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RESUMO

Dentre as diversas aplicacdes, a hanotecnologia tem sido implementada para melhoria da
performance de produtos e embalagens, pois pode conferir caracteristicas exclusivas até entdo
restritas a outros materiais, ou ainda, subsidiar o desenvolvimento de novos produtos,
proporcionando qualidade de vida e seguridade alimentar a populacdo. Deste modo, essa tese teve
por objetivo caracterizar e avaliar a performance de filmes hibridos compostos de celulose vegetal
(CV) e celulose bacteriana (CB). Para isso, foram utilizados protocolos de obtencdo de
micro/nanofibrilas de fontes vegetais (Eucalyptus, Pinus) e bacteriana. Para producao da celulose
bacteriana realizou pré-ensaios para definir as melhores dosagens de glicose e cha verde apds isso,
pelo método casting produziu-se filmes hibridos em diferentes propor¢des complementares entre
celulose vegetal e bacteriana, sendo elas de (%): 0, 25, 50, 75 e 100. A caracteriza¢do da suspensédo
foi realizada pela microscopia eletronica de transmissdo (MET) e a caracterizacdo morfoldgica dos
filmes foi feita aplicando-se a microscopia eletrénica de varredura (MEV). Em complemento,
foram realizados ensaios de angulo de contato e molhabilidade pelo método de gonidmetro, as
propriedades de barreira foram obtidas por meio de ensaios de permeabilidade ao vapor de agua
(TPVA), resisténcia a graxa, e a caracterizacdo mecanica foi realizada por ensaios de resisténcia a
tracdo e perfuragdo. Os resultados evidenciaram que as morfologias das diferentes origens de
nanocelulose afetaram as propriedades fisicas, mecanicas e de barreira dos filmes produzidos. A
resisténcia a tracdo, o modulo de Young e a forca de puncdo diminuiram com o aumento do
contetdo de CB nos filmes, enquanto a molhabilidade dos filmes aumentou. Todas as composi¢des
dos filmes apresentaram alta resisténcia a impregnacao de graxas. Os angulos de contato com a
agua foram maiores para filmes puros produzidos com nanocelulose vegetais. Ao contrario, a
molhabilidade foi maior para os filmes produzidos com maior teor de CB. As composi¢fes com
menores teores de CB tendem a apresentar menores valores de permeabilidade ao vapor de agua
entre as composicgoes estudadas. As propriedades mecénicas foram consideravelmente superiores
para filmes compostos por nanocelulose vegetais. Da mesma forma, os resultados da forca de
punc¢do diminuiram significativamente com percentuais mais elevados de CB. Como os filmes s&o
gerados a partir de matérias-primas biodegradaveis, com propriedades mecanicas peculiares, seus
usos podem ser expandidos para a substituicdo de outros materiais plasticos, como materiais para
embalagens a base de celulose, bolsas, papeldo e aplicacdes de revestimento de superficie.

Palavras-chave: Biomaterial. Membrana. Celulose microfibrilada. Nanofibrila. Material
renovavel.



ABSTRACT

Among the various applications, nanotechnology has been aimed at improving the
performance of products and packaging, as it can confer exclusive characteristics hitherto restricted
to other materials in new products, providing the population with quality of life and food safety.
Thus, this thesis aimed to characterize and evaluate the performance of hybrid films composed of
plant cellulose (PC) and bacterial cellulose (BC). This, protocols were used to supply sources of
micro/nanofibers, vegetable (Eucalyptus Pinus) and bacterial. For the production of bacterial
cellulose, pre-tests were carried out to define the best dosages and green tea after that, by the
cellulose production method, hybrid films are produced in different proportions of vegetable and
bacterial cellulose, being them (%): 0, 25, 50, 75 and 100. The characterization of the suspension
was performed by transmission electron microscopy (TEM) and the morphological
characterization of the films was applied to scanning electron microscopy (SEM). In addition,
contact angle and wettability tests were carried out by the goniometer method, barrier properties
were obtained by means of water vapor permeability (WVP) tests, grease resistance and mechanical
characterization was carried out by tests of tensile and puncture strength. The results showed that
the morphologies of the different origins of nanocellulose affected the physical, mechanical and
barrier properties of the films produced. Tensile strength, Young's modulus and punching force
decreased with increasing BC content in the films, while the wettability of the films increased. All
film compositions showed high resistance to grease impregnation. The contact angles with water
were higher for pure films produced with plant nanocellulose. On the contrary, wettability was
higher for films produced with higher BC content. Compositions with lower BC contents tend to
have lower water vapor permeability values among the compositions studied. The mechanical
properties were considerably higher for films composed of plant nanocellulose. Likewise, puncture
force results significantly decreased with higher percentages of BC. As the films are generated
from biodegradable raw materials, with peculiar mechanical properties, their uses can be expanded
to replace other plastic materials, such as cellulose-based packaging materials, bags, cardboard and
surface coating applications.

Keywords: Biomaterial, Membrane. Microfibrillated Cellulose. Nanofibril. Renewable
material.
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PRIMEIRA PARTE

1 INTRODUCAO

A celulose vegetal é um polimero organico de grande relevancia industrial, principalmente
por sua variada aplicacdo aos mais diversos setores, fato esse que explica a quantidade crescente
de pesquisas relacionadas a sua producdo e utilizacdo. Com o avango da nanotecnologia, inimeros
trabalhos tém sido publicados visando encontrar novas alternativas aos materiais oriundos de fontes
ndo-renovaveis provenientes do gas natural e petroleo, por exemplo, uma dessas areas de pesquisa
se aplica a producdo de embalagens com nanocelulose a qual apresenta caracteristicas e
propriedades satisfatdrias e € menos agressiva ao ambiente.

A nanocelulose vegetal vem se destacando por possuir propriedades e desempenho
superiores em relacdo as das fibras convencionais de celulose, além disso, esta ligada diretamente
a sustentabilidade, ja que pode ser obtida através residuos agricolas, madeiras e fibras vegetais
(KLEMM et al., 2011; MILANEZ et al., 2013; SORRENTINO, 2017). A sua producéo consiste
em realizar tratamentos mecanicos, quimicos e/ou biolégicos aos quais permitam separar 0S
filamentos nanoceluldsicos que sdo a base da celulose presente nas paredes das fibras.

As nanoparticulas de celulose vém sendo estudadas principalmente como material de
reforco em matrizes poliméricas, devido a sua capacidade em melhorar as propriedades mecanicas,
Opticas, dielétricas, barreira, entre outras, dessas matrizes (DUFRESNE, 2012; SILVA;
D’ALMEIDA, 2009). Além disso, podem ser obtidas de diversos tipos de fontes além dos vegetais,
como algas, fungos e bactérias (SILVA; D’ALMEIDA, 2009).

A celulose bacteriana (CB) ou microbiana consiste em um polissacarideo extracelular
amplamente utilizado em novos campos devido as suas propriedades fisicas uUnicas. O método
convencional de producdo de CB é feito por cultivo estatico usando agucares como glicose, frutose
e sacarose e ainda ndo é aplicavel a producdo industrial em larga escala devido ao alto custo
proveniente da baixa tecnologia aplicada a sua producgéo.

A CB apresenta similaridades quimicas e estruturais com a celulose de origem vegetal,
entretanto, suas fibras s&o sintetizadas em dimensdes nanomeétricas, denominadas de nanocelulose
bacteriana, garantindo a CB propriedades distintas. Além disso, a CB é considerada uma celulose

pura, especialmente quando comparada com as celuloses de origem vegetal, sendo desprovida de
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lignina, hemicelulose, pectina ou qualquer outro composto presente na polpa da planta e nédo
contém componentes de origem animal (FU et al., 2013).

Buscando conhecer melhor as similaridades e diferencas entre CB e CNF este trabalho teve
por objetivo caracterizar filmes atraves de solucdes puras e hibridas entre celulose de origem

vegetal e bacteriana.
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2 REFERENCIAL TEORICO

2.1 Celulose

Originaria de inumeras fontes, como madeira, sementes, folhas, gramineas, animais
marinhos, algas, fungos, invertebrados e bactérias (VARSHNEY; NAITHANI, 2011), a celulose
pode ser considerada um dos materiais naturais mais abundantes e biodegradaveis do mundo,
portanto, tem sido tema de extensas investigacoes ao longo do tempo (JONKER, 2008; GOPI et al.
2019). Sendo assim, pesquisas em biologia molecular permitiram compreender melhor os

mecanismos relacionados a biossintese da celulose vegetal (FU et al. 2013).

2.1.1 Celulose Vegetal (CV)

A fonte mais importante de celulose é a madeira (STELTE & SANADI, 2009; SIRO;
PLACKETT, 2010; HEINZE et al. 2018). Além da celulose, outros componentes denominados
fundamentais da madeira também sdo apresentados na figura 1. Na parede celular das arvores, por
exemplo, ha percentualmente em massa cerca de 40-55 % de celulose, 24-40 % de hemicelulose e
18-25 % de lignina, podendo este Gltimo componente chegar a 30 % em algumas madeiras (SUN;
CHENG, 2002; SIXTA, 2006, HEINZE et al. 2018).
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Celulose

Figura 1. Organizacdo dos principais componentes da madeira. Adaptado de Nishimura et al. (2018).

Esses componentes fundamentais contribuem no crescimento das arvores, por exemplo, a
celulose responsavel pela rigidez do vegetal (COSTA et al. 2017), e do ponto usual ela possui uma
grande aplicacdo industrial, atuando de forma direta na economia de diversos paises, entre eles o
Brasil (COSTA et al. 2017). A hemicelulose por sua vez possui fungdes variadas, atuando como
mecanismo de defesa, reserva de carbono, transporte de dgua/nutriente e sustentacdo do vegetal
(BUCKERIDGE et al. 2000; BUCKERIDGE et al. 2008). Por ultimo temos a lignina ¢ um
componente quimico e morfoldgico caracteristico dos tecidos de vegetais superiores, como as
gimnospermas e angiospermas, nos quais normalmente ocorre nos tecidos vasculares,
especializados no transporte de liquidos e resisténcia mecanica (FENGEL & WEGENER, 1989).

A celulose é compreendida por muitos como um dos principais constituintes das arvores
(GALLEGOS et al. 2016), constituindo de um polimero linear e homogéneo composto de unidades
repetidas de B-D-anidroglucopiranose (KUMAR et al. 2009; SANCHEZ 2009; BERTERO et al.
2012; IQBAL et al. 2013) ligadas através de ligagdes B-1,4-glicosidicas (Figura 2).
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Figura 2. Estrutura quimica da celulose.

