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RESUMO

Estudos demonstraram que o tratamento corona é promissor para a melhoria da
qualidade de tecidos e compositos. Ndo ha relatos sobre a sua eficacia para a
modificagédo superficial de filmes de nanofibras para impressédo e embalagem.
Este estudo foi realizado com o objetivo de avaliar as propriedades do filme com
a evolucdo da exposicao a descarga corona em filmes de nanofibras de eucalipto
e pinus. As nanofibras de celulose foram produzidas a partir de polpas
comerciais de celulose branqueadas de ambas as espécies, por meio de 30
passagens em um moinho SuperMasscolloiderGrinder. Os filmes foram obtidos
pelo método casting. A descarga corona foi aplicada durante 10, 30, 60 e 300
segundos, a uma distancia de 3 cm. Além disso, a duracdo da modificacdo da
superficie foi avaliada apds 6, 24, 48, 72 e 96 horas. A descarga corona
promoveu a formacdo de grupos hidroxila, carbonila e outros grupos funcionais
pela quebra de ligacBes C-C e subsequente reacdo com oxigénio. O melhor
tempo de tratamento corona foi de 30 segundos, para o qual foi encontrada
méaxima permeabilidade ao vapor de agua de 13,1 g.mm/KPa.day.m? e 14,2
g.mm/KPa.day.m?, para os filmes de eucalipto e pinus, respectivamente. Além
disso, observou-se méxima absorcdo de agua (cerca de 35%) para filmes de
ambas as espécies tratadas por 30 segundos. A forca de tracdo aumentou com
maior tempo de exposigdo ao tratamento corona. Os filmes de nanofibras de
pinus tiveram desempenho melhor que os filmes de nanofibras de eucalipto,
devido ao maior indice de cristalinidade e dimens@es de nanofibras. Por meio da
analise do angulo de contato e da energia da superficie, verificou-se que a
impresséo de filmes de nanofibrilas tratados com corona deve ser realizada em
até 24 horas, quando os filmes ainda exibem o efeito do tratamento.

Palavras-chave: Polpas de celulose branqueadas. Permeabilidade ao vapor de
agua. Energia de superficie. Durabilidade.



ABSTRACT

Investigations have shown that corona treatment is promising for quality
improvement of fabrics and composites. There are no reports on its effectiveness
for surface modification of nanofibril films for printing and packaging purposes.
This investigation aimed to evaluate the film properties with the evolution of
corona discharge exposition on eucalyptus and pinusnanofibril films. Cellulose
nanofibrilswere produced from commercial bleached cellulose pulps of both
species through 30 passages in a SuperMasscolloider Grinder. Films were
formed by casting method. The corona discharge treatment was applied for 10,
30, 60 and 300 s, at a distance of 3 cm. Furthermore, the duration of the surface
modification was evaluated after 6, 24, 48, 72 and 96 h. Corona discharge
promoted formation of hydroxyl, carbonyl and other functional groups by the
breakage of C-C bonds and subsequent reaction with oxygen. The best corona
treatment time was 30 s, for which maximum water vapor permeability of 13.1
g.mm/KPa.day.m? and 14.2 g.mm/KPa.day.m? was found for the eucalyptus and
pinus films, respectively. In addition, maximum water absorption (of around
35%) was observed for films of both species treated for 30 s. The tensile
strength increased by increasing corona treatment exposition. Pinusnanofibril
films showed better performance than eucalyptus nanofibril films due to higher
crystalline index and nanofibril dimensions. Through the analysis of contact
angle and surface energy, it was verified that printing of corona treated
nanofibril films should be carried out up to 24 h where the films still exhibit the
effect of the treatment.

Key-words: Bleached cellulose pulps. Water vapor permeability. Surface
energy. Durability.
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PRIMEIRA PARTE

1 INTRODUCAO

A nanotecnologia é um campo da ciéncia que apresenta rapida expansdo
e influencia significativamente outras &reas, tais como medicina, farmécia e a
indlstria alimenticia, de cosméticos e de embalagens, algumas com varios
produtos ja disponiveis para comercializagéo.

Dessa forma, o interesse pela produgéo e a aplicagdo de nanofibras de
celulose se manteve crescente nos Gltimos anos (SIRO; PLACKETT, 2010).
Caracteristicas como baixa densidade e expansdo térmica, abundancia,
biodegradabilidade e carater renovavel, combinadas com alta resisténcia e
rigidez, as tornam um material interessante para reforcar diferentes matrizes
poliméricas e produzir filmes nanocelulésicos (GONZALEZ el al., 2014).

Além desses fatores, a utilizagdo de fibras naturais vem aumentando,
devido ao menor custo e menor dano ambiental, quando comparadas as fibras
sintéticas, sendo empregadas na indudstria de materiais, na construcéo civil e na
indlstria automobilistica e aeronautica (MARTINS; MATTOSO; PESSOA,
2009).

Os filmes ou compdsitos que contém nanofibras de celulose apresentam
melhor resisténcia mecanica e propriedades de barreira devido a capacidade das
nanofibras de celulose de formar redes por meio de ligagdes de hidrogénio, além
de serem biodegradaveis (LEE et al., 2011; BORGES et al., 2010).

As nanofibras de celulose sdo obtidas por meio da desintegracdo de
matéria-prima lignocelulésica, em que a madeira é, certamente, 0 recurso mais
explorado para essa finalidade (BUFALINO, 2014).

Para se obter filmes de nanofibras de celulose com uma superficie mais

reativa, podem ser realizados tratamentos quimicos e fisicos. Dentre as
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possibilidades, pode-se destacar a descarga corona, pela qual se ativa a oxidacéo
superficial das fibras celulésicas, mudando sua energia (BELGACEM et al.,
1994).

Alguns estudos foram realizados sobre a aplicacdo da descarga corona
para a modificacdo superficial da fibra de juta utilizada em compdsitos com
resina epoxi (GASSAN; GUTOWSKI, 2000) e de pinus, eucalipto e bagaco de
cana-de-acucar, utilizados em compositos com poliéster (MESQUITA et al.,
2017). Esses estudos foram realizados com o objetivo de aumentar a adeséo
entre fibra e matriz. Além disso, Carvalho, Giordano e Campos (2012) aplicaram
a descarga corona em tecido de algoddo para aumentar sua hidrofilicidade. No
entanto, ndo ha estudos que relatem a aplicacdo da descarga corona em filmes de

nanofibras.

2 OBJETIVO

Este trabalho foi realizado com o objetivo de avaliar o efeito do

tratamento corona em filmes de nanocelulose.

