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RESUMO

SCHIAVON, Jéssica Zamboni. Andalise de tratamentos quimicos em fibras de coco
para uso em argamassas:. avaliacdo das propriedades fisico-mecéanicas e
microestruturais. Porto Alegre. 2023. Tese. Programa de Pdés-Graduacdo em
Engenharia e Tecnologia de Materiais, PONTIFICIA UNIVERSIDADE CATOLICA DO
RIO GRANDE DO SUL.

No Brasil, a industria realiza a extracdo da fibra de coco triturando
mecanicamente o mesocarpo fibroso onde a casca e o p6 séo retirados, e a fibra de
coco é disponibilizada comercialmente. Diversas pesquisas estao sendo realizadas a
fim de aproveitar as fibras de coco como reforco em materiais cimenticios. O presente
estudo avaliou o efeito de trés tratamentos quimicos: o primeiro tratamento com 0 uso
do hidréxido de sédio 5% p/p (considerando duas variacdes de tempo: 1h e 2h) e o
acido oxalico com a mesma concentracdo e tempo de exposicdo. O terceiro
tratamento é composto por bicarbonato de sédio 10% p/p (considerando a variagao
do tempo em 120h e 168h). Foram realizadas investigacdes referentes aos teores de
extrativos, lignina, hemicelulose e celulose, resisténcia a tracdo, moédulo de
elasticidade, alongamento na ruptura, espectroscopia no infravermelho com
transformada de Fourier (FTIR), angulo de contato por meio do método da gota séssil,
microscopia de forgca atdmica, microscopia eletrénica de varredura, difracdo de raios
X e analise termogravimétrica. Ap0s os tratamentos quimicos foram realizadas
diferentes misturas de argamassas com teores de 1 e 2% de fibra de coco sobre a
massa de cimento. A partir disso, foram realizados os ensaios de resisténcia a
compresséo e tracdo, absorcédo de agua por capilaridade e carbonatacdo acelerada.
Além de ensaios de micro tomografia de raios-x e microscopia eletrénica de varredura.
Os melhores resultados foram obtidos pelo tratamento com acido oxalico por uma
hora, que promoveu um aumento de 22,9% na resisténcia a tracdo em comparagéo

com a fibra ndo tratada. O aumento da rugosidade da fibra devido ao uso de
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tratamentos quimicos pode promover uma melhor interacdo com a pasta de cimento
e ser utilizada como reforco em matrizes cimenticias.

Palavras-Chaves: Residuos agroindustriais, fibra de coco, acido oxalico, bicarbonato
de sbdio, argamassa e resisténcia a tracao.
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ABSTRACT

SCHIAVON, Jéssica Zamboni. Analysis of chemical treatments in coir fibers for
use in mortars: evaluation of physical-mechanical and microstructural
properties. Porto Alegre. 2023. PhD Thesis. Graduation Program in Materials
Engineering and Technology, PONTIFICAL CATHOLIC UNIVERSITY OF RIO
GRANDE DO SUL.

In Brazil, the industry extracts coir fiber by mechanically crushing the fibrous mesocarp,
from which the husk and powder are removed, and the coir fiber is made commercially
available. Several studies are being carried out to use coir fibers as reinforcements in
cementitious materials. The present study evaluated the effect of three chemical
treatments: the first treatment using 5% w/w sodium hydroxide (considering two time
variations: 1h and 2h), oxalic acid with the same concentration and exposure time. The
third treatment consisted of 10% w/w sodium bicarbonate (with a time variation of 120h
and 168h). Investigations were carried out into extractive, lignin, hemicellulose and
cellulose content, tensile strength, modulus of elasticity, elongation, Fourier transform
infrared spectroscopy (FTIR), contact angle using the sessile drop method, atomic
force microscopy, scanning electron microscopy, X-ray diffraction and
thermogravimetric analysis. After the chemical treatments, different mortar mixes were
made with 1 and 2% coir fiber content in the cement paste. Compressive and tensile
strength tests, capillary water absorption and accelerated carbonation were then
carried out. X-ray micro tomography and scanning electron microscopy tests were also
carried out. The best results were obtained by treating the fiber with oxalic acid for one
hour, which led to a 22.9% increase in tensile strength compared to the untreated fiber.
The increase in fiber roughness due to the use of chemical treatments can promote

better interaction with the cement paste and be used as reinforcement in cementitious
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matrices.

Key words: Agro-industrial waste, coir fiber, oxalic acid, sodium bicarbonate, mortar
and tensile strength.
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1. INTRODUCAO

O consumo progressivo de recursos naturais e de combustiveis fosseis
para atender as necessidades da industria da construgao contribui para a degradacéo
ambiental (AMIN et al., 2022). As fibras naturais tém sido utilizadas ao longo da
civilizacdo humana, e através do advento da industria quimica, em especial, a indUstria
do carbono e do petréleo, no inicio do século 20, as fibras naturais foram sendo
substituidas por fibras sintéticas (GUHRS et al., 2000). A natureza produz uma vasta
variedade de fibras naturais, que geralmente possuem fibras longas com paredes
espessas que as tornam rigidas e fortes. Como um substituto potencial para as fibras
a base de petréleo, as fibras naturais possuem reservas abundantes de matéria-prima
(LI et al., 2022).

O emprego de fibras sintéticas para melhorar as propriedades mecanicas
de diferentes materiais cimenticios tornou-se generalizado devido ao seu bom
desempenho. No entanto, as fibras sintéticas, como as de aco e polipropileno, séo
caras e aumentam o custo do material. Por outro lado, as fibras naturais possibilitam
uma solucdo mais econdmica e ecolégica (SONG et al. 2021). As fibras naturais ja
possuem diversas aplicacfes importantes na industria téxtil, biomedicina e outras
industrias, e se tornaram uma parte indispensavel do desenvolvimento da sociedade
(LI et al., 2022). A busca da sociedade por tornar-se ecologicamente correta denota
gue os materiais produzidos devem ser preferencialmente de base biologica e, apos
a vida util, serem degradaveis pela natureza (biodegradaveis) ou totalmente e

facilmente reciclaveis, seja mecanicamente ou quimicamente (LI et al., 2022).

O uso de fibras naturais como reforco em materiais cimenticios é uma boa
opcédo, em especial em paises ndo industrializados, pois esse tipo de reforgo € barato
e disponivel no formato a ser utilizado, necessitando de um processamento de baixo

grau de industrializacdo. Se comparada a uma fibra sintética, a energia necessaria
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para obtenc¢&o da fibra natural é baixa, e assim os custos de produc¢éo séo reduzidos
(SILVA, 2009). Essas fibras podem ser usadas em materiais cimenticios a fim de
aprimorar as caracteristicas dos compasitos, por exemplo, resisténcia a tracao e
compresséo (LABOREL-PRENERON et al., 2016).

Segundo Merli et al. (2020) entre os residuos de fibras, a fibra de coco
(Cocos nucifera L.) tem despertado grande interesse dos pesquisadores por suas
excelentes propriedades fisicas e mecanicas. Materiais cimenticios com fibra de coco
tém potencial para aplicacfes sustentaveis em estruturas de concreto, por exemplo,
telhas, painéis e blocos (AL-MASOODI et al., 2016). Além de reforco em concretos
para projetos de edificios baixos, projetos de pavimentacdo, calcadas, fossa séptica,
sistemas de drenagem (DAS et al., 2020). Porém as principais desvantagens de
empregar essas fibras sdo sua baixa estabilidade dimensional e alta natureza
hidrofilica (DAS et al., 2020).

A éarea mundial colhida com coco é de 11,8 milhdes de hectares,
produzindo 62,9 milhdées de toneladas. Dentre os produtores, a Indonésia, as Filipinas
e a india ocupam 73,0% dessa area e participam com 74,1% da produc&o (BRAINER,
2021). No Brasil, o coqueiro é cultivado em quase todo o seu territorio, cuja area atual
€ de 187,5 mil ha com producdo de 1,6 bilhdo de frutos. Na regido Nordeste,
concentram-se 80,9% da area colhida de coco do pais e 73,5% de sua producéo
(BRAINER, 2021). O coqueiro néo é cultivado apenas nos Estados do Amap4, Distrito
Federal, Santa Catarina e no Rio Grande do Sul (BRAINER, 2021).

Embora as fibras naturais tenham beneficios de serem baratas e leves, elas
nao sdo totalmente imunes a problemas. Em principio o desafio de empregéa-las
comeca pela falta de homogeneidade e variacdo de dimensdes e de suas
propriedades mecanicas (mesmo entre plantas individuais no mesmo cultivo). E outra
desvantagem é a alta absor¢cdo de umidade das fibras naturais, que quando né&o
tratada leva a vazios na interface, o que resulta em propriedades mecanicas menores
(MOKHUTHU e JOHN, 2015; GUHRS et al., 2000).

A fim de superar essas desvantagens, diferentes tipos de tratamentos
quimicos sao aplicados, o que resulta em melhores caracteristicas mecanicas dos

compositos (FERREIRA et al., 2015). As fibras naturais ja foram tratadas com varios
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produtos quimicos como hidréxido de sédio, silano, cloreto de benzoilo e acido acético
(SENTHILKUMAR et al., 2018). Dentre estes, o tratamento quimico mais empregado
em diferentes fibras naturais € o tratamento com hidroxido de sédio, pois € um dos
métodos mais simples, econdmicos e eficazes para melhorar as propriedades de
adesao de fibras naturais a matriz. Esse tratamento remove a hemicelulose, a lignina
e 0s materiais soluveis da fibra, tornando sua superficie aspera (MARTINELLI et al.,
2023; YAN et al., 2016).

Em relacdo ao hidroxido de sédio, segundo Mulinari et al. (2011) a fim de
facilitar a adesao entre as fibras e a matriz, as fibras de coco podem ser modificadas
por tratamento com solucdo a 1% (p/p). Enquanto Sood e Dwivedi (2018) relataram
que os tratamentos com teores 6% e 10% (p/p) da solucdo de hidroxido de sédio
apresentaram aumento da resisténcia a flexdo da fibra. Embora o tratamento com
hidroxido de sddio promova a remocdao de impurezas de fibras naturais, muitas vezes,
altas concentracdes podem causar a degradacéo da fibra e perda das propriedades
mecanicas (PARAMESWARANPILLAI et al., 2023).

O tratamento quimico usando bicarbonato de sddio em fibras naturais pode
ser uma boa opc¢ao, por ser ecologicamente correto e econémico (FIORE et al., 2016)
(MUKHTAR et al., 2019). O bicarbonato de sédio foi proposto por Fiore et al. (2016) e
Santos et al. (2019) como tratamentos de fibras de coco e sisal para posterior uso em
matrizes cimenticias. De acordo com os autores, o bicarbonato de sédio promove o
efeito do aumento das propriedades mecéanicas, como resisténcia a tracdo e modulo

de elasticidade da fibra, além da remocado de impurezas da superficie.

Além desses, o acido oxalico, ou também conhecido como acido
etanodioico, € um acido de origem organica e nos ultimos anos tem sido aplicado para
substituir os acidos inorganicos em diversos processos industriais devido ao seu
desempenho superior. O acido oxalico € um acido carboxilico secretado de plantas
em ambiente natural e pode ser usado para tratamento de fibras naturais (ALl et al.,
2020; DING et al., 2021; CHEN et al., 2020). Ao empregar o0 acido oxalico como
tratamento, ocorre uma modificagdo da superficie das fibras, removendo 6leo, ceras
e gorduras. O uso de acido oxalico no tratamento de fibra de soja aumentou cerca de

3% a estabilidade térmica comparada a fibra ndo tratada (VINOD et al., 2021).
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1.1. Originalidade e relevancia

Na literatura ndo se observou um consenso no que diz respeito ao melhor
tratamento quimico que aprimore as propriedades fisico-mecanicas das fibras de coco
guando inseridas em matrizes cimenticias. Além da base quimica, fatores como o
tempo de tratamento e o teor mais adequado séo estudados de maneira isolada em
diversos trabalhos, cujos resultados sao divergentes. Nesse sentido, ndo foram
encontrados trabalhos que avaliem o efeito do tratamento com &cido oxalico, que é
um acido de origem organica, em fibras de coco (caracterizacdo conforme a
concentracéo x variacdo do tempo de exposi¢cao). Da mesma forma, o trabalho utiliza
diferentes tratamentos quimicos em fibras de coco a fim de investigar os efeitos
causados em argamassas. Essa tese é relevante, visto que esta contribuindo com o
entendimento de diferentes tratamentos quimicos, levando-se em consideracao
diferentes concentracdes e tempos de exposicdo em uma fibra natural, que é

produzida em grande quantidade no Brasil.
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2. OBJETIVOS

Este trabalho tem por objetivo geral estudar diferentes tratamentos quimicos
em fibras de coco visando o emprego em argamassas e seus respectivos efeitos nas

propriedades mecanicas e microestruturais.

2.1. Objetivos Especificos

* Investigar a composicao quimica e a remocao de lignina, hemicelulose e teor
de extrativos das fibras de coco a partir de fibras tratadas quimicamente;

» Averiguar o efeito dos diferentes tratamentos quimicos e as consequentes
modificacBes nas caracteristicas superficiais das fibras de coco a partir da microscopia
eletronica de varredura;

* Avaliar a partir da termogravimetria a capacidade térmica de fibras de coco
submetidas aos diferentes tratamentos;

» Estudar a influéncia do tipo de tratamento, seu tempo de exposicdo e da
concentracdo nas propriedades mecanicas (tracdo, moddulo de elasticidade e
alongamento na ruptura) das fibras de coco;

* Analisar a absorgao d’agua, porosidade e massa especifica das argamassas
de cimento com fibras de coco tratadas;

 Verificar as propriedades mecéanicas em argamassas com fibras de coco
tratadas;

» Avaliar a carbonatagcdo acelerada das argamassas contendo fibra de coco

tratadas;
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« Identificar o efeito do tratamento em fibras de coco a partir das técnicas de
microscopia eletronica de varredura e porosidade a partir da microtomografia de raios-

X.

2.2. Delimitacéo do trabalho

Em um trabalho desse género algumas delimitacbes se fazem necessarias.
Nesta investigacdo ndo serdo analisadas as seguintes consideracdes: a variabilidade
espacial e temporal, que tem relacao direta com a origem das fibras de coco, ndo sera
levada em consideracdo; o didmetro da fibra de coco, por ser uma caracteristica
intrinseca e variavel do material, ndo sera analisado. Além disso, os efeitos da

carbonatacao natural das argamassas nao serao investigados.

2.3. Estrutura do trabalho

O trabalho foi dividido em capitulos, sendo os capitulos 1 e 2 referentes a
introducdo e objetivos da tese, respectivamente. O capitulo 3 foi destinado para
abordar a revisado bibliografica, subdividido nos seguintes tépicos: Classificacdo das
fibras, fibras vegetais, fibra de coco: producéo e principais propriedades, emprego das
fibras naturais em materiais cimenticios, fibras de coco em materiais cimenticios,
tratamento em fibras naturais, tratamento em fibras de coco e carbonatacdo de
materiais cimenticios com o emprego de fibras naturais. O capitulo 4 é atribuido ao
resumo experimental da tese. O capitulo 5 fornece os resultados referentes aos
estudos A e B dessa tese. O capitulo 6 apresenta as consideracdes finais, o capitulo
7 as sugestdes para trabalhos futuros e o capitulo 8 apresenta as referéncias
bibliograficas utilizadas ao decorrer deste trabalho. E por fim, o capitulo 9 trata dos

anexos.
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3. REVISAO BIBLIOGRAFICA

3.1. A classificacao das fibras

Os materiais reforcados com fibras (sejam elas naturais ou sintéticas) ja se
encontram consolidados em varios setores de atuacao, tais como o automobilistico, o
maritimo, o aeroespacial, entre outras (VINOD et al., 2023). As industrias automotivas
(carros elétricos/hibridos), aeroespacial e esportiva estdo inovando em busca da
reducdo do peso dos seus produtos, tornando cada vez mais importante e desejavel
o emprego de materiais leves, pois esta diretamente relacionada ao custo,
desempenho e melhor economia de combustivel (RAHMAN, 2021). Compdsitos
sintéticos (por exemplo, fibra de vidro) sdo conhecidos por terem alta rigidez e sé&o
utilizados na fabricacdo de automéveis, interiores de aeronaves, pecas de maquinas,
artigos esportivos (para aumentar o controle e conforto) e instrumentos musicais
(RAHMAN, 2021). As fibras artificiais sdo classificadas em sintéticas ou sintéticas
regeneradas. A partir do desenvolvimento das principais fibras sintéticas (nylon,
acrilico, poliéster, rayon), o uso de fibras naturais diminuiu porque as fibras sintéticas

sao duraveis, e tém boas propriedades térmicas e mecanicas.

