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RESUMO

Materiais em escala nanomeétrica tém ganhado destaque no meio cientifico e tecnolédgico por
possuirem suas propriedades fisicas e quimicas potencializadas. Entre estes, tém-se as
celuloses nanoestruturadas, como as nanofibrilas e os nanocristais, que possuem um potencial
de reducdo de impactos ambientais por serem de fonte renovavel e substituir materiais
poliméricos derivados do petroleo. Entretanto, a obtencdo de nanofibrilas de celulose pelo
processo mecanico consome muita energia elétrica. A acdo de enzimas celulases pode facilitar
a desfibrilagdo de polpas devido a clivagem que provocam na cadeia celulésica, reduzindo
assim o consumo energético. Portanto, objetivou-se estudar o efeito de pré-tratamento
enzimatico para facilitar a obtencdo de nanofibrilas a partir de polpas comerciais branqueadas
e ndo branqueadas de Eucalyptus sp. e Pinus sp. a baixo consumo energético. Para realizacdo
da hidrélise enzimética foram utilizados complexos celuloliticos com atividade de
endoglucanase (enzima A e enzima B), com concentracdo de 3% de polpa em suspenséo,
50°C e 2 h de tempo de reacdo. Nanofibrilas de celulose foram obtidas pelo processo
mecanico utilizando moinho desfibrilador, com 5 passagens e concentracdo de 2%, avaliando
0 consumo energético de cada tratamento. Foi analisada a morfologia das nanofibrilas de
celulose por imagens obtidas de microscopio de luz (LM) e microscopio eletronico de
transmissdo (TEM). Foram analisadas a turbidez, estabilidade em &gua e potencial zeta das
nanofibrilas de celulose, bem como a confeccdo de filmes nanoestruturados, a fim de obter
valores de resisténcia mecanica das nanofibrilas de celulose. O pré-tratamento enzimatico
diminuiu o consumo energético de polpas branqueadas em 58%, ao passo que para polpas ndo
branqueadas a diminui¢do alcangou 55%. Mesmo com aplicacdo de celulase, encontrou-se
dificultada de na desfibrilacdo da polpa quimiotermomecanica (CTMP). As suspensdes de
nanofibrilas apresentaram maior estabilidade em agua com a aplicacdo do pré-tratamento
enzimatico, assim como houve um aumento na resisténcia mecéanica dos filmes formados. A
enzima A mostrou melhor desempenho para polpas branqueadas; além de diminuir o consumo
em 58%, gerou nanofibrilas com didmetro mediano de 24 variando entre 12 nm e 79 nm. A
enzima B mostrou resultados mais significativos para polpa ndo branqueada, em que gerou
diametro mediano de nanofibrilas de 22 variando entre 13 nm e 66 nm, e completa
estabilidade da suspensdo em agua no ciclo de formacdo de gel pelo desfibrilador. Diante do
exposto, espera-se melhorar a obtencdo e qualidade de produtos celulésicos nanoestruturados
para aplicacdo em varios produtos no mercado.

Palavras-chave: Nanotecnologia florestal. Hidrolise enzimética. Nanofibras. Nanocelulose.
Fibras lignocelul6sicas.



ABSTRACT

Materials at nanometric scale have gained prominence in the scientific and technological
environment because they have their physical and chemical properties enhanced. Among
these are nanostructured celluloses, such as nanofibrils and nanocrystals, which have the
potential to reduce environmental impacts because they are formed from a renewable source
and due to the possibility to replace polymeric materials derived from petroleum. However,
the production of cellulose nanofibrils by the mechanical process consumes a lot of electrical
energy. The action of cellulase enzymes may facilitate the defibrillation of pulps due to the
cleavage they cause in the cellulosic chain, thus reducing energy consumption. The aim of
this work was to study the effect of enzymatic pretreatment to facilitate the production of
nanofibrils from bleached and unbleached commercial pulps of Eucalyptus sp. and Pinus sp.
at low energy consumption. In order to carry out the enzymatic hydrolysis, cellulolytic
complexes with endoglucanase activity were used (enzyme A and enzyme B), with a
concentration of 3% pulp in suspension, 50 ° C and 2 h of reaction time. Cellulose nanofibrils
were obtained by mechanical process using a defibrillator mill, with 5 cycles and 2%
concentration, evaluating the energy consumption of each pretreatment. The morphology of
cellulose nanofibrils was analyzed by light microscopy (LM) and transmission electron
microscopy (TEM). It was analyzed the turbidity, stability in water and zeta potential of
cellulose nanofibrils suspensions as well as the preparation of nanostructured films in order to
obtain mechanical resistance values of cellulose nanofibrils. Enzymatic pretreatment
decreased the energetic consumption of bleached pulps by 58%, whereas for unbleached pulps
the decrease was 55%. Even with cellulase application, difficulty in defibrillation of
chemithermomechanical pulp (CTMP) was observed. The suspensions of nanofibrils
presented greater stability in water with the application of the enzymatic pretreatment, as well
as there was an increase in the mechanical resistance of the films formed. Enzyme A showed
better performance for bleached pulps, in addition to reducing consumption by 58%,
generated nanofibrils with a median diameter of 24 with range between 12 nm and 79 nm.
The enzyme B showed more significant results for unbleached pulp, in which it generated
median nanofibrils diameter of 22 with range between 13 nm and 66 nm , and complete
stability of the suspension in water in the gel formation cycle by the defibrillator. In view of
the foregoing, it is expected to improve the procurement and quality of nanostructured
cellulosic products for application in various products on the market.

Keywords: Forest nanotechnology. Enzymatic hydrolysis. Nanofibrils. Nanocellulose.
Lignocellulosic fibers.
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APRESENTACAO DESTA DISSERTACAO

Essa dissertacdo € subdividida em quatro partes. A primeira parte é composta por
introducdo, objetivos, revisdo de literatura e consideracdes finais da revisdo de literatura. A
revisdo de literatura esclarece o conteido que sera abordado nos 2 artigos apresentados, que
sdo as duas proximas subdivisdes da dissertacdo. As consideracdes finais da revisdo de
literatura resumem os principais aspectos levantados durante a revisao de literatura.

A segunda parte da dissertagdo contém o artigo que aborda a extracdo de nanofibrilas
de celulose a partir de polpas branqueadas de Eucalyptus sp. e Pinus sp. ap6s aplicacdo de
celulase (atividade endoglucanase) como pré-tratamento enzimatico. O pré-tratamento
enzimatico é comparado ao pré-tratamento utilizando o reagente TEMPO, considerado o mais
eficiente atualmente, e também ao pré-tratamento sem adicdo de enzima.

A terceira subdivisdo contém o artigo que aborda a extracdo de nanofibrilas de
celulose, porém aplicada a polpas Kraft ndo branqueadas de Eucalyptus sp. e Pinus sp., e
guimiotermomecanica (CTMP) de Eucalyptus sp. apds aplicacdo de celulase.

A quarta e ultima parte traz a conclusdo geral desta dissertacdo, trazendo os principais

pontos observados e também sugestdes para futuros trabalhos.

PRIMEIRA PARTE

1. INTRODUCAO

A utilizacdo de produtos renovaveis e biodegradaveis é uma solucéo sustentavel frente
a crescente utilizacdo de produtos derivados do petréleo. Sua utilizacdo busca diminuir os
impactos ambientais negativos causados pela atividade da indUstria petroquimica. Dentre 0s
biopolimeros renovaveis disponiveis, a celulose se destaca pela sua abundancia, caracteristica
mecanica satisfatoria, e pelo conhecimento ja existente para sua obtencdo e utilizacdo. Nos
setores papeleiro, moveleiro, téxtil, farmacéutico, médico e de construcdo civil, por exemplo,
a celulose se destaca por agregar valor ao produto final, atuando como matéria prima base,
reforgo, aditivo ou fonte de energia.

Atualmente, a utilizacdo da celulose em escala nanométrica tem chamado atencao
devido a potencializacdo das suas caracteristicas intrinsecas, gerando novos produtos ou

melhorando produtos ja existentes. Por possuir elevada superficie especifica, baixa densidade,
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alto mddulo de resisténcia, biodegradabilidade e sua obtencéo a partir de fontes renovaveis, a
nanocelulose vem se destacando como componente promissor na nanoengenharia.

Devido a heterogeneidade de materiais lignocelulosicos e da variedade nas formas de
obtencdo, as nanoceluloses possuem caracteristicas diferenciadas entre si. As matérias primas
mais comuns, atualmente, para producdo de nanoceluloses sdo as polpas celul6sicas
comerciais, por apresentarem tecnologias bem estabelecidas.

Quanto a extracdo de nanoceluloses, a rota quimica de extracdo, por exemplo, gera
materiais com maior cristalinidade, chamados de nanocristais de celulose, porém possui baixo
rendimento e geram residuos quimicos. Por outro lado, rotas mecénicas de desfibrilacdo que
possuem maior rendimento de extragcdo, possuem alto consumo energético que inviabiliza sua
producdo em larga escala. Rotas bioldgicas, como a hidrélise enzimatica, possuem maior
especificidade na acdo de desfibrilacdo, com a desvantagem de requerer maior tempo de
obtencéo.

Uma solucdo para superar os desafios de cada método é a combinacdo de tratamentos,
utilizando pré-tratamentos, e assim viabilizando a producdo em massa de nanoceluloses.

A rota mecanica por cisalnamento gera micro/nanofibrilas de celulose com alto
rendimento, podendo alcancar 98% com alto consumo energético. Atualmente, tem-se
buscado pré-tratamentos quimicos e bioldgicos que modifiquem propriedades da polpa
celulésica, e que auxiliem na diminuicdo do consumo energético. Além disso, tais pré-
tratamentos podem melhorar as propriedades dos filmes gerados a partir das nanofibrilas de
celulose.

O pré-tratamento enzimatico, por sua vez, possui a vantagem de ndo produzir residuos
toxicos ao ambiente, como alguns pré-tramentos quimicos. Ainda, a utilizacdo de enzimas
auxilia no intumescimento da fibra e facilita o desprendimento de microfibrilas. A acao
enzimatica, apesar de conhecida, é complexa e age de forma singular em cada polpa

celulésica.

2. OBJETIVOS

2.1  Objetivo geral

Otimizar a obtencdo mecéanica de nanofibrilas de celulose pela utilizacdo de pré-

tratamento enzimatico com enzimas endoglucanase em polpas celulésicas comerciais a baixo

consumo energético.
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2.2 Objetivos especificos

a. Avaliar o efeito de pré-tratamento enzimatico com enzima endoglucanase nas

caracteristicas quimicas e morfologicas de polpas celulosicas.

b. Avaliar o consumo energético do processo mecanico de desfibrilacdo de polpas

comerciais previamente tratadas com e sem enzimas.

C. Verificar o efeito de pré-tratamento enziméatico de fibras de polpa celuldsica em
propriedades mecanicas e fisicas de filmes gerados a partir de nanofibrilas de celulose.

d. Comparar as propriedades de resisténcia mecéanica de nanofibrilas em diferentes
passagens pelo microprocessador, principalmente entre a formacdo de gel e a Ultima

passagem.

3. REVISAO DE LITERATURA

A fim de facilitar o entendimento do presente trabalho, a revisdo de literatura foi
dividida nos seguintes temas.

3.1  Materiais lignoceluldsicos

Morfologicamente, materiais lignoceluldsicos apresentam, de modo geral, células que
possuem extremidades afiladas e pontiagudas, tecnologicamente chamadas de fibras (Burguer
e Richter, 1991). Tais células possuem uma ultraestrutura compostas pela parede celular
primaria e parede celular secundéria, sendo a parede secundaria composta pelas camadas S1,
S2 e S3 (Figura 1). Elas séo unidas entre si pela lamela média (Burguer e Richter, 1991). As
fibras sdo compostas de estruturas filamentosas chamadas de microfibrilas de celulose
(Rowell, 1998; Silva, 2002), que formam angulos com a direcdo longitudinal da planta que
conferem as fibras caracteristicas como elasticidade, dureza e resisténcia (Tienne et al., 2009).
Essas caracteristicas conferem propriedades que podem ser utilizadas nos setores téxteis, na
indUstria automotiva (John e Thomas, 2008) e como refor¢o na construgdo civil (Silva et al.,
2015).
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Parede secundaria

Parede primaria

Lamela
Média

Figura 1. Ultraestrutura da parede celular. Fonte: Adaptado de Taiz e Zeiger (2002).

Quimicamente, os materiais lignocelulésicos tém como constituintes principais a
holocelulose e a lignina. O termo holocelulose é aplicado a fracdo constituida por celulose e
hemiceluloses (D'Almeida, 1998). Sua composicdo estrutural varia de acordo com as
condicBes climaticas, condi¢Bes de crescimento, espécies, géneros, tecidos e maturidade da
parede celular das plantas (Langan et al., 2014; Agbor et al., 2011).

Representando cerca de 10 a 25% em peso da biomassa lignoceluldsica seca
(Burhenne et al., 2013; Demirbas, 2015), a lignina possui maior concentracdo na lamela
média, e existe uma menor concentracdo no interior da parede secundaria. Possui funcéo de
ligacdo e fornece rigidez, resisténcia a compressao e resisténcia a decomposicdo da parede
celular da planta. E um composto amorfo, tridimensional, de composi¢do quimica bastante
complexa, que se constitui de unidades de fenil propano, tendo sua cadeia altamente
ramificada; é o componente mais hidrofobico da madeira. Esta vem sendo estudada para a
producdo de biocombustiveis e produtos quimicos a partir de materiais naturais (Azadi et al.,
2013; Wang et al., 2013). Além disso, materiais a base de lignina também séo aplicados em
catélise, armazenamento de energia e remogdo de poluentes (Liu et al., 2015).

Considerada indesejavel para a producédo de polpa celulésica, a lignina é retirada do
material lignocelulo6sico pelos processos de polpacéo e branqueamento. Tais operagdes visam
remover a maior parte possivel de lignina sem causar dano apreciavel as fibras. Entretanto, a

existéncia de lignina residual na polpa concorre para que a fibra se torne mais rigida, o que
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resulta em polpa com boas propriedades de resisténcia. Por outro lado, madeiras com alto teor
de lignina exigem maior carga de produtos quimicos para sua deslignificacdo durante a
polpacédo (Alves, 2010).

Hemiceluloses sdo polissacarideos que representam cerca de 20 a 35% da biomassa
lignocelulosica (Burhenne et al., 2013; Demirbas, 2015; Li et al., 2015). Séo heteropolimeros
compostos por cadeias curtas, lineares e ramificadas de diferentes tipos de monémeros, como
pentoses e hexoses (Scheller e Ulvskov, 2010). Pentoses sdo monossacarideos cujas unidades
monoméricas contém apenas cinco carbonos, constituindo principalmente as xilanas e
arabinanas. As xilanas sdo encontradas principalmente em folhosas enquanto que as
glucomananas sdo encontradas principalmente em madeiras de coniferas (Kapu e Trajano,
2014; Girio et al., 2010). As hemiceluloses aderem as fibrilas de celulose através de ligacGes
de hidrogénio e interacdes de Van der Waals, e também fazem ligacGes cruzadas com a
lignina (Kapu e Trajano, 2014).

Sabe-se que as hemiceluloses sdo constituintes desejaveis nas polpas celul6sicas,
aumentando o rendimento e apresentando efeitos benéficos na ligacdo interfibras e na
resisténcia da celulose. Em virtude de suas qualidades desejaveis, a maior parte dos processos
de obtencéo de celulose procura remover o minimo possivel de hemiceluloses (Gomes, 2007).
Estas podem ser hidrolisadas para a producdo de etanol combustivel e produtos quimicos que
podem ser usados por indUstrias de alimentos, cosméticos e mineracgéo (Kapu e Trajano, 2014;
Girio et al., 2010).

Sendo o principal componente da parede celular, a celulose € um polissacarideo linear
com alto grau de polimerizacdo. Representa cerca de 35 a 50% da parede celular (Burhenne et
al., 2013; Demirbas, 2015; Li et al., 2015). As cadeias de celulose se unem por ligacdo de
hidrogénio, determinando a maioria das propriedades das polpas celuldsicas e seus produtos.
Exerce influéncia na resisténcia individual da fibra e nas ligac6es entre as fibras e, associada
com as hemiceluloses, determina as caracteristicas da polpa celuldsica, em termos de
rendimento e de resisténcia (Barrichelo et al., 1984).

Existem ainda os extrativos, que sdo compostos que nao fazem parte da constitui¢do
guimica da parede celular e incluem elevado nimero de compostos, muitos solGveis em agua
quente, alcool, benzeno e outros solventes neutros. Pertencem a diferentes grupos quimicos,
como as resinas, os agucares, 0s taninos, os acidos graxos, dentre outros, os quais influenciam
nas propriedades da madeira (Almeida e Silva, 1990; Barrichelo et al., 1984; Foelkel et al.,
1978; Oliveira, 1990). Os extrativos localizam-se nos canais resiniferos, ductos gomiferos

(derivados dos terpenos) nas células parenquimaticas (células armazenadoras de substancias
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gordurosas, amido, etc.), e no cerne como um todo, onde se encontra os compostos fenoélicos
responsaveis pela durabilidade desse tecido. Os diversos compostos fendlicos (flavonoides,

estilbenzenos, quinonas, etc.) sdo os que dao a cor caracteristica a madeira (Gomes, 2007).