2.1 Objetivos especificos

Especificamente, 0s objetivos foram os seguintes:

a) avaliar a efetividade da aplicacdo da descarga corona na modificagdo
da energia de superficie dos filmes de nanofibras de celulose;

b) comparar a influéncia do tratamento corona na qualidade de filmes de
nanofibras de celulose de pinus e eucalipto;

c) determinar a durabilidade do tratamento corona por meio do ensaio de

angulo de contato
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3 REVISAO BIBLIOGRAFICA

3.1 O pinus e o eucalipto no Brasil

A industria brasileira de arvores plantadas é, atualmente, referéncia
mundial, devido a sua atuacdo pautada na sustentabilidade, na competitividade e
na inovacdo. As plantacfes sdo destinadas a producdo de celulose, papel, painéis
de madeira, pisos laminados, carvdo vegetal e biomassa (IBA, 2017).

Segundo o relatério anual da Industria Brasileira de Arvores (IBA,
2017), a area total de arvores plantadas no Brasil totalizou 7,8 milhGes de
hectares, em 2015, um crescimento de 0,8% em relacdo ao ano de 2014. Os
plantios de pinus ocupam 1,6 milh&o de hectares e concentram-se nos estados do
Parana (42%) e de Santa Catarina (34%). Ja os plantios de eucalipto ocupam 5,6
milhdes de hectares da area de arvores plantadas do pais e estdo localizados,
principalmente, em Minas Gerais (24%), em S&o Paulo (17%) e no Mato Grosso
do Sul (15%).

Da area total de arvores plantadas no Brasil em 2016, 34% pertencem as
empresas do segmento de celulose e papel, o que viabiliza o uso dessas espécies

para a obtencdo de nanofibras de celulose.

3.2 Fibras lignocelul6sicas

As fibras vegetais podem ser retiradas de diferentes partes da planta,
como caule (juta, malva, bagago de cana-de-agucar, bambu), folha (sisal,
bananeira, abacaxi, curaud), fruto (aldoddo, coco, agai), tronco (madeira) e
outros.

O campo de emprego dessas fibras é bastante amplo, abrangendo

aplicagdes classicas na industria téxtil, na industria moveleira (MDF) e de papel
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e celulose, também como reforco em matrizes poliméricas termoplasticas e
termofixas e, mais recentemente, como materiais absorventes de metais pesados
no tratamento de residuos industriais, entre outras aplicaces (MARINELLI et
al., 2008).

As fibras destinadas as aplicacdes citadas sdo, geralmente, oriundas de
plantios comerciais de pinus, que pertencem ao grupo das coniferas, e de
eucalipto, que pertence ao grupo das folhosas.

Conforme se observa na Figura 1, em termos estruturais, as madeiras de
coniferas sdo relativamente simples, sendo compostas quase que totalmente por
um unico tipo de células alongadas (2 a 5 mm) denominadas traqueideos
longitudinais. Células transversais que compdem 0 raio e 0s canais de resina
também ocorrem em menor proporcdo. As madeiras de folhosas, por sua vez,
sdo estruturalmente mais complexas e apresentam maior diversidade de padrbes
de organizacao celular. Trés tipos principais de células sdo encontradas neste
grupo vegetal, os elementos de vaso, as fibras e as células do raio, que
constituem o parénquima radial. Os elementos de vasos (0,2 a 0,5 mm de
comprimento) e as fibras (1,0 a 2,0 mm de comprimento) ocorrem em maior
guantidade (CARVALHO et al., 2009).
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Figura 1Micrografia da secdo tangencial da madeira de conifera (A) e de folhosa

Fonte: BARNETT; JERONIMIDIS (2003)

Na célula vegetal (Figura 2), a parede celular priméria tipica é composta
de microfibrilas de celulose (9% a 25%), uma matriz de hemiceluloses (25% a
50%) e pectinas (10% a 35%). Ja a parede celular secundaria contém celulose
(40% a 80%) na forma de macrofibrilas, hemiceluloses (10% a 40%) e lignina
(5% a 25%) (BHATNAGAR; SAIN, 2005).
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Figura 2 — Representacdo esquematica de uma célula vegetal: lamela média
(LM); parede priméria (P); parede secundaria externa (S1); parede
secundaria média (S2); parede secundaria interna (S3); lumen (L).

Fonte: Adaptado de Fengel e Wegener (1989)

A organizacgdo e a orientacdo das macrofibrilas nas diferentes camadas
da parede celular conferem as fibras e aos traqueideos longitudinais resisténcias
mecanicas diferentes, o que é relevante para os processos de tratamento, como o
cozimento, o refino e o branqueamento. Dentre estas camadas, destaca-se a
intermédia S2 da parede secundaria, por ter maior espessura e apresentar as
estruturas macrofibrilares com orientacdo aproximadamente paralela ao eixo da
fibra (CHINGA-CARRASCO, 2011).

Nas fibras de espécies madeireiras, como é o caso do pinus e do
eucalipto, o cozimento kraft e o branqueamento da polpa celuldsica promovem a
retirada de mais da metade das hemiceluloses e quase a totalidade da lignina por

dissolucdo. A celulose, apesar de ficar parcialmente degradada com estes



20

processos, ndo se dissolve. O teor de hemiceluloses na pasta inicial é uma
caracteristica importante, na medida em que, quanto maior a percentagem de
hemiceluloses, maior serd o nimero de ligacdes entre as fibras, tornando a polpa
menos porosa e mais resistente (NUNES, 2014).

Quanto a presenca de hemiceluloses, Iwamoto, Abe e Yano (2008)
citam que elas podem facilitar a obtencdo de nanofibrilas durante o tratamento
mecanico da polpa e aumentam as propriedades fisicas de nanocompdsitos. No
processo de secagem, a presenca de hemiceluloses impede a formagdo de
ligagcOes de hidrogénio irreversiveis entre as microfibrilas.

Quanto a lignina, situada na lamela média, se ela ndo for removida, vai
também dificultar o acesso dos reagentes a fibra. Todos estes aspectos
influenciam a aptiddo de fibrilacdo das fibras, bem como os diferentes métodos
de extracdo das nanofibras de celulose (DUCHESNE et al., 2001).

3.3 Nanofibras de celulose

As nanofibras de celulose sdo obtidas da celulose, a qual é encontrada
em materiais lignoceluldsicos ou pode ser sintetizada por algumas algas,
bactérias ou tunicatos (HULT; LARSSON; IVERSEN, 2000).

A celulose é um homopolissacarideo linear constituido por moléculas de
glucose unidas entre si por meio de ligagdes glicosidicas do tipo B (1—4)
(Figura 3), que resultam da perda de uma molécula de dgua. Apresenta estrutura
fibrilar e é envolvida por uma matriz de lignina e hemiceluloses, com mddulo de
elasticidade alto (FENGEL; WEGENER, 1989).
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Figura 3 — Estrutura quimica da celulose.

