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RESUMO

A existéncia de métodos alternativos, confiaveis e eficazes para caracterizacdo de fibras e
nanofibrilas de celulose permite que processos industriais sejam otimizados. A avaliacdo da
consisténcia da polpa celulésica, qualidade das nanofibrilas e a aplicagdo desses materiais em
papéis sdo assuntos pertinentes a serem estudados. Estudos tém indicado que as técnicas
espectroscopicas sao ferramentas promissoras para a caracterizacdo de nanofibrilas, sobretudo
no estado solido. Entretanto, a caracterizacdo de fibras/nanofibrilas celuldsicas em meio aquoso
ainda é um desafio na area espectrométrica. Assim, o objetivo deste estudo foi desenvolver uma
solucdo rapida e confidvel baseado em técnicas espectrosclpicas para a avaliacdo das
propriedades das fibras e nanofibrilas de celulose e desenvolver novos papéis utilizando a
mistura desses materiais celulosicos. Para isso este estudo foi dividido em duas partes, sendo
que a primeira parte apresenta o referencial tedrico juntamente com as consideragdes gerais da
tese e a segunda parte apresenta os artigos que ddo suporte a tese. No primeiro artigo, regressdes
e redes neurais artificiais para estimar o teor de solidos/consisténcia de polpa celuldsica foram
desenvolvidos com base em espectros no infravermelho proximo (NIR) (Artigo 1, publicado).
O segundo artigo é dedicado a avaliacdo das nanofibrilas de celulose em suspensao para a
estimativa da qualidade desse material por meio da espectroscopia no NIR (Artigo 2). O terceiro
artigo teve por objetivo avaliar o desempenho fisico e mecéanico de folhas de papel com adicao
de diferentes proporc6es de nanofibrilas (Artigo 3, publicado). Os resultados indicaram que a
técnica NIR possui grande potencial para avaliacdo de fibras e nanofibrilas de celulose de
maneira rapida e confidvel. Além disso concluiu-se que as nanofibrilas tiveram efeito relevante

nas propriedades fisicas e mecanicas dos papéis produzidos.

Palavras-chave: Polpa celul6sica. Nanocelulose. Espectroscopia. Analise multivariada.



ABSTRACT

The existence of alternative, reliable and effective methods for characterization of cellulose
fibers and nanofibrils allows industrial processes to be optimized. The evaluation of the
consistency of cellulose pulps, the quality of nanofibrils and the application of these materials
in paper are relevant subjects to be studied. Studies have indicated that spectroscopic techniques
are promising tools for the characterization of nanofibrils, especially in the solid state. However,
the characterization of cellulosic fibers/nanofibrils in aqueous media is still a challenge in the
spectrometric area. Thus, the aim of this study was to develop a fast and reliable solution based
on spectroscopic techniques for evaluating the properties of cellulose fibers and nanofibrils and
also to develop new papers using the mixture of these cellulosic materials. For this, this study
was divided into two parts, the first part presenting the theoretical framework together with the
general considerations of the thesis and the second part presents the articles that support the
thesis. In the first article, regressions and artificial neural networks to estimate the solids content
of cellulose pulps were developed based on near infrared (NIR) spectra (Article 1, published).
The second article is dedicated to the evaluation of cellulose nanofibrils in suspension to
estimate the quality of this material through NIR spectroscopy (Article 2). The third article
aimed to evaluate the physical and mechanical performance of paper sheets with the addition
of different proportions of nanofibrils (Article 3, published). The results indicated that the NIR
technique has great potential for evaluating cellulose fibers and nanofibrils quickly and reliably.
Furthermore, it is concluded that nanofibrils had a relevant effect on the physical and

mechanical properties of the papers produced.

Keywords: Cellulose pulps. Nanocellulose. Spectroscopy. Multivariate analysis.
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PRIMEIRA PARTE

1. INTRODUCAO

A nanotecnologia é a ciéncia que estuda a criacdo, manipulacdo e exploragdo de
materiais na escala nanométrica (1 a 100 nm). Ha séculos essa ciéncia esta presente no contexto
mundial, e como consequéncia dessa inovacdo tém sido desenvolvidos materiais e produtos
com caracteristicas unicas, associadas a dimensdo nanométrica.

Na busca por materiais renovaveis e biodegradaveis, tem se destacado as nanoceluloses.
Além de causar reduzido impacto ambiental, esses materiais apresentam alta rigidez e
resisténcia a tracdo, baixa densidade, alta superficie especifica, transparéncia e
biocompatibilidade (NECHYPORCHUK; BELGACEM; BRAS 2016). Deste modo, houve um
aumento das pesquisas com celulose no campo da nanotecnologia.

As nanoceluloses sdo obtidas por diferentes processos e a partir de diversas fontes de
materiais lignoceluldsicos. As nanofibrilas de celulose sdo um tipo de material obtido das
nanoceluloses e possuem intmeras aplicacdes, por exemplo, como reforco em papéis
(BELBEKHOUCHE et al., 2011).

A caracterizacdo de nanoparticulas e de seus produtos requerem tecnologias
sofisticadas, baseadas em varias técnicas cientificas que utilizam métodos Opticos, fisicos,
mecanicos e reoldgicos (MOSER; LINDSTROM; HENRIKSSON 2015). Porém esses
métodos, na maioria das vezes, sdo onerosos e demorados, além de possuirem o campo de Vvisao
limitado pois necessitam da observacdo nos materiais na escala nanométrica. Por esse motivo,
torna-se necessario a utilizacdo de métodos confiaveis e eficazes para caracterizacdo das
nanofibrilas e para avaliar seus efeitos nos produtos baseados em nanoparticulas.

As técnicas espectroscopicas sdo baseadas na interacdo da radiacdo eletromagnética
com a matéria. Essas técnicas sdo classificadas de acordo com a regido do espectro
eletromagnético envolvida na medida. As regides espectrais que tém sido empregadas incluem
0s raios vy, 0S raios X, ultravioleta (UV), visivel (Vis), infravermelha (1V), radiofreqiiéncia (RF)
e microondas (SKOOG et al. 2006).

Alguns estudos aplicaram as tecnicas espectroscopicas para a caracterizagcdo de
nanofibrilas, principalmente a espectrofotometria UV-Vis (BESBES et al. 2011; CHINGA-
CARRASCO 2013; MOSER; LINDSTROM; HENRIKSSON 2015), espectroscopia no
infravermelho proximo — NIR (POTULSKI et al. 2016; VIANA et al. 2016) e espectroscopia
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no infravermelho médio — MIR (GUO et al. 2018). A maioria dos trabalhos utilizaram as
nanofibrilas de celulose na forma de filmes para a aquisicdo dos espectros e conseguiram bons
resultados utilizando UV-Vis para predizer qualidade da fibrilacdo, NIR para predizer
propriedades mecanicas em filmes de nanofibrilas e FTIR para caracterizacdo da adsorcéo de
agua de filmes.

O principal objetivo dos trabalhos encontrados na literatura sobre as técnicas
espectroscopicas na caracterizacao de nanofibrilas é a identificacdo das moléculas presentes no
material. Até entdo, ndo ha trabalhos que utilizaram a espectroscopia no NIR para a avaliacéo
da qualidade das nanofibrilas de celulose e estimativa da secura em polpas celuldsicas. Por esse
motivo, sdo necessarios mais estudos visando a aplicacdo dessa técnica para avaliacdo das
polpas celuldsicas e da qualidade das nanofibrilas principalmente em meio aquoso. Além disso
mais estudos sdo necessarios para entender o comportamento desses dois materiais (polpas
celulésicas e nanofibrilas) quando sdo utilizados em conjunto para a fabricagdo de papéis.

Assim, o objetivo dessa tese é desenvolver método alternativo capaz de avaliar
indiretamente a qualidade das fibras e das nanofibrilas de celulose.

Os objetivos especificos sdo:

a) Desenvolver modelos para estimativa da secura de polpa celuldsica por espectroscopia
no infravermelho proximo por regressdo de minimos quadrados parciais e redes neurais
artificiais (ARTIGO 1).

b) Avaliar as nanofibrilas de celulose na forma de suspensdo por meio da espectroscopia
no NIR para predizer a sua qualidade (ARTIGO 2).

C) Avaliar o desempenho fisico e mecanico de folhas de papel reforcadas, durante a sua
formagé&o, com diferentes proporc¢des de nanofibrilas (ARTIGO 3).

2. REFERENCIAL TEORICO

2.1. Celulose e Nanocelulose

A celulose é um biopolimero natural e renovavel, derivada de uma grande variedade de
fontes, tais como madeira, fibras de sementes (algod&o, cobre, entre outros), bast fibers (linho,
canhamo, juta, ramie, entre outros), gramineas (bagaco, bambu, entre outros), animais marinhos
(tunicados), algas, fungos, invertebrados e bactérias (VARSHNEY; NAITHANI, 2011). A
madeira € a principal matéria prima utilizada pela industria para a producédo de polpa celuldsica

e seus derivados.



7

Independentemente das fontes, a celulose consiste hum polimero linear de alto peso
molecular, constituido exclusivamente de unidades B-D-glicopiranose unidas por ligagdes
glicosidica B-1-4, sendo essas unidades de repeticdo denominadas celobiose, como
representado da Figura 1. Suas moléculas tendem a formar ligacBes de hidrogénio devido a
disponibilidade dos grupos hidroxilas. Estas ligaces sdo extremamente importantes para suas
caracteristicas fisicas e quimicas (SJOSTROM, 1981).

Figura 1 - Esquema da estrutura molecular da celulose
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Na madeira, além da celulose, encontram-se hemiceluloses, lignina e pequena quantidade
de extrativos. A celulose estd presente nas fibras, na forma das microfibrilas. Essas
microfibrilas, por sua vez, sdo feitas de fibrilas elementares que comumente séo consideradas
como as menores unidades morfoldgicas das fibras (FREY-WYSSLING; MUHLETHALER,
1963). As microfibrilas e as fibrilas elementares sdo referidas como celulose nanofibrilada ou
agregados de fibrilas e microfibrilas. Os agregados de microfibrilas permitem a criacdo de
regides altamente ordenadas (cristalinas) e também regides desordenadas (amorfas) (FREY-
WYSSLING; MUHLETHALER, 1963).

Nechyporchuk; Belgacem e Bras (2016) definem nanocelulose como materiais
celulésicos com pelo menos uma dimensao na escala nanométrica (1 a 100 nm). A nanocelulose
pode ser produzida por diferentes métodos de varias fontes lignocelulésicas. Nechyporchuk;
Belgacem e Bras (2016) dividem a nanocelulose em dois grupos, dependendo das condi¢es de
producdo, que influenciam nas dimensdes, composicao e propriedades:

a) Nanocristais de celulose (CNC) ou whiskers de celulose

b) Nanofibrilas de celulose (NFC), também conhecidas como celulose nanofibrilada

(CNF), celulose microfibrilada (MFC) ou nanofibras de celulose.

O termo whiskers de celulose é usado para denominar dominios cristalinos de fibras

celuldsicas isolados por meio de hidrolise acida, ou seja, sdo constituidos apenas pela fracéo

cristalina das fibrilas de celulose. A morfologia dos CNC varia dependendo da fonte de
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celulose. Segundo Nechyporchuk; Belgacem e Bras (2016), o diametro dos CNC variam de 3
a 35 nm e o comprimento de 200 a 500 nm.

A designacdo micro/nanofibrilas deve ser usada para designar micro e nanofibrilas
flexiveis e longas consistindo em cadeias de celulose cristalinas e amorfas alternadas (ISO/TC
29:2005). Os CNC podem ser comparados a graos de “arroz” ¢ as CNFs semelhantes a
“espaguete”. Por isso, os dois tipos de nanocelulose tém estruturas, dimensdes e morfologias e,
consequentemente, propriedades diferentes.

As NFC como material celul6sico foi introduzido por Turbak et al. (1983) e Herrick et
al. (1983) que produziram celulose com dimensdes laterais em escala nanométrica, passando
uma suspensdo aquosa de polpa de madeira através de um homogeneizador de alta pressao.
Durante esse tratamento, as redes de nanofibrilas fortemente emaranhadas, com ambos o0s
dominios cristalino e amorfo, foram produzidas devido a altas forcas de cisalhamento. O
material resultante apds a fibrilacdo sdo as CNF com didmetro de 5 a 50 nm e comprimento de
poucos micrébmetros, segundo Nechyporchuk; Belgacem e Bras (2016). Além das CNF,
geralmente os fragmentos de fibras também estdo presentes mesmo apOs 0 processo de
fibrilacdo (CHINGA-CARRASCO 2013).

Existem outros tipos de nanocelulose, como a nanocelulose bacteriana (BC) e as
nanofibras de celulose eletrofiadas (ECNF). As CNC e as NFC sdo produzidas por
desintegracao de fibras de celulose em particulas de nanoescala (processo top—down), enquanto
BC e ECNF sdo geradas por um acumulo de nanofibras (processo bottom-up)
(NECHYPORCHUK; BELGACEM; BRAS, 2016). Na Figura 2 € possivel observar as
estruturas tipicas das CNF, CNC e BC.

Figura 2 — Micrografia obtida por microscopia eletronica de transmissdo (MET) de a) CNF e b) CNC;
c) micrografia eletronica de varredura de BC
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| v satinay

2)

Fonte: Klemm et al. (2011)

Ao longo deste trabalho o foco sera em nanofibrilas de celulose. Termos diferentes como

nanofibrilas ou nanofibras de celulose (NFC), microfibrilas de celulose (MFC) ou celulose
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nano/microfibrilada (CNF) poderéo ser usados durante o trabalho para se referir a essas
estruturas.

As nanofibrilas de celulose apresentam-se de duas formas: em suspensao aquosa ou em
filmes. A suspensdo de nanofibrilas geralmente é similar a um gel devido as ligacdes de
hidrogénio que se formam. A etapa que diferencia a suspensdo dos filmes é a secagem. Entéo,
apos a secagem, as nanofibras se entrelacam umas nas outras formando uma rede nanoporosa
(BARDET; BALGACEM; BRAS, 2013).

Henriksson et al. (2007) definem filmes de nanoparticulas de celulose como uma rede
construida por nanofibrilas entrelagadas com relagcdo de aspecto superior a 100 e orientagdo
aleatoria das nanofibrilas. Durante a secagem ocorre maior adesdo entre as nanofibrilas de
celulose proporcionando maior resisténcia em filmes.

Além da alta resisténcia, os filmes de nanoparticulas de celulose apresentam
transparéncia, flexibilidade e baixo coeficiente de expansdo termica (WANG; LI; ZHANG
2013).

2.2.  Producéo de nanofibrilas de celulose

As nanofibrilas de celulose podem ser obtidas por procedimentos mecanicos e quimicos.
Esses métodos de producdo das NFC geralmente compreendem vérias operacdes, por esse
motivo, existem varias condi¢Ges de processamento usadas para producdo de NFC. Assim, o
processo de producdo é uma combinacdo de diferentes operacdes, obtendo diferentes tipos de
NFC.

Nechyporchuk, Belgacem e Bras (2016) ressaltam que as variedades de NFC diferem
em morfologia (dimensdes e a quantidade de fragmentos de fibras microscopicas residuais),
quimica de superficie, cristalinidade, grau de polimerizacao, etc. Segundo Klemm et al. (2011)
as NFC geralmente sdo produzidas por fibrilacdo de polpa de madeira submetidas a pressao
mecanica antes e/ou ap0s tratamento quimico ou enzimatico. Métodos mecéanicos para a
producdo de micro ou nanofibrilas podem ser divididos em: refinagdo ou homogeneizacao de
alto cisalhamento (IWAMOTO, NAKAGAITO; YANO, 2007; SYVERUD et al., 2011),
microfluidizacdo (ZIMMERMANN et al., 2010) e sonicacdo (CHEN et al., 2011; CHENG,
WANG; RIALS, 2009).

A refinacdo e homogeneizacdo sdo realizadas na presenca de &gua, passando a
suspensdo de fibras de polpa através de um espaco relativamente estreito de um aparelho de

disco. O microfluidificador € composto de uma bomba intensificadora para aumentar a pressao
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e acamara de interacéo para desfibrilar as fibras usando forcas de cisalhamento e impacto contra
fluxos colidindo e as paredes dos canais (ZIMMERMANN et al., 2010). A sonicacao € realizada
em uma suspensdo de fibra para separar os feixes de micro/nanofibrilas na parede celular da
fibra através da cavitacdo (PETERSSON; OKSMAN, 2006).

Nechyporchuk, Belgacem e Bras (2016) afirmam que métodos mecénicos para a
obtencdo de nanofibrilas geralmente trituram as fibras, em vez de desfibrilar as fibras.
Consequentemente, produz NFC com baixo grau de polimerizacdo, cristalinidade e razdo de
aspecto e resulta em propriedades mecanicas relativamente precérias dos nanomateriais. As
energias de ligacdo de hidrogénio interfibrilar devem ser excedidas para delaminar as
nanofibrilas, em vez de corté-las. Por esta razdo, as NFC séo produzidas em meio aquoso, que
afrouxa a ligacao de hidrogénio inter-fibrilar.

A inducdo de NFC usando apenas desintegracdo mecanica requer altos custos
energéticos (SPENCE et al., 2011). No entanto, pesquisas intensas estdo sendo realizadas para
melhorar a fibrilacdo e economia de energia como a utilizacdo de pré-tratamentos bioldgicos e
quimicos.

Dentre os pré-tratamentos utilizados para facilitar a fibrilacdo podemos destacar a
oxidacdo mediada pelo reagente TEMPO (N-oxil-2,2,6,6-tetrametilpiperidina). Este método
usa 0 TEMPO como um catalisador aliado a um oxidante priméario, como o hipoclorito. A
finalidade é oxidar seletivamente os grupos de alcool primario da celulose (MOON, et. al 2011).
Assim, a oxidacgdo ajuda a degradar o material de modo que necessite de menor gasto energético
na etapa de desfibrilacdo mecanica.

Yi et al. (2020) destaca que embora o uso do reagente TEMPO demonstre bom
desempenho, o processo de oxidacdo do TEMPO néo € direto e a reacdo depende do valor de

pH além de que o processo é tdxico e polui 0 meio ambiente.

2.3. Caracteristicas das nanofibrilas de celulose

O grande interesse direcionado para as nanofibrilas de celulose é devido as suas
caracteristicas Unicas, por exemplo: baixa expansao térmica (FUKUZUMI et al. 2009, NOGI
etal. 2009), alta relacéo de aspecto (relagdo comprimento/diametro) (MOON et al. 2011), efeito
de fortalecimento, boas propriedades mecanicas e opticas, podendo encontrar muitas aplicactes
em nanocompositos, fabricacdo de papel, aditivos de revestimento, papéis de seguranca,
embalagens de alimentos e barreiras a gds (BELBEKHOUCHE et al., 2011). A incorporagéo

de nanoreforcos de biomassa biodegradavel, como nanofibras de celulose em outros polimeros,
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ja provou ser uma estratégia importante para a obtengdo de nanocompdsitos com maior
desempenho mecénico (ABDUL KHALIL et al., 2012).

O aumento da area especifica ocorre devido a diminui¢do no tamanho das fibras durante
o0 processo de fibrilacdo mecanica. Essa caracteristica das nanoceluloses permite maior ligacdo
entre elas e menor espaco vazio ou menor tamanho dos poros entre as nanoceluloses, resultando
numa maior densidade e maior transparéncia. Jonoobi et al. (2012) observaram que filmes
nanocelulésicos mais densos apresentaram menor opacidade e maior transparéncia. Vale
ressaltar que as propriedades estruturais da nanocelulose como a forma, comprimento e o
didmetro dependem principalmente do processo de extracdo e da origem da matéria-prima, a
celulose (SIQUEIRA et al. 2010).

Um dos principais fatores que dificultam a implantacdo comercial dos nanomateriais é a
auséncia de métodos de caracterizacdo rapidos e robustos para realizar um processo eficiente e
com controle de qualidade ao longo da cadeia produtiva. Ser capaz de caracterizar as NFC a
medida que fluem pela linha de producgéo é essencial para o sucesso da aplicacdo de NFC na
cadeia produtiva, facilitando a otimizacdo, gerenciando erros, minimizando resultados
imprevisiveis e proporcionando confianca ao processo (BALEA et al. 2021).

No artigo de revisdo de Balea et al. (2021), os autores identificaram algumas das
desvantagens e limitacOes atuais na caracterizagdo de NFC que dificultam sua implantagéo
comercial. Balea et al. (2021) afirmaram que as principais causas para isso estd a falta de
ferramentas de medicdo adaptadas ao processo, capazes de caracterizar NFC com velocidade e
confiabilidade aceitaveis para atender as demandas industriais de forma econdmica.

A producéo das nanofibrilas de celulose a partir das fibras ocorre por meio de um intenso
processo mecanico, como ja mencionado anteriormente. Esse processo provoca a exposicao dos
agregados de microfibrilas, conhecidas por nanofibrilas de celulose. Ou seja, as nanofibrilas
sdo geradas por fibrilacdo ou desfibrilacdo das fibras vegetais.

O grau de fibrilacdo ou grau de desfibrilacdo, pode ser estimado pela quantificacdo de
fibras micrométricas residuais, que permanecem ap0s o0 processo de fibrilacdo. Quanto mais
fibras permanecerem apos o processo de fibrilagdo, menor o grau de fibrilagdo (CHINGA -
CARRASCO, 2013). Hu et al. (2015) destacam que o grau de fibrilacdo e o0 gasto energético
refletem a eficiéncia na producédo de nanofibrilas de celulose.

Chinga-Carrasco (2013) ressalta que materiais pouco fibrilados possuem uma grande
fracéo de fibras ou fragmentos e uma ampla distribuigéo da largura das nanofibrilas, geralmente
esse material é referido como celulose microfibrilada (CMF). Materiais altamente fibrilados

possuem uma pequena fracédo de fibras residuais, uma fracdo maior de nanofibrilas com estreita
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distribuicdo de largura (larguras inferiores a 20 nm), esse tipo de material é referido como
celulose nanofibrilada (NFC).

Na literatura € possivel encontrar varios métodos para quantificar o grau de fibrilacdo.
Os métodos tradicionais sdo baseados na utilizacao de técnicas microscopicas para a observacao
e mensuragdo de particulas na escala nanométrica. Essas técnicas, principalmente a microscopia
eletronica de transmissdo (MET), fornece excelente evidéncia visual da morfologia e tamanho
das nanofibrilas, porém consomem tempo e séo caros. Além disso, na tentativa de visualizar as
nanofibrilas ocorre a reducdo do campo de visao, excluindo assim as estruturas maiores como
as fibras residuais e as microfibrilas (CHINGA-CARRASCO, 2013), que sdo estruturas
importantes para a avaliacdo do grau de fibrilacdo da amostra estudada.

Existem trabalhos na literatura que buscaram métodos alternativos para a quantificacéo
da qualidade das nanofibrilas. Chinga-carrasco (2013) utilizou dispositivos opticos incluindo
scanner 6ptico, espectrofotometria UV-Vis, turbidez, quantificacdo da fracdo de fibra e um
sistema de camera para medigdes dinamicas. Hu et al. (2015) utilizaram o grau de polimerizagéo
(DP) e o valor de retencdo de agua (WRV) como medidas do grau de fibrilacdo, além de
utilizarem os métodos tradicionais como a microscopia eletrénica de varredura e microscopia
eletronica de transmissdo. Guo et al. (2018) forneceram uma avaliacdo cuidadosa da eficacia
do valor de retencdo de agua (WRV) na caracterizacdo de nanomateriais de celulose quanto ao
grau de fibrilacdo e concluiram ser uma medida confiavel para caracterizar a fibrilacdo de micro
e nanofibrilas. Porém, os autores recomendaram membrana com poros 0,1 pum para eliminar a
perda de celulose e uma condi¢do moderada na centrifugacéo (3000G por 15min).

Nechyporchuk et al. (2016) em sua revisdo cita alguns métodos encontrados na literatura
para avaliar o grau de fibrilagdo das NFC, por exemplo, por centrifugacdo para determinar o
indice de retencdo de agua (IRA ou WRYV), o chamado "rendimento de fibrilacdo", medir a
transmitancia da luz ou espalhamento/turbidez das suspensdes NFC ou filmes de NFC.

Desmaisons et al. (2017) afirmaram que definir um “grau de fibrilagao” para avaliar a
qualidade das nanofibrilas é desafiador. Com isso, Desmaisons et al. (2017) desenvolveram um
método multicritério (indice de qualidade — 1Q) para obter a qualidade das suspensdes de
nanofibrilas de celulose.

O numero de passagens pelo equipamento € uma variavel importante do processo de
fibrilacdo. Observa-se esse efeito do numero de passagens no grau de fibrilagdo na Figura 3,
que apresentam micrografias das fibras de celulose de folhosas expostas a forca de cisalhamento

mecanico em um refinador de discos apds 5, 25 e 75 passagens pelo equipamento.
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Figura 3 — Micrografias obtidas por microscopia eletronica de varredura de fibras de folhosas e
coniferas com diferentes passagens pelo refinador
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Fonte: Adaptado de Stelte e Sanandi (2009)

A partir dos estudos de microscopia de Stelte e Sanandi (2009), os autores observaram
gue o didmetro médio da fibra diminui com o aumento do numero de passagens pelo
equipamento. Isso resulta em fibras mais interligadas através de ligacdes de hidrogénio e forcas
de interagdo mecanica.

Henriksson et al. (2007) destacam que a fibrilagdo excessiva podera prejudicar o
desempenho das nanofibrilas, uma vez que ocorrera a formacéo de finos, na qual as nanofibrilas
sdo removidas da superficie e também a quebra das fibras ao longo do seu comprimento. Esses
danos resultam em decréscimo da massa molar, indice de cristalinidade e resisténcia mecanica.
Stelte e Sanandi (2009) notaram que 0 processamento excessivo reduziu as propriedades
mecanicas dos filmes. Houve a diminuicdo da tensdo de ruptura dos filmes de fibras de
coniferas, e sugeriram que o processamento adicional também poderia diminuir outras
propriedades, como a resisténcia.

Atualmente, existem alguns analisadores de fibra que sdo usados off-line, para
quantificacdo da morfologia da fibra (especialmente comprimento, didmetro, razdo de aspecto,
grau de polimerizacdo, superficie especifica e transmitancia do gel). Portanto, ndo existe
tecnologia que possa modelar a morfologia de NFC com base em medicGes simples e rapidas
em microescala durante a producéo de NFC (BALEA et al. 2021).

Ha grande importancia em determinar a qualidade das nanofibrilas de uma forma rapida
e eficiente, pois além da fibrilacdo excessiva prejudicar o desempenho das nanofibrilas,
ocorrerd um alto consumo de energia, sendo este o principal fator que prejudica a producao de

nanofibrilas por processos mecénicos.
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2.4.  Aplicacdo de nanofibrilas na industria de papel e celulose

As nanofibrilas de celulose possuem inimeras aplicacfes. Dentre elas podemos citar a
sua utilizagdo como material de reforco em compdsitos, como por exemplo na fabricacdo de
papel (HUBBE, 2014) ou em tratamentos de superficie do papel a fim de melhorar a qualidade
da impresséo ou as propriedades de barreira (BRODIN; GREGERSEN; SYVERUD 2014). O
presente trabalho considerara o uso de NFC como material de reforco.

A incorporacdo de nanofibrilas em papeis visa a melhoria de suas propriedades. Hassan,
Hassan e Oksman (2011) afirmam que o papel preparado a partir de nanofibrilas tende a ter alta
resisténcia a tracao e baixa absor¢do de agua pois as NFC preencheram os espagos vazios entre
as fibras reduzindo a porosidade das folhas. H4 uma tendéncia de aumento de resisténcia da
folha de papel com a adi¢édo das nanofibrilas devido as caracteristicas das mesmas, que possuem
alta capacidade de ligacédo entre as fibras promovendo, assim, folhas com melhor formacao e
mais homogéneas.

loelovich e Figovsky (2010) explicam que, no processo de fabricacdo de papel, é
necessario a formacao de ligacdes de hidrogénio entre as fibras, fornecendo contato direto entre
elas. No entanto, em papel pouco fibrilado, o formato das fibras dificulta a formacéo de tais
ligacdes. Nanoparticulas hidrofilicas devem ser adicionadas a composicdo do papel para
preencher as lacunas entre as fibras e estabelecer o contato entre elas. A Figura 4 apresenta
micrografias obtidas por microscopia eletrdnica de varredura de papeis sem adicdo de
nanofibras (A) e com adicdo de nanofibras (B). E possivel observar que na Figura 4B ha maior

interacdo entre os constituintes do papel.
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Figura 4 — Micrografias obtidas por microscopia eletronica de varredura de papeis sem adigéo de
nanofibras (A) e com adic¢do de nanofibras (5%) (B).