A Figura 1 apresenta uma representacdo esquematica da classificacdo das fibras.
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FIBRAS
|
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FIBRAS FIBRAS
ARTIFICIAIS NATURAIS
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Regenerada Sintéticas
Fibra da I .
| Celulose| [ Poliéster|] [ Metélica| | | semente H La D
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. || Polivinil,| || ., ||
Proteina acrilico Vidro | | Fibra da raiz Seda
(vetiver)
L Alginato L{ Poliolefina| Y carbono ~ Pelo
Fibra da folha
| (banana)

Figura 1: Classificacdo de fibras naturais e artificiais
Adaptado de Patel e Singh (2022)

As fibras naturais sdo subdividas considerando a sua origem em vegetal,
animal e mineral. Os beneficios das fibras vegetais ja proporcionaram diferentes
aplicagbes, como o setor téxtl, industrias de construcdo, automotivo e
eletrodomésticos (MALVIYA et al.,, 2020). Essas s&o produzidas em grande
quantidade em todo o mundo, sendo o bagaco da cana-de-agucar a mais comum
(PATEL e SINGH, 2022). Na industria automotiva, compositos reforgados com fibras
naturais ja se tornaram uma realidade. Como exemplo tem-se a fibra de juta, coco e
sisal na fabricacdo de painéis internos das portas, para-lamas dianteiros, porta
traseira, apoio de braco, tapetes, colchdes de assento, e tetos de automoveis
(CHOUDHARY et al., 2023).
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Aragdo (2005) cita que as fibras também podem ser classificadas em fibras
curtas e fibras longas. A fibra curta € completamente homogénea, composta por micro
esponjas que absorvem e retém agua até oito vezes mais que seu proprio peso. As
mesmas sdo usadas em areas degradadas para proteger o solo e diminuir a
evaporacao, além de aumentar a retencdo de umidade e a atividade microbiana e,
consequentemente, criar condi¢cdes favoraveis para o desenvolvimento vegetal. A
fibra curta também pode ser utilizada na construcdo de taludes, para absorver a agua
e impedir o deslizamento de terra (ARAGAO, 2005). A fibra longa passa por diversos
processos industriais, como a lavagem, corte, estiramento, tratamento ou tintura para
ser utilizada na fabricacéo de encostos de cabeca, para-sol-interno, bancos de carros,
moveis e itens decoracdo de casas (ARAGAO, 2005). Segundo Ali et al. (2022) nos
Estados Unidos, a fibra de coco € utilizada para fabricar tapetes e materiais geotéxtis
devido a sua resisténcia a acdo abrasiva. Além desses, € usado principalmente em
pincéis e para estofamento. As fibras marrons variam em tamanho entre 10 e 30 cm.
As Fibras maiores que 20 cm sdo chamadas de cerdas e as menores que 20 cm sao
chamadas de fibras de estofamento. A fibra de coco € a Unica fibra natural resistente
a agua salgada; e por esse motivo pode ser empregado na confeccdo de redes de
pesca e cordas para aplicacdes maritimas (ALl et al., 2022). O Quadro 1 apresenta as

vantagens e desvantagens das fibras naturais.

Quadro 1: Vantagens e desvantagens das fibras naturais

Vantagens Desvantagens

Baixa densidade Menor resisténcia em comparacéo com fibras sintéticas
Baixo custo Maior absorcdo de umidade

Biodegradavel Hidrofilico

Menor impacto ambi~ental durante a Variabilidade das propriedades da fibra
producédo
Sem residuos quando incinerado Baixa resisténcia ao fogo e baixa durabilidade
Sem irritacBes na pele Tendéncia a aglomeracéo
Facil manuseio Falta de métodos de processamento padrao

Adaptado de Parameswaranpillai et al. (2023)

As fibras naturais oferecem muitas vantagens sobre as fibras sintéticas, tais

como: disponibilidade facil em paises tropicais, baixo custo, biodegradabilidade e
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baixa densidade (KARTHI et al., 2020). Em compara¢ao com fibras sintéticas, como
aco, polipropileno, carbono e fibras de vidro, as fibras naturais sdo renovaveis (WANG
et al., 2022). O uso de fibras vegetais como sisal e o coco séo facilmente disponiveis
e requerem pouca industrializagdo, em comparacdo com a mesma quantidade de
fiboras de reforco sintéticas mais comuns, onde a sua energia necessaria para

producao é pequena e, portanto, seus custos também séo baixos (SILVA et al., 2010).

As vantagens da fibra natural sobre a fibra sintética em termos de recursos
renovaveis sdo sua abundéancia, baixo peso, baixo custo, boas propriedades
mecanicas, como madulo de tracdo e modulo de flexdo (GUNAY, 2017). As principais
desvantagens do uso de fibras naturais sdo sua baixa estabilidade dimensional e
maior capacidade de absorcao de 4gua, o que prejudica o uso dessas fibras em matriz
cimenticia (KARTHI et al., 2020). As fibras naturais possuem baixa resisténcia térmica
e nao podem "sobreviver" as temperaturas de processamento necessarias superiores
200°C. Ademais, a cadeia de abastecimento de fibra natural é complicada, que vai
desde o agricultor, até linhas de producdo modernas de alta tecnologia, exigindo
fornecimento constante com qualidade constante (LI et al., 2022). Embora a maioria
das fibras de celulose ndo seja tdo resistente quanto as fibras sintéticas de alta
resisténcia, suas caracteristicas de leveza, alta tenacidade e baixo preco fazem com

gue ainda tenham grande potencial de desenvolvimento (LI et al., 2022).

3.2. Fibras vegetais

As sementes e frutos das plantas geralmente estao presos a fibras envoltas
em uma casca que pode ser fibrosa. Com base na fonte vegetal, as fibras naturais
podem ser classificadas como fibras primarias e fibras secundarias
(PARAMESWARANPILLAI et al., 2023). As fibras primarias (ou fibras liberianas) séo
como o linho, canhamo e juta. As fibras secundarias séo provenientes de plantas

cultivadas para frutas como abacaxi, banana e coco. Além disso, as fibras secundarias
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geralmente sdo descartadas como lixo (PARAMESWARANPILLAI et al., 2023). As
fibras naturais sdo classificadas em diferentes tipos, pressupondo as suas origens,
como algodao, casca, madeira, cascas de nozes, sabugo de milho, bambu e bagaco

(KARTHI et al., 2020). A Figura 2 mostra a classificagcéo das fibras vegetais.

FIBRAS VEGETAIS
|

FIBRAS FIBRAS DE FIBRAS DE
FIBRAS DO CAULE
LIBERIANAS FOLHAS SEMENTES
= LINHO - SISAL H ALGODAO 1  BAMBU
. PALHA DE
= — H SUMAUMA
HIBISCO ABACAXI P
- JUTA - BANANA M COCOo H BAGACO
- RAMI L ABACA L CAFE '~ CEVADA

Figura 2: Principais fibras vegetais
Adaptado de Parameswaranpillai et al. (2023)

As fibras vegetais séo classificadas de acordo com a sua origem: liberiana,
folha, fruto/semente e caule; cuja classificacdo € baseada nas partes das quais as
fibras sdo extraidas. O tipo de técnica de extracao influencia na propriedade da fibra.
Normalmente, as fibras vegetais sédo extraidas por maceracado e métodos mecanicos.
Além disso, a maceracdo € de cinco tipos diferentes: maceracdo por orvalho,
maceracdo com agua, maceracado enzimatica, maceracdo mecanica e maceracao
quimica (PARAMESWARANPILLAI et al., 2023). Em geral, todas as fibras naturais
contém celulose, hemicelulose e lignina, cujos mesmos constituem 0s principais
constituintes organicos das paredes celulares das plantas. A maioria das fibras

vegetais sdo compostas 60% a 80% de celulose como, por exemplo, linho, caAnhamo,
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juta, rami, kenaf, fibra da folha de abacaxi, entre outros (PARAMESWARANPILLAI et
al., 2023). Desta forma, elas sado consideradas como polimeros estruturais naturais
conhecidos como lignocelulose (STOKKE et al., 2013). A Figura 3 mostra a estrutura

guimica dos principais componentes das fibras naturais.
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Figura 3: Estrutura quimica da parede celular de uma fibra natural
Adaptado de T. Gurunathan et al. (2015)
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A celulose é o polimero organico mais abundante na parede celular das
células vegetais. E um polimero natural de unidades repetidas de d-glicose, um anel
de seis carbonos, também conhecido como piranose. Os trés grupos hidroxila em cada
anel de piranose podem interagir uns com os outros formando ligacdes de hidrogénio
intra e intermoleculares que dao a celulose uma estrutura cristalina e suas
propriedades Unicas de estabilidade quimica (DHYANI E BHASKAR, 2018). A celulose
€ o principal elemento que fornece alta resisténcia, rigidez e estabilidade estrutural da
fibora (KARTHI et al. 2020). A celulose nas formas como Celulose-I, Celulose | q,
Celulose | B, Celulose Il, Celulose Ill e Celulose IV. A celulose | é obtida a partir de
plantas e é considerada a celulose natural (CHOPRA e MANIKANIKA, 2022). Em
contrapartida, a celulose | B esta presente em plantas desenvolvidas. A celulose | a
esta presente nas bactérias e algas (CHOPRA e MANIKANIKA, 2022). A celulose |
pode ser convertida em celulose Il sendo o processo considerado irreversivel devido
a maior estabilidade da celulose Il sobre a celulose I. Além desses, a celulose Il e a
celulose IV podem ser produzidas a partir da celulose | utilizando diferentes
tratamentos quimicos (CHOPRA e MANIKANIKA, 2022). Um maior grau de celulose
interfere na melhora controla muitas propriedades fisicas da celulose, como
resisténcia, dureza, cristalinidade, etc (CHOPRA e MANIKANIKA, 2022).

A hemicelulose envolve as fibras de celulose e funciona como um elo entre
a celulose e a lignina. E um grupo heterogéneo de polissacarideos ramificados.
Diferentes monémeros, como glicose, galactose, manose, xilose, arabinose e acido
glucurdnico, séo os elementos estruturais da hemicelulose (DHYANI E BHASKAR,
2018). Enquanto a celulose possui uma estrutura cristalina resistente a hidrolise, a
hemicelulose é amorfa, com baixas propriedades mecanicas. A celulose, um B-d-
glucano linear, € o carboidrato dominante das paredes celulares das fibras. Uma parte
do B-d-glucano das fibras também esta disponivel na hemicelulose. Ao contrario do
glucano na celulose, que é principalmente cristalino, o glucano hemicelulosico é um
polimero amorfo (KARIMI e TAHERZADEH, 2016). Ja a lignina é um polimero de fenol

aromatico, tridimensional e reticulado que consiste em uma variedade aleatéria de
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unidades de fenilpropano substituida “hidroxila” e "metoxi" ligadas de forma diferente
(DHYANI e BHASKAR, 2018).

A lignina desempenha um papel de ligacdo entre a hemicelulose e a
celulose dentro da parede celular. Além desses, as fibras naturais sdo compostas por
extrativos que incluem alcaloides, 6leos essenciais, gorduras, glicosideos, gomas,
mucilagens, pectinas, compostos fendlicos, proteinas, resinas, saponinas, acucares
simples, amidos, terpenos e ceras (DHYANI e BHASKAR, 2018). Portanto,
lignoceluloses contém diferentes glucanas, categorizadas como cristalinas e amorfas
(KARIMI e TAHERZADEH, 2016). Essas por sua vez, representam um grupo
complexo de heteropolissacarideos chamados glicosaminoglicanos, que também
variam em conteldo de éster metilico. A pectina mais simples € o homogalacturonano
(HG), um polimero ndo ramificado de acido d —galacturénico (Gurunathan et al., 2015).
A Figura 4 demonstra a estrutura de uma fibra natural formada por celulose,

hemicelulose e lignina e a Figura 5 ilustra a sec¢éo tipica de uma fibra natural.

Parede Secundaria (S3)

Celulose

Hemicelulose
Lignina

Parede Secundaria (S2) .......p

Parede Secundaria (S1)

5‘\ Celulose
\RITT ]
Parede Primaria ~% '\ |

VAWV Yy ’
“ ’ . Hemicelulose
SR

Lamela média - \‘A.

Célula Vegetal

Figura 4: Estrutura da fibra natural

Adaptado de Mokhothu e John (2015)
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Hemicelulose

Figura 5: Composicao de lignina, celulose e hemicelulose

Adaptado de Stokke et al. (2013)

A partir disso, fibras naturais possuem diversas fibrilas que consistem em
uma estrutura em camadas composta por uma parede primaria fina que circunda uma
parede secundaria espessa. Essa parede secundaria é composta por trés camadas,
das quais a espessa camada central controla as propriedades mecanicas da fibra
(MOKHOTHU e JOHN, 2015). Tal camada possui uma série de microfibrilas celulares
helicoidais criados a partir de moléculas de celulose de cadeia longa. Entre as
microfibrilas e o eixo da fibra, € encontrado um angulo microfibrilar que varia de uma
fibra para outra (MOKHOTHU e JOHN, 2015). Entretanto, as propriedades das fibras
naturais variam consideravelmente. Essas propriedades sdo determinadas pela
composicdo quimica e estrutural, que depende do tipo de fibra e suas circunstancias
de crescimento. A celulose, o principal componente de todas as fibras naturais, varia
de fibra para fibra (BLEDZI, 1998). Mesmo que a origem seja a mesma fonte vegetal,
as propriedades da fibra natural sdo diferenciadas por muitos fatores, incluindo
caracteristicas fisicas, dimensdes da celulose cristalina e defeitos na estrutura (WANG
et al., 2022).

Dentre as principais fibras naturais existentes, sera apresentado um maior

detalhamento referentes as fibras de coco a partir das proximas secoes.
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3.2.1. Fibra de coco: producgéo e principais propriedades

O coqueiro (Cocus nucifera L.) € uma palmeira de grande importancia para
o Nordeste brasileiro, e possui cerca de 85% da producéo nacional e mais de 90% de
area plantada com essa cultura. Do coqueiro tudo se aproveita; porém, os principais
produtos sédo, a copra, 6leo, acido laurico, leite de coco, farinha, agua de coco e a fibra
(ARAGAO, 2005). A demanda mundial de fibra esta crescendo acentuadamente em
razdo do interesse, principalmente dos paises ocidentais, por produtos que nao
causem impacto ambiental; a tendéncia mundial € transformar a fibora em um dos
principais produtos do coco, alterando, assim, sua atual condicdo de subproduto
(ARAGAO, 2005). A prova da versatilidade da fibra do coco é sua impregnagdo com
o latex, formando uma fibra emborrachada muito utilizada na manufatura de colchées
de mola, estofamentos de carros, almofadas, entre outros produtos. Gracas a sua
extraordinaria elasticidade e resisténcia, sua aplicacdo na industria como material de
acolchoamento parece ilimitada, sendo usada na inddstria automobilistica, de
aparelhos de ar-condicionado e de instalacdes acusticas (ARAGAO, 2005).

As fibras de coco sao produzidas a partir de subprodutos, ou seja, utiliza
baixa quantidade de energia, sendo essas fibras residuos agricolas, que possuem boa
resisténcia mecanica, e sdo a prova de insetos e mofo além de ndo atrairem roedores
(SCHIAVONI et al., 2016). As condicdes ambientais em que as plantas crescem
(como, de onde as fibras foram extraidas, localizagdo geoldgica, modo de extragéo e
maturidade das plantas) influenciam diretamente na porcentagem de composi¢coes
quimicas, valores de resisténcia mecanica, estabilidade térmica e propriedades
cristalinas das fibras de coco (MANIMARAN et al., 2020) (VINOD et al., 2023). Em
média, a composicdo quimica das fibras de coco varia de 32 a 50% de celulose, 0,15
a 15% de hemicelulose, 30 a 46% de lignina e cerca de 3 a 4% de extrativos (ADENIYI
et al., 2019). A tabela 1 mostra os resultados de diferentes propriedades mecanicas

de fibra de coco.
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Tabela 1. Resultados de resisténcia a tracdo, modulo de elasticidade e alongamento na ruptura de

fibra de coco

Resisténcia a tracao Médulo de Alongamento
Origem Referéncias
(MPa) elasticidade (GPa) naruptura (%)
Tailandia 95-230 2,8-6 15-51,4 (YAN et al., 2014)
Vietna 123,6 26,9 - (BUI et al., 2020)
(SUMESH e
india 94 4,1 - KANTHAVEL,
2020)
(AKINYEMI e
Nigéria 108-251 2,5-4,5 13,7-41

ADESINA, 2021)

Segundo Adeniyi et al. (2019) as fibras de coco possuem geralmente densidade
de 1,1 a 1,5 g/cm3, mbdulo de elasticidade 2 a 8 GPa, resisténcia a tracdo de 105 a
593 MPa, além de 10-180% de absorcdo de agua e 15-51% de alongamento na
ruptura. De fato, as fibras de coco possuem uma grande variabilidade de acordo com
o seu local de origem, método de extracdo e maturidade. Segundo Tomczaket et al.
(2007), as fibras de coco brasileiras possuem médulo de elasticidade e resisténcia a
tracdo mais baixas quando comparadas as fibras asiaticas, como as originarias da
india. Os valores de médulo de elasticidade avaliados para fibras de coco é de 1,2 a
3,6 GPa, comparado a 3,71 a 5,83 GPa para fibras de coco de origem indiana
(TOMCZAK et al., 2013).
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Assim como nas propriedades mecanicas, a fibra de coco apresenta uma
variabilidade no que tange as propriedades quimicas seja pela procedéncia de onde
foi extraida, pela maturidade e cuidados no cultivo, etc. A tabela 2 apresenta a

composicao quimica de algumas fibras de coco investigadas pela literatura:

Tabela 2. Propriedades quimicas da fibra de coco

Origem Cel(l;/:)())se Hemi((:(yeol)ulose Li%;oi)na Ext-rraet(i)\:odse(%) Referéncias

Holanda 36,6 37 222 42 (STAPZF(;';?) etal.,
india 44 0.293 43 i < A,\(ﬁﬁg"\fg‘&%m)
india 43 : 45 : oA iz

Jamaica  48.6 8.2 30.4 : @"nggggf;)’
Brasil  43,4-53 14.7 38,3-40,77 35 (SALT’;L'\"AZ%’S;()ANA

3.3. Emprego de fibras naturais em materiais cimenticios

Diferentes propriedades sdo modificadas quando a matriz cimenticia é
reforcada com fibras, particularmente: trabalhabilidade, resisténcia a compresséao,
modulo de ruptura (resisténcia a flexao), resisténcia a tracao, resisténcia ao impacto,
resisténcia a fadiga, aumento da tenacidade, e minimiza¢éo da propagacao de trincas
(PILS et al., 2019). De forma geral, os materiais cimenticios possuem boa resisténcia
a compressao, porém baixa resisténcia a tracéo e fissuracdo. Desse modo, as fibras
naturais podem ser usadas a fim de aprimorar as caracteristicas dos compadsitos, por
exemplo, resisténcia a tracdo e compressdo (LABOREL-PRENERON et al., 2016).

