epichlorohydrin and Tang et al. (TANG et al., 2013) obtained
esterified nanocellulose, both using ultrasonication assisted pro-cesses; they
stressed that when ultrasonication was used the extent of modification was improved
by the loss of the cellulose fibril structure, which was attributed to the acoustic
cavitation effects of ultrasonication.

Reactive extrusion is considered an eco-friendly technique that can
be used for chem-ical modification of polymers [DEBIAGI et al., 2021; ZHANG et al.,
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2014; BHANDARI et al., 2012; CALBOURN; MATUANA, 2006; VAIDYA et al., 2016)
since no solvent was involved during the process. Ultrasonication also can be
considered a simple and convenient method for sur-face modification of cellulose
(ZHANG et al., 2014; TANG et al.,, 2013) and in this study no toxic solvent was
employed.

The objective of this work was to produce modified cellulose
extracted from oat hulls by an esterification reaction with CA employing
ultrasonication or reactive extrusion as-sisted processes. Modified cellulose samples
were characterized by Fourier transform in-frared spectroscopy (FTIR), X-ray
diffraction (XRD), scanning electron microscopy (SEM), wettability, oil and water

absorption capacities, water adsorption capacity, and thermal stability.

2. MATERIALS AND METHODS

2.1. MATERIALS

Oat hull sample used in this study was supplied by a local oat
processing industry (SL Cereais e Alimentos,Parana - Brazil) Citric acid (CA) (Sigma-
Aldrich) and all reagents used in this study have analytical grade (PA).

2.2. Extraction of Cellulose from Oat Hulls

Approximately 50 g of oat hulls were dispersed in 500 ml of peracetic
acid solution (50% acetic acid, 38% hydrogen peroxide and 12% distilled water) at 60
°C with stirring for 24 h. After this treatment, the sample was washed with distilled
water until pH 5.5 — 6.5 was achieved and then it was dried at 35 °C until constant

weight.

2.3. Surface Modification of Cellulose

Two processes were employed to surface modification of cellulose
with CA, ultrasonication and reactive extrusion.

Ultrasonication was performed according to the modified protocol
described by Dong et al. (2013), where 1 g of CA was dispersed in 38 g of ethanol
with continuous stirring and 2.5 g of cellulose was added to the solution. Each

mixture was submitted to ultrasound treatment (Fisher Scientific Sonicator model
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505, Pittsburgh-PA, USA), coupled with a probe with a tip diameter of 1.27 cm
(Fisher Scientific model FB 4219, Pittsburgh-PA, USA), employing the following
operational conditions: 40% amplitude for 1 or 2 min (samples labeled as
US401minCA and US402minCA) and 80% amplitude for 1 or 2 min (samples labeled
as US801minCA and US802minCA). The samples were taken to the oven (Tecnal,
Sao Paulo, Brazil) at 110 ° C for 2 h and finally, the material was washed with
ethanol by centrifugation (Hettich centrifuge, universal model 320R, Germany) for 30
min at 9000 rpm with ethanol three times and dried at room temperature. Samples
were grounded to produce patrticles of 150 to 220 pm.

Reactive extrusion was performed in a single-screw extruder (AX
Plastics, Diadema, Brazil) with a diameter of 1.6 cm and a length/diameter ratio of the
screw (L / D) of 40 was used, with four heating zones at 120 ° C and a matrix 0.8 cm
diameter with 50 rpm screw speed. Two different treatments were performed: (1)
cellulose control sample was extruded without any reagent other than water, which
resulted in a final moisture content of 32% (sample labeled as ECW) and (2)
cellulose extruded with 20% of citric acid and a final moisture of 32% (sample labeled
as EMCCA), citric acid was dissolved in distilled water and mixed with cellulose for
10 min in a sealed plastic bag with constant manual stirring, obtaining a total mass of
100 g to be extruded, resulting in a final moisture content of 32%. The obtained
extruded samples were washed three times in a centrifuge using ethanol and dried at

room temperature, later they were ground to obtain particles of 150 to 220 um.