Em média a cadeia de celulose vegetal apresenta um grau de polimerizacao de cerca de 9.000
a 10.000 unidades (WALISZEWSKA et al, 2019). A celulose possui excelentes propriedades
mecanicas, como resisténcia a tracdo e modulo de elasticidade os quais em média se aproximam
de 16,9 GPa e 2 GPa, respectivamente. Aproximadamente 65% ou mais de celulose € altamente
orientada e cristalina e, portanto, ndo é acessivel a agua ou outros solventes. A celulose é resistente
a degradacdo devido a sua estreita associagdo com polimeros, que incluem lignina e hemicelulose
(IQBAL, 2015).

2.1.2 Celulose Bacteriana

A CB € um polimero natural promissor que € biossintetizado por certas bactérias (FU et al.,
2013). Os principais géneros produtores, sdo: Acetobacter spp., Agrobacterium spp., Alcaligenes
spp., Gluconacetobacter spp., Rhizobium, Sarcina spp. (VANDAMME et al. 1998; DONINI et al.,
2010; IQBAL et al. 2015) e a sua forma de obtencdo, a torna livre de impurezas, contrario a celulose
vegetal que possuem lignina, hemiceluloses e pectinas (KESHK, 2014) que necessitam de
tratamentos altamente poluentes para a sua utilizacdo, garantindo assim um potencial econdmico
para o biopolimero oriundo de bactérias.

Em termos de composicdo, a CB é um biopolimero estrutural, semelhante a celulose de
origem vegetal, porém apresenta propriedades fisico-quimicas diferentes (UL-ISLAM et al., 2012),
sendo considerada celulose pura, a CB é sintetizada pelas bactérias como mecanismo de protecao
em escala nanométrica (BROWN; LABORIE, 2007; PECORARO et al., 2008) conferindo
caracteristicas peculiares em decorréncia das suas dimensdes, como alta cristalinidade, capacidade

de absorcao de &gua e resisténcia mecénica no estado imido (CZAJA et al., 2006).
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A celulose bacterianas apresentam diametro das suas fibras variando de 20-100 nm, natureza
hidrofilica, biocompatibilidade, transparéncia e ndo é toxica o que torna um excelente e promissor
material para uma ampla variedade de aplicacGes nas mais diversas areas (FU et al., 2013),
especialmente aqueles relacionados a aplicacGes biomédicas, tecnoldgicas, industria alimenticia,
téxtil e farmacéuticas (KLEMM et al., 2005; DAHMAN, 2009; GAMA et al., 2012; SHAH et al.,
2013; LEE et al., 2014; SHI et al., 2014).

Os principais fatores que afetam a producéo da celulose e suas propriedades de membrana
estdo relacionados a concentracdo de carbono e de nitrogénio, o pH, a temperatura e o suprimento
de oxigénio. Além disso, as diferentes estirpes de bactérias podem influenciar a taxa de producéo,
bem como na microestrutura da celulose obtida (TANG et al., 2010; RUKA et al., 2012; RANI;
APPAIAH, 2013)

O método mais utilizado para a producao é através de meios de cultura ricos em carboidratos,
como 0 monossacarideo D-glicose, o dissacarideo lactose; o polissacarideo, amido; o acido
organico, acido glucénico; e o alcool, etileno glicol (JONAS; FARAH 1998; IQBAL 2015). A
faixa de temperatura para producdo do meio de cultivo variade 15a34 °CepHde 4,5a 7,5 (SON
et al. 2001).

No que diz respeito ao cultivo, ha duas formas amplamente empregadas a sintese de CB, em
condic@es estatica e agitada, no meio estatico a sintese ocorre na interface ar/liquido do meio de
cultura, formando a biomembrana. O meio de cultivo agitado produz celulose com tamanhos e
formas variados (DUARTE et al., 2019).

Em meio estético, as fitas celuldsicas e as bactérias emaranham-se e formam uma pelicula de
biomembrana na interface ar/liquido. O primeiro estagio da cultura é marcado pelo consumo do
oxigénio dissolvido no meio, produzindo assim uma porcao de celulose na fase liquida, apos certo
periodo apenas as bactérias proximas a interface ar/liquido e com acesso ao 0Xxigénio serdo capazes
de manter a sua atividade e produzir celulose. As bactérias presentes na fase liquida adormecem,
podendo ser reativada, servindo como inoculo em futuras culturas (LAVOINE et al., 2012;
DUARTE et al., 2019).

Portanto, o processo de formacdo da celulose, sob condicGes estaticas, € regulado pela
quantidade de oxigénio em contato com a superficie do meio e do tempo de fermentag&o, tendo em
vista que as bactérias ndo sintetizam CB quando ha oferta insuficiente de oxigénio (DUARTE et
al., 2019).
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O cultivo agitado consiste em outro método de produgdo da CB, obtendo assim
biomembranas com formas irregulares em suspenséo fibrosa, como esferas e pellets (YAN et al.,
2008). Esse tipo de cultivo é indicado para producdo em escala econémica por necessitar de uma
alta area superficial disponivel (LEE et al., 2014). As principais limitacGes desse tipo de cultivo é
0 surgimento de organismos que acabam por dominar a cultura, reduzindo a quantidade de
nanocelulose no processo (KIM et al., 2007).

Além de alteracbes macroscopicas da CB em relacdo aos diferentes meios de cultivo, a
estrutura microscopica também apresenta modificacGes. Apesar da rede de fibrilas permanecer a
mesma, encontra-se diferencas na estrutura dos cristais e das cadeias moleculares. Por exemplo, a
resisténcia mecanica, a cristalinidade e o grau de polimerizacdo do material formado s&o inferiores
quando obtidos em cultura agitada (SHI et al., 2014; DUARTE et al., 2019).

A principal diferenca entre a celulose bacteriana e a vegetal, seria o seu carater de fibras
nanomeétricas em vez do carater micrométrico da vegetal o que promove maior resisténcia mecanica
e fisica, abrindo grandes oportunidades de aplicagdes tecnoldgicas e bioldgicas, muito além das
obtidas pela celulose vegetal. Além disso, outras caracteristicas diferem a CB, como maior
cristalinidade, alta pureza, elevado grau de polimerizacdo, maior area superficial, maior capacidade
de retencdo de &gua, carater elastico, alta resisténcia e flexibilidade (CZAJA et al., 2006; DONINI
etal., 2010; WANG et al., 2011; CALDEIRA, 2013; LIMA et al. 2015).

Estes parametros que diferem a CB da CV sdo oriundos em funcdo do tipo de formacao
biosintética, consequentemente da rede de micro/ nanofibrilas formadas durante o cultivo e também
por ndo apresentarem os compostos de baixo peso molecular presentes na formacdo da celulose
nos vegetais (CALDEIRA, 2013). Apesar de todas caracteristicas inerentes da CB, um fato
importante a se ressaltar seria o desafio e custo de producdo deste tipo de material atualmente, o

que corrobora com a necessidade de promover maiores estudos sobre o tema.

2.1.2.1 Estrutura, sintese e usos da celulose bacteriana

A bactéria Gluconacetobacter xylinum é utilizada como modelo na producéo de CB (EL-
SAIED et al., 2008) devido a sua capacidade de produzir celulose na presenca de diferentes fontes
de carbono e nitrogénio (LEE et al., 2014). Este bacilo aerdbio estrito e Gram negativo pode ser

encontrado na natureza em frutas, vegetais e em produtos fermentados junto com outros
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microrganismos tais como leveduras, fungos e outras bactérias (NEERA; BATRA, 2015). O tipo

de carbono utilizado, tempo de cultura e rendimento séo apresentados na Tabela 1.

Tabela 1. Comparativo entre diferentes fontes de carbono, suplementacédo e tempo de cultura e
seus respectivos rendimentos na producéo de celulose bacteriana.

Bactéria Carbono Tempo de cultura Rendimento
(h) (9/L)
A. xylinum BRC 5 Glicose 50 15,30
G. hansenii (KCTC 10505 BP) Glicose 48 1,72
G. hansenii (KCTC 10505 BP) Glicose 72 2,50
Acetobacter sp. V6 Glicose 192 4,16
Acetobacter sp. A9 Glicose 192 15,20
A. xylinum BPR2001 Melaco 72 7,82
A. xylinum BPR2001 Frutose 72 14,10

Acetobacter xylinum ssp. sucrofermentans

BPR200L Frutose 44 8,70
Acetobacter xylinum E25 Glicose 168 3,50
G. xylinus strain (K3) Manitol 168 3,34
Gluconacetobacter xylinus IFO 13773 Glicose 168 10,10
Acetobacter xylinum NUST4.1 Glicose 120 6,00
Gluconacetobacter xylinus IFO 13773 Melaco 168 5,76
Gluconacetobacter sp. RKY5 Glicerol 144 5,63

Fonte: Adaptado de Chawla (2009)

De modo geral, as bactérias produtoras de CB sdo capazes de excretar celulose

extracelularmente em forma de uma pelicula na superficie do meio, como uma camada gelatinosa
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em cultivos estaticos, e em cultivos agitados podem produzi-la como pellets formados no interior
do meio de cultivo. Sua biossintese € um processo que envolve vérias rea¢fes bioquimicas, as quais
sdo reguladas por um numero elevado de enzimas e de complexos de proteinas reguladoras e
cataliticas (CAMPELO, 2017).

A CB é composta por moléculas de celulose que se completam para formar uma rede de
sub-fibrilas interligadas por ligacbes de hidrogénio. Os grupos hidroxila dispostos em sua
superficie, explicam sua degradabilidade, hidrofilicidade e sua alta capacidade de modificagédo
quimica para diversas aplicacbes (CAMPELO, 2017), o seu crescimento no meio de cultivo esta
associado ao crescimento celular.

A sintese da CB se inicia com a origem de cadeias que se juntam formando as “sub-fibrilas”,
as guais se agrupam com outras aproximadamente 36 similares, formando assim a fibrila elementar
com diametro de 3 - 3,5nm. Em seguida, aproximadamente 46 fibrilas adjacentes juntam-se atraves
de pontes de hidrogénio formando um ribbon, nome dado as fibras de CB. Esses ribbons formam
uma estrutura reticulada densa, que é estabilizada por pontes de hidrogénio (CAMPELO, 2017;
PECORARO, et al. 2008).