Muitas estruturas antigas feitas de barro e argila foram reforcadas com
fibras naturais, o que mostrou que o seu uso pode servir como reforco para
potencializar as propriedades mecanicas (LABOREL-PRENERON et al., 2016). O uso
das fibras em materiais cimenticios comeca no periodo otomano, no qual a fibra da
madeira era utilizada na Grécia em argamassas com o intuito de aumentar a

estabilidade volumétrica. Além disso, o uso de fibra de palha e conchas foram
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encontradas principalmente nos tempos medievais com o proposito de substituir os
agregados (PACHTA et al., 2014). Desde o Século 20 a adicdo de materiais fibrosos
em materiais cimenticios foi proposta para melhorar suas propriedades mecanicas
(YANG et al.,, 2021). As fibras naturais poderiam ser utilizadas na industria da
construcdo, em materiais de construcdo para projetos de edificios baixos, projetos de
pavimentacdo, calcadas, fossa séptica, sistemas de drenagem, entre outras
aplicacoes (DAS et al., 2020).

Em principio, trés requisitos precisam ser considerados na selegdo de
uma fibra natural como reforco em compdsitos de cimento, incluindo: a
compatibilidade das propriedades do material com a aplicacéo, a interacao fibra-matriz
suficiente para transmitir tensdes e um teor ideal para garantir um comportamento
mecanico eficaz (RANJBAR e ZHANG, 2020). De acordo com Adesina (2021) a
incorporacdo de fibras naturais em compoésitos cimenticios pode aumentar a
resisténcia a compressdo em alguns casos, ja em outros estudos mostraram uma
reducdo ou nenhuma mudanca em tal propriedade. Uma boa adeséo entre pasta de
cimento e fibras naturais € determinada por uma combinacao sinérgica de fatores
(Inter travamento mecénico, adesao fisica, ligacdo quimica). Alguns desafios incluem
as caracteristicas heterogéneas da fibra natural (ou seja, variacdo na composicao da
parede celular, defeitos e geometria), levando a uma ampla variacao na qualidade da
fibra; hidrofilicidade, proporcionando a incompatibilidade e tendéncia de segregacao
e alta absorcédo de agua (LI et al., 2020). O desafio da utilizacdo das fibras vegetais
em materiais cimenticios ocorre devido a sua interacdo com a pasta de cimento. Elas
sdo capazes de capturar agua da mistura reduzindo a trabalhabilidade e alterando o
processo de hidratacéo da pasta de cimento no estado fresco, por exemplo (RUANO
et al., 2020).

Determinar o teor 6timo do uso de fibras em materiais cimenticios é importante
para aumentar a eficiéncia e economia, principalmente no que diz respeito as
principais propriedades relevantes de acordo com o uso pretendido (PILS et al., 2019).
Segundo Chakraborty et al. (2013), a fibra de juta foi utilizada a fim de melhorar as
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propriedades fisicas e mecanicas da argamassa de cimento. Na mistura (cimento:
areia: 4gua - 1: 3: 0,6), o teor de fibra variou de 0 a 4,0% (em relacdo a massa de
cimento). A trabalhabilidade foi reduzida devido & natureza hidrofilica da fibra de juta,
cuja mesma absorveu grande parte da agua necessaria para a hidratacdo do cimento.
Entretanto, as amostras de argamassa preparadas obtiveram trabalhabilidade na faixa
de 156-161 mm, semelhante & amostra de argamassa de referéncia (CHAKRABORTY
et al., 2013). Segundo MARVILA et al. (2020) a resisténcia a compressao das
argamassas com fibra de acai e teor de 1,5% aumentou 22%; enquanto com o teor
de 3,0% obteve o0 acréscimo de 52%, em compara¢do com a argamassa de referéncia.
Mesmo com o crescimento nas propriedades mecanicas ocorreu a aglomeracao das
fibras na matriz cimenticia, que funcionou como um ponto para a absor¢cdo de agua
das fibras. Apesar dos diversos esforgos na utilizacdo de fibras naturais, entretanto,
pondera-se para a necessidade de estudos futuros devido ao aumento da porosidade
e a descontinuidade dos poros com aplicacdo da fibra de coco em materiais
cimenticios (KHAN e ALI, 2019).

3.3.1. Fibras de coco em materiais cimenticios

A argamassa de revestimento composta com (cimento, cal e areia) €
considerado um material fragil. Para superar esse comportamento da argamassa, as
fibras incorporadas na argamassa podem atuar como atenuador de trincas.
Sathiparan et al. (2017) demonstraram que a absorcdo de agua e a porosidade
aumentaram com a adi¢éo da fibra de coco em argamassas. Por causa do acréscimo
da fibra ocorre o aumento dos vazios e a porosidade interconectada tende a aumentar
e reduzir a resisténcia a agentes agressivos. Contudo, a presenca de 0,5% de fibras
na argamassa promoveu um acréscimo na resisténcia a compressdo com teor de

5,7% em comparagdo com amostra sem fibras. Além disso, a resisténcia a tracdo na
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flexdo com o teor de 0,5% foi 6% superior a argamassa de referéncia. Porém quando

o teor aumentou para 0,75%, ocorreu a diminui¢cao de 16,5%.

A pesquisa realizada por Galicia-Aldama et al. (2019) utilizou fibra de coco
com diametro médio de 1,4 mm onde a incorporacao das fibras iniciou-se no periodo
imediatamente ap0s a hidratacdo e homogeneizacdo do cimento e a relacéo
agua/cimento foi mantida fixa em 0,5 com a adicéo de fibras a pasta cimento em 1%,
2,5% e 5% em peso. Os resultados mostraram que as combina¢des mais adequadas
para o uso em pasta de cimento foram com teores de 1% e 2,5%. As fibras utilizadas
por Wang et al. (2017) foram descritas com as seguintes caracteristicas: cor marrom,
importadas da Indonésia e com didametro em torno de 0,25 mm. A preparagdo das
fibras para o uso em concreto consistiu em realizar o corte em 25, 50 e 75 mm a fim
de investigar a variacdo do comprimento das fibras. A Figura 6 apresenta as fibras,
enquanto a Tabela 2 demonstra os resultados referentes as propriedades mecanicas
do concreto com a adi¢ao da fibra.

Figura 6: Fibra de coco cortadas

Fonte Wang et al. (2017)



39

Tabela 3. Resultados de resisténcia a compressao e médulo de elasticidade de concretos com fibra

de coco
Tipo de concreto Comprimento da Modulo de Resisténcia a
(variacéo do fibra (mm) elasticidade (GPa) compresséo (MPa)
comprimento da
fibra)

PC - 32,6 34,07
CFRC-25 25 31,1 33,98
CFRC-50 50 31,9 32,18
CFRC-75 75 31,02 32,07

Adaptado de Wang et al. (2017)

A partir dos resultados, o concreto com adi¢cdo da fibra demonstrou uma
pequena queda na resisténcia a compressao e no médulo de elasticidade a medida
gue ocorreu o aumento do comprimento da fibra. Outro fator de relevancia diz respeito
a trabalhabilidade dos compdésitos. Segundo Hwang et al. (2016) o uso de fibra de
coco e a diminuicdo da trabalhabilidade da argamassa deve-se a baixa densidade da
fibra de coco e consequentemente, a sua maior porosidade. Todavia, materiais
cimenticios reforcados com fibra de coco exibem resisténcia a compresséao reduzida,
porém, a utilizacdo de fibra de coco melhora significativamente a resisténcia a tracao
dos compdsitos cimenticios. A partir do acréscimo de 4% de fibra de coco na
argamassa, obteve-se 7,4 MPa, enquanto a argamassa de referéncia obteve 5,2 MPa.
E o teor 6timo de fibra de coco, em relacdo ao peso do cimento, obtido por estudos
anteriores, varia entre 0,5% e 5% (AL-MASOOQODI et al., 2016).

7z

Um dos procedimentos usados para melhorar tais caracteristicas € o
emprego de adi¢cdes minerais. Segundo Silva et al. (2010) o uso de silica ativa e fibras
de coco no concreto podem ser utilizados com teores de 15% e 2%, respectivamente,
aliado ao uso de cinzas volantes com teores de 0%, 5%, 10% e 15%. Em um concreto

com relacao agual/cimento fixada em 0,55, o melhor desempenho é obtido a partir das
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fibras de coco com 5 cm de comprimento e o teor de 2% em relacdo a massa do
cimento. No estudo de Gupta e Kumar (2019) a fibra de coco foi adicionada ao
concreto com teores de 0,25%, 0,5% e 0,75% e teores de 2% a 3% de nano silica.
Além disso foi adicionado 15% de cinza volante, a qual foi parcialmente substituida ao
cimento. Segundo os autores, a dosagem ideal de fibra de coco e da nano silica é de
0,25% e 3%, respectivamente. Os materiais forneceram o aumento de resisténcia a
compressdo e 0 mesmo resultado resisténcia a abrasdo em comparacdo com a
amostra do concreto de referéncia. Esse comportamento é semelhante para todas as
misturas com relacdo agua/cimento (0,47, 0,45 e 0,42) aos 7 dias e 28 dias. Segundo
o estudo de Ahmad et al. (2020) as fibras de coco de diferentes comprimentos (25, 50
e 75 mm) e conteudo (0,5%, 1%, 1,5% e 2%) foram adicionadas ao concreto de alta
resisténcia para investigar suas propriedades mecanicas para uso em aplicacoes
estruturais. Os melhores resultados foram observados com a adicdo de fibra de coco

e comprimento de 50 mm e com um teor de fibra de 1,5%.

3.4. Tratamentos em fibras naturais

Devido as desvantagens da fibra natural, pesquisadores desenvolveram
muitos métodos de tratamentos a fim de promover a otimiza¢@o de suas propriedades.
Os tratamentos de superficie em fibras naturais tém como objetivo aumentar a adeséo
e a transferéncia de tenséo entre a fibra natural e materiais cimenticios (Patel e Singh,
2023). A microestrutura da pasta de cimento é modificada devido ao tratamento
guimico das fibras naturais, obtendo-se assim, uma superficie das fibras mais rugosa
gue cria pontos de ancoragem e fornece uma melhor zona de transicao (Stapper et
al., 2021). Segundo Ali et al. (2022) o tratamento quimico reduz a absorcdo de agua
da fibra de coco e proporciona uma melhora a adeséo entre a fibra de coco e a matriz
cimenticia (ALI et al., 2022). Esse fator ocorre, pois, sdo removidos os 6leos e ceras

e hemicelulose da superficie externa da fibra de coco (Ali et al., 2022).
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A superficie das fibras e os grupos hidroxila podem ser alterados com
diferentes tratamentos quimicos, acopladores e cargas reativas. Os diferentes
tratamentos quimicos incluem os alcalis, silano, acetilagdo, acrilacdo, benzoilagéo,
permanganato de potassio, peréxido de hidrogénio, isocianato de metila, cloreto de
sédio e acido estearico (KARTHI et al. 2020). Um resumo dos tratamentos quimicos e

seus efeitos sobre as fibras naturais encontra-se apresentado no Quadro 2.

Quadro 2. Os tratamentos quimicos e seus efeitos nas fibras naturais

Trata’lm.ento Efeito do tratamento
quimico
Hidréxido de Remove o cqnteudo amorfo, .
sodio hemicelulose e lignina, o que leva a

superficie da fibra tornar-se rugosa.

O tratamento com &cido acético
melhora as propriedades de tracéo e a
temperatura inicial de degradacéo das

fibras.

Acido acético

Melhora as propriedades fisico-

Silano L ' .
guimicas das fibras naturais

Aprimora 0 mecanismo de adeséo
entre a fibra natural e a matriz
polimérica

Per6xido de
benzoila

Permanganato | Remove a cera e outros componentes
de potéassio da fibra

Proporciona propriedades fisico-

Acido esteérico e .
quimicas superiores

Remove a hemicelulose e pectina. Este
tratamento leva a fibrilagéo de fibras
naturais semelhante ao tratamento com
alcalis.

Agua do mar

Ajuda a melhorar a compatibilidade
entre as fibras naturais e sua matriz
polimérica

Revestimento de
polimero

Aumenta significativamente as
Isocianato de propriedades mecéanicas e a absorg¢éo
metila de 4gua das fibras naturais

Adaptado de: Sanjay et al. (2019)
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Além dos tratamentos quimicos existem outros procedimentos abordados
pela literatura para modificacdo de fibras naturais. Segundo Ferreira et al. (2015), a
hornificacéo atua no fortalecimento da estrutura de fibras ligno-celuldsicas através de
ciclos de molhagem e secagem das fibras. O Quadro 3 mostra os tratamentos e
procedimentos utilizados em fibras de sisal. A resisténcia a tracao da fibra aumenta
com a aplicacao de todos os tratamentos. Segundo o autor, tal fato pode ser explicado
pela alteracdo na cristalinidade da celulose, pela redugdo do material amorfo e o
enrijecimento devido a interacdo do polimero com a fibra de sisal (FERREIRA et al.,
2015).

Quadro 3. Tratamento e preparacao para o aperfeicoamento de fibras de sisal

As fibras sao colocadas em um recipiente com agua (T = 22°C) durante
trés horas para atingir sua capacidade maxima de absorcao de agua.
Apés 16 h de secagem, o forno foi resfriado até a temperatura de 22°C

Hornificagéo (a uma taxa de resfriamento de 0,23°C/min) para evitar possiveis
choques térmicos nas fibras. Este procedimento foi repetido dez vezes.
O tratamento é eficaz para promover uma modificagdo na
microestrutura da fibra, resultando em uma estabilidade dimensional

O tratamento com polimero consistiu em uma impregnacao por imerséo
das fibras em uma solu¢&o aquosa com um polimero de estireno
butadieno. As fibras de sisal foram colocadas em um recipiente com a
solugédo de polimero por 50 min. As fibras foram entdo secas em uma
estufa durante 24 horas a 40 + 1°C

Impregnacéo de
polimero

O tratamento aplicado consistiu em uma combinacéo de hornificacéo e
impregnagéo de polimero. Apds 10 ciclos de umedecimento e secagem,
as fibras foram imersas na solucéo de polimero, utilizando o mesmo
procedimento descrito anteriormente

Tratamento hibrido

Adaptado de Ferreira et al. (2015)

Existem também outros tratamentos eficientes que necessitam de
equipamentos diferenciados para modificagdo das fibras naturais (SANJAY et al.,
2019). O Quadro 4 mostra os tratamentos de superficie mais usados, dedicados as

fibras naturais e os respectivos efeitos benéficos sobre as fibras.
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Quadro 4. Os efeitos dos tratamentos de superficie nas fibras naturais

Tratamento da

superficie Efeito do tratamento

Tratamento com Melhora a rugosidade da superficie
plasma das fibras

Tratamento por Melhora as propriedades da

Irradiacdo superficie, como aderéncia, e
Ultravioleta a P biocém atibilidade ,
Vacuo i

Tratamento com Ajuda a manter suas propriedades

ozbnio mecanicas
Tratamento Aumenta a acidez e a basicidade da
Corona superficie das fibras

Tratamento com Aumento da resisténcia das fibras
raios-y naturais com a radiagdo gama

Remove o contetdo de lignina e

Tratamento a laser ; .
aprimora a estrutura das fibras

Adaptado de Sanjay et al. (2019)

O intuito do uso desses equipamentos é a remocdo de impurezas e
modificacdo da fibra sem a perda de suas propriedades mecéanicas e consequente
fragilizacé@o, e sem precisar expor as fibras a tratamentos quimicos. O tratamento com
ozo6nio auxilia a manter suas propriedades mecanicas e pressupde que a forma de
celulose seja exposta ao gas 0z6nio a 20°C, enquanto a taxa de fluxo € definida como
50 L / h. O tempo de exposicdo varia de 5 min a 9 h com um auxilio de um gerador de
0z6nio (SANJAY et al., 2019). Além disso, o tratamento com ozénio afeta os angulos
de contato de diferentes liquidos com as superficies, o que por sua vez reduz o carater
hidrofilico da fibra natural (ALI et al., 2018).

O meétodo de tratamento atualmente mais utilizado em fibras naturais é o
tratamento quimico com hidroxido de sodio (NaOH), devido ao baixo custo e féacil
disponibilidade. Segundo Zhang et al. (2015) o tratamento com hidroxido de sédio em
fibras de bambu consiste em adiciona-las em uma solucédo de NaOH (4% em peso) a

temperatura ambiente. As fibras foram imersas em solugéo por 1 hora e em seguida,
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as fibras foram lavadas continuamente com agua destilada, removendo a solucdo
restante na superficie da fibra; depois lavado novamente com &gua. Os autores
reforcam que a neutralidade do pH=7 foi verificada com papel de tornassol.
Finalmente, as fibras foram secas a temperatura ambiente até atingir um peso
constante e armazenadas em um dessecador com um saco plastico selado para evitar
a contaminacdo da umidade atmosférica antes das andlises quimicas e
termomecéanicas. Ao aplicar um tratamento alcalino é possivel modificar a
cristalinidade e a morfologia de fibras naturais como as de bambu, aumentando a
rugosidade de sua superficie, o que contribui para melhorar a adesdo a pasta
(SANCHEZ et al., 2017).

