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RESUMO

Objetivou-se estudar neste trabalho a deposi¢cépadeparticulas de
silica (SiQ) sobre a superficie de fibras de polpa celulédie&ucalyptuse
verificar sua interferéncia, no desempenho de caitgg de amido
termoplastico (TPS). Na primeira etapa do trabadtvaliou-se a influéncia da
concentracéo de precursor (1,9, 4,2 e 8,4)@eglo tempo de reacéo (2, 12, 18 e
24 h) na deposicdo das nanoparticulas, por meio plapriedades
microestruturais térmicas e de adsor¢do de umidkde materiais hibridos
organico-inorganicos formados. Nessa etapa, obsexwoque: ij houve uma
pequena tendéncia de aumento do tamanho das ndodjpare da quantidade
de silicio (Si) depositada nas fibras, com o aumelot tempo de reacaai)(a
deposi¢do de nanoparticulas melhorou a estabilidédwica do material,
aumentando a temperatura do inicio de degradacdol®db °C; (i) a
capacidade de adsor¢édo de umidade da fibra deselmiodificada foi reduzida
em até 50%. Na segunda etapa, o desempenho d®& aldicd% e 10% (em
massa) de fibras modificadas (FM) e ndo modificdEBEM) em matriz de TPS,
foi avaliado. Fibras de polpa celulose (FM e FNbtam capazes de melhorar a
resisténcia a tragdo e diminuir a adsorcdo de weid®s compdsitos de TPS,
sendo que os melhores resultados foram proporaisnpadlo maior teor de
fibras (10%). No entanto, a deposicdo de nanopéticde Si@ diminui as
hidroxilas livres na superficie da fibra, prejudida a interacdo entre a FM e a
matriz de TPS. Os resultados revelaram o potedeialtilizagdo das fibras de
celulose em matriz de TPS e que a modificacdo pedeuma alternativa na
aplicacdo da polpa celulose em matrizes mais ribicds.

Palavras-chave Polpa de celulose. Modificacdo de fibras. Nanibpaas.
Amido de Mandioca.



ABSTRACT

This study investigated the deposition of nanopladi silica (SiO2) on
the surface of Eucalyptus cellulose pulp fibers elmelcks its interference on the
performance of thermoplastic starch composites JTPShe first stage of this
work, it was assessed the influence of the precusiacentration (1.9, 4.2 and
8.4 g.g-1) and reaction time (2, 12, 18 and 2hhhé nanoparticles deposition
by means of thermal and microstructural propediesoisture adsorption of the
formed organic-inorganic hybrid materials. In tisigp, it was found that: (i)
there was a small tendency to increase the namdparsize and silicon amount
(Si) deposited on the fibers with increasing reactime; (ii) the nanoparticles
deposition improved the thermal stability of theohgl material, increasing the
onset temperature of degradation in 10-15 °C; @ndHe moisture absorption
capacity of the modified cellulose fiber was reducmtil 50%. In the second
stage, performing the addition of 5% and 10% (bysshaof modified and
unmodified fiber in TPS matrix was evaluated. Gebe pulp fibers (modified
and unmodified) were able to improve the tensilergjth and decrease the
moisture absorption of the TPS composites, ancdst results were provided
by the higher fiber content (10%). However, the a$ifion of SiQ
nanoparticles decreased the free hydroxyl on ther fsurface, damaging the
interaction between modified fiber and TPS matResults show the potential
use of cellulose fibers in the TPS matrixes and riwdification may be an
alternative for cellulose pulp application in matmore hydrophobic.

Keywords: Cellulose pulp. Modified fibers. NanoparticléSassava starch.
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PRIMEIRA PARTE

1 INTRODUCAO

A procura crescente por produtos e materiais dgrirenovavel vem
impulsionando a pesquisa para o0 desenvolvimentonaos materiais e
tecnologias, com destaque aos compdsitos polingricom a finalidade de
atender a essa demanda, governos, empresas aigiisst de pesquisa séo
levadas a desenvolver materiais alternativos eodte frenovavel, que possam
diminuir os prejuizos ambientais causados pelodybos convencionais.

Os polimeros naturais desempenham um papel impertao
desenvolvimento de novos produtos, em funcdo des samacteristicas e
propriedades, além da alta diversidade e dispdgdloié, frente aos polimeros
convencionais. Entre os polimeros naturais, destasao amido e a celulose de
origem vegetal, que apresentam propriedades quimfésicas e mecanicas
interessantes do ponto de vista de processameamicacao.

Embora o amido seja um produto promissor que ami@se
caracteristicas relevantes, suas propriedadeso-fisitnicas devem ser
melhoradas visando a aumentar sua potencialidadg,vez que os valores das
propriedades mecanicas e fisicas dos amidos tefstaus, normalmente sao
inferiores aos polimeros tradicionais. Para metha@acompetitividade de
materiais a base de amido, muitas séo as estragsgjisdadas, dentre as quais se
destaca a incorporacado de fibras celuldsicas adoamgue atuam como reforco
capaz de melhorar suas propriedades mecanicasituesis, térmicas e a
resisténcia a agua.

O desempenho das fibras celulésicas utilizadas coefiorco em
matrizes poliméricas depende do equilibrio de wgarfiatores, incluindo a
composi¢do quimica das fibras, a estabilidade difoeal e a interacao da fibra

com a matriz. Assim, a simples utilizacdo de filwalsilosicas como refor¢o ndo
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garante, significativamente, os ganhos esperadepnopriedades mecanicas e
fisicas dos compésitos de amido termoplasticosyieinde, principalmente da
incompatibilidade entre a matriz e o refor¢o e jredéabilidade dimensional das
fibras celulésicas.

Embora diversas fontes de fibras vegetais tenhalm sstudas nos
Ultimos anos, ha poucos relatos da utilizacdo deadi de polpa branqueada
Eucalyptuscomo reforco de matrizes poliméricas, que poderdigcomo uma
fonte alternativa capaz de minimizar os efeitoseashs dos refor¢os naturais.
Entretanto, fibras branqueadas tornam-se mais Pe@gigaos liquidos, ou seja,
mais hidrofilicas, isso em fun¢é@o da remocao darae extrativos amorfos da
superficie. Tal fato, ao mesmo tempo, que se toma vantagem para a
confecgcdo de compdsitos, em virtude de sua maiongabilidade comparada
com a fibra ndo branqueada, por outro lado, toenarsa desvantagem frente a
instabilidade dimensional que as fibras branqueadadem apresentar quando
aplicadas como reforco em compositos de TPS.

Nesse sentido, a modificacdo da superficie dedfidepolpa celulose,
mediante recobrimento com nanoparticulas inorganicestra-se promissora,
principalmente, por conseguir manter as proprieslai#eseus precursores e de
ser capaz de estabelecer novas propriedades aonatenal constituido.

1.1 Objetivos

O objetivo principal deste trabalho foi estudar epabicdo de
nanoparticulas de silica (Sisobre a superficie de fibras de polpa celulose de
Eucalyptussp., e verificar sua interferéncia, no desempenécamico, térmico e
de adsorcdo de umidade de compdésitos de amido pErstico (TPS). Os

objetivos especificos foram:
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- Avaliar o efeito da concentracéo de precursoo &thpo de reagéo da
sintese sol-gel na modificacdo da superficie dadilde celulose, por meio da
sintesen situ de nanoparticulas de Si@a superficie da fibra.

- Avaliar o efeito da modificacdo das fibras quaragdicadas como
reforco em matriz de amido termoplastico, com énfas avaliacdo das
propriedades térmicas e microestruturais (interfdibea/matriz), e suas
consequéncias na resisténcia mecanica (tracdo)aglstecdo de umidade dos

compésitos produzidos.

1.2 Conteuldo da dissertacao

A dissertacgéo foi organizada em 2 partes, sendoreeipa parte dividida
em 3 se¢Bes e a segunda em dois artigos. Na segBo@imeira parte, esta
apresentada uma breve revisdo bibliografica solse pncipais tépicos
abordados na presente pesquisa, destacandd}seongeitos e detalhes de
materiais compositos, com destaque as caractaggfic amido e a preparacao
do amido termoplasticoii] principais caracteristicas, vantagens e desvansag
das fibras vegetais quando aplicadas como refarcanateriais compositos; e
(iii) conceito, preparacdo e detalhes dos materiaiecoarpésitos organico-
inorganicos. A avaliacdo das informacgfes dos t&papresentados nesta se¢éo
serviu de base para definicdo dos experimentosueidms na presente pesquisa.

Na secao 3 estdo apresentadas as conclusfes gecapdes finais sobre
0s principais resultados encontrados nos doisoartigpresentados na segunda
parte desta dissertacao.

O artigo 1 apresenta os materiais utilizados e etedologias aplicadas
para modificacdo e caracterizacdo das fibras a8, bem como os
resultados da caracterizagdo e a discussdo a dascdiferentes condi¢cdes de

modificacdes estudas. J& o artigo 2 demonstra garagdo, caracterizacdo e
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andlises: térmica, microestrutural, mecanica (bhedde adsorcao de umidade
dos compositos de TPS reforgados com fibras madiéis e ndo modificadas.

A presente pesquisa contribui para o entendimento vdrriaveis do
processo de deposicdo das nanoparticulas de (8li0g sobre a superficie de
fibras de celulose e do comportamento das fibradififoadas quando aplicadas

como reforco em matriz de amido termopléstico (TPS)
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2 REFERENCIAL TEORICO

Para elaboracdo do presente trabalho se fez neoessda revisdo
bibliogréfica a cerca dos principais assuntos auwd sobre o tema, conforme

descritos abaixo.

2.1 Materiais compositos

A procura crescente por produtos e materiais dgrirenovavel vem
impulsionando a pesquisa para o desenvolvimentnal@s tecnologias e
materiais com a finalidade de atender a essa dema&mwlongo das Ultimas
décadas, destaca-se o desenvolvimento de compdsiteEados em matéria-
prima oriunda de fonte natural, considerados priliaig, tanto pela potencial
aplicacdo tecnologica, como pela diminuicdo dos actgs ambientais
resultantes da aplicacdo desses materiais (ASHERIJRBAKHSH, 2009;
HABIBI et al.,, 2008; LI; HU; YU, 2008; MEGIATTO Jret al., 2008;
MOHANTY; MISRA; HINRICHSEN, 2000; RAMIRES et al., A0;
TRINDADE et al., 2008).