3.2 Celulose

A celulose é o biopolimero mais abundante do planeta, possuindo caracteristica
renovavel e com uma producdo anual de aproximadamente 15 bilhGes de toneladas. Foi
descoberta e isolada pela primeira vez por Payen (1838). E um polissacarideo linear formado
por diversas unidades de celobioses. A celobiose, por sua vez, é formada por duas unidades de
anidro pirano glicose conectadas por ligacbes B-(1—4). As cadeias celuldsicas sdo associadas
por ligacGes de hidrogénio formando feixes de fibrilas contendo regides cristalinas altamente
ordenadas e regides amorfas desordenadas, que por sua vez controla as caracteristicas fisicas
da celulose. Possui grau de polimerizagdo de 10.000 a 15.000 (Figura 2) (Bledzki e Gassan,
1999; Ghanshyam et al., 2000; Ahmad et al., 2008; Gomez-Guillén et al., 2009; Valeria et al.,
2011).

Unidade de celobiose

A

Unidade anid\;'o pirano glicose

Figura 2. Estrutura molecular béasica da celulose. Fonte: Adaptado de Olsson e Westman (2013).

Apesar de possuir simplicidade quimica em sua estrutura, a celulose possui estrutura
fisica e morfologica complexa e heterogénea. Sua estrutura se torna mais complexa devido a
interacdo direta da celulose com as hemiceluloses, ao fato de estarem associadas com a
lignina (Sir6 e Plackett, 2010).

As hidroxilas presentes na cadeia trazem estabilidade a ligacdo das cadeias de

celulose, sendo que trés grupos hidroxilas possuem a capacidade de formacéo de ligagdes de
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hidrogénio intra e intermoleculares (John e Thomas, 2008). Sabe-se que as hidroxilas
presentes no carbono 6 da cadeia celulésica reagem dez vezes mais rapido do que as outras
hidroxilas, enquanto que a reatividade do grupo hidroxila da posicdo de carbono 2 é duas
vezes maior que a da posicéo do carbono 3 (Kevin et al., 2011).

A celulose pode ser produzida em dois tipos de conformagéo cristalina, nomeadas
celulose | e celulose 1l. A celulose do tipo | € encontrada nos vegetais e é conhecida por ser
menos estavel, porém, possui melhores propriedades mecanicas. A celulose do tipo Il é
encontrada naturalmente em algas marinhas e apresenta estrutura mais duravel (Ding et al.,
2014). Existem ainda outras formas de celulose, a celulose 111 e a celulose IV. As celuloses do
tipo 11 e do tipo 11l podem ser produzidas quando a celulose | é submetida a tratamento com
hidroxido de sédio em meio aquoso. A celulose IV é formada a partir do tratamento da
celulose 111. A essa propriedade de se apresentar de diversas formas que a celulose possui, da-

se 0 nome de polimorfismo (Samir et al., 2005; Lee et al., 2013).

3.3 Nanocelulose

Nanocelulose € um material natural formado por feixes de moléculas de cadeia de
celulose longas, flexiveis e emaranhadas, com tamanho variando de 1 a 100 nm (Chakraborty,
Sain e Kortschot, 2006). Devido a suas propriedades diferenciadas, as nanoceluloses tem
despertado o interesse de pesquisadores e de setores industriais (Moreira, 2010; Souza, 2010;
Jonoobi et al., 2015).

A nanocelulose possui caracteristicas que a diferenciam dos materiais tradicionais.
Tais caracteristicas incluem sua morfologia especial semicristalina, alta superficie especifica,
alinhamento e orientacdo, reforco mecanico, propriedades de barreira, reatividade quimica
superficial, biocompatibilidade, biodegradabilidade, entre outros (Sun-Young et al., 2009;
Juuso et al., 2011; Hua et al., 2011). E formada por cadeias de celulose, que formam redes de
fibrilas, podendo agir como agente de reforco em compositos (Hubbe et al., 2008). Suas
caracteristicas diferenciadas se devem a sua alta rigidez e resisténcia, combinadas com baixa
densidade, causadas pelo grande numero de sitios de ligagdo de hidrogénio inter e
intramoleculares (Juuso et al., 2011).

Comumente, nanoceluloses séo subdivididas em trés grandes grupos. O primeiro seria
0 grupo dos hidrogéis de nanocelulose bacteriana e seres tunicados. O segundo grupo seria
dos nanocristais de celulose extraidos hidroliticamente, e por Gltimo o grupo das nanofibrilas

de celulose, geradas mecanicamente (Klemm et al., 2017).
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A nanocelulose bacteriana ¢ um material que possui alta pureza, composta quase que
exclusivamente de celulose, com uma estrutura de redes de nanofibrilas aderidos a agua,
formando um hidrogel. Esse hidrogel é mecanica e termicamente estavel (Klemm et al.,
2017). Um dos primeiros produtos comerciais da nanocelulose bacteriana foi o Nata de Coco,
uma sobremesa popular em paises asidticos (Lapuz et al.,, 1967; Phisalaphong e
Chiaoprakobkij, 2013). A nanocelulose bacteriana se mostra com potencial como material
altamente biocompativel (Lin e Dufresne, 2014), com estudos realizados em camundongos,
ratos, coelhos e suinos, sem sinais graves de inflamacdo, toxicidade no nivel genético e
celular no prazo de até um ano (Helenius et al., 2006; Jeong et al., 2010; Almeida et al., 2014;
Alkhatib et al., 2017).

Como outra divisdo de nanocelulose, os nanocristais de celulose tém composicdo de
cristais em formato de bastonete, com larguras variando de 5 a 70 nm. E formado quase que
exclusivamente pelas regides cristalinas da celulose. Seus cristais variam em dimenséo e
morfologia de acordo com a preparacdo, fonte, grau de cristalinidade e método de obtencao.
Como exemplo, tem-se a formacdo de nanocristais a partir de madeira e algoddo com
cristalinidade préxima a 90%, e dimensdes de 5 a 10 nm de largura e 100 a 300 nm de
comprimento (Moreira, 2010; Klemm et al., 2011).

Por fim, as nanofibrilas de celulose, também chamadas de nanofibras de celulose
(Stenstad et al., 2008), celulose nanofibrilar ou celulose microfibrilar (Abe, lwamoto e Yano,
2007), sdo componentes da fibra vegetal constituidos pelas regifes cristalinas e amorfas da
cadeia celuldsica. As nanofibrilas de celulose sdo geralmente produzidas por processo
mecanico de cisalhamento a partir de polpa de madeira (Klemm et al., 2011).

As propriedades das nanofibrilas de celulose variam de acordo com suas dimensoes,
métodos de obtencdo e composicdo quimica da matéria-prima (Guimardes Janior et al., 2015).
Apesar de as nanofibrilas de celulose serem produzidas a partir de uma variedade de matérias-
primas lignoceluldsicas, a polpa Kraft é a mais barata e mais abundante, tendo sido
comumente usada como material de partida para a produgdo de nanocelulose (Saito e Isogai,
2006; Spence et al., 2010; Taipale et al., 2010).

Apesar de ser dificil encontrar valores exatos, estimou-se 0 mddulo e resisténcia dos
cristais de celulose por meio de calculos tedricos e simulagfes numéricas. O modulo elastico a
tracdo axial do cristal de celulose foi estimado em valores aproximados de 58-180 GPa,
enquanto que a resisténcia a tracdo foi estimada em valores na faixa de 0,3-22,0 GPa
(Wadood, 2006; Rui et al., 2012). Sun et al. (2018) analisaram as propriedades térmica e

mecanica de filmes formados a partir de nanocristais e nanofibrilas de celulose. Os autores
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observaram que os filmes permaneceram termicamente estaveis até 340°C contraindo menos
que 0,17% entre 20 e 120°C.

3.3.1 Aplicacéo de nanocelulose

Por ser produzida a partir de fonte renovavel com alta disponibilidade e possuir baixa
densidade com elevada resisténcia mecanica, as nanofibrilas de celulose possuem intmeras
aplicacdes em varios setores. Alguns autores mencionaram as nanoceluloses sendo aplicadas
como auxiliadores em armazenamento de energia (Chen et al., 2018), biotintas para
bioimpresséo tridimensional (Piras et al., 2017), hidrogel e aerogel (De France et al., 2017),
sistema de administracdo de medicamentos (Lobmann e Svagan, 2017) e como agente
coagulante no processo de floculacdo em tratamentos de agua (Carpenter et al., 2015).

Devido a alta resisténcia a tracdo, baixa expansao térmica, transparéncia e formacéao de
uma barreira ao oxigénio, os filmes de nanofibrilas de celulose podem ser aplicados em
embalagens como revestimento para alimentos e farmacos (Sozer e Kokini, 2009; Villanova
et al., 2011; Assis et al., 2012; Mohd Amin et al., 2012; Akhlaghi, Berry e Tam, 2013;
Tibolla, Pelissari e Menegalli, 2014).

Segundo Klemm et al. (2011), a nanocelulose bacteriana pode ser utilizada em
implantes médicos como reparagdo de 0ssos e cartilagem, e também na reconstituicdo de
diferentes tecidos. Tém sido pesquisadas também na construcdo de dispositivos eletrdnicos,
energéticos e ambientais. Ainda, as nanofibrilas de celulose atuam no aumento da resisténcia
térmica e aumento na resisténcia a tracdo quando combinados com polimeros (Saito et al.,
2006; Syverud e Stenius, 2009; Aulin, et al., 2010; Besbes, Vilar e Boufi, 2011; Lavoine et
al., 2012; Guimardes Janior et al., 2015; Mirmehdi et al., 2018a, 2018b).

3.3.2 Rotas para obtencédo de nanocelulose

Vérias técnicas vém sendo desenvolvidas para obtencdo de nanoceluloses, em que
diferentes métodos de extracdo resultam em diferentes tipos de nanoceluloses, com distintas
propriedades (Peng et al., 2011). As técnicas bem-sucedidas avancaram e atualmente, a
producdo de nanocelulose se expande em escala industrial, se difundindo principalmente no
Canada, Estados Unidos, China, Japdo, Ird, india, e na Europa. Os principais métodos de

obtencdo de nanocelulose nas industrias sdo métodos convencionais, como a hidrolise acida
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para a producdo de nanocristais de celulose (Figura 3a) e o tratamento mecanico para a

producéo de nanofibrilas de celulose (Figura 3b) (Rajinipriya et al., 2018).

Figura 3. Microscopia eletronica de transmissdao de a) nanofibrilas de celulose e b)
nanocristais de celulose. Fonte: Adaptado de Klemm et al. (2011).

A hidrélise acida para obtencdo de nanocristais de celulose € um dos principais
processos de obtencdo a partir de materiais lignocelulésicos. Esse processo se baseia na
retirada das regides desordenadas das cadeias de celulose, que podem ser facilmente
hidrolisadas por acido. Assim, restam-se as regides ordenadas das cadeias de celulose (Moon
et al., 2011; Lavoine et al., 2012). O &cido sulfarico é o acido mais usado na hidrdlise &cida
(Dong et al.,1998; Bondeson et al., 2006), tornando a nanocelulose um coloide estavel. 1sso se
da devido a esterificacdo do grupo hidroxila pelos ions sulfato (Das et al., 2009; Lu e Hsieh,
2010). A hidrolise &cida possui como desvantagem a presenca de dgua &cida residual gerada a
partir da lavagem, que neutraliza o pH da suspensdo de nanocelulose (Johar et al., 2012).
Outros reagentes podem ser utilizados durante a hidrélise acida.

Existe ainda a possibilidade de producgdo de nanofibrilas de celulose através de uma
rota quimica por oxidacdo realizada pelo radical livre 1-oxil-2,2,6,6-tetrametilpiperidina
(TEMPO). A oxidacdo mediada por TEMPO é realizada em agua, em que o reagente TEMPO
e 0 sal NaBr séo dissolvidos, e a oxidagéo se inicia com a adicdo de NaClO. O pH da reacéo
geralmente é basico, mas também podem ser usadas para este processo condigdes &cido-
neutro ou acido-fraco (Isogai et al., 2011; Nechyporchuk et al., 2016). Uma vantagem da
utilizacdo da rota mediada por TEMPO ¢ a uniformidade do tamanho das particulas (3-4 nm)

com formacéo de filmes transparentes e flexiveis (Fukuzumi et al., 2009; Isogai et al., 2011).
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Tem-se ainda a possibilidade de se extrair nanofibrilas de celulose a partir de uma rota
biologia. A hidrolise enzimética, no qual enzimas sdo usadas para digerir ou modificar as
fibras de celulose, pode auxiliar na desfibrilacdo, onde condicdes especificas de pH,
temperatura e substrato séo necessarias para realizar tal tratamento (Abdul Khalil et al., 2014).
O tempo de reacdo € o principal obstaculo dessa rota de obtencdo, e por isso a hidrolise
enzimatica € sempre incorporada com outras rotas (Abdul Khalil et al., 2014; Moniruzzaman
e Ono, 2013).

Uma rota mecanica de extracdo de nanofibrilas de celulose consiste no isolamento de
fibrilas de celulose pela aplicagéo de alta forga de cisalhamento das fibras de celulose no eixo
longitudinal (Dufresne, 2012; Abdul Khalil et al., 2012; 2014). Os inventores (Herrick et al.,
1983; Turbak et al., 1983) da celulose microfibrilar, como a chamavam, usavam com sucesso
homogeneizadores de alta pressdo para a desfibrilacdo mecénica das fibras. Porém,
reconheceram que havia alto consumo de energia, 0 que inviabilizava a produgdo em larga
escala da celulose microfibrilar. Desde entdo, varios equipamentos tém sido estudados e
utilizados, tais como homogeneizadores de alta pressdo ou microfluidificadores, refinadores
comuns, moagem de bolas, explosdo a vapor, ultrassonificacdo, microfluidizador, moinho
desfibrilador grinder, cryocrushing, eletrospinning, misturadores de alta velocidade (Siqueira
et al., 2010; Rebouillat e Pla, 2013; Kim et al., 2015; Nechyporchuk et al., 2016).

Um dos processos mecanicos mais estudados atualmente utiliza o desfibrilador.
Consiste na passagem da polpa de celulose entre dois discos de pedra, em que um €
estacionario e o outro gira com rotacdes de 1500 rpm, ou mais. Nesse processo sdo geradas
forcas de cisalhamento entre as fibras, entre as fibras e a agua e entre as fibras e as pedras. O
uso do desfibrilador foi relatado pela primeira vez em 1998 por Taniguchi e Okamura,
possuindo como vantagem um alto rendimento (Josset et al., 2014). O grau de desfibrilacdo
da polpa aumenta com o aumento do numero de passagens pelo desfibrilador. Entretanto, ha
uma elevacdo no consumo energético pelo equipamento, podendo ainda ocorrer a degradacao
da polpa (Taniguchi e Okamura, 1998). Outra desvantagem desse processo € a nao

uniformidade das particulas formadas (lwamoto et al., 2007; Karner et al., 2016).

3.4  Consumo energético durante obtencao de nanofibrilas de celulose

Para que a desfibrilacdo ocorra a nivel satisfatorio, a polpa celulésica em suspenséo

deve passar pelo equipamento por mais de uma vez, aumentando a energia para ocorrer 0
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desprendimento das fibrilas (Henriksson et al., 2007). A quantidade de passagens varia com
as condi¢des do equipamento e as caracteristicas e propriedades da polpa em suspensao.

Buscando a diminuicdo desse consumo energético, a obtencdo das nanofibrilas de
celulose pode ocorrer por meio da combinacéo de varios métodos de extracdo, em que a polpa
celuldsica é previamente tratada, e em seguida a suspensao € inserida no processo de obtencao
de nanofibrilas. Esses pré-tratamentos podem ainda melhorar as propriedades dos filmes
formados a partir das nanofibrilas (Josset et al., 2014; Qing et al., 2013). A combinacao pode
ocorrer entre 0S processos quimicos e mecanicos, ou biolégicos e mecanicos (Chen et al.,
2011; Abe, lwamoto e Yano, 2007; Alemdar e Sain, 2008; Ahuja et al., 2018). O proposito de
utilizar pré-tratamentos € tornar as fibras menos rigidas, facilitando a desfibrilagdo e
diminuindo o nimero de passagens pelo equipamento, e consequentemente, reduzindo o gasto
energético (Heriksson et al.,2007).

Sir6 e Plackett (2010) avaliaram a desfibrilacdo mecénica, e alcancaram valores no
consumo de energia de 20.000-30.000 kW.h/ton de polpa. Esse valor impossibilita a produgéo
em larga escala de nanofibrilas de celulose. Com a utilizacdo de pré-tratamentos quimicos, 0s
autores propuseram gue o consumo de energia cairia até a 1.000 kW.h/ton de fibra celul6sica.

Avaliando o consumo energético, lwawoto et al. (2008) e Correia (2015) constataram
menor consumo na producdo de nanofibrilas de celulose a partir de polpa branqueada
comparada a polpa ndo branqueada. Ribes et al. (2018) também avaliaram a producdo de
nanofibrilas de celulose utilizando o equipamento microprocessador Super Masscolloider
Masuko Sangyo MKCAG6-2 (grinder), e alcancaram uma reducdo de 45% no consumo
energeético utilizando pré-tratamento enziméatico em polpa Kraft branqueada de Eucalyptus
sp., e 33% em polpa ndo branqueada.