Fonte: Hii et al. (2012)

Nos ultimos anos, o processo de fabricacdo de papel vem sendo estudado
simultaneamente com o uso de nanoparticulas na sua composicdo. Brodin, Gregersen e Syverud
(2014) elaboraram uma reviséo sobre o uso de NFC na fabricacdo de papel como aditivo de
papel ou material de revestimento. Os autores destacam que a introducdo de NFC em produtos
de papel é uma das areas de aplicacdo mais promissoras, e esperam que esses materiais
encontrem implementagdes em escala comercial no futuro proximo.

Sobre as propriedades dos papéis apds a adicdo de NFC, Brodin, Gregersen e Syverud
(2014) observaram que em todos os estudos houve aumento da densidade, diminuicdo na
permeabilidade ao ar do papel e aumento significativo na resisténcia mecanica. A respeito da
resisténcia mecanica é importante destacar que o aumento da resisténcia a tracdo depende da
quantidade de NFC e também do grau de fibrilagdo da NFC além da resisténcia a tracao
da polpa utilizada e das propriedades da fibra dessa polpa.

Sobre a quantidade de nanofibrilas adicionadas ao papel, na literatura, encontra-se
valores de NFC variando de 1,5% a 10%. No entanto, espera-se que uma menor quantidade seja
usada em aplicagdes industriais para evitar problemas com desaguamento na secdo de finos
(BRODIN; GREGERSEN; SYVERUD, 2014).

Potulski et al. (2014) estudaram o efeito da incorporacdo de microfibrilas de celulose
nas propriedades mecénicas do papel. Confeccionaram papéis com grau de refinagdo 15° e 25°
SR (Schopper-Riegler) e com adi¢do de 1% a 6% de celulose microfibrilada, e avaliaram a

resisténcia mecéanica a tracdo, ao rasgo e ao arrebentamento. Os autores observaram que a
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adicdo das MFCs influenciou positivamente nas propriedades de resisténcia. Porém, os autores
ressaltam esse tipo de tratamento deve ser realizado considerando alguns parametros:
quantidade a ser adicionada, para que nao atue inversamente ao objetivo proposto e o grau de
refinacdo inicial da folha. As propriedades mecanicas estudadas por Potulski et al. (2014) foram
influenciadas tanto pelo processo de refino quanto pela adi¢do da celulose microfibrilada.
Potulski et al. (2018) estudaram o efeito da incorporagédo de nanofibrilas de celulose nas
propriedades Opticas e fisicas do papel. Os autores verificaram que as propriedades épticas
tiveram sua qualidade ligeiramente reduzida com a adicdo de NFC, houve reducdo de
aproximadamente 3% na alvura do papel e reducéo da opacidade em torno de 6% com a adigéo
de NFC. Houve melhorias nas propriedades fisicas (espessura, densidade aparente e
permeabilidade ao ar) com a adi¢do de NFC sem afetar suas propriedades Opticas, possibilitando

a utilizacdo da NFC como aditivo para papel.

2.5.  Espectroscopia no infravermelho proximo para avaliacdo das fibras e nanofibrilas

Espectroscopia estuda a interacdo das radiacfes eletromagnéticas com moléculas ou
particulas. Segundo Skoog e Laery (1992), a espectroscopia produz o espectro a partir de
processos em que a radiacdo é associada aos seus comprimentos de ondas.

Os métodos espectroscopicos sdo classificados de acordo com a regido do espectro
eletromagnético envolvida na medida. As regides espectrais que tém sido empregadas incluem
0s raios v, 0s raios X, ultravioleta, visivel, infravermelha, microondas e radiofrequéncia (RF)
(SKOOG et al. 2006). A diferenca entre elas esta no tipo de alteracdo quantica que ocorre no
material analisado. Esse fato esta correlacionado com a quantidade de energia envolvida no
processo. Por exemplo, a Ressonancia Nuclear Magnética (RMN) e a Ressonancia de Spin
Eletrénica (RSE) causam mudangas de spin. J& a Espectroscopia de raios y possui alta energia
empregada que podera produzir alteragcdes na configuracdo nuclear (FIGURA 5). Na regido do
infravermelho ocorrem alteragdes na configuragéo através de vibragdes moleculares e a regido

do Visivel e Ultravioleta promove transicGes eletronicas.
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Figura 5 — Regides do espectro eletromagnético e os tipos de alteracdo quantica
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Fonte: Skoog et al. (2006)

O comprimento de onda (A) é a distancia linear entre dois maximos ou minimos
sucessivos de uma onda de radiacdo eletromagnética. O niumero de onda é uma outra forma de
se descrever a radiacdo eletromagnética, sendo definido como o numero de ondas por
centimetro e é igual a 1 / A. Por convencio, o nimero de onda tem unidade de cm™.

Numero de onda, expresso em cm™, é a nomenclatura mais utilizada quando se trata de
espectros no infravermelho. Os espectros no infravermelho podem ser divididos em trés regides
principais: a de infravermelho-distante (< 400 cm™), de infravermelho-médio (400 a 4.000 cm”
1y e de infravermelho-préximo (4.000 a 13.000 cm™).

A espectroscopia no NIR (do inglés Near Infrared) consiste na exposi¢cdo de uma
amostra ao espectro eletromagnético na regido que varia entre 4.000 a 13.000 cm? e a
consequente correlacdo dos mesmos com resultados de analises laboratoriais, para o ajuste de
modelo estatistico a fim de explicar e estimar a maioria das informacGes contidas nos espectros
(WILLIAMS; NORRIS, 2001).

A NIRS (do inglés Near Infrared Spectroscopy) é uma técnica fundamentada na
espectroscopia vibracional, que monitora alteracbes nas vibragfes moleculares, que estdo
intimamente associadas com alteracdes na composicdo, ligacdo e quimica da estrutura
molecular (BAILLERES; DAVRIEUX; HAM-PICHAVANT, 2002).

Por se tratar de um método indireto de determinagdo das propriedades estudadas, a

espectroscopia NIR necessita que modelos de calibracdo sejam desenvolvidos com o objetivo
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de estabelecer a relagdo entre o conjunto de dados espectrais com os valores das propriedades
das amostras determinados por métodos convencionais (VIANA, 2013).

Ha varias publicacbes a respeito da espectroscopia no NIR para papel e celulose que
relatam o seu potencial como uma técnica de medicéo on line durante a producéo do papel para
o0 controle do processo (TSUCHIKAWA, 2007). Porém, os estudos que associaram espectros
no NIR e nanofibrilas de celulose as suas propriedades sdo escassos (POTULSKI et al., 2016;
VIANA et al., 2016). Varios trabalhos recomendam a técnica NIR na area florestal, porém ainda
ndo existem relatos na literatura para avaliacdo da suspenséo (gel) de nanocelulose.

Potulski et al. (2016) produziram e avaliaram filmes de celulose nanofibrilada obtida
pelo processo de fibrilagio mecanica a partir de diferentes consisténcias e utilizaram a
espectroscopia NIR apenas para observar as principais bandas e identificar as suas mudancas,
correlacionando com fibrilagdo em diferentes consisténcias. Com base na literatura, os autores
atribuiram as bandas caracteristicas do grupo OH a 6775 cm™ a regido semi-cristalina da
celulose. A banda de 5180 cm™ relacionou-se ao OH da agua. As bandas entre 4890 e 4620 cm-
1 e em 4280 cm™ foram atribuidas a regides semi ou cristalinas da celulose enquanto a banda
de 4545 cm™ correspondeu ao estiramento dos grupos CH aromaticos e a combinacédo dos
grupos C=0 foram atribuidos a lignina.

Viana et al. (2016) estabeleceram modelos multivariados para estimar os indices de
cristalinidade e resisténcia a tracdo e ruptura de filmes celul6sicos e nanocelulésicos pela
espectroscopia NIR. Os autores observaram que a intensidade da variacdo da absorbancia dos
espectros no NIR variava de acordo com os tratamentos mecanicos aos quais 0s materiais foram
submetidos. Os autores concluiram que a espectroscopia NIR e a regressdo por minimos
quadrados parciais (PLS-R) apresentam potencial para prever o indice de cristalinidade e
propriedades de tracdo e ruptura de filmes nanocelulésicos e celulésicos. Os modelos PLS-R
apresentaram valores do coeficiente de determinacdo na validacdo independente para indice de
tracdo e indice de ruptura de 0,85 e 0,93 e para o indice de cristalinidade por validacdo cruzada
de 0,94. Através da analise dos coeficientes de regressdo, os autores observaram que as
caracteristicas celulose (regides cristalina e semicristalina) influenciam nas calibracfes para

prever as propriedades de tracdo e ruptura dos filmes.

2.6.  Analise multivariada de dados espectrais

A analise multivariada mais empregada para analises qualitativas baseadas em espectros

de infravermelho proximo é a analise de componentes principais (PCA) (NAES et al., 2002).
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Segundo Brereton (2003), a PCA é uma técnica matematica da andlise multivariada, que
possibilita investigacdes com um grande nimero de dados disponiveis.

A técnica da PCA transforma um conjunto original de variaveis, por exemplo, espectros
no infravermelho, em outro conjunto: os componentes principais (PCs, fatores ou variaveis
latentes) de dimensfes equivalentes. Essa transformacdo, em outro conjunto de variaveis,
ocorre com a menor perda de informacao possivel, sendo que também busca eliminar algumas
varidveis originais que possuam pouca informacdo, ou seja, 0 novo conjunto de variaveis
concentra a maior parte da informacdo (variancia) em poucas variaveis, diminuindo, assim, a
dimensionalidade dos dados, sem perda significativa da informagdo quimica (BRERETON,
2003). O resultado da PCA, geralmente, sdo graficos bidimensionais em que é possivel observar
0S agrupamentos entre as amostras de acordo com suas similaridades.

A analise de regressdo por minimos quadrados parciais (PLS-R) e analise dicriminante
por minimos quadrados parciais (PLS-DA) sdo algumas das principais técnicas para a
elaboracdo de modelos de dependéncia entre variaveis espectroscopicas e a propriedade de
interesse. Para isso € necessario a calibracdo e a validacdo de modelos matematicos.

Na calibracdo sédo relacionados o grupo de variaveis dependentes (YY) com outro grupo
de variaveis independentes (X). As variaveis independentes sdo 0s espectros adquiridos por
meio do espectrOmetro e as variaveis dependentes sdo as medidas de referéncia obtidas pelas
andlises laboratoriais. Apds a calibracdo deve ser feita a validacdo para validar e testar a
confiabilidade da calibracdo, sendo esta etapa indispensavel na constru¢cdo dos modelos
(GEMPERLINE, 2006).

Alguns parametros, calculados com os dados obtidos pelos modelos, podem indicar sua
eficiéncia, uma vez que permitem fazer a escolha e sele¢cdo de modelos mais adequados a
predicdo. Exemplos de parametros que podem ser utilizados no critério de selecdo dos melhores
ajustes sao: coeficientes de correlacdo (R) ou determinacdo (R2), numero de fatores PLS,
valores de erro padréo na calibracéo e da validacéo cruzada (SEC e SECV), raiz do erro padréo
médio (RMSE) e a relacdo de desempenho do desvio (RPD). No caso de anélise PLS-DA, a
porcentagem de classificagdo correta também é um parametro para escolha do melhor modelo.

Segundo Brereton (2003) a anélise do valor de R? representa a correlagdo dos pontos da
curva de calibracio que variaentre 0 e 1. Se R?> 0,8 para fungao polinomial do 1° grau conclui-
se que os dados seguem um modelo fortemente linear. Neste caso, o ajuste linear € um bom
ajuste aos dados do problema.

O namero de PLS ou nimero de variéveis latentes interfere nos resultados da calibracéo.

A reducdo do nimero de variaveis latentes produz um modelo mais robusto, mais facil de ser
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interpretado e com melhor desempenho nas previsdes. Porém se for muito baixo o nimero de
fatores PLS no modelo, 0 mesmo pode levar a resultados ndo satisfatorios, causando o efeito
de underfitting e ndo aproveitar toda a informacéo, ja que a informacéo disponivel nos dados
originais ndo estard sendo totalmente explorada. Se o nimero de fatores € alto, pode causar
problemas no modelo por meio da modelagem de ruidos, causando o efeito de overfitting
(BARTHUS, 1999; MARTENS; TORMOD, 1989; PASQUINI, 2003). Segundo Barthus
(1999) o namero ideal de fatores PLS € o que resulta na menor variancia residual da validacao.

A relacdo de desempenho do desvio (RPD), que avalia a precisao da calibracéo, é dada
pela razéo do desvio padrdo (SD) pela raiz quadrada do erro padréo da validacdo (REMSE) e
quanto maior o valor RPD, mais confiaveis os progndésticos (FUJIMOTO et al., 2008).
Calibracdes com valores de RPD entre 2 e 3 indicam que as predi¢des sao aproximadas e valores
entre 3 e 5 indicam que as calibracGes sdo satisfatorias para as predicdes (WILLIANS;
SOBERINGS, 1993). Segundo Schimleck, Doran e Rimbawanto (2003), valores de RPD
maiores que 1,5 sdo considerados aceitaveis para leituras e predi¢des premilinares aplicadas na
area de ciéncias florestais.

A PLS-DA é um tipo de analise multivariada que indica qual grupo uma amostra pertence ao usar
informacOes espectrais, essa técnica é descrita detalnadamente por Brereton e Lloyd (2014). Através da
anélise discriminante por minimos quadrados parciais (PLS — DA) ¢ feita a classificacdo das amostras
utilizando a validacdo cruzada e a validagdo externa. A partir desta abordagem, a variavel estudada é
considerada como uma variavel categérica, ndo possuindo valores quantitativos, mas, ao contrario, sdo
definidas por categorias, ou seja, representam a classificacdo das amostras. Entdo, atribuiu-se os valores 0
ou 1 para todas as amostras em cada classe, sendo que quando a amostra pertence aquela categoria,
atribuiu-se o valor 1 e quando a amostra ndo pertencia a categoria, atribuiu-se o valor 0. Regressoes
baseadas em PLS sdo realizadas para estimar valores continuos em cada uma das categorias. O modelo
cuja estimativa apresentou o maior valor foi considerado como indicador da categoria a que pertencia a

amostra analisada.

3. CONSIDERACOES GERAIS

Nessa primeira parte do trabalho foi realizada uma breve reviséo de literatura a respeito dos
principais topicos abordados no presente estudo. Além de conceitos basicos como celulose,
nanofibrilas e métodos mecanicos usados para preparar as NFC, foram discutidas técnicas
promissoras para a caracterizacdo desses materiais, como também a aplica¢do das nanofibrilas

como reforgo em papéis.
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A segunda parte desse trabalho estdo apresentados os artigos e a partir dos seus
resultados foi possivel fazer as seguintes consideragdes.

A espectroscopia NIR aliada as analises multivariadas (PLS-R) e redes neurais artificiais
(RNA) sdo ferramentas promissoras para monitorar a variacdo da consisténcia da polpa em
tempo real. Os modelos de regressdes de minimos quadrados parciais (PLS-R) mostraram boas
previsdes utilizando 1300 nimeros de onda. No entanto, modelos baseados em redes neurais
artificiais também apresentaram boas previsdes a partir de apenas seis variaveis NIR (nimeros
de onda).

A estimativa da qualidade das nanofibrilas em suspensdo utilizando espectros no
infravermelho préximo foi eficiente. Modelos foram desenvolvidos e obteve-se 96,7% de acerto
na predicdo utilizando espectros obtidos em NFC com 3% de concentracdo. A avaliacdo das
nanofibrilas por espectroscopia no NIR pode ser considerada uma opcao viavel para controlar
a qualidade das nanofibrilas em tempo real, contribuindo para a sua aplicacdo em escala
industrial.

A utilizacdo desses materiais celuldsicos na escala nanométrica apresenta grande
potencial de aplicacdo e um deles é como reforco em papéis. A adicao de nanofibrilas durante
a formacdo dos papéis melhorou significativamente a sua resisténcia mecénica, apresentando
assim grandes potenciais para aprimoramento da qualidade dos papéis.

Por fim, algumas limitagdes e sugestdes para futuros trabalhos. No artigo 1, as polpas
analisadas apresentaram valores de secura de médio a alto (13,1% a 98,3% teor de sélidos) e
mais estudos devem ser realizados com polpas em consisténcias mais baixas. No artigo 2, houve
pouca variabilidade das amostras de nanofibrilas investigadas, além da dificuldade na
caracterizacdo do indice de qualidade utilizado para calibrar os espectros NIR. No artigo 3,
houve a limitacdo quanto a quantificacdo de nanofibrilas que realmente ficaram depositadas no
papel pois no processo de formacdo do papel parte das nanofibrilas sdo perdidas durante o
desague.

Mais pesquisas seriam Uteis para melhorar as classificagdes, por exemplo, aumentar o
banco de dados utilizando amostras de diferentes nanofibrilas (diferentes pré-tratamentos,
diferentes fontes de celulose, polpas com ou sem branqueamento, etc), além de aprimorar a
caraterizagéo referéncia (indice de qualidade).

Contudo, este estudo é inovador por ser o primeiro a utilizar polpa celulésica comercial
e espectros no NIR para predicéo da secura, além da predigdo da qualidade das nanofibrilas em

suspensao. Este estudo preliminar mostra claramente o potencial da espectroscopia no NIR para
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a classificacéo da qualidade das fibras e nanofibrilas com velocidade e confiabilidade aceitaveis
para atender as demandas industriais.
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SEGUNDA PARTE - ARTIGOS

A segunda parte desta tese apresenta os artigos gerados durante sua execuc¢do. O Artigo
1 refere-se ao desenvolvimento de modelos preditivos para a consisténcia das fibras de celulose
baseado nos espectros do infravermelho proximo (NIR), utilizando estatistica multivariada e
redes neurais artificiais para anélise dos dados espectrais. O Artigo 2 teve como finalidade a
investigacdo das nanofibrilas de celulose em suspensdo por espectroscopia no NIR para
predicdo da qualidade dessas nanoparticulas. O Artigo 3 objetivou a aplicacdo das nanofibrilas
como reforgo em papéis de celulose e sua avaliagcdo quanto ao ganho em resisténcia mecanica.
O Artigo 1 foi publicado na revista Carbohydrate Polymers v.224, 2019 e 0 Artigo 3 na revista
Journal of Natural Fibers, 2021.

Os artigos estdo fomatados segundo as normas da revista no qual foram publicados. No
Apéndice A é possivel visualizar a versdo original publicada desses artigos.

A Figura 7 apresenta o resumo do material e métodos dos respectivos artigos que foram

utilizados no presente estudo.



Figura 7 — Fluxograma da metodologia utilizada no trabalho
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ARTIGO 1
ARTIFICIAL NEURAL NETWORK AND PARTIAL LEAST SQUARE
REGRESSIONS FOR RAPID ESTIMATION OF CELLULOSE PULP DRYNESS
BASED ON NEAR INFRARED SPECTROSCOPIC DATA
Publicado na Carbohydrate Polymers v.224, 2019.
doi.org/10.1016/j.carbpol.2019.115186
(APENDICE A — versdo original publicada)

Abstract: The content of water in fiber suspension and affects pulp refining, bleaching
and draining operations. Cellulose pulp dryness estimate through near infrared (NIR)
spectroscopy coupled with multivariate regressions or artificial neural network (ANN)
techniques are not well explored yet. In this study models were developed to estimate
cellulose pulp dryness in pads based on the NIR spectra. Thus, the cellulose pulp pads (4
mm thick) were weighed and their NIR spectra were obtained in several stages during
desorption from 13.1 to 98.3% of content of solids. Partial least square regression (PLS-
R) was developed from whole NIR spectra (1,300 Absorbance values) and six spectral
variables (from 1,300) were selected for developing the PLS-R (6) and the ANN model.
Both trained neural network and regression can predict pulp dryness of unknown cellulose
pulp pads from their NIR data with an error of 2.5%. PLS-R models based on whole NIR
spectra showed accurate predictions (the R2 of lab-determined and estimated values plot
was 0.99) while the ANN showed the same predictive performance from only six NIR
variables. Predictive models developed from full NIR spectra and those based on only 6
variables were compared. Our findings indicate that NIR spectroscopy coupled with
multivariate analysis and Artificial neural networks are a promising tool for monitoring
the weight variation due to dewatering of the cellulose pulps in real time.

Key-words: cellulose fibers; content of solids; NIR; ANN
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1. Introduction

Pulp dryness needs to be monitored, as it is a key characteristic for industrial processing.
Many studies have highlighted the importance of pulp consistency for industrial
processes, including refining (Gharehkhani et al., 2015), bleaching (He et al., 2018) and
chemical modifications (Willberg-Keyrildinen et al. 2019). Disposing of accurate
approaches for estimating pulp consistency in real time would be useful for a pulp

industry that controls pulp consistency by dewatering or injecting water.

NIR spectroscopy has been widely and successfully applied in the pulp and paper industry
to monitor the moisture content or basic weight under on-line conditions (Tsuchikawa &
Schwanninger, 2013). Most studies on pulp and paper have investigated the potential of
NIR spectroscopy for evaluating kappa number (Alves et al., 2007; G. M. Downes et al.,
2010; Fardim, Ferreira, & Duran, 2002; Monrroy et al., 2008; Ramadevi, Meder, &
Varghese, 2010), pulp yield (G. M. Downes et al., 2010; G. Downes, Meder, Hicks, &
Ebdon, 2009; Kipuputwa, Grzeskowiak, & Louw, 2010; Schimleck, Kube, Raymond,
Michell, & French, 2006), bleaching performance (Pu, Ragauskas, Lucia, Naithani, &
Jameel, 2008; White et al., 2009) and mechanical and optical properties (Antti, Sjostrom,
& Wallbécks, 1996; Fardim, Ferreira, & Durén, 2005; A. J. A. Santos, Anjos, & Pereira,
2015). While several studies have indicated that NIR spectroscopy is adequate for
estimating wood moisture (Defo, Bond, & Taylor, 2007; Mora, Schimleck, Clark, &
Daniels, 2011; Tham, Inagaki, & Tsuchikawa, 2019; Thygesen & Lundgvist, 2000), no

study was found about pulp moisture or dryness based on its NIR spectra.

Most studies have analyzed many properties of pulp and paper based on their NIR
signatures by classical multivariate data statistics such as Principal Component Analysis
(PCA) and Partial Least Square (PLS) Regressions, as can be seen in the main reviews of
NIR applications in forest sector (Hein, Pakkanen, & Dos Santos, 2017; Tsuchikawa,
2007; Tsuchikawa & Kobori, 2015; Tsuchikawa & Schwanninger, 2013). However,
alternative methods can be successfully applied to NIR data for evaluating biomaterials,
such as cellulose pulp. According to Gianola et al. (2011) the use of machine learning
techniques could improve the quality of the predictions due to their ability to model
complex relationships among variables, such as nonlinearities and interactions. Artificial
neural networks (ANN) are powerful tools in data mining and machine learning for
function approximation and pattern recognition (Nasir, Nourian, Avramidis, & Cool,
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2019). According to Balabin and Lomakina (2011) an ANN can approximate any linear
or non-linear dependence between the input and output data with an appropriate choice
of its architecture (structure) and free parameters (weights). On the other hand, the main
disadvantage of the ANN approach is its computational complexity and stochastic nature

(results of ANN training depend on initial parameters).

In regard to the evaluations of wood and wood-based products by their NIR signature,
few studies have investigated the material properties by artificial neural networks and
NIR spectroscopy. Yang et al. (2008) used support vector machine for on-line
measurement of pulp kappa number based on NIR spectroscopic data. Ding et al. (2009)
have evaluated holocellulose and lignin content and microfibril angle of Chinese fir wood
using a back-propagation artificial neural network combined with NIR spectroscopy.
They reported that the method was fast and nondestructive satisfying the requirements of
quantitative analysis. Li and Li (2012) have established ANN based on PCA of NIR
spectra for predicting water content in wood specimens of 37-year-old Larch trees. Their
approach provides promising estimates of timber moisture. To our knowledge, no study
has been reported associating NIR spectra and PLS-R nor ANN for estimating pulp

dryness.

Therefore, the objectives of this study were to develop Partial Least Square Regressions
(PLS-R) and artificial neural networks (ANN) for estimating dryness on cellulose pulp
pads based on their NIR spectra and (2) to compare ANN and PLS-based predictions. Our
hypothesis is that ANN is able to present the same predictive performance as the PLS-R
approach, but based in much less input variables. First, a PLS-R model based on entire
NIR spectra (1,300 absorbance values) was developed and then six variables (from 1,300)

were selected and used for developing a PLS-R and ANN.
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2. MATERIAL AND METHODS

Figure 1 illustrates the methodology of this experiment.

. re. vacuum
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Figure 1 — Strategy of pulp pads production, weight and NIR data recordings for matrix
building and PLS-R and ANN modeling for estimating pulp dryness (PD) values from

NIR information.
2.1 Cellulose pulp and preparation of pad specimens

Cellulose pulp pads presenting 70 mm in diameter and 10 mm in thickness were produced
with Pinus sp Kraft commercial pulp. The pulps are composed mainly of cellulose (83.3
+1.0), hemicelluloses (15.5 + 0.1) and residual soluble lignin (0.2 + 0.1). Hemicelluloses
are composed of glycoses (85.0 = 0.1), xylose (8.3 £ 0.1), mannose (5.1 + 0.3) and
arabinose (0.4 £0.1).

Twenty-four pulp pads were prepared with the unbleached pulp of Pinus sp.. Thus, 100 g
of fiber (tracheids) were added to 2,000 mL of distilled water and subjected to mechanical

dispersion on the high torque digital mechanical agitator (Nova Técnica, model: 134,
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Brazil) with naval propeller type during 30 min at 500 rpm. Aliquots of 50 mL were
transferred to the Biichner funnel (volume of 100 mL and diameter of 70 mm) for vacuum
dewatering (around 80 kPa gauge) to evacuate water until form pulp pads using vacuum
pump with oil piston (Solab, model: SL-60, Brazil).

A membrane (porosity = 0.2 um) was placed on the flat base of the Buichner funnel to

retain the cellulose fibers, as described in Santos et al. (2015).
2.2 Monitoring of water desorption

The water desorption was monitored in the cellulose pads by gravimetric method. The
wet and freshly produced pads were submitted to oven drying (mod. 420-TD, Ethik
Technology, Brazil) with air circulation at 60 £ 2°C until reach constant mass. NIR
spectra and mass of the pulp pads were recorded in 16 steps during drying from the initial
to the dried condition. The dryness of the samples was calculated by the dry mass ratio
and the current mass at each stage. A total of 384 (24 pads x 16 steps) pairs of information

(dryness values and NIR spectra) were used to develop predictive models.
2.3 Acquisition of NIR spectra

Spectra were recorded in diffuse reflectance mode using a Fourier transform NIR
spectrometer (MPA, BrukerOptik GmbH, Ettlingen, Germany) together with the OPUS
program version 7.0. Spectra were recorded in the range of 12,500 to 3,600 cm™ with a
resolution of 3.87 cm™ using the integrating sphere mode. However, only wavelengths
from 9,000 to 4,000 cm™ were used for calibrations/validations of the predictive models.
A sintered gold standard was used as reference before NIR recordings using integrating
sphere. NIR spectra were recorded from a circular area of 10 mm in diameter.

The spectra were recorded on the transverse surfaces of pulp pads. Sixteen (16) scans
were performed on each pulp pad and then means were calculated and compared to the
standard in order to obtain the absorption spectrum of the pulp pad in each drying step,
as described in Costa et al. (2018). The spectra were recorded in an acclimatized room at
a temperature around 20°C and relative humidity (RH) around 65%.