Os compositos poliméricos representam um caso deicuyar
importancia na classe dos materiais de engenhgtia, além do aspecto
ambiental, sdo desenvolvidos visando a atingir nedpdes e caracteristicas
especificas de seus precursores (matriz e refageplvidos no processo,
principalmente mecénicas e fisicas. Eles sdo ragdneterogéneos, com pelo
menos duas fases distintas, em que uma das fadescéntinua ou dispersa,
chamada de agente de reforco ou de enchimentopng®sgel por fornecer a
principal resisténcia ao esfor¢co, aumentando atésiia da matriz. A outra fase
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é continua, chamada de matriz (agente liganteyesmondendo ao meio de
transferéncia desse esfor¢o (KABIR et al., 2012).

As matrizes podem ser divididas em trés tipos fpais. ceramicas,
metdlicas e poliméricas, sendo esta Ultima, suthidi&i em trés grupos, os
termorrigidos, os termoplasticos e os elastbmergsianto a sua origem, podem
ser subdivididos em sintética e natural. As madrigeliméricas sdo as mais
utilizadas na formagdo de compositos pela sua tletade de formulagéo e
facilidade de processamento.

Quanto a fase descontinua ou dispersa, destacatsd ale fibras
lignocelulésicas como reforco em compésitos policody;, pois além de
apresentarem baixo impacto ambiental, leveza (bdersidade), abundancia,
baixo custo, ndo abrasividade e serem nao toxapassentam a possibilidade de
se tornarem uma fonte de renda alternativa, umajuezpodem ser obtidas de
subprodutos agroindustriais (residuos), agricolaglee recursos florestais
(BOURMAUD; BALEY, 2009; GEORGOPOULOS et al., 2005; HU; YU,
2008; MULINARI et al., 2009; RAMIRES et al., 201RABIR et al., 2012).

Por essas caracteristicas 0os compositos polimériefmscados com
fibras lignocelulésicas vém sendo amplamente dededes e aceitos para
diversas aplicacdes, desde a indistria automadsljshaval e aeroespacial,
passando por aplicagcbes militares, construgéq eitél mesmo na confeccéo de
materiais esportivos (ALEMDAR; SAIN, 2008; ASHORI,2008;
GEORGOPOULOS et al.,, 2005; HEMAIS, 2003; JOSHI ¢t 2004;
NICOLAI; BOTARO; CUNHA LINS, 2008; XUE et al., 2009

Novos polimeros biodegradaveis tém sido desenvadvid partir de
recursos renovaveis, que segundo Avérous (200B8nmpar divididos em dois
grupos: os poliésteres biodegradaveis poli(hidioaizs), poli(lactideos),
poli(caprolactonas) e poli(esteramidas) e os adimeoos polissacarideos,

proteinas e lipideos. Os agropolimeros sao formadasmtureza durante o ciclo
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de alguns organismos, envolvendo processos cawdisgpor enzimas e
crescimento das cadeias por reacBes de polimediZ@¢AXEIRA, 2007), em
gue se destaca o amido, redescoberto como um atgtiéstico (CARVALHO;
CURVELO; AGNELLI, 2001) e a celulose.

Embora os principais inconvenientes para a aceitacétilizacdo dos
polimeros biodegraddveis como matriz em compOsikos, substituicdo aos
polimeros convencionais, seja a baixa e limitadést@&ncia mecanica e o alto
custo em virtude da baixa produgdo, o amido naersmixa nesse ultimo
aspecto, sendo portanto, um material promissorgialisponibilidade, por ser
de fonte renovavel, por manter o carater biodegeldinesmo apds ser
convertido em um material termoplastico e por damnstuma alternativa
interessante em substituicdo aos polimeros siagéten aplicagbes que nédo

necessitem longos periodos de uso.

2.1.1 Amido

O amido é um polissacarideo organico, que juntamenin os demais
polissacarideos naturais, representam 75% de todeaterial organico do
planeta (STEVENS, 2002). Amplamente encontradoemmworvegetal, o0 amido
possui a funcdo de reserva de energia, sendo aradeprincipalmente, em
raizes, tubérculos, sementes e frutos na forma mulps insolUveis
(COLLINS; FERRIER, 1995). As suas variacbes de tdma forma,
associacoes e composicdo (glicosideos, umidadeipas, lipideos e minerais)
sdo dependentes de sua origem botanica (TESTER;KWKRARS, 2001;
VALDEJAOQ; JANSON, 1996).

Os gréanulos de amido sdo compostos de dois pdisdacs, a amilose
e a amilopectina, que embora contenham unidadeglidese, apresentam

estruturas e propriedades diferentes. Esses comigarepresentam cerca de 98
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a 99% do peso seco total do polimero, sendo queocdo de cada um é
variavel em funcdo de sua origem vegetal. Os demaisstituintes sao
representados por 0,6 % de proteinas e lipideosre0g % dos demais
elementos, tais como o calcio, magnésio, potassisforo e sodio

(CORRADINI et al., 2007).

A estrutura do amido é representada por regidesfasnamilose e os
pontos de ramificacdo da amilopectina) e por regdiistalinas da amilopectina
(MEUSER; MANNERS; SEIBEL, 1993; VAN SOEST; ESSER9Y). Essa
conformacéo, pela presenc¢a de grupos hidroxilieosstrutura quimica bésica,
confere a0 amido uma natureza altamente hidrof{@@®@RRADINI et al.,
2007).

Embora o0 amido seja insolivel em agua fria, dea&léortes ligacbes de
hidrogénio que mantém as cadeias de amido unidagresenca de agua e
aquecimento, as estruturas amorfas (amilose) doulgratornam-se sollveis,
dissociando-se e difundindo-se para fora do granmdésim, a gelatinizagéo,
nome dado a esse processo, pode ocorrer numaamdagemperatura entre 60
°C a 75 °C, que dependera da origem botanica didoaiom a gelatinizacao,
ocorre o colapso das ordenag8es moleculares démtygrtio de amido, levando a
mudancas irreversiveis em suas propriedades, aochamento do grao, fuséo
cristalina, perda de birrefringéncia, modificacdo @adrdo de raios-X,
desenvolvimento de viscosidade e solubilizacdondid@ (SILVA et al., 2004).

A retrogradacdo, nome dado ao fendbmeno que ocop@s a
gelatinizacdo, pelo resfriamento do processo eramjar das moléculas de
amilose e amilopectina, da ao amido novamente a cwadicdo de
insolubilidade em agua fria (CEREDA, 2002; DENARDBILVA, 2009).

Entre as fontes naturais de amido, pode-se desigc@ie proveniente
da raiz de mandiocavianihot esculentaCrantz), por se tratar de uma espécie

vegetal genuinamente brasileira, nativa da flordsteazonica, utilizada como
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uma das principais fontes de energia metabdlicaspmimunidades tradicionais
foi domesticada e passou a ser cultivada em esgalarcial em diversos paises,
principalmente africanos, asiaticos e sul-amerisameostrando seu potencial
econdmico, social e tecnoldgico.

A fécula de mandioca, além de ser aproveitada jdiraentacdo
humana, € utilizada para o desenvolvimento de posdadustriais, tais como
cosmeéticos, papéis, tecidos, entre outros, podaimtta ser utilizada para a
producdo do amido termopléstico, testado e desedeopara confeccdo de
biocompésitos  poliméricos  alternativos aos compésit poliméricos
tradicionalmente utilizados (CARVALHO; CURVELO; AGLI, 2001;
CARVALHO et al., 2005; LONGIERAS et al., 2004; THEXRA, 2007).

2.1.2 Amido termoplastico (TPS)

A partir da década de 70, pesquisas foram incatds/pelo interesse em
plasticos biodegradaveis elaborados a partir denpobs naturais e renovaveis
em substituicdo parcial ou total aos polimeros eoownais (CARVALHO;
CURVELO; AGNELLI, 2001). Nesse contexto destaca@eamido que
apresenta caracteristicas que o possibilitam aesformado em um material
plastico, do tipo termoplastico.

A utlizacdo do amido como plastico biodegradawsh tum futuro
promissor pelas suas caracteristicas estruturpigngicas, bem como em funcao
de sua abundancia, de seu carater renovavel, deéba®a custo, quando
comparado a outros polimeros convencionais, e, cedpente, por ser
encontrado em diversas espécies vegetais (DA RAZ,&001; MARTINS et
al., 2009; PRACHAYAWARAKORN; SANGNITIDEJ; BOONPASH, 2010).

O amidoin natura ndo possui caracteristicas termoplasticas dewsdo a

ligacBes de hidrogénio intra e intermoleculareseeas grupos hidroxilicos de
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suas moléculas. Entretanto, quando submetido asfwescisalhamento,
temperatura e adicdo de agente plastificante (&gylcerol ou outro), o amido
se torna um material fundido, denominando-se artédmoplastico ou TPS
(AVEROUS, 2004; CORRADINI et al., 2007; LIU et aRp09; MO et al.,
2010).

Os plastificantes sdo geralmente moléculas pequenaso volateis e
sdo adicionados aos polimeros de alto peso motepal@a amolecé-los ou
baixar seu ponto de fusédo durante o processam@ntpara lhe adicionar uma
flexibilidade ou extensibilidade semelhante ao darrdtha (MATHEW,
DUFRESNE, 2002).

A agua deve ser adicionada a formulagdo, mesmaessee Ndo seja o
plastificante escolhido, pois ela possibilita ohamento e a subsequente
desestruturacdo do granulo por meio da quebragdedes de hidrogénio entre
as cadeias, além de atuar como plasticizante (HMAKR; JANSSEN; FEIL,
1998). Entretanto, a agua como plasticizante n&angaboas propriedades ao
TPS, sendo necessaria a introducdo de outro apksticizante para facilitar a
processabilidade e melhorar suas propriedades (BEHS et al., 1997;
STADING; RINDLAV-WESTLING; GATENHOLM, 2001).

O amido termoplastico, como a maioria dos polimemsresenta
comportamento viscoelastico, ou seja, materiais ppEsuem caracteristicas
intermediarias entre sélidos elasticos e fluidacasos, o que lhe confere as
caracteristicas plasticas (CANEVAROLO, 2003). Bmimo, uma das
limitacdes para seu uso € o fato de que suas pdagleés mecanicas e fisicas,
normalmente séo inferiores aos polimeros termaptistradicionais.

Logo, a incorporacdo de fibras celulésicas atuacmoo reforco em
compoésitos de amido termoplastico pode ser capazmédiorar as suas
propriedades mecénicas e a sua resisténcia a amaayez que a celulose é

menos hidrofilica e com propriedades mecéanicasisupe ao amido.
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2.1.3 Reforco de origem renovavel: fibras vegetais

As fibras vegetais, além de serem de fonte rendvage toxicas, ndo
abrasivas, de alta diversidade e disponibilidade, baixo custo e baixa
densidade (alta resisténcia especifica), quandopamdas aos reforgcos
convencionais, apresentam em sua constituicdo caimiementos que lhes
conferem boas propriedades de resisténcia (SKREEKR/Mt al., 2011). Elas
formam um compdsito natural, constituida basicamdettrés macromoléculas,
encontradas, primordialmente, na parede celularcdogponentes anatémicos
dos vegetais, sendo eles: celulose, hemicelulosdgnéna, em que as
microfibrilas de celulose unidirecionais constituem elementos de reforgo na
mistura da matriz de hemiceluloses e lignina (FAR&tkal., 2012). A lignina e
as hemiceluloses cumprem o papel de ligarem asasadie celulose entre si, por
meio de ligacdes quimicas de seus grupos hidrozilionstituintes.