O &cido oxdlico, é um &cido poli carboxilico organico comum secretado de
plantas em ambiente natural (ALl et al., 2020; DING et al., 2021). O &cido oxalico ou
também conhecido como acido etanodidico (C2H204) € um acido encontrado nas
formas monohidratado e diidratado e sendo soluvel em &gua obtidos de origem
organica a partir de varios tecidos vegetais (MOREIRA, 2016). O acido oxalico é
extraido basicamente a partir da matriz vegetal com acido cloridrico ou carbonato de
sédio e precipitacdo do oxalato de calcio, seguido pelo tratamento do precipitado com

acido sulfurico diluido para formar solucéo de acido oxalico (NAPPI et al., 2006).

O &cido oxalico foi proposto para o tratamento de fibras de soja com objetivo
de obter materiais estruturais mais leves. Segundo VINOD et al. (2021) o tratamento
com &cido oxalico aprimora a superficie da fibra de soja em comparacdo com NaOH,
considerando-se 2 horas de exposicao da fibra e concentracdo de 5% para ambos os
tratamentos. De acordo com os autores todos os resultados dos testes evidenciaram
gue o novo tratamento com 4cido oxalico tem um desempenho melhor em aspectos
térmicos e mecanicos quando comparado ao tratamento tradicional com NaOH. Além
disso, foram comparados de fibra tratada com silano onde a resisténcia a tragéo
aumentou em 24,43%, além do acréscimo de resisténcia a flexdo em 74,13% em

comparacao com a fibra de soja nédo tratada. O tratamento proporcionou a remocao
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de impurezas da fibra onde ocorreu uma reducao de 65.73% de lignina e 61.31% de

hemicelulose, quando comparada com a fibra natural.

Segundo Fiore et al. (2016) todos os tratamentos quimicos realizados em
fibras naturais até agora sdo mais prejudiciais ao meio ambiente. Geralmente, grandes
quantidades de produtos quimicos perigosos estdo presentes em suas solucdes e
depois em forma de residuos quimicos devem ser manuseados e descartados
adequadamente. Uma solucdo aquosa de bicarbonato de sddio € levemente alcalina
devido a formacado de &cido carboénico e ion hidréxido (FIORE et al., 2016) e estédo

apresentados nas Equagbes 1, 2 e 3:

NaHCO3 + H20 —» Nat + HCOs~ (1)

HCO3~ + H20 = H2C03 + OH- (2)

Assim, a interagdo entre os grupos hidroxila presentes na fibra natural e o
ion Na+ €& semelhante ao que acontece durante um tratamento com hidroxido de

sédio:

Fibra — OH + NaOH — Fibra — O~ Na* + H20 (3)

Nesse sentido, fibras de sisal foram imersas em uma solugédo com 10% em
peso de NaHCOs solucéo durante 24 horas, 120 horas e 240 horas a temperatura
ambiente, em seguida, lavada com agua destilada e secas a 40° C durante 24 h
(FIORE et al., 2016). Ap6s 120 horas de tratamento, a resisténcia a tragdo e o modulo
de elasticidade apresentaram aumentos de 197,9% e 115,0%, respectivamente. I1sso

ocorreu devido a remocéo da hemicelulose e a remocéao parcial da lignina.

As fibras oriundas da palma de acucar demonstraram melhor desempenho

a tracdo com o tratamento alcalino (NaOH) do que com tratamento com bicarbonato
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de sddio (NaHCOs3). Os tratamentos propostos foram uma concentracdo de NaOH a
4% em peso, com um periodo de imerséao de 1 hora, enquanto 10% foram usados no
tratamento com bicarbonato de sodio com um periodo de imersdo por 120h
(MUKHTAR et al.,, 2019). A degradacdo das fibras pode ser minimizada com
bicarbonato de sddio, onde a melhoria registrada nas propriedades mecanicas da fibra

€ comparavel ao do tratamento alcalino tradicional (MUKHTAR et al., 2019).

3.4.1. Tratamentos em fibras de coco

No que se refere especificamente ao tratamento em fibras de coco,
algumas pesquisas ja foram realizadas nos ultimos anos. A tabela 4 mostra alguns
dos tratamentos utilizados pela literatura em fibras de coco.

Tabela 4. Tratamentos propostos em fibras de coco

Tipo de tratamento Referéncias
Fervura (KUMAR et al.,
2022)
L, L (GALICIA-ALDAMA
Hidroxido de sodio etal., 2019)
e (KUMAR et al.,
Hidroxido férrico 2022)

Bicarbonato de sédio (BAKRI et al., 2018)

(ARRAKHIZ et al.,

Silano 2012)

Sulfato de cromo (MIR et al., 2013)

A fervura é um dos métodos mais simples para remover parcialmente o teor
de extrativos presente na parede celular das fibras. Esta redugdo pode ser
correlacionada com a pequena perda de hemicelulose e celulose da superficie das
fioras (KUMAR et al.,, 2022). Uma perda de massa associada, e uma pequena

diminuicdo na resisténcia a tracdo (aproximadamente 15 a 20%) das fibras foram
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identificadas. Nesse sentido, esta técnica ndo € comumente utilizada, ademais, devido

ao consumo de energia e poluicdo que podem ser gerados (Kumar et al., 2022).

De fato, os tratamentos quimicos sédo econdmicos, eficientes e ideais para
aumentar a rugosidade superficial das fibras de coco em comparacdo com outras
técnicas de tratamento, como os tratamentos de superficie (Kumar et al., 2022).
Santos et al. (2019) trataram as fibras de coco com 10% em peso de NaHCOz3s para
diferentes periodos (24, 96 e 168 h). As curvas TGA evidenciaram a degradacao da
hemicelulose e pectina da superficie da fibra, cuja resisténcia a tracéo e flexdo foram
superiores quando o tempo de tratamento aumentou para 96 ou 168 h. O tratamento
alcalino proposto, ndo tdo quimicamente agressivo quanto o tradicional com hidroxido
de sodio, mostrou-se eficiente no aumento da rigidez das fibras e de seus compdésitos
de poliéster e epoxi, sendo também menos nocivo ao meio ambiente apos o descarte
(SANTOS et al., 2019). Bakri et al. (2018) optaram por fibras de coco tratadas com
8%, 10% e 12% em peso de solugdo de NaHCOs por 24 e 120 horas. A amostra com
12% de bicarbonato de sédio por 120 horas de imersdo exibiu a maior resisténcia a
tracdo em relacdo a outras amostras, onde ficou evidenciado que as intensidades de
pico a partir de andlise de DRX séo alteradas e o indice de cristalinidade da fibra tende

a aumentar.

Diversos autores apresentaram teores e tempo de exposicdo do NaOH em
fibras de coco. Segundo Sood e Dwivedi (2018), os tratamentos com teores de 5%,
6% e 10% de solucdo de NaOH apresentaram aumento da resisténcia a flexdo da
fiora. Mulinari et al. (2011) relataram que para facilitar a adeséo entre as fibras e a
matriz, as mesmas podem ser modificadas por tratamento com solucéo alcalina a 1%.
Gupta e Kumar (2019) relataram que para fibras naturais o teor de 5% do tratamento
alcalino € o mais adequado. Segundo Yan et al. (2016), o tratamento alcalino remove
uma certa quantidade de lignina, cera e 6leos que cobrem a superficie externa da
parede celular da fibra, despolimeriza a celulose e expde os cristalitos. A adicdo de
NaOH a fibra de coco promove a ioniza¢cado do grupo hidroxila onde a fibra de coco

com uma quantidade maior de grupos de hidrogénio se tornaria mais compativel com
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a matriz, o que, por sua vez, facilita o intertravamento mecanico e a reacao de ligacao

com a matriz.

Segundo Mulinari et al. (2011) para facilitar a adeséo entre as fibras e a matriz,
as fibras de coco podem ser modificadas por tratamento com solucéo alcalina a 1%,
realizar a filtragem em um filtro a vacuo, lavar com agua destilada e secas em forno a
100°C por 24 h. A Figura 7 mostra o antes e depois da fibra tratada com hidroxido de
sédio, realizado por Mulinari et al. (2011). A analise de MEV mostra que as fibras nao
tratadas exibem uma grande quantidade de detritos aderidos a superficie dos feixes
de fibras, porque séo revestidos com material ndo celulésico. Apds o tratamento das
fibras de coco, observou-se a remocao de cera, pectina, lignina e hemiceluloses na
superficie das fibras. Verificou-se também a eliminacédo da camada superficial (células
parénquimas), e a formacdo de marcas globulares, o que pode aumentar a adesao
entre fibras e matriz (MULINARI et al., 2011).

(a) (b)

Figura 7: Fibra de coco (a) sem tratamento (b) com tratamento

Fonte Mulinari et al. (2011)

Segundo Galicia-aldama et al. (2019), as fibras de coco tém uma geometria
em forma de cilindro e sua superficie apresenta rugosidade, cuja caracteristica pode
ajudar a ancorar as fibras na pasta de cimento. As fibras de coco com tratamento
exibem pequenas manchas brancas, e essa morfologia contribui como efeito positivo
na mistura e solidificacdo das amostras, pois formariam pontes fisicas entre a pasta
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de cimento, resultando em uma melhor adeséo entre os dois materiais. As fibras de
coco apls o tratamento alcalino apresentaram matéria organica em menor
guantidade, e ndo foram encontradas evidéncias de enxofre, onde o processo de
limpeza eliminou apenas o material organico da superficie (GALICIA-ALDAMA et al.,
2019).

Segundo Bui et al. (2020) o tratamento de fibras de coco com hidréxido de sddio
em solucdo 5% durante 30 minutos diminuiu a resisténcia a tracdo em 11% em
comparacdo com a fibra natural. A fibra sem tratamento € mais resistente em
comparacao com a fibra de coco tratada. Uma concentracdo adequada de alcali deve
ser obtida para evitar desintegracdo extra das fibras, pois concentracées mais altas
podem enfraquecer e danifica-las. O tratamento alcalino aumenta a velocidade de
fragmentacdo e desagregacgéo da fibora (MARTINELLI et al., 2023). A orientagao da
ordem da celulose cristalina altamente compactada é alterada pela criacdo de regides
amorfas nas quais as micromoléculas de celulose sdo separadas e 0s espacos sdo
preenchidos com moléculas de agua. Os grupos OH - sensiveis aos alcalis séo
quebrados e movidos para fora da estrutura da fibra (MARTINELLI et al., 2023).
Segundo Kumar et al. (2022) apds o tratamento com hidréxido férrico observou-se que
a resisténcia a tracdo da fibra de coco aumentou 43%. O aumento na resisténcia a
tracdo das fibras de coco ocorre devido a cristalizacdo de nanoparticulas nos poros
disponiveis na superficie da fibra. Essas nanoparticulas também tornam a superficie
da fibra relativamente rugosa, o que pode levar a uma melhor adesdo entre fibra e
matriz cimenticia. Segundo Arrakhiz et al. (2012) a fibra de coco tratada quimicamente
com silano proporciona um aumento de 16% na resisténcia a tracdo em comparacao
com a fibra ndo tratada. A fim de aumentar a adeséo entre a fibra de coco e a matriz
de polipropileno, a fibra de coco natural foi tratada quimicamente com sulfato de
cromo. A analise por microscopia eletrénica de varredura indicou uma melhora na
adesao entre a interface dos compaositos de polipropileno e a fibra de coco apés o
tratamento. Além disso, as amostras tratadas quimicamente proporcionaram um

acréscimo nas propriedades mecéanicas (MIR et al., 2013).
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O tratamento da superficie de fibras de coco é um dos topicos desafiadores
para os pesquisadores aumentarem a aplicabilidade dessas fibras em diferentes
materiais de construgcdo. O 4cido oxalico, ja é utilizado na industria farmacéutica, no
processamento de metais, na agricultura, em produtos quimicos, e na industria téxtil.
E utilizado como alvejante, polidor de metal (a fim de eliminar a ferrugem) e removedor
de manchas. Devido a sua funcgéo clareadora é utilizado principalmente na producdo
de chapéus de palha, no tratamento do couro, Cotton, 14 e madeira (MAXIMIZE, 2021).
Ent&o, devido a acdo do acido oxalico no tratamento de diferentes materiais, estudos
gue aprimorem as propriedades de fibras naturais, em especial a fibra de coco sao de

grande importancia.

No préximo subitem serdo detalhados o fendmeno carbonatacdo de materiais

cimenticios contendo fibras vegetais.

3.5. Carbonatacdo materiais cimenticios

Quase todos 0s materiais cimenticios tende a passar por um certo grau de
reacao de carbonatacdo durante sua vida util, devido a presenca de CO:2 na atmosfera
terrestre. Convencionalmente, a reacdo de carbonatacdo do concreto é considerada
um evento desfavoravel, pois diminui o desempenho de durabilidade de tais materiais
(ASHRAF, 2016). A carbonatacdo da pasta de cimento é um processo complexo,
influenciado por muitos fatores, como tipo e composi¢cdo do cimento, porosidade,
condicOes de exposicao etc. Sabe-se que a pasta de cimento reage com o didxido de
carbono atmosférico, onde a carbonatacdo da pasta € reconhecida ha muito tempo
como uma das causas da corrosdo do aco no concreto armado (SAVIJA e LUKOVIC,
2016). O dioxido de carbono (CO2) presente no ar penetra sob forma gasosa no
interior do concreto, através da rede de poros ou fissuras. Na presenca da agua (que
existe pelos poros menores) ocorre uma reacao quimica de carbonatagcdo com a pasta

de cimento hidratada, esta reacao transforma os produtos de hidratacédo, notadamente
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o hidréxido de calcio CH, em carbonato de calcio (CaCO3). A carbonatacéo envolve a
seguinte cadeia de reacfes conforme as Equacgbes 4, 5 e 6 (Baroghel-Bouny et al.,
2014):

- Dissolucéo do CO2 na 4gua:
CO2+ H20 = H2003 (4)
H2C03 + H20 = HCO3~ + H30* (5)

HCO32~ + H20 = CO3~ + H30* (6)

Cuja a reacao do &cido carbdnico com o hidréxido de calcio, apés dissolucédo do

hidroxido de célcio consiste na seguinte Equacéo 7:

H2C03 + Ca (OH)2 — CaCO0s + 2H20 (7)

A carbonatacdo das bases alcalinas aumenta a solubilidade do hidréxido de calcio,
que pode, entdo, sofrer carbonacdo. O hidréxido de calcio € o composto que se
carbonata mais rapidamente, porém, os outros compostos hidratados (aluminatos e
silicatos de calcio) sdo também sensiveis ao ataque do COz2, produzindo igualmente
a calcita (BAROGHEL-BOUNY et al., 2014). A carbonatacdo também altera outros
compostos hidratados da pasta de cimento endurecida (silicatos e aluminatos). No
caso do C-S-H, este pode evoluir para um material amorfo do tipo gel de silicio. A
penetracdo do CO:2 e sua reacdo com os produtos hidratados da pasta de cimento
divide o concreto em duas zonas: uma carbonatada e uma ndo carbonatada
(BAROGHEL-BOUNY et al., 2014). Apesar da complexidade dos fenbmenos, admite-
se, em geral, que a espessura da zona carbonatada (x (t)), em um dado instante de

tempo (t) da vida de uma estrutura, é dada pela Equacao 8:

X(t) = Xo +K\/% (8)
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Em que:

Xo: espessura carbonata inicial;

K: Constante que considera ao mesmo tempo a composi¢ao do concreto (relacéo a/c,
dosagem e natureza do aglomerante etc.) e as condicbes do ambiente (umidade

relativa, temperatura, pressao etc.).

A equacdo 8 é obtida teoricamente considerando-se a hipétese de que os eventos
quimicos associados a carbonatacdo (transporte em solucdo do COg, dissolucdo do
hidréxido de calcio, precipitagcdo do CaCOs, entre outros) sdo mais rapidos do que a
difusdo do CO2 gasoso através da pasta de cimento, a qual se admite ndo evoluir ao
longo do tempo. A difusdo do CO:2 torna-se, entéo, a etapa limitante, sendo a evolugéo
da carbonatacdo do material regida apenas por este processo (difusdo pura)
(BAROGHEL-BOUNY et al., 2014).

O CO2 pode ser armazenado em pastas de cimento por meio de (1) cura
por carbonatacado acelerada, (2) carbonatacao atmosférica, (3) adi¢cdo de CO2 na 4gua
de mistura do concreto e (4) submergindo amostras de concreto em agua com
carbonato. Entre esses métodos, a cura acelerada por carbonatacdo garante o

armazenamento mais alto e mais rapido de COz do concreto (ASHRAF, 2016).

A solucéo indicadora de pH de fenolftaleina é o método de teste mais
utilizado para identificar a frente de carbonatacdo em pastas de cimento. Essa solugéo
muda da cor incolor para a vermelha (ou rosa) quando o pH é superior a 9,0 e a partir
da reacgéo de carbonatacédo, o pH do sistema de concreto reduz e, como resultado, a
solucdo de fenolftaleina permanece incolor na regido carbonatada e vermelha (ou
rosa) na regido nao carbonatada (ASHRAF, 2016). Assim, nota-se que a cor vermelha
ou rosa durante este teste indica uma regido com pH superior a 9,0, mas essa area
ainda pode ser parcialmente carbonatada. Portanto, este método fornece apenas uma
medida aproximada da profundidade da carbonatacdo (ASHRAF, 2016). Entretanto, a
analise termogravimeétrica (TGA) fornece informacgdes quantitativas sobre a extenséo
da carbonatacdo em materiais a base de cimento. Este método de ensaio permite

determinar as proporcdes relativas das fases de microscopicas, tais como CH ou
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CaCOs a partir do qual pode ser obtido o grau de carbonatacao ou perfil de
carbonatacao dentro das amostras (ASHRAF, 2016).