Apesar de apresentar a mesma férmula quimica, a CB apresenta fibras nanométricas com
propriedades distintas da celulose vegetal (Figura 3) e uma cristalinidade mais elevada, o que Ihes
conferem alta resisténcia mecanica e capacidade de insercdo de materiais para compositos (Tabela
2). Outra caracteristica da CB, como ja citado € sua pureza, pois em contraste com a celulose obtida
das plantas, a celulose sintetizada por bactérias é isenta da presenca de lignina e hemicelulose,

componentes dificeis de serem retirados e que restringem seu uso.
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Figura 3. Micrografias entre fibras de celulose bacteriana (A) e celulose vegetal (B). Fonte:
Adaptado DONINI et al., 2010.

Tabela 2. Caracteristicas da Celulose Vegetal e da Celulose Bacteriana.

Propriedade Celulose Vegetal Celulose Bacteriana
Largura da Fibra (nm) 14 —40.000 50 -80
Cristalinidade (%) 43 - 65 84 -89
Grau de polimerizagéo 13.000 — 14.000 2.000 - 6.000
Maodulo de Young (GPa) 13-180 15-138
Resisténcia a tracao (MPa) 10 - 250 91 - 260
Quantidade de agua (%) 60 98,5

Fonte: DUARTE et al., 2019.

Essas propriedades tornam a CB um biopolimero altamente versatil, possibilitando a sua
utilizacdo em diferentes setores da economia (Tabela 3), essas diversas utilizaces se esbarram no
custo elevado de producdo, principalmente devido a falta de compreensdo e conhecimento dos

mecanismos de crescimento microbiana.
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Tabela 3. Aplicacdes da celulose bacteriana.

Area

Aplicacao

Cosmeéticos,
Industria e Téxtil

Estabilizador de emulsdes como cremes tonicos, condicionadores, polidores

de unha, roupas para esportes, tendas e equipamentos de camping.

Mineracéo e

Refinaria

Esponjas para coleta de vazamento de 6leo, materiais para absorcao de

toxinas.

Tratamento de
Lixo

Reciclagem de minerais e 6leos.

Purificacdo de

esgotos

Purificacdo de esgotos urbanos, ultrafiltracdo de agua.

Comunicacgoes
Industria de

alimentos

Diafragmas para microfones e fones estéreos, celulose comestivel (“nata de

coco”).

Industria de papel

Substituigdo artificial de madeira, papeis especiais.

Medicina,
Laboratorios,
Eletronica e

Energia

Pele artificial temporaria para queimaduras e Ulceras, componentes de
implantes dentarios, imobilizacdo de proteinas de células, técnicas
cromatograficas, meio para cultura de tecidos, materiais opto-eletrénicos
(telas de cristal liquido, suporte para OLED), membranas células

combustivel (paladio).

Fonte: Donini et at., 2010

2.1.2.2 Meios de cultivo

A sintese de CB ocorre mediante a inoculacdo do microrganismo em um meio de cultura

adequada ao seu crescimento, contendo fontes de carbono e outros nutrientes essenciais. Como

fontes de carbono, tém-se: glicose, frutose, sacarose, glicerol, manitol entre outros (TURECK,

2017).

As bactérias produtoras de celulose sdo capazes de converter a glicose (Figura 2) em celulose.

A glicose atua ndo s6 como fonte de energia, mas também como a percursora da biossintese do
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biopolimero. Porém, como outras demais fontes de carbono, apresenta limitagdes no seu uso,

devido ao elevado custo relacionado a larga produtividade (OLIVEIRA et al., 2016).

OH

Figura 4. Estrutura quimica da glicose.

Segundo Tureck, 2017, a sintese de celulose tem inicio no transporte do meio externo para o
citoplasma da bactéria ou de fontes internas. A conversao da glicose transportada do meio externo
para o citoplasma bacteriano é catalisada por quatro enzimas, sendo elas: Glicoquinase, que é a
enzima responsavel pela fosforilagdo do carbono 6 da glicose, a Fosfoglicomutase que catalisa a
reacdo de isomerizacdo da glicose-6-fosfato para glicose-1-fosfato, a UDPG-pirofosforilase
(glicose-1-fosfato-uridililtransferase) que sintetiza a UDP - glicose (UDPG) e a Celulose Sintase
(CS) que produz a celulose a partir de UDP-glicose.

A sintese da celulose, a partir de fontes enddgenas, se da a partir da gliconeogénese que,
ocorre a partir do oxalacetato, via piruvato, devido a um mecanismo de regulagdo ndo comum das
enzimas oxalacetato descarboxilase e a piruvato fosfato diquinase, que converte o piruvato a
fosfoenolpiruvato. A reacdo de sintese de CB constitui um processo oneroso para a célula,
consumindo cerca de 10% da adenosina trifosfato (ATP) gerada no metabolismo bacteriano.
Assim, a energia empregada para a sintese da CB é proveniente do metabolismo aerobio
(TURECK, 2017).

Outro importante carboidrato utilizado na producéo seria a frutose (Figura 3) encontrado na
maioria das plantas, principalmente nos frutos. E considerada um aclcar, sendo um composto

solido, incolor, cristalino e soluvel em agua. Também classificada como um monossacarideo, €
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composta por seis atomos de carbono unidos em liga¢fes covalentes simples, apresentando
grupamentos hidroxila, formados por hidrogénio e oxigénio e um grupamento carbonila, formado
por ligacdo dupla entre o carbono e o oxigénio (BARREIROS et al., 2005).

Na década de 70, a separacdo da frutose e da glicose a partir de solu¢cdes compostas por
acucares invertidos foi obtida por meio da cromatografia de troca iénica. A utilizagdo desse método
aumentou a producéo de frutose pura e diminuiu drasticamente o seu pre¢o (BARREIROS et al.,
2005).

Segundo TURECK, 2017, em relacdo ao uso da frutose para producdo de CB, varios
experimentos a utilizaram no meio de cultivo, e notaram que sua preseng¢a aumenta a concentracéo
da membrana, obtendo um aumento de 47% do que quando utilizados outros meios, como a glicose.
Alguns autores ainda comentaram que a composi¢do e concentracdo de acucares nao interferiam

na producao de CB, desde que houvesse frutose no meio.

o .
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Figura 5. Estrutura quimica da frutose.

Outra fonte de carbono que também € utilizada nos processos de sintese bacteriana é a
sacarose (Figura 4), uma substancia conhecida desde o ano 200 a.C., sendo o carboidrato de baixa
massa molecular mais abundante. E produzido em larga escala por diversos paises, principalmente
para usos alimentares, pois é um alimento natural e amplamente utilizado como ingrediente. E um
dissacarideo néo redutor constituido de dois monossacarideos, glicose e frutose, que estéo ligados
entre si através dos seus carbonos anoméricos. E conhecido genericamente com o nome de aglcar
e esta distribuido em todo o reino vegetal, sendo o principal carboidrato de reserva de energia. E a
substancia organica cristalina de maior produgdo mundial tendo duas fontes naturais importantes:
beterraba e cana-de-acucar (FERREIRA, et al. 2009).
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Figura 6. Estrutura quimica da sacarose.

Assim como a glicose, a sacarose também é um dos principais carboidratos de baixas massas
moleculares para a sintese organica. N&o existe um levantamento confiavel do nimero de processos
que foram relatados na literatura a partir da sacarose como matéria-prima, porém héa cerca de 100
processos tecnicamente viaveis que estdo sendo utilizados em escala comercial.

Quando dissacarideo, a sacarose é usada como fonte de carbono por bactérias produtoras de
celulose, fazendo com que a biossintese da CB realize a hidrélise dos dissacarideos em
monossacarideos (DUARTE et al., 2019). Ela apresentou alguns resultados significativos, como
relatado em alguns estudos, porém ndo apresenta diferengas significativas entre a sacarose
comercial (aclcar) e a sacarose pura na producédo de CB, além de uma menor producdo em relagédo
a outros meios de cultivo que apresentam menor custo de geracdo (TURECK, 2017).

Além da glicose, frutose e sacarose também encontramos na literatura outras fontes de
producdo de CB, entre elas destacam-se o glicerol e 0 manitol.

O Brasil gera aproximadamente 40.000 m?3 de glicerol residual (CAMPELO, 2017), como
coproduto de biodiesel produzido. Com elevada geracdo, dificuldade em ser utilizado e os
processos de purificacdo onerosos, sua comercializagdo se torna inviavel, aumentando assim, seus
estoques. Sua disposicdo no meio ambiente, sem o tratamento adequado, pode causar diversos
problemas. Dessa forma, o glicerol torna-se alternativa viavel para a producdo da CB, reduzindo
custos de producéo e contribuindo para a diminuigéo da polui¢do ambiental.

O glicerol é um tri-alcool com trés carbonos, possui forma de um liquido incolor, com gosto
adocicado, sem cheiro e muito viscoso, derivado de fontes naturais ou petroquimicas. Apesar de
possuir uma menor quantidade de carbono em sua estrutura, € convertido de forma mais eficiente
em celulose bacteriana (OLIVEIRA, et al., 2016). A concentracdo do glicerol, acompanhada

durante o tempo, é reduzida, confirmando o indicativo da relacdo consumo de substrato e formacéo
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de produto relacionando-se com o fato de que a celulose produzida pode ser sintetizada a partir do
consumo do glicerol na formagao da estrutura polimérica (CAMPELO, 2017).

Ja o manitol, € um tipo de agUcar que pode ter varias utilizac6es, inclusive na fabricacdo de
resinas e plastificantes. A quantidade de celulose produzida através do manitol € bastante
consideravel. Em contraste com a glicose, o pH final do manitol ndo diminui para um pH &cido.
Esta parece ser uma das razoes para alta produtividade de celulose a partir de manitol. (OIKAWA,
etal., 2014).

Segundo OLIVEIRA et al., 2016, observando os resultados que por ele foram obtidos, €
possivel compreender que a fonte de carbono, manitol, fornece maior obtencdo de massa de
celulose para um mesmo tempo de crescimento, superando assim, a glicose e o glicerol. Este é um
carboidrato que pode ser encontrado facilmente em alguns vegetais, tais como, beterraba, cebola,
azeitonas, entre outros. Pode ser considerado como um produto de baixo custo quando comparado
a glicose, sendo assim, utilizado para mais diversos fins.