2.4 Partial least squares regression

Partial least squares regression (PLS-R) were adjusted based on NIR spectra (matrix X,
independent variables) and pulp dryness values as dependent variable (Matrix Y) using
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the software Chemoface v. 1.61 (Nunes, Freitas, Pinheiro, & Bastos, 2012). Two

approaches were used for developing PLS-R models:

1) PLS-R model (1300) was developed based on the entire NIR range (from 9,000 to
4,000 cmt) using as independent variables the 1,300 absorbance values;

2) PLS-R models (6) was developed using as independent variables the absorbance values
at six absorbance values at wavenumbers: 8,331, 7,073, 6,900, 6,020, 5,639 and 5,149

cm,

The number of latent variables of the PLS-R model (1300) was six, which is consistent
with the number of variables of PLS-R (6) model and ANN model (based on the same
NIR absorbance values).

These six wavenumbers were chosen because of their sensitivity to moisture variations in
many biomaterials (Workman & Weyer, 2007). According to Workman and Weyer
(2007) the strong at 5,150 cm™ (F5149) peak is a combination of the asymmetric stretch
and bending of the water molecule. In liquid water, there are also weak, broad
combination bands near 5,620 cm™ (E5639) and 8,310 cm™. The water peaks with
maximum values near 8,330 cm™ (A8331) and 6,900 cm™ (C6900) at room temperature
shift towards higher wavenumber (lower wavelength) with increasing temperature
(Workman & Weyer, 2007).

2.5 Artificial neural network

ANN is an information processing system that tries to replicate the behavior of a human
brain by emulating the operations and connectivity of biological neurons (Fausett &
Laurene, 1994). An ANN model comprises an input layer, an output layer and one or
more hidden (or intermediate) layers that allow the network to uncover complex and
nonlinear relationships between inputs and outputs (Haykin, 1999). According to Bardak
et al. (2016) the input layer receives the incoming data for the ANN and delivers the data
to the hidden layer, which transmits the information coming from the input layer to the
output layer. Finally, the output layer processes the information coming from the hidden

layer and thus produces the output data (pulp dryness values in this study).

ANN of feedforward multilayer perceptron (MLP) type was developed using the same

six input variables (as mentioned above). The ANN developed in the present study was
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performed using SPSS statistical software (v. 20). According to Tiryaki and Hamzacebi
(2014) the number of neurons in each layer is important in terms of the performance of
the network. Here, the optimal network architectures were established by trying different
combinations of number of hidden layers (1 or 2) and neurons (1 to 5). After many
attempts, the number of hidden layers was 2 with 4 and 3 neurons each. The number of
output layer neurons was one and the output data of the model represent the predicted
values (pulp dryness). The maximum number of epochs was 100. The diagram of the

designed ANN is shown in Figure 2.

o« A Synaptic weight> 0
| Bias —— Synaptic weight< 0

Consistency

Output layer

Input layer

Figure 2 — Network Diagram for estimating pulp dryness values from NIR spectra.

Legend: A8331 - model input (covariate 1) referring to wavenumber 8,831 cm™; B7073
- model input (covariate 2) referring to wavenumber 7,073 cm™; C6900 - model input
(covariate 3) referring to wavenumber 6,900 cm™t; D6020 - model input (covariate 4)
referring to wavenumber 6,020 cm™; E5639 - model input (covariate 5) referring to
wavenumber 5,639 cm™; F5149 - model input (covariate 5) referring to wavenumber
5,149 cm™; H (1:1) - 1% neuron of the 1% hidden layer; H (1:2) - 2" neuron of the 1%
hidden layer; H (1:3) - 3" neuron of the 1% hidden layer; H (1:4) - 4™ neuron of the 1%
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hidden layer; H (2:1) - 1% neuron of the 2" hidden layer; H (2:2) - 2" neuron of the 2™
hidden layer; H (2:3) - 3" neuron of the 2" hidden layer.

Every neuron in hidden layer and output layer represents an activation function. In this
study, a hyperbolic tangent sigmoid function was used as the activation function in the
hidden layers while the output layer activation function was identity type. Cui et al. (2019)
presented the formulas for calculating the output of each neuron in hidden layer and the
output of the model. General information on the artificial neural network for estimating

pulp dryness based on NIR reflectance wavenumbers are listed in Table 1.

Table 1 — Artificial neural network information for estimating and classifying pulp

dryness based on NIR reflectance wavenumbers

Layer Variable Information
Covariate 1 (wavenumber 8,831 cm™) A8331
Covariate 2 (wavenumber 7,073 cm™) B7073
Covariate 3 (wavenumber 6,900 cm™) C6900
Covariate 4 (wavenumber 6,020 cm'™?) D6020

Input Covariate 5 (wavenumber 5,639 cm™t) E5639
Covariate 6 (wavenumber 5,149 cm™) F5149
Number of Units 6
Rescaling Method for Covariates Standardized
Number of Hidden Layers 2

Hidden Number of Units in Hidden Layer 1% 4
Number of Units in Hidden Layer 2" 3
Activation Function Hyperbolic tangent
Dependent Variables Pulp dryness values
Number of Units 1

Output Rescaling Method for Scale Dependents Standardized

Activation Function

Error Function

Identity

Sum of Squares
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2.6 Covariate sets for ANN

The model inputs (covariables) were NIR absorbance values at selected wavenumbers
recorded from pulp pads at different drying stages (or consistencies) and the output of the
model was pulp dryness values determined by gravimetric measurements. For ANN, six
explanatory variables (A8331, B7073, C6900, D6020, E5639 and F5149, hereafter called
covariates) were considered for training the ANN to predict pulp dryness (Table 1). The
numbers of each covariate indicate the selected wavenumber from NIR signatures. As the
activation function does not generally map into the real numbers, the data set was

standardized to a mean of 0 and a variance of 1.
2.7 Defining calibration and validation sets

PLS-R and ANN models were validated by full cross validation (leave one out) and test
set validation. To guarantee homogeneity between calibration/cross-validation and
validation sets, the selection of the samples of each subset was made manually. The
sample set (384 observations) was ranked in ascending order in terms of pulp dryness
(varying from 13.1% to 98.3%) and the data set was split into two uniformly distributed
subsets. This procedure allowed higher control of the variability within each subset: the
calibration set was composed of 256 NIR spectra taken from pulp pads at different drying

steps while test set had 128 pairs of NIR spectra and pulp dryness information.

In this study, only calibrations and validations based on untreated NIR spectra were
presented and discussed. Models were also developed based on NIR spectra treated by
first derivative (1D) and second derivative (2D), normalization, multiplicative scatter
correction (MSC), normal standard variate (SNV) and combinations of these treatments.

However, none of these treatments reduced the prediction errors.
2.8 Comparing models performance

The selection of PLS-R and ANN models was based on the following statistics:
coefficient of determination of cross validation (R2cv) and test set validation (R?p); root
mean standard of cross-validation error (RMSECV) and test set error (RMSEP), and ratio

performance to deviation (RPD).

The precision of the PLS-R and ANN models was evaluated by the coefficient of

determination (R?) between the predicted and observed values and the accuracy of models
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was calculated based on the root of mean square error in cross-validations (RMSECV) or
test set validation (RMSEP), according to the formula given in Ferreira et al. (2018). The
RMSE equation consists of the square root of mean square error prediction (RMSEP),
where RMSEP is the sum of the squared difference between observed values and model-
predicted values divided by the number of data points (Dorea, Rosa, Weld, & Armentano,
2018). The ratio of performance to deviation (RPD) is a way to identify the accuracy of
the calibration and is the ratio between the standard deviation of the reference values and
RMSE (E. V. S. Costa et al., 2018).

3. RESULTS AND DISCUSSION
3.1 NIR spectra

Figure 3 presents the averaged raw NIR spectra measured on cellulose pads with averaged
dryness values. The content of solids ranged from 13.1% to 98.3% and were grouped as
follows according to mean consistency values: 10%, 30%, 50%, 70% and 90%. Several
mathematical treatments (normalization, first derivative, second derivative,
multiplicative scatter correction, standard normal variate) were applied to the spectra (not
shown), but only slightly improved the quality of the cellulose pads spectra investigated

in this study.

According to Schwanninger et al. (2011), water is represented by several bands and plays
an important role in the NIR spectrum of cellulosic materials, such as wood and pulp
pads. C-H, C-C, C-O and O-H bonds in the cellulose structure were responsible for the
absorption bands in the NIR spectra, due to the overtones and combinations of stretching
and bending modes of these bonds. However, water bands are also observed in NIR

spectra of cellulose pulp pads (Figure 3).

Bands between 7,000 and 6,800 cm™ (1,420 to 1,470 nm) can be attributed to variations
in the amount of water, cellulose, hemicelluloses and even lignin (Schwanninger et al.
2011). The bands between 5,600 cm™ and 5,400 cm™ (1,760 to 1,820 nm) are assigned to
O-H water bonds and to O-H/C-H bonds, typical of water and cellulosic materials,
respectively. The band at 5,150 cm™ (~1,940 nm) is related to O-H stretching and HOH
bending combination. The band between 4,800 and 4,600 cm™ (~ 2,100 nm) is stronger

in the samples with lower moisture and is related to O-H deformation bonds in alcohols
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or water. The band at 4,405 cm™ (~2,270 nm) is attributed to the combination of O-H and
C-O bond stretching typical of cellulose (Workman & Weyer, 2007).
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Figure 3 — Typical NIR spectra of cellulose pulp pads with different content of solids
values (10%, 30%, 50%, 70% and 90%) and the six selected bands (8,331 cm™, 7,073
cm?, 6,900 cm?, 6,020 cm™?, 5,639 cm™ and 5,149 cm™) of the spectra used for the
analysis (PLS-R and ANN)

Previous studies have shown that the NIR radiation absorbance intensity the in cellulosic
materials varies as a function of their moisture content. Fardim et al. (2002) applied NIR
spectroscopy in unbleached Kraft pulps of Eucalyptus fibers and reported characteristic
bands of OH of water (1,930 nm or 5,181 cm™*), OH of alcohol (2,100 nm or 4,761 cm™)
and OH of phenol (1,490 nm or 6,711 cm™) and other overlapping peaks at different
intensities, but the complex nature of the pulp chemical composition addresses difficult
spectral interpretation if a conventional approach is used. Santos et al. (2010) have
evaluated cellulose papers by NIR and assigned the bands in the 1,200 — 1,700 nm (8,333
— 5,882 cm™) region to the first and second overtones of the C-H stretch vibrations, the
bands between 1,400 and 1,600 nm (7,142 and 6,250 cm™) to the first harmonics of the
O-H stretching modes of cellulose and intramolecular hydrogen bonds, as well as of the
adsorbed water. According to them, bands around 1,900 nm (5,263 cm™) are due to

combinations of O-H deformation and stretching of adsorbed water vibrations.
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3.2 PLS-R x ANN for estimating pulp dryness from NIR spectra

In this study, PLS-R and ANN models were separately developed based on NIR
spectroscopic data for estimating pulp content of solids values ranging from 13.1% to
98.3%. Table 2 lists the statistics associated with the cross-validation and test set
validation models employed to estimate the pulp dryness from the NIR spectra of

cellulose pads from PLS-R and ANN models.

All NIR-based models for pulp dryness yielded determination coefficients for cross-
validation (R2cv) and test set validation (R2p) higher than 0.97 and a root mean square
error varying from 2 to 4%. Pre-processing was applied to the NIR spectroscopic data
before carrying out the models in an attempt to improve the statistics associated to the
pulp dryness models; however, there was no effect of mathematical treatments on the

models performance (not shown).

Table 2 - Statistics of the cross- and test set validations of the partial least square
regressions (PLS-R) models for estimating pulp dryness based on NIR spectra.

Analys  Number of Cross-validation Test set validation
Model is independent
_ R2cv RMSECV R?p RMSEP
method  variables
1 PLS-R 1300 0.993 2.204 0.990 2.515
2 PLS-R 6 0.989 2.836 0.976 3.986
3 ANN 6 0.994 2.142 0.990 2.546

PLS - partial least square regressions; ANN - artificial neural network; R%cv - coefficient
of determination for cross validation; RMSECYV - mean square error for cross validation;
R2cv - coefficient of determination for test set validation; RMSECV - mean square error

for test set validation.

3.3 Performance of partial least square regressions (PLS-R)

The test set validation statistics (Figure 4B, 4D and 4F) were similar to those of the full
cross-validation (Figures 4A, 4C and 4E) PLS regressions. Figure 4 displays a strong
association between the pulp dryness values determined in laboratory and those predicted

by the PLS-R models based on NIR spectroscopic data.
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Models 1 and 3 (Table 2) can satisfactorily predict pulp dryness in pulp pads. The PLS-
R based on the entire NIR signature (PLS 1300) provided better estimates with an RMSEP
of 2.52% (Figure 4B) while the error of the PLS-R based on six variables (model 2) was
4% (Figure 4D). It is important to notice that the number of latent variables of the PLS-
R 1300 model was 6 (six) for allowing fair comparisons. Both models indicated the

potential of this approach for estimating the pulp dryness in unknown samples.

Tham et al. (2019) developed novel predictive models by combining capacitance data and
the NIR absorbance data at two informative wavelengths for the prediction of water
content in woods. The authors chose the calibration method and wavelength selection
with the aims of improving accuracy and removing uninformative wavelengths. This new

calibration improved the accuracy from green wood until fiber saturation point (30%).

To the best of our knowledge, there is no PLS-R model for estimating pulp dryness from
NIR spectra reported in the literature. Thus, this study was conducted with the aim of
becoming a reference for the development of NIR industrial applications in the

characterization of cellulose pulp materials.
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Figure 4 - Pulp dryness values determined in laboratory by gravimetry and estimated
based on NIR for the three models generated (PLS1300, PLS6 and ANNG6) by cross-
validation and test set validation

3.4 Artificial neural network (ANN) performance

In this study, an ANN was developed for estimating pulp dryness in cellulose pulp pads

based on six covariates selected from NIR spectra (Table 1). The ANN diagram for
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estimating pulp dryness values from covariates taken from NIR spectra are presented in
Figure 2. High synaptic weights are indicated by thick lines, while low synaptic weights
are represented by thin lines. The synaptic weights above zero are shown in gray while

synaptic weights below zero are shown in black (Figure 2).

Figure 4E and 4F depict the plot of pulp dryness values determined in laboratory by
gravimetry and those estimated by the developed ANN model (Table 3 and Figure 2).
This ANN model is able to predict pulp dryness values with high precision: the coefficient
of determination is higher than 99% and the root mean standard error was of 2.55% in
pulp pad samples of the test set validation. The statistics associated to ANN (model 3)
are similar to those of the PLS-R (model 1), which was based on 1,300 variables.
However, when comparing the statistics of the ANN and PLS-R developed from the same
data (models 2 and 3, Table 2 and Figures 4C and 4E or 4D and 4F), the ANN approach
yielded much better predictions: the error of PLS-R (model 2) estimates was 56% higher
than that from ANN model. This means that ANN, based only on six NIR variables,

present the same performance as the PLS-R models developed from the entire range.

The ANN for estimating pulp dryness was obtained by using 6 input neurons and 2 hidden
layers (with 4 and 3 neurons, respectively) as shown in Figure 2. According to Chai et al.
(2019) when compared to a single hidden layer, a multiple hidden layer has a stronger
generalization ability and higher prediction accuracy, but the training time is longer. The
selection of hidden layers should be considered comprehensively based on the network
accuracy and training time. The ANN model parameters of for estimating pulp dryness

based on NIR spectroscopic data are presented in Table 3.
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Table 3 - Training parameters of artificial neural network (ANN) used for estimating pulp

dryness based on NIR spectroscopic data.

Predicted
) ) ) Output
Predictor Hidden Layer 1 Hidden Layer 2
Layer
H(1:1) H(1:2) H(1:3) H(1:4) H(2:1) H(2:2) H(2:3) Dryness
Bias -0.091 1.22 0.018 -0.240
A8331 -0.042 -0.769 -0.224 -0.043
B7752 0.389 0.150 0.338 -0.103
Input
P C6900 -0.100 0.434 0.132 -0.476
Layer
D6020 -0.301 -0.323 0.284 0.099
E5639 0.245 0.237 0.009 -0.351
F5149 044 1.042 0.046 0.091
Bias -0.417 0.461 0.510
H(1:1) 0.568 0.204 0.472
Hidden
H(1:2) 0.396 1.601 0.257
Layer 1
H(1:3) 0.300 0.384 -0.329
H(1:4) -0.456 -0.019 -0.446
Bias 0.919
Hidden H(2:1) -0.697
Layer 2 H(2:2) -1.496
H(2:3) 0.198

ANN has been employed as a modeling tool for solving various problems in many

applications, including those in the forestry sector (Blanco et al. 2012; Miguel et al. 2018;
Chai et al. 2019; Nasir et al. 2019; Cui et al. 2019). Studies involving ANN and wood

specimens have shown promising results. For instance, Miguel et al. (2018) applied ANN

for estimating mechanical properties of Eucalyptus wood. They reported correlation

between observed and estimated hardness, modulus of elasticity and modulus of rupture

values of 0.95, 0.96 and 0.97 (R?) with the root-mean-square error in percentage
(RMSE%) of 7.52%; 3.43% and 2.56%, respectively. Nasir et al. (2019) developed

models based on ANN and support vector machine for classifying Tsuga heterophylla
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wood specimens thermally modified based on different wood physical and mechanical
features. According to their results, taking in to account the high number of parameters
in a multilayer perceptron neural network it seems difficult to optimize small training-
data set. Chai et al. (2019) developed a back propagation neural network algorithm for
predicting the change in moisture content of Pinus sylvestris wood specimens during the
drying process. They reported that the error between the predicted and the experimental
values was about 2% and that the model could well simulate the change trend of wood
moisture content during the drying process. Cui et al. (2019) applied laser-induced
breakdown spectroscopy (LIBS) combined with ANN for classifying four species of
wood samples. They compared the correct classification rate obtained by ANN and partial
least-squares discriminant analysis (PLS-DA) and found that CCRs of ANN was 100%
while the PLS-DA correctly classified 82.5% of the wood samples.

In regard to studies involving ANN and NIR data on wood specimens few ones have been
done. Li and Li (2012) associated neural network and principal component analysis of
NIR spectra for modeling water content of larch wood. They reported prediction
correlation coefficient (R) of 0.95 while the mean square error of prediction (MSEP) was

38%. The water content of their data set varied from 9% to 85%.

Several studies reporting the use of NIR (Hein et al.,, 2017; Tsuchikawa, 2007;
Tsuchikawa & Kobori, 2015; Tsuchikawa & Schwanninger, 2013), ANN (Blanco et al.
2012; Miguel et al. 2018; Chai et al. 2019; Nasir et al. 2019; Cui et al. 2019) and the
association of the NIR spectra and ANN (Ding et al., 2009; Li & Li, 2012; Yang et al.,
2008) to evaluate lignocellulosic material were found in literature. However, to our
knowledge, there is no study reporting association between ANN and NIR spectra for

estimating cellulose pulp properties.
3.5 Application of NIR-based models in pulp industry

All of the wood polymers, including pulp, are hygroscopic and thus readily absorb
moisture from the surrounding air in relation to its relative humidity. The extent of
moisture sorbed is directly associated with the number of free hydrophilic sites, i.e. the
hydroxyl and the carboxylic COOH-acid groups (Salmén, 2009). Variation in cellulose
and paper moisture can be a problem at various industry stages. The models for predicting
pulp dryness developed in the present study could be applied to: refining/beating stages,

quantification of reagent mass required for delignification and bleaching, xylan
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extraction, soluble pulp production, blending with other polymers and drying stages of

the pulp and paper preparation and commercialization.

However, our models present technical limitations for industrial application: the range of
dryness used in this study is much wider (~10 to 90%) than the variation that normally
occurs in commercial pulps, in which consistency varies from 5% to 15%. Moreover, the
roughness of the pulp pads evaluated in this study is different from the roughness of
industrial pulp sheets. Our pulp pads were experimentally produced in laboratory,
providing specimens with uneven surface, while the commercial pulps are produced
under constant pressure on a forming screen which leaves tread marks on the product
surface. Nonetheless, the present predictive models can be successfully used in laboratory
scale, taking into account the need to know the level of the cellulose material dryness
quickly and reliably

According to Tsuchikawa and Schwanninger (2013) a goal for the pulp and paper industry
Is to develop a fast and reliable characterization method for raw materials such as wood
and pulp. Several studies have shown that NIR spectroscopy has been widely and
successfully applied to estimate many pulp traits. In this context, the findings of this study
show that only 6 (six) NIR variables are enough to generate reliable ANN or PLS-R
models for predicting pulp dryness in pulp industries. In the future, simpler and cheaper
equipment could be used to record only certain wavelengths in the NIR, making spectral

acquisition even faster.
3.6 Further studies on low consistency pulps

This study showed promising results for estimating dryness from NIR data using both
PLS-R and ANN models. However, the pulps analyzed in this study had medium to high
dryness values (13.1% to 98.3% content of solids) and further studies should be conducted
with pulps at lower consistencies. Considering that below 10% dryness there is a lot of
water in the mixture, it will be necessary to collect spectra in transmission mode, and not
in diffuse reflection, as was the case in this experiment. The challenge of new studies is
that the fibrous fraction of low consistency pulp tends to deposit in the container and the
NIR radiation cannot capture the spectra of the material, since the fibers move during the

analysis in the spectrometer cuvette.
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The applications of this approach in different types of pulp such as hardwood fiber, pulp
reinforced with nanofibers and bleached/unbleached pulp from different raw materials

would be useful for inline monitoring in pulp and paper mills.
4. CONCLUSIONS

Anrtificial neural network models satisfactorily predict dryness values in cellulose pulp
pad specimens from only six NIR variables and partial least square regressions (PLS-R)
models also showed good predictions. The PLS-R model based on 1,300 spectroscopic
variables estimates pulp dryness values better than PLS-R model based on 6 (six) NIR
variables. PLS-R model (1300) presented R? of 0.99 and RMSEP of 2.52% and PLS-R
model (6) presented R? of 0.98 and RMSEP of 3.99% while the ANN model was based
on the same 6 (six) NIR variables and yielded predictions with high R (0.99) and lower
RMSEP (2.54%). NIR spectroscopy coupled to multivariate analysis and artificial neural

networks are promising tools for monitoring the pulp dryness variation in real time.
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ARTIGO 2
NOVO METODO BASEADO EM ESPECTROSCOPIA NO NIR PARA A
PREDICAO DA QUALIDADE DAS NANOFIBRILAS DE CELULOSE

Resumo: A espectroscopia no infravermelho proximo (NIR) tem sido aplicada com
sucesso na estimativa de propriedades de materiais bioldgicos, permitindo a classificacéo
de materiais desconhecidos em tempo real. N&o ha estudo que relata a aplicagéo da técnica
para avaliar a qualidade das nanofibrilas de celulose (NFC) em suspensdo. Assim, 0
objetivo deste estudo foi desenvolver modelos multivariados para classificar a qualidade
das NFC a partir de espectros no NIR. Polpas comerciais de Eucalyptus spp. foram
utilizadas para a producédo de nanofibrilas de celulose por meio de um moinho fibrilador.
Durante a fibrilacdo foram coletadas amostras em diferentes estagios de processamento
de forma a garantir variagdo do gasto energético requerido para producdo e
consequentemente variagdo de qualidade. Nanofibrilas de celulose oxidadas com reagente
TEMPO foram utilizadas como fonte de referéncia para nanofibrilas com alto grau de
fibrilacdo. Espectros no NIR medidos diretamente sobre as amostras de nanofibrilas de
celulose em vérias concentraces foram associadas aos valores de indice de qualidade
determinado por analises convencionais em laboratério. Analise de componentes
principais (PCA) e analise discriminante por minimos quadrados parciais (PLS-DA)
foram aplicadas nas informacdes espectrais e experimentais. A fibrilacdo mecénica para
obtencdo de NFC foi eficiente, havendo formacéo de gel na terceira passagem. As analises
convencionais em laboratério como a avaliacdo da morfologia, turbidez, espectroscopia
no visivel, propriedades mecéanicas, difracdo de raio-X e indice de qualidade confirmaram
a eficiéncia do processo de fibrilagdo. A espectroscopia no NIR aliado a PLS-DA foi
capaz de acertar a classe de qualidade da NFC de 96% das amostras a partir dos espectros
obtidos por absor¢do nas amostras a 3% (m/m). Os resultados mostram que a
espectroscopia no NIR é uma tecnologia promissora para estimar o indice de qualidade
de NFC em suspensdo. Esse modelo tem potencial para ser aplicado industrialmente em

situacOes que requerem a estimativas seguras e em tempo real da qualidade de NFC.

Palavras-chave: nanocelulose, nanofibras de celulose, celulose microfibrilada,

espectroscopia no infravermelho proximo, NIRS, grau de fibrilag&o.
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1. INTRODUCAO

As microfibrilas ou nanofibrilas de celulose (NFC) sdo materiais a base de
celulose que possuem alguma de suas dimensfes na escala nanométrica (< 100nm)
(ISO/TC 229:2005). Por serem provenientes de celulose, possuem as vantagens de serem
renovaveis, biodegradaveis e biocompativeis. Além disso as NFC, por estarem na escala
nanométrica, possuem como elevada superficie especifica, transparéncia, alta rigidez
(mddulo de Young), resisténcia a tracdo e grupos hidroxilas disponiveis para formar
ligagdes com outros materiais (WANG; LI; ZHANG 2013). O interesse nesses materias
aumentou ao longo das utimas décadas com a finalidade de produzir novos materiais com
propriedades superiores (MOSER; LINDSTROM; HENRIKSSON, 2015).

No entanto, ainda h& necessidade de melhoria no processo de fabricacdo das
nanofibras de celulose pois é necessario grandes gastos energéticos para a sua produgao
(TONOLI et al. 2012; DIAS et al. 2019). Além disso, ha dificuladade de avaliacdo da
qualidade desses materiais de maneira rapida, confidvel e eficaz. Balea et al. (2021)
destacam que a auséncia de tecnologias de caracterizacdo rapidas e confidveis de NFC
acarreta uma serie de problemas que dificultam a implantacéo em nivel industrial.

Alguns estudos propuzeram avaliar e comparar diversos métodos de avaliacdo das
nanofibrilas (MOSER; LINDSTROM; HENRIKSSON, 2015; BALEA et al. 2021),
utilizaram métodos mais simples baseados em analises opticas (CHINGA-CARRASCO,
2013) e também propuzeram um "indice de qualidade™ (1Q) multifatorial para caracterizar
as suspensdes de NFC (DESMAISONS et al. 2017).

A espectroscopia na regido do infravermelho préximo (NIR) € uma técnica nédo
destrutiva que tem sido aplicada com sucesso para estimativa de caracteristicas de
materiais organicos que contenha em suas moléculas ligacdes C-H, O-H, N-H ou S-H.
Essa técnica permite analises em tempo real de forma réapida e confiavel, fundamental
para tomada de decisfes e gestdo nos processos produtivos das industrias.

Vaérios trabalhos podem ser encontrados na literatura utilizando essa técnica
aplicada a madeira (TSUCHIKAWA 2007; TSUCHIKAWA e SCHWANNINGER 2013;
TSUCHIKAWA e KOBORI 2015) e seus produtos como carvéo vegetal (RAMALHO et
al. 2017, COSTA; TRUGILHO; HEIN 2018, COSTA et al. 2019), painéis (HEIN et al.,
2011) e polpa celuldsica (FARDIM; FERREIRA; DURAN 2002, SANTOS et al. 2010;
SANTOS et al. 2014, COSTA et al. 2019). Em relacdo a nanofibrilas de celulose, apenas
Viana et al. (2016) aplicaram a espectroscopia no NIR para estimar indice de
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cristalinidade, resisténcia a tracao e ao estouro em nanofibrilas no formato de filmes. N&o
ha na literatura trabalhos que avaliaram as nanofibrilas de celulose em suspensdo com a
finalidade de predizer a qualidade desses materiais.