1.03 nm
Y
-~ 0.84Mm —
/6\ GruposCH & Grupos OH ______ Ligacdes covalentes
O~ 0\—ioéni0 @ CHOH @ --eeeee Ligagoes de hidrogénio
)
Q\n
O \H\
HO
H

Fonte: Adaptado de Ali e Gibson (2012)

As nanofibras de celulose foram obtidas, pela primeira vez, por Turbak
et al. (1983), que utilizaram uma suspensao de fibras de coniferas e fizeram
varias passagens dessa suspensdo por um homogeneizador de alta pressao,
apresentando dimensdes laterais em escala hanométrica.

Apresentando diametro de 5 a 50 nm e comprimento na ordem de
micdmetros dependente da fonte (NECHYPORCHUK; BELGACEM; BRAS,
2016), as nanofibras de celulose podem ser consideradas um elemento estrutural
importante da celulose.

As nanofibras podem ser obtidas utilizando-se dois processos, sendo eles
o “top-down” e o “bottom-up”. No processo “top-down”, as nanofibras sdo

obtidas a partir de macroestruturas reduzidas para atingir a nanoescala. No
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processo “bottom-up”, atomos e moléculas se combinam para formar as
nanoestruturas (NUNES, 2014) e esses dois processos incluem os métodos

mecanicos, quimicos e bioldgicos (Tabela 1).

Tabela 1 — Métodos de obtencédo de nanofibras de celulose.

Bottom-up Top-down
Homogeneizagao Exploséo a vapor
Bacteriana Moagem Moinho de bolas
) Refinamento Hidrdlise enzimética
Tunicatos Extrusao Carboxilacéo via TEMPO
Electrospinning Blending Carboxilacéo via periodato
Quaternizacéo Carboximetilagéo
Sulfonagéo Cryocrushing
Ultrassom

Fonte: Adaptado de Nechyporchuk; Belgacem; Bras, 2016

3.3.1 Método mecénico para a obtencéo de nanofibras

As nanofibras sdo produzidas em meio aquoso, enfraguecendo as
ligagbes de hidrogénio interfibrilar, facilitando a desfibrilacdo. Tipicamente, a
celulose é dispersa em baixas concentracdes (<5% em massa). Devido a sua
elevada capacidade de absor¢do de &gua, obtém-se suspensdes altamente
viscosas, dificeis de manusear, devido a baixa concentracdo de sdélidos
(NECHYPORCHUK; BELGACEM; BRAS, 2016).

Os moinhos Super Mass Colloider sdo comumente utilizados nesse
processo, no qual a suspensao celuldsica é passada entre dois discos de carbeto
de silicio. A distancia entre esses discos pode ser ajustada para evitar o problema
de entupimento. Por forcas de cisalhamento promovidas pelos discos, a parede

celular é desintegrada e as nanofibrilas sdo individualizadas.
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Taniguchi e Okamura (1998) descreveram a producdo de nanofibras
utilizando suspensdes de fibras vegetais de diferentes fontes naturais com
concentracdo 5% a 10%, passando-as 10 vezes pelo moinho. O resultado foram
suspensdes de nanofibras com diametro entre 20a 90 nm.

Para aumentar a eficiéncia de desfibrilacdo, Wang et al. (2012) relataram
a reducdo da distancia entre pedras de moagem a 100 um da posi¢do zero do
movimento. A posi¢cdo de movimento zero é a posi¢do de contato entre duas

pedras, antes do carregamento de celulose.

3.4 Filmes de nanofibra de celulose

Os filmes de nanocelulose sdo definidos como folhas compostas, feitos
completamente de nanofibrilas de celulose (YOUSEFI et al., 2013) de alta
resisténcia e sdo obtidos por procedimentos semelhantes aqueles para a obtencao
do papel. (HENRIKSSON et al., 2008; SEHAQUI et al., 2011).

Podem ser produzidos a partir de uma suspensdo contendo agua e
nanofibrilas de celulose, sendo a 4gua evaporada a temperatura ambiente ou em
estufa. A suspensdo também pode ser previamente filtrada para retirar o excesso
de 4gua e assim formar o filme (GONZALEZ et al., 2014).

Ainda que a porosidade de filmes nanocelulésicos seja de 28%, eles
apesentam uma interessante combinacdo de modulo de elasticidade (13,2 GPa),
resisténcia a tracéo (214 MPa) e tensdo na ruptura (10%) (HENRIKSSON et al.,
2008). Sdo muito utilizados como membrana porosa em células de combustivel
(LIU et al., 2003), catélise, purificacdo e filtragem de liquidos (GRYAZNOV,
1999), imobilizagdo e separacdo de proteinas (YE et al., 2003) e na engenharia
de tecidos (JOHNSON; GHOSH; LANNUTTI, 2007).
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3.5 Tratamento com descarga corona

A descarga corona usa o ar atmosférico como meio de reacdo, sendo
gerada com uma alta voltagem e potencial excedendo o ponto de ruptura do ar,
que é da ordem de 26 KV/cm (ALMEIDA, 2006). Como resultado, sdo gerados
radicais gque iniciam reacOes de oxidacdo modificando o material. Esses radicais
reagem com o oxigénio, grupos hidroxilas e agua, causando mudanca apenas nas
propriedades superficiais (STEPCZYNSKAL, 2015).

Esse tratamento é realizado em polimeros para modificar sua superficie.
A descarga é gerada a partir de uma diferenca de potencial elétrica aplicada
entre a ponta e o plano do equipamento. Ao redor da extremidade da ponta, a
qual apresenta uma regido de elevado campo elétrico, a descarga corona aparece
como uma luminescéncia de cor azul-clara e os elétrons gerados interagem com
as moléculas gasosas, originando espécies ativas, tais como ions, radicais e
moléculas excitadas. Estas espécies ativas sdo depositadas na superficie do
material, podendo causar modificacbes nas suas propriedades de superficie
(SCHUTZE et al., 1998).

A placa plana, geralmente, é coberta com um material isolante para
prevenir a formacgdo de arco voltaico entre os eletrodos. Os pardmetros que
influenciam as propriedades superficiais do polimero tratado sdo poténcia
empregada, distancia ponta-plano, umidade relativa e temperatura (CHAN,
1994).