2.4. Characterization of Modified Cellulose

2.4.1 Fourier transform infrared (FTIR) spectroscopy

Dried samples were incorporated into potassium bromide and
subjected to high pressure for the production of tablets. Infrared spectra were
recorded on a Shimadzu FTIR PRESTIGE-spectrometer (Japan) in the range of
4000-400 cm™ ', which has a spectral resolution of 4 cm ~ . Esterification extension
between CA modified samples was compared from the ratio between the absorption
intensity of the ester carbonyl (C=0) stretching vibrations band at 1735 cm™" (A173s)
and the absorbance intensity of the aliphatic —-C—H stretching vibration at 2929 cm
(A2920), which was used as an internal standard because it remained unchanged after
the esterification reactions (DEMITRI et al., 2008).
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2.4.2 X-ray diffraction (XRD)

XRD was performed using Panalytical X’ PERT PRO MPD equipment
(Netherlands) with copper Ka radiation (A = 1.5418 A) under 40 kV and 30 mA
operating conditions. Scanning range from 206 = 2 to 206 = 50 ° C, step -0.1 ° and
speed 1 ° / min, equipped with a secondary graphite beam monochromator. The
crystallinity index (Cl) was calculated by the method of Segal et al. (1959), where CI
= ((looz-lam) x100) / loo2; where, CI is the crystallinity index of the cellulose, loo2 the
peak intensity (002) (26 = 20-22°) and lam the peak intensity (002) (26 = 16-18 ©).

2.4.3 Thermogravimetric analysis (TGA)
TGA of the samples were performed using the Shimadzu TGA-50
(Japan) equipment. The scans were performed at room temperature up to 600 °C

with a heating rate of 20 °C / min under a nitrogen flow of 20 mL/min.

2.4.4 Differential scanning calorimetry (DSC)

DSC analysis were performed on a Shimadzu DSC 60 calorimeter
(Japan). Samples were placed in aluminum containers and heated from room
temperature to 400 °C, with a heating rate of 20 °C / min in a 50 mL/min nitrogen

atmosphere.

2.4.5 Scanning electron microscopy (SEM)

SEM analysis were performed on the FEI Quanta 200 equipment
(Oregon - USA). Samples were incubated in an air circulation oven (Marconi MA 035,
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.

2.4.6 Wettability
Wettability tests were performed according to the protocol described
by Namazi and Dadkha (2010) where the samples were mixed in two immiscible

solvents, with different densities, water (d: 1.000 g cm~3) and dichloromethane (d:
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1.335 g cm™), thus allowing to observe the affinity of the samples for each
substance.

2.4.7 Water Absorption Capacity (WAC) and Oil Absorption Capacity (OAC)

WAC and OAC of samples were determined according to the
modified methodology described by Lu et al. (LU et al., 1960). Approximately 0.05 g
of each sample (M0O) and 1.5 mL of water (or soybean oil) (M1) were added to a
previously weighed centrifuge tube. The samples were kept in a water bath for 30
min and then centrifuged for 30 min at 9000 rpm (Hettich Centrifuge, Universal model
320R, 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) / MO and OAC
was calculated as: OAC (g / g) = (M1-Mz2) / Mo.

2.4.8 Moisture Sorption Isotherms

Samples (0.25 g) were pre-dried for 24 h in a ventilated oven at 50
°C (035 Marconi MA, Brazil), and then the samples were placed at 25 °C in
desiccators containing different saturated solutions of salts providing specific relative
humidity (RH) (11, 38, 46, 60, 75 and 90 % RH (Rockland 1960). The equilibrium
moisture content of each sample was calculated as the increase in dry mass of the
sample for each RH after 7 d, and it was determined in a ventilated oven (035
Marconi MA, Brazil) by drying at 105 °C.

Equilibrium moisture content of each sample was plotted as a
function of water activity (aw) (RH / 100), and the experimental data were fitted
according to the Guggenhein-Anderson-de-Boer (GAB) model (BIZOT, 1984),
determined by non-linear regression using the Statistica software 7.0 (Statsoft,
Oklahoma, EUA).The isotherm model of GAB can be expressed as follows: M =
moCKaw / (1 - Kaw) (1 - Kaw + CKaw), where M is the moisture content of the
equilibrium in a given water activity (aw), mo is the monolayer value (g water / ¢

solids) C e K are the GAB constants GAB. All tests were performed in triplicate.