Diante do esposto, o objetivo deste estudo foi desenvolver modelos multivariados
para estimar a qualidade de nanofibrilas de celulose em suspensdo a partir da assinatura
espectral no NIR. Além disso, este estudo visa investigar a relacdo entre consumo de
energia requerido para processamento, nimero de passagens pelo microprocessador e a

qualidade das nanofibrilas de celulose.

2. MATERIAL E METODOS
2.1. Obtencéo das nanofibrilas de celulose

O material utilizado no trabalho foram polpas comerciais Kraft branqueadas de
Eucalyptus spp. Antes da fibrilacdo mecénica, agua destilada foi adicionada as
polpas/fibras na proporcdo de 2% (m/m) e submetidas a agitacdo mecénica a cada 12hrs
por 30 min durante 72 horas, a fim retirar a laténcia das fibras.

Apds o inchaco e individualizacéo, as fibras foram fibriladas mecanicamente em
Microprocessador SuperMassColloider (Masuko Sangyo MKCAG6-2) composto por um
disco giratorio a 1.500 rpm e um disco fixo com uma abertura ajustavel entre eles (40 —
50 um), para que através de forcas de cisalhamento entre as fibras e os discos ocorra a
fibrilacdo e obtencdo das nanofibrilas de celulose. A corrente elétrica consumida durante
cada passagem foi medida e mantida em torno de 4 - 6 A.

A cada passagens pelo microprocessador foram retiradas aliquotas de
aproximadamente 500 mL até a quinta passagem, totalizando 6 amostras (0, 1,2, 3,4¢e5
passagens). As amostras em suspensao foram armazenadas em geladeiras em temperatura
de 5°C (£1°C) para evitar possivel degradacdo por microrganismos e posteriormente
foram ajustadas as suas concentracdes para as devidas analises.

Parte das amostras em suspensdo foram ajustadas & uma concentracdo de 1%
(m/m) com a finalidade de produzir os filmes de nanofibrilas. 40 mL das suspensdes de
nanofibrilas foram vertidas em placas de petri e submetidas a secagem ao ar livre para a
formacéo dos filmes de nanofibrilas de celulose.

De acordo com Osong et al. (2016), 0 método de oxida¢do mediada por 2,2,6,6-
tetrametipiperidina-1-oxil (TEMPQO) é um dos métodos mais confiaveis de pré-tratamento

quimico. Assim, as nanofibrilas foram pre-tratadas com o reagente TEMPO como
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referéncia para fibras bem fibriladas. O pré-tratamento da oxidagdo mediado por TEMPO
foi realizado segundo a metodologia de Saito et al. (2007). Para isso, foram utilizados 60
g de polpa de celulose a 2% (m/m) com 0,96 g de TEMPO e 6 g de NaBr. A oxidagéo
mediada por TEMPO ocorreu com a adicdo de 10% de NaClO (3,1 g a 5,0 mmol) a
temperatura ambiente sob agitacdo de 750 rpm. O pH foi mantido a 10 por meio da adi¢éo
de NaOH a 0,5 mol/L. Apos a estabilizacdo do pH, a reagdo ocorreu por 3h. Em seguida,
0 pH foi ajustado para 7 adicionando solucdo de HCI a 0,5 mol/L e a suspensdo foi
cuidadosamente lavada com agua deionizada. As polpas foram secas em estufa para
posterior diluicdo a 2% (m/m) e fibrilacdo no Microprocessador SuperMassColloider

(Masuko Sangyo MKCAGB-2), sendo necessario apenas uma passagem pelo equipamento.

2.2. Caracterizac0es tradicionais das nanofibrilas

2.2.1. Consumo energético

O consumo energético por tonelada necessario para a producao das nanofibrilas
foi calculado levando em consideracdo a tensdo do equipamento, a amperagem média
exigida durante a moagem e o tempo gasto a cada passagem. Para este calculo utilizou-
se a Equacdo 1:

P.T

CE = 1)

m
Em que CE é o consumo energético em (KW.h/Ton); P é a poténcia do
equipamento (kW) calculado pela multiplicacdo entre a voltagem e a amperagem, T é 0

tempo em horas gasto em cada passagem, e M é a massa do material em toneladas.

2.2.2. Microscopia Optica

Microscopio 6ptico de luz composta (Olympus BX51) foi utilizado para
averiguacdo preliminar do material. Para tal, as suspensdes foram diluidas em agua
deionizada (1% m/m) e coradas com uma gota de solucéo de etanol-safranina (1% v/v) a

fim de aumentar o contraste e facilitar a observacédo das fibras e nanofibrilas.

2.2.3. Microscopia eletronica de varredura
A morfologia das fibras e das nanofibrilas foram analisadas em microscopio

eletronico de varredura por emissao de campo JEOL JSM-7900F (FE-SEM) ajustado para
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operar em 2,0 kV e 10 pA. As amostras secas foram montadas com fitas de carbono
revestidas com platina em um aplicador de pulverizagdo Desk Il de Denton (Moorestown,
NJ) por 60 s em um vacuo de 100 mTorr. O eixo Z foi ajustado para 20 mm para melhor
visualizacao da superficie, produzindo uma distancia de trabalho entre 21,0 e 21,4 mm.
Essa etapa foi realizada em cooperacdo com o Departamento de Agricultura dos Estados
Unidos (USDA, Albany, CA, EUA).

2.2.4. Microscopia de eletronica de transmissao

A morfologia das nanofibrilas de celulose ap6s a Ultima passagem pelo
microprocessador (sem tratamento) foi investigada utilizando um instrumento Tecnai G2-
12 e uma voltagem acelerada de 80 kV. As medicdes de diametro foram feitas com o
auxilio do software ImageJ, medindo 100 estruturas por imagem. A preparacdo da
amostra e as configuraces da MET seguiram as recomendacdes descritas por Tonoli et
al. (2016).

2.2.5. Propriedades mecanicas

A espessuras dos filmes com dimensdes de 10 x 100 mm foram previamente
adquiridas e levadas para cAmara climatizada por 24 h para posterior analise. As amostras
foram entdo submetidas a ensaios mecanicos de resisténcia a tracdo segundo a norma
D828-12 (ASTM, 2012) utilizando um analisador de textura (Stable Microsystems,
modelo TA.XTplus, Inglaterra), com distancia entre garras de 50 mm e velocidade de 1
mm/min.

A resisténcia a tracdo foi calculada dividindo a carga méaxima pela area da secdo
transversal do filme e o mddulo de elasticidade foi calculado pela inclinacdo da parte

linear do diagrama tensdo-deformacéo. Foram realizadas 15 repeticdes por tratamento.

2.2.6. Fragdo nanométrica

A metodologia de Desmaisons et al. (2017) foi utilizada para a determinacdo da
guantidade de particulas na escala nanométrica pelo método gravimétrico. As suspensdes
de fibras/NFC foram previamente diluidas para 0,02% em massa. Posteriormente as
suspensdes foram centrifugadas em 1000 G por 15 min para remover 0S componentes
maiores. As concentragdes antes e depois centrifugacao (na parte do sobrenadante) foram

medidas e a fracdo nanométrica da suspensdo foi calculado usando a seguinte Equacao

(2):
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NF (%) = gi .100 (2)

Onde Cac e Cdc correspondem a concentracdo de massa antes e depois da
centrifugacdo, respectivamente. Quatro analises por amostra foram realizadas. Segundo
Desmaisons et al. (2017) a NF (%) corresponde n&o apenas a NFCs e agregados de
nanofibrilas, mas também agregados maiores e mais Qrosseiros que apresentam

resisténcia a separacdo de fases por meio da forca centrifuga.

2.2.7. Tamanho macroscopico

A parte macroscopica da suspensdo foi caracterizada segundo a metodologia de
Desmaisons et al. (2017) com adaptac6es. As suspensdes foram previamente diluidas a
0,1% m/m, agitadas durante 3 min em sonicador ultrassénico (Ultronique QR 500,
Ecosonics, Indaiatuba, Brasil) para promover a dispersdo. Posteriormente, foram
capturadas seis imagens por amostra com a lente objetiva de 10 em uma janela de 1280 x
1024 pixels, utilizando um microscépio éptico e analisadas com o software ImagelJ (Fiji).
Trés imagens por amostra foram consideradas.

No software ImageJ Fiji software as imagens foram processadas e subtraidas o
“background” com uma amostra em branco (imagem sem amostra), depois as imagens
foram transformadas em formato de 8 bytes e ajustadas usando o modo “thresholded”. O
tamanho meédio das particulas visiveis foi extraido por meio da opgao “analyse particles”.
Mais precisamente, o software conta o nimero de particulas totais e soma a superficie de
cada elemento. A area total média (um?) foi obtida pela média da area ocupada pelas
particulas nas imagens. O tamanho médio das particulas (um?) foi obtido pela divisdo da

area total (um?) pelo nimero de particulas.

2.2.8. Turbidez

A turbidez das suspensdes de NFC foi medida com um turbidimetro portatil
Alfakit operando em comprimento de onda 860 nm. As amostras que foram previamente
diluidas para 0,1% (m/m) e agitadas durante 10 min em homogeneizador Ultra Turrax.
Em seguida, as amostras em suspensdo foram submetidas a analise da turbidez. A unidade
de turbidez é NTU, referente a unidade de turbidez nefelométricas. Trés leituras por

amostras foram consideradas.
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O equipamento é construido de um nefelémetro, no qual mede a luz difusa em um
angulo de 90° em relacédo a luz incidente e esta diretamente ligado a forma, tamanho e o
indice de refracdo da matéria em suspensdo (CHINGA-CARRASCO 2013). Se a
suspensdo é composta apenas de materiais em nanoescala, o valor da turbidez é proximo
de zero. No entanto, a presenca de fibras pouco fibriladas na suspensao resulta num
aumento da turbidez. A presenca de detritos e materiais grosseiros em suspensao (e.g.
fibras) que se depositam rapidamente podem interferir no valor de turbidez, que resultaré

em valores inferiores de turbidez.

2.2.9. Espectroscopia no visivel

O equipamento utilizado para a coleta dos espectros no visivel foi um
espectrofotdbmetro, marca AJ Micronal, ref. AJX-3000 PC. A absorbancia foi medida na
faixa de aquisicdo do visivel (400 a 800 nm) com resolucdo espectral de 1 nm. As
amostras foram diluidas para 1% (m/m) e transferidas para cubetas de quartzo a fim de

adquirir os espectros.

2.2.10. Difracédo de raio-X

Os padrdes de difragéo de raios X (DRX) foram medidos utilizando o difratdmetro
de raios X (Philips DY971) com radiacdo CuKa a 45 kV e 40 mA. A radiagéo dispersa
foi detectada na faixa de 20 = 10—40°, a uma taxa de varredura de 2°/min.

A quantificacdo da cristalinidade a partir de DRX proposto utilizara as areas sob
0s picos. Os difratogramas serdo combinados usando o software Magic Plot Pro 1.5,
ajustando picos cristalinos e um amorfo usando informagdes de picos de French (2014)
para cada curva por deconvolucdo gaussiana (FIGURA 1). A fracédo cristalina (CF) em

porcentagem sera calculada pela Equacéo 3.

CF (%) =% .100 ©)
Onde Ac é a soma das areas sob a curva correspondente a porgdo cristalina e At é

a area total do padréo.



Figura 1 — Padrdes tipicos de difragdo de Raio-X para nanofibrilas de celulose.
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O tamanho do cristalito (CS) foi estimado pela equacgéo de Scherrer (Equacéo 4).

K A

CS =

- B .cosf

Onde CS é o tamanho do cristalito em nanémetros representado pelo pico 200; K

¢ a constante de Scherrer que varia de acordo com a simetria do cristal (K = 0,89); A € o

comprimento de onda do raio X incidente (1,5425 A); e P é a largura a meia altura do

pico de difragdo (FWHM) em radianos, 6 é o angulo de Bragg correspondente ao pico

200 (isto ¢, metade do valor 26 na posi¢do do pico).

2.3. Indice de qualidade

Considerando a dificuldade e as diversas formas de caracterizacGes das

nanofibrilas que podem ser redundantes ou levar a interpretacdes semelhantes. Tornou-

se necessario a simplificacdo dessas caracterizagcbes em apenas um unico valor para a

realizacéo das calibragdes dos modelos utilizando os espectros no NIR.
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Sendo assim foi calculado o indice de qualidade (1Q) das nanofibrilas segundo o
método proposto por Desmaisons et al. (2017). Os autores propuseram um método de
mualtiplos critérios para obter o indice de qualidade das suspensbes de nanofibrilas de
celulose sob a forma de uma nota quantitativa Gnica. A Equacdo 5 foi utilizada para o

calculo do indice de qualidade.

1Q = 0,3.x, — 0,03.x, — 0,071.x2 + 2,54.x5 — 5,35.In(x,) + 59,9  (5)

No qual 1Q é o indice de qualidade, X1 é a fragdo na escala nanométrica (%), x2 é
a turbidez (NTU), x3 0 modulo de Young (GPa) e x4 é o tamanho das particulas na escala

macro (pum?).

2.4. Espectroscopia no infravermelho proximo (NIR)

As amostras de fibras/nanofibrilas em suspensdo foram testadas em diferentes
concentragdes (2, 3 e 6% m/m) (FIGURA 2). O equipamento utilizado para a coleta dos
espectros foi espectrometro da marca Bruker modelo MPA em conjunto a um programa

computacional Opus versao 7.5.

Figura 2 - Amostras de nanofibrilas de celulose em diferentes concentragdes e seus diferentes modos de
aquisicdo espectral no espectrdmetro FT-NIR: médulo de transmisséo (A) e reflexdo difusa pela esfera de
integracdo (B e C).




62

A aquisicdo espectral foi realizada pelo mddulo de transmissao (FIGURA 2A) nas
amostras com concentracdo de 2 % e pela esfera de integragdo em modo de reflexao difusa
nas amostras de 3 e 6%, dispostas em vidrarias (FIGURA 2B) e em contato direto com o
equipamento (FIGURA 2C), respectivamente. A faixa de aquisicdo espectral foi de 800
a2.850 nm (12.500 a 4.000 cm) com resolugio de 2 nm. O espectro de cada amostra foi
obtido por meio da média de 16 varreduras, sendo coletado 30 espectros por tratamento
(qualidade).

O software Chemoface foi utilizado para as analises multivariada dos dados
(NUNES et al. 2012). A analise de componentes principais (PCA) foi realizada como
uma ferramenta para analise exploratéria dos dados e avaliacdo da dependéncia dos dados
por meio dos agrupamentos (clusters). Essa analise objetivou a reducdo e eliminacao de
sobreposicGes dos dados espectrais. A PCA foi realizada nos espectros das
fibras/nanofibrilas com diferentes indices de qualidade.

Outra analise multivariada realizada foi a analise discriminante por minimos
quadrados parciais (PLS-DA). Ela foi realizada para classificar as fibras/nanofibrilas de
acordo com o indice de qualidade. O nimero de variaveis latentes foi determinado com
base na maximizacdo do numero de classificacbes corretas da validacdo cruzada e
validacéo independente. Os modelos foram validados pelo método da validagéo cruzada
completa (leave one out) e validagdo independente e avaliados pelo numero e
porcentagem de acertos. A validacdo independente/externa/predicdo é uma etapa
importante para a avaliacdo do empenho do modelo pois utiliza-se amostras/dados
diferentes do conjunto de calibracdo para avaliar o erro de previsdo. As analises
multivariadas (PCA e PLS-DA) foram feitas a partir de espectros originais e de espetros
tratados matematicamente.

A Figura 3 apresenta um fluxograma resumido da metodologia desse trabalho.
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Figura 3 — Fluxograma do material e métodos.
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3. RESULTADOS E DISCUSSAO

3.1. CaracterizacGes das tradicionais das nanofibrilas
3.1.1. Consumo energético

A Figura 4 apresenta 0 consumo energético gasto em cada passagem pelo
equipamento. A energia de ligacdo de hidrogénio inter-fibrilar deve ser superada para a
producdo das nanofibrilas de celulose. Neste trabalho, a producdo das nanofibrilas de
celulose a partir de polpas comerciais de eucalipto (consisténcia de 2%) usando um
moedor de pedras comercial (SuperMassCollider) consumiu aproximadamente 10.800
kWh/Ton, na ultima passagem pelo equipamento (FIGURA 4). As nanofibrilas pre-
tratadas com o reagente TEMPO consumiu aproximadamente 6.000 kWh/ton, sendo
necessario apenas uma passagem.

Varios tipos de pré-tratamentos estdo sendo estudados (HENRIKSSON et al.
2007; ISOGAI et al. 2011; TONOLI et al. 2016; DIAS et al. 2019; FONSECA et al.
2019), novas maquinas/equipamentos estdo em desenvolvimento (PAAKKO et al. 2007 ;

IOTTI et al. 2011, NADERI et al. 2014), sempre com o propasito de reduzir o consumo


https://link.springer.com/article/10.1007/s10570-015-0576-4#CR24
https://link.springer.com/article/10.1007/s10570-015-0576-4#CR9
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de energia. Alem dessas alternativas, avaliar a qualidade das nanofibrilas de maneira
rapida e eficiente em cada passagem é um fator importante pois evitaria uma mé fibrilacdo
ou também uma fibrilacdo excessiva, e consequentemente, reduziria 0 consumo

energético.

Figura 4 - Relacdo entre 0 nimero de passagens pelo equipamento e o consumo de energia durante o
processo de fibrilagdo sem pré-tratamento (marcadores cinzas) e pré-tratada com TEMPO (marcador preto).
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3.1.2. Morfologia

A Figura 5 apresenta as micrografias obtidas por microscopia Optica das
nanofibrilas de celulose em suspensdo nas diferentes passagens pelo equipamento.
Observa-se a desintegracdo gradual das amostras a medida que o nimero de passagens
pelo microprocessador aumentou ficando aparente a fibrilacéo das fibras e a reducéo do
tamanho das estruturas (setas vermelhas). No entanto, ainda ha fibras com relativa baixa
intensidade de fibrilagéo (setas pretas).

Ao comparar a Figura 5C com a Figura 5D é possivel observar que houve uma
mudanga relevante entre elas, isso se deve ao fato de que a Figura 5D corresponde a 3?
passagem (7.400 KWh/Ton), a passagem que houve a formacdo do gel. As nanofibrilas
pré-tratadas como oxidacdo mediada por TEMPO (FIGURA 5G) apresentaram formacéo
de gel na primeira passagem, porém podemos observar que existem algumas estruturas
que ndo foram totalmente desfibriladas aléem de apresentarem maior aglomeracdo. A

oxidacdo mediada por TEMPO é comumente utilizada para reduzir o consumo de energia
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resultando em bons resultados para a producdo de nanofibrilas apesar do alto custo e
toxicidade (OSONG et al. 2016).

Figura 5 - Micrografia obtida por microscopia Optica da suspensao de fibras (A), nanofibrilas de celulose
sem tratamento apés 1 (B), 2 (C), 3 (D), 4 (E) e 5 (F) passagens e nanofibrilas pré-tratadas com TEMPO e
1 passagem (G), as setas vermelhas indicam as nanofibrilas se desprendendo das fibras e as pretas as fibras
ndo desconstruidas totalmente.

A
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Moser, Lindstrom e Henriksson (2015) elucida que a detecgéo direta do processo
de desintegracdo das fibras requer alguma forma de microscopia, porém como as
nanofibrilas estdo na escala micro/nanométrica fica desfavoravel a sua visualizacdo em
microscopia de luz normal e, em vez disso, requerem microscopia eletrénica ou de forca
atdbmica. Assim sendo, a Figura 6 apresenta as micrografias obtidas por microscopia
eletronica de varredura das nanofibrilas de celulose secas, nas diferentes passagens com
aumento de 1.000x. Houve aumento gradual na desintegracéo das fibras & medida que se
passou mais vezes pelo equipamento, e consequentemente, consumindo mais energia.
Essa diferenca foi relativamente imperceptivel o observar as micrografias obtidas por
MEV da 3, 4 e 5 passagem (FIGURA 6D, E e F).
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Figura 6 - Micrografia obtida por microscopia eletronica de varredura da superficie dos filmes de
D, E e F, respectivamente).

A Figura 7 é possivel observar as estruturas produzidas em escala nanomeétrica
apos a fibrilagdo mecénica (5% passagem), resultando em nanofibrilas com diametro
médio de 39 £ 10 nm. Também sdo observadas estruturas com diametro maior que 100
nm, dessa forma sdo chamadas de microfibrilas de celulose. O alto cisalhamento aplicado
as fibras através de um fibrilador comercial (SuperMasscolloider) foi eficaz na
desintegracdo das amostras de fibras em fragmentos e na separacdo de microfibrilas,
como relatado por Fonseca et al. (2019), que encontraram diametro médio de 66 nm.
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Figura 7 - Micrografia obtida por microscopia eletronica de varredura da superficie dos filmes de
nanofibrilas de celulose ap6s 5 passagens pelo equipamento.
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A Figura 8A apresenta a micrografia obtida por microscopia eletrénica de
transmissdo (MET) das nanofibrilas de celulose de eucalipto sem tratamento apos cinco
ciclos em desfibrilador mecénico e a Figura 8B apresenta a distribuicdo diamétrica dessa
amostra estimada utilizando as micrografias MET. A distribuicdo do diametro da
nanofibrila é influenciada pelas caracteristicas do processo de fabricacdo e pela natureza
da fonte de celulose (FONSECA et al. 2019). Aproximadamente 61% das nanofibrilas
apresentaram diametro médio inferior e igual a 30 nm quando produzidas utilizando
polpas comerciais de eucalipto sem tratamento apos cinco ciclos pelo microprocessador.
Esses dados estdo de acordo com a literatura quando utilizaram a desfibrilagdo mecénica
para produzir nanofibrilas de celulose de eucalipto sem tratamento (TONOLI et al. 2012;
DIAS et al. 2019; FONSECA et al. 2019).

Figura 8 - Micrografia obtida por microscopia eletrnica de transmissdo (MET) das nanofibrilas de celulose
em susp
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3.1.3. Propriedades mecanicas

Diagramas de tensdo-deformacdo dos filmes em diferentes passagens pelo
equipamento sdo exibidos na Figura 9A. Nao foi possivel a formagdo de filmes a 1%
(m/m) com a polpa de celulose pura (0 passagens pelo equipamento) e,
consequentemente, ndo foram realizados os testes mecanicos para essas amostras. As
amostras que passaram uma vez pelo equipamento (gasto energético de 1.900 KWh/Ton)
apresentaram a menor resisténcia a tragdo (47,9 MPa). A partir da segunda passagem
(gasto energético de 4.700 KWh/Ton) a resisténcia a tracdo aumentou em relacdo a
primeira passagem. Houve uma tendéncia de aumento resisténcia a tracdo a medida que
se intensifica o tratamento mecanico, que pode ser mensurado pelo aumento do consumo
de energia (aumento de passagens) para a formagdo da NFC, a maior resisténcia a tracao

foi de 99,6 MPa, na quinta passagem (gasto energético de 10.800 KWh/Ton).

Figura 9 - Diagramas de tens&o-deformagcao dos filmes de NFC produzidas por diferentes gastos energéticos

(A), modulo de ruptura (B) e madulo de elasticidade (C) em funcéo do gasto energético para produgdo das
NFC, com barras de desvio padréo.
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Como ¢ evidente, uma passagem atraves do moinho leva a propriedades
mecanicas inferiores, porém a medida que mais gasto energético é necessario para
produzir as NFC, melhores sdo suas propriedades mecanicas (FIGURA 9).

A Figura 9 (B e C) apresenta 0 modulo de ruptura (MOR) e o modulo de
elasticidade (MOE) médio para as amostras em relacdo ao nimero de passagens pelo
equipamento, com intervalo de confianga de 95%. As nanofibrilas com maior refinamento
(5 passagens) exibiram MOR e MOE aproximadamente duas vezes mais alto do que o
material com apenas 1 passagem pelo equipamento. Os valores encontrados no presente
trabalho corroboram com Sird e Plackett (2010) que ao realizarem uma revisdo na
literatura encontraram valores de MOE variando de 2,5 a 17,5 GPa e valores de MOR
variando de 67 a 312 MPa, isso para diferentes matérias-primas, diferentes formas de
obtencdo das nanofibrilas e diferentes procedimentos de preparacao dos filmes.

As amostras com pré-tratamento oxidado pelo reagente TEMPO apresentaram
MOR de 35,0 = 7,0 MPa e MOE de 2,7 £ 0,6 GPa. As nanofibrilas pré-tratadas com
TEMPO séo consideradas as melhores em termos de eficiéncia na fibrilacdo, porém a
resisténcia mecanica (MOR e MOE) dos filmes desses materiais apresentou valores
inferiores as amostras sem tratamento. O pior desempenho dessas amostras é devido a
perda de cristalinidade da nanofibrila e a transformacdo em celulose Il apds a oxidagdo
da celulose, reduzindo a resisténcia a tracdo das fibrilas (BARNES et al. 2019). Barnes et
al (2019) utilizaram NFC sem tratamento e NFC oxidados com o TEMPO como agentes
de reforgo e observaram que as propriedades mecanicas dos filmes com o TEMPO eram
inferiores aos com NFC sem tratamento, principalmente em maiores concentragdes. 1sso
ocorreu pois as nanofibrilas tratadas com TEMPO sdo menores e mais amorfas do que as
NFC sem tratamento, com isso provavelmente se rompem ou arrancam mais facilmente.

A partir da terceira passagem (gasto energético de 7.400 KWh/Ton) ndo houve
diferenca significativa do MOR (FIGURA 9B) e também do MOE (FIGURA 9C). Houve
um acréscimo no gasto energético de 3.400 KWh/Ton para produzir nanofibrilas da 3
para a 5 passagem, porém ndo havendo diferenca significativa nas propriedades
mecanicas estudadas. Esses resultados confirmam que houve um pequeno beneficio,
porém ndo significativo, em termos de resisténcia mecanica utilizando quantidades
elevadas de energia para produzir tais nanofibrilas.

Ang et al. (2019) estudaram o efeito do tratamento mecénico para produgéo de
nanofibrilas na sua qualidade e nas propriedades mecanicas dos filmes e correlacionaram

esses resultados com o consumo de energia. Os autores observaram que a amostra mais
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tratada (50.000 revolucbes de PFI e 3 passagens de homogeneizacdo a 1.000 bar) teve
poucas melhorias (aumento de 20%) de resisténcia mecanica em relacdo a amostra menos
tratada (10.000 revolugdes de PFI), mas exigiu um aumento de mais de dez vezes (3.542
para 39.309 KWh/Ton) no consumo de energia.

Dessa forma, embora o0 aumento no nimero de passagens (aumento no consumo
energético) pelo equipamento possa ser usado para produzir nanofibrilas com didmetros
cada vez menores, filmes de NFC com resisténcia mecénica favordvel podem ser
produzidos a partir de fibras altamente fibriladas com energia significativamente menor.
N&o é necessario um consumo de energia muito alto para uma boa resisténcia dos filmes
de nanocelulose (ANG et al. 2019).

3.1.4. Fracdo nanométrica

Na Figura 10 estdo apresentados os valores da fracdo nanométrica para as
amostras de NFC sem tratamento utilizando diferentes passagens pelo microprocessador
(diferentes gastos energéticos) e aamostra de NFC oxidada com o reagente TEMPO. Essa
caracterizacdo é utilizada para quantificacdo das particulas que estdo em nanoescala.
Podemos observar que ha uma tendéncia de aumento da fracdo nanométrica a medida que
h& aumento no gasto energético para a formagdo da NFC. A fracdo nanométrica da
amostra com 5 passagens foi 1,6 vezes maior do que as amostras de fibras (0 pass). A
amostra tratada com reagente TEMPO obteve o maior valor de fracdo nanométrica (99,0
+ 0.1%), vale ressaltar que esse € um dos melhores tratamentos para obtencdo de

nanofibrilas, porém o reagente é caro e prejudicial ao meio ambiente (Y1 et al., 2020).
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Figura 10 - Relagdo entre a fragdo nanométrica (%) e o consumo de energia durante o processo de fibrilagao
sem pré-tratamento (marcadores cinzas) e pré-tratada com TEMPO (marcador preto).
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Esses valores encontrados para fragdo nanomeétrica (FIGURA 10) estdo de acordo
com a literatura. Desmaisons et al. (2017) utilizando a mesma metodologia encontraram
valor de 67,7 + 13.5% para NFC de polpas de eucalipto obtidas apos refino, tratamento
enzimatico e desfibrilacdo em microprocessador (2.500 rpm em recirculacdo por 2,5
horas). Em metodologia semelhante, Naderi et al. (2015) encontraram valor de 72% para
NFC de polpas de pinus obtidas ap6s tratamento (carboximetilagdo) e desfibrilacdo por

homogeneizacdo a 1.700 bar utilizando um fluidificador de alta presséo.