A figura 5 evidencias as diferengas morfolégicas da estrutura da CB produzidas de meios de

cultivos com manitol (a), glicose (b) e glicerol (c).

Figura 7. Micrografias (MEV) das peliculas de CB produzidas utilizando a) manitol, b) glicose e
c) glicerol. Adaptado de OLIVEIRA, et al., 2016.
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A andlise apresentada demonstra que as peliculas produzidas utilizando manitol, Figura 5a,
possuem uma rede de nanofibrilas mais fechadas, demonstrando uma maior obtencdo do
biopolimero, sendo a sua superficie mais rugosa quando comparada com as peliculas obtidas por
meio dos outros substratos.

De acordo com a densidade das fibras, as peliculas de CB podem ser utilizadas em diferentes
aplicacdes. Como por exemplo, a membrana produzida com o manitol, por possuir uma superficie
mais fechada, pode ser utilizada na separacdo de gases, enquanto a CB produzida utilizando
glicose, pode ser utilizada como scaffolds, na engenharia de tecidos, por possuir maior abertura
entre as fibras e permitir uma maior migracéo de células para seu interior.

Na figura 6 podemos observar o desenvolvimento da CB em diferentes fontes de carbono e

a sua relacdo entre produtividade e tempo de cultivo.
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Figura 8. Producgéo de CB para diferentes fontes de carbono. (¢) Glicerol, (m) Glicose, (A)
Sacarose, (@) Manitol e (x) Frutose. Adaptado de SANTOS, et al., 2013.
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2.2 Micro/nanofibrilas de Celulose

A celulose é composta por microfibrilas de tamanho de 20-100 nm e comprimento de fibras
de 100-200 nm. Sendo comumente organizada em regides amorfas e cristalinas (KIM et al., 2007).
Devido as suas dimensdes e sua alta area superficial, importantes propriedades sdo adquiridas ao
produto como hidrofilicidade e ampla capacidade de modificacdo quimica (KLEM et al., 2005).

Além de micro/nanofibrilas € comum encontrar outras nomenclaturas, como: microfibrilas,
agregados de microfibrilas, celulose microfibrilar, nanofibrila, nanofibra, celulose nanofibrilar ou
agregados de fibrilas. Tal matéria-prima pode ser obtida de fontes lenhosas e nédo-lenhosas, de
residuos da agroindustria e de seus produtos como também de bactérias (SIRO; PLACKET, 2010;
KHALIL et al., 2014; SHI et al., 2014).

As micro/nanofibrilas vegetais sdo obtidas por tratamentos biolégico, quimico, mecanico ou
através de uma combinacdo destes processos. A desintegracdo da parede celular vegetal produz
micro/nanofibrilas longas (comprimento de alguns micrometros), devido a clivagem transversal ao
longo do eixo longitudinal da estrutura microfibrilar da celulose, gerando individuos com alta razdo
de aspecto (MOON et al., 2011).

Os primeiros métodos mecénicos descritos para obtencdo de micro/nanofibrilas utilizaram
polpa branqueada em suspensdo aquosa, processada em homogeneizador mecanico com adicao de
alta pressdo, para facilitar a fibrilagdo do material (SIQUEIRA et al., 2009). O material desfibrilado
apresentava microfibrilas livres, com alta razdo de aspecto, exibindo aspecto de gel com
propriedades pseudoplasticas e tixotropicas. Com o avan¢o da tecnologia, novos métodos e
equipamentos para processamento mecanico foram desenvolvidos e, atualmente, tem-se difundido
0 processamento mecanico a pressao atmosférica, utilizando-se discos ceramicos paralelos que
desfibrilam a parede celular das fibras, individualizando as micro/nanofibrilas (KLEMM et al.,
2011).

O material resultante é relativamente heterogéneo, composto por nanofibrilas, microfibrilas,
fragmentos de fibras e fibras (CHINGA-CARRASCO, 2011; TONOLI et al., 2016; SCATOLINO
et al., 2017). A producéo de celulose microfibrilada com elementos em nano escala utilizando-se
desfibrilador mecanico também foi relatada por lwamoto et al. (2007), Bufalino et al. (2014),
Guimardes Jr. et al. (2015), Fonseca et al. (2016). Sabe-se, que para que haja um satisfatorio grau

de desfibrilacao das fibras celuldsicas, um alto consumo de energia é gerado, pois se faz necessario
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passar a polpa celuldsica diversas vezes pelos homogeneizadores de alta pressao,
microfluidizadores ou grinders desfibriladores (SIQUEIRA et al., 2009; BUFALINO et al., 2014;
BUFALINO et al., 2015).

Outros métodos mecanicos vém sendo empregados como o cryocrushing, bem como
tratamentos ultrassonicos de alta intensidade com vistas a reduzir o excessivo consumo de energia
(MOON et al., 2011). Além disso, diversos pré-tratamentos quimicos e enzimaticos vem sendo
desenvolvidos ao longo dos anos, conforme reportado na literatura (ISOGAI et al., 2010; KLEMM
etal., 2011; MOON et al., 2011; SVAGAN, 2008).

Atraindo um interesse significativo nas UGltimas décadas devido ao seu potencial e
caracteristicas Unicas, as micro/nanofibrilas impulsionam o campo em forte expanséo de materiais
e nanocompositos sustentaveis. Suas areas potenciais de aplicacdo incluem agentes de reforco em
nanocompositos, papéis, filmes biodegradaveis, barreiras para embalagem, agentes estabilizantes
em dispersdes para filmes e membranas técnicas, aditivos em alimentos, agentes de textura em
cosméticos, tintas, fibrocimento e dispositivos médicos, como curativos e implantes bioativos (UL-
ISLAM et al., 2014; FONSECA et al. 2016; ARANTES et al., 2017, MIRMEHDI et al. 2018).

2.3 Aplicag0es da celulose

No Brasil, o setor de arvores plantadas tem impacto relevante na economia, com
representatividade de 6,9% no PIB Industrial; com uma area de plantio de aproximadamente 7,83
milhdes de hectares de arvores plantadas de eucalipto, pinus e demais espécies, dos quais cerca de
36% sdo voltados para inddstrias ligadas a producdo de celulose e papel (IBA, 2018).

Uma dominante parte da producdo de celulose no Brasil se destina a industria de papel e
embalagens (LANDIM et al. 2015), entretanto, outros usos a esse material podem ser destacados,
como por exemplo, na industria téxtil, na qual é utilizada para fabricacdo da viscose utilizada para
fazer tecidos, na industria farmacéutica a celulose € utilizada para revestimento de comprimidos e
capsulas para medicamentos. Na industria alimenticia, suas aplicacbes sdo diversas, desde a
producdo de tripa de celulose para confeccdo de embutidos (salsichas, linguigas, etc) até sua
utilizacdo como emulsificantes, espessantes e estabilizantes que entram na composicdo de
alimentos como sorvete, hamburguer, queijos, entre outros. Na construcdo civil a celulose também

é utilizada para a confecgé@o de paineis utilizados para divisérias de ambiente, conhecidos como
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drywall. Na medicina, pode ser utilizada como matéria prima de um curativo de biocelulose,
utilizado para o tratamento de feridas cutaneas que apresentam perda de tecido de pele, incluindo
gueimaduras de segundo grau (KLEM, 2005; BELGACEM; GANDINI, 2011)

Novos usos e aplicacBes para esse produto de origem natural vem surgindo ano apos ano,
seja através de modificaches de materiais ja existentes ou como sintese de novos materiais

incrementados com celulose nas suas mais diversas formas, em escala nanométrica ou in natura.

2.3.1 Filmes

Os filmes biopoliméricos sdo matérias que apresentam uma espessura fina e podem ser
utilizados como barreira a agentes externos, como por exemplo, a umidade, gases e 6leos. As
propriedades mecanicas e de barreira dos filmes dependem da interacdo dos componentes do
material (BALDWIN; CARRIEDO, 1994). A transformacédo da solucgdo filmogénicas em filmes é
consequéncias das interacOes inter e/ou intramoleculares que ocorrem. As caracteristicas finais
mudam de acordo com a concentracdo das macromoléculas, tipo de suporte utilizado, condicGes
de secagem e condic¢des ambientais (THARANATHAN, 2003).

Os filmes sdo desenvolvidos a partir de biopolimeros, como polissacarideos e seus derivados
(amido, celulose, quitosana, alginatos, pectinas e gomas), proteinas (caseina, zeina, gluten,
colageno entre outras), que sdo capazes de formar uma rede tridimensional semirigida que retém o
solvente. O grau de coesdo dessa rede tridimensional depende da estrutura do polimero, do processo
de fabricacdo, dos fatores fisicos (temperatura, técnica de evaporacao e aplicacdo) e da presenca e
natureza do plastificante (GONTARD et al, 1993; MORAES, 2013).

Existem diversas técnicas para a deposicdo de filmes como “dip-coating”, “spin-coating” e
casting. Destaca-se 0 método de casting, pois é a mais empregada em escala laboratorial para
formulagdo de filmes biodegradaveis e mostra bons resultados (MALI et al., 2010).

A técnica de casting é baseada no espalhamento da solucdo precursora da amostra sobre um
substrato. Apds a evaporacao total do solvente utilizado, o filme é formado sobre a superficie do
substrato. A evaporagéo do solvente pode ser acelerada por aquecimento (AMBROSI et al., 2008).

A metodologia de casting consiste na metodologia mais utilizada na literatura sobre
biofilmes, entretanto apresenta algumas desvantagens, como:

o Filmes se aderem ao suporte, dificultando a sua retirada;

¢ Dificuldade de interacdo de materiais de naturezas distintas;
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¢ Dificuldade de aumento de escala (scale-up para a escala industrial);

Para a formacao do filme € necessario que a macromolécula possua a capacidade de formar
uma matriz continua e coesa (KROCHTA et al., 1994; MORAES, 2013).

A espessura influencia diretamente as propriedades mecénicas e a permeabilidade ao vapor
de a4gua (CARVALHO, 1997; SOBRAL, 2000; MALI et al., 2004; GALDEANO, 2007). Quanto
maior a espessura de um filme menor a permeabilidade ao vapor de agua. Isso pode ser explicado
teoricamente pela a lei de difusdo de Fick e a lei de sor¢éo de Henry, a taxa de permeabilidade ao
vapor de agua (TPVA) de um filme plastico sintético varia com o inverso da sua espessura,

enquanto que a permeabilidade ao vapor de agua (PVA) deve ser constante (CUQ et al., 1996).