2.2.4 Statistical Analysis
The Statistica software version 7.0 (Statsoft, USA) was employed to

perform the Tukey’s test for comparing means (p < 0.05).
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3. RESULTS AND DISCUSSION

3.1 Cellulose Extraction

The non-cellulosic material present in the oat hull was removed by
bleaching process using peracetic acid, resulting in a cellulose rich material, while
raw oat hull had 26% cellulose, 30% hemicellulose and 21% lignin, the bleached
material presented 83% cellulose, 7% hemicellulose and 3% lignin. The process yield

was 33%, each 100 g of raw oat hull resulted in 33 g of this bleached material.

3.2 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectra of all samples are presented in Figure 1, and they were
used to identify functional groups of cellulose and modified cellulose samples, some
differences observed in the FTIR spectra can be used to assess the success of the
reaction of esterification using CA in both employed processes (ultrasonication and
reactive extrusion). Compared to cellulose, in both group of modified samples,
prepared by ultrasonication (US401minCA, US402minCA, US801minCA, and
uUS802minCA) and reactive extrusion (EMCCA) it is possible to identify a new
important band at 1735 cm that can be associated with the C=0 stretching of
carbonyl in the ester bonds, confirming that esterification with CA occurred.
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Figure 1. FT-R spectra of cellulose and CA modified cellulose by (a) ultrasonication

and (b) reactive extrusion.
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These results are consistent with those presented by other authors
(DIMITRI et al., 2008; 45. KAYA, 2017), who em-ployed CA as an esterification
agent for cellulose modification, these authors confirmed the success of the reaction
employing FTIR spectra of the samples by observing the in-creased intensity of the
bands at 1735-1738 cm, free hydroxyls present on cellulose sur-face reacted with
the carboxylic groups of CA forming ester bonds.

Romeo et al. (2020) obtained citrate cellulose employing an eco-
friendly process that involved the use of molten citric acid under solvent-free
conditions at atmospheric pres-sure, and these authors reported that a strong band
at 1736 cm appears in citrate cellu-lose samples, and this strongly supports that
cellulose esterification occurred after reac-tion with CA. They also proposed a
reaction mechanism consisting in a simultaneous hydrolysis of cellulose with
breaking of the intra- and intermolecular hydrogen bonds, followed by esterification of
separate cellulose chains.

The Ai7ss/A2e29 ratios of CA modified samples prepared by
ultrasonication were higher than the ratio obtained for extruded sample (Figure 1),
which is an indication that ultrasonication was more effective in the esterification of
cellulose with CA at the studied conditions.

This same band (1735 cm™) was observed less intensely in the
cellulose control sample (ECW), extruded without CA, and possible this can be
explained due to the thermo-mechanical treatment of cellulose during extrusion, and
it could be attributed to the C=0 group from the opened terminal glucopyranose
rings, as observed by other authors (DEBIAGI et al., 2021) that obtained

nanofibrillated cellulose using reactive extrusion.

3.3 X-Ray Diffraction (XRD)

Figure 2 shows the diffractograms of cellulose and modified cellulose
using both ultrasonication and reactive extrusion, and all samples resulted in similar
patterns, with peaks compatible with the characteristic pattern of cellulose | at 26 =
15, 22, and 34° (DEBIAGI et al., 2020). Both processes employed in this study
(ultrasonication and reactive extrusion) resulted in any variation in the polymorph

type of cellulose compared to the original raw material, which demonstrated that
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these processes do not change the crystal organization of cellulose. Ramirez et al.
(2017) reported that the initial crystalline structure of cellulose remained unaffected
after esterification.

Cl values observed for cellulose samples subjected to ultrasonication
ranged from 44 to 45%, very close values to the observed for unmodified cellulose
(43%). Extruded samples (ECW and EMCCA) showed higher CI values, with 50 and
49%, respectively (Figure 2). Reactive extrusion is more aggressive than
ultrasonication, combining thermomechanical and chemical pretreatments, which
possibly resulted in the removal of amorphous fractions that were more susceptible to
thermal degradation. Bhandari et al. (2012) also reported an increase in crystallinity

in carboxymethyl cellulose obtained by reactive extrusion.