A celulose apresenta uma estrutura simples, em &@GHO com as
hemiceluloses e a lignina. As hemiceluloses aptasenma série de agucares
precursores diferentef-D-glicose,-D-manose p-D-galactosep-D-xilose, o-
L-arabinose,a-L-raminose, a-L-fucose, Ac.4-O-metil D-glicurénico, Ag-D-
galacturbnico e Ae-D-glicorbnico), os quais constituem o grupo das
hemiceluloses. Ja a lignina é composta por trésitesis precursorapdra-
hidroxifenila, guaiacila e siringila), que diferamtre si pela presenc¢a de grupos
orto-metil como substituintes no anel aromaticolaPsua complexidade e
variabilidade entre espécies, ndo ha um padraatesistico para descrevé-la
completamente, como ocorre para a celulose.

A celulose, componente majoritario, € o homopolémeatural mais
abundante e que desempenha um papel significabveuporte estrutural de

paredes celulares de plantas devido as suas etepadariedades mecanicas,
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que séo garantidas em virtude de algumas cardid@sisquanto a sua
constituicdo molecular e empacotamento quimico camelevado grau de
polimerizacdo, a orientagdo linear de suas cadeideculares e a capacidade de
realizarem ligagGes de hidrogénio inter e intramuires (BACIC; HARRIS;
STONE, 1988; BOS; VAN DEN OEVER; PETERS, 2002).

Quanto a estrutura quimica, a celulose se apresenta um polimero
de cadeia linear, formada pela unido repetitivandéeculas de glucose unidas
por ligacBesp (1-4), com comprimento suficiente para ser inseligm
solventes organicos. Feixes de moléculas de celidesagregam na forma de
microfibrilas, na qual regiées altamente ordenddastalinas) se alternam com
regiBes menos ordenadas (amorfas). Essa conforndagde confere a celulose
suas propriedades mecénicas (resisténcia a tra¢&iyas (hidrofilicidade).

No entanto, pela natureza hidrofilica da celulese,funcdo das regifes
amorfas, sua aplicagdo como refor¢co em composide gerar problemas, pois
sua capacidade de adsorcdo de umidade enfraqupoepaigdades mecanicas e
fisicas do compésito. Segundo Faruk et al. (2042)propriedades das fibras
variam em funcéo de sua origem e o conhecimenteadg®opriedades devem
ser tomadas em consideragdo para atingir o seurmagotencial na utilizacéo
como reforco em compdsitos.

Assim, uma das alternativas quanto a utilizacadiltas de celulose
como reforco em compositos é realizar a modificad@superficie das fibras
com a finalidade de deixa-las menos hidrofilicasn slterar suas propriedades

mecanicas.

2.2 Nanocomp@sitos organico-inorganicos

Materiais nanocompdsitos organico-inorganic® preparados pela

combinacao de componentes organi@®mplo, fibras vegetais) e inorganicos



22

(exemplo, nano-silica) e constituem uma alterngtizea a producéo de novos
materiais multifuncionais. Tais materiais tém desu interesse devido a sua
notavel mudanca nas propriedades do compésitoredifiadas de seus
componentes precursores (BALAZS; EMRICK; RUSSELIO0®@ CASERI,
2007; HAAS, 2002; KICKELBICK, 2003; KRISHNAMOORTIVAIA, 2007;
SCHADLER et al.,, 2007; SCHAEFER; JUSTICE, 2007).cémbinacdo de
materiais organicos e inorganicos pode ser efiaobtencdo de uma nova
classe de materiais de alto desempenho e altarfiesmt®mnal, abrangendo a
potencialidade de utilizacdo do novo mateiAeHORI et al., 2012).

Nanocompdésitos orgéanico-inorganicos, também chasddomateriais
hibridos, geralmente sdo compostos de polimeroanmgs com particulas
inorganicas, de escala nanométrica, aderidas arfmipedos polimeros.
Combinam as vantagens do material inorganico (pemelo, alta estabilidade
térmica e rigidez) e do polimero orgéanico (por eslemnflexibilidade, material
dielétrico, ductilidade e capacidade de processtnjieam virtude dos efeitos de
sinergia resultantes de amplas interacdes morfégespecificas entre as duas
fases da micro ou nano-escala (DUO et al., 200§GAEZ et al., 2005; ZOU;
WU; SHEN, 2008). Em geral, no entanto, as caratieas mais importantes de
cada fase sdo preservadas, ou mesmo melhoradass neateriais hibridos,
enguanto novas propriedades sdo geradas pelossefieitsinergia (SANCHEZ
et al., 2005).

Os materiais nanocompdsitos organico-inorganicosdemo ser
preparados por diferentes vias de sintese, raftetins varios métodos
disponiveis para introduzir cada fase. O componenginico pode ser
introduzido como: (i) um precursor (monémero ogdtnero), (i) um polimero
linear pré-formado (em estado de solucdo, fundidoemulsdo), ou (i) um
polimero de rede, fisicamente (polimero linear sestalino) ou quimicamente

(elastdbmeros termofixos) reticulado. A parte inoiga pode ser introduzida por
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meio de: (i) um precursor (por exemplo, tetraeitati® - TEOS) ou (ii)
nanoparticulas pré-formadas (TRIPATHI; SHAHI, 2011)

Segundo Tripathi e Shahi (2011), existem variosodws de sintetizar
materiais hibridos, dentre os quais, destacamikea (mistura de material
inorganico na matriz de polimero organico; (ii)iliricdo de nanoparticulas
inorganicas ou precursores; (ii) e, o método ®bl-gOs dois primeiros
apresentam alguns aspectos técnicos que podenarlimitsua utilizacéo,
respectivamente, a aglomeracdo de nanoparticulbsiviacdo do material
inorganico da matriz polimérica. JA& o método sbél-@euma técnica que
apresenta poucas ou nenhuma dificuldade, sendantadifundida e pratica,
onde reacdes quimicas de hidrélise e condensagéietizim particulas
inorganicas sobre materiais orgéanicos.

Esses hibridos organico-inorgénicos néo constitmemamente misturas
fisicas, mas, em vez disso, sdo compostos bem lmidose incluindo
nanocompositos, em que 0S componentes organicomganicos sdo partes de
uma intima interface em termos da sua baixa enekgitureza da interface é
um fator crucial, que divide esses materiais ens adlmsses distintas: (classe 1)
os hibridos com ligacao fraca (Van der Waals ecbga de hidrogénio) entre as
fases organicas e inorganicas; e (classe Il), potimn hibridos com fortes
ligacBes covalentes ou idnicas-covalentes (GOMEMERO; SANCHEZ,
2003; TRIPATHI; SHAHI, 2011).

Normalmente, a natureza da ligacdo entre os compesmedos
nanocompositos € o que determina a sua utilizdgdinetanto, apesar da vasta
possibilidade de aplicacdo desse tipo de matesal,utilizacdo ainda é restrita
e, comparativamente, pequena, mas promissora patasenvolvimento de

novas tecnologias.
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2.2.1 Método sol-gel

Nanocompdésitos organico-inorganicos, concebidos jpebcesso sol-
gel, sdo denominadosréamers ormosils/ ormocers (HAAS, 2002; LI et al.,
2003; WU; XU; LIU, 2006; ZOU et al., 2008). O prase sol-gel, inicialmente,
utilizado para a preparacdo de materiais inorg&nitais como vidros e
cerdmicas, baseia-se na polimerizacdo inorganicarofessamento de baixa
temperatura de um sol-gel proporciona uma oporagedinica para a adaptacao
bem controlada de materiais hibridos organico-iaoigps.

Reacbdes de sol-gel envolvem dois passos consesutivbidrélise de
alcoxidos de metais para a producdo de gruposxilidas e a policondensacédo
dos grupos hidroxilicos resultantes, para formaa uranoestrutura, em que as
particulas inorganicas séo dispersas em escalanéamnoa na matriz hospedeira,
formando ligacdes covalentes entre a fase orgémiaafase inorganica (XIE;
YU; SHI, 2009; TRIPATHI; SHAHI, 2011; ASHORI et ak012).

O processo sol-gel, em geral, comeca em solvergebaiko peso
molecular, com precursores de alcéxido de M (OR)ré(um elemento da rede
de formagéo: Si, Ti, Zr, Al, B, etc., e R represemtn grupo alquilo (Cx f +1)

e agua. Durante as reacfes de hidrolise e de csmghm subprodutos de peso
molecular baixo (alcool ou agua) sdo gerados, ogenerd ser removidos,
resultando no encolhimento durante o processo &o{IRIPATHI; SHAHI,
2011).

Muitos fatores influenciam a cinética das reacdeshiirdlise e de
condensacdo, incluindo a proporcédo de agua / mec(silano, por exemplo),
catalisador, temperatura, bem como a natureza Heerde. A estrutura e
morfologia do material resultante dependem fortémeda natureza de um
catalisador, se utilizado (TRIPATHI; SHAHI, 2011).
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Recentemente, o método sol-gel tem, definitivameptevado o seu
excepcional potencial, proporcionando a possildiidde sintetizar um grande
ndamero de novos nanomateriais com elevado grawa®deneidade e pureza
em nivel molecular e com extraordinarias propriedadisicas e quimicas
(DHARMARAJ et al.,, 2006; MUSYANOVYCH et al., 2008HNO et al.,
2009; SAMUNEVA et al, 2008).

O processo sol-gel com alcoxissilanos é uma egteat@nveniente para
a preparacdo de compostos organico-inorganicosasg lde nanomateriais
hibridos de silicio, por se tratar de um métodqis) eficaz, bastante flexivel e
versatil (LIU; TIAN; JIANG, 2013). Além disso, d&igem a vantagens, tais
como areas de deposicdo de grandes depésitosmegamobre os objetos com
formas desejadas, e os tempos de processamerus €Xifil; WANG, 2013).