O tratamento corona é uma tecnologia utilizada frequentemente pela
indistria de embalagens para aumentar a tensdo superficial e a polaridade de
filmes, a fim de melhorar a capacidade de impressdo, a molhabilidade e as
propriedades de adesdo. O tratamento consiste em gerar uma descarga elétrica
visivel de uma disposicdo linear de eletrodos sobre a superficie do polimero ao

aplicar baixa voltagem (10 a 40 kV) em alta frequéncia (1-4 kHz). A descarga
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corona provoca ionizagdo parcial da atmosfera circundante e produz espécies
excitadas (por exemplo, radicais livres, ions ou elétrons). Essas espécies
quimicas sdo capazes de reagir e de oxidar as moléculas expostas a superficie do
polimero, formando novas funcionalidades polares, tais como grupos hidroxilo,
carboxilo, carbonilo e amida na superficie. As novas funcionalidades resultantes
tém forte compatibilidade com materiais hidrofilicos e aumentam a adesdo com
camadas finas como revestimentos, vernizes, adesivos, membranas (KUREK;
DEBEAUFORT, 2015).

Outro efeito bem conhecido dessa ionizagéo parcial da atmosfera é uma
nanomodificacdo da superficie fisica do polimero, como consequéncia de um
fendmeno de abrasdo chamado gravura. O tratamento corona poderia ser, assim,
considerado um processo simultdneo de deposicdo/remocdo de espécies
quimicas sobre superficies movidas por ions e radicais (PANKAJ et al., 2014).

3.6 Molhabilidade e energia livre de superficie

A hidrofilicidade de uma superficie solida é geralmente expressa em
termos de molhabilidade que pode ser quantificada por medidas de angulo de
contato. O valor do angulo de contato (0) pode variar de 0 a 180°. Quando 6 for
igual a zero, indica que o liquido molha completamente a superficie sélida e
espalha-se livremente sobre esta a uma taxa dependente da viscosidade do
liquido e da rugosidade da superficie. Quando o angulo de contato for maior que
zero e menor que 180°, o liquido molha parcialmente a superficie do sélido. No
caso onde o angulo de contato € igual a 180°, o molhamento da superficie €
praticamente desprezivel, sendo considerado como nulo. Desta forma, a
tendéncia para um liquido se espalhar ou molhar a superficie de um sélido

aumenta quando o angulo de contato diminui (CHAN 1994).
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Este angulo de contato pode ser medido utilizando-se a técnica da gota
séssil em que a quantificagdo pode ser feita colocando-se uma gota de um
liquido sobre uma superficie sélida podendo ser observado dois fenbmenos: o
liquido se espalha inteiramente sobre a superficie, ou permanece na forma de
gota estabelecendo um angulo de contato definido entre a fase liquida e a fase
solida (CARVALHO, 2009).

No caso de liquidos, a energia livre superficial pode ser definida como
uma forca atuando paralelamente a superficie por unidade de comprimento.
Porém, no caso dos sélidos, as moléculas que atuam na superficie ndo sdo
equivalentes e a velocidade com que elas podem se arranjar de maneira a se
tornarem equivalentes é pequena. Ndo hd métodos diretos para medicdo de
energia livre ou tensdo superficial de sélidos. Entretanto, existem varios métodos
indiretos empiricos e semi-empiricos baseados na medicao de angulo de contato
(CHAN, 1994).
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ABSTRACT

Investigations have shown that corona treatment is promising for
quality improvement of fabrics and composites. There are no reports on
its effectiveness for surface modification of nanofibril films for printing
and packaging purposes. This investigation aimed to evaluate the film
properties with the evolution of corona discharge exposition on
eucalyptus and pinusnanofibril films. Cellulose nanofibrils were produced
from commercial bleached cellulose pulps of both species through 30
passages in a Super Masscolloider Grinder. Films were formed by casting
method. The corona discharge treatment was applied for 10, 30, 60 and
300 s, at a distance of 3 cm. Furthermore, the duration of the surface
modification was evaluated after 6, 24, 48, 72 and 96 h. Corona discharge
promoted formation of hydroxyl, carbonyl and other functional groups by
the breakage of C-C bonds and subsequent reaction with oxygen. The best
corona treatment time was 30 s, for which maximum water vapor

permeability of 13.1 g.mm/KPa.day.m? and 14.2 g.mm/KPa.day.m? was
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found for the eucalyptus and pinus films, respectively. In addition,
maximum water absorption (of around 35%) was observed for films of
both species treated for 30 s. The tensile strength increased by increasing
corona treatment exposition. Pinusnanofibril films showed better
performance than eucalyptus nanofibril films due to higher crystalline
index and nanofibril dimensions. Through the analysis of contact angle
and surface energy, it was verified that printing of corona treated
nanofibril films should be carried out up to 24 h where the films still

exhibit the effect of the treatment.

Key-words: Bleached cellulose pulps; water vapor permeability; surface

energy; durability
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1 INTRODUCTON

The use of natural fibers has been increasing due to its lower cost
and less environmental damage when compared to synthetic fibers. They
are applied to materials used in the civil construction, automobile and
aeronautics industries [1].

Cellulose nanofibrilsare obtained through the mechanical
disintegration of lignocellulosic raw material, being wood the most
exploited resource for this purpose[2]. The cellulose nanofibrils exhibit
large specific area, very high elastic modulus, high aspect ratio, low
thermal expansion, non-abrasive nature, non-toxic character and ability to
act as significant reinforcement at low loading levels. These attractive
properties stimulate their application as reinforcing agents in the polymer
nanocomposites[3-5].

When the water is vaporized, aqueous nanofibrils suspensions are
transformed into films by the network that is formed through interfibrillar
hydrogen bonding [6]. They exhibit high mechanical performance and
optical transparence, low thermal expansion and suitable oxygen barrier

properties[7,8].
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The modification of nanofibril films to obtain surfaces that are
more reactive could expand nanofibril applications. The corona treatment
is an easy to apply and low cost technology that is frequently used by the
packaging industry to increase the surface tension and polarity of films in
order to improve their printing capacity, wettability and adhesion
properties [9,10]. It causes a surface oxidation of the polymer that is
activated, changing its surface energy [11].

Some studies have been conducted regarding the application of
corona discharge for the surface modification of juta fiber used in epoxy
composites[12]; and of pinus, eucalyptus and sugarcane bagasse used in
polyester composites[13]. Those studies had the purpose of increasing the
adhesion between fiber and matrix. Besides, Carvalho; Giordano; Campos
[14] applied corona discharge in cotton fabric in order to increase its
hydrophilicity.

However, to the best of our knowledge, there are no studies in the
literature that report the application of corona discharge in nanofibril
films. Besides raising permeability, it is crucial to determine the
maximum time available between the corona treatment duration and film

utilization. Therefore, this investigation aimed to evaluate the film
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properties with the evolution of corona discharge exposition on

eucalyptus and pinusnanofibril films.

2. Material and methods

2.1. Materials

Commercial bleached cellulose pulps from Eucalyptus sp. and
Pinus sp. were provided by Klabin Company, located at Santa Catarina,
Otacilio Costa, Brazil. The pulps were produced by the kraft process and
followed by bleaching. The eucalyptus pulps have a viscosity of 675

g.cm and the pine pulps have a viscosity of 633 g.cm™.