Figure 2. X-Ray diffractograms of cellulose and CA modified cellulose by (a)

ultrasonication and (b) reactive extrusion
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3.4 Thermogravimetric Analysis (TGA)

TGA and DTGA curves are shown in Figure 3. It was observed for all
samples a first degradation stage at 50 - 100 °C, which can be attributed to the loss
of water or other low-molecular-weight compounds (DEBIAGI el al., 2020; DEBIAGI
el al., 2021). Samples modified by ultrasonication assisted processes also presented
weight losses around 190 °C, and according to Kaya (2017), the weight loss at
temperatures between 20 and 200 °C is related to the loss of surface and in-ner
moisture by evaporation for non-crosslinked samples. Adewuyi and Pereira (2017)
reported that weight losses around 115 -162 °C in esterified cellulose extracted from

sesame seed can be assigned to the loss of volatile organic compounds.

Figure 3. TGA/DTGA curves of cellulose and CA modified cellulose by

ultrasonication and reactive extrusion.
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For all cellulose and modified samples, the main weight loss
occurred between 348 and 360 °C, and a second important peak was observed
between 435 and 469 °C (Figure 3, Table 1), which can be attributed to the reactions
of depolymerization, dehydration and de-composition of glycoside units occur, which
results in cellulose decomposition (DEBIAGi et al., 2021; KAYA, 2017).

All modified samples presented higher T10 (temperature
corresponding to 10% mass loss) and Tmax2 higher than unmodified cellulose, which
can be indicative that esterification of cellulose with poly (carboxylic acids) like citric
acid, as observed by other authors (RAMIREZ et al., 2017; KAYA, 2017; ADEWUY]I,;
PEREIRA, 2017) indicating higher thermal stability of modifies samples.

Table 1. TGA parameters of cellulose and modified cellulose samples submitted to

ultrasonication and reactive extrusion

TGA parameters

Sample
Tmaxt (°C) Tmax2 (°C) Tio (°C)

Cellulose 360 435 457
SMCA401minCA 348 468 478
SMCA402minCA 349 469 470
SMCA801minCA 350 468 478
SMCA802minCA 350 463 479
ECW 355 449 460
EMCCA 360 462 473

Tmax = temperature corresponding to the maximum rate of mass loss, Tio = temperature corresponding

to 10% mass loss.

3.5 Differential Scanning Calorimetry (DSC)

In Figure 4 it can be seen the DSC curves of cellulose and modified
cellulose samples. For both groups of samples, small endothermic events can be
observed between 20 and 70 °C associated with water loss, which was also
observed by other authors (DEMITRI et al., 2008).

For all samples, it can be observed small endothermic events

between 315 and 345 °C, which can be associated with the thermal decomposition of
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cellulose (Figure 4), as re-ported by other authors (MIRANDA et al., 2013). For
unmodified cellulose this peak presented higher intensity compared to modified
samples, indicating higher thermal stability of modified samples, which is consistent
with TGA results.

For all samples, it was observed the presence of small exothermic
peaks around 350 °C, attributed mainly to exothermic reactions due to cellulose
depolymerization. Other authors (RAY et al., 2002; OROZCO et al., 2014) also
reported the same peaks in cellulosic-rich materials extracted from lignocellulosic
residues.

Figure 4. DSC curves of cellulose and CA modified cellulose by (a) ultrasonication

and (b) reactive extrusion
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3.6 Scanning Electron Microscopy (SEM)

As observed in SEM micrography (Figure 5), raw oat hull presented a

compact and uniform structure, a typical morphology of lignocellulosic materials, with
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the fibers bundled with the nonfibrous components (hemicellulose and lignin)
(Abraham et al., 2011).

After the removal of the outer layer composed of hemicellulose and
lignin through the bleaching process with peracetic acid, cellulose showed a different
morphology, due to the lignocellulosic complex being disrupted by the disintegration,
resulting in long and individualized fibers of cellulose, agreeing with the results of
other authors employing the same bleaching agent (DEBIAGI et al., 2020; DEBIAGI
et al., 2021; AGU et al., 2017; PASCHOAL et al., 2015).

For both groups of samples esterified CA, individual fibers similar to
unmodified cellulose were observed in the SEM micrographs, without visual

differences between the different treatments used for modification (Figure 5).

Figure 5. SEM imagens of cellulose and CA modified cellulose by ultrasonication and

reactive extrusion.