2.2.2 Sintese da nano-silica na presenca de subgirarganico

O tetraetoxisilano (TEOS) é um precursor comunizatilo na sintese de
materiais a base de silica, utilizando o proceskgead. Em um primeiro passo, a
hidrélise de TEOS gera espécies precursoras cantgngbos silanol reativos;
em seguida ocorrem reacdes de condensacdo envolessds grupos silanol,
em que se obtém um “sol” de particulas de ,Sdsperso no solvente.
Posteriormente, na sequencia da reacdo essasujgartformam uma rede
tridimensional, dando origem ao gel. Estas padi&plbdem ser utilizadas como
revestimentos protetores ou para ligar uma vareedid moléculas funcionais,
devido a presenca dos grupos silanol reativos gagem com grupos
hidroxilicos em polimeros organicos (PINTO et 2008).

Fibras de celulose, com inimeros grupos hidroxlitigponiveis na sua
superficie, podem ser utilizadas nesse tipo deepsn; formando fortes ligagBes

covalentes entre os componentes precursores.
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As vantagens tipicas de polimeros orgénicos (pemelo, celulose) sdo
a flexibilidade, baixa densidade, elevada constdigttrica e capacidade de
processamento. Considerando que a nano-silica teas lpropriedades
mecanicas e Opticas, tais como elevada dureza, Imddie elasticidade,
resisténcia, transparéncia e elevado indice dagédr(DUO et al., 2008; HOU;
YU; SHI, 2008; HOU; ZHOU; WANG, 2009; XIE; HOU, 289 XIE; HOU;
WANG, 2008), isso pode conferir a esses mater@gigndo combinados de
forma eficaz, uma nova classe de material hibridgmico-inorganico de alto
desempenho e funcionalidade, conforme pode ser wist trabalhos de Xie, Liu
e Li (2007), Chen, Wang e Chiu (2008), Sun e DéP@08) e Zeng, Liu e Zang
(2008).

Eletrbnica, 6tica, medicina, sensores, revestingentteligentes e
compositos poliméricos séo alguns exemplos de @eaplicacdo promissores,
onde esses tipos de materiais (hibridos organimgrmicos) tém sido aplicados
com éxito (SANCHEZ et al., 2005).

Particulas de silica monodispersas, com um tamaniiorme, forma e
composicdo, tém ampla aplicacéo, tais como nassinds relacionadas com a
producdo de pigmentos, produtos farmacéuticos,ntéead e catalisadores
(NOZAWA et al., 2005), bem como na indUstria dea akicnologia como de
biotecnologia/produtos farmacéuticos (CARUSO; CARYSMOHWALD,
1998) ou fotbnica (XIA et al., 2000). Tais partasi inorganicas, quando
aderidas as fibras de celulose, um polimero natdealcaracteristicas e
propriedades muito interessantes, podem aumenigmificativamente a
diversidade de aplicagcbes desses materiais.

Pinto et al. (2008), ao avaliarem duas metodologi@smodificacdo
superficial de fibras de polpa celulose Eecalyptusa partir da deposicao de
nano-silica na superficie das fibras via polielét® e pela sintese através da

hidrélise de tetraetoxisilano (TEOS), na presenea fitbras de celulose,
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observaram que ambas as metodologias foram capdeesealizar um

revestimento homogéneo de silica sobre a superdiate fibras. Ambas as
metodologias induziram a uma diminuicdo significatina capacidade de
adsorcao de agua das fibras de celulose.

Ashori et al. (2012), imergindo celulose bacteriamama solucéo
coloidal de silanol preparado a partir de TEOS atisp em agua com acido
acético como catalisador, verificaram que partkdi silica foram depositadas
sobre os espagos vazios entre a celulose bacteaaocae microfibras. Tais
particulas apresentavam tamanho nanomeétrico, kgadianicamente a celulose
bacteriana. Verificaram, ainda, um ganho nas pedpdes mecéanicas para uma
dosagem de TEOS de 7% e o tempo de prensagem ieif®sn

Portanto, a preparagdo de hibridos de fibras dellosel com
nanoparticulas de silica, através do processoespkayna-se interessante, do
ponto de vista do desenvolvimento de uma nova tegizode aplicacdo desse

material como reforco em compésito de amido terasifo.
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3 CONCLUSAO E CONSIDERACOES FINAIS

Diante do exposto, ficou clara a necessidade dertafgumas variaveis
da sintese sol-gel na deposicao de nanoparticelaflich sobre a superficie de
fibras de celulose, a fim de otimizar o processondelificacdo, e de avaliar o
desempenho e a influéncia dessas fibras modificadasstabilidade térmica,
resisténcia a tracdo e na adsorcédo de umidadeodysdsitos de TPS.

A partir dos resultados obtidos nos dois artigogesgntados na segunda
parte desta dissertacdo, sdo apresentadas astesgoinclusdes:

A modificacdo da superficie das fibras de polpalosk deEucalyptus
pela deposicdo de nano-silica (gidoi alcancada em todas as condi¢cbes
testadas (Figura 2, pag. 48). O aumento do tempreagio ocasionou uma
tendéncia de aumento do diametro das nanopartieulds recobrimento das
fibras (Tabela 2, pag. 49 e Figura 5, pag. 51).nAsoparticulas de SjO
alteraram a estrutura quimica da superficie daaditle celulose (Figura 6, pag.
53), melhorando a estabilidade térmica do mateméshiltando em aumento da
sua temperatura de inicio de degradacdo em cert8-dé °C (Figura 7, pag.
54) e diminuindo a capacidade de adsorcdo de umidadibra modificada em
até 50%, quando comparada com a fibra ndo modéiflidura 8, pag. 56).

As adicOes de fibras de polpa celulose melhoraraesiaténcia a tragéo
(Figura 4, pag. 75) e diminuiram a capacidade dmrgdo de umidade dos
compositos de TPS (Figura 7, pag. 80), sendo guaior teor de fibras (10%)
foi o que proporcionou os melhores resultados empapacdo ao TPS puro
(Figura 5, pag. 76). Embora, a deposi¢cdo de natiopis de Si@ tenha
diminuido os grupos hidroxilicos livres na supeéefida fibra, prejudicando a
interacdo entre a fibra modificada e a matriz d& {Pigura 6, pag. 79), o
aumento da flexibilidade dos compdsitos com fibnaslificadas em relagédo aos
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compoésitos com fibras ndo modificadas pode ser aranpetro indicativo para
aplicacdes desse material.

Assim, o presente trabalho contribui para o medimendimento do uso
de fibras de celulose em mdltiplas aplicac6es. €gssultados indicam
potencial para investigacdes em curso, na diregmudras estratégias de
modificacdo e aplicacéo de fibras modificadas,ra pampreender os principais
mecanismos que influenciam o desempenho fisico &im@ de materiais a
base de celulose e a sua interacdo com distintaszesana confecgédo de
compositos. A modificagdo das fibras usadas nestbalho conduziu a
caracteristicas morfolégicas e estruturais digtimas fibras de polpa celulose
sem tratamento, que tem potencial para seremadéiz como reforco em outras

matrizes mais hidrofébicas para diferentes aplies¢o
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ABSTRACT

This study aimed to evaluate reaction conditiomsléposition of SiQ
nanoparticles on the surface of cellulose fibemng, taeir influence on moisture
absorption of the hybrid organic-inorganic matefisined. SiQ nanopatrticle
deposition was done with the sol-gel process tgdtar reaction times (2, 12,
18 and 24 h) and three contents of the tetraetftigbsilicate (TEOS) precursor
(1.9, 4.2 and 8.4 g'gof cellulose fiber). Modification time and TEOSntent
directly influence the amount of Si deposited amfiber surface, nanopatrticle
diameter distribution, thermal stability, and résige to moisture absorption.
There is a tendency of slight increase of nanogarsize and the amount of Si
deposited with increasing reaction time. Sifanoparticles were bonded on the
surface of the cellulose fibers and are able tadawp thermal stability of the
material, increasing onset degradation temperaline moisture absorption
capacity of the modified cellulose fiber was rediap to 50%.

KEYWORDS: vegetable fibers; cellulose treatment; hybrid nanggosites;
moisture absorption.
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1 INTRODUCTION

Cellulose fibers from wood and annual crops areelyidvailable in most
developing countries. They provide several advagag comparison to
synthetic fibers, such as low density, renewabiliriety of sources and
properties, and low cost. Natural fibers are henuigble to be used as
reinforcement in polymeric and cement matricesfesgroved in the literature
(Belgacem & Gandini, 2008; Sabu & Pothan, 2008;aStano Jr., John,
Agopyan, & Moslemi, 2010; Béer, Holliday, & KangQ14).However, the
main disadvantages of using those fibers as raiafoents are: (i) dimensional
instability due to high hydrophilic nature of thellalose fibers, which easily
absorbs water from the environment (Tonoli et20113); and (ii) chemical
incompatibility with most polymeric matrices, whiossults in poor stress
transference in the fiber-matrix interface (DoaapG& Mader, 2006; Kabir,
Wang, Lau, & Cardona, 2012; Campos et al., 2012 difitations of the fiber
surface and structural properties by physical dmdrical processes are mainly
based on the reactivity of the cellulose hydroxgtsd may be an interesting
alternative to improve fiber water resistance (Xig, Yu, Chena, & Li, 2009;
Kalia, Kaith, & Kaur, 2009; Skreekumar, Kuruvilldnnikrishnan, & Sabu,
2011; Faruk, Bledzki, Fink, & Sain, 2012; Kabiradt, 2012).

Hybrid organic-inorganic materials may be produlbgaanoparticle deposition
on the fiber surface. Those treatments aim to dsergvater absorption, by
reducing the amount of free hydroxyl groups, aninjerove mechanical
properties of the hybrid material and of the enguiomposites (Pinto, Marques,
Barros-Timmons, Trindade, & Pascoal Neto, 2008;0kist8heykhnazari,
Tabarsa, Shakeri, & Golalipour, 2012; Shi, Lu, GZieang, & Cao, 2013). The
sol-gel process is one of the main methodologiesddify cellulose fibers with

inorganic materials. This process is based ondtysis and condensation
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reaction in situ) of the inorganic precursor on an organic surfate process
allows strong chemical interactions to be formeshithes keeping the precursor
properties (Sanchez, Julian, Belleville, & Pop2dl05). The synergy effect of
the process generates materials with new propentieégpotential applications
(Balazs, Emrick, & Russell, 2006; Krishnamoorti &, 2007; Caseri, 2007,
Schadler, Kuar, Benicewicz, Lewis, & Harton, 208¢haefer & Justice, 2007).
Factors such as the water/precursor proportiongnratio), the use of any type
of catalyst (acid or alkaline), the temperatureeafction and the solvent type,
strongly influence the kinetic reaction and thecture and morphology of the
new material formed by the sol-gel process (Trip&tBhahi, 2011). However,
there is a lack of information about the influelé¢he reaction factors (time of
reaction and precursor concentration) on the ditelaltion of the
nanoparticles obtained, on the thermal propertielsom the moisture absorption
of the hybrid (cellulose + Si{pmaterial formed. These aspects need to be
addressed for each hybrid produced, since thecgiolh of this process in order
to modify fibers surface properties may modify otheoperties, such thermal
stability and morphology.