He et al. (2018), alcancaram um consumo de 49.000 kW.h/ton de polpa Kraft de Pinus
sp. ndo branqueada, com 35 passagens pelo microprocessador. Para polpa
qguimiotermomecanica, o consumo foi de 15.000 kW.h/ton e para Eucalyptus sp., 0 consumo
foi de 34.000 kW.h/ton. Josset et al. (2014), utilizando polpa de Eucalytpus sp. branqueada,

relataram um consumo de 5.250 kW.h/ton com 10 passagens pelo desfibrilador.
3.5  Pré-tratamento enzimatico
As fibras celulares possuem como propriedade a recalcitrancia. Essa propriedade

confere resisténcia natural da parede celular de plantas & acdo microbiana e enzimética

(Himmel et al., 2007). Devido a essa recalcitrancia, a extracdo de nanoceluloses se torna
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custosa, tendo como principal barreira, o gasto com reagentes quimicos, manutencdo de
equipamentos, tratamento de &gua residual, e alto consumo energético (Tonoli et al., 2012;
Tuzzin et al., 2016).

Embora existam pré-tratamentos baseados em produtos quimicos (TEMPO-oxidacao,
acido, alcalino, carboximetilacdo, sulfonacéo, etc.) que auxiliem a obtencdo de nanofibrilas de
celulose, tais processos quimicos s&o relativamente caros e diminuem o rendimento devido a
ndo seletividade de reacdo, com consideravel risco ambiental (Liimatainen et al., 2013; Naderi
et al., 2014; Saito et al., 2006). Por outro lado, pré-tratamentos bioldgicos podem ser mais
atraentes devido a alta especificidade de reacdo, com maior acesso a celulose, além da
diminuicdo de risco ambiental e conservacdo das caracteristicas quimicas e morfoldgicas da
polpa (Hassan et al., 2010; Wang et al., 2014). Esse acesso ocorre pelo inchamento das fibras
lignocelulésicas que influencia na coesao da parede celular (Scallan, 1983; Lindstrém, 1992).
Entre os métodos sucedidos de pré-tratamento biolégico para diminuir a coesdo da parede
celular, esté4 o tratamento enzimético (Henriksson et al., 2007; Paakko et al., 2007).

Para ocorrer completa hidrdlise de materiais lignocelulosicos, diferentes enzimas agem
sobre a biomassa. Isso ocorre devido a presenca de diferentes componentes quimicos nesses
materiais. As principais enzimas envolvidas na hidrolise enzimatica em materiais
lignocelulésicos sdo as celulases que hidrolisam a celulose, as xilanases que hidrolisam
alguns tipos de hemiceluloses e as peroxidases e as lacases, que hidrolisam a lignina (Hubbe
et al., 2008). Como materiais lignocelul6sicos possuem maior teor de celulose em sua
composicdo quimica, as celulases se tornam a principal enzima a agir sobre polpas
celulésicas. As enzimas possuem importante papel em aplicagcbes comerciais, como producao
de etanol (Castro e Pereira Jr., 2010), modificacGes de tecidos (Andreaus e Campos, 2000),
industria papeleira (Viikari et al., 2000) e alimenticia (Tenkanen et al., 2003).

As enzimas do tipo celulase atuam principalmente nas regides amorfas da cadeia
celulésica. Isso ocorre por possuirem maior superficie especifica, com cadeias de celulose
desordenadas (Hubbe et al., 2008). Entretanto, devido a sua complexidade e heterogeneidade,
0s complexos enzimaticos mostram-se capazes de realizar hidrolise na regido cristalina da
celulose, reduzindo a cadeia a celobiose e glicose (Pitarelo, 2007). Para clivagem apenas das
regibes amorfas, as condi¢cbes do meio de reacdo devem ser controladas de acordo com a
enzima, pH, temperatura, substrato, etc. (Zhu et al., 2011).

A completa degradacdo da celulose pela celulase ocorre pela a¢éo sinérgica de trés
tipos de enzimas. As endoglucanases ou endocelulases hidrolisam ligaces glicosidicas do

tipo B-(1,4) de forma aleatoria nas regides amorfas da cadeia de celulose, diminuindo seu grau
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de polimerizagéo e criando novos terminais na cadeia. As celobiohidrolases ou exocelulases,
também conhecidas como exoglucanases, clivam a celulose de cadeia longa produzindo
cadeias curtas de celulose. As B-glucosidases ou celobiases, também conhecidas como
glucohidrolases de B-glicosideos, hidrolisam as cadeias curtas de celulose produzindo glicose.
Fungos e bactérias excretam extracelularmente as enzimas, sendo os fungos a principal fonte
de celulases. Dentre os fungos, pode-se citar Trichoderma reesei, Trichoderma viride,
Volvariella volvacea, Aspergillus niger, sendo o primeiro o principal produtor de celulases
(Ramos, 1992; Bhat e Bhat, 1997).

Long et al. (2017) combinaram o pré-tratamento enziméatico com processo ultrassénico
de desfibrilacdo. Analisando a otimizacdo da obtengéo de nanofibrilas de celulose utilizando
pré-tratamento enzimatico com endoglucanase (0,1% m/v) auxiliado por xilanase (0,1% m/v),
0s autores observaram que houve cooperacdo sinérgica entre a endoglucanase e a Xxilanase
durante o pré-tratamento enzimatico. O pré-tratamento facilitou a desfibrilacdo de polpa
celulésica Kraft branqueada de folhosas pelo acesso a celulose, provocado pela xilanase. Os
autores encontraram reduc&o na viscosidade intrinseca da celulose de 1320 para 880 dm®/kg,
aumento no indice de cristalinidade de 54% para 76% e tamanho de cristalitos variando de 2,6
nma 3,6 nm.

Nie et al. (2018) também realizaram pré-tratamento enzimatico para obtencdo de
nanofibrilas de celulose. A andlise foi realizada com enzima xilanase a 0,0, 1,5 e 9,0 pg/g de
polpa ndo branqueada de Eucalyptus sp. com consisténcia de 8% a 50°C por 2 h. Analisando
as propriedades mecanicas de filmes de nanofibrilas de celulose, os autores verificaram
melhoria na resisténcia a tracdo dos filmes devido ao aumento da ligagdo de hidrogénio entre
os nanofibrilas de celulose, e melhoria na dispersdo de nanofibrilas de celulose devido a
formacéo de grupos carboxilicos na superficie das fibras.

Outro trabalho que também avaliou a atividade enzimatica como facilitador para
extracdo de nanofibrilas de celulose foi realizado por Silva (2017). O estudo comparou a
aplicacdo de coquetéis enzimaticos endoglucanase monocomponente (100 g/ton de celulose
seca ao ar) e endo+exoglucanase (60 g/ton de celulose seca ao ar). Foi avaliado a acdo das
enzimas sobre cinco polpas comerciais Kraft de Eucalytpus sp. e Pinus sp. e polpa
quimiotermomecanica de Eucalyptus sp. O pré-tratamento enzimatico ocorreu por 120 min a
50°C. Resultados indicaram economia de energia de até 65% para Eucalyptus e até 66% para

Pinus.
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4. CONSIDERACOES FINAIS DA REVISAO DE LITERATURA

A partir desta revisdo bibliografica, obteve-se entendimento sobre a importancia de
pré-tratamentos para facilitar a obtencdo de nanofibrilas de celulose. O pré-tratamento
enzimético, sendo considerado um pré-tratamento que agride menos as fibras quando
comparado a pré-tratamentos quimicos, se torna um aliado na conservacdo da polpa e
diminuicdo de agua residual &cida, alcalina, ou oxidante. A partir da revisdo de literatura
também foi possivel definir a metodologia aplicada para essa dissertacdo, vendo a necessidade
de se definir melhor as caracteristicas das nanofibrilas formadas a partir de pré-tratamentos
enzimaticos. Com isso, essa pesquisa busca contribuir com conhecimento sobre como um pré-
tratamento enzimatico age sobre caracteristicas quimicas e morfologicas de fibras, e sobre

caracteristicas fisicas e mecanicas de nanofibrilas de celulose apo6s desfibrilacdo mecéanica.
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ABSTRACT

Enzymatic hydrolysis has been used as pretreatment for mechanical extraction of cellulose
nanofibrils. Pretreatment using cellulases assists in fiber swelling and generates dislocations,
thereby the energy consumption for fibrillation of cellulosic pulps drops significantly. This
work aimed to evaluate the influence of enzymatic pretreatment on mechanical nanofibril
obtention. It was analyzed the chemical and anatomical characteristics of fibers,
morphological and structural characteristics of suspended nanofibrils and films, comparing to
the extraction of nanofibrils pretreated with 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO)
oxidation. Bleached pulps of Eucalyptus sp. and Pinus sp. were pretreated with two different
endoglucanase-like enzymes (A and B), and without the addition of enzyme as a control. The
mechanical fibrillation process was performed in 5 cycles through the fibrillator with 2% w/w
suspension. It was recorded the cycle in which a gel appearance of the suspension was
observed. Suspension samples were collected at each cycle. Results showed that pretreatment
did not significantly modify the contents of the chemical components of both pulps, as well as
their anatomical characteristics. The energy consumption of pretreated pulps was lower than
that shown by pulp pretreated with TEMPO. Compared with control (untreated), enzymatic
pretreatement reached up to 58% of energy savings. Nanofibrils pretreated with enzyme A
and B presented smaller median diameter, close to that found for TEMPO-mediated
nanofibrils. Furthermore, enzyme A showed efficient stabilization of the nanofibrils
suspension, with higher supernatant turbidity and higher zeta potential value in relation to

untreated (control) pulps. The films generated from TEMPO-treated nanofibrils had a lower
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tensile strength than those found for the enzymatic treatment. Therefore, the enzymatic
pretreatment mediated by endoglucanase produces high quality nanofibrils.

Keywords: Endoglucanase. Enzymatic hydrolysis. Green extraction. Microfibrillated

cellulose. TEMPO-mediated oxidation.

1 INTRODUCTION

Cellulose nanofibrils (CNFs) were first developed in the late 1970’s in the United
States. But it was not until the early twenty-first century that its study became attractive.
Research has focused on cellulose nanofibrils for their production, modification,
characterization and properties, looking for a better use of their potential (Herrick et al.,
1983). They are mostly structural components of the primary and secondary cell walls of
lignocellulosic plants. However, they are also found in marine tunicates, algae, fungi and
bacteria (Gharehkhani et al., 2015, Habibi et al., 2010).

To be characterized as a nanostructure, the nanofibrils must have one of their
dimensions in a nanometric scale of 10 to 100 nm, usually the diameter. They are
distinguished by their high aspect ratio, high strength and stiffness, lightness, and high
specific strength (Herrick et al., 1983, Bledzki & Gassan, 1999; Ishii et al., 2011). Its current
production is based on commercial cellulosic pulp. In addition to being the most abundant
polymer found in the environment, cellulose presents biodegradable, renewable and non-toxic
characteristics.

Nanofibrils can be applied as reinforcement in packaging and paper (Matos et al.,
2019; Mirmehdi et al., 2018; Abdul Khalil et al., 2014), rheological modifier in foods
(Resende et al., 2018; Shi et al., 2013), in the automotive sector (Kalia et al., 2014), batteries
and panels (Cunha Arantes et al., 2018; Huang et al., 2013), biomedics (Ling et al., 2018),
nanotechnological sensors (Huang et al., 2013; Wu et al., 2015), reinforcement in composites
(Fonseca et al., 2019a; Guimardes Junior et al., 2018; Lopes et al., 2018), among others.
Cellulose nanofibrils production consists of their construction, molecule by molecule, via
bottom-up methods such as electrospinning and bacterial nanocellulose formation. On the
other hand, top-down methods include the deconstruction of lignocellulosic materials. It can
be mentioned the mechanical processes (Wang et al., 2012), enzyme hydrolysis (Sir6 and
Plackett, 2010) and chemical processes (Abraham et al., 2011; Tonoli et al., 2016).

A disadvantage regarding the use of the mechanical process in cellulosic pulps is the

high energy consumption necessary to break down numerous hydrogen bonds between the



43

hydroxyl groups in nanofibrils surface (Chinga-Carrasco, 2011). Sir6é and Plackett (2010),
evaluating mechanical fibrillation, achieved an energy consumption of about 20,000-30,000
kW.h/ton of pulp. A number of authors studied energy savings during nanofibrils extraction
(Fonseca et al., 2019b; Bauli et al., 2019; Ribes et al., 2018; Long et al., 2017; Qing et al.,
2013; Henriksson et al. al.,, 2007; P&&kkod et al., 2007). These authors suggested the
combination of different production methods as pretreatments in order to reduce such
consumption as well as modify characteristics of the pulp, adapting to its application purpose.

A chemical pretreatment that has stood out in recent studies is the pretreatment
involving the oxidation of 2,2,6,6-tetramethylpiperidine 1-oxyl, known as the TEMPO-
oxidation method (Wu et al., 2019; Gamelas et al., 2015). It generates nanofibrils with smaller
and more uniform diameters, with more stable suspension and it makes the films more
transparent (Isogai et al., 2011). However, in addition to being an expensive reagent, TEMPO
produces films of nanofibrils with low thermal stability due to carboxylation of carbon 6
caused in the cellulosic chain (Saito et al., 2009).

The enzymatic pretreatment has been studied in the last years with the purpose of
reducing the energy consumption during the mechanical extraction of cellulose nanofibrils.
Furthermore, enzymatic pretreatment do not cause significant modifications in the chemical
and morphological composition of the fibers. This modification could contribute to the
alteration of the properties of nanofibrils (Sacui et al., 2014; Zhu et al., 2011). Enzymes may
cause detachment of fibrils from the cell wall. Moreover, they can cause ruptures, known as
dislocations, which may cause a reduction in the mechanical properties of fibers facilitating
the disintegration of fibers in nanoscale structures (Durdes, 2018; Ander et al., 2008). Its
action is specific to a fiber component. As most of the fiber is composed of cellulose (Burguer
and Ritcher, 1991), cellulases become important in this process. During enzymatic hydrolysis,
cellulases can act with endoglucanase activity, generating oligosaccharides from the random
cleavage of cellulose chains (Kim et al., 2017).

Even with numerous studies related to the mechanical production of nanofibrils on
reduction of energy consumption and on the enzymatic activity in cellulosic pulp, it is still
necessary to study the quality of nanofibrils formed. Therefore, this study aimed to evaluate
the modification in energy consumption during extraction of pretreated cellulose pulps with
cellulase enzymes. Also, the morphological characterization of suspended fibers and
nanofibrils was carried out as well as the mechanical resistance of the films generated from

the nanofibrils. A comparison of these characteristics was performed between enzymatic
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pretreatments and control treatment (untreated) and nanofibrils extracted with TEMPO-

mediated oxidation pretreatment.

2 EXPERIMENTAL
2.1 Materials

Bleached Eucalyptus sp. (B-Euc) and Pinus sp. (B-Pin) Kraft pulps were provided by
Klabin S.A. (Parana/Brazil). The oxidant 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO; T)
was provided by Sigma-Aldrich. Two endoglucanase enzymes, A and B, were used in this

work and their application conditions are specified in Table 1.

Table 1. Enzymes specifications.

Enzyme A Enzyme B
Product NS51137 / CGK20092 NS51179 / CVNO04076
Activity Endoglucanase Endoglucanase
pH 70-75 6.0-6.5
Temperature (°C) 45 -55 45 - 65
Dosage (g/ton) 50 — 150 50 — 150

2.2 Pretreatments and mechanical fibrillation

This study was conducted by the application of enzymatic hydrolysis with two
enzymes (A and B), and compared with the TEMPO oxidation (T) as pretreatments, as well as
a treatment control without the addition of enzyme (WE). The analysis was conducted on B-

Euc and B-Pin pulps. Figure 1 depicts the pretreatments and analysis realized in this work.

| B-Euc | | B-Pin
. Treatment WE | —

Enzyme A

Enzyme B

TEMPO (T)

i v . v . ¥ - 1

B-Euc WE B-Euc A B-EucB B-EucT
B-Pin WE B-Pin A B-Pin B B-PinT

T 4 I ) I T
* Characterization
of treated fibers
‘ Energy Obtention of
comsumption | nanofibrils |
l
R S
| }

‘ Film formation ‘

TV |- Zeta

—

- TEM potential
- Turbidity - Nanofibril - Mechanical
- Stability morphology | properties

Figure 1. Flowchart containing the pretreatments and others stages of the present work. LM: Light
microscopy. TEM: Transmission electron microscopy.
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2.2.1 Enzymatic pretreatment

For enzymatic pretreatments, 60 g of each pulp were immersed in 2 L of deionized
water for 24 h in order to disintegrate pulp aggregates and make the cellulose more accessible
to the enzymatic hydrolysis, as Silva (2018) suggested. Temperature was kept at 50+2°C and
pH was adjusted during hydrolysis with NaOH 5% w/w or H,SO, 5% wi/w, following
conditions presented in Table 1. Then, it was added 100 g/ton of endoglucanase enzyme to the
suspension. Enzymatic hydrolysis was carried for 120 min under 750 rpm. After enzymatic
pretreatment, pulps were washed at 90+2°C until pH is neutral in order to stop enzyme
activity. For each pulp, one sample was designated as control treatment, and the other two
were pretreated with cellulase at same conditions. Washed suspensions were oven-dried, used

for analysis and subsequently submitted to mechanical fibrillation.