2.4 Embalagens multicamadas

Com o aumento populacional e consequentemente o avango tecnoldgico a produgdo de
residuos solidos aumentou drasticamente nas ultimas décadas, impulsionando ainda mais medidas
de controle a esse problema. Entre os fatores responsaveis por esse aumento estd o consumo de
produtos industrializado e suas respectivas embalagens que atuam como protecdo ao produto
(LANDIM et al., 2015). Aproximadamente 30% dos residuos solidos gerados vém de embalagens,
gue em quase sua grande maioria sdo fabricadas a partir de fontes ndo renovaveis e ndo
biodegradaveis, como os plasticos derivados de polimeros (WALDMAN, 2011; KOHMANN et
al., 2016).

De acordo com o Decreto da Lei 986 de 21 de outubro de 1969, inciso XII1, embalagem pode
ser definida como “qualquer forma pela qual o “alimento” tenha sido acondicionado, guardado,
empacotado ou envasado”, tendo como principio atuar como uma barreira inerte entre o produto e
0 ambiente, proporcionando seguranca e permitindo que estes tenham uma ampla distribuigéo
(LANDIM et al., 2015).

As embalagens podem ser classificadas de diversas maneiras, quanto a sua funcéo, finalidade,
movimentacao e utilidades. S&o classificadas em: embalagens primarias, embalagens secundérias
e embalagens terciarias. As embalagens primarias sdo aquelas que estdo em contato direto com o
produto e com o consumidor final no ponto de venda. As secundarias tém como objetivo conter
uma ou mais embalagens primarias, com a funcéo de protegé-las, muitas vezes ndo sendo indicadas

para transporte e sendo responsaveis pela comunicagdo. Ja as terciérias facilitam a logistica das
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embalagens secundarias e/ou primarias, e sdo responsaveis pela protecdo durante o transporte, a
estocagem e a distribuigéo.

Aguelas com maior quantidade de camadas, ou também chamadas de embalagens
multicamadas, destacam-se, elas sdo elaboradas a partir da combinacdo de dois ou mais materiais
e tem a fungdo de promover melhor propriedade de barreira, além de maior praticidade. Podem ser
laminadas, cartonadas, entre outras. As laminadas sdo formadas por sobreposicdo de materiais,
como filmes plasticos, metalizados e/ou papeis, e as cartonadas recebem esse nome quando um dos
filmes é o papel cartdo. Dentre os tipos de embalagens multicamadas, as cartonadas sdo as mais
utilizadas para processos com maior temperatura (LANDIM et al., 2015).

Suas principais aplicacOes estdo relacionadas com contengdo, protecdo e comunicacéo.
Segundo o Instituto de embalagens (2009), toda embalagem deve ser devidamente elaborada
pensando na facilidade no processo de envasamento e contencdo para que o produto ndo seja
contaminado de nenhuma forma apds o envase e a ultima selagem, até o uso do produto pelo
consumidor. Deve oferecer prote¢do “contrachoques” que podem ocasionar possiveis perdas de
produtos e contra-ataques ambientais como alteraces microrganicas, enzimaticas, fisicas,
quimicas ou de predadores.

A concepcdo de embalagem esté relacionada ao aproveitamento de inUmeros materiais de
forma a minimizar custos e maximizar fun¢des na sua utilizagdo, no consumo, transporte,
armazenagem, distribuicdo, na venda e que as mesmas precisam ser geridas com responsabilidade
ambiental. (FERREIRA, et al.,2019).
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HYBRID FILMS FROM PLANT AND BACTERIAL NANOCELLULOSE:
MECHANICAL AND BARRIER PROPERTIES

DOI: 10.1515/npprj-2021-0036

ABSTRACT
The accumulation of petroleum polymers compromises biodiversity and causes environmental

problems. Nanocellulose enhances biodegradability and can improve the physical-mechanical
performance of materials. The objective was to produce and characterize hybrid films composed
of bacterial cellulose (BC) and plant nanocellulose from Eucalyptus (Euc) or Pinus (Pin). Films
were produced by the casting method using filmogenic suspensions with different cellulose
nanofibrils (CNFs) proportions from both the sources (0, 25, 50, 75 and 100%). CNFs suspensions
were characterized by transmission electron microscopy. The morphology of the films was
analyzed using scanning electron microscopy. In addition, the transparency, contact angle,
wettability, oil and water vapor barrier and mechanical properties were also evaluated. The contact
angles were smaller for films with BC and the wettability was greater when comparing BC with
plant CNFs (0.10 ° s for 75% Euc/25% BC and 0.20 ° s for 25% Euc/75% BC). The water vapor
permeability (WVP) of the 100% BC films and the 25% Euc/75% BC composition were the highest
among the studied compositions. Tensile strength, Young's modulus and puncture strength
decreased considerably with the addition of BC in the films. More studies regarding pre-treatments

to purify BC are needed to improve the mechanical properties of the films.

Keywords: Biomaterial. Membrane. Microfibrillated cellulose. Nanofibrils. Renewable materials.
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INTRODUCTION
The consumption and accumulation of non-renewable polymers have damaged ecosystems

over generations, compromising the quality of life of the world population (Cox et al. 2019; Lavers
et al. 2019). To mitigate these environmental problems, the use of biopolymers can be a sustainable
alternative (Lago et al. 2020; Trache et al. 2020).

Cellulose is highly versatile and has a great industrial relevance due to its application in
various sectors. The number of studies related to its production and use is increasing, and these
studies combined with nanotechnology have substantially advanced the current research (Freire et
al. 2013; Qiu and Netravali 2014; Andriani et al. 2020; Cazdn et al. 2020a). These studies aim to
obtain new alternatives to non-renewable materials by characterizing the properties of
nanocellulose, also known as microfibrillated cellulose (MFCs), nanofibers or cellulose nanofibrils
(CNFs). The production of CNFs consists in performing mechanical, chemical and/or biological
treatments to separate the nanocellulose filaments that constitute the plant cell wall (Amorim et al.
2020).

Research points out that CNFs show great potential for the development of new products
and materials due to their mechanical, optical, dielectric and barrier properties due to the three-
dimensional network architecture of CNFs that present high specific surface area that facilitates
interactivity with polymer matrices in the reinforcement of composites, ion adsorption and
reduction of gas diffusion through films/membranes (Fonseca et al. 2016; Lopes et al. 2018; Yook
et al. 2020; Fonseca et al. 2021).

Among the main applications studied for CNFs, more recent studies address issues related
to their use in the production of nanostructured or coated packaging (Ferrer et al. 2017; Matos et
al. 2019, Lindstrém and Osterberg, 2020), production and use of CNFs from agricultural and wood
waste (Scatolino et al. 2018; Kaur et al. 2020; Kamel et al. 2020), biomedical applications (Nehra
and Chauhan 2020), and in electrical devices (Xu et al. 2018).

The traditional genera Eucalyptus (Euc) and Pinus (Pin) are the most common for
production of commercial pulps in the Brazilian cellulose industries, due to the strong know-how
of management and exploration, and good adaptability to the country's climatic conditions. The
literature is rich in studies on the production and application of CNFs for production of films and
coatings for packaging papers involving both the genera mentioned (Scatolino et al. 2017a;
Scatolino et al. 2019; Durées et al. 2020; Durées et al. 2021). In addition, CNFs can be obtained
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from other sources besides plants, such as bacteria and algae (Jozala et al. 2016). Bacterial cellulose
(BC) or microbial cellulose (MC) consists of an extracellular polysaccharide widely used in several
applications due to its degree of purity (Andriani et al. 2020), its excellent mechanical properties,
and biodegradability compared with plant cellulose or synthetic polymers (Uraki et al. 2002).

The BC structure consists of a three-dimensional system of ultrafine networks of
nanofibrils, with diameters ranging from 40 to 60 nm and lengths from 1 to 10 pm, resulting in a
high crystallinity degree and great mechanical strength (Yin et al. 2014). BC has distinct structure
and properties, that confer it advantageous points such as: high purity compared to the structures
synthesized by plants, since the plant cellulose are normally in strict association with other
components such as lignin and hemicellulose; production and purification of BC is relatively
simple, dispensing high energy consumption and/or intensive chemical processes (Kongruang,
2008).

In addition, BC shows high capacity of water retention due to the mentioned purity and 3D
structure of the network (Rebelo et al. 2018) and formation of ultrafine structure, resulting from
high degree of polymerization (DP can reach up to 20,000). The mechanical properties as Young's
modulus (up to 114 GPa for a simple BC nanofibril) are similar to many high-strength synthetic
fibers (Qiu and Netravali, 2014). BC also presents high thermal stability, so that it could act as a
suitable thermal stabilizer when added to polymer resins (Qiu and Netravali, 2014). The BC
membrane morphology can be developed in various shapes, due to static cultivation conditions,
varying the mold and the cultivation time (Vieira et al. 2013; Qiu and Netravali, 2014).
Additionally, this material has biocompatibility and workability for biomedical applications,
including dressings and drug delivery systems (Yin et al. 2014).

The BC cultivation can be performed through static or agitation methods (Freire et al. 2013;
Wu and Li 2015) using a symbiotic culture of bacteria and yeasts (SCOBY), its chemical properties
are similar to those of cellulose from plant sources, and its fibers are originally produced in
nanometric dimensions (Cacicedo et al. 2016). The mechanical and barrier properties of BC films
have already been studied when in combination with other compounds such as: graphene oxide
(Guan et al. 2019) chitosan and polyvinyl alcohol (Cazon et al. 2019), glycerol (Cazon et al. 2020a),
and metal carbides (Ma et al. 2021), showing important results in development of new high value-

added materials.
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Despite the increase in scientific production on topics related to BC in the last decade
(Mautner et al. 2018; Lin et al. 2020), there are still numerous unanswered questions in the literature
on this topic, especially regarding its use in other products in nanoscale. The current literature
presents a strong deficit in relation to research that addresses the mixture of nanocelluloses from
different sources, such as bacterial and vegetal ones.