A carbonatac¢édo do hidroxido de calcio resulta, basicamente, em carbonato
de célcio, que pode apresentar em trés formas: calcita, vaterita e aragonita, das quais
a calcita é a forma mais estavel em longo prazo. A transformacao do hidroxido de
calcio em calcita ocorre consoante um volume de 12%. Entretanto, a carbonatacdo
nao se traduz a uma expanséao do concreto, ao contrario, ela implica em uma retracéo
(BAROGHEL-BOUNY et al., 2014). Com efeito, os fendmenos da dissolugéo que se
produzem na pasta de cimento endurecida durante a reacdo de carbonatacéo
conduzem a um alivio de tensdes internas, e em funcéo disso, ocorre a retracao. A
carbonatacdo modifica a distribuicdo de tamanho de poros, reduzindo a porosidade
média do cimento hidratado (BAROGHEL-BOUNY et al., 2014). As medidas de
porosidade mostram que a reducdo se da, em grande parte, ao nivel de poros de
pequenas dimensdes (algumas dezenas de handmetros). Esta reducdo de porosidade
melhora a resisténcia a compressado da camada carbonatada, onde a porosidade e a
profundidade de carbonatacéo variam no mesmo sentido, os quais materiais com alto
desempenho apresenta profundidade de carbonatacdo muito baixa ou mesmo nula.
(BAROGHEL-BOUNY et al., 2014).

A carbonatacéo acelerada pressupde a exposicao controlada de pastas de
cimento a concentragfes elevadas de COz por certos periodos de tempo, resultando
em beneficios em termos de desempenho mecanico ou impacto ambiental do material
(SAVIJA e LUKOVIC, 2016). No entanto, nos ultimos anos, a atengdo se voltou para
a compreensdo e quantificagdo das mudancas microestruturais relacionadas a
carbonatacao sob vérias condi¢des. Durante o processo de carbonatag&o, o hidroxido
de célcio ndo é o unico produto de hidratacdo que reage com o COz2, outras fases da
pasta de cimento, como C-S-H, etringita e cimento n&ao hidratado, todas reagem com
dioxido de carbono (SAVIJA e LUKOVIC, 2016). A carbonatacdo da pasta de cimento
hidratada e na distribuicdo causa uma alteracao na porosidade do tamanho dos poros.

No entanto, a carbonatacdo ndo pode ser vista como um processo continuo que
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obstrui a porosidade, mesmo na pasta de cimento Portland: em estagios posteriores,
a porosidade aumenta, provavelmente devido a carbonatacdo do C-S-H e sua
descalcificacdo (SAVIJA e LUKOVIC, 2016). A carbonatacdo causa alteracoes
micromecanicas complexas em sistemas cimenticios: um aumento na resisténcia
pode ser observado devido a mudancas estruturais na C-S-H, que podem ser
seguidas por fissuras na carbonatacao. Portanto, é dificil avaliar a priori a influéncia

da carbonatac&o nas propriedades mecanicas (SAVIJA e LUKOVIC, 2016).

3.5.1. Carbonatagdo em materiais cimenticios com fibras naturais

A carbonatacédo controlada pode ser usada como uma tecnologia ativa
para melhoria de materiais cimenticios. Por exemplo, a cura por carbonatacéo
acelerada pode ser usada para obter alta resisténcia e durabilidade melhorada para
materiais cimenticios reforcados com fibra naturais (SAVIJA e LUKOVIC, 2016). Além
disso, os compositos reforcados com fibra sdo geralmente mais suscetiveis a
carbonatacao devido ao aumento da porosidade na interface fibra/pasta de cimento.
No entanto, um grande problema com fibras naturais é a sua deterioracdo nas
condicdes altamente alcalinas da matriz cimenticia (SAVIJA e LUKOVIC, 2016). Pode-
se apontar que os tratamentos de carbonatacdo acelerada tém potencial para
melhorar as propriedades mecéanicas e mitigar o envelhecimento em Vvarios
compositos reforcados com fibras (SAVIJA e LUKOVIC, 2016).

7

Uma das desvantagens do uso de fibras naturais € a mineralizacao e
degradacéo de seus constituintes na alta alcalinidade da matriz de cimento Portland,
com um pH de cerca de 13. A mineralizacéo das fibras é causada pelos ions livres da
dissolucéo de fases do cimento Portland que penetram na cavidade da fibra, levando
a nova precipitacao de etringita/monossulfato e hidréxido de célcio na fibra (PIZZOL
et al., 2014). A carbonatacdo acelerada melhora o contato entre fibras e matriz de
cimento. Evidéncias adicionais, de que as fibras de celulose sdo mais preservadas da

fragilizacdo em compdsitos carbonatados (PIZZOL et al., 2014). As analises
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microestruturais demonstraram que o CaCOs formado a partir da reacdo de
carbonacao é precipitado na estrutura de poros da pasta, preenchendo os vazios,
melhorando o contato entre as fibras e a pasta de cimento e diminuindo, assim, a
penetracdo da agua para dentro dos poros (PIZZOL et al., 2014). Segundo Ramli et
al. (2013) as profundidades de carbonatacao registradas aumentam conforme o teor
da fibra de coco, da mesma maneira que a permeabilidade devido a elevada
capacidade de absorcao da fibra. No entanto, a profundidade mais alta registrada com
2,4% é muito baixa para causar efeitos nocivos as amostras, onde a andlise da linha
de tendéncia também demonstrou que a area carbonatada levara mais de 400 anos
para atingir a cobertura minima especificada para projeto de concreto armado (RAMLI
et al., 2013).

No proximo item é apresentado um resumo experimental deste trabalho.
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Neste capitulo serd apresentado a um resumo dos materiais e analises que

foram realizados no desenvolvimento da Tese. O trabalho foi dividido em dois estudos:

0 estudo A, que se refere a avaliacdo de diferentes tratamentos quimicos das fibras

de coco; e o estudo B visou o emprego de fibras de coco em argamassas, a fim de

analisar os resultados dos tratamentos no comportamento mecéanico e microestrutural.

Sendo assim, a tese foi composta por dois artigos. A Figura 8 mostra as etapas da

tese separadas nos respectivos estudos.

TESE

|

ESTUDO A: Tratamento quimico em fibras de coco

|

Tratamentos: 5% NaOH (1 e 2 h) /5% C,H,0, (1 e 2 h)/ 10% NaHCO; (120 e 168h)

l

Propriedades Mecanicas:
Resisténcia a tragao
Médulo de elasticidade
Alongamento na ruptura

Caracterizagdo:
Andlise quimica

Andlise de microestrutura:
Microscopia de for¢a atémica

Espectroscopia de infravermelho  —* Microscopia Eletrénica de varredura

Termogravimetria
Difragdo de raios-x
Angulo de contato

com EDS

1

ESTUDO B: Argamassas contendo fibras de coco tratadas

!

Teor de adicio de 1 e 2% sobre a massa de cimento

e

Anélise de microestrutura:
Microscopia eletrénica de varredura (MEV)
Microtomografia de raios-x

Propriedades Mecanicas e de durabilidade:
Resisténcia a compressdo

Resisténcia a tragdo

Absorcéo por capilaridade

Carbonatacéo acelerada

Figura 8: Etapas da tese dividida em estudos A e B

Dentre o estudo A, considera-se que o estudo foi direcionado como um estudo

de caracterizacdo das fibras de coco tratadas quimicamente com &acido oxalico,

bicarbonato de sodio e hidroxido de sodio. A partir dos tratamentos propostos, foi
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possivel analisar as suas propriedades mecanicas: (resisténcia a tracdo, médulo de
elasticidade e alongamento na ruptura). Além disso obteve-se a anadlise da
composicdo quimica, 0 uso da espectroscopia de infravermelho, anélise
termogravimétrica e de angulo de contato das fibras tratadas. A fim de caracterizar a
superficie das fibras de coco tratadas foram realizados ensaios de microscopia
eletrbnica de varredura e microscopia de forca atdmica. Logo, os tratamentos
quimicos com as melhores combinac¢des de tempo de exposi¢cao empregados na fibra

de coco foram selecionados a fim de promover o emprego em argamassas.

A patrtir disso, o Estudo B teve como finalidade investigar o efeito das fibras de
coco tratadas quimicamente em argamassas. Com base nas fibras tratadas foram
analisados o efeito dos tratamentos no comportamento mecéanico (resisténcia a
compressdo e tracdo) e de durabilidade como absorcdo por capilaridade e
carbonatacao acelerada. Além disso, a modificacdo da microestrutura conforme a
adicdo de fibras de coco foi verificada através da microscopia eletrénica de varredura
e a microtomografia de raios-x foi utilizada a fim de demonstrar o efeito da adigéo das

fibras tratadas na porosidade em argamassas.
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5. RESULTADOS E DISCUSSAO

5.1. COMPARISON BETWEEN ALTERNATIVE CHEMICAL TREATMENTS ON
COIR FIBERS FOR APPLICATION IN CEMENTITIOUS MATERIALS

Nesse item serdo apresentados os resultados obtidos referentes ao Estudo
A do trabalho sob a forma de artigo publicado na revista Journal of Materials Research
and Technology, v. 25, p. 4634-4649. doi: https://doi.org/10.1016/j.jmrt.2023.06.210.
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Microstructural analysis

to fibers wrapped in a husk that may be fibrous, such as in the
case of plants grown for fruit, pineapple, banana, and coconut
[2]. These fibers offer many advantages over synthetic fibers.
One can mention their availability in tropical countries such
as Indonesia, the Philippines, India, Thailand, and Malaysia,
their low cost, biodegradability, and low density [3]. Plant-
based fibers are more renewable than synthetic fibers, such as
polypropylene, carbon, and glass [4]. All natural fibers

1. Introduction

Plant fibers have been researched for use in industry in several
segments, such as the automotive, textile, household appli-
ances, aeronautics, and construction sectors [1]. Natural fibers
are generally classified due to their origin (vegetable, animal,
and mineral). The seeds and fruits of plants are usually bound
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generally contain cellulose, hemicellulose, and lignin, the
three main organic constituents of plant cell walls [5]. The
environmental conditions in which plants grow directly in-
fluence the chemical composition, mechanical strength
values, thermal stability, and crystalline properties of natural
fibers [6].

Cementitious materials have good compressive strength
but low tensile strength and a high cracking tendency at early
ages. Thus, natural fibers improve the characteristics of
composites, for example, tensile strength [7]. Besides, coir fi-
bers could be used in the construction industry in building
materials for low-rise designs, paving designs, sidewalks,
septic tanks, and drainage systems [8]. Hwang et al. [9] using
coir fiber-reinforced cementitious materials exhibit reduced
compressive strength. However, using coir fiber significantly
improves the tensile strength of cementitious composites.
The authors concluded that the compressive strength in-
creases associated with 4% coir fiber (7.4 MPa), while the
reference mortar obtained (5.2 MPa). In another investigation,
the behavior of the mortars with acai fiber and 1.5% (5.35 MPa)
and 3.0% (6.65 MPa) fiber content was higher than the refer-
ence mortar (4.37 MPa). However, the authors reported on the
agglomeration of the fibers in the cementitious matrix, which
worked as a point for water absorption [10].

Many studies have focused on incorporating a chemical
treatment in cementitious materials to minimize the hydro-
philic characteristic of natural fibers to improve mechanical
and thermal properties [11]. The different chemical agents for
the treatments include alkali, silane, permanganate, isocya-
nate, sodium chloride, and stearic acid [3]. Due to its low cost
and wide availability, the chemical treatment method
currently used on natural fibers is sodium hydroxide (NaOH).
Several authors use NaOH treatment, presenting different
contents and exposure times of coir fiber. Sood and Dwivedi
[12] showed that treatments with contents of 5%, 6%, and 10%
of NaOH solution showed increased flexural strength of the
fiber. However, Mulinari et al. [13] reported that coir fibers can
be changed by treatment with a 1% alkaline solution to ease
adhesion between the fibers and the matrix. Gupta and Kumar
[14] reported that the 5% NaOH treatment content for natural
fibers is the most suitable. Applying NaOH treatment makes it
possible to increase the crystallinity and morphology of nat-
ural fibers such as bamboo fibers, increasing their surface
roughness and improving adhesion to the paste [15]. Accord-
ing to Yan et al. [16] the treatment removed a certain amount
of lignin, wax, and oils that cover the outer surface of the fi-
bers cell wall, depolymerizes the cellulose and exposes the
crystallites [16].

Oxalic acid or ethanedioic acid (H,C,0,) is a low molecular
weight organic acid that is environmentally friendly and is
widely found in nature [17]. Moreover, it is a common organic
dicarboxylic acid secreted from plants in a natural environ-
ment [18,19]. Researchers have used soy fibers treated with
oxalic acid to obtain lighter structural materials. According to
Vinod et al. [20], oxalic acid can be used as a natural fibers
treatment, considering 2 h of fibers exposure and 5% con-
centration for both treatments. The treatment supplied the
removal of impurities from the soy fibers, where a 65.73%
reduction in lignin and a 61.31% reduction in hemicellulose
occurred when compared to the natural fibers. The thermal

Fig. 1 e Coir fibers before chemical treatment.

stability increased by 3%; the crystallinity index increased by
13.96% compared to the untreated sample.

Fiore et al. [21] proposed a treatment for an aqueous solu-
tion of sodium bicarbonate (NaHCO3;) without adding other
compounds to improve the properties of natural fibers. The
NaHCOj; treatment on sisal fibers consisted of a 10% solution
by weight for 24 h, 120 h, and 240 h. After 120 h of treatment,
tensile strength and modulus of elasticity increased of 197.9%
and 115.0%, respectively [21]. The fibers from sugar palm
showed better tensile performance in laminated composites
with the NaOH treatment, with a 16% increase than with the
NaHCO; treatment, which obtained an 11% increase
compared to the untreated sample. The proposed treatments
were a concentration of NaOH at 4% by weight with an im-
mersion period of 1 h. In comparison, 10% was used in the
sodium bicarbonate treatment with an immersion period of
120 h [22].

The literature still needs further studies aimed at surface
treatment and correlation of the modification of the proper-
ties of natural fibers, avoiding their hydrophilicity [23]. Given
the possibility of setting up an efficient chemical treatment for
coir fibers, the present study analyzed different chemical
agents (sodium bicarbonate, sodium hydroxide, and oxalic
acid). The study is relevant as it contributes to understanding
other chemical treatments throughout the variation of fibers
exposure time. The intent was to analyze the effects on coir
fiber's chemical, physical and microstructure properties. So
far, the literature addresses with restrictions a proposal for
using coir fibers with different solutions and exposure times
of the fibers.

2. Experimental procedures
2.1 Materials

The coir fibers used come from the process of reusing the
shell of the brown coir (Cocos nucifera) from northeastern
Brazil. The industry performs the coir fibers extraction by
mechanically shredding the fibrous mesocarp. After that, the
sector separates the shell from the coir powder, packages it,
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Table 1 e Chemical treatments used.

Sample Chemical treatment Concentration (%) Time (h)

NF e 0 0
SH1h NaOH 1
SH2h NaOH 5 2
OA1lh H,C,0, B 1
OA2h H2C204 5 2
SB120h NaHCOs 10 120
SB168h NaHCOs3 10 168

Where: SH1h e SH2h correspond to the samples treated with so-
dium hydroxide for 1 and 2 h, respectively, OAlh and OA2h
correspond to the samples treated with oxalic acid for 1 and 2 h,
respectively, SB120h and SB168h correspond to the samples treated
with sodium bicarbonate for 120 h and 168 h, respectively.

and makes it commercially available. The average density
(1.12 g/cm®) was performed on a set of fibers in the laboratory
using a pycnometer. Through the assistance of a pachy-
meter, the average diameter was 0.03 cm, whose measure-
ments were taken along the length of the fibers. Fig. 1 shows
the coir fibers used.

2.2. Chemical treatment

The treatments with sodium hydroxide, oxalic acid, and so-
dium bicarbonate with the concentration and variation of
exposure time on coir fibers show in Table 1.

The mix proportions of dust from the shells were removed
and only the coir fibers were selected, and cut to a length of
1.5 cm. The sodium hydroxide, oxalic acid, and sodium bi-
carbonate were 99% pure and commercially available. The
procedure of immersing the fibers in the aqueous solutions of
oxalic acid and sodium hydroxide with a concentration equal
to 5% by weight for 1 h and 2 h in a static system was like that
adopted in another research [12,24].

The chemical process of treating natural fibers with so-
dium bicarbonate is quite like sodium hydroxide. Both treat-
ments have similar dissociation products; therefore, the
natural fibers treatment with sodium bicarbonate falls under
the alkaline-based treatments [22]. The alkaline solution with
sodium hydroxide requires less exposure time with the nat-
ural fibers due to its higher alkalinity [21,25]. Thus, a solution
with a concentration of 10% and immersion times of 120 h and
168 h for the sodium bicarbonate in a static system was used,
as already proposed by other authors [21,22,25]. The fibers
treated with the different solutions were washed in running
water to remove the treatment until they reached a neutral pH
of the washing water, verified using litmus paper, and dried in

an oven at 60 °C for 4 h [24]. Fig. 2 shows the processes of coir
fibers treatment in a simplified way.

2.3. Characterization

2.3.1. Chemical composition

The main aim of chemical analysis is to evaluate the compo-
sition of cellulose, hemicellulose, lignin, and extractives of the
fibers. Several methods are available (TAPPI method, NREL
method, and many other chemical methods) for the chemical
analysis of natural fibers [26]. Previously, the fibers passed
through a knife grinder and a 16-mesh sieve for regularization
of their size and transformation into powder form.