2.2. Characterization of the commercial pulps

Chemical composition of the eucalyptus and pinus pulps was
determined in triplicates. Previously, the samples were submitted to
extraction using a sequence of toluene-ethanol (5 h), ethanol (4 h), and
water (2 h). Lignin content was analyzed according to ABNT NBR 7989
[15]standard. The holocellulose content was obtained by the procedure
described by Browning [16]. The cellulose content was determined

according to the methodology of Kennedy, Phillips and Williams [17].
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The hemicelluloses were quantified by the difference between the

holocellulose and cellulose contents.

Scanning electron microscopy (SEM) was performed to evaluate
the morphology of the bleached fibers. A JEOL scanning electron
microscope, model JSM 6510, with a tungsten filament operating at 15
kV was used to obtain the micrographs. The samples were scattered on
double-sided carbon adhesive tapes, previously glued on aluminum

sample holders (stubs), and covered with gold.

2.3. Production of the cellulose nanofibrils

Cellulose nanofibrilswere obtained by mechanical defibrillation
using a Super MasscolloiderMasuko Sangyo MKCAG6-2 defibrillator at
1500 rpm with energy efficiency of 1.0 x 10* kWh/ton. Initially, the
cellulose pulps were immersed in water at a 1.0 % w/v consistency for a
48 h hydration with the purpose of swelling the fiber cell walls. The gap
between the silicon carbide stones in the defibrillator was adjusted to 100
um[18]. The suspension was passed through the grinder 30 times[19] and

the electric current consumed was kept at 6A.
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2.4. Characterization of the cellulose nanofibrils

Field emission gun scanning electron microscopy (FEG-SEM)
was performed to observe the morphology of nanofibrils after
defibrillation. The analysis was carried out in JEOL® miscroscope
model JSM 6701F that operated at 2 kV. Two drops of the nanofibrils
suspension were deposited in 50 mL of deionized water, which was
sonicated at 450 W for 1 min on a tipped Brason® ultrasound.
Afterwards, a drop of the homogenized suspension was deposited on a
silicon plate. The mean diameter of the nanofibrilswas determined by
digital image analysis using the ImageJ 1.48v. Hundred measurements
were made for the nanofibrils of each genus.

The crystalline structure of the nanofibrils was analyzed by
diffractograms obtained in a diffractometer model XRD 600 (Rigaku ®)
operating with 30 kV, 30 mA and Cu-Ka radiation (A = 1540 A). The
samples were deposited in glass sample port and the scanning was
performed at a rate of 26/min from 5° to 38°. The crystalline index was
calculated using the maximum intensity that was obtained at the main and

higher peak of the diffractogram and the minimum intensity located
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between the two crystalline peaks by Eq. 1, as suggested by Segal et

al.[20].
Cl = (1 — ("I‘—Cm)) +100(1)

Where: Cl is the crystalline index (%); lamis the minimum intensity
obtained between the peaks located at 26 = 16.5° and at 20 = 22.6°;

and Ic is the maximum intensity identity of the main crystalline peak.

2.5. Preparation and corona discharge treatment of the nanofibril

films

Films were formed by the casting method.Aliquots of 40 mL of
the nanofibril suspension were deposited on 15 cm-diameter acrylic Petri
dishes and conditioned at 25 + 5°C and 60% relative humidity for 5 days
until the films were dried. Fifteen films were produced for each genus.
The surface and cross-section of eucalyptus and pinusnanofibril films

were showed in Fig. 1.
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Fig. 1. Aspect of eucalyptus and pinus films. A: surface of eucalyptus
film; B: cross-section of eucalyptus film; C: surface of eucalyptus film;

D: cross-section of pinus film.

The samples were dried at 60°C for 24 h before corona
application. For this, Corona Brasil converter, model PT-1, with power of
0.5 KW was used. The discharge of 10 kV, intensity of 60 pA and

frequency of 60 Hzwas applied in dry samples for 10, 30, 60 and 300 s, at
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a distance of 3 cm (Fig. 2). The time was controlled using a digital timer.
Films without treatment (WT) were evaluated for comparison. Three

films were assigned to each treatment.

Fig. 2. Application of corona discharge on nanofibril films.

2.6. Characterization of the nanofibril films

A JEOL® microscope model JSM 6701F that operate at 2 kV was

used to analyze the surface and cross-section morphology of films. The
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samples were scattered on double-sided carbon adhesive tapes, previously
glued on aluminum sample holders (stubs), and covered with gold.

The spectra of attenuated total reflectance (ATR) were obtained in
a Varian 600-IR Series FT-IR spectrophotometer, equipped with a
GladiATR accessory and a diamond tip. The scanning was performed at a
4% resolution and ranged from 4000 cm™ to 400 cm, totalizing 32 scans.

The grammage (Eq. 2) values of the nanofibril films were
determined before the corona discharge. From each film, two samples
were cut to a diameter of 1.6 cm. A balance of 0.0001 g precision was
used for weighing. The width and length of samples were determined
with a pachymeter with an accuracy of 0.01 mm, while thickness was

measured with a micrometer of 0.001 pm precision.
m

Gr = —(2
—~©

Where: Gr is the weight (g.m™2); m is the mass (g); and A is the area (m2).

The water vapor permeability of the films was determined by
gravimetry according to the ASTM E 96-00[21] standard and the

literature[22]. For each film, two samples were cut to a diameter of 1.6



44

cm and placed between the cap and the amber glass vials of the
permeability cell with 3/4 of its volume containing silica gel (desiccant),
previously oven dried at 150°C for 24 h. Then, the amber glass was
placed in hermetic desiccators at 18.5 £ 2°C, whose volume of water sets
the water activity in contact with the upper face of the specimen to 0.1.
The weight gain was measured every 24 h until 10 days of moisture
exposure. The water vapor permeability rate (WVPR) of polymer films
was estimated using linear regression between weight gain (g) and time
(24 h). The slope of the linear part of the curve represents the amount of
water vapor diffusion through the specimen per unit time (9.T). The
WVPR and the water vapor permeability (WVP) were determined by Eq. 3

and 4, respectively:
_ 9
WVPR = —(3)
T+A

WVPRx*t
WVP = RR Rhi

$———S P *——
Sp 100 Sp 100

(4)

Where: WVPR is the water vapor permeability rate (g/h.m?); g/T is

the slope of the line obtained by linear regression of mass gain (g) in
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relation to conditioning time (h); A is the permeation area of each
specimen  (m?); WVP is the water vapor permeability
(g.mm/KPa.day.m?); t is the thickness of the specimen (mm); spis the
saturated vapor pressure of the water at the testing temperature of 18.5°C
(KPa); Rhi is the relative humidity inside the glass containing white silica
gel equals to 0%; and Rh is relative humidity inside the desiccator
containing distilled water (100%). The sp equation was calculated

according to equation 5, known as Tetens[23]:

17,27+T

sp = 0,6108eT7+237.3(5)

Where: sp is saturated vapor pressure of water at the test
temperature of 18.5°C (KPa); and T is the conditioning temperature
(18.5°C) of the desiccator containing cells with biofilms and distilled

water.