Further studies on bacterial and plant CNFs hybrid films could result in final products with
suitable mechanical and barrier properties, in addition to the intrinsic biodegradability
characteristics. The combination of CNFs from vegetal sources and BC can result in obtainment of
films, nanopapers or composites with high physical-chemical and barrier performance (Mautner et
al. 2018). In general, BC CNFs tend to show a larger diameter and degree of polymerization (DP)
which favors the formation of aggregates and voids in the material (Vilela et al. 2017), making it
heterogeneous and resulting in unpredictability in their physical and mechanical properties
(Bassem et al. 2011, Lee et al. 2012, Lee et al. 2014). Thus, due to the smaller diameters and DP
(Blanco et al. 2018, Tang et al. 2021), the combination of vegetal CNFs with BC can favor the
filling of spaces in the three-dimensional network, improving the characteristics of films and
composites due to greater homogeneity and increased density (Yuwawech et al. 2015, Chen et al.
2018). However, few studies explore this theme. The objective of this study was to produce films
composed by different proportions of BC and plant CNFs, and characterize them by their

mechanical and barrier properties.

MATERIALS AND METHODS
Production of BC and plant CNFs
Commercial bleached pulps of Euc and Pin with the following chemical composition:

soluble lignin 0.2%, cellulose 84%, and hemicellulose 16% for Euc; and soluble lignin 0.2%,
cellulose 83%, and hemicellulose 17% for Pin pulp. Both the bleached pulps from plant sources
were fibrillated in the Laboratory of Forest Nanotechnology of the Biomaterials Complex of the
Federal University of Lavras. The pulps were hydrated in deionized water in a ratio of 2.5% (w v
1y for 3 days with stirring for 15 min per day at 500 rpm. The Euc and Pin pulps were diluted to
concentrations of 2% and 1.5% (w v'Y), respectively, determined by previous studies (Scatolino et
al. 2017a; Scatolino et al. 2019; Dias et al. 2019), and regarding the specific characteristics of each
pulp, such as fiber length for defibrillation. Both pulps were subjected to mechanical shear using a
Supermasscolloider Masuko Sangyo (MKGAG6-80, Kawaguchi - Japan) equipped with two stone
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discs (one fixed and one in rotation) spaced at 100 um, and adjusted to 1,500 rpm (Tonoli et al.
2016; Scatolino et al. 2017b); five passages were performed to obtain a well-fibrillated
nanocellulose based on the work of Dias et al. (2019), Tonoli et al. (2019) and Lago et al. (2020).

The BC was produced in culture medium composed by commercial tea (Camellia sinensis)
and deionized water in concentration of 3.3% (w v) 150 g L™ of sucrose, 10% of inoculum, and
5% of bacterial membrane. The conduction of BC was performed in a static medium, in local with
available light and oxygen, at room temperature (21 + 4 °C) for 21 days, after which all
biomembranes were collected and homogenized in a Turrax102 mixer for 15 min at 14,000 rpm.
Due to the possible changes on membrane characteristics, this study did not use processes or
products for aiming the membrane purification. When removed from the culture medium, BC
carries residual components (nucleic acids, sugars and proteins) and residues from bacterial cells
(Gea et al. 2011).

Production of films with BC and plant CNFs
The films were produced by the casting method from CNFs suspensions of BC, Pin, and

Euc CNFs, besides hybrid suspensions of BC and plant CNFs. The suspensions were prepared in
concentration of 1% (w v1). For each film, 60 mL of suspension with different proportions (0, 25,
50, 75, and 100%, based on dry mass of CNF) of the mentioned raw materials (Table 1). The
suspensions were homogenized by strong mechanical stirring in mixer Turrax102 for 10 min at
15,000 rpm, being posteriorly deposed in acrylic petri dishes with 15 cm of diameter. The
filmogenic suspensions were dried at room temperature (21 + 4 °C) until the complete detachment
from the petri dish, forming films (Figure 1). The side of the film used in further analysis was the
face exposed to the upper side.

Table 4. Proportions between bacterial cellulose (BC) and plant (Euc and Pin) CNFs adopted for
production of the films.
Composition Proportions

100% BC

100% Euc
75% Euc/25% BC
50% Euc/50% BC
25% Euc/75% BC

100% Pin
75% Pin/25% BC
50% Pin/50% BC
25% Pin/75% BC

O©Ooo~No ok wN -
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Figure 9. Flowchart for obtainment of cellulose nanofbrils (CNFs) from bacterial cellulose (BC)
and plant (Euc and Pin) CNFs; the nanofbrils were used to produce pure and hybrid flms with
diferent proportions using the casting method.

CNFs {Euc)
CNFs (Pin)

Pure and hybrid films obtained
by casting method

Morphology of BC and plant CNFs
The morphology of the plant CNFs and BC were analyzed by transmission electron

microscopy (MET), using a EM-109 (Zeiss®) microscope with voltage of 100 kV. Following the
methodologies presented by Silva et al. (2020) and Fonseca et al. (2021), suspensions from both
materials with a concentration of 0.001% (w/w) were prepared, and dispersed by sonication (40
kHz /20 min). Posteriorly, with a micropipette, 4 puL of the suspensions were added in microgrids
(400 mesh) containing FORMVAR, which were dried at room temperature. After drying, 4 uL of
uranyl acetate solution in 2% (w/w) were added. Diameter measurements of CNFs were performed
for at least 200 individual structures in 10 images for each treatment, using the software ImageJ
1.47V® (Schneider et al. 2012). The desired CNF diameters were obtained by the software,

proportionally to the scale (known distance) of the transmission electron microscope micrographs.

Transparency of the films
The transparency of the films was determined by measuring their transmittance percentage

in a spectrophotometer UV/VIS SP 2000 (Bel®) adjusted in 550 nm, according to the procedures

described in Desmaisons et al. (2017). The thicknesses of the films were measured with a Mitutoyo
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flat tip micrometer (£ 0.001 mm). The transparency was calculated following the methodology of
Sothornvita et al. (2010), according to the Equation (1).

_(log T)
~ th
where Tr = transparency (%), T = transmittance in 550 nm (%), and th = film thickness (mm).

Tr (1

Morphology of films composed by BC and plant CNFs
Scanning electron microscopy (SEM) was performed for morphological characterization of

the films using a LEO EVO 40 XVP microscope. Micrographs from the surface (face exposed to
the upper side during the casting process) and cross-section were obtained for all film
compositions. The samples (5 x 5 mm) were fixed on stubs with carbon tape and subjected to
covering with gold before the analysis. The films were submerged in liquid nitrogen for cutting,
reducing the effect of the cutting blade on the images.
Contact angle and wettability of the films

The contact angle was determined by the sessile drop method at room temperature (21 £+ 4
°C) with a goniometer Drop Shape Analyzer (DSA25B, brand KRUSS). The analysis was
performed by measuring 10 samples for each composition with dimensions of 10 x 100 mm, fixed
on slides with double-sided tapes. Distilled water drops with volume of 3.2 uL were deposited on
the surface of the samples. For each sample, three measurements were performed, and the average
contact angle was determined. Angles < 90° are characteristic of hydrophilic surfaces, whereas
angles > 90° are characteristic of hydrophobic surfaces (Bacovska et al. 2016).

The wettability was determined according to the procedures described in TAPPI T 458
standard (TAPPI 2004) adapted, by measuring the contact angle variation between 5 and 60 s.
Three measurements were performed for each sample on the face exposed to the upper side during

the casting process. The wettability was calculated using Equation (2).
A—a
R = 2
ec ()

where R = wettability (° s), A = contact angle at 5 s, and a = contact angle at 60 s.
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Barrier properties of the films
The water vapor permeability (WVP) was determined by gravimetric method according to

the ASTM E96 M-16 standard (ASTM 2016) adapted by Guimaraes Jr et al. (2015). Samples with
11 mm of diameter were fixed in a little glass bottle cap containing dried silica gel, so that the
internal humidity in the capsule, was close to 0%. The capsules were placed in a hermetic desiccator
at a temperature of 25 + 1 °C, containing sodium chloride solution (NaCl) and humidity of 75 +
3%, according to ASTM E104-02 (ASTM 2012). The experiment was conducted in an air-
conditioned chamber at a temperature of 20 £ 0.5 °C and humidity of 55 + 3%. The capsules were
weighed every 24 h for 7 days using an analytical balance (x 0.001 g) and four replicates were
evaluated for each film composition. The WVP was calculated using Equations 3 and 4.

w
WVTR= oy 3)
WVTR X th

WVP =

1
> x (Rio — rHD < 100 @)

where WVTR = water vapor transmission rate (g m2 day™); w = mass (g) of the capsule; t = time
(h); and A = the exposed film area (mm?2). The W t! ratio is calculated by linear regression of the
experimental points of the capsule mass gain (g) as function of time (h). WVP = water vapor
permeability (g.mm/KPa day m?); th = film thickness (mm); p = water vapor pressure (2.7 kPa),
and RHo - RHi is the difference between the relative humidity outside and inside the capsule.

The grease resistance test was proceeded according to TAPPI T559 standard (TAPPI 2012),
commonly also known as the KIT test. The procedures were based in the drip of reagents with
various surface tension and viscosity on the sample surface. The solutions were classified from 1,
less aggressive and composed only of oil, to 12, more aggressive and composed of toluene and n-
heptane. Five samples of each composition were produced with dimensions of 51 x 152 mm. A
drop of oily solution was applied on the sample surface, being removed after 15 s of contact with
the film. The film is classified with the highest scored solution (from 1 to 12) that permeate through

the sample, being this score compared with the other compositions.

Mechanical characterization of the films
The films were subjected to tensile strength test using a texturometer (Stable Microsystems,

model TATX2i, England) equipped with a load cell of 1 kN. Ten samples with dimensions of 10
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x 100 mm were evaluated for each composition. The tensile test was conducted at 2 mm s?,
according to adapted procedures described in the ASTM D882-02 (ASTM 2002) standard.

Similarly, a total of 10 samples of each treatment with dimensions 30 x 30 mm were
evaluated by puncture strength test. The films were fixed in the texturometer support with a central
hole (2.1 cm in diameter). Posteriorly, a spherical tip with 5 mm of diameter goes down, being
pressed against the film surface at a speed of 0.8 mm s™. The puncture strength was calculated by
dividing the force value (N) at the break point by the thickness of the film (mm).