3.1.5. Tamanho macroscépico

O teste do tamanho macroscépico utiliza como base as micrografias de
microscopia Gtica por isso ndo caracteriza as regides em nanoescala das suspensdes, mas
sim as regides em micro e macroescala. As suspensdes de nanofibrilas sdo compostas de
estruturas nas dimensfes nano, micro e macro, e seria limitante evitar a caracterizagéo de
dimensdes maiores (DESMAISONS et al. 2017).

A Figura 11, primeira coluna, € apresentado as micrografias de microscopia Gtica
e nas demais colunas, as etapas de transformacgdo dessas imagens no software, com a

finalidade de quantificar a fragdo macro/micro das amostras.
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Figura 11 — Micrografias obtida por microscopia Optica das suspens0es € as etapas realizadas no software
para quantificacdo macrosize do material sem tratamento (A), com 2 passagens (B), 4 passagens (C) e pré-
tratadas com TEMPO (D).

Como j& observado anteriormente, as particulas se transformam, de macro-escala
para micro-escala e também nano-escala, com o aumento do nimero de passagens pelo o
equipamento, sendo necessario gasto energético. Por esse motivo, a area total média e o
tamanho médio das particulas sdo reduzidos com o aumento do ndmero de passagens
(TABELA 1). Quanto menor o valor do tamanho macro, maior a desintegracdo mecanica
das fibras. O tamanho médio das particulas com 5 passagens foi aproximadamente 2.000
vezes menor do que as fibras sem tratamento (0 passagem). Os dados da Tabela 1
mostram que houve um gasto energético de 1.700 KWh/ton da quarta para a quinta

passagem, ocorrendo uma reducdo de 20,7 um?2 para 16,1 um? do tamanho médio das
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particulas. Esse gasto energético poderia ser evitado uma vez que a reducdo no tamanho
das particulas foi irrelevante da quarta para a quinta passagem.

A Figura 11D apresenta as nanofibrilas pré-tratadas com o reagente TEMPO,
apesar de ser considerado o tratamento mais eficiente para a producao de nanofibrilas,
podemos observar algumas estruturas ndo fibriladas totalmente, esse fato reflete
diretamente na area total média e o0 tamanho médio das particulas. O tamanho médio das
particulas pré-tratadas com TEMPO foram de 38,8 pm? com gasto energeético de 6.000
KWh/Ton. Para comparacdo, ao gastar 7.400 KWh/Ton (3 passagens) foram produzidas
particulas com tamanho médio de 58,3 umz2.

Desmaisons et al. (2017), ao utilizar essa metodologia, encontraram 5,9 ym? + 1,0
para 0 tamanho médio das microparticulas das suspensbes de NFC apos pré-refino,
tratamento enzimatico e fibrilacdo em um grinder de fric¢do ultrafino (2.500 rpm por 2,5
h) de polpas de eucalipto. Por ser uma metodologia nova, ndo existe outros trabalhos que
utilizaram essa técnica, assim, é necessario mais estudos e o aprimoramento dessa

quantificacdo do tamanho macro das suspensdes de nanofibrilas.

Tabela 1 — Area total média e tamanho médio das particulas produzidas em diferentes intensidades de
tratamento mecanicos (0 a 5 passagens pelo equipamento) e pré-tratadas com reagente TEMPO.

Passagem/ Gasto energético Area total média ~ Tamanho médio das particulas

Amostra (KWh/Ton) (um?) (Um2)
Op 0 49379,4 £ 23352,5 30416,6 £ 13742,1
1p 1.900 34927,2 £ 12772,4 1020,2 + 644,1
2p 4.700 34122,9 + 14528,2 92,0+ 26,3
3p 7.400 315445 + 11263,1 58,3+ 25,2
4p 9100 25837,3 £ 6911,8 20,7+3)9
S5p 10800 21070,5 £ 3585,5 16,1+1,0
Tempo 6000 18826,7 + 6169,9 38,8+6,4

3.1.6. Turbidez

Na Figura 12A e B apresentada a turbidez (NTU) das suspensdes de nanofibrilas
(0,1% m/m) de acordo com o gasto energético necessario para produzi-las. Os resultados
sdo apresentados em unidades de turbidez nefelométrica (NTU) e quanto mais particulas
em dispersdo, maior o valor de NTU. E possivel observar que quanto mais energia foi

gasta (mais passagens pelo equipamento) menor a turbidez do material.
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Chinga-Carrasco (2013) explica que quanto mais fibras residuais forem
encontradas nas suspensdes, maior a turbidez correspondente. Porém o material sem
nenhuma passagem pelo fibrilador apresentou a menor turbidez (FIGURA 12A), isso
ocorreu, pois, materiais grosseiros sedimentam rapidamente, o que resultou no valor de
turbidez menor. As nanofibrilas pre-tratadas com oxidacdo mediada por TEMPO
apresentaram valores de turbidez de 106 NTU, bem abaixo de todas as amostras sem pré-
tratamentos, isso ocorreu, pois, amostras oxidadas por TEMPO séo altamente fibriladas
ndo dispersando efetivamente a luz incidente; portanto, contribuindo para os baixos
valores de turbidez (CHINGA-CARRASCO 2013).
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Figura 12 — Relacao entre a turbidez e o consumo de energia durante o processo de fibrilacdo sem pré-
tratamento (marcadores cinzas) e pré-tratada com TEMPO (marcador preto) (A) com enfoque nas amostras
de 1 a5 passagens (B).
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3.1.7. Espectroscopia no visivel

A espectroscopia no visivel pode ser utilizada para avaliagcdo das propriedades
Opticas e consequentemente do grau de fibrilagdo (IWAMOTO; NAKAGAITO; YANO,
2007; FUKUZUMI et al., 2009; BESBES; VILAR; BOUFI, 2011; CHINGA-
CARRASCO, 2013). Na Figura 13A estdo apresentados os espectros no visivel das
amostras em diferentes niveis de fibrilacdo e na Figura 13B a transmitancia no visivel da

suspensdo, mais precisamente a 600 nm (BERTO; ARANTES, 2019) para melhor
visualizacao.

Figura 13 - Espectros de transmitancia no visivel da suspensdo de NFC ap6s 0, 1, 2, 3, 4 e 5 passagens (0,
1.900, 4.700, 7.400, 9.100 e 10.800 kWh/Ton, respectivamente) (A) e a relacdo entre a transmitancia no
visivel a 600 nm e o consumo de energia durante o processo de fibrila¢cdo sem pré-tratamento (B).
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Quanto maior a desfibrilacdo, maior a transmitancia da luz em fungédo da maior
quantidade de nanofibrilas, isso se os filmes de nanofibrilas forem fabricados com a
mesma gramatura. As nanofibrilas ttm menor potencial de disperséo de luz por causa da
pequena dimensao (largura inferior a 100 nm), que, por sua vez, reduz a opacidade dos
filmes e, assim, aumenta a transmitancia da luz (CHINGA-CARRASCO, 2013).

Assim, podemos inferir que a desfibrilagdo comecou a ocorrer a partir da 22
passagem (4.700 kWh/Ton), passagem em que houve uma reducdo brusca da
transmitancia (FIGURA 13B), aumentando gradativamente até a Gltima passagem (5).

Vale destacar que os valores de transmitancia nas amostras que consumiram
menos energia (0 e 2.000 kWh/Ton) sdo os maiores. Esse fato possivelmente ocorreu pelo
mesmo motivo da turbidez (FIGURA 12), em que suspensdes com particulas na escala
macro sedimentaram rapidamente afetando os resultados de transmitancia, ou seja, as
particulas foram suficientemente grandes para se depositar pela acdo da gravidade.

Os valores de turbidez (FIGURA 12) s&o inversamente proporcionais as medidas
de transmitancia no UV-Vis (FIGURA 13B), pois quanto mais fibras residuais, maior a
turbidez e, portanto, menor a transmitancia da luz (CHINGA-CARRASCO, 2013;
MOSER; LINDSTROM; HENRIKSSON, 2015).

3.1.8. Difragéo de raio-X

Na Figura 14 é possivel observar os difratogramas de raio-X das amostras de
fibras/micro/nanofibrilas nos diferentes nimeros de passagens requeridas para sua
fabricacdo e das nanofibrilas obtidas por pré-tratamento com reagente TEMPO. Os
difratogramas obtidos possuem dois picos principais (15,0° e 22,5°) caracteristicos das
fibras de celulose que passaram por algum processo de degradacdo (SEGAL; CONRAD,
1957). Esses picos correspondem aos planos de rede (1-10), (110) e (200) da celulose | a
14,88° 26, 16,68° 20 e 22,80° 20, respectivamente (FRENCH 2014).
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Figura 14 - Difratogramas de raios-X das fibras e nanofibrilas de celulose em diferentes passagens e pré-
tratadas com reagente TEMPO.
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A Figura 15 apresenta o indice de cristalinidade (IC) e tamanho do cristalito (TC)
calculados a partir dos difratogramas de raios-X das fibras e nanofibrilas de celulose em
diferentes passagens e pré-tratadas com reagente TEMPO. O valor médio obtido para o
indice de cristalinidade e tamanho do cristalito das nanofibrilas produzidas com maior
gasto energético (5 passagens) foi de 67,3% e 3,2 nm, respectivamente, valor inferior ao
observado para as fibras antes do processo de fibrilacdo mecénica (IC = 76,6% e TC =
4,6 nm). O IC e 0 TC tendem a diminuir com o aumento do nimero de passes, este fato
ocorre pois 0 processo de obtencdo das nanofibrilas degradam as fibras de celulose e
modificam sua cristalinidade (KEPA et I. 2019).
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Figura 15 - indice de cristalinidade (IC) e tamanho do cristalito (TC) das nanofibrilas de celulose
sem tratamento com diferentes passagens pelo equipamento e das nanofibrilas pré-tratadas com

reagente TEMPO.
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Resultados semelhantes foram relatados por outros autores (IWAMOTO,;
NAKAGAITO; YANO, 2007; GUIMARAES JUNIOR et al. 2015; LEKHA et al. 2016).
Iwamoto, Nakagaito e Yano (2007) observaram a mesma tendéncia de reducdo do grau
de cristalinidade com o aumento do nimero de passes, 0 que péde ser explicado pela
hornificacdo das nanofibrilas de celulose quando submetidas a cortes em alta velocidade.
Guimarées Junior et al. (2015) observaram que o0 aumento no nimero de passes (de 5x a
30x) resultou em maiores taxas de fibrilagdo o que causou diminuicdo do IC das
nanofibrilas em aproximadamente 13%. Lekha et al. (2016) relataram reducdo da
cristalinidade apds a fibrilagdo com grinder em fibras de Eucalyptus spp. e Pinus spp. Os
IC encontrados para polpas kraft de Eucalyptus foram de 63,3%, 56,3%, 57,5% e 60,3%
apos 0, 40, 120 e 200 passes pelo grinder, respectivamente. Os autores observaram que
houve uma diferenca percentual desprezivel dos valores do indice de cristalinidade ap6s
as varias passagens pelo equipamento.

Tonoli et al. (2016) ao estudarem micro/nanofibrilas de celulose obtidas com
digerido anaerdbico seguida de alto cisalhamento, observaram que as amostras obtidas
por fibrilacdo no grinder apresentaram menor indice de cristalinidade (IC = 57%) e
tamanho de cristalito (CS = 2,9 nm) em comparagdo as outras amostras avaliadas. Os
autores atrelaram esse fato a acdo de forcas hidrodindmicas associadas a altas forgas de

cisalhamento durante o isolamento do micro/nanofibrilas.
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3.1.9. Indice de qualidade

A Figura 16 apresenta o indice de qualidade (1Q) das amostras quando submetidas
a diferentes gastos energéticos para a producdo de NFC e também da amostra tratada
quimicamente com o reagente TEMPO. O indice de qualidade aumentou com o0 aumento
do gasto energético. Houve um aumento de 65%, 25% e 11% no indice de qualidade da
2% passagem pra 32 passagem, da 3? para a 42 passagem e da 42 para a 52, respectivamente.
Levando em consideracdo essa porcentagem de aumento de apenas 11% na qualidade da
nanofibrilas versus o gasto energético (1.700 KWh/ton), esse gasto energético poderia ser
evitado ao realizar a quinta passagem. Porem como podemos observar, s6 foi possivel
chegar a essa conclusdo apos a realizacdo da caracterizacdo do indice de qualidade que
depende de varias outras caracterizagdes. Com isso vemos a importancia de uma
caracterizacdo mais rapida e confiavel como foi proposta nesse trabalho e 0s seus
resultados estdo apesentados no proximo tépico (3.2).

O tratamento das fibras com o reagente TEMPO facilita o processo de fibrilacdo
gerando repulsdo entre as fibras e consequentemente enfraquecendo a sua estrutura
(ISOGAI et al. 2011). Isso faz com que ocorra um menor gasto energético para produzir
nanofibrilas com melhor qualidade. O que pode ser observado no alto valor de 1Q nas
amostras de TEMPO em relacdo as outras amostras sem pre-tratamento. Isso estava
previsto pois esse tratamento é considerado o melhor tratamento para producdo de
nanofibrilas.

Nesse estudo o indice de qualidade encontrado para nanofibrilas tratadas com
TEMPO foi de 112,9, esses dados corroboraram com os valores encontrados por
Desmaisons et al. (2017) de 110 £ 4,3 para amostras tratadas com TEMPO e de 73,1 +
3,1 para amostras de nanofibrilas comerciais com tratamento enzimatico.

Essa é uma metodologia inovadora e por isso necessita de alguns ajustes.
Desmaisons et al. (2017) aponta que o indice de qualidade deve ser desenvolvido em
funcdo do campo de aplicacdo. Com isso, sugere-se para futuros trabalhos desenvolver
uma metodologia especifica realizando os devidos ajustes na equagdo de acordo com a

aplicacdo e as caracterizacOes avaliadas.



82

Figura 16 - Relacdo entre o indice de qualidade e o consumo de energia durante o processo de fibrilacéo
sem pré-tratamento (marcadores cinzas) e pré-tratada com TEMPO (marcador preto).

140

120

[
o
o

[}
o

(o2}
o

Indice de Qualidade

40

SIT

20 / 2 pass
SIT
0 1 pass

0 4000 6000 8000 10000
Consumo energético (kWh/Ton)

3.2. Caracterizagéo por espectroscopia no NIR

A coleta dos espectros no NIR foi realizada com as amostras de nanofibrilas em
suspensdo com diferentes concentracgdes (0,05; 0,10; 0,25; 0,50; 1,00; 2,00; 3,00 e 6,00%)
e em duas formas de aquisicdo espectral (absor¢do ou transmissdo) disponiveis no
equipamento. A transparéncia das amostras interfere no espalhamento do feixe de luz
incidido por isso as amostras com menores concentracdes foram analisadas apenas por
transmisséo (0,05; 0,10; 0,25; 0,50; 1,00; 2,00%) e as com maiores concentracdes (3,00
e 6,00%) apenas por absorgéo.

Apbs os testes e as analises preliminares de todos 0s espectros, observou-se que
concentragdes menores que 2,00% presentaram interferéncias que inviabilizaram a
analise dos espectros, isso devido a perda de sinal devido a grande quantidade de agua na
amostra, havendo perda de sinal espectral e dispersdo da luz incidida na amostra. Assim
serdo apresentados a seguir o0s resultados obtidos para as amostras com concentracdo de
2,00% por transmisséo, 3,00% e 6,00% obtidos por absorcao.

Na Figura 17 estdo apresentados os espectros NIR das fibras e NFC com diferentes
qualidades e em diferentes concentragdes (quantidade de &gua na amostra). Segundo
Pasquini (2003) devido a diferenga na constituicdo quimica, cada material apresenta uma
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resposta caracteristica a radiacdo incidida. Por esse motivo, é possivel observar uma
tendéncia na separacao dos espectros de acordo com o indice de qualidade das fibras/NFC
(FIGURA 17). Viana et al. (2016) e Fardim, Ferreira e Duran (2005) sugerem que o
processo de fibrilacdo gera alteragdes ao nivel molecular devido a dissolucdo de
carboidratos ou a agregacdo de nanofibrilas de celulose. Com isso 0s espectros no NIR
poderdo ser sensiveis a essa variacdo e assim obter respostas quanto a qualidade desse
material.

O destaque em cinza na Figura 17 sdo bandas caracteristicas presentes em todas as
amostras independente da concentracdo, da forma de aquisicédo espectral e da qualidade
da NFC. Bandas entre 7.000 e 6.800 cm™ s&o atribuidas a variacdes na quantidade de
agua, celulose, hemiceluloses e até mesmo lignina (Schwanninger et al. 2011). Nas
bandas entre 7.100 a 6.500 cm-1 e 5.300 a 4.000 cm™ dos espectros adquiridos nas
amostras com 2% (FIGURA 17A) houve um excesso de ruido (destaque tracejado no
grafico) o que pode ter interferido negativamente nas analises.

As bandas entre 5.600 cm™ e 5.400 cm™ sdo atribuidas a ligagOes de agua O-H e
ligacGes O-H/C-H, tipicas de 4gua e materiais celulsicos, respectivamente. A banda em
5.150 cm™* esta relacionada ao alongamento O-H e combinag&o de flexdo HOH. A banda
entre 4.800 e 4.600 cm™ é mais forte nas amostras com menor umidade e esta relacionada
as ligacdes de deformacdo O-H em alcoois ou dgua (Workman & Weyer, 2007). Por esse
motivo, essa banda é mais evidente nas amostras com concentracdo de 6% (FIGURA
17C).
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Figura 17 - Espectros NIR tipicos de fibras/nanofibrilas de celulose com diferentes valores de indices de
qualidade (0, 16, 38, 63, 79, 87 e 113) coletados em diferentes concentragdes: 2% (A) pelo médulo de
transmisséo, 3% (B) e 6% (C) por reflexdo difusa.
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A analise de componentes principais (PCA) foi realizada para uma prévia
avaliacdo do comportamento dos espectros e possivel separacdo das amostras. Na Figura
18 observa-se os scores da PCA dos espectros das fibras e NFC com diferentes indices
de qualidade, em diferentes concentragdes, com pré-tratamentos e exclusao de amostras.
Foram realizados outros pré-tratamentos matematicos nos dados espectrais, porém optou-
se por apresentar os melhores resultados.

Ao realizar a analise de componentes principais (PCA) das amostras com
concentracdo de 2% com todas as amostras (all data) e também com o tratamento de
correcdo de espalhamento de luz (MSC) podemos observar que a amostra de fibras (0
passagem) se confunde com todas as outras amostras, provavelmente por causa da sua
heterogeneidade na dimensdo das fibras. Esse fato também ocorreu na PCA com
concentracdo de 3%. Observa-se também que a amostra TEMPO na maioria das PCA
apresentam-se separadas das demais amostras.

A partir desta primeira abordagem, as amostras de 0 passagem e as amostras
TEMPO foram excluidas, ja que essas amostras poderiam interferir nessa anélise. Com
iss0, observou-se que houve uma melhor separacdo das amostras apos a exclusdo de tais.
Visualmente a melhor separacdo ocorreu nas amostras de 6% de concentracdo, excluindo
as amostras 0 e TEMPO. Porém as amostras com indice de qualidade de 63, 79 e 87 (32,
4% e 5% passagem, respectivamente) nao foi possivel separa-las, indicando que séo
amostras mais parecidas quimicamente. Outras analises multivariadas, como a analise
discriminante por minimos quadrados parciais (PLS-DA), foram realizadas afim de obter
uma melhor classificacdo dessas amostras que visualmente ndo foram separadas pela
PCA.

A componente principal 1 de todas as PCA realizadas explicou acima de 95% da
variabilidade dos dados espectrais e a componente principal 2 explicou acima de 2%, que

juntas conseguiram explicar acima de 97% de toda a variancia.
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Figura 18 - Scores da PCA aplicado aos espectros NIR originais e tratados matematicamente registrados
em fibras/nanofibrilas de celulose em diferentes indices de qualidade (0, 16, 38, 63, 79, 87 e 113) e em
diferentes concentracdes (2, 3 e 6%).
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Como mencionado anteriormente, analise discriminante por minimos quadrados
parciais (PLS-DA) é uma técnica para determinar em qual grupo uma amostra pertence
(BRERETON e LLOYD, 2014). Neste estudo, a PLS-DA foi realizada para predizer as
classes de qualidade das NFC com base na assinatura espectral.

A Tabela 2 exibe o resumo das classificacdes por PLS-DA para a qualidade das
NFC, incluindo a porcentagem de classificagOes corretas da calibracédo, validagédo cruzada
e predicdo baseados nos espectros NIR. Os espectros foram adquiridos de amostras em
diferentes concentracdes e tratamentos matematicos.

O modelo PLS-DA para qualidade das nanofibrilas de celulose adquirido em

amostra de suspensdo com 2% de concentracdo foram capazes de classificar corretamente
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mais de 67% das amostras de NFC (modelo 4, Tabela 2) por validacdo cruzada e predicdo,
principalmente apos excluir as amostras 0 e TEMPO. As classificagdes de qualidade das
NFC séo ainda melhores para as maiores concentragdes (3% e 6%), com mais de 86% de
classificacdo correta e chegando a 100% de classificacdo correta na predicdo (modelo 8,
Tabela 2). Nesse tipo de validagdo (predicdo ou validacdo externa), um conjunto de
amostras diferente das amostras de calibracdo é utilizado para realizar a predicdo, ou seja,
sdo utilizadas amostras testes para validar o modelo.

Estudos anteriores mostraram que a intensidade de absorbancia da radiacdo NIR
em materiais celulésicos varia em funcao de seu teor de umidade (FARDIM; FERREIRA;
DURAN 2002, et al. 2002 e SANTOS et al. 2010). Porém como o foco do trabalho era
utilizar as NFC em meio aquoso e com a minima preparacao de amostra possivel, optou-
se por utilizar concentracdes de no maximo 6%. Contudo, podemos perceber que houve
sucesso na classificacdo da qualidade das NFC utilizando dados espectrais em amostras
em suspenséo principalmente com 3 e 6% de concentracdo. Essas descobertas indicaram
que com a concentracdo de 3% de nanofibrilas nas amostras j& é possivel obter 6timos
resultados para as classificagdes por qualidade das NFC utilizando dados espectrais.

Os tratamentos matematicos dos espectros ndo melhoraram as classificacdes para
a qualidade das nanofibrilas de celulose. Esse fato ja foi observado em outros trabalhos
utilizando dados espectrais para materiais biolégicos, como madeira, carvdo e polpas
(RAMALHO et al. 2017; COSTA et al. 2018; COSTA et al. 2019).
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Tabela 2 - Resumo das classificagdes para qualidade das fibras/nanofibrilas de celulose pelos modelos PLS-
DA desenvolvidos a partir de assinaturas NIR medidas pelo médulo de transmissdo em concentracao de
2% e por reflex8o difusa com 3% e 6% de concentraco.

% % %
Modelo Conc. aqu\i]siia(;ﬁo Data Trat. Mat. (c?cl)ar::‘itfl' (c?cl)ar::‘itfl' (Ig?//) Sé?‘iig %p\;

(©) (cv) (p)
1 all - 47.1 357 2 457 2
2 ) all MSC 72.4 295 3 500 2
3 2% Transmissio Exceto 0 - 98.9 650 6 600 3
4 ExcetoOeT - 98.7 673 4 68.0 3
5 all - 46.7 319 2 48,6 2
6 1, Reflexio al  MSC+1D 286 286 1 514 2
7 difusa  Exceto 0 - 972 956 6 967 6
8 ExcetoOeT - 1000 993 5 1000 5
9 all - 64.3 286 2 586 2
10 g, Reflexio all 1D 490 210 2 486 2
11 difusa Exceto 0 - 99.0 86.8 10 90.0 8
12 ExcetoOeT - 98.7 920 8 90.0 8

Conc. — concentragdo da suspensdo de NFC; all — todas as amostras foram utilizadas para gerar os modelos;
0 — celulose pura (0 passagens); T —amostras de nanofibrilas pré-tratadas com reagente TEMPO; Trat. Mat.
— tratamento matemético; MSC — correcdo multiplicativa de sinal; 1D — primeira derivada; ¢ — calibrag&o;
cv - validacdo cruzada; p — predicéo; LV — variaveis latentes.

A matriz de confusdo dos melhores modelos (modelo 4, 8 e 12 da TABELA 2)
estdo apresentados nas Tabela 3, incluindo o nimero de classificacdes corretas para cada
classe de qualidade e suas respectivas porcentagens de acertos. Esses modelos foram
validados por validacéo interna (validacdo cruzada) e validagéo externa (predicao).

O modelo 4 (TABELA 3) apresentou menor porcentagem de acerto e praticamente
houve erros em todas as classes de qualidade das NFC. O modelo 8 (TABELA 3)
apresentou maior porcentagem de acerto, errando apenas uma amostra da classe de 1Q de
16, sendo essa classificada como da classe de 1Q igual a 38, isso para validacéo cruzada.
J& na validacdo externa houve 100% de acerto. No modelo 12 (TABELA 3) houve
algumas classificagdes incorretas, principalmente nas amostras com 1Q de 63, 79 e 87,
tanto na validacgéo cruzada quanto na predicdo. Esse mesmo fato ja havia sido constatado
na PCA (Figura 18), porém na PLS-DA podemos observar o numero de classificagdes
incorretas.

Essas classificagOes incorretas entre as amostras de 1Q 79 e 87 (42 e 52 passagem)

reforcam ainda mais o pressuposto de que o gasto energético para produzir nanofibrilas
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na quinta passagem poderia ser evitado. Com isso verificamos a eficiéncia que 0s
espectros no NIR possuem para predizer a classe de qualidade das nanofibrilas de celulose

de uma maneira mais rapida e confiavel.

Tabela 3 — Detalhamento do nimero de acertos dos melhores modelos PLS-DA encontrados para classificar
as fibras/nanofibrilas de celulose por indice de qualidade com validacédo cruzada e externa.

0 0
1Q estimado pelo NIR por Cla?sif. IQ estimado pelo NIR por Cla/sosif.
Modelo 1Q validagdo cruzada (cv)  correta predigdo (p) correta
(cv) ()
16 38 63 79 87 16 38 63 79 87

16 27 3 90.0 10 100.0

38. 9 18 1 2 600 6 3 1 30.0

4 63 24 3 3 80.0 10 100.0

79 2 19 9 633 1 7 2 70.0

87 2 15 13 433 6 4 400

16 129 1 96.7 10 100.0

38 30 100.0 10 100.0

8 63 30 100.0 10 100.0

79 30 100.0 10 100.0

87 30 100.0 10 100.0

16 30 100.0 = 10 100.0

38 30 100.0 10 100.0

12 63 30 100.0 10 100.0

79 1 25 4 833 8 2 80.0

87 2 5 23 76.7 1 2 7 70.0

Balea et al. (2021) afirmaram que as principais causas que dificultam a implantacéo
comercial de NFC esté na falta de ferramentas de medicdo adaptadas ao processo, capazes
de caracterizar NFC com velocidade e confiabilidade aceitaveis para atender as demandas
industriais.

Assim, os resultados do presente trabalho sdo promissores e compativeis com as
dores que o mercado de nanofibrilas de celulose enfrenta atualmente. Contudo ainda séo
estudos preliminares que necessitam de aprimoramento e avaliacdo para a sua eficiente
utilizacdo em escala comercial.