The water absorption analysis was performed according to
R6z[24] at 75% Rh. This condition was achieved with an aqueous sodium
nitrite salt solution (NaNO3) according to ASTM E-104[25]. Six samples
with 2 cm diameter were cut for each treatment. They were previously

dried in an oven at 70°C for 24 h, and subsequently weighed. The
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samples were weighed 6 h after the beginning of the test and every 24 h
for 5 consecutive days. The amount of water absorbed was expressed as
the percentage of the mass gain in relation to the initial mass of the

samples according to Eq. 6:

_ Mc—-Mi

WA = ,
Mi

(6)

Where: WA is the water absorption (%); Mc is the current mass (g); and Mi is the

dry mass (Q).

The maximum tensile strength (oméx) and the elastic modulus (E)
were measured using a TA.XT2i (Stable Micro Systems) texturometer.
Tests were performed according to ASTM D 882-09 [26]. The samples
dimensions were 10 = 2 mm of width, 100 + 10 mm of length and 0.1 +
0.08 mm of thickness. Five replicates were tested for each time of the
corona discharge application. The distance between the jaws, the test
velocity and the load cell were 50 mm, 0.8 mm.s? and 490 N,
respectively. The values of the mechanical tensile properties were

normalized by the respective grammage (Gr) values of each film.
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The wettability and surface free energy determinations was carried
out on the films to verify the length or duration of the corona treatment of
the films treated for 30 s. This condition was selected as the most
effective in the previous stages of the work. The polar and dispersive
contribution to surface energy (mN.m™) values of the films were
measured by the contact angles formed by distilled water, glycerol and
diode-methane solvents. The wettability was obtained by measurement of
the contact angle formed by distilled water drops over the films surface.
The first measurement was proceeded immediately after the corona
treatment (0 h). Further measurements were carried out after 24 h, 48 h,
72 h, 96 h and 120 h. The analysis was conducted using the equipment
KRUSS Drop Shape Analyzer, model DSA 25B. The contact angle and
surface energy were obtained through Advance software, using the

Owens, Wendt, Rabel and Kaelble (OWRK) method.

3. Results and discussion

3.1. Characterization of commercial pulp

The eucalyptus and pinus fibers showed higher percentages of

cellulose and lower percentages of hemicelluloses (Table 1).
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Table 1. Average and standard-deviation values of the chemical
components of the commercial cellulose pulps.

Cellulose Hemicelluloses Lignin
Content (%0)**
91.9+2.9* 3.0+£09 Not-detected
Eucalyptus
Pinus 85.9+1.8 99+24 Not-detected

* Standad-deviation; ** All values were calculated based on mass free of

extractive

Kraft pulping is a chemical process of cellulose production that
allows the separation of the wood fibers by the dissolution of the lignin
and also are removed the extractives and part of the carbohydrates [27].
Therefore, bleached pulp are suitable for nanofibril production because it
contains relatively high cellulose and almost no lignin [28-32]. Lignin
may hinder nanofibrillation process through increasing the energy
expenditure of the process[33,34]. The removal of lignin increasing the
whiteness of the pulp and consequently facilitating the generation of
nanofibrils[33,35,36]. For both spices, the amount of lignin was not

detected in the analytical analysis.
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The presence of hemicelluloses in the cellulosic pulp, because
they are hydrophilic, allows greater hydration of the fibers, favoring the
defibrillation process of the fibers [37]. They contributes to the adhesion
between the nanofibrils in the dry state, leading to the improvement of

stiffness and strength of the films [33].

3.2 Characterization of cellulose nanofibrils

The SEM-FEG micrographs (Fig. 3) show the intertwined and
disordered networks of cellulose nanofibrils ofeucalyptus and pinus

obtained after 30 passages through the defibrillator.

Fig. 3. Typical SEM-FEG micrographs of the eucalyptus (A) and pinus

(B) nanofibrils.
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The mechanical method to obtain nanofibrils consists of the
delaminating the cell wall of the fibers through shear forces generated
between discs[38]. Initially, the outer cell layers being the primary layer
and the S1 sub layer are disaggregated, which results in the exposure of
the S2 layer [39]. Cellulose nanofibrilsare then generatedby shearing and
consist mainly of microfibril aggregates that are removed from the
surface [40,41].

The type of equipment and parameters defined in the process
(such as the speed of rotation, distance between disks, number of cycles
in the mill), and fiber type will directly influence the quality of their
respective nanofibrils[42,43]. Through Fig. 4 it is possible to observe the

average diameters of eucalyptus and pinusnanofibrils.
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Fig. 4. Average and standard deviation values of the diameters of

eucalyptus and pinusnanofibrils

The eucalyptus and pinusnanofibrils had an average diameter of
39 nm and 25 nm, respectively. The average diameter values obtained for
nanofibrils are below this value.

The length of the nanofibrils is difficult to evaluate due to its
excessive interlacing, although it is known that it is of the order of a few
millimeters. Thus, nanofibrils obtained by mechanical process generally

present high aspect ratio[43].
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In structural terms the coniferous woods are relatively simple,
being composed almost entirely by a single type of elongated cells called
tracheids. In hardwoods, three major types of cells are found in this plant
group: vase elements, fibers and ray cells, which constitute the radial
parenchyma [44]. In general, the pinustracheids are longer in length than

the eucalyptus fibers (Fig. 5).

; _‘:/ V / 3)
TSR o
X T ‘i:» !

S /

A e

Traqheids

Fibers +
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Fig. 5. Appearance of tracheids (A) and fibers (B) of bleached pulps.