2.2.2 TEMPO-mediated oxidation pretreatment

This pretreatment was included to compare with the final characteristics of the
nanofibrils submitted to enzymatic pretreatment. The oxidation pretreatment mediated by
TEMPO followed indications suggested by Saito et al. (2007). It was used 60 g of cellulose at
2% wi/w, containing TEMPO (0.96 g) and NaBr (6 g). TEMPO-mediated oxidation occurred
with the addition of 10% NaClO (3.1 g, 5.0 mmol) at room temperature under agitation of 750
rpm. The pH was maintained at 10 by adding 0.5 mol/L NaOH solution. When pH stabilized,
the reaction occurred for 3 h. Then, the pH was adjusted to 7 by adding 0.5 mol/L HCI
solution and the suspension was thoroughly washed with deionized water. Pulps were oven

dried for further analysis.

2.2.3 Mechanical fibrillation

Cellulose nanofibrils were obtained by the mechanical process based on Bufalino et al.
(2014) and Guimaraes Junior et al. (2015). 60 g of oven-dried pretreated pulp were previously
hydrated in 3 L of deionized water for 72 h. The suspension was agitated at 750 rpm for 30
min (NT134 high torque mechanical) in order to individualize cellulosic fibers. Pulp was
taken to the Super Masscolloider Masuko Sangyo MKCAG6-2 (grinder fibrillator)
microprocessor for 5 cycles. The cycle at which the suspension had gel-like appearance was
used for energy consumption calculation. The procedure to adjust zero movement position of
the fibrillator followed the study of Wang et al. (2012). Samples of each cycle were

refrigerated at 5+1°C to avoid any degradation by microorganisms.
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During mechanical fibrillation, the energy consumption of the grinder was calculated

using Equation (1), following the work of Dias (2017).

pxh
m

EC =

(1)

EC is energy consumption (kW.h/ton), p is power in KW (voltage x current), h is time
for passing through the fibrillator in hours and m is mass of dried pulp in tons. Energy index
was also calculated in order to compare pretreatments according to its energy consumption. It
was estimated by the Equation (2):

EJ — (ECtreat — ECref
N ECtreat

>x 100 (2)
El is energy index in %, ECtreat is energy consumption of the enzymatic treatment,

and ECref is the energy consumption of the control treatment.

2.3 Analytic methods
2.3.1 Chemical and anatomic characterization of pretreated pulps

In order to verify the effect of enzymatic pretreatment on the cellulosic fibers, pulps
were chemically and anatomically characterized before and after pretreatments. Chemically,
monosaccharides were quantified as indicated by Wallis, Wearne and Wright (1996) using
Dionex ICS 5000 ion chromatography system. Ash content and lignin content were
disregarded.

Fiber anatomic characterization was performed with the Valmet FS5 (Finland) fiber
image analyzer. It was analyzed weighted average fiber length, witdh, cell wall thickness,
fines and cell wall fibrillation. Cell wall fibrillation is an important characterization because it
represents the delamination of the surface layers of fibers (Fardim and Duran, 2003). Fines
are particles with diameter under 75 um or fibrils that can pass through a 200-mesh fiber
classifier (TAPPI, 1995).
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2.3.2 Light microscopy
In order to evaluate pulp fibrillation of each cycle through the grinder, nanofibril
suspensions (0.75% wi/w) with 1.0% v/v ethanol-safranin were analyzed by light optical

microscope Olympus BX51, comparing control and enzymatic pretreatments.

2.3.3 Transmission electron microscopy

Morphological analysis by transmission electron microscopy of cellulose nanofibrils
from the gel formation cycle after mechanical fibrillation were performed by Tecnai G2-12,
accelerated voltage of 80 kV, following recommendations described by Tonoli et al. (2016).
Control, enzymatic and TEMPO nanofibrils diameter analysis were performed on 200 fibril

structures by ImageJ software (Schindelin et al., 2012) .

2.3.4 Turbidity

Visual aspect of nanofibrils suspensions followed suggestion of Winter et al. (2010).
Samples were diluted to 0.1% w/w and held in test tubes for 1.5 h to decant. Following,
supernatant was analyzed in triplicate by a Turbidimeter Plus Alfakit apparatus. Turbidity
checks how clear or how turbid a suspension is. Such turbidity increases with increasing
number of individual particles in the suspension, and it is measured using the Nephelometric
Turbidity Units (NTU) unit.

2.3.5 Stability of cellulose nanofibril suspensions

Stability of nanofibrils in water was investigated following suggestions of Guimaraes
Junior et al. (2015). Samples were diluted at 0.25% w/w and 30 mL of suspension kept in test
tubes for 48 h decantation. Stability of cellulose nanofibrils of each cycle through grinder

were measured by ImageJ software (Schindelin et al., 2012) .

2.3.6 Zeta potential
Cellulose nanofibrils suspension (0.05% w/w) in pure water were sonified for 5 min
and prepared to determine potential charges on nanofibrils surface by a Malvern 30000

zetasizer, and the control and enzymatic treated suspensions were analyzed.

2.3.7 Film mechanical properties
Films of gel formation cycle and 5 cycles were formed according to Guimardes Junior

et al. (2015), in which 40 mL suspension (1.0 % w/w) samples were poured onto 15 cm
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diameter acrylic petri dishes. Suspensions were dried in a circulation oven at 45 °C for 48 h to
form the films.

The tensile strength of the films was evaluated following the ASTM D828-16 (ASTM,
2016) standard. Test specimens of 10 cm long and 1 cm width were carried out in the texture
analyzer equipment (Stable Microsystems, TATX2i model, England), with a distance between
jaws of 50+2 mm and a speed of 1 mm/min. Five specimens were analyzed and the tensile

strength was calculated following Equation (2).

Omax = (3)

Whereas: omax is the maximum tensile stress (MPa); F is the maximum force applied
on the test piece (N); Ag is the cross-sectional area of the specimen (mm2).

It was also observed the strain at rupture and the Young’s modulus of the films. The
tangent of the linear region of the stress-strain curves, considered the elastic region, provides

the Young's modulus or modulus of elasticity (Santos and Yoshida, 2011).

3 RESULTS AND DISCUSSION
3.1 Effect of enzymatic pretreatment on chemical and anatomical characteristics

Enzymatic pretreatment is known to have specific reaction, in the case of cellulase its
specificity is with the cutting of the cellulose chains, thus not degrading other components of
the cellulosic fibers. This reaction occurs mainly on amorphous region of cellulose, in which
cellulose is more accessible (Henriksson et al., 1999). During the enzymatic hydrolysis there
is extraction of sugars from the cellulosic pulp, including glucose. The more cellulose reacts,
more losses are observed for the cellulose content (Rabelo, 2007).

As shown in Figure 2, the contents of cellulose and hemicelluloses kept similar to all
pretreatments. B-Euc cellulose pulp content surrounded 86%. B-Pin also presented similar
cellulose content with 83%. The hydrolysis of cellulose into sugars is only beneficial when it
is considered a co-product, as shown by Zhu et al. (2011). As this work looks for a higher
production yield with lower energy cost, the degradation of cellulose is undesirable.

Hemicelluloses content surrounds 14% for B-Euc and 17% for B-Pin. Hemicelluloses
degradation may occur due to stirring in water and temperature (Brito et al., 2008), even
under milder conditions (Dahlman et al., 2003). As cellulose content decreased,
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hemicelluloses content increased. Similar results were found by Silva (2018). Liu et al. (2019)

also noted that the loss of cellulose into sugars was quite limited after enzymatic pretreatment.
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Figure 2. Chemical composition (cellulose and hemicelluloses) of bleached pulps.

While enzymatic pretreatment did not affect chemical fiber composition, chemical
pretreatments significantly modify them. The content of cellulose and hemicelluloses differ
greatly from control as observed by Dias (2017) and Mendonca (2018). Alkaline treatments
are also efficient to remove xylan from commercial pulps (Bufalino et al., 2015).

Table 2 shows the average and standard deviations of fibers anatomical characteristics
after pretreatments. The fiber length of B-Euc did not change after enzymatic pretreatments,
with 0.71 £ 0.01 mm for control and also for pretreatment A and B. For B-Euc T, the average
was higher probably due to cell wall swelling promoted by the TEMPO oxidation. For B-Pin,
it was observed a decrease in average length from 1.81 £ 0.05 mm to 1.64 = 0.04 mm in the
pretreatment with enzyme A, and to 1.76 = 0.01 mm for enzyme B. As enzymes act mainly on
the amorphous region of the cellulosic chains, the decrease of the average length of the fiber
should be related to this enzymatic action, breaking fibers during pretreatment. Length
decreasing can be also related to a curl fiber index (Blomstedt et al., 2017) or the fact that
pulps were dried after the pretreatment, causing hornification and loss of fiber volume
(Ballesteros et al., 2017).

A slight decrease was observed on width for all pretreated fibers compared to control
pulps, but values were similar, according to Tukey’s test. B-Euc width surrounds 15.8 + 0.1
pum for WE, A and B pretreatment. B-Pin presented slight changing from 26.1 £ 0.2 um for
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WE to 24.9 + 0.2 um for A and B pretreatment. This decrease can be related to enzymatic
action in amorphous regions with consequent decrease in width. Again, as reported above,
oven-drying after pretreatment may have caused lumen collapse due to hornification
(Ballesteros et al., 2017).

Table 2. Average and standard deviation values of the fiber morphology obtained with the Valmet FS5
fiber image analyzer.*

Length (mm) Width (um) CWT (um) Fines (%) CWF (%)
B-Euc WE 0.71+0.01f 158+0.1¢ 32+0.1° 149+01° 1.05+0.01°
B-Euc A 0.71+0.01° 15.8+0.1¢ 39+0.1° 155+0.1°  1.07+0.01°°
B-Euc B 0.71+0.01° 15.6+0.1¢ 35+0.1° 158+0.1° 1.07+0.01°°
B-Euc T 0.78+0.01° 16.4+0.1°¢ 41+0.2° 76+0.1°  1.08+0.01°
B-Pin WE 1.81+£0.05°" 26.1+0.2° ND 132+08¢ 0.82+0.01°
B-Pin A 1.64 +0.04 ¢ 249+01° ND 17.2+03%  0.94+0.01°
B-Pin B 1.76 +0.01° 249+01° ND 157+0.2° 0.93+0.01°
B-PinT 1.97 £0.02° 26.2+02° ND 53+02"  092+001°¢

* Same letters in the columns do not differ according to Tukey’s statistic test at 5%. CWT: Cell wall
thickness. Fines are particles particles with diameter under 75 um or fibrils that can pass through a
200-mesh fiber classifier (TAPPI, 1995). CWF: Cell wall fibrillation. ND: Not detected.

Cell wall thickness of B-Euc had different values for pretreated pulp and untreated
with enzymes. The cell wall increased from 3.2 £ 0.1 um to 3.9 = 0.1 um for enzyme A and
3.5 £ 0.1 um for enzyme B. With increasing binding of water to fibrils, there is a decrease in
fiber recalcitrance, and the yield of enzymatic hydrolysis process becomes greater (Weiss et
al., 2017). The variety of fibers found in softwood growth rings, earlywood and latewood,
may have made it difficult to analyze the cell wall thickness for Pinus samples.

Pretreatments A and B presented higher values of fines and cell wall fibrillation than
control (untreated). The highest increase in fines was observed for B-Euc A and B-Pin B.
Previous work has shown that enzymatic hydrolysis affect cellulosic fibers by breaking and
cutting actions (Clarke et al., 2011; Li et al., 2012; Arantes et al., 2014). For cell wall
fibrillation, B-Euc A presented 0.94 + 0.01% value compared to WE treatment with 0.82 +
0.01%. This can indicate higher enzyme activity for enzyme A. For B-Pin, both enzymes
increased fibrillation from 1.05 £ 0.01 to 1.07 £ 0.01 %. This can be explained by the fact that
pre-treatments reach fibers more superficially and on amorphous regions, generating fines and
causing fibrillation of the fiber surface (Dahlman et al., 2003). The increase in fibrillation
after enzyme pretreatments may indicate an enzymatic action on fiber surface, which may

facilitate the detachment of nanofibrils. For both Eucalyptus sp. and Pinus sp. pulps, it was
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observed that cell wall fibrillation was lower than enzymatic pretreatments, this may have
caused by fibrils detachment from the cell wall by oxidative reaction.
Taking into account the non-alteration in the anatomical structure of the fibers, it can

be said that enzymatic pretreatment does not cause significant damages to the cellulosic pulp.

3.2 Energy consumption during fibrillation

According to Pérez and Samain (2010), in aqueous suspensions, nanofibrils become a
viscous material that tends to have a gel appearance. This phenomenon occurs due to the
ability of the cellulose fibrils isolated to group large amounts of water on their surface through
the hydrogen bonds (loelovich and Figovsky, 2008). Thus, gel appearance indicates nanofibril
formation, and additional cycles through the defibrillator grinder may indicate unnecessary
energy expenditure.

Figure 3 presents the energy consumption accumulated in each cycle during
fibrillation (Figures 3a,b) as well as corresponding energy index (Figure 3c).
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Figure 3. Energy consumption of bleached (a) Eucalyptus sp. fibers, (b) Pinus sp. tracheids during
fibrillation and (c) Energy index. Arrows indicate gel formation.
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It is observed in Figure 3 that the fibrillation was facilitated for pulps pretreated with
enzymes. The activity of endoglucanase, in which there is random cleavage of the cellulosic
chain, may favor modifications in structural arrangement of the cellulose fibril to fibril bonds,
facilitating the separation of nanofibrils. In general, B-Euc fibers were easier to fibrillate than
B-Pin because Pinus sp. fibers are longer and thicker than Eucalyptus sp. fibers. Also,
softwood fibers are more difficult to disperse in water, leading to fiber accumulation at the
base of the grinder (Gunawardhana et al., 2017).

For B-Euc (Figure 3a), gel formation was observed in the 3™ cycle for control
(untreated), 2™ cycles for enzyme A and 3" cycle for enzyme B. The lowest energy
consumption for B-Euc was obtained for enzyme A with ~3,700 kW.h/ton, indicating 58%
savings in energy consumption when compared to control (Figure 3c). B-Euc B presented a
consumption of ~4,900 kW.h/ton of energy, indicating 45% savings in energy.

As the enzyme A pretreated pulp showed higher cell wall fibrillation than the enzyme
B, it was expected that B-Euc A fibrillation would be easier than B-Euc B. For bleached Kraft
pulp from Eucalyptus sp., Ribes et al. (2018) reduced 45% of energy consumption by using
cellulase-mediated enzyme pretreatment and Josset et al. (2014) reported a consumption of
5,250 kW.h/ton with 10 cycles through the grinder.

The gel formation cycle for B-Pin (Figure 3b) was observed at the 3 cycles for all
pretreated pulps, but the energy consumption was different for each pretreatment. The lowest
energy consumption was also for enzyme A with ~5,800 kW.h/ton, implying around 24%
energy savings compared to control pulp. Enzyme B treatment for B-Pin showed 16% energy
savings (Figure 3 c). Liu et al. (2019) applying xylanase enzyme pretreatment in bleached
softwood pulp reached fibrillation with energy savings up to 55%. Due to the pretreatment,
they also produced smaller diameters and more uniform nanofibrils, which generated high
transparent films.

TEMPO-mediated oxidation pretreated nanofibrils was compared to enzyme and
control treatments about energy consumption. TEMPO is well known for producing
nanofibrils with high quality. Both suspensions of B-Euc T and B-Pin T nanofibrils formed a
gelatinous appearance in the first cycle through grinder, exhibiting extremely high viscosity.
As a result, the high viscosity suspension does not pass through the microfibrillator making it
impossible to continue the mechanical extraction process. Then, only one cycle of passage
through the grinder was carried out for the samples pretreated with TEMPO. Even though

TEMPO pretreated pulp did not present the lowest energy consumption; it was possible to
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observe the gel-like appearance of the suspension with just one cycle and resulting in a gel
with high transparency.

A significant increase in energy consumption during the extraction of nanofibrils was
observed for all pretreatments as the number of cycles through the grinder increase.
Comparing the gel formation cycle (3 cycles for WE and B, and 2 cycles for A) and the 5"
cycle, B-Euc WE showed 57% increase of energy consumption; B-Euc A and B-Euc B
presented increase in energy consumption higher than 100%. Suspensions pretreated with
enzymes demonstrated an increase in viscosity, making it difficult to pass through the grinder
and consequently increasing energy consumption. The same behavior was observed for B-Pin
samples, which was observed a gel formation with 3 cycles for all pretreatments. WE
pretreatment presented an increase of 65% in energy consumption during nanofibril
extraction, whereas enzymes A and B pretreatment presented 270% and 150%, respectively,
as the number of cycles increased. Excessive increase in energy consumption may be caused
by the difficulty of dispersing Pinus sp. in water.

3.3 Nanofibrils microscopic aspects

Light microscopy (ML) images assist in checking the efficiency of fibrillation by
monitoring nanofibrils extraction after passing pulps through the grinder. Figures 4 and 5 are
presenting the light microscopy images of suspension for each cycle and also the transmission
electron images (TEM) of nanofibrils at the gel formation cycle for Eucalyptus sp.. According
to Figure 4 for the control treatment without enzymes, it is possible to visualize that as the
number of cycles through the fibrillator grinder increases (Figures 4a-f), the number of whole
fibers decreases and fiber fragments increases due to mechanical shear over the fibers.