US401minCA
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3.7 Wettability

Wettability results can illustrate the tendency of a solvent to spread
out and make intimate contact with a surface of interest (HUBBE et al., 2015) and the
existence of polar and non-polar groups on the surface directly influences the
wettability property (DA CONCEICAO et al., 2019).

As can be seen in Figure 6, the phenomenon of sample dispersion
between a water/dichloromethane system showed a clear affinity of unmodified
cellulose and ECW sample (control sample extruded in presence of water) for water
(polar solvent), due to its hydrophilic character, totally contrary to the behavior of all
samples modified with CA, which showed affinity to dichloromethane (non-polar
solvent), showing the hygroscopic change suffered in cellulose by chemical
modification, the new hydrophobic properties of the material being evident. According
to Hubbe et al. (2015), it is evident that polar hydroxyl groups at cellulose surfaces
play a major role in wettability, and the substitution of these polar groups by less
polar groups can affect wettability (SEGAL et al., 1959; FAN et al.,, 2018). These
results reinforced the data obtained by FTIR, which showed the introduction of CA in

the cellulose structure.

Figure 6. Dispersions of cellulose and CA modified cellulose by ultrasonication and

reactive extrusion in a water/dichloromethane system.
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3.8 Water Absorption Capacity (WAC) and Oil Absorption Capacity (OAC)

WAC and OAC results are presented in Table 2. There were
observed changes for both groups of samples modified by ultrasonication and
reactive extrusion assisted processes. For all modified samples, WAC values ranged
from 1.63 to 1.69 (g/g) and these values were significantly lower when compared to
unmodified cellulose (9.38 g/g) and ECW (control extruded sample, 7.75 g/g). OAC
increased by 2 or 3 times when compared to cellulose and ECW samples (Table 2).

Regarding to the differences between the two processes, it is
possible to observe that there is a greater increase in hydrophobicity in the
ultrasonicated samples. These results corroborate that the modified cellulose had its
hydrophilic character altered by the de-crease of free hydroxyl groups on the
cellulose surface by reaction with CA. Adewuyi and Pereira [46] modified cellulose
with suberic acid and reported that the improved hydrophobicity of modified samples
can be demonstrated by the reduction in WAC and in-creasing in the OAC.

Table 2. Water and oil absorption capacities of cellulose and modified cellulose by

ultrasonication and reactive extrusion.

Sample WAC (g/Q9) OAC (g/9)
Cellulose 9.38 = 0,012 1.80 £ 0.01°
SMCA401mCA 1.69 + 0,01° 6.78 + 0,302
SMCA402mCA 1.69 + 0,01° 6.73 +0,30°
SMCA801mCA 1.69 + 0,01° 6.59 +0.04°
SMCA802mCA 1.71 + 0,01° 7.31 £0.122
ECW 7.75+ 0,01P 2.04 +0,50°
EMCCA 1.63 = 0,01¢ 4,57 +0,322

abe Different letters in the same column indicate significant differences (p < 0,05) between means

(Tukey's test)

3.9 Moisture sorption isotherms

Moisture sorption isotherms and parameters of the GAB model are
shown in Figure 7 and Table 3, respectively. Modified samples show similar patterns,
with a practically lin-ear increase in the moisture content due to the adsorption of
water molecules that are partially bound (SOTHORNVIT; KROCHTA, 2005).



Figure 7.
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Moisture sorption isotherms of cellulose and modified cellulose by

Table 3. GAB model parameters of cellulose and cellulose samples modified by

ultrasonication and reactive extrusion.

Sample mo C K r?

Cellulose 39.19 1.44 0.23 0.99
SMCA401mCA 11.78 1.71 0.40 0.98
SMCA402mCA 20.42 1.53 0.26 0.98
SMCA801mCA 16.86 1.54 0.31 0.98
SMCA802mCA 19.11 1.47 0.28 0.98
ECW 16.67 1.92 0.39 0.99
EMCCA 5.68 2.68 0.55 0.98

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

activity (aw), mo is the monolayer value (g water/100 solids), and C and K are the constants.
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The monolayer value (mo) can be defined as the limit of the model
between chained water and free water, being an indicator of the maximum amount of
water that can be adsorbed in a single layer per gram of dry matter. Both modification
processes showed similar behaviors in relation to the mo (Table 3), with the higher
value obtained for cellulose sample. The EMCCA sample showed the lowest mo
value (5.68 g water / 100 g solids) followed by SMCA401minCA sample (11.78 g
water / 100 g solids). These results indicated a change in the adsorption properties of

cellulose by reaction with CA.