The length of the cellulose fibers varies according to the wood
source. The eucalyptus fibers are shorter (on average, 0.85 mm in length)
than the pinustracheids (on average: 2.6 mm in length) [45,46]. Therefore,
it is possible that the nanofibrils of pinus also presented greater length

than those of eucalyptus.
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The diffraction spectra showed the typical behavior of cellulosic
materials. The crystalline index was higher for pinusnanofibrils (Fig. 6).
Cellulose is a biopolymer that forms semicrystallinemicrofibrils
comprised of organized crystalline regions connected by amorphous
regions that occur in lower proportion [47]. The peaks that occurred in
both diffractograms at 16.5° (correspondent to (1-10) and (110) planes)
and 22.6° related to (200) plane are representative of the native cellulose I
[48], with the crystalline peak occurring around 22.6° [49]. The values are
consistent with some found in the literature. Viana[50] producing
nanostructured cellulose films of blechedkraft pulp of pinus by
mechanical griding, found crystalline index of 67.3% after 30 passes
through the grinder. Lengowski[51] evaluated the crystalline index of
cellulose nanofibrils from eucalyptus obtained by mechanical process at
rotations of 1000 and 1500 rpm, and found lower values of crystallinity
(around 64%). Increasing the crystalline character of the cellulose
nanofibrils may alter their mechanical properties, increasing the tensile
strength and elastic modulus and decreasing the elongation at break of the

nanofibrils[52,53].
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Fig. 6. Typical X-ray diffractogram and crystalline index (CI) of the

eucalyptus and pinusnanofibrils.

3.3. Effect of corona treatment time on the performance ofnanofibril

films

The nanofibrils of both wood genera were analyzed using ATR
spectroscopy to observe the changes in their chemical composition
after the discharges by corona treatment (Fig. 7 and Fig. 8). All the

samples exhibited a broad absorption band in the region between 3500
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and 3300 cm™ corresponding to the free O—H stretching vibration of
the OH groups in cellulose molecules [54]. The peak observed at 2916
cm is associated with the stretching vibrations of C—H groups [55].
The spectral bands observed in the region around 1647-1638 cm™are

attributed to the O—H bending of the adsorbed water [56].

on CH:
C-H | C-C c.0-Cc
10s [\
30s \\
60 S \
300s

| I I | | 1 | |
4000 3500 3000 2500 2000 1500 1000 500
-1
Wave number (cm )

Fig. 7. Typical ATR spectra of the eucalyptus nanofibrils without
treatment (WT) and of those submitted to different times (10, 30, 60 and

300 s) of corona treatment. * O—H bending of the adsorbed water.



56

o4 CH
C-H | | ©C coc
i C-OH
WT {
10s \\/ \
30s
60's i i
300 s W:

T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm ™)

Fig. 8. Typical ATR spectra of the pinusnanofibrils without treatment
(WT) and of those submitted to different times (10, 30, 60 and 300 s) of

corona treatment. * O—H bending of the adsorbed water.

The interval between 1300 and 1400 cm™ relates to CH. wagging
in cellulose [57-59]. The region before 1300 cm™ is related to C-O-C
asymmetric stretching from glycosidic linkages, C-O stretching, C-O-C
deformation [59-61].

At the wave number around 1317 cm™, a peak is formed in the

spectra of the bleached fibers corresponding to the angular deformation of
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the CH> cellulose bleached. Chemical groups occurring between 1170 and
1150 cm™ and between 1050 and 103 cm™[49] become more intense in
the spectra of bleached fibers for the same reason.

The bands at 1151 cm-'are attributed to the C—C ring stretching
[56]. The corona discharge resulted in the increase of the intensity of the
bands at 1037 cm?, related to the hydrogen bonding (C-OH) in the
cellulose skeleton [62,63]. In addition, this band became more intense due
to the oxidation and rearrangement of the cellulose structure, being a
strong evidence that the corona treatment alters the surface structure of
the film [64]. The intensity of this peak increased with increases in the
corona treatment time.

Therefore, corona discharge is expected to result in increased
surface energy by oxidation, resulting in the formation of hydroxyl,
carbonyl and other functional groups by the breakdown of C-C bonds and
subsequent reaction with oxygen [65-67].

All the pulp samples of this study were fully bleached and
contained almost zero lignin. Therefore, the region from 600 to 1500 cm™

is primarily related to chemical groups of cellulose and hemicelluloses.
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Characteristic bands of lignin, such as 1510, 1595, 1740 and 1770 cm’
[61]could not be found in bleached pulp samples.

The average grammage values for the eucalyptus and
pinusnanofibril films are in Table 2. Overall, pinusnanofibril films

showed higher grammage than eucalyptus films.

Table 2. Average and standard deviation values of grammage of the
nanofibril filmsfilms without treatment (WT) and after different times of
corona discharge (10, 30, 60 and 300 s).

Grammage (g.m2)

Condition Eucalyptus Pinus
WT 1592 +1.11* 21.49 £ 1.07
10s 21.69 +2.47 21.19+3.11
30s 19.70 £ 0.90 27.36 £0.93
60 s 22.49+1.18 20.50 £ 0.41
300s 16.81 £ 2.95 22.79+4.15

* Standard-deviation.

After evaporation of water of nanofibril suspension, the film is

formed on the plate. Most films processed in this way are irregular in
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grammage and thickness and still characterized by a heterogeneous
fibrous structure [68]. Due to the smaller diameter of the pinusnanofibrils,
a more compact and less porous structure is formed due to the larger
surface area of the nanofibrils and the greater interaction between them.

It can be observed that the corona treatment promoted a
considerable increase in the water vapor permeability with 30 s of the
application of corona discharge, being of 13.1 g.mm/KPa.day.m? for the
eucalyptus films and 14.2 g.mm/KPa.day.m? for the pinus films (Fig.
9).The corona discharge applied in atmospheric condition consists of
positively charged ions, electrons, excited or metastable species of
oxygen and nitrogen. The metastable oxygen species react with molecules
in the atmosphere to generate ozone, a powerful oxidizing agent. The
energies of the particles (1-20 eV) are sufficient to break C-C and C-H
bonds (2.54 eV and 3.79 eV, respectively) and generate free radicals on
the surface, which can react with atoms of oxygen and form polar

groups[14].
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Fig. 9.Average and standard deviation values of water vapor permeability
(WVP) of the eucalyptus and pinusnanofibrilwithout treatment (WT) and

after different times of corona discharge (10, 30, 60 and 300 s).

Such surface modification may be advantageous for improving the
printing on nanofibril films. Results obtained by Ryu, Wakida and
Takagishi[69] indicated that corona discharge treatment was effective on
improving wool fabric impression. Bergamasco[70], evaluating the
physical properties in silk fabric after corona treatment, found that there

was dyeing improvement.
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In the present work it was found a reduction in the water vapor
permeability values of the films for times higher than 30 s of corona
discharge treatment. Chan [71]reported that longer treatment times
promote increased roughness and crosslinking in some regions of a
polymer surface providing an increase in the cohesive strength of the
films, an than hindering the passage of water vapor.

The highest water absorption values (around 35%) for the
films of both woodgenus were found for films treated with 30 s of corona
discharge, corroborating with the water vapor permeability (Fig. 10 and
Fig. 11).Corona typically converts the substrate surface from a nonpolar
state to a polar state [10]and changes its topography causing an increase
in roughness, which helps to facilitate the anchoring of paints and
adhesives on the polymer surface[72].