Therefore, this study aimed to evaluate the effésbl-gel synthesis variables
for the surface modification of cellulose fibetsdugh the in-situ synthesis of
SiO, nanoparticles chemically bonded to the fiber sigfa’ he modification
effectivity was evaluated through the analysishefinal properties and moisture
absorption of the hybrid organic-inorganic materifairmed, giving optimized
conditions to this process.
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2.1 Material

Eucalyptus cellulose fibers were obtained fromdtvamercial kraft pulping
process, with average fiber length of 0.81+0.01 amuh average width of
15.9+0.3 um. Chemical composition of the fibers waltulose (86.3%),
hemicelluloses (12.9%), ashes and extractives (0.8%

The inorganic precursor tetraethyl orthosilicateH§0,Si — TEOS, 98%) for
SiO, synthesis was furnished by Sigma Aldrich. The Isgsis catalyst was
ammonium hydroxide (N¥DH — 30% v.V). Ethanol solvent (C§CH,OH —
95% P.A.) was obtained from Neon. Potassium su{f&80,) was supplied by
Vetec and it was used for humidity control in theisture absorption test.

2.2 Deposition of the SiQnanoparticles on the cellulose fibers

Cellulose fibers were kept in deionized water ummdechanical stirring for 24 h
in order to achieve total disintegration of thdueke pulp sheets and proper
fiber dispersion. Water to fiber consistency fds tiispersion was 100 mL™g
Modification of the cellulose fibers with the defias of the SiQ nanoparticles
was carried out by the sol-gel process, basedeviqurs studies (Pinto et al.,
2008; Ashori et al., 2012). 0.5 g of cellulose fibevas immersed in a solution
composed of 42.5 mL of ethanol, 4.5 mL of deionimeder, and 0.75 mL of
ammonium hydroxide. Constant and moderate mecHastioéang (300 rpm)
was kept for 2 h, after which TEOS solution wasvyoadded drop-by-drop and
a solution with fiber consistency of 100 mit\as achieved. Four reaction
times (2, 12, 18 and 24 h) and three TEOS conférfis 4.2 and 8.4 g of TEOS
per g of cellulose pulp fiber) were tested, asgmesd in Table 1. All

modifications were performed at room condition®@d 25°C and 70% RH).
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Table 1. Fibermodification conditions

Samples Time of reaction (h) TEOS content {y.¢
Control - -
TCio 1.9
T:Cs2 2 4.2
TCs4 8.4
T12C1_9 l 9
T1:Cus 12 4.2
T1:Cs4 8.4
T]_8C]_,9 l 9
T18Cas 18 4.2
T16Cs.4 8.4
T24Cro 1.9
T24Ca 24 4.2
T24Cs.4 8.4

The resultant modified fibers were vacuum filteasd thoroughly washed with
deionized water until the filtered water becomesnl The modified fibers were
conditioned between filter paper sheets and keatdasiccator for 24 h.
Afterwards, the modified fibers were pressed urgd@MPa for 5 min in order
to obtain a fiber sheet with flat surface. The fibleeets were dried at 60 for

48 h before characterization.

2.3 Scanning electron microscopy (SEM)

Morphological characteristics of the fibers weraleated by SEM micrographs
in a JEOL JSM-6510 microscope with a tungsten flatroperating at 15 kV.
An energy dispersive spectroscopy (EDS) system @ntielOL 6742A -

Ultradry Silicon Drift) with an active area of 10nm and 132 eV resolution was
used to detect and semi-quantification of Si@rticles at the fiber surface.
Average percentage of Si (% by mass) was obtaiftedfave scans per sample
in a 1 urarea. The fiber samples were bonded over a caspenan the
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metallic stubs and carbon coated (for EDS measureshand gold coated (for
MEV observations) before analyses.

Measurements of the Si@anopatrticle diameters were performed using the
Image Jsoftware, as reported in Mori et al. (2014). Abd0® measurements
were made for each condition in the SEM represieetanages, in order to
obtain the diameter distribution of the nanopaecit the cellulose fiber

surface.

2.4 Fourier transform infrared spectroscopy (FTIR)

FTIR of the samples was recorded with a FTIR Pelghmer (Specrum 1000)
equipped with Spectrum v5-3.1 software to complagechemical structure of
unmodified and modified cellulose fibers. The saasplkere ground into
powders with KBr at a proportion of 1:100 (w:w),dapressed to form the
sample disks. 16 scans were performed in the sppeatige of 400-4000 ¢
with 1 cni* resolution at the transmittance mode.

2.5 Thermogravimetric analysis (TGA)

Raw and modified fibers were subject to thermogretiic analysis (TGA) in a
TA Instruments analyzer (model Q500) as proposémoli et al. (2012). The
samples with around 7 mg were heated in a Pt deufribom 25 to 600 °C in
synthetic air flowing at 60 mL.mif, and heating rate of 10 °C.rmin

2.6 Moisture absorption analysis

Three samples of each modification condition (2.0xQ.1 cm) were pre-dried
overnight at 105C, weighted and placed in hermetically closed daeta with
97+2% of relative humidity (RH) and 20£2, using a saturated potassium
sulfate solution, as prescribed by the ASTM E1®1) standard. The moisture
absorbed by the samples along the time was detedntiy weighting (0.0001 g
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precision) them at successive intervals until tteached a constant weight. The

amount of moisture absorbed (MA) by the samplescaésulated as follows
(Eq. 1):

MA(%) = [(MMc)/M]x100 (1)

Where, My and M are the initial mass of the sample (prior to exjpeso
moisture) and the sample mass affteours of exposure to moisture (97+2 %

RH), respectively. Each data point represents arage of three samples.

3 RESULTS AND DISCUSSION

3.1 Morphology of the SiQ nanoparticles on the cellulose fibers

Raw cellulose fibers presented smooth and unifamrfase, basically comprised
of carbon (C) and oxygen (O), with small and neflggamounts of sodium
(Na), aluminum (Al) and silicon (Si) and a charaistic Si peak (Figure 1a).
SEM and EDS analyses of the modified fibers (Fidureshow the Si©
nanoparticles deposited on the fiber surface, asrobd by the increase of the
Si peak in the EDS measurement, which proves fieetafe modification with
SiO, nanopatrticles well dispersed at the fiber surfabés SiQ deposition is
caused by the hydrolysis of the TEOS precursorsabdequent condensation of
the resultant hydroxyls groups on the surface efitrers (Xie, Yu, & Shi,

2009; Tripathi & Shahi, 2011). Although no inforriaat was available from
EDS measurements about the thickness or degre®gt8vering, the results
strongly suggest that a hybrid cellulose+SiOmposite was formed since Si
peak was remarkably intense in relation to C armk@ks (Tonoli et al., 2009).
Pinto et al. (2008) and Ashori et al. (2012) hage ahown the efficiency of the

TEQOS precursor to modify cellulose fiber.
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Figure 1. SEM images and EDS measurements of: (a) unmodifield b)
modified cellulose fibers GFC,.).

Figure 2 shows semi-quantitative data (from EDSsueaments) of the Si
content (by mass) deposited on the cellulose fibeder different reaction
conditions. The Si content of all the modified fibevas far higher in relation to
control sample. No remarkable increase in the &8 content was observed
when modification time varied from 2 to 18 h, butigher percentage of Si
deposited was observed after 24 h of reactionetrerpl, 4.2 g:§of TEOS was
the most efficient level for adhering Sion fiber surface.
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Figure 2. Average values and standard deviation (in parsighef the content
of Si (by mass) deposited on the fiber surface.

SEM micrographs of the modified fibers were anallymsing the “Image J”
software in order to investigate the diameter ef$iiG, particles deposited on
the fiber surface (Table 2). Average particle disneas over 100 nm for all
modification conditions. The lowest (131+37 nm) dmghest values (271152
nm) were found for T,C; o and T4C4, respectively. Except for the time of 12 h,
the concentration of 4.2 g-@f TEOS resulted in the higher diameter values of
the particles. The increase in the particle diamsith the increase of reaction
time was observed for all TEOS contents; hencedbalts assure that variations
in this parameter are clearly relevant. Figure @shthe linear relation
(R?*=0.76) between average diameter of the,3i@hoparticles and Si content
(by mass) deposited on the cellulose fiber surfabés result may allow
predicting SiQ particle diameter, based on the content of Si gweal by EDS
semi-quantification) deposited on the fiber surfaicihe modification

conditions proposed in this work are kept the same.
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Table 2. Average diameter (in nm) and standard deviatiot®fSiQ particles
deposited on the fiber surface.

Conditions Go Csr Css
T, 149435 160458 147+49
T 131+37 166455 178450
Tis 158+35 192445 14747
Toa 165454 271452 161+45

E 300

‘E’ Si0, diameter = Si mass 10.499 + 8.5552 [

< R? =0.7568
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Figure 3. Relation between average siameter (nm) of the nanoparticles and
the content of Si (% by mass) determined by EDSsonreanents on
the fiber surface.

The TEOS content of 4.2 g*gesulted in the highest Si content (by mass)
deposited and higher average diameter of the®&@oparticle for all reaction
times. The water:precursor ratio is one of the nfaitors that influence the
kinetics of hydrolysis and poly-condensation reawdi(Tripathi & Shahi, 2011).
The accumulated frequency of the Si@noparticle diameter deposited on the

fiber surface was determined in order to verify ¢fffect of modification
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conditions on the diameter distribution of the naamticles (Figure 4). The
TEOS content of 8.4 g'gesulted in the higher amount of particles (around
70%) with diameter values below 150 nm, which imtonay provide higher
surface area, except for 12 h of time reactionhis case (for 12 h of time
reaction) the higher amount of particles with low&meter was obtained for
the concentration of 1.9 gtgThis result may be important in future works on
fiber modification destined to composite reinfoream
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Figure 4. Accumulated diameter distribution of Si@anoparticles deposited on
the fiber surface.

The SEM images (Figure 5) show the dispersion ®f3iQ, particles on the
surface of the cellulose fibers treated under diffie conditions. The images
were selected on the basis of morphological diffees found between the

modified fibers. The SiPnanoparticles were clearly observed in the samples



51

T.Cy o(Figure 5a) and [C; o(Figure 5b), probably due to the lower content of
Si deposited onto the fibers (Figure 2), whichtledood dispersion and
individualized particles at the fiber surface. Haoparticles in these
conditions (BCy ¢ and T;,C; ) are lower in diameter than in the sampleCl»
(Figure 5d). The fibers treated under the condilig@s sS€ems to present a
uniform coating layer, with almost no space betwiendeposited nanoparticles

(Figure 5c).