4. CONCLUSION

Samples of modified cellulose with increased hydrophobicity were
obtained by esterification with citric acid using ultrasonication and assisted extrusion
processes. FTIR and wettability confirmed the modification of the material for all
conditions tested, with the appearance of a new band at 1735 cm™ and the
dispersion of the modified material for the nonpolar solvent, respectively. All modified
samples showed reduced water absorption capacity with increased oil absorption,
and all samples showed greater affinity for low polar solvents.

Ultrasonication and reactive extrusion were effective in obtainment of
esterified cellulose with increased hydrophobicity, with advantages for reducing the

amount of effluents produced with conventional techniques and lower reaction times.
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CONSIDERACOES FINAIS

Celulose obtida de casca de aveia foi modificada com éleos vegetais de soja,
girassol e coco, em processo realizado via ultrassonicacao, resultando em amostras
esterificadas que apresentaram um aumento em sua hidrofobicidade. As diferentes
condicbes operacionais empregadas na modificagdo ou diferentes fontes de 6leo
ndo afetaram as principais propriedades das amostras modificadas. Apés a
modificacdo, todas as amostras apresentaram maior afinidade por solvente ndo
polar, e também maior capacidade de absorcdo de 6leo e menor capacidade de
absorcdo de agua. As amostras modificadas quando armazenadas em diferentes
condi¢cbes de umidade relativa (20, 60 e 90% UR) adsorveram menores quantidades
de agua com menores taxas de adsorcao.

Os processos assistidos por ultrassom empregados neste trabalho foram
eficazes para modificacdo da celulose por esterificacdo com 6leos vegetais, sendo
uma estratégia ecologicamente correta e simples de obter celulose modificada sem o
uso de reagentes sintéticos ou toxicos.

A ultrassonicacao e a extrusao reativa foram processos eficazes na obtencéo
de celulose esterificada com acido citrico, com vantagens na reducédo da quantidade
de efluentes produzidos em comparagdo com as técnicas convencionais e menores
tempos de reacdo. Foi possivel obter-se amostras de celulose modificada com
aumento da hidrofobicidade, reducdo da capacidade de absorcdo de &gua e

aumento da capacidade de absorcéo de 6leo das amostras.
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Titulo da Inveng&o ou Madelo de PROCESSO DE HIDROFOBIZACAO DE CELULOSE EXTRAIDA
Utilidade (54): DE RESIDUOS DA AGROINDUSTRIA
Resumo: A presente invenc&o descreve o processo de produgéo da celulose
hidrofébica a partir de residuos da agroinddstria, empregando-se
como agentes de esterificacéo oleos vegetais de baixo custo, como
por exemplo, os oleos de soja, girassol e coco, realizada através de
meétodo simples e rapido via ultrassonicacéo seguida de tratamento

térmico, sem a geracéo de efluentes toxicos pos-modificacéo.
Figura a publicar: FIG 3
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PATENTE I

A Patente intitulada “Processo de extrusao reativa para esterificacao da
celulose com &cido citrico” foi derivada dos dados experimentais apresentados no
Artigo 1l, e estd em fase de depdsito no INPI — Instituto Nacional de Propriedade

Intelectual.

RESUMO

A presente invencao descreve um processo de producao de celulose
extraida da casca de aveia e modificada por esterificacdo com acido citrico, por meio
de extrusdo reativa. Este processo constitui-se de forma simples e conveniente,
contando com tempos de reacdo curtos, e fazendo com que a celulose modificada
apresente menor capacidade de retencdo de 4gua e maior capacidade de retencéo
de Oleo, podendo ser empregado nas industrias de farmacos e cosméticos como
como agente espessante em formulagdes e como revestimento de comprimidos; de
papel, celulose e embalagens como reforco para os materiais produzidos; de
alimentos como emulsificante, espessante ou estabilizante na composicdo dos
alimentos; e no tratamento de residuos lipidicos, oriundos do derramamento de

Oleos/petroleo.