Esse estudo podera ser capaz de caracterizar as NFC a medida que fluem pela linha

de producdo, facilitando a otimizacdo, gerenciando erros, minimizando resultados
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imprevisiveis e proporcionando confianga ao processo, como apontado por Balea et al.
(2021).

4. CONSIDERAGCOES FINAIS

O método utilizado para a obtencao das nanofibrilas foi eficiente com a formacéo
de gel a partir da terceira passagem (7.400 kWh/Ton). A analise da morfologia,
propriedades mecéanicas dos filmes, fracdo nanométrica e macroscépica, analises de
turbidez, espectroscopia no visivel, indice de cristalinidade e tamanho do cristalito
confirmaram a eficiéncia no processo de fibrilagdo. As micrografias mostram que
fibrilacdo foi eficiente e com qualidade a partir da terceira passagem, pois haviam poucas
fibras ndo desconstruidas totalmente. A espectroscopia no visivel mostrou reducédo
acentuada da transmitancia da primeira para a segunda passagem. Nao houve diferenga
significativa no MOE e MOR nas amostras com 3, 4 e 5 passagens pelo equipamento.

Além disso esse estudo prop6s avaliar a qualidade e/ou a eficiéncia da fibrilagdo
das nanofibrilas de forma mais rapida e eficiente. A estimativa do indice de qualidade foi
feita utilizando espectros no infravermelho préximo. A obtencdo dos espectros no NIR
em suspensao é dificultada pela presenca da gua, assim as suspensdes de NFC com mais
de 2% de concentracdo sao mais eficientes.

Modelos matematicos foram capazes de predizer o indice de qualidade das
nanofibrilas com 95,6% de classificacdo correta ao coletar espectros em amostras de
nanofibrilas com 3% de concentragéo. 96,7% de acerto foi encontrado quando se realizou
a validacdo externa (predicdo), ou seja, a validacdo é feita com amostras desconhecidas
das contidas do modelo de calibracdo. As amostras com 3% de concentracao tiveram
melhores resultados (96,7% acertos na predicdo) em comparacdo as com 6% de
concentracdo (90,0%). Os erros de classificagdo ocorreram principalmente entre as
amostras da 42 e 52 passagem, indicando que sdo amostras parecidas quimicamente e com
isso poderia ser evitado o gasto energético de 1.700 KWh/ton para produzir as
nanofibrilas na quinta passagem.

Os pré-tratamentos matematicos dos espectros ndo melhoraram as estimativas,
porém a exclusdo de algumas classes, por exemplo as fibras (0 passagens) e a amostras
TEMPO contribuiram para o sucesso dos modelos. A aquisi¢do dos espectros pelo modo
de transmissdo ndo foi eficiente, os melhores modelos foram obtidos via esfera de

integracao.
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A avaliacéo das nanofibrilas por espectroscopia no NIR pode ser considerada uma
opcéo viavel para controlar a qualidade das nanofibrilas. A tecnologia NIR se mostrou
um método répido e confidvel para otimizar e aumentar da eficiéncia do processo de

producdo do material nanofibrilado.
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MANUFACTURE OF PAPER HANDSHEETS
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ABSTRACT

The objective of this study was to better understand the effect of micro/nanofibrils added
as reinforcement on paper handsheets, their physical-mechanical performance and barrier
properties, and to determine the ideal cellulose nanofibrils (CNF) proportion to increase
such paper properties. Mechanically produced CNF were added at increasing amounts
(0%, 2%, 5%, 8% and 10%) to commercial Eucalyptus pulp to produce paper handsheet
samples. Morphology, crystallinity, physical-mechanical and air barrier properties of the
paper handsheets were evaluated. The results suggested that adding CNF has decreased
the presence of empty spaces inside and on the surface of the paper handsheets by up to
61% due to the interaction between fibers and nanofibrils. The paper handsheets became
denser, more compact and resistant to passage of air, as well as with greater mechanical
performance with higher CNF content (10%). The bursting index is approximately 5
times higher on paper with addition of 10% of CNF compared to control paper
handsheets. There were significant gains in the studied properties without any change in
CNF/fibers surface charge or the use of any cationic polymer to assist the retention of
nanofibrils and fibers. This study highlights the potential of CNF as additives in
papermaking process, increasing its properties.

KEYWORDS

Composite fibers; Kraft paper; Mechanical properties; Cellulose microfibrils (CMF);

Nanocellulose; Papermaking.
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INTRODUCTION

Cellulose nanofibrils (CNF) or cellulose microfibrils (CMF) are known to present unique
properties such as high strength and stiffness and to enable numerous applications such
as reinforcement material in composites and paper (Osong, Norgren, and Engstrand
2016). In addition to having the potential to improve mechanical strength in papers, CNFs
in the form of films or applied as a coating are able to improve barrier properties (to air,
oxygen and oil) of papers (Lavoine et al. 2012; Matos et al. 2019).

Zambrano et al. (2020) suggests that nanofibrils can also be applied in paper production
to reduce fiber content and, at the same time, provide the strength performance that the

market requires, being able to reduce up to 20% of fibers without adverse effects on the

paper.
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The formation of hydrogen bonds between the fibers is necessary during the papermaking
process. However, the fibers shape makes it difficult to form such bonds on lightly
fibrillated paper. Therefore, CNF can be added to the paper composition to fill the gaps
between fibers and improve the contact between them (Boufi et al. 2016).

Several studies have shown that nanofibrils can be used in paper manufacturing as
additives to improve its mechanical strength (Mashkour, Afra, and Resalati 2019;
Potulski et al. 2014; Taipale et al. 2010) and in food packaging to improve barrier
properties to oil and oxygen (Hubbe and Pruszynski 2020; Lavoine et al. 2012; Mashkour,
Afra, and Resalati 2019). CNF also can be used to improve the paper brightness and
whiteness (Kasmani and Samariha 2019), and water absorption (Guan, An, and Liu 2019).
There are reports in the literature of the modification of papers reinforced with CNF using
the esterification process to improve the water barrier properties (Mashkour, Afra, and
Resalati 2019). Studies report that adding CNF to paper reduces its porosity and improve
printability (Tanpichai et al. 2019), being a promising option for smart and sustainable
packaging (Hubbe and Pruszynski 2020). The widespread use and technological
application of CNF has been reported in several literature reviews (Boufi et al. 2016;
Brodin, Gregersen, and Syverud 2014; Osong, Norgren, and Engstrand 2016; Samyn et
al. 2018; Zambrano et al. 2020). However, CNF applications on an industrial scale are
still scarce.

Adding CNF in paper can increase up to 15% tensile strength while using less the 10%
of CNF in the mixture (Guan, An, and Liu 2019; Kasmani and Samariha 2019). CNF
addition can raise water abortion capacity, water retention value (Guan, An, and Liu
2019) and promote a higher barrier to air with a denser paper (Kasmani and Samariha

2019) when compared to papers without CNF addition. The use of higher CNF content,



98

such as 50%, can also produce paper with 10 times higher tensile strength, while
decreasing paper porosity when mixing with bamboo fibers (Tanpichai et al. 2019).
However, regarding CNF reinforced papers, studies are still needed to better understand
the effect of adding fast-growing wood micro/nanofibers on the properties of papers
reinforced with them. It is known that cellulose micro/nanofibrils are important in the
performance of papers, but it is necessary to study them for a more rational use of the
final product. The optimal proportion of micro/nanofibrils to be added in the paper
production so that inter-fiber bonds are enhanced has not yet been satisfactorily
established. Therefore, the objective of this study was to better understand the effect of
adding nanofibrils as reinforcement on the physical-mechanical performance and barrier
properties of reinforced handsheets and to define the ideal CNF proportion to increase
such paper properties.

MATERIAL AND METHODS

CNF production

Commercial bleached pulp of Eucalyptus were mechanically fibrillated in a
SuperMassColloider grinder (Masuko Sangyo MKCAG6-2) composed of a rotating disk at
1500 rpm and a fixed disk (Dias et al. 2019). The gap between disks was kept around 40
to 50 um, to increase shear forces, causing fibrillation, leading to cellulose
micro/nanofibrils production. The electric current consumed during each passage was
measured and maintained at around 4 - 6 A. The micro/nanofibrils were obtained after 5
passes in the grinder.

Preparation of paper handsheets (fiber/CNF)

CNF were added directly to the cellulose pulp at 0, 2, 5, 8 and 10 wt% proportion before
forming the paper handsheets. The suspensions were not refined, to prevent further

fibrillation of cellulose micro/nanofibrils.
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From the homogenized suspension, 1000 mL aliquots were taken for Shopper-Rigler
grade (°SR) analysis, according to the standard T248 sp-15 (Tappi 2015). The paper
handsheets were made according to T205 sp-02 (Tappi 2006a) standard, in a Rapid-
Kdoethen forming station with an area of 0.0201 m2. The nominal weight of the handsheets
was approximately 60 g m. The paper handsheets were pressed and stored in a controlled
environment (temperature: 23 £ 1°C and RH: 50 + 2%) for at least 24 h before testing.
Scanning electron microscopy (SEM)

The CNF reinforced handsheets morphology was analyzed using a JEOL JSM-7900F
(FE-SEM) electron microscope, adjusted to operate at 2.0 kV and 10 pA. Prior to
imaging, the samples were assembled with adhesive coated carbon tabs in a Denton Desk
Il spray-coating device (Moorestown, NJ) for 60 s in a 100 mTorr vacuum. The images
were taken from both the surface and cross section of the paper handsheets. At the
microscope, Z axes was adjusted to 20 mm for better visualization of the surface,
producing a working distance between 21.0 and 21.4 mm. Each sample were also cut with
a sharp razor to present a clean view of the cross section.

Porosity of the paper handsheets

The porosity of the paper handsheets was estimated using scanning electron microscopy
images with the aid of the Fiji software (Schindelin et al. 2012). Magnifications of 100x
and 1000x were used for surface and cross-section, respectively. The images were
processed using the subtract background feature, transformed into 8-bits, and, then,
adjusted to the threshold mode. The images were also processed using the fill holes
command to fill the background elements, giving emphasis to the superficial pores.
Finally, the images were analyzed by analyze particles mode, delimiting a minimum size
for the quantification of the average pore size (um) and percentage of the image area

occupied by pores.
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Physical-mechanical tests of the paper handsheets
The physical and mechanical properties were determined in the cellulose paper
handsheets reinforced with micro/nanofibrils according to the standards described in

Table 1.

Table 1 Standards for physical-mechanical characterization of the paper handsheets

Physical-mechanical tests Standards

Grammage T410 om-08 (Tappi 2008)
Thickness T551 om-06 (Tappi 2006b)
Resistance to passage of air T536 om-07 (Tappi 2007)
Apparent Density and Bulk T220 sp-06 (Tappi 2006c¢)
Bursting strength T403 om-02 (Tappi 2002)
Tearing resistance T414 om-04 (Tappi 2004)

Tensile index, Modulus of elasticity (MOE) and Stretch T494 om-06 (Tappi 2006d)

Five handsheets with homogeneous visual characteristics based on fiber distribution and
the absence of defects (flaws, empty spaces, presence of impurities, etc.) were selected
for each treatment. The samples were stored in a controlled room with a temperature of
23 £ 1 ° C and a relative humidity of 50 £ 2% for 24 h, for further analysis. The air
humidity was controlled by an automated system coupled to a hygrometer. Firstly, non-
destructive tests were carried out, namely: apparent density, thickness and resistance to
passage of air.

Crystallinity of the paper handsheets

X-ray diffraction patterns (XRD) were obtained using the X-ray diffractometer (Philips
DY971) with CuKa radiation at 45 kV and 40 mA. Scattered radiation was detected in

the range of 20 = 10 — 40°, at a scan rate of 2° min.
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Crystallinity of the paper handsheets was assessed using area calculated from the
diffraction peaks. Crystalline and amorphous peaks were obtained by deconvolution
method using Magic Plot Pro 1.5 software (Figure 1) using peak information from

(French 2014).

Figure 1 Typical X-ray diffraction pattern and deconvolution of the different peaks for

cellulose fibers.

Experimental curve
........ Amorphous halo
---- Fit Sum

Normalized intensity (u.a.)

Crystalline fraction (CF) was calculated by Equation 1, where Ac is the sum of the areas

under crystalline curves and at is the total area bellow the XRD patterns.

CF (%) =25 .100 1)

At
Crystallite size (CS) was estimated by Scherrer’s equation (Equation 2), where CS, in

nanometers, is the perpendicular size of the crystallites in the [200] plane; K is the
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Scherrer constant that varies according to the symmetry of the crystal (K = 0.89); A is the
incident X-ray wavelength (1.5425 A); and B is the full width at half maximum of the
diffraction peak (FWHM), in radians, 6 is Bragg’s angle corresponding to the peak of

[200] plane.

K .A

¢S = B .cosO (2)

Water vapor permeability test
The water vapor permeability test was performed using the gravimetric method,
according to the ASTM E96-05 standard (ASTM 2016). The water vapor transmission
rate (WVPR) was calculated according to Equation 3.

WVTR = @ (3)
In which WVTR is expressed in g (24h.m2)%; g/t is the mass gain versus time slope and
A is the sample permeation area (m?).
RESULTS AND DISCUSSION
Morphological characteristics
Figure 2 shows the samples micrographs obtained by scanning electron microscopy
(SEM). Figure 2A shows cellulose micro/nanofibrils used as reinforcement of paper
handsheets, both at 10,000x magnification. Figure 2B shows control sample (0% CNF),
while Figure 2C is the treatment with the highest amount of CNF (10%), both at 100x
magnification. The micrographs show that CNF have reduced the voids in the paper, due
to their micrometric and nanometric size and consequently their larger contact surface,
increasing hydrogen bonds available to be made with the fibers during handsheet

formation.
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Figure 2 Typical scanning electron microscopy (SEM) micrographs obtained for cellulose

nanofibrils (A), paper handsheets surface without CNF addition (B) and with 10% CNF

(©).
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Cellulose nanofibrils used as reinforcement go through the fibrillation process in
equipment that have discs with grooves on the surfaces against which the pulp is exposed
to cyclical and sequential stresses. This mechanical process can cause irreversible
changes in cellulosic fibers and also increase their binding potentials (Nakagaito and
Yano, 2004). This is because of the internal and external fibrillation phenomenon of the
cellulose. Internal fibrillation occurs as a result of breaking hydrogen bonds due to
mechanical actions, while external fibrillation occurs at the fiber surface by abrasive
actions (Abdul Khalil et al. 2014).

The results presented in Table 2 show this reduction of porosity when adding CNF to the
paper handsheets. There was a decreased in pore size on the surface (61%) and in the
cross-section of the paper (23%), when adding 10% of nanofibrils.

Tanpichai et al. (2019) have noted that the higher the CNF content, the lower the porosity
of the paper. At 50% by weight of CNF, the porosity of the paper decreased to 57%, while
the paper without nanofibrils have shown porosity of 73.6%. Analyzing the SEM
micrographs, Tanpichai et al. (2019) also noted that increasing CNF content results in the
filling of paper cavities by nanofibrils and the disappearance of large pores. Also,
according to Boufi et al. (2016) the incorporation of CNF in paper generates a product
with a smoother finish and more printable.

Figure 3 shows the effect of incorporating different amounts of CNF (0%, 2%, 5%, 8%
and 10%) during paper formation. It is possible to observe that as CNF content increases,

the empty spaces (pores) decrease (Table 2).
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Figure 3 Typical SEM micrographs obtained for cellulose paper handsheets surface
without the addition of nanofibrils (A) and with 2%, 5%, 8% and 10% CNF (B, C, D and

E respectively). Write arrows indicate some pores.

10um
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Table 2 Average pore size (um) and percentage in area occupied by pores in paper
handsheets with different percentages of nanofibrils analyzed in surface and in cross

section micrographs

Nanofibrils

Treatment addition Section Average pore size (um) Pored area (%)
1 0% 108 24
2 2% 80 22
3 5% Superficial 68 18
4 8% 61 17
5 10% 42 12
6 0% 108 11
7 2% 215 15
8 5% Transversal 121 14
9 8% 105 9
10 10% 84 6

Similarly, Guan, An, and Liu (2019), when incorporating CNF in papermaking, observed
that the paper structure became more closed and also a significant decrease in porosity
due to intermolecular interactions between nanofibrils and fibers. The authors explain that
these thin and flexible CNF would be as fillers for the large pores in bamboo handsheets,
forming 3D structures with bamboo fibers.

Figure 4 shows the SEM micrographs of the paper handsheets cross section with different
CNF contents. As CNF are added in the formation of the paper handsheets, they become
more compact and with less empty spaces. Paper handsheet without CNF (Figure 4A) has
a more porous structure between the fibers and exhibits a greater thickness (indicated by
the arrow), while the paper with the addition of 10% micro/nanofibrils (Figure 4F) has a
narrower structure between the fibers and displays thinner samples (indicated by the
arrow). The reduction of porosity with CNF addition, correlates with the paper density

increase (Boufi et al. 2016). Thus, the porosity results (Table 2) corroborate with apparent
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density values and bulk (Figure 5), which are properties that depend on the grammage of

the paper handsheets and are inversely proportional.

Figure 4 Typical SEM micrographs obtained for cellulose paper handsheets cross section
without the addition of nanofibrils (A) and with the addition of 2%, 5%, 8% and 10% of
cellulose nanofibrils (B, C, D and E respectively). The write arrows indicate some pores

and black arrows indicate the thickness of the papers.

10pum
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Physical and mechanical properties of the paper handsheets
Figure 5 presents the effect of CNF being added to paper handsheets on the apparent

density, bulk, Schopper Riegler grade and resistance to passage of air.

Figure 5 Bulk (A), apparent density (B) and resistance to passage of air (C) of the
handsheets and the Schopper Riegler degree of the suspension (D) with the addition of

different amounts of nanofibrils.
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Nanofibrils addition

The apparent density and the bulk are inversely proportional properties and depend on
the handsheet grammage, both are depending on the thickness of the paper. There was an
increase in apparent density (Figure 5B) with the addition of CNF in handsheet making.
The average value of the apparent density of the paper handsheet showed a growth of
approximately 18% when adding 10% of micro/nanofibrils. Hassan et al. (2015) studied
the incorporation of 2.5% to 20.0% of micro/nanofibrils and the results showed that the

addition of these materials brought an increase of 12% to 19% in paper density. Tanpichai
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et al. (2019) also noted that the higher the nanofibril content, the greater the density. The
authors observed that with 50% by weight of micro/nanofibrils, the density of the paper
increased to 0.64 g cm while the paper without CNF showed a density of 0.39 g cm™.
The increase in apparent density occurred because number of connections between the
fibers increases with adding nanofibrils to the papers. As a result, the fibers and
nanofibrils form a compact network and the thickness of the papers are reduced (Figure
5). On the other hand, the apparent specific volume (Figure 5A) decreased in 18% with
the addition of nanofibrils while adding 10% CNF.

In short, the specific apparent volume and apparent density of paper handsheets linearly
varies according to the quantity of added nanofibrils. On the other hand, resistance to
passage of air of the handsheets and the Schopper Riegler degree of the suspension
exponentially increase with the addition of nanofibrils. The addition of 10% CNF to the
fiber suspension resulted in an increase of 68% in SR degree compared to the suspension
without the addition of micro/nanofibrils (Figure 5D). Nanofibrils are materials with a
high surface area that allows the occurrence of intermolecular interactions between them
and the fibers, which influences the drainage resistance properties as shown in several
studies (Taipale et al. 2010; Gonzéalez et al. 2012; Merayo et al. 2017; Balea et al. 2019).
Tarrés et al. (2020) describes that the addition of nanofibrils worsens the drainage rate,
but this effect can be neutralized by the addition of retention agents (e. g. cationic starch).
The reinforcing capacity of cellulose nanofibers depends on their ability to be dispersed
and retained in the structure of the paper (Tarrés et al. 2020).

Taipale et al. (2010) have elucidate that the paper's air permeability indicates not only the
porosity (empty bulk/total bulk) of the paper, but also the complexity of the network
structure. In the present study, the resistance to the passage of air (Figure 6) increased by

96% when 10% CNF was added to the paper. In the typical papermaking process, longer
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refining increases the density of the paper and, therefore, decreases air permeability.
Similarly, it occurs in handsheet with the addition of nanofibrils, which increases the
fraction of nanosized fibers, hindering the passage of air.

Figure 6 shows the variations of tensile (a), tearing (b), and bursting (c) indexes, and
stretch (d) and modulus of elasticity (e) of cellulose paper handsheets due the addition of
different CNF contents. In short, all of these properties vary linearly with the increase in
the proportion of CNF in the paper sheet. These findings showed that the addition of CNF
to the sheet considerably increases its properties. The tensile index increases from ~15
(without CNF) to ~30 Nm/g (with 5% CNF), for example. In other words, the addition of
only 5% of CNF is able to double this resistance property. In relation to the bursting
index, the property can be tripled (from ~0.5 without CNF to ~1.5 kPa.m?/g with the
addition of 5% of CNF). These results are in accordance to previous studies in similar
materials (Guan, An, and Liu 2019; Hassan et al. 2015; Merayo et al. 2017; Potulski et

al. 2014; Taipale et al. 2010; Tanpichai et al. 2019).
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Figure 6 Box-plot for tensile index (A), tearing index (B), bursting index (C), stretch (D)
and modulus of elasticity (E) in paper handsheets with the addition of different amounts

of nanofibrils.
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Nanofibrils addition

The explanation for this apparently systematic behavior is provided by Tanpichai et al.

(2019) who have explained that the connections between fibers and nanofibrils influences
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the distribution of stresses on paper. This way, the charge can be transferred more
efficiently between the fibers and nanofibrils with the high degree of bonding.
Moreover, Zambrano et al. (2020) also presents two convincing explanations for this
phenomenon. According to them, the CNF capacity in strengthening the paper is due to
the following characteristics: (i) the surface area is increased due to the nanoscale
dimensions, which allows the nanofibrils to act in the adhesion between the fibers. When
filling the spaces in the fiber network, the fibers get closer, increasing the fiber-fiber bond
and, therefore, the total bonded area; and (ii) the tendency of nanofibrils to form tangled
networks improves the mechanical properties of paper. According to Gonzélez et al.
(2012), the remarkable intrinsic strength of these nano-networks incorporated along fibers
provides high strength points, which improves the overall tensile strength.

Kasmani and Samariha (2019) have elucidate that most studies on the application of
nanofibrils in papermaking employ a cationic polymer as an aid to retention. This fact
occurs because the micro/nanofibrils and fibers have a similar anionic surface charge and
cannot effectively hold and distribute evenly during paper formation. Therefore, to
increase its efficiency in the manufacture of paper, the fibers must be cationic, modifying
the surface load or must be applied together with a cationic polymer as a retention aid
(Habibi 2014). However, when analyzing the data from the present study, there were
significant gains in the studied properties, while no change in surface charge of the
CNF/fibers or the use of any cationic polymer to assist the retention of micro/nanofibrils
and fibers.

The findings indicate that the higher the CNF content in the paper, the better are its
physical and mechanical performance, at least up to the limit of 10%. Within the outline
of the present project, a variation between 0 and 10% of CNF addition was defined to

understand the effects of CNF on paper performance. However, it is possible that even
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higher levels of CNF will result in papers with higher technological properties. Thus,
further studies with greater variation in terms of the percentage of CNF would be useful
to evaluate the possible effect of the CNF addition on the paper properties.
Crystallinity

The XRD patterns are observed in Figure 7. The crystalline nature of the cellulose chains
is depicted in these patterns, in which the diffraction peaks are directly related to the
crystallinity of the material (Segal and Conrad 1957). Crystallinity varies depending on

the cellulose source, treatments applied and the fiber degradation degree.

Figure 7 X-ray diffractograms of paper handsheets with different CNF contents.
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X-ray diffractograms (Figure 7) revealed a relatively orderly structure with a narrow peak
at approximately 22.5° corresponding to the plane [200] and two overlapped diffuse peaks

between 14.5 and 16.3°, corresponding to the planes [1-10] and [110] of cellulose. The
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diffractograms have also showed a characteristic peak of cellulose, at approximately
34.5°, due to the collection of small peaks, leaded by plan [004] (Nam et al. 2016).
According to Segal and Conrad (1957) the XRD pattern of cellulose I is characterized by
a well-defined main peak at 22.5° and two secondary peaks at 14.5° and 16.3°. As the
cellulose fiber is degraded by mechanical action, for example, the two secondary peaks
merge, creating a single smaller peak. In Figure 7, it is possible to observe that the two
secondary peaks (14.5° and 16.3°), have completely merged (15°) in all the studied
samples.

Cellulose fibers are degraded during the process to obtain CNF, which modifies their
crystallinity. For this reason, the crystallinity index (CI) and crystallite size (CS) tend to
decrease with the presence of CNF in the samples (Table 3). The presence of such small
amounts of CNF has not drastically affected the crystallinity of the samples. When
analyzing only CNF, the result is significantly lower, for both crystallinity and crystallite
size, due to the mechanical process breaking down crystalline structure. Larger crystals
in the pristine fibers were responsible for the major intensity in the patterns, which makes
the presence of damaged CNF crystals less pronounced. This way, XRD analysis shows
that the addition of CNF does not compromise the paper handsheet structure due to the

small amount added.
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Table 3 Crystallinity index (CI) and crystallite size (CS) of fibers, nanofibrils and samples

with the addition of different percentages of nanofibrils.

Treatment Crystallinity index (%) Crystallite size (nm)
Fibers 67.0 11.1
2% CNF 65.6 10.7
5% CNF 66.6 11.1
8% CNF 66.3 11.1
10% CNF 65.6 10.7
100% CNF 59.1 8.3

Water vapor barrier property

The barrier properties against air, water vapor, liquids and gas are expected for specialty
paper dedicated to packaging applications. Paper materials display both a good
mechanical strength and flexibility for the production of packaging but low barrier
properties (Bardet and Bras 2014). Thus, the CNF incorporation into papers was studied
to improve the water vapor barrier properties.

The water vapor permeability rate average and standard deviation are shown in Figure 8
for paper samples with different CNF percentages. The WVTR was the lowest at 2% CNF
addition. Then it was increased to a maximum at 5% CNF addition and then decreased
with increasing CNF addition. However, there was not differ statistically from each other.
Lavoine et al. (2012) have presented a review about barrier properties and CNF
applications in films, nanocomposites and paper coating. The authors explain that
nano/microfibrils offer promising perspectives for improving barrier properties and can
be used in the form of films with 100% cellulose nanofibrils, nanofibrils introduced in
nanocomposites (bulk addition) and as a coating agent.

However, as it can be seen from Figure 8, the water vapor transmission rate did not vary

statistically among treatments. The addition of micro/nanofibrils did not affect this
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property of the paper, probably because the amount of CNF used in this study was not

sufficient to alter the rate of permeability to water vapor.

Figure 8 Water vapor transmission rate (WVTR) of paper samples reinforced with
nanofibrils. Averages followed by the same letter do not differ statistically from each

other according to the Tukey test at 5% probability.
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Nanofibrils addition

Due to hydrophilic nature of cellulose, CNF still remain sensitive to water. Thus, several
researchers try to combine polymers with layers of micro/nanofibrils to overcome this
disadvantage, that this new method can be a competitor of nhanocomposites. Either way,
CNF nanocomposites are more attractive because of their mechanical properties than their
barrier properties. Thus, a CNF coating presents an important field of interest to improve
the barrier properties of materials, which is why researchers are increasingly turning their
attention to studies on the CNF coating (Lavoine et al. 2012).