It is observed individualized fibrils were obtained at 3 cycles through the grinder for
B-Euc treated without enzymes (Figure 4d), but it was still possible to see intact fibers in the
suspension. At this cycle, the suspension had a gel appearance. Whereas, for enzyme A
(Figure 5c), the gel appearance happened with 2 cycles, which intact fibers were also viewed
but in lower frequency than B-Euc WE (Figure 4d). The decreasing of the number of cycles
for B-Euc A may have occurred due to endoglucanase activity on the fibers, assuming that
cell wall fibrillation percentage was higher for pulp treated with enzyme A as mentioned in
early section. For enzyme B (B-Euc B), fibrillation showed no decreasing of the number of

cycles, however, as discussed in section 3.2, there was some decrease in energy consumption.
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Figure 4. Typical light microscopic (LM) and transmission electron microscopic (TEM) images of B-
Euc WE during mechanical fibrillation: a) LM at no cycle; b) LM at 1 cycle; ¢) LM at 2
cycles. d) LM at 3 cycles. ) LM at 4 cycles; f) LM at 5 cycles; g) TEM of “net” nanofibrils
(Wang et al., 2012) produced with 3 cycles (gel formation cycle).

Figure 5h presents TEM images of TEMPO-mediated oxidation suspension of
Eucalyptus, in which isolated nanofibrils are more evident than enzyme A nanofibrils (Figure
5¢). Pretreated TEMPO suspension formed a network of nanofibrils well individualized. It is
known that cellulose nanofibrils obtained by TEMPO-mediated oxidation are well dispersed
in water and have its diameters distributed with more uniformity (Habibi et al., 2006). Tang et
al. (2017) treated NaOH/urea cellulose suspensions with TEMPO oxidation and noticed that
microparticles formed agglomerates, which it was not observed in this work.

Following Wang et al. (2012) morphology study, B-Euc WE presented mainly a “net”
structure (Figure 4g), which is composed of cross over backbone fibrils of different scales and
completely twisted and curled nanofibrils that entangled the backbone fibrils. B-Euc A
nanofibrils presented a “blooming tree” structure (Figure 5g); the left side of the TEM image
would be the “branch of the tree” in which “highly curled and twisted” nanofibrils appear,
similar to the ones found by Wang et al. (2012). B-Euc T presented “kinked but untwisted and
not entangled” nanofibrils (Figure 5h). These structures are formed due to the difference in
the ratio of cellulose amorphous and crystalline regions presented in P, S1 and S2 cell wall
layers (Wang et al., 2012). Fibrils presented in P and S1 layers are usually more amorphous

than those presented in the S2 layer (Panshin and de Zeeuw, 1980).
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Figure 5. Typical light microscopic (LM) and transmission electron microscopic (TEM) images of B-
Euc A during mechanical fibrillation: a) LM at no cycle; b) LM at 1 cycle; ¢) LM at 2 cycles;
d) LM at 3 cycles; e) LM at 4 cycles; f) LM at 5 cycles; g) TEM at 2 cycles (gel formation
cycle), arrows show the “blooming tree” structure (Wang et al., 2012); h) TEM of
“kinked but untwisted and not entangled” nanofibrils (Wang et al., 2012) produced with
1 cycle for TEMPO-mediated oxidation treatment.

The ML images of all 5 cycles through fibrillator for Pinus sp. suspensions for WE
and enzyme A pretreatment are presented in Figures 6 and 7, respectively. They present TEM
images of gel formation cycle for WE, A and TEMPO treatments. These images are helpful
for checking the performance of pretreated pulps during cellulose nanofibrils extraction. Gel
formation for the WE, A and B Pinus sp. pretreatments were observed in the 3" cycle. Figures
6d and 7d present Pinus sp. suspensions in gel formation cycle without large fiber fragments.
Yet, Figure 6g evidences large nanofibril structures in contrast to B-Pin A nanofibrils (Figure
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79) and B-Pin TEMPO nanofibrils (Figure 7h). B-Pin WE nanofibrils presented a “net-like”
structure (Wang et al., 2012) (Figure 6g). B-Pin A showed “entangled and twisted”
nanofibrils (Figure 7g) whereas B-Pin TEMPO pretreatment resulted in nanofibrils well
isolated (Figure 7h), similar to Wang et al. (2012) findings.

Figure 6. Typical light microscopic (LM) and transmission electron microscopic (TEM) images of B-
Pin WE (with no enzymes) during fibrillation: a) LM at no cycle; b) LM at 1 cycle; c) LM
at 2 cycles; d) LM at 3 cycles; ) LM at 4 cycles; f) LM at 5 cycles; and g) TEM of “net-
like” nanofibrils (Wang et al., 2012) produced with 3 cycles (gel formation cycle).

Similar to Eucalyptus sp. suspensions, the fibrillation of Pinus sp. pulp was facilitated
by endoglucanase activity and TEMPO-mediated oxidation, resulting well-isolated nanofibril
structures. As observed in Figure 6F, even after 5 cycles of fibrillation, B-Pin WE still
presented large fiber particles when compared to B-Pin A pretreatment (Figure 7f). As

nanofibrils were isolated with 3 cycles, subsequent cycles may be considered unnecessary.
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Figure 7. Typical light microscopic (LM) and transmission electron microscopic (TEM) images of B-
Pin A during fibrillation: a) LM at no cycle; b) LM at 1 cycle; c) LM at 2 cycles; d) LM at
3 cycles; e) LM at 4 cycles; f) LM at 5 cycles; g) TEM at 3 cycles (gel formation cycle) of
“entangled and twisted” nanofibrils (Wang et al., 2012); and h) TEM of well isolated
nanofibrils with 1 cycle for TEMPO-mediated oxidation treatment.

From the transmission electron microscopy (TEM) images, it was possible to measure
the diameter of the nanofibrils in suspension. Figure 8 presents the diameter distribution of
cellulose nanofibrils at gel formation cycle. It is observed that the content of nanofibrils has
similar patterns for all treatments. TEMPO treatments showed higher content of nanofibrils

smaller than 15 nm, while control (untreated) pulp presented the lower content in that range.
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Figure 8. Diameter distribution of the cellulose nanofibrils obtained with the different pretreatments
for: (@) B-Euc; and (b) B-Pin. Diameters were measured form the TEM images.

According to Tonoli et al. (2016), nanofibrils with diameter lower than 30 nm have a
great reinforcement potential for composites. B-Euc A presented the highest content of
nanofibrils for Eucalyptus sp. suspensions with mean diameter lower than 30 nm with 82%,
followed by B-Euc B with 78%. On the other hand, B-Pin A presented only 56% of
nanofibrils under 30 nm. The highest content for B-Pin was observed for TEMPO-mediated
oxidation pretreated nanofibrils, with 72%. Eucalyptus sp. control and pretreated with enzyme
B suspensions showed around 9% and 7% of less fibrillated (with diameters higher than 105
nm) nanofibrils, respectively. For Pinus sp. samples, it was observed 10% for control and 5%
for enzyme B of fibrils higher than 105 nm.

Nanofibrils obtained from B-Euc and B-Pin pretreated with no enzyme showed
average diameter of 24 nm (12-79 nm) and 51 nm (20-152 nm), respectively. The enzymatic
pretreatment that presented the lowest mean diameter for both pulps were observed with the
enzyme A pretreatment. B-Euc A showed 19 nm (9-67 nm) while B-Pin A showed 18 nm (7-
68 nm). TEMPO nanofibrils presented average diameter of 17 nm (8-68 nm) and 24 nm (12-
65 nm) for B-Euc and B-Pin, respectively. In addition to producing nanofibrils of smaller
diameters, TEMPO-mediated oxidation generated well individualized nanofibrils.

Dias (2017) reported an average diameter of 42 £ 16 nm for untreated Eucalyptus sp.
nanofibrils and 36 £ 14 nm for nanofibrils from untreated Pinus sp. In his work, Dias (2017)
observed that the content of nanofibrils with an average diameter lower than 30 nm was
around 23% and 36% for B-Euc WE and B-Pin WE, respectively; around 72% and 76% for
B-Euc and B-Pin pulps treated with NaOH 5% for 2 h, respectively.
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3.4 Suspension characterization

During decantation of cellulose suspension, larger particles and agglomerates of
nanofibrils are deposited in the bottom of the flask. The isolated nanofibrils, being lighter,
become dispersed in the supernatant (McKee et al., 2014). With this, it is expected that with
the increase of the number of fibrillation cycles, there will also be an increase of the turbidity
of the supernatant. Thus, the more turbid the supernatant, the more isolated nanofibrils are
dispersed therein.

The supernatant turbidity evolution of bleached nanofibrils at each cycle is presented
in Figure 9. Enzymatic pretreatment increased the turbidity values of the suspension
supernatant. With the evolution of the cycles through the fibrillator, a gradual increase in the
turbidity of the pretreatments for both cellulosic pulps was observed. However, for the
pretreatment with enzyme A, turbidity presented a reduction after the third cycle. B-Euc and
B-Pin presented higher values of turbidity for treatment with enzyme A, with values of 303
NTU and 380 NTU, respectively. As fibrillation using enzyme A was more facilitated by
decreasing energy consumption and its nanofibrils obtained smaller average diameters, it was
expected that the turbidity of these samples would show higher turbidity values. Following
same thought, treatments without the addition of enzyme showed lower turbidity values in the
supernatant in gel formation cycle.

Xiao et al. (2001) showed alterations in the turbidity of the cellulose suspension due to
the use of pretreatments that modify the fibers cellular wall, dissolving hemicelluloses and
lignin. However, as shown in section 3.1, there was no significant change in the chemical
composition of the pulps after enzymatic pretreatment. The larger average diameter of
individualized nanofibrils observed by B-Pin may explain the higher turbidity in the
supernatant of that suspension compared to B-Euc.

TEMPO-mediated oxidation pretreatments did not follow the same pattern as enzyme
pretreatments and control. TEMPO showed small values of turbidity, with 10.6 NTU and
105.7 NTU for B-Euc and B-Pin, respectively. It can be explained by the fact that even
though there were higher nanofibrils contents in the supernatant, mean diameter for TEMPO

treatments were smaller and presented lower turbidity (high transparency).



60

app . —=—B-Euc WE
-#-B-Euc A
350 L B-Euc B
B-Euc T
300 | - _
—_ 4 T - - m_ .
2 250 - ! \
=
= 7
2 200 ’
:-§ 7
0 4
E_ 150 - ;
#
100 L ,
I's
50 L . »
- — - -—-n_,
0 = L
0 1 2 3 4 5
Cycle Cycle

Figure 9. Evolution of the turbidity of nanofibrils suspension supernatant after 1.5 h decantation in
different cycles for (a) B-Euc and (b) B-Pin. Arrows indicate gel formation.

The suspension stability analysis of nanofibrils in water was quantitatively assessed at
0.25% wi/w concentration, and the suspension level measured by ImageJ software (Schindelin
et al., 2012) after 48 h decantation (Figure 10). It is expected that the higher the degree of
fibrillation, the more stable is the suspension (Guimarcdes Janior et al., 2015). It is also
expected that when there is a gel formation of nanofibrils the suspensions become more stable
causing less decantation.

Complete stability in water was observed for B-Euc for enzyme A after 2 cycles of
fibrillation in the grinder and for TEMPO treatment at 1 cycle (Figure 10a). For treatment
WE, it was not possible to see complete stability, but at gel appearance cycle, suspension
presented maximum stability with 85%. Lower stability in early cycle could happen due to
larger particles in the suspensions, as it is shown in section 3.3. Enzyme A improved
nanofibrils suspension stability from 85% to 97% at gel cycle formation, and kept stability at
100% for cycles 3, 4 and 5. Enzyme B increased stability for each cycle and had its maximum
stability only in the 4™ cycle, with 90% stability.

It is known that TEMPO treatment particularly oxidizes hydroxyl groups present in
carbon 6 position in the cellulose chain and transforming them into carboxylate groups
(Habibi, 2014). Carboxylate groups facilitate the dispersion and stability of nanofibrils in
aqueous suspension (Dong et al., 1998; Huq et al., 2012).

For B-Pin (Figure 10b), all treatments presented complete stability in water when gel
appearance was observed. B-Pin WE fibers and B-Pin T presented low stability, with 40%
and 25%, respectively. Nanofibrils are more dispersed in the supernatant because they are
lighter, and non-nanoscale material is decanted (McKee et al., 2014). Control treatment
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decreased its suspension stability after gel formation cycle. This may have happened due to

nanofibrils flocculation in the suspension.
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Figure 10. Stability of cellulose nanofibrils suspensions in water after 48 h decantation at
concentration of 0.25% (w/w), for (a) B-Euc and (b) B-Pin. Arrows indicate gel
formation.
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3.5 Zeta potential

The potential charges on nanofibrils surface for enzyme treated nanofibrils and control
nanofibrils are presented in Table 3. Higher zeta potential values, in module, suggest higher
dispersion in water as well as low values suggest low dispersion in water (Tonoli et al., 2012;
Lu et al., 2014). Nanocellulose suspensions with values higher than -25 mV is considered
stable (Mirhosseini et al., 2008).

Zeta potential values presented for B-Euc nanofibrils was higher than B-Pin. Zeta
potential can be influenced by ionic strength caused by hydroxyl groups and hemicelluloses
(Klemm et al., 2011). The presence of COO- derived from COOH groups present in uronic
and hexenuronic acids from hardwood Kraft pulps can contribute to higher zeta potential
values for B-Euc nanofibrils (Winuprasith and Suphantharika, 2013).

For pretreatment A, gel formation cycle showed a zeta value of -47.7 = 2.4mV and -
33.4 £ 0.4mV, for B-Euc and B-Pin respectively. For pretreatment B, B-Euc showed a -40.2 £
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1.7 mV value and B-Pin a -31.1 £ 0.7mV value. These values are similar to the ones found by
Demuner (2017) of -45.0 mV for Eucalyptus and -31.8 mV for Pinus. Similar results were
also observed by Gamelas et al. (2015) with -41 mV for Eucalyptus samples; and by
Lengowski (2016) for Pinus samples with -26.9 mV.

Table 3. Zeta potential results for cellulose nanofibrils.

Cycle B-Euc B-Pin

WE Gel formation 427 +1.7°¢ -115+0.7f
5 -168+1.6f -108+5.1f

A Gel formation 477+1.7%° -33.4+1.09%
5 -35.2+0.6¢ -116+1.8f

B Gel formation 402 +2.4°¢ -31.1+04°
5 -16.4+25°" -124+19°f

T Ge| formation '529 + 24 a '319 + 44 €

Same letters do not differ according to Tukey’s statistic test at 5%.

With the increase of fibrillation cycles, zeta potential decreased for all treatments.
According to Siqueira et al. (2009), one factor that can lead to changes in the reading of zeta
potential is the entanglement of nanocelluloses caused by difference in the structure sizes.
Dufresne et al. (1997) and Tonoli et al. (2012) also attributed residual hemicelluloses

agglutination capacity on zeta potential value changing.

3.6 Film tensile properties

Stress-strain curves of the tensile test of nanofibril films are presented in Figure 11 and
results are presented in Table 4.

Tensile strength of B-Euc WE and A increased with the increase of grinding cycles
due probably to the improvement of fibrillation with the shear applied. B-Euc B presented
tensile strength at 2 cycles similar to films formed at gel formation cycle at 5 cycles. In
general, enzyme A promoted higher tensile strength. As the average diameter of the
nanofibrils pretreated with enzyme A were smaller compared to the control treatment, and
then there was greater interaction between the nanofibrils and increased hydrogen bonding

between nanofibrils.
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Enzymatic pretreatment did not affect drastically the Young’s modulus for Pinus sp.

samples. Same pattern was observed for strain at rupture. Liu et al. (2019) concluded in their

work that mechanical strength was not significantly affected by enzymatic pretreatment. But

in their work, pretreatment was mediated by xylanase.
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Figure 11. Typical stress-strain curves of cellulose nanofibril films in different cycles (gel-like

formation and 5 cycles) for: (a) B-Euc; and (b) B-Pin.

B-Euc TEMPO-oxidation mediated films presented a reduction on tensile strength as

well as Yong’s modulus and strain at break. This reduction on tensile strength is due to the

formation of carboxylate in hydroxyl groups from carbon 6 of nanofibrils surfaces during
oxidation (Fukuzumi et al., 2010; Saito et al., 2009).

With the increase of the number of cycles between the gel formation and the 5" cycle,

it was observed an increase of 57%, 184% and 145% of energy consumption for WE, A and B

pretreatments, respectively, as mentioned in early sections. These increases in energy

promoted only 30% of increase in tensile strengths for B-Euc WE and A and B-Pin B.
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Table 4. Average and standard deviation values of tensile strength, Young’s modulus and strain of the
films obtained with the different nanofibrils.