SEl  15kV WD10mm  $S20 10,000 1um — SEl  15kV WD10mm  S$S20 x10,000 1um —

Figure 5. SEM analysis of modified fibers from condition$ {@Cy.o, (b) Ti2Cy,
(c) T1eCsaand (d) aCa

3.2 FTIR results

The typical FTIR spectra obtained for unmodified amodified (T,Cs 4) fibers
are depicted in Figure 6. The FTIR spectra foratier conditions of fiber
modification feature the same profile as the spestiown in Figure 6b, however
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with a small variation in the intensity of the psaln this case, it was used the
T18Cs.4 condition as the typical condition to show theistural modification
occurred on the fiber. Both spectra presented a Ww#hd in the region between
3600 and 3200 ch which is characteristic from vibrations of the @Qkbups
present in the cellulose molecules. The 2903 band is related to stretching of
aliphatic C-H from methyl groups. The peak betw&860 and 1600 cinmay

be related to both stretching of C=0 from carbarglups found in
hemicelluloses or water adsorption in celluloserfi(peak at 1635 ¢ The
peak at 1635 cihrelated to water adsorption of the fibers (Askeral., 2012)
was remarkably reduced with fiber modification (g 6b). This result may be
mainly attributed to the reduction of the hydrohdharacter provided by the
silica nanoparticles. The bands between 1350 t0 &% presented peaks
related to deformations of C-OH, C-H and C-O-C goof cellulose and
hemicelluloses. Changes in this region may beaélat hemicelluloses removal
since they are partially solubilized at low alkadincentrations used in the
present reaction condition (Corrales et al., 2007).

The FTIR spectra of the modified fibers (Figure 8hdws the three main
typical silica bands detectable in the regions tea50 cnit, 800 cm and 1100
cm*, whichare attributed to stretching vibration of Si-O-SikO-Si and Si-O-C,
respectively (Naghsh, Sadeghi, Moheb, Chenar, &agbleghian, 2012; Lu et
al., 2013). The presence of those peaks stronglgesis that chemical bonding
between cellulose and silica was formed after digirmodification (Nassar et
al., 2007; Machado et al., 2011; Ashori et al.,2@hi et al., 2013).
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Figure 6. FTIR spectra of: (a) unmodified; and (b) modif{@dsCs.4) fibers.

3.3 Thermal properties

Thermogravimetric (TG) curves of the unmodified amodified cellulose fibers
are presented in Figure 7. Thermal propertiesettilulose fibers should be
investigated when it is important to evaluate tipeiential as reinforcement in
thermoplastic polymers that processing requirepeatures above 200 °C.
Also, this property can reveal the nanoparticléerfinteraction, since
dislocations in thermal events are expected if hstveng bondings are present.
For all modifying conditions, thermal decompositmerurs in three stages. The
first one ranges between room temperature and@%m4 it is related to sample
dehydration (Yildiz & Gumuskaya, 2007) and volatiddeases (Beg &
Pickering, 2008). Mass loss related to dehydratemies between 3 and 8%. The
second stage is related to decomposition of thex fibructure. Hemicelluloses

present amorphous structure and, hence are thedirgponents to degrade (at



54

around 200-260 °C) (Yao, Wu, Lei, Guo, & Xu, 2008hijle cellulose
decomposes between 240 and 350 °C (Prins, Ptas#ndiinssen, 2006). The
highest mass loss (50-70%) occurred in this sestage, whose the temperature
decomposition ranges between 200 and 340 °C, deygeod the modification
condition. The third stage of decomposition ochetsveen 340 and 500 °C due
to oxidation of remaining organic material. In socases the thermal
degradation steps are not so easily identifieditedl, because of the complexity

of degradation reactions (Corradini, Imam, Agn&lliviattoso, 2009).
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Figure 7. TG and DTG (detail) curves and degradation stafjesmodified and
modified fibers.

Results from thermal analysis show that depositicihe SiQ nanoparticles
contributes to improve thermal stability of thelaklse fibers, since increased

the onset degradation temperature (detail in th€ Durves of Figure 7).
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Furthermore, the high mass loss ratio (detail instage 2 of Figure 7) was
slightly in lower temperatures in unmodified fibeféie higher the content of
SiO, nanopatrticles, the higher was the thermal stgbilihe remaining waste in
the modified fibers at 600 °C varied from 20.2% (feC,.) to 32.1% (for
T24C4.), corroborating with the behavior observed inEES measurements of
the Si content (Figure 2). Those values are fandrighan the value found for
unmodified fiber (around 1% of residual mass) aredcertainly related to the Si

inorganic species adhered to the organic fibers.

3.4 Moisture absorption

Most samples had their mass gain stabilized a8r2of exposition to
controlled humidity. After mass stabilization wasached, unmodified fibers
showed remarkable higher moisture absorption (Z53%) in relation to
modified fibers. Only cellulose fibers modified By,Cs 2, T12Cs4, T24C19 and
T,4C4, conditions have reached the mass stabilizati@r 884 h, while TgC,»
and T;gCg 4 Samples achieved the stability of the moistureglisn after 480 h.
Deposition of Si@ nanopatrticles have decreased the hydrophilic cteraf the
cellulose fibers. Nevertheless, the results didshotv a clear relation between
time reaction and moisture absorption of the fil{Eigure 8). This result may be
partially attributed to heterogeneity in diameted aistribution of Si@ particles
in the different modification conditions, which datly influences hydrophilic
capacity of the fibers. Fibers modified using 18f mneaction presented the lower
moisture absorption (between 12.3% and 13.0%), wbicroborate with the
finding reported in the previous sections wherefiters modified under the
T18Cgs4condition presented a uniform Si€oating layer on the fiber surface,
when compared to their counterparts. Furthermameasing the TEOS content
seems to decrease moisture absorption, as exphatad the decrease of the

free hydroxyls available at the fiber surface wisé, particles are present.
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Figure 8. Moisture absorption of unmodified and modifiedfib.

Apart from improving thermal and moisture absonptwoperties, it is expected
that deposition of SiPparticles on cellulose fiber surface improve the
dispersion of the cellulose fibers when applied@sposite reinforcement in
apolar matrices. This is because the reductioheofree hydroxyl groups
available at the fiber surface, which decreasestilomg interactions between
fibers. Other benefits from using these modifidxfs include the improvements
in dimensional stability of the fibers, and theraase in the fiber surface area.
As a result, increases in the interaction betweenposite phases may lead to
the improvement of the mechanical strength (Mati@ksman, & Sain, 2005).
These results are very interesting for ongoingares$ein the direction of fiber
modification strategies for application of the otlke fibers as durable

reinforcement in different advanced composites.
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4 CONCLUSIONS

Surface madification of cellulose fibers by Sikanoparticle deposition was
successfully achieved for all conditions proposethis work. However,
modification time and TEOS precursor content diyeictfluence the amount of
Si deposited on the fiber surface, the nanoparticimeter distribution, the fiber
thermal stability and the moisture resistance. &liea tendency of increase of
nanoparticle size and the amount of Si depositéld mwcreasing reaction time.
SiO, nanopatrticles chemically bonded on the surfadbetellulose fibers and
they were able to improve the thermal stabilityhaf material, with the increase
of the onset degradation temperature of the matiffieers in approximately 10-
15 °C. The moisture absorption capacity of the rinedlicellulose fiber was
reduced up to 50%. The present work contributékaavidespread use of the
cellulose fibers, and these results are very isterg for ongoing research in the
direction of other fiber modification strategieadaor understanding the major
mechanisms that influence the mechanical and phlygerformance of cellulose
based materials. The fiber modification used heded distinct morphological
and structural characteristics of the celluloserfilvhich can be used to

engineer polymeric composites for different applazs.
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Abstract

This study aimed to evaluate the performance afhakimce of the deposition of
nanoparticles of Sigon the cellulose fibers in the thermal stabilignsile
strength and moisture absorption of compositeharioplastic starch (TPS).
Eucalyptuspulp fibers were modified by the sol-gel procé3assava starch,
glycerol and water in the proportion of 60/26/lespectively, were the main
components of TPS, which received the addition%6féid 10% (by weight) of
modified and unmodified pulp fibers before procegsn order to evaluate its
effect as reinforcement in the composite. Electriecrographs of the modified
fibers confirm the presence of Si@anoparticles on the fibers surface. The
addition of modified fibers was able to improveliB3% the tensile strength and
decrease in 8.3% the moisture absorption of the plaS. However, these
results were lower compared with those of compssaeforced with
unmodified fibers. The low interaction between nfiedi fiber and TPS matrix,
observed in the electron micrographs, justifies thsult.

Keywords: cassava starch; cellulose fiber pulp; Sianoparticles; modified
fiber.
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1. Introduction

Vegetable fibers have been studied as reinforcemegmlymer matrices in
order to improve their physical and mechanical prtgs, making it an
established practice for development of environagnfriendly products in
view of the range of applications of these matsiiialthe automotive, marine
and aerospace industry, through military applicatjaonstruction, even in the
manufacture of sports goods (Hemais, 2003; Josili,e2004; Georgopoulos et
al., 2005; Nicolai et al., 2008; Alemdar and S&008; Ashori, 2008; Xue et al.,
20009).

Although there is this diversity of applicationgwpolymer-based
biodegradable scaffolds have been tested, espefti@ih starch, a promising
material due to its high availability, renewablel drodegradable (even after
being converted into a thermoplastic) charactangan attractive alternative to
replace the synthetic polymers in applications tltahot require long periods of
use (Belhassen et al., 2014; lbrahim et al., 20@/Meli-Ramirez et al., 2014).
Furthermore, starch presents interesting propeatidscharacteristics from the
view of processing. However, compared to the uplaaitics, there are still
many challenges to make the thermoplastic staroipetitive to partially or
totally replace conventional materials, such aselomechanical strength and
elasticity, high permeability to gases, as welhigh hygroscopicity and
significant loss of mechanical properties whendntact with water, which
greatly restricts its application (Huneault and2007).

Some strategies have been tested in order to nziaithe high hygroscopicity of
the cellulose fibers and to improve the chemicahgatibility of the cellulose
fibers with different polymeric matrices (Camposkt 2012; Faruk et al., 2012;
Kabir et al., 2012). Modifications of the fiber fage and structural properties
are mainly based on the reactivity of the cellulbgdroxyls (Liu et al., 2009;
Skreekumar et al., 2011; Kabir et al., 2012; Fasuél., 2012). Hybrid organic-
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inorganic (cellulose + Sishanoparticles) material was obtained in previous
work with deposition of Si@nanoparticles on the cellulose fiber surface. This
deposition of Si@nanoparticles decreased the moisture absorptitmedibers,
by reducing the amount of free hydroxyl groups;egmorted elsewhere (Pinto et
al., 2008; Ashori et al., 2012; Shi et al., 2013).