CONCLUSIONS

The application of cellulose nanofibrils (CNF) or microfibrils, derived from bleached

commercial eucalyptus pulps for the production of cellulose handsheets showed positive
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effects on the studied properties, despite the fact that no type of cationic polymer was

used to assist the retention of micro/nanofibrils and fibers. With higher concentrations of

CNF, it increased paper density, resistance to the passage of air and the mechanical

properties of the paper. The tensile index of papers with 10% of CNF was more than

doubled, increasing from 15.3+0.9 N.m9?! to 38.8+1.4 N.m%*. The porosity was also
affected by the content of cellulose nanofibrils in the paper, and there was the decrease
of 61% in the size of the pores when adding 10% of nanofibrils. With the addition of

CNF, crystalline structure of the paper handsheet was unaltered, proving that the structure

is intact while other properties are enhanced. These changes are due to the small diameters

(nanometer scale) and the high surface of the cellulose nanofibrils. In general, it was

concluded that CNFs are alternatives with great potential for reinforcement in paper

handsheets.
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ARTICLE INFO ABSTRACT

The content of water in fiber suspension and affects pulp refining, bleaching and draining operations. Cellulose
pulp dryness estimate through near infrared (NIR) spectroscopy coupled with multivariate regressions or artificial
neural network (ANN) techniques are not well explored yet. In this study models were developed to estimate
cellulose pulp dryness in pads based on the NIR spectra. Thus, the cellulose pulp pads (4 mm thick) were weighed
and their NIR spectra were obtained in several stages during desorption from 13.1 to 98.3% of content of solids.
Partial least square regression (PLS-R) was developed from whole NIR spectra (1300 Absorbance values) and six
spectral variables (from 1300) were selected for developing the PLS-R (6) and the ANN model. Both trained neural
network and regression can predict pulp dryness of unknown cellulose pulp pads from their NIR data with an error
of 2.5%. PLS-R models based on whole NIR spectra showed accurate predictions (the R? of lab-determined and
estimated values plot was 0.99) while the ANN showed the same predictive performance from only six NIR
variables. Predictive models developed from full NIR spectra and those based on only 6 variables were compared.
Our findings indicate that NIR spectroscopy coupled with multivariate analysis and Artificial neural networks are a

Keywords:
Cellulose fibers
Content of solids
NIR

ANN

promising tool for monitoring the weight variation due to dewatering of the cellulose pulps in real time.

1. Introduction

Pulp dryness needs to be monitored, as it is a key characteristic for
industrial processing. Many studies have highlighted the importance of
pulp consistency for industrial processes, including refining
(Gharehkhani et al., 2015), bleaching (He, Liu, & Tian, 2018) and
chemical modifications (Willberg-Keyrildinen et al. 2019). Disposing of
accurate approaches for estimating pulp consistency in real time would
be useful for a pulp industry that controls pulp consistency by dewa-
tering or injecting water.

NIR spectroscopy has been widely and successfully applied in the
pulp and paper industry to monitor the moisture content or basic weight
under on-line conditions (Tsuchikawa & Schwanninger, 2013). Most
studies on pulp and paper have investigated the potential of NIR spec-
troscopy for evaluating kappa number (Alves et al., 2007; Downes et al.,
2010; Fardim, Ferreira, & Duran, 2002; Monrroy et al., 2008; Ramadevi,
Meder, & Varghese, 2010), pulp yield (Downes et al., 2010; Downes,

* Corresponding author.

Meder, Hicks, & Ebdon, 2009; Kipuputwa, Grzeskowiak, & Louw, 2010;
Schimleck, Kube, Raymond, Michell, & French, 2006), bleaching per-
formance (Pu, Ragauskas, Lucia, Naithani, & Jameel, 2008; White et al.,
2009) and mechanical and optical properties (Antti, Sjostrom, &
Wallbéacks, 1996; Fardim, Ferreira, & Durdn, 2005; Santos, Anjos, &
Pereira, 2015). While several studies have indicated that NIR spectro-
scopy is adequate for estimating wood moisture (Defo, Bond, & Taylor,
2007; Mora, Schimleck, Clark, & Daniels, 2011; Tham, Inagaki, &
Tsuchikawa, 2019; Thygesen & Lundqvist, 2000), no study was found
about pulp moisture or dryness based on its NIR spectra.

Most studies have analyzed many properties of pulp and paper based
on their NIR signatures by classical multivariate data statistics such as
Principal Component Analysis (PCA) and Partial Least Square (PLS)
Regressions, as can be seen in the main reviews of NIR applications in
forest sector (Hein, Pakkanen, & Dos Santos, 2017; Tsuchikawa & Kobori,
2015; Tsuchikawa & Schwanninger, 2013; Tsuchikawa, 2007). However,
alternative methods can be successfully applied to NIR data for
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evaluating biomaterials, such as cellulose pulp. According to Gianola,
Okut, Weigel, and Rosa (2011)) the use of machine learning techniques
could improve the quality of the predictions due to their ability to model
complex relationships among variables, such as nonlinearities and in-
teractions. Artificial neural networks (ANN) are powerful tools in data
mining and machine learning for function approximation and pattern
recognition (Nasir, Nourian, Avramidis, & Cool, 2019). According to
Balabin and Lomakina (2011) an ANN can approximate any linear or
non-linear dependence between the input and output data with an ap-
propriate choice of its architecture (structure) and free parameters
(weights). On the other hand, the main disadvantage of the ANN ap-
proach is its computational complexity and stochastic nature (results of
ANN training depend on initial parameters).

In regard to the evaluations of wood and wood-based products by
their NIR signature, few studies have investigated the material properties
by artificial neural networks and NIR spectroscopy. Yang, He, and Song
(2008)) used support vector machine for on-line measurement of pulp
kappa number based on NIR spectroscopic data. Ding, Xiang, Huang, and
Zhang (2009)) have evaluated holocellulose and lignin content and mi-
crofibril angle of Chinese fir wood using a back-propagation artificial
neural network combined with NIR spectroscopy. They reported that the
method was fast and nondestructive satisfying the requirements of
quantitative analysis. Li and Li (2012) have established ANN based on
PCA of NIR spectra for predicting water content in wood specimens of
37-year-old Larch trees. Their approach provides promising estimates of
timber moisture. To our knowledge, no study has been reported asso-
ciating NIR spectra and PLS-R nor ANN for estimating pulp dryness.

Therefore, the objectives of this study were to develop Partial Least
Square Regressions (PLS-R) and artificial neural networks (ANN) for
estimating dryness on cellulose pulp pads based on their NIR spectra
and (2) to compare ANN and PLS-based predictions. Our hypothesis is
that ANN is able to present the same predictive performance as the PLS-
R approach, but based in much less input variables. First, a PLS-R model
based on entire NIR spectra (1300 absorbance values) was developed
and then six variables (from 1300) were selected and used for devel-
oping a PLS-R and ANN.

2. Material and methods
Fig. 1 illustrates the methodology of this experiment.
2.1. Cellulose pulp and preparation of pad specimens

Cellulose pulp pads presenting 70 mm in diameter and 10 mm in
thickness were produced with Pinus sp Kraft commercial pulp. The
pulps are composed mainly of cellulose (83.3 + 1.0), hemicelluloses
(15.5 = 0.1) and residual soluble lignin (0.2 = 0.1). Hemicelluloses
are composed of glycoses (85.0 = 0.1), xylose (8.3 = 0.1), mannose
(5.1 + 0.3) and arabinose (0.4 *+ 0.1).

Twenty-four pulp pads were prepared with the unbleached pulp of
Pinus sp.. Thus, 100 g of fiber (tracheids) were added to 2000 mL of
distilled water and subjected to mechanical dispersion on the high
torque digital mechanical agitator (Nova Técnica, model: 134, Brazil)
with naval propeller type during 30 min at 500 rpm. Aliquots of 50 mL
were transferred to the Biichner funnel (volume of 100 mL and diameter
of 70 mm) for vacuum dewatering (around 80 kPa gauge) to evacuate
water until form pulp pads using vacuum pump with oil piston (Solab,
model: SL-60, Brazil).

A membrane (porosity =0.2 um) was placed on the flat base of the
Biichner funnel to retain the cellulose fibers, as described in Santos
et al. (2015).

2.2. Monitoring of water desorption

The water desorption was monitored in the cellulose pads by
gravimetric method. The wet and freshly produced pads were
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submitted to oven drying (mod. 420-TD, Ethik Technology, Brazil) with
air circulation at 60 + 2 °C until reach constant mass. NIR spectra and
mass of the pulp pads were recorded in 16 steps during drying from the
initial to the dried condition. The dryness of the samples was calculated
by the dry mass ratio and the current mass at each stage. A total of 384
(24 pads x 16 steps) pairs of information (dryness values and NIR
spectra) were used to develop predictive models.

2.3. Acquisition of NIR spectra

Spectra were recorded in diffuse reflectance mode using a Fourier
transform NIR spectrometer (MPA, BrukerOptik GmbH, Ettlingen,
Germany) together with the OPUS program version 7.0. Spectra were
recorded in the range of 12500 to 3600 cm™' with a resolution of
3.87cm ™! using the integrating sphere mode. However, only wave-
lengths from 9000 to 4000 cm ™! were used for calibrations/validations
of the predictive models. A sintered gold standard was used as reference
before NIR recordings using integrating sphere. NIR spectra were re-
corded from a circular area of 10 mm in diameter.

The spectra were recorded on the transverse surfaces of pulp pads.
Sixteen (16) scans were performed on each pulp pad and then means
were calculated and compared to the standard in order to obtain the
absorption spectrum of the pulp pad in each drying step, as described in
Costa, Trugilho, and Hein (2018)). The spectra were recorded in an
acclimatized room at a temperature around 20 °C and relative humidity
(RH) around 65%.

2.4. Partial least squares regression

Partial least squares regression (PLS-R) were adjusted based on NIR
spectra (matrix X, independent variables) and pulp dryness values as
dependent variable (Matrix Y) using the software Chemoface v. 1.61
(Nunes, Freitas, Pinheiro, & Bastos, 2012). Two approaches were used
for developing PLS-R models:

1) PLS-R model (1300) was developed based on the entire NIR range
(from 9000-4,000 cm ™ 1) using as independent variables the 1300 ab-
sorbance values;

2) PLS-R models (6) was developed using as independent variables
the absorbance values at six absorbance values at wavenumbers: 8331,
7073, 6900, 6020, 5639 and 5149 cm ™.

The number of latent variables of the PLS-R model (1300) was six,
which is consistent with the number of variables of PLS-R (6) model and
ANN model (based on the same NIR absorbance values).

These six wavenumbers were chosen because of their sensitivity to
moisture variations in many biomaterials (Workman & Weyer, 2007).
According to Workman and Weyer (2007) the strong at 5150 cm ™!
(F5149) peak is a combination of the asymmetric stretch and bending of
the water molecule. In liquid water, there are also weak, broad com-
bination bands near 5620 cm ™! (E5639) and 8310 cm ™. The water
peaks with maximum values near 8330 cm ' (A8331) and 6900 cm ™!
(C6900) at room temperature shift towards higher wavenumber (lower
wavelength) with increasing temperature (Workman & Weyer, 2007).

2.5. Artificial neural network

ANN is an information processing system that tries to replicate the
behavior of a human brain by emulating the operations and con-
nectivity of biological neurons (Fausett & Laurene, 1994). An ANN
model comprises an input layer, an output layer and one or more
hidden (or intermediate) layers that allow the network to uncover
complex and nonlinear relationships between inputs and outputs
(Haykin, 1999). According to Bardak, Tiryaki, Bardak, and Aydin
(2016)) the input layer receives the incoming data for the ANN and
delivers the data to the hidden layer, which transmits the information
coming from the input layer to the output layer. Finally, the output
layer processes the information coming from the hidden layer and thus
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Fig. 1. Strategy of pulp pads production, weight and NIR data recordings for matrix building and PLS-R and ANN modeling for estimating pulp dryness (PD) values

from NIR information.

produces the output data (pulp dryness values in this study).

ANN of feedforward multilayer perceptron (MLP) type was devel-
oped using the same six input variables (as mentioned above). The ANN
developed in the present study was performed using SPSS statistical
software (v. 20). According to Tiryaki and Hamzacebi (2014) the
number of neurons in each layer is important in terms of the perfor-
mance of the network. Here, the optimal network architectures were
established by trying different combinations of number of hidden layers
(1 or 2) and neurons (1-5). After many attempts, the number of hidden
layers was 2 with 4 and 3 neurons each. The number of output layer
neurons was one and the output data of the model represent the pre-
dicted values (pulp dryness). The maximum number of epochs was 100.
The diagram of the designed ANN is shown in Fig. 2.

Legend: A8331 - model input (covariate 1) referring to wavenumber
8831 cm ™ '; B7073 - model input (covariate 2) referring to wavenumber
7073 cm ™ Y; C6900 - model input (covariate 3) referring to wavenumber
6900 cm ™~ '; D6020 - model input (covariate 4) referring to wave-
number 6020 cm™!; E5639 - model input (covariate 5) referring to
wavenumber 5639 cm ~'; F5149 - model input (covariate 5) referring to
wavenumber 5149 ¢cm ~ 1 H (1:1) - 1st neuron of the 1st b 4 den Jayer; H (1:2) -
2nd neuron of the 1st hidden layer; H (1:3) - 3rd neuron of the 1st
hidden layer; H (1:4) - 4th neuron of the 1st hidden layer; H (2:1) - 1st
neuron of the 2nd hidden layer; H (2:2) - 2nd neuron of the 2nd hidden
layer; H (2:3) - 3rd neuron of the 2nd hidden layer.

Every neuron in hidden layer and output layer represents an acti-
vation function. In this study, a hyperbolic tangent sigmoid function
was used as the activation function in the hidden layers while the
output layer activation function was identity type. Cui, Wang, Zhao,
Qiao, and Teng (2019)) presented the formulas for calculating the
output of each neuron in hidden layer and the output of the model.
General information on the artificial neural network for estimating pulp
dryness based on NIR reflectance wavenumbers are listed in Table 1.

2.6. Covariate sets for ANN

The model inputs (covariables) were NIR absorbance values at se-
lected wavenumbers recorded from pulp pads at different drying stages
(or consistencies) and the output of the model was pulp dryness values

determined by gravimetric measurements. For ANN, six explanatory
variables (A8331, B7073, C6900, D6020, E5639 and F5149, hereafter
called covariates) were considered for training the ANN to predict pulp
dryness (Table 1). The numbers of each covariate indicate the selected
wavenumber from NIR signatures. As the activation function does not
generally map into the real numbers, the data set was standardized to a
mean of 0 and a variance of 1.

2.7. Defining calibration and validation sets

PLS-R and ANN models were validated by full cross validation
(leave one out) and test set validation. To guarantee homogeneity be-
tween calibration/cross-validation and validation sets, the selection of
the samples of each subset was made manually. The sample set (384
observations) was ranked in ascending order in terms of pulp dryness
(varying from 13.1% to 98.3%) and the data set was split into two
uniformly distributed subsets. This procedure allowed higher control of
the variability within each subset: the calibration set was composed of
256 NIR spectra taken from pulp pads at different drying steps while
test set had 128 pairs of NIR spectra and pulp dryness information.

In this study, only calibrations and validations based on untreated
NIR spectra were presented and discussed. Models were also developed
based on NIR spectra treated by first derivative (1D) and second deri-
vative (2D), normalization, multiplicative scatter correction (MSC),
normal standard variate (SNV) and combinations of these treatments.
However, none of these treatments reduced the prediction errors.

2.8. Comparing models performance

The selection of PLS-R and ANN models was based on the following
statistics: coefficient of determination of cross validation (R%cv) and test
set validation (R?p); root mean standard of cross-validation error
(RMSECV) and test set error (RMSEP), and ratio performance to de-
viation (RPD).

The precision of the PLS-R and ANN models was evaluated by the
coefficient of determination (R?) between the predicted and observed
values and the accuracy of models was calculated based on the root of
mean square error in cross-validations (RMSECV) or test set validation
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Fig. 2. Network Diagram for estimating pulp dryness values from NIR spectra.

Table 1
Artificial neuand classifying pulp dryness based on NIR reflectance wave-
numbers.

Layer Variable Information
Input Covariate 1 (wavenumber 8831 Cm_l) A8331
Covariate 2 (wavenumber 7073 cm ™) B7073
Covariate 3 (wavenumber 6900 cm ™) C6900
Covariate 4 (wavenumber 6020 cm_l) D6020
Covariate 5 (wavenumber 5639 cm ™ 1) E5639
Covariate 6 (wavenumber 5149 cm ™ 1) F5149
Number of Units 6
Rescaling Method for Covariates Standardized
Hidden Number of Hidden Layers 2
Number of Units in Hidden Layer 1 * 4
Number of Units in Hidden Layer 2" 3

Activation Function Hyperbolic tangent
Dependent Variables Pulp dryness values
Number of Units 1

Rescaling Method for Scale Dependents Standardized
Activation Function Identity

Error Function Sum of Squares

Output

(RMSEP), according to the formula given in Ferreira et al. (2018). The
RMSE equation consists of the square root of mean square error pre-
diction (RMSEP), where RMSEP is the sum of the squared difference
between observed values and model-predicted values divided by the

number of data points (Ddrea, Rosa, Weld, & Armentano, 2018). The
ratio of performance to deviation (RPD) is a way to identify the accu-
racy of the calibration and is the ratio between the standard deviation
of the reference values and RMSE (Costa, Rocha et al., 2018).

3. Results and discussion
3.1. NIR spectra

Fig. 3 presents the averaged raw NIR spectra measured on cellulose
pads with averaged dryness values. The content of solids ranged from
13.1% to 98.3% and were grouped as follows according to mean con-
sistency values: 10%, 30%, 50%, 70% and 90%. Several mathematical
treatments (normalization, first derivative, second derivative, multi-
plicative scatter correction, standard normal variate) were applied to
the spectra (not shown), but only slightly improved the quality of the
cellulose pads spectra investigated in this study.

According to Schwanninger, Rodrigues, and Fackler (2011)), water
is represented by several bands and plays an important role in the NIR
spectrum of cellulosic materials, such as wood and pulp pads. C—H,
C—C, C—0 and O—H bonds in the cellulose structure were responsible
for the absorption bands in the NIR spectra, due to the overtones and
combinations of stretching and bending modes of these bonds. How-
ever, water bands are also observed in NIR spectra of cellulose pulp
pads (Fig. 3).



L.R. Costa, et al.

1.8
Averaged consistency values:

16 10% —30% —50% —70% —90%

'
'
'
'
'
'
'
1
'
'
'
'
'
i
1
'
'
'
'
'
'
'
'
'
v
T
'
'
P

14

12

1

0.6

NIR absorbance

0.4

0.2

0 i
95000 8500 8000 7500 7000

Carbohydrate Polymers 224 (2019) 115186

6500 6000 5500 5000 4500 4000
Wavenumber (cm-?)

Fig. 3. Typical NIR spectra of cellulose pulp pads with different content of solids values (10%, 30%, 50%, 70% and 90%) and the six selected bands (8331 cm ™",
7073 cm ™%, 6900 cm ™, 6020 cm ™!, 5639 cm ! and 5149 cm ™) of the spectra used for the analysis (PLS-R and ANN).

Bands between 7000 and 6800 cm ™! (1420 to 1470 nm) can be at-
tributed to variations in the amount of water, cellulose, hemicelluloses and
even lignin (Schwanninger et al., 2011). The bands between 5600 cm ™!
and 5400 cm ! (1760 to 1820 nm) are assigned to O—H water bonds and
to O—H/C—H bonds, typical of water and cellulosic materials, respec-
tively. The band at 5150 cm ™! (1940 nm) is related to O—H stretching
and HOH bending combination. The band between 4800 and 4600 cm ~!
(" 2100 nm) is stronger in the samples with lower moisture and is related
to O—H deformation bonds in alcohols or water. The band at 4405 cm ™!
("2270nm) is attributed to the combination of O—H and C-O bond
stretching typical of cellulose (Workman & Weyer, 2007).

Previous studies have shown that the NIR radiation absorbance in-
tensity the in cellulosic materials varies as a function of their moisture
content. Fardim et al. (2002) applied NIR spectroscopy in unbleached
Kraft pulps of Eucalyptus fibers and reported characteristic bands of OH
of water (1930 nm or 5181 cm™!), OH of alcohol (2100 nm or 4761
cm™') and OH of phenol (1490 nm or 6711 cm™') and other over-
lapping peaks at different intensities, but the complex nature of the
pulp chemical composition addresses difficult spectral interpretation if
a conventional approach is used. dos Santos, Silva, Fragoso, Pasquini,
and Pimentel (2010)) have evaluated cellulose papers by NIR and as-
signed the bands in the 1200 — 1700 nm (8333 - 5882 cm™Y) region to
the first and second overtones of the C-H stretch vibrations, the bands
between 1400 and 1600 nm (7142 and 6250 cm™ 1Y) to the first har-
monics of the O—H stretching modes of cellulose and intramolecular
hydrogen bonds, as well as of the adsorbed water. According to them,
bands around 1900 nm (5263 cm ') are due to combinations of O—H
deformation and stretching of adsorbed water vibrations.

3.2. PLS-R x ANN for estimating pulp dryness from NIR spectra

In this study, PLS-R and ANN models were separately developed
based on NIR spectroscopic data for estimating pulp content of solids
values ranging from 13.1% to 98.3%. Table 2 lists the statistics asso-
ciated with the cross-validation and test set validation models em-
ployed to estimate the pulp dryness from the NIR spectra of cellulose
pads from PLS-R and ANN models.

All NIR-based models for pulp dryness yielded determination coef-
ficients for cross-validation (R%cv) and test set validation (R*p) higher
than 0.97 and a root mean square error varying from 2 to 4%. Pre-
processing was applied to the NIR spectroscopic data before carrying
out the models in an attempt to improve the statistics associated to the
pulp dryness models; however, there was no effect of mathematical
treatments on the models performance (not shown).

Table 2
Statistics of the cross- and test set validations of the partial least square re-
gressions (PLS-R) models for estimating pulp dryness based on NIR spectra.

Model Analysis Number of Cross-validation Test set validation
method independent
variables R%cv RMSECV  R?%p RMSEP
1 PLS-R 1300 0.993  2.204 0.990 2.515
2 PLS-R 6 0.989 2.836 0.976 3.986
3 ANN 6 0.994 2.142 0.990 2.546

PLS - partial least square regressions; ANN - artificial neural network; RZ%cv -
coefficient of determination for cross validation; RMSECV - mean square error
for cross validation; R%cv - coefficient of determination for test set validation;
RMSECV - mean square error for test set validation.

3.3. Performance of partial least square regressions (PLS-R)

The test set validation statistics (Fig. 4B, D and F) were similar to
those of the full cross-validation (Figs. 4A, C and E) PLS regressions.
Fig. 4 displays a strong association between the pulp dryness values
determined in laboratory and those predicted by the PLS-R models
based on NIR spectroscopic data.

Models 1 and 3 (Table 2) can satisfactorily predict pulp dryness in pulp
pads. The PLS-R based on the entire NIR signature (PLS 1300) provided
better estimates with an RMSEP of 2.52% (Fig. 4B) while the error of the
PLS-R based on six variables (model 2) was 4% (Fig. 4D). It is important to
notice that the number of latent variables of the PLS-R 1300 model was 6
(six) for allowing fair comparisons. Both models indicated the potential of
this approach for estimating the pulp dryness in unknown samples.

Tham et al. (2019) developed novel predictive models by combining
capacitance data and the NIR absorbance data at two informative wave-
lengths for the prediction of water content in woods. The authors chose the
calibration method and wavelength selection with the aims of improving
accuracy and removing uninformative wavelengths. This new calibration
improved the accuracy from green wood until fiber saturation point (30%).

To the best of our knowledge, there is no PLS-R model for estimating
pulp dryness from NIR spectra reported in the literature. Thus, this
study was conducted with the aim of becoming a reference for the
development of NIR industrial applications in the characterization of
cellulose pulp materials.

3.4. Artificial neural network (ANN) performance

In this study, an ANN was developed for estimating pulp dryness in
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Fig. 4. Pulp dryness values determined in laboratory by gravimetry and estimated based on NIR for the three models generated (PLS1300, PLS6 and ANNG6) by cross-

validation and test set validation.

cellulose pulp pads based on six covariates selected from NIR spectra
(Table 1). The ANN diagram for estimating pulp dryness values from
covariates taken from NIR spectra are presented in Fig. 2. High synaptic
weights are indicated by thick lines, while low synaptic weights are
represented by thin lines. The synaptic weights above zero are shown in
gray while synaptic weights below zero are shown in black (Fig. 2).
Fig. 4E and F depict the plot of pulp dryness values determined in
laboratory by gravimetry and those estimated by the developed ANN
model (Table 3 and Fig. 2). This ANN model is able to predict pulp
dryness values with high precision: the coefficient of determination is
higher than 99% and the root mean standard error was of 2.55% in pulp
pad samples of the test set validation. The statistics associated to ANN
(model 3) are similar to those of the PLS-R (model 1), which was based

on 1300 variables. However, when comparing the statistics of the ANN
and PLS-R developed from the same data (models 2 and 3, Table 2 and
Figs. 4C and E or D and F), the ANN approach yielded much better
predictions: the error of PLS-R (model 2) estimates was 56% higher
than that from ANN model. This means that ANN, based only on six NIR
variables, present the same performance as the PLS-R models developed
from the entire range.

The ANN for estimating pulp dryness was obtained by using 6 input
neurons and 2 hidden layers (with 4 and 3 neurons, respectively) as
shown in Fig. 2. According to Chai, Chen, Cai, and Zhao (2018)) when
compared to a single hidden layer, a multiple hidden layer has a
stronger generalization ability and higher prediction accuracy, but the
training time is longer. The selection of hidden layers should be
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Table 3
Training parameters of artificial neural network (ANN) used for estimating pulp dryness based on NIR spectroscopic data.
Predictor Predicted
Hidden Layer 1 Hidden Layer 2 Output Layer
H(1:1) H(1:2) H(1:3) H(1:4) H(2:1) H(2:2) H(2:3) Dryness

Input Layer Bias —0.091 1.22 0.018 —0.240
A8331 —0.042 —0.769 —0.224 —0.043
B7752 0.389 0.150 0.338 —0.103
C6900 —0.100 0.434 0.132 —0.476
D6020 —0.301 —-0.323 0.284 0.099
E5639 0.245 0.237 0.009 —0.351
F5149 0.44 1.042 0.046 0.091

Hidden Layer 1 Bias —0.417 0.461 0.510
H(1:1) 0.568 0.204 0.472
H(1:2) 0.396 1.601 0.257
H(1:3) 0.300 0.384 —0.329
H(1:4) —0.456 —-0.019 —0.446

Hidden Layer 2 Bias 0.919
H(2:1) —0.697
H(2:2) —1.496
H(2:3) 0.198

considered comprehensively based on the network accuracy and
training time. The ANN model parameters of for estimating pulp dry-
ness based on NIR spectroscopic data are presented in Table 3.

ANN has been employed as a modeling tool for solving various
problems in many applications, including those in the forestry sector
(Blanco, Sotto, & Castellanos, 2012; Miguel et al., 2018; Chai et al.,
2018; Nasir et al., 2019; Cui et al., 2019). Studies involving ANN and
wood specimens have shown promising results. For instance, Miguel
et al. (2018) applied ANN for estimating mechanical properties of Eu-
calyptus wood. They reported correlation between observed and esti-
mated hardness, modulus of elasticity and modulus of rupture values of
0.95, 0.96 and 0.97 (R?) with the root-mean-square error in percentage
(RMSE%) of 7.52%; 3.43% and 2.56%, respectively. Nasir et al. (2019)
developed models based on ANN and support vector machine for
classifying Tsuga heterophylla wood specimens thermally modified
based on different wood physical and mechanical features. According to
their results, taking in to account the high number of parameters in a
multilayer perceptron neural network it seems difficult to optimize
small training-data set. Chai et al. (2018) developed a back propagation
neural network algorithm for predicting the change in moisture content
of Pinus sylvestris wood specimens during the drying process. They re-
ported that the error between the predicted and the experimental va-
lues was about 2% and that the model could well simulate the change
trend of wood moisture content during the drying process. Cui et al.
(2019) applied laser-induced breakdown spectroscopy (LIBS) combined
with ANN for classifying four species of wood samples. They compared
the correct classification rate obtained by ANN and partial least-squares
discriminant analysis (PLS-DA) and found that CCRs of ANN was 100%
while the PLS-DA correctly classified 82.5% of the wood samples.

In regard to studies involving ANN and NIR data on wood specimens
few ones have been done. Li and Li (2012) associated neural network
and principal component analysis of NIR spectra for modeling water
content of larch wood. They reported prediction correlation coefficient
(R) of 0.95 while the mean square error of prediction (MSEP) was 38%.
The water content of their data set varied from 9% to 85%.