Cycle Tensile strength (MPa)  Young's modulus (GPa)

Strain (%)

3* 30.5+5.7¢¢ 20+£02° 4.8+2.0°%°
B-Euc WE abe . .
5 46.3+6.2 2.3+0.4 78+1.1
2% 44.5 + 3.6 0c0 22+04°¢ 78+21%
B-Euc A . . ab
5 60.3 +8.3 39+04 6.8+2.3
BEuc B 3* 39.2 + 3.5 Ped 2.8 +£0.320¢ 5.1+1.4%¢
“Eue 5 35.4 + 2.7 Ped 2.8+0.620¢ 4.6+1.8%¢
B-Euc T 1* 28.8+10.2 ¢ 21+1.0° 22+12°¢
] 3* 49.4+42°% 2.8+0.5¢ 6.5+2.52%
B-Pin WE b,c.d b b.e
5 34.0+55 25+0.7 36+16
) 3* 45.1 + 14.1 2b¢ 3.6+0.8°%" 3.8+24°¢
B_Pm A ab b,c ab,c
5 48.3+13.8 25+1.1 46+1.1
B.pin B 3* 40.6 + 7.4 Ped 2.9+0.6*¢ A7 +21°%0¢
-in 5 48.6 + 14.4 2 3.1+0.7 3¢ 5.0 + 2.7 2b¢
B-PinT 1% 41.7 +18.2 ¢4 1.9+10° 27+15°

' Same letters in the columns do not differ according to Tukey’s statistic test at 5%.*: Gel formation
cycle.

4 CONCLUSIONS

Both endoglucanase used in this work promoted limited damage to the pulp fibers. In
addition, enzymatic pretreatment did not induce large hydrolyzes of cellulose into sugars.
Enzymatic pretreatment promoted energy savings on mechanical fibrillation, reaching up to
58%. It may be considered that there was an excess of energy consumption with an increase in
the number of cycles above the gel-like formation cycle. TEMPO-mediated oxidation
pretreatment presented more individualized nanofibrils with smaller average diameter.
Nanofibrils produced by enzymatic pretreatment showed nanofibrils with average diameter as
small as TEMPO-oxidation pretreatment and improved suspensions dispersion characteristics.
The enzymatic pretreatment seems to have affected the Eucalyptus sp. pulp more efficiently,
since there was a higher energy index for both enzymes in this pulp. Among the enzymes A
and B, A enzyme mainly affected the Eucalyptus pulp while both enzymes showed similar
values of energy consumption for the Pinus sp. pulps. Mechanical properties slightly
increased due to hydrogen bonding between nanofibrils over endoglucanase activity. Thereby,
cellulase pretreatment smoothed mechanical grinding and it generated nanofibrils with

smaller diameters, similar to TEMPO-mediated oxidation nanofibrils.
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ABSTRACT

Cellulose nanofibrils have been gaining prominence due to their structure composed of
crystalline and amorphous regions. Different extraction approaches can be used to generate
nanofibrils. The objective of this work was to evaluate the application of endoglucanase in
different types of unbleached cellulosic pulps as pretreatment for reduction of energy
consumption of mechanical extraction of cellulose nanofibrils. Chemical, morphological and
mechanical characteristics of the pretreated fibers/nanofibrils with and without enzyme were
also evaluated. Unbleached Eucalyptus sp. Kraft pulp, Pinus sp. Kraft pulp and
chemithermomechanical (CTMP) pulp were pretreated at 50°C, under 750 rpm, adequate pH
and 100 g/ton of enzyme A, enzyme B and without enzyme (as control). Mechanical grinding
process was performed in 5 cycles by the grinder microprocessor at 2% w/w suspension.
Results indicated that chemical and anatomical characteristics of all pulps were not affected
by the enzymatic pretreatment. All Kraft pulps pretreated with enzyme A and B presented a
decrease in energy consumption, but the same was not obtained for CTMP, which did not
result on a gelatinous suspension. It was possible to reach 52% of energy savings for pulps
pretreated with enzyme A. By applying enzymes, it was possible to see an increase in water
stability of the suspensions as well as the decrease of average diameter of the nanofibrils
extracted. Tensile strength of films also increased with the increase of cycles through the
grinder. So, enzymatic pretreatment proved to be a sustainable alternative as pretreatment for
extraction of nanofibrils, generating well fibrillated cellulose nanofibrils at low energy

consumption.
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1 INTRODUCTION

The increase of consumption of non-renewable source materials has caused concern.
The replacement of such materials and their deposition in nature is not feasible in long terms.
Thus, the search for renewable and biodegradable materials has grown in recent years (Bian et
al., 2017; Abitbol et al., 2016). Cellulose is the most abundant polymer in nature. It has
renewable and biodegradable characteristics, high availability, and it is found in different
types of biomass, such as wood, cotton, bagasse, leaves and fruits, among others (Nie et al.,
2016). In addition, cellulose is composed of a crystalline region that gives it high mechanical
properties, being possible to use in bioengineering, in flexible electronics, batteries, etc.
(Resende et al., 2018; Cunha Arantes et al., 2018; Scatolino et al., 2018; Zhu et al., 2016).

Among the biodegradable materials currently studied, cellulose nanofibrils (CNF)
have been gaining prominence due to their structure composed of crystalline and amorphous
regions. They can confer increased strength in composites or modify the gas, water or oil
barrier properties, improving packaging (Matos et al., 2019; Claro et al., 2019; Lopes et al.,
2018; Mirmehdi et al., 2018; Moon et al. 2011, Habibi et al., 2010). It is extracted from
lignocellulosic materials by different routes, such as mechanical, chemical or biological, or
even by a process composed of more than one route (Fonseca et al., 2019; Kanmani et al.,
2017, Lu et al., 2013).

The mechanical process known as a microfibrillator, or grinder, is one of the main
methods of extracting nanofibrils and it uses the principles of refiners already established by
the paper industry. However, the energy consumption during the process is a barrier to the
mass production of CNF's (Spence et al., 2011). The extraction with the use of enzymatic
cocktails is an eco-friendly technique with the obstacle of requiring a greater amount of time
for complete extraction of nanofibrils, in addition to loss of yield within time (Henriksson et
al., 2007). In this way, the union of both techniques has been outstanding to overcome the
challenges of each method, facilitating the extraction of CNF's and generating nanofibrils
with high quality (Tian et al., 2017; Zhu et al., 2011; Filson et al., 2009).

The enzymes are classified according to their specificity. Cellulases, for example, are
the enzymes that cause degradation in cellulose. The endoglucanases, a classification of
cellulases, are responsible for cleaving the cellulosic chain randomly in the amorphous
regions (Gupta and Lee, 2009; P&&kkao et al., 2007).
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Despite studies already performed with enzymatic pretreatment, it is still necessary to
study its effect on the energy consumption of the fibrillator and its impact on the quality of
the CNF's generated. Notwithstanding, the objective of this work was to evaluate the
application of endoglucanase in different types of unbleached cellulose pulp as a pretreatment
in the energy consumption of the mechanical extraction of cellulose nanofibrils. Chemical,
morphological and mechanical characteristics of the pretreated fibers/nanofibrils with and

without enzyme were also evaluated.

2 EXPERIMENTAL
2.1 Materials

Klabin S.A. (Parana/Brazil) provided unbleached Eucalyptus sp. (UB-Euc),
unbleached Pinus sp. Kraft pulp (UB-Pin) and chemithermomechanical (CTMP) pulp for this
work. It was also provided two types of endoglucanase enzymes, A and B. Table 1 has the
specifications and conditions of use for the enzymes.

Table 1. Endoglucanase enzymes specifications.

Enzyme A Enzyme B
Product CGK20092 / NS51137 CVNO04076 / NS51179
Activity Endoglucanase Endoglucanase
pH 70-75 6.0-6.5
Temperature (°C) 45 -55 45 - 65
Dosage (g/ton) 50 - 150 50 - 150

2.2 Cellulosic nanofibril extraction

UB-Euc, UB-Pin and CTMP were submitted to pretreatments with the enzymes
described in Table 1 and without enzymes (WE). The process and characterization are
depicted in Figure 1. The fibers were analyzed prior and after fibrillation in order to compare
the pretreatment efficiency.
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Figure 1. Schematic representation of the pretreatments and characterization. LM: Light microscopy.
TEM: Transmission electron microscopy.

2.2.1 Enzymatic hydrolysis

Enzymatic pretreatments followed Silva (2018) recommendations. Pulps were
previously diluted to 3% w/w with deionized water for 24 h. Temperature and pH range were
set according to conditions in Table 1, followed by addition of 100 g/ton of endoglucanase
enzyme. The fibers were then kept under agitation for 2 h at 750 rpm. After the treatment, the
pulps were washed with 90£2°C deionized water to stop enzyme activity. To prepare the WE
treatment, the pulps followed all the same steps without the addition of endoglucanase

enzymes. Thereafter, pretreated pulps were oven-dried to further be analyzed and fibrillated.

2.2.2 Pulp fibrillation

Mechanical fibrillation was carried out on a grinder (Super Masscolloider Masuko
Sangyo MKCAG6-2). Each oven-dried pretreated pulp was hydrated (2% w/w) for 72 h.
Afterwards, the suspension was dispersed in a NT134 High Torque Mechanical instrument at
750 rpm for 30 min. Suspension with individualized fibers was passed 5 times (cycles)
through the grinder and the cycle which the suspension had a gel-like consistency was noted
for further energy saving discussion. The procedure followed Bufalino et al. (2014) and

Guimarées Junior et al. (2015), and the equipment zero movement position point followed
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Wang et al. (2012). Nanofibrils were kept under refrigeration to avoid degradation by
microorganisms.
Following Dias (2017) recommendations, energy consumption during fibrillation was

calculated according to Equation (1):

=)
>
=

EC = (1)

EC is energy consumption in KW.h/ton, p is power in kW (voltage x current), h is time
in hours and m is mass of pulp in tons. Energy index was also calculated in order to compare

pretreatments according to its energy consumption. It was estimated by the Equation (2):

El — (ECtreat — ECref
B ECtreat

)x 100 (2)
El is energy index in %, ECtreat is energy consumption of the enzymatic treatment,

and ECref is the energy consumption of the control treatment (untreated).

2.3 Characterization of fibers/nanofibrils
2.3.1 Chemical and anatomical analysis

Chemical and anatomical characteristics of all pretreated pulps were executed to
evaluate the effect of enzymatic pretreatments. Monosaccharides contents measurement
followed indication of Wallis, Wearne and Wright (1996), using Dionex ICS 5000 ion
chromatography system. Soluble lignin content measurement followed indication of
Goldschimid (1971) and insoluble lignin content, the modified Klason method followed
according procedures proposed by Gomide and Demuner (1986) and TAPPI T 222 om-02
(TAPPI, 2006). Ash content was disregarded.

The anatomical characteristics of fibers were estimated by Valmet FS5 (Finland) fiber
analyzer. Fiber length, width, cell wall thickness, fines and cell wall fibrillation were
assessed. Fines represent particles with diameter smaller than 75 um or that passes through a
200-mesh sieve classifier (TAPPI, 1995). Cell wall fibrillation in morphological analysis
represents the delamination of fibrils from the surface of fibers (Fardim and Duran, 2003) and
is depicted as a parameter that explains possible degradation or enzyme action onto the cell

walls.
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2.3.2 Light microscopy (LM)
Light optical microscope Olympus BX51 was used to compare fibrillation, indicating
nanofibril formation, on each cycle during mechanical extraction. Suspension was diluted to

0.75% w/w, and an ethanol-safranin solution (1.0% v/v) used to highlight fiber features.

2.3.3 Transmission electron microscopy (TEM)

The morphological analysis of cellulose nanofibrils was performed in a transmission
electron microscope (TEM, Tecnai G2-12 instrument) with accelerating voltage of 80 kV
(Tonoli et al., 2016). Nanofibril diameters were measured on 200 structures by ImageJ
software (Schindelin et al., 2012) for diameter distribution analysis.

2.3.4 Turbidity

Turbidity of supernatant suspensions may correlate to the presence of nanofibrils.
With the increase of particles size in suspension, the turbidity increases. It is measured by the
Nephelometric Turbidity Units (NTU) unit. The measurement followed suggestions of Winter
et al. (2010), with diluted samples (0.1% w/w) kept in test tubes for 1.5 h for decantation prior
to the analysis. Then, supernatant was measured in triplicate by Turbidimeter Plus Alfakit

equipment.

2.3.5 Stability of cellulose nanofibrils suspensions in water

Stability of cellulose nanofibrils in deionized water was performed according to
Guimardes Janior et al. (2015). Pictures of 30 mL diluted suspensions (0.25% w/w) kept in
test tubes were taken hourly for the first 8 h, then daily for 2 days, completing 48 h. The
sedimentation of cellulose nanofibrils was measured in the ImageJ software (Schindelin et al.,
2012).

2.3.6 Zeta potential
Cellulose nanofibrils suspension were diluted to 0.05% w/w in deionized water, and
prepared to determine zeta potential on the surface of nanofibrils in a Malvern 30000

zetasizer, following Tonoli et al. (2012) indications.

2.3.7 Mechanical properties
Tensile tests were performed in samples of nanofibrils that achieved a gel-like

consistency and those after 5 grinding cycles, according to Guimardes Junior et al. (2015).
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The films were formed by 40 mL 1.0% wi/w suspension casted onto a 15 cm diameter acrylic
Petri dish and oven dried under circulation at 45°C for 2 days.

The tensile test was performed in the texture analyzer equipment (Stable
Microsystems, TATX2i model, England), following ASTM D828-16 (ASTM, 2016).
Specimens of 10 cm long and 1 cm high were tested. The distance between clamps was 50+2
mm and test speed was 1 mm/min. Ten samples per treatment were analyzed. Tensile strength

was calculated following Equation (3):

= = )

omax 1S the maximum tensile stress (MPa); F is the maximum load applied on the
specimen (N); Ay is the cross-sectional area of the specimen (mm?2). The strain at rupture and
the Young’s modulus were also determined. Young's modulus or modulus of elasticity is the
tangent line in the linear portion of the elastic region of a stress-strain curve and represents the
stiffness of the material (Santos and Yoshida, 2011).

3 RESULTS AND DISCUSSION
3.1 Chemical and morphological characterization of the pulps

During the enzymatic hydrolysis of cellulose, cellulase enzymes cleave the cellulosic
chain and extract sugars, such as glucose, from commercial fibers (Rabelo, 2007). Figure 2
presents the cellulose, hemicelluloses and total lignin (Figure 2A), soluble and insoluble
lignin contents (Figure 2B) for unbleached Kraft Eucalyptus (UB-Euc) pulp, unbleached Kraft
Pinus (UB-Pin) pulp and chemithermomechanical (CTMP) pulp. The ash content was not
considered.

Cellulose content was similar when comparing treatments for UB-Euc with values
around 65%. Hemicelulloses content was similar between the treatments as well, and values
surrounding 12%. Due to the specificity of the enzymes to cellulosic chains it was expected
no difference in lignin content as it shows in Figure 2. Lignin content is close to 23% for all
UB-Euc treatments.

For CTMP pulp, cellulose content ranges from 49% to 52% without any difference
between enzymes and WE treatments. Chemical results are relative to the total mass of the
sample. This way, cellulose content was smaller than UB-Euc probably due to higher lignin

content in CTMP pulp. Lignin from CTMP pulp is more difficult to extract than Kraft pulp,
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which is mainly represented by the insoluble lignin content (Figure 2B). Moreover, higher
quantities of insoluble lignin may indicate greater recalcitrance of the cellulosic pulp.
Hemicelluloses contents were around 14% for all CTMP treatments.

UB-Pin presents cellulose and hemicelluloses content higher than UB-Euc. Cellulose
content is between 68% and 71% whereas hemicelluloses content are between 11% and 13%.
The main content of hemicelluloses of hardwoods is related to xylan, while softwoods have
higher glucomannan content (Colodette and Gomes, 2015). Xylans are hemicelluloses that
undergo more easily autohydrolysis, even in mild temperature conditions. This is due to its
acidic character and its chemical properties (Ramos, 2003). Lignin confers limitation on the
performance of cellulases on cellulosic pulps, in which even in smaller amounts, it can cause
a decrease or retardation in the enzymatic activity (Castro and Pereira Jr., 2010). Lower
contents of soluble Klason lignin are observed for UB-Pin (Figure 2B).

Even though it was observed small variations, Tukey’s test confirmed that there was
no statistic difference among chemical analysis. Therefore, enzymatic pretreatment did no

cause significant changes to cellulosic pulp.
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Figure 2. Chemical composition for UB-Euc, UB-Pin and CTMP treated with enzymes A and B
compared with pulp without enzymes (WE). (A) Cellulose, hemicelluloses and lignin content
and (B) soluble and insoluble lignin content.

Table 2 presents the fiber morphology parameters for pulps after enzymatic
pretreatment. UB-Euc and CTMP have similar results of fiber length between control and
enzyme treatments due to the fact that they are both from Eucalyptus with different pulping
processes. Because CTMP includes a mechanical step in its pulping process, it was expected
that its length would be smaller. For UB-Pin, length of control treatment and enzyme A
pretreatment had similar results close to 1.84 mm. UB-Pin B presented higher length (1.93 £



0.01 mm) that may be caused by pulp washing after enzymatic pretreatment. Very small

particles were probably washed out, increasing weighted average fiber length of fibers.

Table 2. Average values and standard deviation of fiber morphology parameters for UB-Euc, UB-Pin,

CTMP pretreated with A and B enzymes and without enzymes.