Data analysis
The data were analyzed using the statistical package R, version 3.5.1 (R Development Core

Team 2019). Morphological analyzes of nanofibrils were performed using descriptive statistics.
The results of the transparency, barrier and mechanical properties were subjected to the Shapiro-
Wilk test of normality (p < 0.05), and subsequently to the Fisher test (p < 0.05). In case of

significant difference between the averages, the Scott-Knott test was applied (p < 0.05).

RESULTS AND DISCUSSION
Morphology of BC and plant CNFs
The TEM micrographs show the structure of the raw materials BC, Euc, and Pin (Figure 2).

In general, the diameters of the nanofibrils ranged between 20 and 124 nm. The majority of
diameters ranged from 66 to 80 nm for BC (Figure 2A), from 20 to 40 nm for Euc CNFs (Figure
2C), and from 60 and 80 nm for Pin CNFs (Figure 2E). All the raw materials showed the CNFs
network together non-fibrillated structures with partial cell wall deconstruction. Figure 2B,
exclusively, showed small individuals of bacteria, resulting from the culture medium whose they

were grown.
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Figure 10. Distribution in diameter classes and micrographs obtained by TEM from the
nanofibrils of BC (A-B), Euc (C-D), and Pin (E-F).

Compared with Euc and Pin, the BC nanofibrils dimensions were more homogeneous. This
is explained by the synthesis of BC, which occurs continuously and generates longer and less
fractured nanofibril bundles (Wang et al. 2017). According to Cazon et al. (2020a), the structure
of BC is similar to plant CNFs, structured in a three-dimensional network (Figure 2B) with high
surface area and porosity. As previously mentioned, one of the advantages of applying BC is the
natural formation in nanoscale (Molina-Ramirez et al. 2018), and in absence of hemicelluloses and
lignin, fact that saves energy that would be spent during the CNFs production process.
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Dias et al. (2019) evaluated the energy consumption in the fibrillation process of the Euc
commercial pulp finding an energy value of approximately 6.58 x 103 + 0.24 x 103 kWh t%, while
for the commercial Pin pulp it was requested around of 13.02 x 103 + 0.95 x 103 kWh t. Plant
CNFs require mechanical effort to shear the nanofibrils, which reduces their dimensions,
consequently spending energy (Ravindran et al. 2019; Zeng et al. 2020). Reduction of energy
consumption is an essential factor when the intention is to propose processes applied on large scale.

Transparency and morphology of the films
The greatest transparencies were observed for films only composed by Euc (54%) and Pin

(52%) (Figure 3). The transparency shown a gradual reduction with higher proportions of BC in
the composition. The compositions that resulted in lower transparencies were 100% BC, 50%
Euc/50% BC and 25% Euc/75% BC. The decrease in transparency with higher content of BC,
occurred as a function of the method of preparation with the presence of sugar and tea, which could
result in the darkening of the film. As abovementioned, this study did not use processes or products
for membrane purification. The findings of Han et al. (2019) confirmed that the bleaching of BC
with NaOH and H20- increased the whiteness index in 19 and 69%, respectively. Suryanto et al.
(2018) used H20: in the bleaching process of BC, obtaining transparency values close to 90%. In
general, the transparency values found in this work are in accordance with literature. Cazon et al.
(2020b) obtained transparency values for films composed by BC purified with NaOH ranging from
21 to 26%.
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Transparency (%)

Figura 11. Transparency for hybrid films with bacterial cellulose (BC) and plant (Euc and Pin)
CNFs. Compositions followed by the same letter were not statistically diferent by the Scott-Knott
test.

Films produced with commercial Euc pulp showed a better aspect of transparency compared
to films from Pin pulp (Figure 4A and 4B). This was assumed to be due to the differences between

the raw material (Euc and Pin pulp) composition used for production of the commercial pulps.

Figure 12. General aspect of the films produced with different compositions of CNFs from BC, Euc, and
Pin. (A) 100 % Euc; (B) 100 % Pin; (C) 75 % Euc/25 % BC; (D) 75 % Pin/25 % BC; (E) 50 % Euc/50 %
BC; (F) 50 % Pin/50 % BC; (G) 25 % Euc/75 % BC; (H) 25 % Pin/75 % BC; and (1) 100 % BC.
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Pin fibers are more difficult to be fibrillated because they are longer in length than Euc
fibers, presenting a lower number of fibers, per volume or mass, and fibers with lower surface area.
In addition, long fibers are more difficult to disperse (Chung 2005; Tonoli et al. 2010) and may
clog in the gap between the grinder stones, making it more difficult for fibrillation. Another point
to be considered is the “casting” method for the films production. This method promotes the solids
sedimentation (CNFs) in the petri dish bottom, followed by solvent evaporation. The overlapping
of CNFs from tracheid may have resulted in more opaque aspect for the Pin film, when compared
to the films from Euc pulp.

The micrographs obtained by SEM show more grainy and irregular aspect to the surface of
films with BC in the composition (Figure 5), even if BC nanofibrils have shown greater
homogeneity in the structures dimension (see Figure 2A and 2B). It was observed traces of bacilli
and yeasts on the film surface (indicated by the arrows in Figure 5A), which may have contributed

to this irregular aspect, and consequently, increased their surface area.
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Figure 13. Surface and cross-sectional SEM micrographs of the films produced: (A and B) 100 % BC; (C
and D) 100 % Euc; (E and F) 50 % Euc/50 % BC; (G and H) 100 % Pin; (I and J) 50 % Pin/50 % BC.
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Better surface aspects were observed for Euc and Pin films (Figures 5C and 5G), result of
a better arrangement of the CNFs produced from these raw materials, at the time of films production
in the petri dishes. Otherwise, the film composed by 50% Pin/50% BC showed grainy surface due
to the CNF aggregates surrounding the bacteria (Figure 51). The aspect of the cross-sectional region
of the compositions presented in Figures 5D and 5F showed good cohesion and practically no
defects or pores. In some cases, the different compositions of plant CNFs and BC were able to
complement each other by occupying the empty spaces along the film structure.

Contact angle and wettability of the films

The films with pure composition of CNFs from Euc and Pin showed higher contact angles
and lower wettability among all compositions according to the Scott-Knott test (p < 0.05) (Figure
6). Films composed only by BC obtained contact angle close to 48° and were statistically equal to
hybrids 75% Euc/25% BC and 25% Pin/75% BC.

The addition of BC to plant CNFs tended to reduce the contact angles of the films produced
(Figure 6A). This behavior can be explained by the presence of other residual organic compounds
in the BC films, such as: nucleic acids, proteins and soluble sugars remaining from the bacteria
culture medium (Kafle et al. 2015; Gao et al. 2019; Rahman et al. 2021), as previously mentioned.
These molecules have a larger specific surface and higher hygroscopicity, which provides a
reduction in the contact angle and increases the wettability (Seerangurayar et al. 2017; Kwak et al.
2021). Another aspect to be considered on the contact angle reduction is the grainy aspect of the
films surface produced with higher contents of BC (Figures 5A and 51). Zeng et al. (2014) studied
the effect of bacterial strain and drying processes on the properties of films produced with BC,
verified that films with grainier surface obtained more hydrophobic surface. Smaller granularity on
the surface of BC films results in reduction of the porosity and contact surface, consequently, the

surface becomes more hydrophobic (Faria-Tischer et al. 2015).
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Figure 14. Averages observed for contact angle (A) and wettability (B) for the flm compositions
analyzed. Compositions followed by the same letter were not statistically diferent by the Scott-Knott test.

The hybrid 50% Pin/50% BC obtained a statistically superior contact angle (55°) in relation
to the corresponding 50% Euc/50% BC (40°), which obtained the lowest contact angle value among
all compositions. Regarding the wettability, films produced with pure pulps from Pin and Euc were
characterized by the lowest values, whereas films composed only by BC obtained the highest value
for this property (p < 0.05) (Figure 6B). Hybrids of Pin pulp + BC showed higher wettability
compared to the corresponding hybrids of Euc pulp. This was assumed to be due to the grainy
surface aspect of the hybrid of Euc and BC, seen previously in Figure 5, which may have impaired
the rapid spread of the water drop. Greater insertions of BC resulted in higher values of wettability
for both commercial plant pulps. Increase in surface hydrophilicity can be attributed to the presence
of reactive hydroxy groups as a result of the microstructure and intermolecular interactions in BC-
based compounds, which can form hydrogen bonds with water molecules (Luo et al. 2014; Gullo
et al. 2017; Osorio et al. 2018; Xie et al. 2018). BC, as well as plant cellulose, is a linear
polysaccharide composed of B-D-glucopyranose monomers linked by B-1,4-glycosidic linkages,
forming molecules of glucose (Cazén and Vazquez 2021). The wettability evaluates the spread of
the water droplet on material surface, according to a time interval, which means an interesting

parameter to infer about the hydrophobicity characteristics of the product.

Barrier properties and thickness of the films
There were no statistical differences between the average thickness measured for all the

film formulations (Table 2). Low variation in thicknesses indicates homogeneous distribution of
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CNFs during the films production. This factor gives more reliability to results of the other
properties further evaluated (mechanical and barrier properties). Regarding the barrier properties
(WVP), the compositions formed only by Euc and Pin were statistically equal. Among the hybrids
from Pin and BC, there were no statistical differences among the WVP of the samples, which means
that the mixture between BC and plant CNFs from Pin did not change the WV/P of the films.

Table 5. Average thickness, water vapor permeability (WVP) and scores of grease resistance of
the flms composed by bacterial celulose (BC) and plant (Euc and Pin) CNFs.

Proportions Thickness (mm) (gm m/KngF day.m?) Grease resistance
100% BC 0.038 (+ 0.005%*) 7.57b (+£0.17) 12
100% Euc 0.035 (£ 0.004) 6.46 a (£ 0.25) 12
75% Euc/25% BC 0.035 (+0.002) 6.14a(£0.71) 12
50% Euc/50% BC 0.037 (£ 0.006) 6.36a(£0.16) 12
25% Euc/75% BC 0.039 (£ 0.005) 7.85b (+0.26) 12
100% Pin 0.032 (£ 0.003) 592a(£0.51) 12
75% Pin/25% BC 0.034 (£ 0.004) 545a(£0.75) 12
50% Pin/50% BC 0.036 (+ 0.004) 6.40 a (£0.72) 12
25% Pin/75% BC 0.039 (£ 0.006) 6.63 a(£0.19) 12

*Standard deviation

The films produced with 100% Euc and the hybrids formed from these plant CNFs
presented statistical differences (p < 0.05), being the formulation with higher content of BC (25%
Euc/75% BC) the one that presented the highest value of WVP (7.85 g.mm/KPa.day.m2).
Guimarées Jr et al. (2015), studying films produced with starch and reinforcement of bamboo
nanofibrils, found values ranging from 1.07 a 1.31 g.mm/KPa.day.m2, that were much lower
compared to this study. Comparing the compositions 100% BC and 25% Euc/75% BC, there was
no statistical differences between both, representing the two compositions with the highest WVP
values. This result is a strong point to confirm the data obtained by the wettability test (see Figure
4B). Both BC and plant CNFs are known to have great hydrophilicity. Despite the high
hydrophilicity of both raw materials, the low WVP values can be explained by the nanometric
dimensions of the particles that compose the films (Martins et al. 2020).