When analyzing the effect of corona treatment on cotton fabric,
Carvalho, Giordano and Campos[14]verified through tests of water
absorption that no significant alterations on the absorption values could
be observed after 24h of corona discharge in relation to the starting

condition.
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Fig. 10. Average and standard deviation values of water absorption of the
eucalyptus films without treatment (WT) and after different times of
corona discharge (10, 30, 60 and 300 s), in function of time after
treatment (6, 24, 48, 72 and 96 h), in order to verify the length of the

surface modification of the films.
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Fig. 11. Average and standard deviation values of water absorption of the

pinus films without treatment (WT) and after different times of corona

discharge (10, 30, 60 and 300 s), in function of time after treatment (6,

24,48, 72 and 96 h), in order to verify the length of the surface

modification of the films.

The nanofibril films were submitted to the tensile test as a

function of the corona discharge time (10, 30, 60 and 300 s), from which

the maximum tensile strength (omax) and the elastic modulus (E) were
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obtained and divided the thegrammage (Gr) of the evaluated films (Fig.

12 and Fig. 13).
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Fig. 12. Average and standard deviation values of maximum tensile
strength (omax) divided by the grammage (Gr) of films, without
treatment (WT) and submitted to different times (10, 30, 60 and 300 s) of

corona treatment.
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Fig. 13. Average and standard deviation values of elastic modulus (E)
divided by grammage (Gr) of films without treatment (WT) and

submitted to different times (10, 30, 60 and 300 s) of corona treatment.

It is observed that corona treatment does promote modifications in
the mechanical properties of the films. In comparison with the WT films
the omax increased by 102% for eucalyptus films and 60% for pinus
films with 300 s of corona discharge application. Chan[71] reported that
longer treatment times promote greater crosslinking in some regions of a

polymer surface leading to the increase of cohesive strength between the
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nanofibrils, contributing to increase mechanical strength of the films.
Contrary, the E values were less influenced by corona discharges, leading
to some diminution of E with the time of corona exposition (e.g. for 30 s
for eucalyptus and 10 and 60 s for pinus).

As the pinusnanofibrils are probably longer than eucalyptus
nanofibrils due to longer tracheids in comparison to eucalyptus fibers,
they may present a larger aspect ratio, which is directly related to higher

tensile strength [73].

3.4. Duration of the corona treatment

The contact angle (°) of water with the surface of the nanofibril filmswas
evaluated as a function of the time elapsed after the corona discharge
(Fig. 14 and Fig. 15). Nanofibril films treated during 30 s by corona
discharge were selected in this evaluation, because this time of exposition
to corona proved to be the most effective for increasing the hydrophilicity
of the films (as reported in Fig. 9, Fig. 10 and Fig 11). It is observed that
the films without treatment (WT) presented contact angle of 70 £ 2° for

eucalyptus and 58 + 5° for pinus. These values drastically reduce when
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the contact angle was measured immediately after the application of the

corona discharge (Oh).

= ' v e ' " - 6

' 120h

Fig. 14. Contact angle of water with the eucalyptus nanofibril film
substrate without treatment (WT) and with 30 s of corona discharge, for
evaluation of the length of the treatment modifications along the time (0,

24, 48, 72, 96 and 120 h after discharges).

24h
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Fig. 15. Contact angle of water with the pinusnanofibril film substrate
without treatment (WT) and with 30 s of corona discharge, for evaluation
of the length of the treatment modifications along the time (0, 24, 48, 72,

96 and 120 h after discharges).

Nanofibril films treated with 30 s of corona discharge were
exposed to laboratory atmosphere for different times, and it was observed
that even after 24 h, the films still presents their surfaces modified by the
treatment. Otherwise 48 h after corona application, the surface changes

were completely lost for eucalyptus films and remarkably reduced for
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pinus films, since the contact angles values became similar to values of
the films without treatment.

The contact angles after 0 h and 24 h were lower for eucalyptus
films. The previously mentioned roughness of pinus films possibly
provide resistance for the sliding of water droplets [74].

The values of the free surface energy of the films, and its
dispersive and polar components as a function of time after the corona
discharge is presented in Table 3. It should be noted that there was a large
increase in the free surface energy of the films immediately after corona
treatment (0 h) was applied. For eucalyptus films, surface energy

increased by 37% and for pine films this increase was 25%.

Table 3. Free surface energy of the films and their polar components and
dispersion as a function of time after the application of corona discharge.

Surface free

. 1 .

Eucalyptus Pinus Eucalyptus Pinus  Eucalyptus Pinus

WT 59.67 55.29 3991+ 39.05 19.76 £ 16.24 +

1.41* 121 0.70 0.61 1.24 0.67
oh 78.98 + 69.22 47.18 + 40.52 + 31.59 + 28.70 =

0.35 +4.71 0.68 1.15 0.59 5.85
48h 58.89 + 54.89 + 37.65 37.04 + 21.24 + 17.85 +

1.08 1.18 0.63 1.07 1.15 0.45

* Standard-deviation; WT — films without treatment
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The oxygen molecules in the corona discharge films are free to
bond to the ends of the molecules in the substrate to be treated, resulting
in an increase in surface tension[10].In the work conducted by Cernak,
Sebo and Skalny[75], carbon fibers were treated with corona discharge,
with a voltage between 2 and 3 kV, and current intensity between 15 and
80 pA. The results showed that the process increases the fiber surface free

energy up to 20%.

After 48 hours of application of the corona discharge, the value of
the surface energy is similar to the value of the superficial energy of the
films without treatment, which corroborates to the fact that the corona
treatment effect lasts no longer than 24 hours.This can be attributed to
secondary reactions with species present in atmospheric air, and
contaminants that can be gradually adsorbed onto the surface of the

film[72].

4. Conclusions

Aiming the use ofnanofibril films for printing, a higher surface
energy is desirable. Our findingsshowed that corona treatment performed

for 30 scaused maximum water vapor permeability and maximum water
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absorption values for films of both wood genus studied here (eucalyptus
and pinus), what may optimizes the ink penetration.

Corona discharge caused increase of the tensile strength with
increase of discharge time, while caused an apparent diminution of the
elastic modulus. Tests showed that the length or duration of the corona
treatment seems to be around 24 h. The effect of the corona treatment was
similar for films of eucalyptus and pinusnanofibrils, and films from pine

pulp seems to present higher performance.

Further studies should be carried out in order to observe the effect
of the combination of different application distances and times of
application of the corona discharge on the properties of thenanofibril
films. The present study contributed with information about surface
modification of cellulose nanofibrils films with corona discharge, and
further progress of this approach could improve the performance of

cellulose based materials several applications.
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