Therefore, the objective of this study was to eatdithe performance and the
influence of the deposition of silica (Sihanopatrticles in cellulose pulp fibers
on the thermal stability, tensile strength and mwesabsorption of

thermoplastic starch (TPS) composites.

2. Materials and methods

2.1. Materials

Eucalyptuscellulose fibers were obtained from kraft pulpprgcess, with
average length of 0.81+£0.01 mm and average widtt5&+0.3 um. Chemical
composition of the fibers was cellulose (86.3%miwelluloses (12.9%), ashes
and extractives (0.8%).

The inorganic precursor tetraethyl orthosilicateH&0,Si — TEOS, 98%) for
SiO, synthesis was furnished by Sigma Aldrich. The Isgsis catalyst was
ammonium hydroxide (N¥DH — 30% v.¥). Ethanol solvent (C¥CH,OH —
Neon 95 %). Potassium sulfate,80, — Vetec P.A.) used for humidity control
in the moisture absorption test.

Cassava starch, composed of 85.5% amylopectin 458tlamylose (purchased
from SM Ltda., Brazil); bidistilled glycerin plasizer (Synth 98%); stearic acid
(C1gH360,, Synth 98%); and anhydrous citric acidiigO;, Chenco 98%) were

used for preparation of the TPS extruded composite.
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2.2. Methods

2.2.1. Modification of the cellulose fiber surface

Unmodified cellulose fibers were kept in deionizeater under mechanical
stirring for 24 h in order to achieve total disigrtation of cellulose sheets and
proper fiber dispersion. Water to fiber consistewag 100 mL.4g.

Fiber modification was carried out by sol-gel prexbased on previous studies
(Pinto et al., 2008; Ashori et al., 2012). 45 gellulose fibers was immersed in
a solution composed of 3.6 L of ethanol, 405 mideibnized water, and 67.5
mL of ammonium hydroxide. Constant and moderatehaeical stirring (300
rpm) was kept for 2 h, after which 8.4 g of TEO8df cellulose fiber solution
was slowly added drop-by-drop and a solution wiibeif consistency of 100
mL.g" was achieved.

After addition of TEQOS, the reaction was kept urstering for 18 h, under
controlled environmental conditions (temperature@f2 °C and relative
humidity of 65+5%). The resulting modified fiberewme thoroughly washed
with deionized water, filtered, and subsequentigdiat 60+2 °C.

2.2.2. Processing of the thermoplastic starch (TP@nhd composites

The thermoplastic starch (TPS) was obtained fragrpthysical mixture of
cassava starch, glycerol and deionized water imt&gs proportions of
60/24/16, respectively. 1% (by weight) of steadidand 1% (by weight) of
citric acid were used as antioxidants for the esttno. The mix composition was
based on previous studies (Campos et al., 2011pGawet al., 2012; Carmona
et al., 2013). 5% and 10% (based on total madseofdmposite) of modified
(MF-5% and MF-10%) and unmodified (NMF-5% and NM®&4) cellulose

pulp fiber was added to the TPS mixture. The coritg®svere processed into an

18 mm co-rotating twin-screw with a L/D ratio of daboratory Extruder ZSK
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18 MEGAlab, Coperion, Germany) equipped with selveating zones and a
ribbon die. The screw rotation speed was 250 rpartlam temperature profile
was set between 110 and 140 °C in the seven heatireg. Extruded ribbons
were pelletized and further processed in a singlevs extruder (AX Plasticos
Ltda, Brazil) operating at 100 rpm and temperatofes30 °C, 130 °C, and 150
°C obtaining strips of 3 mm thickness. Tensile sashples were cut from these
strips in a hydraulic press preheated for 2 mB0atC, with the aid of a metal
mold with the dimensions described in ASTM 638-A&GTM, 2010).

2.2.3. Scanning electron microscopy (SEM)

Morphological characteristics of the fibers andfifaetured surface of the
composites were evaluated by SEM electro micrographa JEOL JSM-6510
microscope, with a tungsten filament and operaaints kV. An energy
dispersive spectroscopy (EDS) system (model JE@RA7 Ultradry Silicon
Drift) with an active area of 10 mmz2 and 132 eVblason was used to detect
and semi-quantification of SiO2 patrticles at theefisurface. Average
percentage of Si (% by mass) was obtained afterdbans per sample ina 1
pumz2 area. The fiber samples were bonded over amcaape on the metallic
stubs and carbon coated (for EDS measurementg)adddaoated (for MEV
observations) before analyses. Cryogenically fractisurfaces of the cross
section of the test samples were prepared for sticrctural evaluation of the
composites. The composites were gold coated bafalyses.

2.2.4. Thermogravimetric analysis (TGA)

The start (in pownder), the plain TPS and the c@itg® were subject to
thermogravimetric analysis (TGA) in a TA Instrumeahalyzer (model Q500)
as proposed in Tonoli et al. (2012). The sampléls aiound 7-10 mg were

heated in a Pt crucible from 25 to 600 °C in a dyisaatmosphere of synthetic
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air (80% N and 20% @) flowing at 60 mL.min*, and heating rate of 10
°C.min*. The critical weight loss temperatures,{I) were obtained from the
onset points of the TG curves, and this was reptedeby the intersection of the
extrapoling line, at the beginning of the thermadr, with the tangent of the
curve in the thermal event (Tonoli et al., 2012).

2.2.5. Mechanical properties (tensile test)

Tensile tests of the TPS (plain) and TPS compositge carried out according
to ASTM D 638-10 (ASTM, 2010), using a universaltieg machine (EMIC
DL3000) with a 500 Kgf load cell. The test speed wat at 50 mm.mihand at
least five replicates per composite material wewerened in order to determine
the Young modulusH), ultimate tensile strengtls,§ and deformation at break

(s,) of the materials.

2.2.6. Moisture absorption analysis

Five samples, with nominal dimension of 1.0x4.0x@h®, of each formulation
prepared were pre-dried for 48 h at 60 °C, weightatiplaced in hermetically
closed containers with 97+2% of relative humidRH) and 20+2C, using a
saturated potassium sulfate solution, as preschigatie ASTM E104 (2012)
standard. The moisture absorbed by the sampleg #lertime was determined
by weighting (0.0001 g precision) them at successitervals until they reached
a constant weight. The amount of moisture absofle&g by the samples was
calculated as follows (Eqg. 1):

MA(%) = [(M-Mo)/MgJx100 (1)
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Where, My and M are the initial mass of the sample (prior to exjpeso
moisture) and the sample mass after t hours ofsexpdo moisture (97+2%

RH), respectively. Each data point represents anage of five samples.

3. Results and discussion

3.1. Fiber modification

Fig. 1 shows SEM images and EDS analysis of caltufmulp fibers unmodified
and modified. Cellulose pulp fibers before modifica (unmodified) presented
a smooth and uniform surface (Fig. 1a), with sopagent imperfections
(detail) caused by the subsequent stages of ddgirigg the pulping and
bleaching process. The content of silicon (Si)nmodified fibers (1.4%) was
clearly lower compared with the modified fiber (1%), as seen in the peaks of
EDS analysis (Fig. 1a and b, respectively). SEMBD& of the modified fiber
(Fig. 1b) show that the Sanoparticles (detail) were deposited on the sarfa
of the cellulose fibers, as observed by the in@edishe silicon (Si) peak in the
EDS measurement, confirming that the modificatiomcpdure was successful.
The deposition of SiEnanoparticles caused the coating of imperfections
presented by raw cellulose fibers. This Sifeposition is caused by the
hydrolysis of the TEOS precursor and subsequerdermsation of the resultant
hydroxyl groups on the surface of the fibers (Xiale 2009; Tripathi and
Shahi, 2011). Although no information was availdiben EDS measurements
about the thickness or degree of Stvering, the results strongly suggest that a
hybrid cellulose+Si@composite was formed since Si peak was remarkably
intense in relation to C and O peaks (Tonoli et2409). Pinto et al. (2008)
using of the TEOS precursor for modified pulp deke fibers, coated fibers
obtained with a homogeneous layer of Sm@noparticles, which induced a

significant reduction of water uptake of the maetififibers. Ashori et al. (2012),
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modifying bacterial cellulose by immersion in sauatcontaining TEOS,
observed strong chemical interactions betweenloskuand silica phases which
resulted in significant improvement of mechanidegrsgth of the material
produced. These studies confirm the efficiencysifig of the TEOS precursor

in the modification of cellulose fibers.
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EMBRAPA - SAO CARLOS 0000 04 Jun 2013 EMBRAPA - SAO CARLOS 0000 04 Jun 2013

Fig. 1. SEM micrographs and EDS measurements (detail)llfiege pulp
fibers (a) unmodified and (b) modified by depositaf Si0,
nanopatrticles.

The evolution of moisture absorption of the unmiedifand modified cellulose
fibers exposed to 97+2% RH is shown in Fig. 2. Aftimbilization of the mass
was reached, the unmodified fibers presented higiwésture absorption
(25.0+0.5%) than modified fibers (12.3+£1.0%). Thasult is attributed to the
decrease of free hydroxyls, caused by depositid@®i@f nanoparticles on the

surface of the fibers, reducing their hygroscopicit
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Fig. 2. Moisture absorption of unmodified and modifiedfib.