The chemical analysis used the standard method TAPPI T
264 [27] to determine the extractives content. The extractive
content step was by boiling the fibers in a toluene/ethanol
mixture (2:1 v/v) in a Soxhlet for 6 h. The fibers were filtered,
washed with ethanol, and dried. Subsequently, these are used
for lignin and cellulose extraction [28]. For cellulose and
hemicellulose, the standard method TAPPI T 203 [29] was
applied, and for lignin, TAPPI T 222 [30]. The lignin was grad-
ually removed with (0.7 w/v%) sodium chlorite, and the

Fig. 2 e Untreated coir fibers (a), coir fibers immersed in alkaline treatment (b), kiln dried (c), coir fibers after oxalic acid

treatment (d).


https://doi.org/10.1016/j.jmrt.2023.06.210
https://doi.org/10.1016/j.jmrt.2023.06.210

JourRnal of maTeERlals REseaRchand TEchnoloGy 2023;25:4634 e4649

4637

Table 2 e Chemical composition of the analyzed coir

fibers.

Cellulose  Hemicellulose Lignin  Extractives

(%) (%) (%) (%)
NF 39.18 15.88 38.1 2.54
SH1h 40.98 8.85 22.23 1.68
SH2h 42.75 8.71 23.55 1.67
OA1lh 45.45 9.29 23.1 1.40
OA2h 48.36 7.71 19.75 1.47
SB120h 47.1 7.27 21.99 1.63
SB168h 44.14 7.63 23.59 1.56

Table 3 e Results of the mechanical tests of fibers.

Tensile strength Modulus of Elasticity Elongation

(MPa) (GPa) (%)
NF 71.41 + 13.06 485 + 1.61 16.03 + 11.23
SH1h 79.57 + 13.75 449 £ 1.62 20.24 + 5.24
SH2h 55.63 + 16.88 4.00 £ 0.99 17.03 % 5.04
OAlh 87.78 + 19.71 5.20 £ 1.66 18.33 % 6.86
OA2h 56.92 + 13.35 468 + 3.52 12.18 + 7.42
SB120h  89.58 * 14.46 4.99 £ 1.14 19.43 % 4.00
SB168h  51.98 + 12.06 4.09 £ 1.09 16.50 % 4.78

sample was then filtered, washed and dried. The remaining
holocellulose was then treated with (17.5 w/v %) NaOH solu-
tion to remove hemicellulose, and was then filtered, washed
and dried. The techniques determined the contents of ex-
tractives, lignin, hemicellulose, and cellulose [28].

2.3.2.  Mechanical properties

Fibers mechanical properties such as tensile strength,
modulus of elasticity, and elongation at break were obtained
according to the recommendations of ASTM D638e10 [31].
Each fiber was glued into a paper mold to align with the ma-
chine. Before the test, the outside of the paper mold was cut so
that the bonded fibers could be pulled. A set of 10 untreated
fibers and 10 fibers for each treatment was used for 70 fibers
tested. All coir fibers had three diameter measurements taken
along the length to determine an average diameter for each
fiber. The direct tensile tests on the fibers were performed
using a SHIMADZU AGS-X machine, with a load cell equal to

0.2 kN, speed of 2.5 mm/min, and proper length for mea-
surement between grips of 30 mm.

2.3.3.  Fourier transform infrared spectroscopy (FTIR)

The coir fibers were characterized by Fourier transform
infrared spectroscopy with attenuated total reflectance (ATR-
FTIR). PerkinElmer Spectrum, model 100, equipped with ATR,
was used. The transmittance spectra were recorded with a
resolution of 4 cm—! and a spectral range of 4000 to 650 cm—.
The same parameters for performing Fourier transform
infrared spectroscopy with attenuated total reflectance were
used to characterize natural fibers in other researches [32e35].

2.3.4. X-ray diffraction (XRD)

Caoir fibers in powder form were subjected to X-ray beams in
D8 Advance A25 X-ray diffractometer (Bruker) with 40 kV,
current of 30 mA, slit %4 1.54056 A. The analysis was performed
with the first angle of 10° and 60° for the final angle, the step of
0.015¢, counting time of 100s, and a scan angle of 1.05°. The
experimental curves were generated in Origin software, and
the crystallinity indices were calculated. The crystallinity

index (Cl) was calculated according to the expression pre-
sented by Segal et al., in 1959 [6,36] (Eq. (1)).
IC - Iam
Cl % x 100 @)
" Ic
where:

Ic V4 intensity of the cellulose peak.
lam V4 intensity of the amorphous phase peak.

2.3.5. Thermogravimetric analysis (TGA)

The thermogravimetric analysis was obtained from the fibers
in powder form and through the equipment model STA 8000,
from PerkinElmer, with a reading range varying between 40
and 800 °C, nitrogen flow of 50 mL/min, a heating rate of the
equipment of 10 °C/min.

2.3.6. Atomic force microscopy (AFM)

Atomic force microscopy testing was performed to see the
surface roughness of treated and untreated samples. The
probe model was the Tuk Bruker, in peak force mode, fre-

quency of 525 kHz and K ¥4 200 N/m. The scanner scan size

chosen was 30 mm x 30 mm, with the aid of an attached op-
tical microscope. The scanning frequency was 0.399 Hz, and
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Fig. 3 e FTIR spectrogram of natural, chemically treated coir fibers SH1h and SH2h.
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Fig. 4 e FTIR spectrogram of natural, chemically treated coir fibers OA1h and OA2h.

the obtained images were edited with NanoScope Analysis
software. To perform atomic force microscopy, as with other
samples, a resin embedding is needed, where the bond
strength between the natural fibers and the polymer resin is
controlled mainly by the roughness of the fibers surface [6].
The coir fibers were placed in an oven for 2 h at a temperature
of 60 °C to dry the sample to limit the adhesion of the resin in
the embedment. The epoxy resin was prepared, and the fi-
bers were placed in the transverse direction. After embed-
ding, they were polished on a stainless-steel mounting disk
[37].

2.3.7. Contact angle measurement
The physical contact angle system measures the wettability of
the dispersed liquid on the surface of the fibers. To evaluate
the contact angle of natural and chemically treated coir fibers,
the contact angle equipment, Phoenix 300 e SEO, was used
where the test consisted of 2 ml of distilled water dispersed as a
sessile drop on the samples and the contact angle was
measured after 5s [20,38].

2.3.8. Scanning electron microscopy (SEM-EDS)

Scanning electron microscopy (SEM) provided the natural and
post-treated coir fibers morphology by images of the fiber's
cross-section. In addition, the semi-quantitative analysis oc-
curs via energy dispersive spectroscopy (EDS). Samples were
oven dried at 60 °C for 4 h and were covered with a thin layer of
gold for analysis. The equipment used was Inspect F50 - FEI,
from 0.3 to 30 kV, with a resolution of 1.2 nm.

3. Results and discussion

3.1. Chemical composition
Table 2 shows the chemical composition results of the treated
and untreated coir fibers.

The chemical treatment partially removed the content
extractives from the fiber surface, which comprised grease,
oils, fats, waxes, and insoluble compounds. The treatments
with sodium hydroxide, sodium bicarbonate, and oxalic acid
provided trends to decrease lignin content, hemicellulose
content, and extractive content. The results obtained through
the treatment with oxalic acid were analogous to those found
by Vinod et al. [20]. The authors found a change after 2 h of
fibers exposure and a 5% concentration for soy fibers. In
general, the results showed a behavioral trend where chemi-
cal treatments increased cellulose contents and decreased
hemicellulose contents [39]. Cellulose is the main element
that provides high strength, stiffness, and structural stability
of the fiber important for the reinforcement in cementitious
materials [3]. While cellulose has a crystalline structure
resistant to hydrolysis, hemicellulose is amorphous with low
mechanical properties [40]. Partial removal of hemicellulose
from the fiber releases the internal constraint and the fibrils
can better to reorganize compactly, leading to closer packing
of the cellulose chains. This cellulose packing improves the
fiber's crystallinity and mechanical properties after the
chemical treatment [39].
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Fig. 5 e FTIR spectrogram of natural, chemically treated coir fibers SB120h and SB168h.
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Table 4 e Assignments of characteristic coir fibers bands.

Wavenumber (cm-1) Functional Group Possible assignment Reference
NF SH1h SH2h OA1lh OA2h  SB120h SB168h

3329.54 3320.7 3326.07 3336.48 3321.84 3457.24 3298.8 OH Cellulose [46]
2924.11 2921 2922.69  2923.58  2923.7 2922.59 2921.4 CH Cellulose e hemicellulose [38]
1729.56 e e e e e e c10 Hemicellulose [47]
1608.14 1593.6 1639.22 1609.05 1610.43 1643.68 1641.1 c1ac Lignin [36]
1453.34 1461 1459.43 145539  1454.32 1454 1453.6 CH 2 Hemicellulose [38]
1240.69 1267.8 1268.38 1235.6 1235.6 1159.24 1271 Cco Lignin, hemicellulose [21]
1031.73 1031 1031.23 102295 1031.34  1027.45 1032.1 CH Cellulose [20]

3.2. Mechanical properties of the cellulose chain and improved in fiber strength and

Table 3 presents the results of tensile strength, modulus of
elasticity, and elongation of natural and chemically treated
coir fibers.

The sample SH1h showed an 11.4% increase in tensile
strength, an 8% decrease in modulus of elasticity, and a 26%
increase in elongation. Oliveira et al. [41] reported the average
tensile strength values for treated and untreated coir fibers
were 125 MPa and 90 MPa, respectively, when the solution was
10% NaOH. The authors showed a post-treatment increase in
fiber stiffness and tensile strength. Furthermore, according to
Madhu et al. [38], when the NaOH concentration is 6%, the
tensile strength and elongation at the break of treated fibers
are higher than those of untreated fibers due to the elimina-
tion of hemicellulose. The modulus of elasticity is more
elevated in natural fibers, and there is no notable difference
between NaOH-treated fibers [38].

The fibers treated OA1h showed an increase of 22.9% in
tensile strength, 7.3% in modulus of elasticity, and 14.3% in
elongation at break. For the chemical treatment with sodium
bicarbonate with 120 h, the results showed an increase of
25.4% in tensile strength, 2.8% in modulus of elasticity, and
21.29% in elongation at break. These results agree with that
found by other authors, who reported that coir fibers
immersed in the 10% sodium bicarbonate treatment for 96 h
provided a range of 3.9e6.9 GPa of modulus of elasticity, while
the natural fibers showed 3.2e4.3 GPa [42]. This expects due to
the removal of hemicellulose and surface impurities after
chemical treatment. The fibrils became more capable of
rearranging themselves compactly, leading to a closer packing

tensile properties [43].

However, mechanical properties dropped when the expo-
sure time increased to 168 h. The tensile strength of the treated
sisal fibers decreased by 2% when the sodium bicarbonate
treatment was increased from 120 h of immersion to 240 h in
10% solution. That can be explained due to phenomena of
weakening and degradation of the fibers that occur if the treat-
ment time is longer than 120 h [21]. The modulus of elasticity
values evaluated for coir fibers is 1.2e3.6 GPa, compared to
3.71e5.83 GPa for Indian fibers. As mentioned earlier, these
differences can be explained (by different origins, extraction
methods, and maturity) [44]. However, different treatments
result in various degrees of improvement of mechanical prop-
erties [45]. As the exposure time of the treatments increased,
tensile strength decreased for the times of 2 h for oxalic acid and
sodium hydroxide and 168 h for the fibers treated with sodium
bicarbonate. This damage is caused by a structural change
whereby cellulose inthe fiber partially changes inthecrystalline
region. This is also responsible for a decrease in the crystallinity
of the fiber after chemical treatment [43].

3.3. Fourier transform infrared spectroscopy

The FTIR spectrogram of the natural and chemically treated
coir fibers (SH1h; SH2h) is shown in Fig. 3, Fig. 4 of the treated
coir fibers (OA1h; OA2h), Fig. 5 the treated coir fibers (SB120h;
SB168h) and the respectively identified intensities present in
Table 4.

The band found around 3320 cm— to 3457 cm—* for all coir
fibers represents the stretching of the hydroxyl groups (eOH)

[NF
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Fig. 6 e X-ray diffraction of natural, chemically treated coir fibers SH1h and SH2h.
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Fig. 7 e X-ray diffraction of natural, chemically treated coir fibers OA1h and OA2h.

concerning the presence of cellulose. From the spectrogram,
the transmittance content is increased with the addition of
chemical treatment [20]. The band in position 1729 cm—!
present in natural coir fibers is attributed to the stretching
vibration of the carbonyl group of the carboxylic acid bond in
the lignin or the ester group in the hemicellulose and is not
present in the treated fibers. The chemical treatments pro-
moted the partial removal of hemicellulose from the surfaces
of the fibers, and this caused this characteristic intensity to
decrease [21,25]. The bands located at 1608 cm—! and
1453 cm—1! are observed in all fibers (treated and natural) and
correspond to the stretching vibration of CeO of the amide
group in hemicellulose and lignin, respectively [38].

The spectrum found in 1240 cm—1 is lower for the treated
fibers than for the untreated coir fibers. The CeO stretch of the
acetyl group in the lignin is reduced due to the alkaline
treatments used, removing hemicellulose and lignin from the
surface of the fibers [21]. The fibers showed less transmittance
because the infrared rays could not penetrate the fibers due to
more amorphous constituents and impurities [20]. This
behavior is explained due to alkali treatment removing a large
amount of hemicellulose from the fibers [48]. The coir fibers
treated with sodium hydroxide for 2 h showed higher trans-
mittance due to the excess disintegration of amorphous
components such as hemicellulose, lignin, and extractives
[20]. Despite the treatments with sodium hydroxide, oxalic
acid, and sodium bicarbonate, the FTIR spectrum indicated
the presence of lignin in the treated fibers but at a lower in-
tensity than in the natural fibers. In addition, compared to the

natural coir fibers, cellulose's characteristic spectra were
intensified, indicating the increase of its presence in the
samples after the chemical treatments [47].

3.4. X-ray diffraction and crystallinity index

The crystallinity index (Cl) is a quantitative representation
parameter indicating a cellulosic structure's relative amount
of crystalline and amorphous regions [40]. The x-ray diffrac-
tion presented of the natural and chemically treated coir fibers
(SH1h; SH2h) is shown in Fig. 6, Fig. 7 of the treated coir fibers
(OA1lh; OA2h) and Fig. 8 the treated coir fibers (SB120h;
SB168h).

The angle at 2q Y4 18° is the angle that represents the
amorphous fibers or non-cellulose components. The angle of

22° corresponds to cellulose, the crystalline part of the natural
fibers [36]. The crystallinity index values is shown in Fig. 9.
The crystallinity index tends to increase depending on the
exposure time of chemical treatments. The treated coir fibers
SH1h, OAlh and SB120h increased the crystallinity index
compared to the natural fibers. This factor occurs by treated
fibers have a lower concentration of lignin and content of
extractives, such as wax and oil, which are removed from the
surface [26,49]. This decrease in non-cellulosic components
due to the alkaline treatments increases the crystallinity
index of the fibers [47,50]. These factors corroborated the
results of chemical analysis and FTIR results. The fibers SH2h
and OAZ2h obtained a decrease in crystallinity index. This
reduction occurs due when the exposure times of the
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Fig. 8 e X-ray diffraction of natural, chemically treated coir fibers SB120h and SB168h.
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Fig. 9 e Crystallinity index of natural and chemically
treated coir fibers.

treatments are increased because of the excessive disinte-
gration of fibers components [51,52]. As the exposure time of
the fiber increases, a structural change occurs where the
cellulose in the fiber partially changes in the crystalline re-
gion. In the same way, is a tendency for a decrease in crys-
tallinity and mechanical properties of the fiber after
chemical treatment [43].

3.5. Thermogravimetric analysis

Fig. 10 shows the thermogravimetric curve of the natural and
chemically treated coir fibers.

TGA thermogram showed the beginning of a mass loss
of the treated and untreated coir fibers, which occurs due
to vaporization and water removal from the samples [13].
The Samples SB120h and SB168h reveal a sharp peak near
100 °C and are associated with moisture loss, where the
treatments increase in water vaporization. In addition, as
longer exposure times are exposed, 120 h and 168 h
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Fig. 10 e Thermogravimetric curves of coir fibers samples.

progressive removal of the cuticle from the coir fibers may
explain the initial increase in absorbed water vaporization
[42]. In the second stage, mass loss occurs with the rapid
and drastic decomposition of the fibers due to the elimi-
nation of hemicellulose and cellulose [52]. Fig. 11 shows
the derived thermogravimetric curve (DTG).

Zhang et al. [53] describe the first peak of thermal decom-
position represents the initial evaporation of absorbed water
(50e150 °C). The mass loss between 250 and 400 °C is typically
attributed to the degradation of hemicellulose and cellulose,
with a high mass loss. The second central peak, near 370 °C, is
due to cellulose degradation [21]. From the temperature region
of approximately 400 °C occurs the complete fibers degrade
process. In oxalic acid-treated fibers OAlh and OAZ2h, the
degradation referring to cellulose decomposition occurs at
higher temperatures for both treated samples (after 350 °C),
while in the natural fibers, the characteristic decomposed is
between 275 and 350 °C [19]. The improvement of thermal
stability of these fibers can be attributed to the removal of
much of the hemicellulose and lignin as observed by other
authors [19,28]. The oxalic acid-treated fibers have lower
lignin content and degrade at a higher temperature [54].