Length (mm) Width (um) CWT (um) Fines (%) CWF (%)
UB-Euc WE 0.81+0.00° 19.61+0.01%  736+0.20° 16.82+0.11¢ 1.01+0.01°¢
UB-EucA 0.81+0.00° 19.66 +0.08"  7.40+0.13° 16.99 + 0.24 ¢ 0.99+0.00
UB-EucB 0.80+0.00° 19.50+0.08°°  6.53+0.01° 18.59 +0.16 © 1.01+0.01°
CTMP WE 0.61+0.001 19.37+0.04 ¢ 401+0.01° 38.60 +0.03 ° 1.70+0.01°
CTMPA  0.61+0.00¢ 19.64 +0.04 %°  4.49+0.04¢ 38.08+0.14*  1.74+0.012
CTMPB  0.62+0.00° 19.71+0.04 4.45+0.05 ¢ 37.20+0.33" 1.70+0.00 °
UB-PINWE 1.83+0.04° 27.57+0.08° 10.10+0.69° 16.22+0.78 ¢ 0.86+0.01°
UB-PinA  186+0.01° 27.68+0.14%*  10.48+0.29° 14.40+0.21° 0.83+0.00 ¢
UB-PinB  1.93+0.01° 27.95+0.15° 8.51+0.18°" 13.67+0.01° 0.87 +0.00°

CWT: Cell wall thickness. Fines represent particles with diameter smaller than 75 pum or that passes
through a 200-mesh sieve classifier (TAPPI, 1995). CWF: Cell wall fibrillation. Same letters in the
columns do not differ according to Tukey’s statistic test at 5%.

The width of UB-Euc and CTMP kept similar to all treatments with values close to
19.6 um. For UB-Pin, the average width of 27.6 um was observed, which is expected since
Pinus tracheids are larger than Eucalyptus fibers.

The cell wall thickness was almost the double for UB-Euc in comparison to CTMP.
High contents of lignin in the cell wall may have blocked CTMP fiber from swelling, keeping
the wall thinner than UB-Euc. However, enzyme A and B pretreatments demonstrated the
increasing of the cell wall thickness. Both treatments for CTMP resulted in average cell wall
thickness of 4.5 um, indicating enzymatic activity on amorphous regions of the cell wall
promoting its swelling. UB-Pin WE and UB-Pin A treatments presented similar cell wall
thickness, but it was observed a decrease for UB-Pin B. As fibers were dried after enzymatic
pretreatment, cell wall thickness may lose volume due to hornification, that promotes a
reduction in fiber swelling, making mechanical fibrillation difficult (Ballesteros et al., 2017).

An increase in fines contents from UB-Euc WE to B may indicate an enzymatic
activity on the fiber cell wall (Clarke et al., 2011; Li et al., 2012; Arantes et al., 2014).
Although, cell wall fibrillation was affected by enzyme A in CTMP, the fact that both fines
and cell wall fibrillation characteristics were not strongly affected by enzyme hydrolysis is

probably because the large presence of lignin in all analyzed pulps.
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As fiber morphology of all pretreated pulps did not present significant alterations, it
can be suggested that cellulose hydrolysis used in this work did not impair fiber quality.

3.2 Energy consumption during fibrillation

Figure 3 shows the overall energy consumption of all pretreated pulps and energy
index. It was not observed a gel-like consistency for CTMP, so the energy index was
compared at 5 cycles. Authors have difficulty in the formation of nanofibrils from
chemithermomechanical pulp, because they did not exhibit a strong gel formation during
fibrillation (Osong et al., 2016; Silva, 2018; Mendonga, 2018). When nanofibrils are formed,
a gel appearance is visualized in aqueous suspension (Pérez e Samain, 2010). Therefore,
excessive grinding cycles after gel formation implies unnecessary energy expense (Henniges
etal., 2014).

It is observed in Figure 3A the decrease in gel formation cycle for UB-Euc from 3
cycles to 2 cycles for both enzymes A and B pretreatments. This decrease indicates energy
savings of about 44% with enzyme A pretreatment, and 35% with enzyme B pretreatment
(Figure 3D). Endoglucanase enzyme acts in amorphous regions of the cellulose chain by
breaking the glycosidic bond B(1—4). In addition enzyme pretreatment decreases the degree
of polymerization of cellulose, which also assists in fiber swelling, facilitating fibrillation.

Energy consumption for both UB-Euc A (~3,900 kW.h/ton) and UB-Euc B
(4,600 kW.h/ton) were lower than the control UB-Euc WE (~7,000 kW.h/ton). The most
significant decrease in energy consumption for enzyme A may indicate more affinity with
unbleached Eucalyptus Kraft pulp, easing the extraction of nanofibrils. Ribes et al. (2018)
using cellulase hydrolysis as pretreatment for grinding extraction of unbleached Eucalyptus
nanofibrils, reached around 41% of energy savings.

Cellulase hydrolysis did not significantly affect CTMP extraction of nanofibrils, thus
not forming the gel-like appearance in the suspension (Figure 3B). Energy consumption in 5
cycles through grinder did not follow the same pattern as for UB-Euc; energy consumption of
CTMP A (~8,500 kW.h/ton) was higher than CTMP WE (~7,100 kW.h/ton). Even though
CTMP B showed lower energy consumption (~6,200 kW.h/ton) its suspension did not
indicate a gel appearance as well. He et al. (2018) reached 15,000 kW.h/ton of energy
consumption for CTMP nanofibril extraction with 35 cycles.
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Figure 3. Evolution of energy consumption during fibrillation of: Eucalyptus sp. (UB-Euc) Kraft pulp
(A); chemithermomechanical pulp (CTMP) (B); Pinus sp. (UB-Pin) Kraft pulp (C); and
energy index (D). Arrows show gel formation for each suspension.

The extraction of nanofibers from UB-Pin WE (~7,600 kW.h/ton) consumed higher
energy than UB-Euc WE (~7,000 kW.h/ton). Pinus tracheids are thicker and longer than
Eucalyptus fibers (Burguer and Richter, 1991), promoting decantation during the fibrillation
process, making difficult its passage through the equipment (Gunawardhana et al., 2017).

UB-Pin fibers treated with enzymes showed the same tendency as UB-Euc, whose gel
formation occurred in less passes through grinder than untreated fibers. UB-Pin A demanded
around 3,700 kW.h/ton at 2 cycles through the grinder. This indicates an energy saving of
52%. UB-Pin B had even lower energy consumption (2,500 kWh/ton) with 67% of energy
savings. An energy consumption of 34,000 kW.h/ton with 35 cycles has been reported for
softwood nanofibril extraction (He et al., 2018) showing that the fibrillation process is being
optimized with the use of enzymes.

With the increase of cycles, the energy consumption increased for all pretreatments.
UB-Euc WE, for instance, used 76% more energy to reach the 5™ cycle when comparing with
gel formation cycle. For UB-Euc A and B, it was observed an increase of 135% and 96%,
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respectively. The fibrillation of UB-Pin also presented high energy consumption with 51%,
95% and 63% more energy used for UB-Pin WE, A and B, respectively, to reach five cycles.
This increase in energy consumption is related to the viscosity change on the suspension,

making it more difficult to fibrillate when compared to untreated fibers.

3.3 Nanofibrils morphology

Transmission electron microscopy (TEM) images of gel formation cycle were
analyzed to understand how the pretreatments affected cellulose nanofibrils morphology.
Typical light microscopy (LM) images of all 5 cycles, including prior to the process, were
also analyzed to monitor fibers fibrillation.

It is observed in Figure 4A, a typical TEM image of UB-Euc WE nanofibrils. It is
noticed that cellulose nanofibrils are well individualized, but with apparent differences in the
diameter distribution. Wang et al., (2012), analyzing the morphology of nanofibrils, called
this pattern “network” nanofibrils. It is observed in LM typical images (Figure 4 B-G) that as
the number of cycles increases, the number of whole fibers decreases with the increase of
fragmented fibers. Gel-like formation cycle for WE was noted in the 3 cycle (Figure 4E).
Even so, on the gel formation cycle and following cycles, it was observed high content of
intact fibers in the suspension, showing that fibrillation was less effective.

In Figure 5A, UB-Euc A nanofibrils presented “untwisted backbone fibrils entangles
by twisted nanofibrils” as Wang et al. (2012) proposed in their work. The difference in
structures comes from the proportion of amorphous and crystalline cellulose regions (Wang et
al., 2012). For UB-Euc A ML images (Figure 5 B-G), which showed 44% energy savings
when compared to WE, it was still possible to see intact fibers in the gel formation cycle, but
with the increase of cycles, the number of whole fibers declined drastically. This decrease was
more evident when compared to the control treatment. Gel formation cycle decreased from 3

to 2 cycles probably due to an enzymatic activity over the fibers.
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Figure 4. Typical transmission electron microscopic (TEM) and light microscopic (LM) images of
UB-Euc WE. A) TEM in gel formation cycle (3 cycles) of “network™ nanofibrils (Wang et
al., 2012). B) LM prior to fibrillation. C) LM in 1 cycle. D) LM in 2 cycles. E) LM in 3
cycles. F) LM in 4 cycles. G) LM in 5 cycles.
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Figure 5. Typical transmission electron microscopic (TEM) and light microscopic (LM) images of
UB-Euc A: A) TEM in gel formation cycle (2 cycles) of “untwisted backbone fibrils
entangles by twisted nanofibrils” (Wang et al., 2012; B) LM in prior to fibrillation; C)
LM in 1 cycle; D) LM in 2 cycles; E) LM in 3 cycles; F) LM in 4 cycles; G) LM in 5 cycles.



86

Although not achieving a gel-like consistency, CTMP suspension formed nanofibrils.
However, less nanofibrils and bigger particles in the suspension were observed when
compared with control and enzymatic treatments of UB-Euc (Figure 4A and 5A). Typical
TEM image of CTMP pretreated with enzyme B (Figure 6A) showed bigger fibrils particles,
indicating that enzymatic pretreatment was not efficient. For CTMP pulp, the process severed
fibers rather than fibrillating them. With the increase of cycles (Figure 6 B-G), ML images
showed the decrease of fibers length, but particles in microscale formed aggregates and films
after drying for TEM preparation, differently of what was observed for preparation of the

nanofibrils from Kraft pulps.

Figure 6. Typical transmission electron microscopic (TEM) and light microscopic (LM) images of
CTMP B. A) TEM in 5 cycles; B) LM in no cycles; C) LM in 1 cycle; D) LM in 2 cycles; E)
LM in 3 cycles; F) LM in 4 cycles; G) LM in 5 cycles.

Figure 7 shows the TEM and ML images of UB-Pin WE fibers/nanofibrils. Gel-like
formation was observed at the 3" cycle. It is observed in Figure 7A that the extraction of
nanofibrils in gel formation cycle presented nanofibrils with different diameters in a “net”
structure, as suggested by Wang et al. (2012). Comparing with UB-Euc WE (untreated), the
UB-Pin nanofibrils presented less intact fibers with the increase of cycles through grinder
(Figure 7 B-G). This can indicate that the fibrillation of UB-Pin pulp is easier than UB-Euc.
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Figure 7. Typical transmission electron microscopic (TEM) and light microscopic (LM) images of
UB-Pin WE. A) TEM of “net” nanofibrils (Wang et al., 2012) in gel formation cycle (3
cycles); B) LM in no cycles; C) LM in 1 cycle; D) LM in 2 cycles; E) LM in 3 cycles; F) LM
in 4 cycles; G) LM in 5 cycles.

Figure 8. Typical transmission electron microscopic (TEM) and light microscopic (LM) images of
UB-Pin B. A) TEM of “blooming tree” nanofibrils (Wang et al., 2012) in gel formation cycle
(2 cycles); B) LM in no cycles; C) LM in 1 cycle; D) LM in 2 cycles; E) LM in 3 cycles; F)
LM in 4 cycles; G) LM in 5 cycles.
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It is observed in Figure 8 the effect of the enzyme B on the UB-Pin nanofibrils/fibers
morphology. The TEM image of nanofibrils (Figure 8A) shows the higher presence of thinner
cellulose nanofibrils in a “blooming tree” structure; they are formed due to different cellulose
crystallinities. This difference can be related to growth stress under the conditions of the
growing of cell walls (Stamm, 1964). Typical LM images of fibers during fibrillation (Figures
8 B-G) show a significant decrease in intact fibers after gel formation in the 2™ cycle. UB-Pin
A also showed a gel-like consistency at 2 cycles.

With TEM images, diameters of 200 nanofibrils were measured by ImageJ software
(Schindelin et al., 2012) in order to classify the suspensions formed from the treatments with
and without the addition of enzyme. It is observed in Figure 9 the diameter distribution of the
main treatments. Diameters of UB-Euc nanofibrils were concentrated in the range of 15-30
nm whereas UB-Pin had a higher content of nanofibrils of lower than or equal to 15 nm.
Nanofibrils with mean diameter lower than 30 nm have potential as reinforcement in

composites (Tonoli et al., 2016).
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Figure 9. Distribution of cellulose nanofibrils diameter for (A) UB-Euc and (B) UB-Pin.

The average diameter for UB-Euc WE nanofibrils was 26 nm with range between 14-
78 nm, with 71.5% of nanofibrils lower than 30 nm (Figure 9A). UB-Euc A presented average
diameter of 18 nm (9 - 57 nm) and 80% of them were lower than 30 nm. UB-Euc A also
showed higher content of not efficiently fibrillated fibers, with 8% of particles higher than
105 nm of diameter. UB-Euc B led to the average diameter of 22 nm (13 — 66 nm) with 81%
diameters lower than 30 nm. Since CTMP did not produce a gel-like dispersions, it was not
measured its diameters considering that most of its particles were in microscale instead of

nanoscale.
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For UB-Pin (Figure 9B), it was observed for WE an average diameter of 58 nm with
range between 19 - 296 nm with only 22% of the diameters lower than 30 nm. It was
observed bigger particles in the TEM image, increasing average diameter, which indicates a
not well-fibrillated suspension. UB-Pin A produced nanofibrils with average diameter of 17
nm (8 - 94 nm), whose 79% of them were lower than 30 nm. UB-Pin B presented 23 nm (4 -
114 nm) of average diameter with 67% of diameter lower than 30 nm. Even though UB-Pin B
pretreatment led to lower energy consumption, its suspension was not as fibrillated as UB-Pin

A. This may have happened due to longer fibers of enzyme B pretreated pulps.

3.4 Suspension visual aspects

During fibrillation, with the evolution of the number of cycles through the grinder, the
suspension reaches a gelatinous appearance. This gel-like consistency indicates the presence
of cellulose micro/nanofibrils. In suspension, the turbidity of the supernatant increases as the
amount of dispersed nanofibrils increases. Cellulose nanofibrils are dispersed in the
supernatant due to its lightness while larger particles decant (McKee et al., 2014). Figure 10
shows the evolution of turbidity of the supernatant of suspensions of untreated (WE)
cellulosic nanofibrils and pretreated with enzymes A and B, for each cycle through the
grinder.

It was observed that all treatments presented an increase in turbidity as the number of
cycle increases. UB-Euc WE supernatant presented lower turbidity, in gel formation cycle
than at the 5™ cycle, UB-Euc B presented higher value of turbidity among UB-Euc samples.
This may have occurred due to higher mean diameter of UB-Euc B nanofibrils. In the last
cycle, UB-Euc A and B presented higher turbidity when compared to gel formation cycle.
However, UB-Euc A was significantly higher than UB-Euc B and this indicates higher
content of nanofibrils in the supernatant.

CTMP samples presented higher values of turbidity, even though they did not present
a gel appearance. This turbidity can be related to high hemicelluloses and lignin content
attached to CTMP micro and nanoparticles, as discussed in early sections. Xiao et al. (2001)
showed a change in turbidity due to the dissolution of hemicelluloses and lignin in the
suspension when applying pre-treatments that modified the cell wall of fibers. CTMP A
presented the highest turbidity value with 661 £ 10 NTU at the last cycle, followed by WE
treatment, with 572 = 7 NTU and enzyme B treatment with 415 + 21 NTU, following the
same order of energy consumption. A decrease was observed for CTMP A treatment after

cycle 2, as well as for WE treatment after 3 cycles, probably due to an entanglement of
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particles as showed in section 3.3. The morphology of the nanofibrils may change with the

excessive passage through the grinder, becoming more “blooming trees” (Wang et al., 2012).
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Figure 10. Evolution of turbidity of the supernatant of nanofibrils suspensions with the number of
cycles through the grinder: (A) UB-Euc; (B) CTMP; and (C) UB-Pin cellulose
nanofibrils. Arrows mark gel formation.

After the third cycle, UB-Pin A decreased its turbidity while the WE suspension
decreased after the 4™ cycle. Turbidity of enzymatically treated pulps showed similar results
at gel formation cycle. Nanofibrils in supernatant were more evident for both enzyme
pretreatments when compared to control (untreated) presenting higher turbidity values. In the
last cycle, UB-Pin B presented higher turbidity values compared to UB-Pin A and both of
them were higher than UB-Pin WE. These results may indicate the success in the use of
enzymatic treatment to enhance fibrillation.

The stability of the samples for each grinding cycle is shown in Figure 11. For UB-
Euc and UB-Pin fibers it was noted that lower sedimentation occur with the increase of cycles

through the grinder. This may correlate with a presence of smaller particles (mixture of
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fragments of hemicelluloses, lignin and cellulose nanofibrils) that remain suspended while

fibers and fragments tend to sink to the bottom of the vessel.
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Figure 11. Evolution of the stability of the cellulose nanofibrils with the cycles through the grinder,
after 48 h decantation in water for: (A) UB-Euc; (B) CTMP; and (C) UB-Pin. Arrows
mark the gel formation cycles for each treatment.