3.2. Thermal analysis of the composites

The thermal behavior (TG and DTG) of the starchirpTPS and TPS
composites reinforced with modified fibers (MF) amimodified (NMF) fibers
under synthetic air atmosphere is shown in Fig:o8.starch, there were three
stages of weight loss clearly defined. The firstwweed between the initiation of
the test temperature up to 150 °C, correspondimgléase of absorbed water.
The second between 250 and 350 °C with a peakgrédation at 310 °C,
corresponding to the decomposition of starch (Maret al., 2013). This led the
release of Cg CO, HO and other small volatile species, and the foromatif
the carbonaceous residue (Greenwood, 1967; Zhaalg 2002). The
decomposition of this residue corresponded todkedtep between 415 and 540
°C, due to the oxidative atmosphere used (Mor¢igh £2013). In the case of
TPS, there is a steady loss of weight from roonpteetture to near 250 °C
values associated with two concurrent processasiieg. The first is related to
the release of water molecules incorporated irdstds during their
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acclimatization. The second process is relatede@dmbustion/volatilization of
glycerol, both events being responsible for noratistinction between the first
and second stage of degradation and the increaasslloss in the first stage of
degradation compared to pure starch (Pandey aryth S2005).
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Fig. 3.(a) TG and (b) DTG of the starch (pownder), plafSTand TPS
composites reinforced with unmodified (NMF) and rified (MF)
cellulose fibers.
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From the TG curve (Fig. 3a), the initial (T-ons&td end (T-endset)
temperatures of thermal decomposition in the ma@meof degradation were
determined (Table 1). The data show that the TRIS:amposites showed a
slight anticipation of the main event of weightdds290 °C) compared to starch
granules (~300 °C). This event occurs due fragntientaf parts of the starch
polymer chain, occasioned by the processing o @, where the
organizational structure of the starch was paytiddistroyed and mobility of the
polymer chains was increased (Aggarwal et al., 18ggarwal and Dollimore,
1998; Vasquez et al., 2012). Addition of fibersttbMF and MF) decreased
slightly the weight loss in temperatures lower tB&80°C. However,
independently of the presence and amount of NMR\iRdthe initial
temperature of degradation (Table 1, view T-onae8 similar for plain TPS
and TPS composites reinforced with fibers. It idl Waieown that fiber addition
improves the thermal stability of the starch matvhen there is good adhesion
between them (Ma et al., 2005; Phattaraporn e2@L0; Prachayawarakorn et
al., 2010). However, this behavior was not obseimdtis work, even using
bleached cellulose pulp, thermally more stable @menbhto unbleached fiber
(Oudia et al., 2007), due to its more dense ancheshstructure caused by the
removal of non-cellulosic constituents (Karimi &t 2014).
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Table 1. Thermal properties (obtained by TG analyses) ofthech (in natura),
plain TPS and TPS composites.

Sample T-onset (°C) DTG peak (°C) T-endset (°C) ReSing{ZEGOO
Starch 300 310 321 0.4
TPS 291 308 321 0.4
TPS+NMF (5%) 290 307 320 0.4
TPS+NMF (10%) 291 309 325 0.0
TPS+MF (5%) 293 310 322 24
TPS+MF (10%) 292 308 320 37

Fig. 3b show the maximum DTG peak between the teatypees of 250 and 350
°C, with the maximum near 310 °C for all analyzeatenials (DTG peak °C,
Table 1), and a higher loss rate for starch. Thethermal event after 400 °C
shows the decomposition of the carbonaceous retlidiielisplaced from 498
°C (starch) to 467 °C (plain TPS). Also, the inse@ the content of
unmodified and modified cellulose pulp (from 5%l@) led to the decrease of
the temperature of this thermal event (from 45@@40 °C in unmodified
fibers and from 464 °C to 456 °C in modified fiberbhis suggests that
cellulose and Si have a catalytic activity on thertnal decomposition of the
starch carbonaceous product (Moreira et al., 20.@)as observed a
proportional relation between the content of mediffibers in TPS composites
and the percentage of residue after burning (TAhlas consequence of the
SiO, nanoparticles deposited at the cellulose fibefiaser The accurate
description of chemical mechanism involved in teeamposition of starch,
plain TPS and TPS composites reinforced with filatfsigh temperatures
deserves a more thorough investigation.
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3.3. Mechanical performance of the composites

The stress vs strain curves during tensile teptaif TPS and TPS composites
reinforced with NMF and MF is shown in Fig. 4. &lirves showed a linear
region at low stress application, where the stwess proportional to the
deformation (elastic deformation), followed by straardening region (region
of plastic deformation) and estriction (where thress was maintained

approximately constant until failure occur).

TPS+NMF(10%)
/

/_’_‘\ TPS+NMF(5%)
/ -~
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TPS+MF(10%)

TPS
14 TPS+MF(5%
W—#‘%
O T T T 1
0 1 2 3 4

Strain (mm.mm™)

Fig. 4. Stress vs strain curves during tensile test optaim TPS and TPS
composites reinforced with unmodified (NMF) and rified (MF)
fibers.

Inclusion of the cellulose fibers and the increiashe fiber content led to the
increase of Young modulug) and the tensile strength) of the TPS
composites, in relation to the plain TPS. Nevedbg| the deformation at break
(&) decreased more than 100% with the inclusionbefré (Fig. 5).
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Fig. 5.(a) Young modulusK), (b) tensile strengthsf) and (c) deformation at
break ¢;) of plain TPS and TPS composite reinforced witmadified
(5% and 10% of NMF) and modified (5% and 10% of Mibgrs.

Inclusion of 5% and 10% of unmodified fibers hanereased in 1335 and
3329% the Young modulus respectively, and 43368336 the tensile strength
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respectively, in relation to the plain TPS. The ioy@ment of the mechanical
properties (tensile) with inclusion of differentgetable fibers and nanofibers in
TPS composites was widely reported in the litee{@astafio et al., 2012;
Hietala et al., 2013; Kaushik et al., 2010; Lonkéimirez et al., 2014; Lopez et
al., 2013; Mdller, et al., 2014; Zainuddin et aD13). For composites with
modified fibers, the inclusion of 5% and 10% ofefib increased in 235 and
529% the Young modulus respectively, and 116 &8%dthe tensile strength
respectively. The lower mechanical performance®® Tomposites reinforced
with MF, in relation to NMF (unmodified) fibers, mde attributed to the poor
adhesion of these fibers to the TPS matrix, onaedbposition of Si®
nanoparticles on the surface of the fibers dradtitavers the free hydroxyl
groups (Tripathi & Shahi, 2011), making them veygtoscopicity (seen in Fig.
2). Less free hydroxyl groups at the fiber surfaicglers their interaction with
the matrix, diminishing the mechanical performaotthe composites that are
strongly influenced by this interaction (Kabir €t2012; Faruk et al. 2012).
Effective wetting and uniform dispersion of all ttemponents in the matrix and
strong interfacial adhesion are required to obdafilomposite with satisfactory
mechanical properties (Wu et al., 2011).

3.4. Microstructural analyses of the composites

Scanning electron microscopy (SEM) was used torgbgbe interaction and
dispersion of the cellulose fibers in the TPS matdicrographs of the starch
powder and fractured surface of the plain TPS amdposites are shown in Fig.
6. The size of the starch granules was about 8 {on (Fig. 6a) and their
complete breakage (during extrusion) can be obdearvehe plain TPS and
composites.

The fracture surface of the specimens of plain {lR& 6b) appears

homogeneous, compact and without gaps and viddokesf TPS composites
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reinforced with unmodified fibers (5% and 10% of RMFig. 6¢ and 6d,
respectively) show a good dispersion of fibershim TPS matrix, without
apparent agglomerations, and with good interadigtween the matrix and
fibers (Fig. 6¢-d and details). Fiber agglomeratiesreases the transfer of
stresses between the matrix and fiber (Rosa €1G09). SEM images show the
higher concentration of fibers in composites wif#dlof NMF (Fig. 6d) in
comparison to composites with 5% NMF (Fig. 6c). Bhene can be seen for the
composites with MF (Fig. 6e-f). In TPS compositeisiforced with modified
fibers (5% and 10% of MF), it can be observed thatfibers were pulled-out,
leaving voids in the TPS matrix (arrows in Fig.fieas a result of the lower
interaction between the MF and the TPS matrix (deimFig. 6e-f). As
commented before, this behavior is possibly reltédetie decrease of the
hydroxyl groups on the surface of the fibers, cdusethe deposition of the
SiO; nanoparticles, which substantially reduces themt@l for interaction
between the components of the composite, whichraveainly by hydrogen
bonds (Teatet al., 2013). This is also the explanation fer thwer tensile
strength of the TPS composites reinforced with Miewcompared to those
reinforced with NMF (Fig. 4 and 5).
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Fig. 6. SEM micrographs of (a) nature starch; fracturedesarof the (b) plain
TPS; composite reinforced with (c, d) 5% and 10%mmhodified fibers
respectively and (e, f) 5% and 10% of modified fibérrows indicate
holes in the composite after the rupture.

3.5. Moisture absorption of composites
The TPS absorbs moisture due to its hydrophilianeaPreechawong et al.,
2004),and this is why the evaluation of the moisture gison of the TPS
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materials is an essential criterion to assign theiducts applications. The
evolution of the moisture absorption of the comfassalong 30 days of
exposure to 97+2% RH (20£2 °C) is shown in Figl'fre moisture uptake in the
TPS and respective composites samples, increassatlly with time in the first
five days, followed by a slow and steady decreasaiue.
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Fig. 7. Moisture absorption of the plain TPS and compos#e¥orced with 5%
and 10% unmodified fibers (NMF), and 5% and 10%nofified fibers
(MF).

The addition of cellulose fibers contributed to tlezrease in moisture
absorption of the TPS (Fig. 7), corroborating thgutts observed in the
literature (Ayadi and Dole, 2011; Curvelo et aD02; Lu et al., 2006; Ma et al.,
2005; Soykeabkaew et al., 2012). Fibers had redwesger sensitivity due to
their high crystallinity, resulting in lower hydrbitic character (Alvarez et al.,

2003; Alvarez et al., 2006). This fact was bettesayved after the fifth day of
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exposure of the composites to the humidity. Af@idays, the composite
reinforced with 10% NMF presented 12.3% decreasidrmoisture absorption.
The TPS composites with 5% and 10% of MF preseft¥ and 8.3%
decrease respectively in moisture absorption &tim to plain TPS. This lower
performance of the MF in reduce moisture absorggossibly occurred due to
the formation of microcracks at the interface betmthe modified fiber (MF)
and TPS matrix (arrow in the detail of Fig. 6f)caaing moisture accumulation
in these voids. Therefore, the interactions by bgdn bonding between starch
molecules and cellulose fibers, even in modifibefs, let the TPS composite
more stable to humid environment (Lu et al., 2005).

Although the deposition of Sihanoparticles have obstructed the interfacial
interaction between the cellulosic fibers and tRSTmatrix, its effect on
nonpolar matrices deserves to be studied, oncertbdification has left the

fiber less hydrophilic (Fig. 2), characteristic uired for hydrophobic matrices.

4. Conclusions

Eucalyptuscellulose pulp fibers were able to improve thestienstrength and
decrease the moisture absorption of TPS composkligker content of cellulose
fibers (10%) provide improved mechanical and moésirength for the
composites. Nevertheless, the deposition of, 8&hoparticles on the fiber
decreased the free hydroxyl groups at the fibéasar which turned worse the
interaction between the modified fiber and the TiRgrix. This poorer
interaction led the composites with modified fib@vd-) to present lower
mechanical properties and higher moisture absarptian TPS composites with
unmodified fibers. The modification of the fibersed here resulted in distinct
surface characteristics for the cellulose pulprébevhich are very interesting for
ongoing investigations toward other strategiesrfggrovement of the

performance of renewable composites.
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