The reduction of WVP among the hybrid films may be related to the filling of empty spaces
between the Euc and Pin CNFs by BC micro/nanofibrils, since it presented the smallest diameters
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among the studied materials (Figure 2A). Thus, the more consolidated structures tend to reduce the
flow of gases and water vapor through their layers (Tomé et al. 2010; Fillat et al. 2018). On the
other hand, Cazoén et al. (2021) explained that greater contents of BC can result in porous structures
and greater interaction with water vapor, as observed for films produced with 100% BC and
25%Euc/75% BC.

WVP is one of the main parameters studied for food packaging applications. It evaluates
the transfer water vapor mass from the internal or external environment through the polymer
package structure, which can promote undesirable changes in the product quality (Wang et al.
2018).

Regarding the grease resistance test, all films evaluated obtained scores of 12 according to
the oil kit of the TAPPI T559 standard (TAPPI 2012). This shows the potential of film application
in uses that require a high grease barrier, such as packaging. This behavior was affected by the

nanometric dimensions of the films, as well as by their porosity (Tyagi et al. 2019).

Mechanical characterization of the films
Films composed of CNFs from Pin and Euc showed higher values of tensile strength and

Young’s modulus (Figure 7). For tensile strength the values for pure plant raw materials were
statistically equal (p < 0,05), being the highest among the evaluated compositions. The 100% BC
showed the lowest tensile strength and lowest Young“s modulus among all compositions (Figure
7A). Some points on the production method may be the explanation for the low mechanical
performance of the BC film (Figures 7C and 7D). The bacterial membrane was not subjected to
purification process, thus residues of other organic molecules (e.g. soluble sugars and proteins)
remained in BC films. This fact may led to a significant reduction of the hydrogen bonds between
the CNFs, causing decrease of the mechanical strength of the film (Gea et al. 2011). Furthermore,
the casting method used to produce BC films may be related to the low resistance observed.
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Figure 15. Tensile strength (A), Young’s modulus (B) and stress-strain curves (C-D) for hybrid
flms with bacterial cellulose (BC) and plant (Euc and Pin) CNFs. Compositions followed by the
same letter were not statistically diferent by the Scott-Knott test.

Retegi et al. (2010) found for BC films obtained from different molding pressure values of
tensile strength ranging from 10 to 100 MPa and Young’s modulus ranging from 9.8 to 10.6 GPa.
These authors pointed out that the method of production of the films influenced directly their
mechanical properties, especially when low or no pressure was used for its molding, the mechanical
strength was considerably reduced. These results also help to understand the behavior observed in
the present work, given that the casting method of obtaining films does not use pressure.

Furthermore, aiming the films obtainment, the diametric and morphological differences
observed are interesting regarding combinations between the types of CNFs analyzed. Vegetal
CNFs have diameters and lengths influenced by the thickness of the microfibril bundles of the cell
wall and by the original wood cell length (fibers or tracheids) and are affected by chemical and

physical treatments during the pulping process (Schaber et al. 2018; Levani¢ et al. 2020; Trigui et
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al. 2020). On the other hand, the BC network has its morphology and properties defined by the
metabolic synthesis capacity of the microorganisms, which is regulated by the conditions of the
culture medium and environmental variables (Basu et al. 2018; Singhsa et al. 2018; Dhar et al.
2021).

Due to this fact and because it is not subjected to mechanical fibrillation or chemical
treatments, the diameters of BC CNFs and their degree of polymerization (DP) tend to be larger
(6000-7300) (Bassem and Ragauskas, 2011; Lee et al. 2014), whereas for cellulose from bleached
Kraft pulp of Eucalyptus sp. and Pinus sp., the DP shows values around 1500-3000 and 3000-4500,
respectively (Blanco et al. 2018, Silva et al. 2019; Tang et al. 2021). DP values may be even lower
after mechanical shear fibrillation (Dilamian and Noroozi, 2019; Megashah et al. 2020; Zeng et al.
2020).

Based on these aspects, it can be considered that the three-dimensional network formed by
BC, tends to present greater agglomeration, formation of empty spaces and heterogeneous
distribution of material when applied to films or composites reinforcement, for example. Thus,
because of the smaller diameter of the vegetal CNFs, as observed for the Euc, the empty spaces
between the BC can be better filled, favoring the obtainment of more homogeneous films, more
resistant, and with higher density due to the less porous structure (Minelli et al. 2010; Lavoine et
al. 2014), being these characteristics interesting for packaging and paper coating (Mashkour et al.
2018).

Nevertheless, the results found were similar to those presented for resistance range
presented in the literature for BC films. The difference between the results of the present study and
the values found by Retegi et al. (2010) may be related to the BC production methods, bacterial
strain, environmental factors and carbon sources used. Zeng et al. (2014), Han et al. (2019) and
Rahman et al. (2021) explained that aspects involved in BC production can result in different
impurities amounts in the material, directly influencing its optical, physical and mechanical
properties.

Regarding the hybrid compositions, there was a downward trend of the values as the BC
content was increased replacing the plant raw materials. The reduction in the tensile strength values
was associated with the adhesion between BC and plant cellulose because there may be less

adhesion with the matrix with increasing BC content. The adhesion occurring between the CNF
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and other polymers generally contributes to the formation of a strong bonds network, leading to
the improvement of the strength and toughness of nanocomposites.

The behavior observed in the present study for tensile strength was also observed in Sa et
al. (2020), finding higher tensile strength in films produced with cellulose nanocrystals as a
substitute for BC. The mechanical strength increased as BC content was replaced by lignin and
cellulose nanocrystals. The trend found for Young’s modulus was similar to that observed for
tensile strength. The 100% BC, 25% Pin/75% BC, and 25% Euc/75% BC compositions were
statistically similar, with values close to 0.5 GPa, confirming that higher percentages of BC
impaired the mechanical properties.

The results for puncture strength of the films evaluated followed the same trend of decrease

observed for the mechanical properties mentioned above (Figure 8).
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Figura 16. Puncture strength of flms with bacterial cellulose (BC) and plant (Euc and Pin) CNFs.
Compositions followed by the same letter were not statistically diferent by the Scott-Knott test.

The composition of 100% BC showed lower puncture strength. In contrast, the 100% Euc
and 100% Pin compositions showed the highest puncture strength values. Thus, intermediate values
were observed in the hybrid films with the addition of BC to the films. Euc and Pin improved the

effect of BC in the CNF films. Several studies have reported similar effects. Yousefi et al. (2013)



64

verified that BC structure provided better distribution and cohesion between the nanofibrils for
nanopaper production, significantly increasing its mechanical strength. Cazon et al. (2020b) also
observed similar results, attributing the high mechanical performance to the microstructural
arrangement of BC in the films produced.

Assessing the mechanical properties of films or any material produced is important in order
to give it a better destination. Based on the results, the films produced have potential for sustainable
applications. The compositions 100% Euc and 100% Pin, for example, and some proportions with
few BC insertion (25%) could be applied for uses in which good mechanical properties are
required, such as packaging and surface paper coatings (Hussain et al. 2019).

Furthermore, the product from plant CNFs and BC is biodegradable, which is ideal for
several other purposes, contributing to the worldwide appeal for sustainability and the substitution
of petroleum-derived material. This study contributes with knowledge about the application of BC
and plant CNFs for new cellulose-based packaging products that require mechanical strength and
barrier to liquids and greases/oil.

CONCLUSIONS
In this study, bacterial and plant cellulose were used for production of nanostructured films,

which were evaluated by their mechanical and barrier properties. The morphologies of the different
kind of CNFs affected the physical, mechanical, and barrier properties of the films produced. The
tensile strength, Young’s modulus, and puncture force decreased with the increase of BC content
in the films, while the films wettability increased. All the compositions of films presented suitable
resistance to grease impregnation. The contact angles with water were higher for pure films
produced with plant CNFs. Oppositely, the wettability was higher for films produced with greater
content of BC (0.25° s for 100% BC and 0.20° s* for 25% Euc/75% BC). The compositions with
lower levels of BC tend to show lower values of water vapor permeability (WVP) among the
compositions studied. The mechanical properties were considerably superior for films composed
by plant CNFs. Tensile strength reached 76 MPa for both compositions 100% Euc and 100% Pin,
whereas Young’s modulus was 8.8 and 8.4 GPa for 100% Euc and 100% Pin, respectively.
Similarly, results of puncture force decreased significantly with higher percentages of BC. Studies
involving BC treatments with specific enzymes or high homogenization processes, besides

impurities removal using NaOH or/and H202 could be successful, especially regarding
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improvements on mechanical strength. Because the films are generated from biodegradable raw
materials, with suitable mechanical properties, their uses could be expanded to replacement of other
plastic materials, such as materials for cellulose-based packaging, bags, cardboards and surface

coating applications.
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APENDICE A - Concentracdo 6tima de sacarose para a producéo de CB

Tabela 4. Valores bases para a definicdo da melhor concentragédo de sacarose em virtude da

producéo de CB.
Sacarose (g/L) Massa Umida (g) Massa seca (g) Umidade (%)
100 23,87 (x0,107) 0,72 (x0,026) 96,9 (£ 0,11)
150 26,09 (+0,145) 0,88 (x0,011) 96,6 (£ 0,03)
200 24,85 (+0,082) 0,69 (+0,030) 97,2 (£ 0,13)
250 24,75 (+0,087) 0,66 (+0,022) 97,3 (£ 0,08)
300 24,83 (+0,115) 0,65 (£0,014) 97,3 (£ 0,06)

* Entre paréntese desvio padrdo