Guimarées Junior et al. (2015) concluded in their study that with the increase of
degree of fibrillation, suspensions of nanofibrils would become more stable in water, being

evident mainly in the cycle in which there is gel formation, which led to lower decantation.
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As shown in Figure 11A, with the increase of number of cycles, control samples of UB-Euc
showed increased stability of the nanofibrils. However, complete stabilization in water was
not observed. The cause of non-stabilization is the presence of non-nanoscale material, which
led the fragments in suspension to decant (McKee et al., 2014). In the cycle that a gel
appearance was formed in the suspension, the stability of the nanofibrils was 89%. One
additional cycle caused stability to fell to 87%, rising again in the last cycle, with 94%. The
decrease in the fourth cycle sample should be related to nanofibrils flocculation caused by
nanofibrils interlacing forming “net” or “blooming trees” structures.

UB-Euc A also presented an increase in suspension stability as cycle increases. In 2
cycles (gel formation cycle), the suspension exhibits 82% of stabilization, and finding
complete stability at 4 and 5 cycles. UB-Euc B suspension was stabilized at gel formation
cycle (2 cycles), slightly decreasing in the 3™ cycle to 97% and then increasing again to
100%.

Figure 11B shows the stability of CTMP suspensions in water. Larger particles in
suspension may have caused decantation in the CTMP suspension. As no gel-like suspension
was reached, it was expected that there would be no complete water-stabilization. However,
with the increase in the number of cycles through the grinder, the increase of turbidity of the
supernatant of the samples was observed. This may have happened due to the increased
percentage of nanofibrils in the supernatant, increasing their turbidity. It is known that
nanoscale materials are lighter, thus increasing their turbidity (McKee et al., 2014).

The water stabilization of unbleached Pinus samples is presented in Figure 11C. As
the degree of fibrillation of the suspension increased, the increase of stabilization was
observed for all treatments. For control treatment, complete stabilization in water was
observed in the cycle where there was the gel formation (3 cycles). But on 5" cycle, the
stabilization drop from 100% to 90%. The entanglement of nanofibrils in this cycle should
have caused this decrease in stability. Similar pattern was observed for UB-Pin A suspension.
In UB-Pin A gel-like formation cycle (2" cycle), suspension was not fully stabilized but
reached 94% of water-stability, completely stabilizing after 3 cycles and having a slight
decrease in the last cycle as well. Nanofibrils from enzyme B pretreatment presented 97% of
stability in gel formation cycle (2™ cycle) and complete stabilization at the 4™ and 5™ cycle
through the grinder.
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3.5 Zeta potential

Zeta potential results are presented in Table 3. According to Mirhosseini et al. (2008),
charge values in the surface of nanofibrils higher than 25 mV, in module, is considered a
stable suspension. Zeta potential is an important indicator of colloidal dispersion, which
higher values in modulus indicate higher dispersion of nanocellulose in water (Tonoli et al.,
2012).

Table 3. Average and standard deviation values of zeta potential in different cycles. Results in mV.

Cycle UB-Euc CTMP UB-Pin

Gel formation 456+2°% -453+14% -37.3+1.7°2
WE b b b

5 -17.3+1.3 255+2.4 147+13

A Gel formation 447 +15°2 441+152 -35+0.7°
5 147+17° 221+1.1°0¢ -141+09°"
B Gel formation 413+16°2 -43.4+39°% -37.6+0.32
5 -149+19° -185+1°¢ -124+23°

For CTMP there was no gel forming in any cycle and it is used the 2™ cycle for cooperation. Same letters in the
columns imply that values do not differ according to Tukey’s statistic test at 5%.

Nanofibrils extracted from UB-Euc or CTMP presented zeta potential values higher
than UB-Pin. For treatment A and treatment B of all pulps, zeta potential tends to have a
small decrease. Bhardwaj, Kumar and Bajpai (2004) reported -32.8 mV for unbleached Kraft
Eucalyptus pulp, Smolin et al. (2008) found -43.7 mV for CTMP zeta potential, and for Pinus
Kraft pulp, ColloidMetrix (nd) found -29.5 mV.

Even though CTMP did not form gel in its suspension, zeta potential after 2 cycles
presented similar results with UB-Euc. Once gel is formed, after 5 cycles through grinder,
zeta potential of CTMP suspensions presented higher values of zeta potential than both UB-
Euc and UB-Pin.

High values observed for Eucalyptus compared to Pinus nanofibrils can be explained
by the presence of carboxyl and methyl-glucouronic acid groups present in the xylans, main
hemicelluloses of hardwoods (Winuprasith and Suphantharika, 2013), since it increases zeta
potential values (Klemm et al., 2011).

Five cycles during mechanical fibrillation caused the decrease of zeta potential values
for all treatments. This may occur due to an extraction of hemicelluloses during fibrillation
(Dufresne et al., 1997) or the entanglement of nanofibrils particles that could contribute to

changes of zeta potential measurement (Siqueira et al., 2009).
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3.6 Tensile properties of films composed of nanofibrils
Figure 12 presents a typical stress-strain curve of the films. Table 4 shows the main
results of the tensile test of nanofibril film samples. As CTMP did not form a gelatinous

suspension, it was not possible to form a film from the micro/nanofibrils suspension.
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Figure 12. Typical stress-strain curves of films at gel formation and 5 cycles for: (A) UB-Euc; and
(B) UB-Pin.

Comparing films on gel formation cycle, UB-Euc A presented the highest tensile
strength for Eucalyptus pulp, with 42.3 £ 5.0 MPa. UB-Euc A generated nanofibrils with
smaller diameters than UB-Euc B and this may have caused a stronger bonding between
nanofibrils pretreated with enzyme B due to the higher surface area that improved the
interlacing between nanofibrils. Comparing films of the gel formation cycle to the ones at the
5™ cycle, it was observed that the increase in tensile strength is lower than 50% for most
samples while energy consumption could surpass 100% with the increase of cycles from the

point of gel formation. The film that presented the highest tensile strength was UB-Euc A that
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also had the highest supernatant turbidity from UB-Euc samples. Young’s modulus kept
similar to UB-Euc A and B for both gel formation cycle and the 5™ cycle. The difference is
observed for both treatments in the last cycle. For strain at rupture, it was visualized that with

the increase of fibrillation cycles the strain values also increased.

Table 4. Average and standard deviation values of tensile properties of the films in different cycles.”™

Strain at rupture

Cycle  Tensile strength (MPa) Young's modulus (GPa) (%)
3* 35.1+5.3% 2.7+0.40°¢ 24+11°
UB-Euc WE bed b b
5 49.2 + 5.2 @b¢ 3.1+04°5¢ 4.3+0.9 3¢
2% 42.3 +5,0¢%%¢ 2.8+0.20¢ 2.8+0.75¢
UB-Euc A
5 61.6 +21.3° 32+1.0% 52+3.3%
2% 37.2+85% 2.8+0.50¢ 22+15°
UB-Euc B X X X
5 51.6 + 4.5 2b¢ 35+07% 3.4+0.6%°
3* 45.2 + 9.3 bede 2.7+0.7°¢ 47+162°
UB-Pin WE X X
5 57.2+6.7% 40+08°% 2.7+0.90¢
2% 40.4 + 5.1 ©9¢ 2.7+0.1°¢ 3.3+1.32b¢
UB-Pin A
5 46.6 + 9.9 Pede 40+0.32 21+10¢
2% 27.3+1.7°¢ 1.8+0.3°¢ 3.3+0.9%¢
UB-Pin B )
5 36.0+4.5%° 24+04° 3.6+1.22%b¢

*Gel formation cycle. ** Same letters in the columns do not differ according to Tukey’s statistic test at
5%.

UB-Pin samples followed similar behavior to UB-Euc. UB-Pin WE presented 45.2 +
9.3 MPa of tensile strength in gel formation cycle and UB-Pin A 40.4 + 5.1 MPa. UB-Pin B
showed the lowest tensile strength (27.3 = 1.7 MPa) at 3 cycles (gel formation cycle). This
may have occurred due to the fact that UB-Pin B presented higher nanofibril average
diameter, when compared to UB-Pin A, as presented in previous sections, decreasing the
contact surface area between nanofibrils. With the increase in cycles, an increase in strength
was also observed for UB-Pin WE, enzymes A and B pretreatments. UB-Pin WE films
increased 20% with the 5 cycles, while A and B films increased 13% and 24%, respectively.
These samples presented lower supernatant turbidity as well as decreased water stability at 5
cycles, as presented in early sections. Low turbidity indicates few nanofibrils in the
supernatant. For Pinus, the strain at rupture seems to be lower in films formed from the cycle

that the gel was formed.
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The values of Young’s modulus and tensile strength found for cellulose nanofibrils are
comparable to other commercial materials. For instance, polyester presents Young’s modulus
of 0.31 £ 0.12 GPa and tensile strength of around 27.7 £ 7.2 MPa (Gloria et al., 2017).

4 CONCLUSIONS

The chemical composition and anatomical characteristics of the pulp fibers were not
affected by the application of enzymatic pretreatment, consequently, it did not promote
excessive hydrolysis of the pulps. In addition, enzymatic pretreatment triggered the reduction
of energy consumption for cellulose nanofibrils extraction of Kraft pulps.
Chemithermomechanical (CTMP) pulps were difficult to fibrillate and it was not possible to
see a gelatinous suspension as observed for the other pulps. Thus, enzymatic pretreatment did
not have any significant effect to promote CTMP fibrillation. It was possible to extract
nanofibrils of CTMP fibers, but in small contents; most of the particles of CTMP suspension
presented microsized particles instead of nanosized ones. CTMP also showed decreased water
stability and higher supernatant turbidity, caused by bigger particles in the suspension but
fragments of hemicelluloses, lignin and cellulose nanofibrils. On the other hand, enzyme A
and B pretreatments promoted more fibrillated nanofibrils at low energy consumption,
reaching up to 67% of savings. Eucalyptus sp. showed intact fibers even after gel cycle,
indicating that Pinus sp. was more efficient to fibrillate. In addition, the increase of water
stability of the suspensions was caused by smaller average diameters, which increased
interlacing between cellulose nanofibrils, also causing a slight increase of tensile strength.
Thus, the enzymatic pretreatment proved to be a sustainable alternative for extraction of
nanofibrils, generating cellulose nanofibrils with smaller mean diameters at low energy

consumption.
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QUARTA PARTE

CONCLUSOES DESTA DISSERTACAO

Foram comparados pré-tratamentos para obtencéo de nanofibrilas a um baixo consumo
energético. A comparacdo entre extracdo e caracterizagdo de nanofibrilas ocorreu entre
enzima A (A), enzima B (B), oxidacdo mediada por 1-oxil-2,2,6,6-tetrametilpiperidina
(TEMPO; T) e sem a adicédo de enzima (WE).

O pré-tratamento enzimatico mostrou que as enzimas A e B ndo causaram alteracdo
significativa na composigdo quimica e também nas caracteristicas anatdmicas. Isso indica que
a aplicacdo de enzimas ndo modifica a qualidade das fibras. Ainda assim, a atividade
enzimatica de endoglucanase provocou uma diminuicdo no didmetro mediano das
nanofibrilas. Essa diminui¢cdo no didmetro médio aumentou a estabilidade da suspenséo de
nanofibrilas em &gua e aumentou a turbidez do sobrenadante. As nanofibrilas extraidas de
polpas branqueadas pré-tratadas com enzimas apresentaram diametros menores, com valores
préximos a 19 nm, préximos as nanofibrilas pré-tratadas com o tratamento TEMPO, com
mediana de 17 nm. A extracdo de nanofibrilas de polpas pré-tratadas com enzimas apresentou
menor consumo energético.

A polpa CTMP parece ndo ter sido afetada pela atividade enzimatica, jA que nédo
apresentou uma consisténcia gelatinosa. Seu teor de lignina foi superior ao de polpas Kraft. A
lignina provavelmente inibiu a atividade da endoglucanase sobre a cadeia de celulose.

A atividade da enzima A provocou diminuicdo significativa do consumo de energia
para fibrilagdo de polpas Kraft branqueadas, alcangando 58% de economia. A enzima B, por
outro lado, diminuiu o consumo de forma mais significativa para polpas de Pinus ndo
branqueada. A suspensao tratada pela oxidacdo mediada por TEMPO apresentou nanofibrilas
individualizadas enquanto que nanofibrilas provindas de polpa pré-tratada com enzima
apresentou estruturas com diferentes didmetros e fibras ainda em desconstrugédo. Entretanto,
tal diametro médio foi inferior ao observado para polpa ndo tratada com enzima. O pré-
tratamento enzimatico também foi capaz de aumentar a estabilidade das suspensdes em agua
para ambas as polpas branqueadas e ndo branqueadas, bem como gerar um aumento na
turbidez de nanofibrilas no sobrenadante. Isso indica maior quantidade de nanofibrilas do que
0s tratamentos em que néo foi utilizado enzima.

O presente trabalho mostrou que a utilizacdo de pré-tratamento enzimatico diminui o

consumo energético, mantendo caracteristicas quimicas e anatdmicas das fibras e nanofibrilas.
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Entretanto, para trabalhos futuros sugere-se a aplicacdo de diferentes enzimas e dosagens de
enzimas avaliando o custo-beneficio do aumento da dosagem nas caracteristicas morfoldgicas
das nanofibrilas. Ainda, seria adequado realizar a caracterizacdo da resisténcia de filmes em
diferentes graus de fibrilacdo, para entender como excessivas desfibrilacbes agem sobre suas
propriedades mecanicas. Ainda, estudos devem ser realizados para superar a dificuldade de
desfibrilagdo de polpas CTMP. Neste caso, 0 uso de enzimas para a lignina pode ser uma
alternativa interessante para ser testada como pretratamento para melhorar a fibrilacéo.

Vale ressaltar ainda a importancia de se aprofundar o estudo da caracterizacdo de
nanofibrilas de celulose, verificando grau de desfibrilacdo, por exemplo. A turbidez é uma
caracterizacdo que pode ser mais bem explorada pela modificagdo da metodologia,
verificando diferentes diluicdes. Existe ainda uma variedade de coquetéis enzimaticos no

mercado para serem testados, sintetizados ou purificados.
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APENDICE

Tabela 1A — Composic¢do quimica dos carboidratos de polpas Kraft branqueadas de Eucalyptus sp. e

Pinus sp.
Carboidratos, %
Amostra . . . . .
Glicana Xilana Manana Arabinana Galactana Carboidratos totais

B-Euc WE 75,2+0,2 124+01 00%x00 0000 0,0%£0,0 87,6+0,1

B-Euc A 753+05 125+0,1 0,0+00 00+00 0,0%0,0 87,8+0,5

B-Euc B 756+01 125+01 00+00 00+00 0,0£0,0 88,0+0,1
B-Pin WE 76,1+0,1 7701 57+01 04%£01 02%0,1 90,3+0,1

B-Pin A 71,9+0,3 73+01 6,001 03%01 02%0,1 85,8+0,3

B-Pin B 744+12 76+02 58+01 04+01 0,2%0,1 884+14

Tabela 2A — Composigdo quimica dos carboidratos de polpas Kraft ndo branqueada de Eucalyptus sp.
e Pinus sp. e polpa quimiotermomecanica (CTMP) de Eucalyptus sp.

Carboidratos, %

Amostra Glicana Xilana Manana Arabinana Galactana Carboidratos Totais
UB-Euc WE 588+ 1,1 9,8+0,3 0,25+04 00£00 0601 69,5+1,1
UB-Euc A 54,5+0,7 94+0,1 0,0+£0,0 04+01 06+0,1 64,8+0,9
UB-Euc B 595+14 10,0+0,3 0,0+£0,0 00+£00 06+0,1 70,1+1,7
CTMP WE 43,7+13 96+0,1 09+£0,1 06+£0,5 10+£0,1 5,7+1.1
CTMP A 43,709 9,1+0,6 09+0,1 0,3+0,1 1,0+0,1 55,0+ 1,6
CTMP B 43,7+0,8 93+1,0 08+0,1 06+04 1,0+£0,1 55,4+2,1
UB-Pin WE 64,2+0,5 7,2+0,2 45+0,2 08+01 06%0,1 77,309
UB-Pin A 629+11 75+£0,1 50+0,1 08+01 0,7%0,1 76,9+1,4
UB-Pin B 65,0+ 1,3 7,3+0,3 49+0,1 08+01 06%0,1 787+16

Tabela 3A — Composicdo de lignina soltvel e insolivel de polpas Kraft ndo branqueadas de
Eucalyptus sp. e Pinus sp. e polpa quimiotermomecanica (CTMP) de Eucalyptus sp.

Amostra Lignina insolavel, % Lignina solavel, %
UB-Euc WE 19,1+0,2 32+0,.2
UB-Euc A 199+1,1 39+10
UB-Euc B 20,0+£0,3 30+0,.2
CTMP WE 31,0+0,6 30+0,.2
CTMP A 32,7+19 31+£01
CTMPB 32,715 3,1+0,2
UB-Pin WE 13,4+ 3,0 09+0,3
UB-Pin A 13,0+0,3 0,50,1+

UB-Pin B 133+13 04+01