The treatment of coir fibers with sodium bicarbonate,
regardless of the exposure time, decreased the DTG curve's
temperatures, evidencing a peak of cellulose decomposition at

300 °C. Santos et al. [42] cite whose minimization of the
thermal stability of cellulose went from 358 °C of the natural

fibers sample to 310 °C fibers with sodium bicarbonate. This
behavior occurs by not having the transformation of cellulose

| into 11, where cellulose 1l has more intermolecular hydrogen
bonds than cellulose |, which extends the thermal stability of
fibers. Similar behavior occurred in the samples SH1h and
SH2h treated coir fibers, where the thermal degradation
temperature reduction by not converting part of cellulose |
into cellulose Il. Oudiani et al. [55] reported the highest
transformation of cellulose occurs between 10% and 15%
NaOH concentration. For lower NaOH concentrations, cellu-
lose | is dominant and only occurs cellulose swelling and
dissolution phenomena [55].
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Fig. 11 e Derived thermogravimetric curve (DTG) of coir
fibers samples.
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3.6. Atomic force microscopy

Table 5 e Mean roughness and root mean square

deviation obtained from atomic force microscopy.

Table 5 shows the atomic force microscopy results of the
Ra (nm) Rq (nm)

natural and chemically treated coir fibers.
NF 56.3 90 The roughness represents the relief variation detected on

2:;: gi'g ﬁ; the surface of the coir fibers. In this sense, the chemical
OA1Lh 80.3 104 treatments_ p_)rowde(_j increased roughn_ess, which l?eneflts
OA2h 83.6 113 fiber/matrix interaction. The results are like those obtained by
SB120h 75.5 109 Vinod et al. [20], who untreated soy fiber samples 34.49 nm for
SB168h 112 153 average roughness and 42.31 nm for average square rough-
Where: Ra corresponds to the average roughness and Rq corre- ness. The increase in average roughness and average square
sponds to the quadratic average roughness. roughness was also observed by Bettini et al. [56] when coir

fibers were treated with the 2% sodium hydroxide content and
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Fig. 12 e AFM images of natural coir fibers (a), coir fibers treated with sodium hydroxide for 1 h (b), coir fibers treated with
sodium hydroxide for 2 h (c).
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obtained valuesof Ra % 111.11 nmand R q ¥4 133.66 nm. Moshi
et al. [56] analyzed the fibers from the bark of the Grewia

damine plant. Their found that the roughness is directly
related to the partial removal of the cellulosic fibers compo-
nents. The surface that was previously smooth becomes
rougher, and the mean and square roughness of the fibers
increases. The results showed that the surface of the coir fi-
bers for all treatments changed compared to the natural
sample. Figs. 12e14 show the images with topographic profiles
of the roughness of the natural and chemically treated coir
fibers.

According to the roughness results and 2D and 3D topo-
graphic profiles, all fibers have undergone a process of surface
modification. The natural sample shows a smoother surface,
while the chemically treated samples show increased rough-
ness. Therefore, the samples containing the chemical treat-
ment with sodium hydroxide, oxalic acid and sodium
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-500.0 nm

00 Height Sensor  30.0 ym
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500.0 nm

-500.0 nm
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bicarbonate showed a variation in the average roughness
peaks compared to the natural fiber. According to Yan et al.
[16], the rougher fibers surface is obtained after the alkali
treatment, which is beneficial for fibers/cement paste adhe-
sion, improving the mechanical interlock of the composite.
The alkali treatment partially removes lignin, wax, and oils
that cover the outer surface of the fiber's cell wall, de-
polymerizes cellulose, and exposes crystallites.

3.7. Contact angle measurement

Fig. 15 shows the contact angle for natural and chemically
treated samples (NF, SH1h, SH2h, OA1h, OA2h, SB120h, and
SB168h) obtained from Surfaceware software.

The samples treated with sodium hydroxide, oxalic acid,
and sodium bicarbonate showed an increase in the contact
angles of all chemically treated fibers compared to the natural

500.0 rm

500,0 rm

Fig. 13 e AFM images of natural coir fibers (a), coir fibers treated with oxalic acid for 1h (b), coir fibers treated with oxalic acid

for 2h (c).
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fibers. The contact angle equal to or greater than 90° shows

the hydrophobicity of the sample surface, while less than 90°
represents hydrophilicity [57]. Moreover, the increase in con-

tact angle is attributed to the partial removal of its constitu-
ents, such as hemicellulose, lignin, and extractive content, as
reported by other authors [38,51]. The chemical treatment
partially removes the lignin whose nature is hydrophobic.
Thus, the contact angle increased which shows an increase in
hydrophobic nature.

3.8. Scanning electron microscopy with EDS

Fig. 16 shows the natural fibers at 200 x and 1000 X
magnification.

(a)

500.0 nm

-500.0 nm

0.0 Height Sensor  30.0 ym

500.0 nm

-500.0 nm

0.0 Height Sensor  30.0 ym

500.0 nm

-500.0 nm

0.0 Height Sensor

30.0 pm

This way, observe the presence of impurities present in the
natural fibers, where they form more contrasting, shiny reliefs
than the treated samples. In addition, the white spots detec-
ted in the natural fibers are due to hemicelluloses and waxes
[52]. Coir fibers show adhered debris and protrusions on the
surface of the fibers, mainly when untreated [58]. Untreated
natural fibers exhibit smooth surfaces, with less surface
roughness and no marks on the surface. Fig. 17 shows the
SH1h coir fibers, and Fig. 18 shows the morphological aspects
of coir fibers OA1h.

In the alkaline treatment, eliminating the surface layer
(parenchyma cells) increases the contact area, globular marks,
and the adhesion between fibers and matrix [13]. The treated
fibers exhibit small white spots, which contribute to the

Fig. 14 e AFM images of natural coir fibers (a), coir fibers treated with sodium bicarbonate for 120h (b), coir fibers treated with

sodium bicarbonate for 168h (c).
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Fig. 15 e Contact angle measurement of the samples: NC (a), SH1h (b), SH2h (c), OAlh (d), OA2h (e), SB120h (f), SB168h (g).
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Fig. 16 e NF sample at 200x magnification (a) and 1000x magnification (b).
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Fig. 17 e Sample SH1h at 200x magnification (a) and 1000x magnification (b).

mixing and solidification of the samples, as they would form globular marks provided the coir fibers with reduced surface
physical bridges between the cement paste, resulting in better impurities. The fiber morphology changes drastically by the
adhesion between the two materials [36,58]. In addition, the alkalization the surface of the fibers becomes rough and the
sodium hydroxide treatment and oxalic acid modification of fibrils are apparent in alkali-treated fiber. Most of the surface
the surface of the coir fibers. The 1-h exposure time provided impurities and other no cellulosic (hemicellulose) substances
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Fig. 18 e Sample OA1h at 200x magnification (a) and 1000x magnification (b).

500 um

3 A

PROR R A ) i

A
s Etched surfaced g3

Fig. 19 e Sample SB120h at 200x magnification (a) and 1000x magnification (b).

are partially removed by alkali solution [39]. Moreover, the
cross-section of alkali-treated fiber reveals a compressed
cellular structure which, in turn, reduces the voids of the fi-
bers, leading to lower water absorption [39]. Fig. 19 shows coir
fibers SB120h.

Although less aggressive than sodium hydroxide and oxalic
acid, the treatment with sodium bicarbonate showed an alter-
ation of the surface of the fibers. This is due to the partial

removal of hemicellulose, lignin, and extractives [21]. Table 6
presents the chemical composition of the coir fibers with and
without chemical treatment obtained from EDS spectroscopy
coupled with a scanning electron microscope (SEM).

Natural fibers formed by cellulose, hemicellulose, lignin,
and extractives are compounds formed mainly by carbon and
oxygen. Among these organic constituents, certain inorganic
materials, such as sodium, magnesium, aluminum, silicon,

Table 6 e Chemical composition obtained via EDS.

NF SH1h SH2h OALlh OA2h SB120h SB168h
C 57.03 50.05 55.5 47.37 50.03 53.68 48.33
(0] 40.08 45.24 41.25 51.25 46.69 42.36 45.57
Si 1.26 1.4 1.17 1 1.96 1.28 1.16
Cl 0.12 e e 0.08 0.14 e e
K 0.24 e e e 0.13 e e
Ca 0.13 0.78 e 0.3 0.58 e e
Ni 0.56 e 0.96 e e e 0.45
Cu 0.58 e e e e e e
Na e 2.53 1.12 e 0.47 2.68 4.5
Total (%) 100 100 100 100 100 100 100
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and calcium, are present in smaller amounts [20]. Through
EDS, the analysis showed a decrease in the presence of
organic matter on the surface of the coir fibers after all the
proposed treatments. Galicia-Aldama et al. [58] untreated fi-
bers reveal the presence of organic matter on the fibers sur-
face carbon, oxygen, minor amounts of potassium, and traces
of silica and magnesium. The authors report that the coir fi-
bers showed less organic matter after the alkaline treatment
with 1% sodium hydroxide. From the standpoint of the
chemical treatments, there was a reduction trend in the per-
centage of carbon compared to the untreated fibers. This
behavior occurred when the fibers were treated with oxalic
acid for 2 h and sodium hydroxide for 2 h [20]. The presence of
aluminum was not found due to the partial removal of
hemicelluloses, lignin, and wax constituents from the fibers,
while sodium appeared due to the chemical treatment [52].

4, Conclusions

This work investigated the effects of different chemical
treatments with sodium bicarbonate, sodium hydroxide and
oxalic acid on coir fibers. Among these, the following
contributions.

¢ OA2h was the most effective treatment in partially
removing extractives, lignin, and hemicellulose from coir
fibers. Infrared spectroscopy showed that the intensity
found at 1729 cm—1, attributed to hemicellulose demon-
strated only in the natural fibers.

For all treatments, the tensile strength of the SH1h fibers
increased by 11.4%, and OA1h added 22.9%, compared to

the untreated sample. The SB120h fibers also provided a
25.4% increase compared to the natural fibers.

¢ The crystallinity index tends to increase with the alkali
treatments and lower exposure times.

Thermogravimetric analysis indicated higher thermal
resistance of oxalic acid-treated coir fibers than natural
fibers.

The surface roughness increased for all chemical treat-
ments compared to natural fibers samples due to partially

removing constituents such as hemicellulose, extractives,
and lignin from the fibers surface.

¢ The increase in exposure time causes the weakening of the
fibers, compromising their mechanical properties. The best

treatment combinations for the coir fibers were sodium
hydroxide content in 5% solution and 1 h of immersion.
The treatment containing oxalic acid with the same
exposure time of 1 h was the best combination. In addition,
sodium bicarbonate improved the properties of coir fibers
at 10% content and 120 h showing to be an efficient
chemical treatment option that generates less waste in the
coir fibers washing process.
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5.2. PHYSICAL-MECHANICAL PROPERTIES AND MICROSTRUCTURAL
CHANGES IN MORTARS WITH COIR FIBERS CHEMICALLY TREATED

Nesse item serdo apresentados os resultados obtidos referentes ao Estudo
B do trabalho sob a forma de artigo submetido para a revista Construction and Building

Materials, cujo comprovante encontra-se disponivel no anexo dessa Tese.
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HIGHLIGHTS

¢ The treatments with oxalic acid and sodium bicarbonate on coir fibers were investigated.

e The contents of 1 and 2% of mortar coir fibers in mortars were studied.

e The mortars with coir fiber treated with oxalic acid increased the compressive and tensile
strength of the mortars.

e Coir fibers treated promoted a decrease in carbonation depth.

¢ A synergic effect between the main properties was analyzed.

Abstract

Due to their high tensile strength and toughness, natural fibers have been proposed
as reinforcing materials in mortars to reduce cracking. Coir fiber has excellent potential
for reuse in cementitious matrices among the various fiber types. However, this
material is hydrophilic and has a high extractive content, including wax, oils, and other
components in the structure. Different chemical treatments are used to remove
contaminants from the coir's fiber surface to minimize the presence of these elements.
This study evaluated the use of chemically treated coir fibers in mortars based on
cement and lime. The effects of two levels of coir addition (1% and 2% relative to
cement mass) treated with oxalic acid at a concentration of 5% w/w for 2 hours and
sodium bicarbonate at 10% w/w for 120 hours were evaluated. The effect of these
variables on compressive and tensile strength, capillary absorption, accelerated
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carbonation, and microstructure analysis using X-ray microtomography and scanning
electron microscopy were investigated. The results showed that with the addition of
2% coir treated with oxalic acid, mortars increased compressive strength by 8% and
22% in the tensile strength. Moreover, it was found that the treatment minimizes the
depth of accelerated carbonation in mortars with coir fibers, whose pore size
distribution is also affected by the presence of the fibers and the type of treatment. It
can be concluded that the fiber's chemical treatment improves its properties for use in
mortars, considering a synergistic analysis, and can be used as an alternative for
sustainable composite material production.

Keywords: Coir fiber, chemical treatment, mortar, physical-mechanical properties,
microstructural analysis.

1 INTRODUCTION

Fiber-reinforced natural or synthetic materials are well-established in various
sectors, such as the automotive, maritime, and aerospace industries [1]. Many ancient
structures made of clay were reinforced with natural fibers, which shows that using
such material can serve as reinforcement to enhance their mechanical properties [2].
Synthetic fibers such as steel and polypropylene are more expensive than natural
fibers, and their incorporation can increase the cost of composite materials. In addition,
natural fibers provide a more sustainable solution for improving the properties of
cementitious materials [3]. Although most natural fibers present performance inferior
to synthetic fibers, specific characteristics such as low specific gravity, high tenacity,
low CO2 emissions during their production process [4] and low price are enjoyable to
use this material for particular situations [5]. Besides, the market share of natural fiber
composites in engineering materials was 6500 million dollars in 2021 [4]. In addition,
population growth and industrialization are essential factors that generate a high
demand for products that, in most cases, have manufacturing processes that consume
significant energy and natural resources. As a result, a worldwide trend to replace
certain products with economically suitable alternatives, both from an environmental
and economic perspective, providing general benefits for society.

Plant fibers can be classified into two main classes: primary fibers, such as flax
and jute, and secondary fibers, which come from plants grown to harvest fruit, such as
pineapple, banana, and coir [6]. According to Ali et al. [7], the use of coir fibers in the
United States is mainly related to the industry of carpets, brushes, and upholstery. This
natural fiber is only resistant to salt water and can make fishing nets and ropes for
marine applications [7].

Regarding their constitution, plant fibers present predominantly cellulose, lignin,
hemicellulose, and extractive content [8]. While cellulose has a crystalline structure
resistant to hydrolysis, hemicellulose is amorphous with low mechanical properties.
Cellulose, a linear B-d-glucan, is the dominant carbohydrate in fiber cell walls. Some
of the B-d-glucan in fibers are also available in hemicellulose. Unlike glucan in
cellulose, which is mainly crystalline, hemicellulose glucan is an amorphous polymer
[9]. Lignin plays a binding role between hemicellulose and cellulose within the cell wall.



63

The extractive content of fibers includes alkaloids, essential oils, fats, glycosides,
gums, mucilages, pectins, and phenolic compounds, among other components [10].
Even if the origin is the same plant source, the properties of natural fiber are
differentiated by many factors, including physical characteristics, crystalline cellulose
dimensions, and defects in the fiber structure [11].

Since the 20th century, adding fibrous materials to cementitious materials has
been proposed to improve their physical-mechanical properties [12]. Three
requirements need to be considered when selecting a natural fiber as a reinforcement
in cement-based composites, including the compatibility of the material's properties
with the application, improved fiber-matrix interaction, and an ideal content to ensure
effective mechanical behavior [13].

Several investigations have been carried out to study the influence of natural
fibers on the properties of mortars. Hamdaoui et al. [14] demonstrated the effect on the
mechanical properties of cement pastes reinforced with Posidonia-Oceanica fibers.
The results showed that compressive and flexural strength increased by around 27%
and 10%, respectively, and remained higher than the sample without fiber. The
addition of natural coir fibers in Portland cement mortars and hydrated lime matrixes
shows a tendency to increase flexural strength by around 24% compared to the
reference mortars [15]. In this case, the fibers acted by reducing the cracking tendency
of lime mortars. Mortars with fibers after cracking do not collapse abruptly but maintain
stability and shape, making the rupture more ductile and less fragile [15]. According to
Azevedo et al. [16], adding natural fiber fills part of the internal pores as a reinforcing
material in the cementitious matrix to absorb and redistribute internal tensions.

Applications for natural fibers in construction are often limited to internal
applications and non-structural elements due to their lower physical-mechanical
properties. However, these properties can be modified using surface chemical
treatments [17]. Concerning to the treatment of coir fibers some research has already
been carried out in recent years. Thus, have been studied the effect of boiling on coir
fibers [18], sodium hydroxide [19], ferric hydroxide [18], sodium bicarbonate [20], silane
[21] and chromium sulfate [22]. The surface treatment of coir fibers is one of the
challenging topics for researchers to increase the applicability of these fibers in
different construction materials. According to Gongalves et al. [23], the chemical
treatment more effective for natural fibers is their immersion in a solution of 5% NaOH
concentration. Micro-cracks in the fiber surface were observed at 10% and 20%,
indicating that the material was degraded at higher concentrations. Alkaline treatment
with a 5% by weight NaOH solution modifies the surface of coir fibers, making them
rougher than untreated fibers [24]. When the fibers are treated by immersion in a NaOH
solution, globular marks is created on their surface, directly affecting the interfacial
transition zone (ITZ) between the fiber and the cement paste. This treatment reduces
water absorption by capillarity due to the reduced permeability of the fiber's internal
pores protected by the protective film. Thus, more hydration products appear in the
Portland cement mortar as the internal capillary flow of water inside the fiber is
reduced.