Several studies reporting the use of NIR (Hein et al.,, 2017;
Tsuchikawa & Kobori, 2015; Tsuchikawa & Schwanninger, 2013;
Tsuchikawa, 2007), ANN (Blanco et al., 2012; Miguel et al., 2018;
Chai et al., 2018; Nasir et al., 2019; Cui et al., 2019) and the asso-
ciation of the NIR spectra and ANN (Ding et al., 2009; Li & Li, 2012;
Yang et al., 2008) to evaluate lignocellulosic material were found in
literature. However, to our knowledge, there is no study reporting
association between ANN and NIR spectra for estimating cellulose
pulp properties.

3.5. Application of NIR-based models in pulp industry

All of the wood polymers, including pulp, are hygroscopic and thus
readily absorb moisture from the surrounding air in relation to its re-
lative humidity. The extent of moisture sorbed is directly associated
with the number of free hydrophilic sites, i.e. the hydroxyl and the
carboxylic COOH-acid groups (Salmén, 2009). Variation in cellulose
and paper moisture can be a problem at various industry stages. The
models for predicting pulp dryness developed in the present study could
be applied to: refining/beating stages, quantification of reagent mass
required for delignification and bleaching, xylan extraction, soluble
pulp production, blending with other polymers and drying stages of the
pulp and paper preparation and commercialization.

However, our models present technical limitations for industrial
application: the range of dryness used in this study is much wider ("10
to 90%) than the variation that normally occurs in commercial pulps, in
which consistency varies from 5% to 15%. Moreover, the roughness of
the pulp pads evaluated in this study is different from the roughness of
industrial pulp sheets. Our pulp pads were experimentally produced in
laboratory, providing specimens with uneven surface, while the com-
mercial pulps are produced under constant pressure on a forming screen
which leaves tread marks on the product surface. Nonetheless, the
present predictive models can be successfully used in laboratory scale,
taking into account the need to know the level of the cellulose material
dryness quickly and reliably

According to Tsuchikawa and Schwanninger (2013) a goal for the
pulp and paper industry is to develop a fast and reliable characteriza-
tion method for raw materials such as wood and pulp. Several studies
have shown that NIR spectroscopy has been widely and successfully
applied to estimate many pulp traits. In this context, the findings of this
study show that only 6 (six) NIR variables are enough to generate re-
liable ANN or PLS-R models for predicting pulp dryness in pulp in-
dustries. In the future, simpler and cheaper equipment could be used to
record only certain wavelengths in the NIR, making spectral acquisition
even faster.

3.6. Further studies on low consistency pulps

This study showed promising results for estimating dryness from
NIR data using both PLS-R and ANN models. However, the pulps ana-
lyzed in this study had medium to high dryness values (13.1% to 98.3%
content of solids) and further studies should be conducted with pulps at
lower consistencies. Considering that below 10% dryness there is a lot
of water in the mixture, it will be necessary to collect spectra in
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transmission mode, and not in diffuse reflection, as was the case in this
experiment. The challenge of new studies is that the fibrous fraction of
low consistency pulp tends to deposit in the container and the NIR
radiation cannot capture the spectra of the material, since the fibers
move during the analysis in the spectrometer cuvette.

The applications of this approach in different types of pulp such as
hardwood fiber, pulp reinforced with nanofibers and bleached/
unbleached pulp from different raw materials would be useful for inline
monitoring in pulp and paper mills.

4. Conclusions

Artificial neural network models satisfactorily predict dryness va-
lues in cellulose pulp pad specimens from only six NIR variables and
partial least square regressions (PLS-R) models also showed good pre-
dictions. The PLS-R model based on 1300 spectroscopic variables esti-
mates pulp dryness values better than PLS-R model based on 6 (six) NIR
variables. PLS-R model (1300) presented R? of 0.99 and RMSEP of
2.52% and PLS-R model (6) presented R? of 0.98 and RMSEP of 3.99%
while the ANN model was based on the same 6 (six) NIR variables and
yielded predictions with high R? (0.99) and lower RMSEP (2.54%). NIR
spectroscopy coupled to multivariate analysis and artificial neural
networks are promising tools for monitoring the pulp dryness variation
in real time.
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Introduction

Cellulose nanofibrils (CNF) or cellulose microfibrils (CMF) are known to present unique properties
such as high strength and stiffness and to enable numerous applications such as reinforcement
material in composites and paper (Osong, Norgren, and Engstrand 2016). In addition to having the
potential to improve mechanical strength in papers, CNFs in the form of films or applied as a coating
are able to improve barrier properties (to air, oxygen and oil) of papers (Lavoine et al. 2012; Matos
et al. 2019).

Zambrano et al. (2020) suggests that nanofibrils can also be applied in paper production to reduce
fiber content and, at the same time, provide the strength performance that the market requires, being
able to reduce up to 20% of fibers without adverse effects on the paper.

The formation of hydrogen bonds between the fibers is necessary during the papermaking process.
However, the fibers shape makes it difficult to form such bonds on lightly fibrillated paper. Therefore,
CNF can be added to the paper composition to fill the gaps between fibers and improve the contact
between them (Boufi et al. 2016).

Several studies have shown that nanofibrils can be used in paper manufacturing as additives to
improve its mechanical strength (Mashkour, Afra, and Resalati 2019; Potulski et al. 2014; Taipale et al.
2010) and in food packaging to improve barrier properties to oil and oxygen (Hubbe and Pruszynski
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2020; Lavoine et al. 2012; Mashkour, Afra, and Resalati 2019). CNF also can be used to improve the
paper brightness and whiteness (Kasmani and Samariha 2019), and water absorption (Guan, An, and
Liu 2019). There are reports in the literature of the modification of papers reinforced with CNF using
the esterification process to improve the water barrier properties (Mashkour, Afra, and Resalati 2019).
Studies report that adding CNF to paper reduces its porosity and improve printability (Tanpichai et al.
2019), being a promising option for smart and sustainable packaging (Hubbe and Pruszynski 2020). The
widespread use and technological application of CNF has been reported in several literature reviews
(Boufi et al. 2016; Brodin, Gregersen, and Syverud 2014; Osong, Norgren, and Engstrand 2016; Samyn
et al. 2018; Zambrano et al. 2020). However, CNF applications on an industrial scale are still scarce.

Adding CNF in paper can increase up to 15% tensile strength while using less the 10% of CNF in the
mixture (Guan, An, and Liu 2019; Kasmani and Samariha 2019). CNF addition can raise water abortion
capacity, water retention value (Guan, An, and Liu 2019) and promote a higher barrier to air with
a denser paper (Kasmani and Samariha 2019) when compared to papers without CNF addition. The use
of higher CNF content, such as 50%, can also produce paper with 10 times higher tensile strength, while
decreasing paper porosity when mixing with bamboo fibers (Tanpichai et al. 2019).

However, regarding CNF reinforced papers, studies are still needed to better understand the effect
of adding fast-growing wood micro/nanofibers on the properties of papers reinforced with them. It is
known that cellulose micro/nanofibrils are important in the performance of papers, but it is necessary
to study them for a more rational use of the final product. The optimal proportion of micro/nanofibrils
to be added in the paper production so that inter-fiber bonds are enhanced has not yet been
satisfactorily established. Therefore, the objective of this study was to better understand the effect of
adding nanofibrils as reinforcement on the physical-mechanical performance and barrier properties of
reinforced handsheets and to define the ideal CNF proportion to increase such paper properties.

Material and methods
CNF production

Commercial bleached pulp of Eucalyptus were mechanically fibrillated in a SuperMassColloider
grinder (Masuko Sangyo MKCA6-2) composed of a rotating disk at 1500 rpm and a fixed disk
(Dias et al. 2019). The gap between disks was kept around 40 to 50 pm, to increase shear forces,
causing fibrillation, leading to cellulose micro/nanofibrils production. The electric current consumed
during each passage was measured and maintained at around 4-6 A. The micro/nanofibrils were
obtained after 5 passes in the grinder.

Preparation of paper handsheets (fiber/CNF)

CNF were added directly to the cellulose pulp at 0, 2, 5, 8 and 10 wt% proportion before forming the
paper handsheets. The suspensions were not refined, to prevent further fibrillation of cellulose micro/
nanofibrils.

From the homogenized suspension, 1000 mL aliquots were taken for Shopper-Rigler grade (°SR)
analysis, according to the standard T248 sp-15 (Tappi 2015). The paper handsheets were made
according to T205 sp-02 (Tappi 2006a) standard, in a Rapid-Koethen forming station with an area
of 0.0201 m” The nominal weight of the handsheets was approximately 60 g m > The paper
handsheets were pressed and stored in a controlled environment (temperature: 23 + 1°C and RH:
50 + 2%) for at least 24 h before testing.

Scanning electron microscopy (SEM)

The CNF reinforced handsheets morphology was analyzed using a JEOL JSM-7900 F (FE-SEM)
electron microscope, adjusted to operate at 2.0 kV and 10 pA. Prior to imaging, the samples were
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assembled with adhesive coated carbon tabs in a Denton Desk II spray-coating device (Moorestown,
NJ) for 60 s in a 100 mTorr vacuum. The images were taken from both the surface and cross section of
the paper handsheets. At the microscope, Z axes was adjusted to 20 mm for better visualization of the
surface, producing a working distance between 21.0 and 21.4 mm. Each sample were also cut with
a sharp razor to present a clean view of the cross section.

Porosity of the paper handsheets

The porosity of the paper handsheets was estimated using scanning electron microscopy images with
the aid of the Fiji software (Schindelin et al. 2012). Magnifications of 100x and 1000x were used for
surface and cross-section, respectively. The images were processed using the subtract background
feature, transformed into 8-bits, and, then, adjusted to the threshold mode. The images were also
processed using the fill holes command to fill the background elements, giving emphasis to the
superficial pores. Finally, the images were analyzed by analyze particles mode, delimiting
a minimum size for the quantification of the average pore size (um) and percentage of the image
area occupied by pores.

Physical-mechanical tests of the paper handsheets

The physical and mechanical properties were determined in the cellulose paper handsheets reinforced
with micro/nanofibrils according to the standards described in Table 1.

Five handsheets with homogeneous visual characteristics based on fiber distribution and the
absence of defects (flaws, empty spaces, presence of impurities, etc.) were selected for each treatment.
The samples were stored in a controlled room with a temperature of 23 + 1°C and a relative humidity
of 50 + 2% for 24 h, for further analysis. The air humidity was controlled by an automated system
coupled to a hygrometer. Firstly, nondestructive tests were carried out, namely: apparent density,
thickness and resistance to passage of air.

Crystallinity of the paper handsheets

X-ray diffraction patterns (XRD) were obtained using the X-ray diffractometer (Philips DY971) with
CuKa radiation at 45 kV and 40 mA. Scattered radiation was detected in the range of 20 = 10-40°, at
a scan rate of 2° min ™.

Crystallinity of the paper handsheets was assessed using area calculated from the diffraction peaks.
Crystalline and amorphous peaks were obtained by deconvolution method using Magic Plot Pro 1.5
software (Figure 1) using peak information from (French 2014).

Crystalline fraction (CF) was calculated by Equation 1, where Ac is the sum of the areas under
crystalline curves and at is the total area below the XRD patterns.

Ac

CF(%) = ;1100 (1

Table 1. Standards for physical-mechanical characterization of the paper handsheets.

Physical-mechanical tests Standards
Grammage T410 om-08 (Tappi 2008)
Thickness T551 om-06 (Tappi 2006b)
Resistance to passage of air T536 om-07 (Tappi 2007)
Apparent Density and Bulk T220 sp-06 (Tappi 2006¢)
Bursting strength T403 om-02 (Tappi 2002)
Tearing resistance T414 om-04 (Tappi 2004)

Tensile index, Modulus of elasticity (MOE) and Stretch T494 om-06 (Tappi 2006d)
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Figure 1. Typical X-ray diffraction pattern and deconvolution of the different peaks for cellulose fibers.

Crystallite size (CS) was estimated by Scherrer’s equation (Equation 2), where CS, in nanometers, is
the perpendicular size of the crystallites in the [200] plane; K is the Scherrer constant that varies
according to the symmetry of the crystal (K = 0.89); \ is the incident X-ray wavelength (1.5425 A); and
B is the full width at half maximum of the diffraction peak (FWHM), in radians, 6 is Bragg’s angle
corresponding to the peak of [200] plane.
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Water vapor permeability test

The water vapor permeability test was performed using the gravimetric method, according to the
ASTM E96-05 standard (ASTM 2016). The water vapor transmission rate (WVPR) was calculated
according to Equation 3.

&

WVTR = () 3)

A
In which WVTR is expressed in g (24 h.m®)™'; g/t is the mass gain versus time slope and A is the
sample permeation area (m?).

Results and discussion
Morphological characteristics

Figure 2 shows the samples micrographs obtained by scanning electron microscopy (SEM). Figure 2a
shows cellulose micro/nanofibrils used as reinforcement of paper handsheets, both at 10,000x magni-
fication. Figure 2b shows control sample (0% CNF), while Figure 2c is the treatment with the highest
amount of CNF (10%), both at 100x magnification. The micrographs show that CNF have reduced the
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voids in the paper, due to their micrometric and nanometric size and consequently their larger contact
surface, increasing hydrogen bonds available to be made with the fibers during handsheet formation.

Cellulose nanofibrils used as reinforcement go through the fibrillation process in equipment that
have discs with grooves on the surfaces against which the pulp is exposed to cyclical and sequential
stresses. This mechanical process can cause irreversible changes in cellulosic fibers and also increase
their binding potentials (Nakagaito and Yano 2004). This is because of the internal and external
fibrillation phenomenon of the cellulose. Internal fibrillation occurs as a result of breaking hydrogen
bonds due to mechanical actions, while external fibrillation occurs at the fiber surface by abrasive
actions (Abdul Khalil et al. 2014).

The results presented in Table 2 show this reduction of porosity when adding CNF to the paper
handsheets. There was a decreased in pore size on the surface (61%) and in the cross-section of the
paper (23%), when adding 10% of nanofibrils.

Tanpichai et al. (2019) have noted that the higher the CNF content, the lower the porosity of the
paper. At 50% by weight of CNF, the porosity of the paper decreased to 57%, while the paper without
nanofibrils have shown porosity of 73.6%. Analyzing the SEM micrographs, Tanpichai et al. (2019)
also noted that increasing CNF content results in the filling of paper cavities by nanofibrils and the
disappearance of large pores. Also, according to Boufi et al. (2016) the incorporation of CNF in paper
generates a product with a smoother finish and more printable.

Figure 3 shows the effect of incorporating different amounts of CNF (0%, 2%, 5%, 8% and 10%)
during paper formation. It is possible to observe that as CNF content increases, the empty spaces
(pores) decrease (Table 2).

Similarly, Guan, An, and Liu (2019), when incorporating CNF in papermaking, observed that the
paper structure became more closed and also a significant decrease in porosity due to intermolecular
interactions between nanofibrils and fibers. The authors explain that these thin and flexible CNF would
be as fillers for the large pores in bamboo handsheets, forming 3D structures with bamboo fibers.

Figure 4 shows the SEM micrographs of the paper handsheets cross section with different CNF
contents. As CNF are added in the formation of the paper handsheets, they become more compact and
with less empty spaces. Paper handsheet without CNF (Figure 4a) has a more porous structure
between the fibers and exhibits a greater thickness (indicated by the arrow), while the paper with
the addition of 10% micro/nanofibrils (Figure 4f) has a narrower structure between the fibers and
displays thinner samples (indicated by the arrow). The reduction of porosity with CNF addition,
correlates with the paper density increase (Boufi et al. 2016). Thus, the porosity results (Table 2)
corroborate with apparent density values and bulk (Figure 5), which are properties that depend on the
grammage of the paper handsheets and are inversely proportional.

Physical and mechanical properties of the paper handsheets

Figure 5 presents the effect of CNF being added to paper handsheets on the apparent density, bulk,
Schopper Riegler grade and resistance to passage of air.

The apparent density and the bulk are inversely proportional properties and depend on the
handsheet grammage, both are depending on the thickness of the paper. There was an increase in
apparent density (Figure 5b) with the addition of CNF in handsheet making. The average value of the
apparent density of the paper handsheet showed a growth of approximately 18% when adding 10% of
micro/nanofibrils. Hassan et al. (2015) studied the incorporation of 2.5% to 20.0% of micro/nanofibrils
and the results showed that the addition of these materials brought an increase of 12% to 19% in paper
density. Tanpichai et al. (2019) also noted that the higher the nanofibril content, the greater the
density. The authors observed that with 50% by weight of micro/nanofibrils, the density of the paper
increased to 0.64 g cm > while the paper without CNF showed a density of 0.39 g cm™.

The increase in apparent density occurred because number of connections between the fibers
increases with adding nanofibrils to the papers. As a result, the fibers and nanofibrils form a compact
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Figure 2. Typical scanning electron microscopy (SEM) micrographs obtained for cellulose nanofibrils (a), paper handsheets surface
without CNF addition (b) and with 10% CNF (c).
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Table 2. Average pore size (um) and percentage in area occupied by pores in paper handsheets with different percentages of
nanofibrils analyzed in surface and in cross section micrographs.

Treatment Nanofibrils addition Section Average pore size (um) Pored area (%)
1 0% Superficial 108 24
2 2% 80 22
3 5% 68 18
4 8% 61 17
5 10% 42 12
6 0% Transversal 108 11
7 2% 215 15
8 5% 121 14
9 8% 105 9
10 10% 84 6

10um

.8

.

10um ) 10pm

10um

Figure 3. Typical SEM micrographs obtained for cellulose paper handsheets surface without the addition of nanofibrils (a) and with
2%, 5%, 8% and 10% CNF (b, ¢, d and e respectively). Write arrows indicate some pores.
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10pm

Figure 4. Typical SEM micrographs obtained for cellulose paper handsheets cross section without the addition of nanofibrils (a) and
with the addition of 2%, 5%, 8% and 10% of cellulose nanofibrils (b, ¢, d and e respectively). The write arrows indicate some pores
and black arrows indicate the thickness of the papers.

network and the thickness of the papers are reduced (Figure 5). On the other hand, the apparent
specific volume (Figure 5a) decreased in 18% with the addition of nanofibrils while adding 10% CNF.

In short, the specific apparent volume and apparent density of paper handsheets linearly varies
according to the quantity of added nanofibrils. On the other hand, resistance to passage of air of the
handsheets and the Schopper Riegler degree of the suspension exponentially increase with the addition
of nanofibrils. The addition of 10% CNF to the fiber suspension resulted in an increase of 68% in SR
degree compared to the suspension without the addition of micro/nanofibrils (Figure 5d). Nanofibrils
are materials with a high surface area that allows the occurrence of intermolecular interactions
between them and the fibers, which influences the drainage resistance properties as shown in several
studies (Balea et al. 2019; Gonzélez et al. 2012; Merayo et al. 2017; Taipale et al. 2010). Tarrés et al.
(2020) describes that the addition of nanofibrils worsens the drainage rate, but this effect can be
neutralized by the addition of retention agents (e. g. cationic starch). The reinforcing capacity of
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Figure 5. Bulk (a), apparent density (b) and resistance to passage of air (c) of the handsheets and the Schopper Riegler degree of the
suspension (d) with the addition of different amounts of nanofibrils.

cellulose nanofibers depends on their ability to be dispersed and retained in the structure of the paper
(Tarrés et al. 2020).

Taipale et al. (2010) have elucidate that the paper’s air permeability indicates not only the porosity
(empty bulk/total bulk) of the paper, but also the complexity of the network structure. In the present
study, the resistance to the passage of air (Figure 6) increased by 96% when 10% CNF was added to the
paper. In the typical papermaking process, longer refining increases the density of the paper and,
therefore, decreases air permeability. Similarly, it occurs in handsheet with the addition of nanofibrils,
which increases the fraction of nanosized fibers, hindering the passage of air.

Figure 6 shows the variations of tensile (a), tearing (b), and bursting (c) indexes, and stretch (d) and
modulus of elasticity (e) of cellulose paper handsheets due the addition of different CNF contents. In
short, all of these properties vary linearly with the increase in the proportion of CNF in the paper sheet.
These findings showed that the addition of CNF to the sheet considerably increases its properties. The
tensile index increases from ~15 (without CNF) to ~30 Nm/g (with 5% CNF), for example. In other
words, the addition of only 5% of CNF is able to double this resistance property. In relation to the
bursting index, the property can be tripled (from ~0.5 without CNF to ~1.5 kPa.m*/g with the addition
of 5% of CNF). These results are in accordance to previous studies in similar materials (Guan, An, and
Liu 2019; Hassan et al. 2015; Merayo et al. 2017; Potulski et al. 2014; Taipale et al. 2010; Tanpichai et al.
2019).

The explanation for this apparently systematic behavior is provided by Tanpichai et al. (2019) who
have explained that the connections between fibers and nanofibrils influences the distribution of
stresses on paper. This way, the charge can be transferred more efficiently between the fibers and
nanofibrils with the high degree of bonding.

Moreover, Zambrano et al. (2020) also presents two convincing explanations for this phenomenon.
According to them, the CNF capacity in strengthening the paper is due to the following characteristics:
(i) the surface area is increased due to the nanoscale dimensions, which allows the nanofibrils to act in
the adhesion between the fibers. When filling the spaces in the fiber network, the fibers get closer,
increasing the fiber-fiber bond and, therefore, the total bonded area; and (ii) the tendency of
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Figure 6. Box-plot for tensile index (a), tearing index (b), bursting index (c), stretch (d) and modulus of elasticity (e) in paper
handsheets with the addition of different amounts of nanofibrils.

nanofibrils to form tangled networks improves the mechanical properties of paper. According to
Gonzadlez et al. (2012), the remarkable intrinsic strength of these nano-networks incorporated along
fibers provides high strength points, which improves the overall tensile strength.

Kasmani and Samariha (2019) have elucidate that most studies on the application of nanofibrils in
papermaking employ a cationic polymer as an aid to retention. This fact occurs because the micro/
nanofibrils and fibers have a similar anionic surface charge and cannot effectively hold and distribute
evenly during paper formation. Therefore, to increase its efficiency in the manufacture of paper, the
fibers must be cationic, modifying the surface load or must be applied together with a cationic polymer
as a retention aid (Habibi 2014). However, when analyzing the data from the present study, there were
significant gains in the studied properties, while no change in surface charge of the CNF/fibers or the
use of any cationic polymer to assist the retention of micro/nanofibrils and fibers.
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The findings indicate that the higher the CNF content in the paper, the better are its physical and
mechanical performance, at least up to the limit of 10%. Within the outline of the present project,
a variation between 0 and 10% of CNF addition was defined to understand the effects of CNF on paper
performance. However, it is possible that even higher levels of CNF will result in papers with higher
technological properties. Thus, further studies with greater variation in terms of the percentage of
CNF would be useful to evaluate the possible effect of the CNF addition on the paper properties.

Crystallinity

The XRD patterns are observed in Figure 7. The crystalline nature of the cellulose chains is depicted in
these patterns, in which the diffraction peaks are directly related to the crystallinity of the material
(Segal and Conrad 1957). Crystallinity varies depending on the cellulose source, treatments applied
and the fiber degradation degree.

X-ray diffractograms (Figure 7) revealed a relatively orderly structure with a narrow peak at
approximately 22.5° corresponding to the plane [200] and two overlapped diffuse peaks between
14.5 and 16.3°, corresponding to the planes [1-10] and [110] of cellulose. The diffractograms have also
showed a characteristic peak of cellulose, at approximately 34.5°, due to the collection of small peaks,
leaded by plan [004] (Nam et al. 2016).

According to Segal and Conrad (1957) the XRD pattern of cellulose I is characterized by a well-
defined main peak at 22.5° and two secondary peaks at 14.5° and 16.3°. As the cellulose fiber is
degraded by mechanical action, for example, the two secondary peaks merge, creating a single smaller
peak. In Figure 7, it is possible to observe that the two secondary peaks (14.5° and 16.3°), have
completely merged (15°) in all the studied samples.

Cellulose fibers are degraded during the process to obtain CNF, which modifies their crystallinity.
For this reason, the crystallinity index (CI) and crystallite size (CS) tend to decrease with the presence of
CNF in the samples (Table 3). The presence of such small amounts of CNF has not drastically affected
the crystallinity of the samples. When analyzing only CNF, the result is significantly lower, for both
crystallinity and crystallite size, due to the mechanical process breaking down crystalline structure.
Larger crystals in the pristine fibers were responsible for the major intensity in the patterns, which

Normalized Intensity

20(7)

Figure 7. X-ray diffractograms of paper handsheets with different CNF contents.
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Table 3. Crystallinity index (Cl) and crystallite size (CS) of fibers, nanofibrils and
samples with the addition of different percentages of nanofibrils.

Treatment Crystallinity index (%) Crystallite size (nm)
Fibers 67.0 1.1
2% CNF 65.6 10.7
5% CNF 66.6 1.1
8% CNF 66.3 1.1
10% CNF 65.6 10.7
100% CNF 59.1 8.3

makes the presence of damaged CNF crystals less pronounced. This way, XRD analysis shows that the
addition of CNF does not compromise the paper handsheet structure due to the small amount added.

Water vapor barrier property

The barrier properties against air, water vapor, liquids and gas are expected for specialty paper
dedicated to packaging applications. Paper materials display both a good mechanical strength and
flexibility for the production of packaging but low barrier properties (Bardet and Bras 2014). Thus, the
CNF incorporation into papers was studied to improve the water vapor barrier properties.

The water vapor permeability rate average and standard deviation are shown in Figure 8 for paper
samples with different CNF percentages. The WVTR was the lowest at 2% CNF addition. Then it was
increased to a maximum at 5% CNF addition and then decreased with increasing CNF addition.
However, there was not differ statistically from each other.

Lavoine et al. (2012) have presented a review about barrier properties and CNF applications in
films, nanocomposites and paper coating. The authors explain that nano/microfibrils offer promising
perspectives for improving barrier properties and can be used in the form of films with 100% cellulose
nanofibrils, nanofibrils introduced in nanocomposites (bulk addition) and as a coating agent.

However, as it can be seen from Figure 8, the water vapor transmission rate did not vary statistically
among treatments. The addition of micro/nanofibrils did not affect this property of the paper,
probably because the amount of CNF used in this study was not sufficient to alter the rate of
permeability to water vapor.

570
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Nanofibrils addition

Figure 8. Water vapor transmission rate (WVTR) of paper samples reinforced with nanofibrils. Averages followed by the same letter
do not differ statistically from each other according to the Tukey test at 5% probability.
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Due to hydrophilic nature of cellulose, CNF still remain sensitive to water. Thus, several researchers
try to combine polymers with layers of micro/nanofibrils to overcome this disadvantage, that this new
method can be a competitor of nanocomposites. Either way, CNF nanocomposites are more attractive
because of their mechanical properties than their barrier properties. Thus, a CNF coating presents an
important field of interest to improve the barrier properties of materials, which is why researchers are
increasingly turning their attention to studies on the CNF coating (Lavoine et al. 2012).

Conclusions

The application of cellulose nanofibrils (CNF) or microfibrils, derived from bleached commercial
eucalyptus pulps for the production of cellulose handsheets showed positive effects on the studied
properties, despite the fact that no type of cationic polymer was used to assist the retention of micro/
nanofibrils and fibers. With higher concentrations of CNF, it increased paper density, resistance to the
passage of air and the mechanical properties of the paper. The tensile index of papers with 10% of CNF
was more than doubled, increasing from 15.3 + 0.9 N.m8 ™" to 38.8 + 1.4 N.m®™". The porosity was also
affected by the content of cellulose nanofibrils in the paper, and there was the decrease of 61% in the
size of the pores when adding 10% of nanofibrils. With the addition of CNF, crystalline structure of the
paper handsheet was unaltered, proving that the structure is intact while other properties are
enhanced. These changes are due to the small diameters (nanometer scale) and the high surface of
the cellulose nanofibrils. In general, it was concluded that CNFs are alternatives with great potential
for reinforcement in paper handsheets.
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