However, there is no consensus regarding the effect of the chemical treatment
of fibers on the physical-mechanical properties of cementitious materials. An
alternative treatment for fibers' surface is related to using oxalic acid (H2C204). This
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product is already used in the pharmaceutical, metal processing, agriculture, chemical,
and textile industries as bleach, metal polish, and stain remover. Due to its whitening
function, oxalic acid is mainly used in treating leather, cotton, and wood [25,26].
Therefore, due to the action of oxalic acid in the treatment of different materials, studies
that improve the properties of natural fibers, especially coir fiber, are relevant. Another
chemical treatment of natural fibers can be carried out with sodium bicarbonate
(NaHCOs3) because the treatments carried out on natural fibers are more harmful to
the environment. The chemical treatment with sodium bicarbonate may be more
sustainable [27]. Sugar palm fibers were treated with a concentration of 10% and
immersed for 120 hours. The degradation can be minimized with sodium bicarbonate,
where the improvement recorded in the mechanical properties of the fiber is
comparable to that of the traditional alkaline treatment with sodium hydroxide [28]. In
addition, Santos et al. [29] treated coconut fibers with 10% by weight of NaHCO3 for
different periods of 96 and 168 hours, promoting the partial degradation of
hemicellulose and lignin on the fiber surface.

On the other hand, the performance of fiber in the durability of mortars must be
considered, especially when they are to be used as a masonry coating. Therefore,
analyses related to the carbonation of fiber-reinforced mortars are necessary. The
carbon dioxide (COz2) present in the air penetrates through the porous structure of
cement-based materials, combining with the calcium hydroxide (Ca(OH)2) resulting
from the hydration process to form calcium carbonate (CaCOz3), causing the pH of the
matrix to drop from 13.5 to values close to 7 [30]. This phenomenon harms reinforced
concrete, leading to reinforcement depassivation and consequent corrosion.
Conversely, carbonation benefits mortars due to the pore densification related to
CaCOs formation, which can contribute to carbon uptake from the atmosphere.

However, a problem with natural fibers is their deterioration under strongly
alkaline conditions in the cementitious matrix [31]. According to Ramli et al. [32], the
carbonation depths, water absorption, and permeability increase with the coir fiber
content. However, the highest depth observed in the authors' work was considered
insufficient to cause harmful effects to the concretes investigated, whose predictions
over time estimated that the carbonated area would take more than 400 years to reach
the minimum cover specified for the concrete [32].

Although research has already been carried out to study the effect of chemical
treatment on coir fibers and the application of this material in cementitious materials,
some points need to be clarified. Many studies have been conducted to investigate the
physical-mechanical properties and durability separately, with few works related to the
performance of treatments considering their influence on these properties holistically.
This study aims to contribute to understanding the possibility of synergistically applying
coir fiber-reinforced mortars subjected to chemical treatments, investigating the
mechanical and microstructural properties, and the penetration of CO:2 into the
mortars.

2 EXPERIMENTAL PROCEDURES

2.1 Materials
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The Brazilian CPV ARI (early-age strength) was used (similar to ASTM Type IlI
cement) with a specific gravity of 3.07 g/cm?® and a bulk density of 1.03 g/cm3, as
specified by NBR 16697 [33]. The hydrated lime was classified as CH-III by Brazilian
Standard NBR 6473 [34] with a specific gravity of 2.44 g/cm? and a bulk density of 0.79
g/cm3. Fig 1 shows the x-ray diffractogram of Portland cement and hydrated lime
obtained using the Shimadzu XRD 7000 equipment to verify the crystalline and
amorphous phases. The presence of aluminum oxide, calcite, quartz, calcium
hydroxide, and magnesium hydroxide was verified in the samples analyzed [35,36].
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Fig. 1. X-ray diffraction of cement and hydrated lime

Table 1 shows the chemical composition of Portland cement and hydrated lime
obtained from X-ray fluorescence (XRF) analysis using PANalytical Axios mAX
equipment. The high loss on ignition values for hydrated lime can be seen, related to
the evaporation of water content in the sample.

Table 1: Chemical analysis of cement and hydrated lime

SiO> Al2O3 CaO MgO K-O SOs Na.O LOI
Portland 17.78 3.92 61.96 4.08 0.78 3.28 0.01 5.42
cement

Hydrated lime  17.35 0.15 42.38 26.51 <QL <QL <QL 27.52

Where: QL = Quantifiable limit e LOI = Loss of ignition

The fine aggregate was natural quartz sand from Lake Guaiba, Rio Grande do
Sul, Brazil. It presented a specific gravity of 2.62 g/cm3, bulk density of 1.61 g/cm3,
maximum size of 4.75 mm, fineness modulus of 2.76, and water absorption of 0.85%.
Fig. 2 shows the particle size distribution of the sand used.
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2.2 Characterization and chemical treatment of Coir's fibers

The coir fiber comes from the residue of the brown coconut (Cocos nucifera)
from Northeast Brazil. The industry extracts the coir fiber mechanically, grinding the
fibrous mesocarp. The shell and coconut powder are separated, packaged, and made
commercially available. Coir fiber's average density and diameter are 1.12 g/cm3, and
0.03 cm, respectively. The coir fiber was characterized in previous research [8], as
shown in Table 2.

Table 2. Properties of coir fiber investigated

Properties
Cellulose (%) 39.18
Hemicellulose (%) 15.88
Lignin (%) 38.1
Extractives (%) 2.54

Tensile strength (MPa) 71.41 +13.06

Modulus of Elasticity
(GPa)

Elongation (%) 16.03 +11.23

485+1.61

The fibers were treated using oxalic acid and sodium bicarbonate, which are
99% pure and commercially available. The procedure consisted of immersing the fibers
in an aqueous oxalic acid solution with a concentration of 5% by weight for 1 hour in a
static system. In the chemical treatment using sodium bicarbonate, a solution with a
concentration of 10% was used, with an immersion time of 120 hours in a static system,
as already carried out in previous investigations [8,27,28]. The fibers treated with the
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different solutions were washed in water to remove the treatment until they reached a
neutral pH of the wash water, checked with litmus paper, and dried in an oven at 60°C
for 4 hours as made in previous research [8]. Fig. 3 shows some procedures adopted
for the chemical treatment of the coir fibers.

@ ) (b) ©
Fig. 3. Cair fiber without treatment (a); immersion in oxalic acid (b); coir fiber after the drying

(©)

Fig. 4 shows the morphology of untreated coir fiber (a), fiber treated with oxalic
acid (b), and fiber treated with sodium bicarbonate (c) using scanning electron
microscopy (SEM). The chemical treatment promotes the formation of globular
markings and removes impurities from its surface, as presented in a previous
investigation [8].

@) (b) (©)

Fig. 4. Coir fiber morphology: (a) without treatment; (b) treatment with oxalic acid; (c)
treatment with sodium bicarbonate.
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2.3 Mortar mix preparation

The mortar mix for the coir fiber coatings was defined in the ratio 1:1:6 (cement:
lime:sand). The coir fibers were added at levels of 1 and 2% of the cement mass,
according to the procedure adopted by previous studies [11,37,38]. The water/cement
(w/c) ratio was fixed at 1.4 for all mixes, keeping the water content (H) constant at
17.5%, similar to that used by other authors [11,37,38]. The workability of the mortars
was measured using the consistency index, which is 260 = 20 mm for conventional
mortars according to the Brazilian standard NBR 13276 [39]. According to Andrade et
al. [40], some mortars may have consistency index values outside the target range due
to the diversity between the constituent materials. This parameter is related to
adequate workability, and if no segregation is observed with the w/c ratio established
in the experimental program, the mortars will be considered suitable for use. The
proportions of mortars containing coir fibers with different types of treatments are
shown in Table 3.

Table 3: Mix proportioning of mortars evaluated (kg/m?)

Nomenclature Cement Hyltijr:qaged Sand Water Coir fiber wic
REF 227.27 227.27 1363.62 318.17 0 1.4

1CFNT 227.27 227.27 1363.62 318.17 2.27 1.4
2CFNT 22727 227.27 1363.62 318.17 4.54 1.4
1CFOA 227.27 227.27 1363.62 318.17 2.27 1.4
2CFOA 22727 227.27 1363.62 318.17 4.54 1.4
1CFSB 227.27 227.27 1363.62 318.17 2.27 1.4
2CFSB 22727 227.27 1363.62 318.17 4.54 1.4

The mortars with the addition of 1 and 2% coir fibers were defined with the
following terminology: 1CFNT and 2CFNT (untreated coir fiber), 1CFOA and 2CFOA
(coir fiber treated with oxalic acid), 1ICFSB and 2CFSB (coir fiber treated with sodium
bicarbonate). The preparation of the mortars follows two steps: (a) mixing the dry
components (cement and fiber) and homogenizing them in a mechanical stirrer, and
(b) gradually adding water. In addition, the fibers distribution in the respective mixtures
was visually controlled to avoid possible agglomerations [11]. After homogenization,
the mortars were inserted into prismatic molds (4 x 4 x 16 cm) and mechanically
compacted according to the procedures prescribed in NBR 13276 [39]. After 7 and 28
days, the specimens were tested for compressive strength and flexural tensile
strength, according to Brazilian standard NBR 13279 [41]. At 28 days, the capillary
water absorption test was carried out by NBR 9778 [42].
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The procedure proposed by some researchers [35,43] was used for the
accelerated carbonation test. The specimens were placed in an open-circuit chamber
with a 3% CO:2 concentration and humidity between 60+10% at room temperature (15-
25°C). Fig. 5 shows the carbonation chamber and the mortars investigated.

(é) wTnY - P (b) .. Shes- |

Fig. 5. Accelerated carbonation chamber (a), test specimens inside the carbonation chamber (b)

Before carrying out the accelerated carbonation test, the prismatic samples
were submerged in water for 28 days, followed by 24 hours of exposure to air in a
laboratory environment for drying. A 1 cm slice of the sample was broken off, and
immediately a solution of phenolphthalein (1%) dissolved in a mixture of ethyl alcohol
(70%) and distilled water (30%) was sprayed on the fractured surface to determine the
carbonation depth considering the color change provided by the pH indicator.
Measurements were taken using ImageJ software, with the first measurement taken
24 hours after exposure, and the process was repeated until the sample was
completely carbonated.

Scanning electron microscopy (SEM) was used using Inspect F50 - FEI
equipment, with a voltage of 0.3 to 30 kV and a resolution of 1.2 nm. Samples were
analyzed with dimensions of approximately 1 x 1 x 1 cm, and the metallization process
was carried out with a thin layer of gold. The X-ray microtomography analysis was used
to analyze the porosity of the mortars with the SkyScan 1173 - Bruker scanner
equipment, operating voltage of 50 kV, and electric current of 0.3 mA, with a resolution
of 13 ym. The images were then reconstructed using DataViewer software to
standardize the sample sizes and select the region of interest with 500 x 500 x 500
pixels. CT-Vox, C-Tan, and CT-Vol software were used to generate 3D models of the
mortar samples investigated. To analyze the pores in the samples, the methodology
proposed by Silva et al. [36] was used, in which nine sections were selected: the upper
ends and one of the lower ends, and seven sectors were established in the interval
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between the upper and lower ends. The remaining sections were randomly chosen
between the lower and upper ends. The Figure 6 shows the flowchart of experimental
procedures of the mortars.

Separation and cutting of coir fibers

/ | \
. Chemical treatment: Chemical treatment:
Natural Fiber 5% C,H,0, (1h) 10% NaHCO, (120h)

N\ |

Mortar preparation

I

Consistency index

Water absorption
Compressive strength

Tensile strength

Carbonation depth

Scanning Electron Microscopy
X-ray microtomography

Pore size distribution

Fig. 6. The flowchart of experimental procedures

3 RESULTS AND DISCUSSION

3.1 Consistency index

The results of the consistency index test for the mortars investigated are shown
in Fig. 7.
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Fig. 7. Consistency index for mortars

It can be observed that there is no tendency variation in the results considering
the different mixtures. The lowest value was 313 mm, and the highest was 330 mm,
representing a maximum variation of 5.3% between the 2CFNT and 2CFSB mixes. As
the addition levels were low (1 and 2%), incorporating coir fibers did not reduce
consistency. Ali et al. [7] pointed out that workability decreases when long fibers (> 75
mm) tend to agglomerate in cement paste. According to the authors, fibers with a
length of 50 mm showed a slight decrease in workability compared to samples with
coir fibers with sizes equal to or greater than 75 mm in concrete. The optimized length
of 15 mm in this research was a determining factor in improving the consistency index.
At the same time, the molding process must be made carefully to avoid water
absorption by fibers. In addition, possible agglomerations were avoided when mixing
to ensure uniform distribution of the coir fibers in the matrix. The consistency index
values, including the reference sample, showed results above the Brazilian standard,
probably due to the w/c ratio set for all the samples, resulting in a high H (%) value.

3.2 Water absorption

Fig. 8 shows the capillary water absorption test results for the mortars investigated.
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Fig. 8. Absorption of water by capillarity of mortars: (a) treated with oxalic acid; (b) treated with sodium
bicarbonate

It can be observed that there is no tendency change between the different
mixtures. The lowest absorption rate after 48 hours was for the reference mix, which
reached 3.3 g/cm?, while the highest was for the 2CFOA mix, which reached 3.5 g/cm?.
The maximum variation was 5.7% between the REF and 2CFOA mix. Although
chemical treatments partially remove lignin, the nature of which is hydrophilic, the coir
fiber treated with oxalic acid and sodium bicarbonate does not become completely
hydrophobic [8]. Therefore, since it is a natural fiber, water absorption increases as the
coir fiber content in the cement mixture increases [7,44]. Similar results were found by
Ban et al. [45], whose authors treated bamboo fiber with silane, and capillary
absorption increased by 9% compared to the reference. Due to adding fiber, the voids
increase, and the interconnected porosity in the mortar tends to increase water
absorption [46].

3.3 Compressive strength

Fig. 9 shows the compressive strength test results of the mortars analyzed.
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Fig. 9. Compressive strength for mortars at 7 and 28 days

All the mixes, except 2CFOA, increased the compressive strength at 7 days
compared to the reference mix. However, at 28 days, the 2CFOA mortar presented
higher values than the reference mortar, while the 1CFNT, 1CFSB, and 2CFSB
mortars had lower values than REF (1.5%, 2.4%, and 2.3%, respectively). The 1CFOA
mortar showed the highest tendency to increase in strength compared to the REF
(around 5.9%). At 28 days, the maximum variation in strength was 8.5% between
1CFOA and 1CFSB.

The surface treatment makes it possible to modify the crystallinity and
morphology of natural fibers, increasing their surface roughness and improving
adhesion to the paste [47]. According to Adesina [48], incorporating fibers into
cementitious composites can increase compressive strength in some cases, but other
studies have shown a reduction or no modifications in this property. An optimum fiber
dosage range must be verified for each specific material to obtain increases in this
property. This optimization of the ideal fiber dosage depends on some properties, such
as the appropriate fiber length and the respective addition content. According to Choi
and Choi [49], adding 0.25% jute fibers by weight of cement showed greater
compressive strength at 7 days than the reference sample. According to the authors,
this result is related to additional nucleation points provided by the fibers for forming
hydration products in the Portland cement paste.

The addition of fibers prevents the sudden failure of composites due to the
physical adhesion effect. When the tensile stress exceeds the resistance capacity of
the cement matrix, the fibers work as a reinforcement material, keeping the structure
intact for a certain period and inhibiting brittle rupture [50]. The chemical treatment
promoted the predominance of cellulose, which provides sound structural integrity to
the fibers [51], improving fiber interaction within the composite and thus increasing
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compressive strength [50].

3.4 Tensile strength

The Fig. 10 shows the results of the mortar's flexural tensile strength test.
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Fig; 10. Tensile strength at 7 and 28 days for mortars investigated

The tensile strength results differ between the fiber-added samples and the
reference mortars. At 7 days, the flexural tensile strength decreased only for 2CFSB
mortar. At 28 days, flexural tensile strength increased in the 2CFOA specimen (21.9%),
and the sample 2CFSB decreased by 4.9% concerning the REF mortar. The increase
of adhesion of natural fibers to cementitious materials is determined by a synergistic
combination of factors (mechanical interlocking, physical adhesion, and chemical
bonding, among others). The appropriate treatment must be carefully selected to
improve the mechanical properties [52]. According to Bui et al. [53], careful selection
is crucial before using coir and other natural fibers in cementitious composites. In
addition, the ductility of the fibers increases after chemical treatment, promoting an
increase in tensile strength. Another essential factor is that short fibers are usually
better distributed within the cementitious matrix, increasing cementitious composites'
flexural and tensile strength and toughness [50]. However, it has been shown that
treatment with oxalic acid was the most effective on coir fibers for use as reinforcement
in mortars.
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3.5 Carbonation depth

Fig. 11 and Fig. 12 show the results of accelerated carbonation in the mortars
investigated.

20 & .

=

18 v

c 'y

£

~ 16

Ecx_ *

©

n 14

c

__g —m— REF
g 12 —e— 1CFNT
S A 2CFNT
@ 10 —v— 1CFOA
6] 2CFOA

0 24 48 72 96 120 144 168 192 216 240
Time (h)
Fig. 11. Evolution of carbonation depth for mortars with coir fiber treated (oxalic acid)

20 » ]

. 7

-
16
-
14
—n— REF
12 e 1CFNT
4 2CFNT
10 1CFSB
2CFSB

/

Carbonation Depth (mm)

o]

6

0 72 9% 120 144 168 192 216 240

Time (h)

Fig. 12: Evolution of carbonation depth for mortars with coir fiber treated (sodium bicarbonate)

Fig. 13 shows the evolution of the carbonation of reference and 1CTNF mortars.
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The carbon dioxide (CO2) penetrates in aqueous form into the cementitious
material through pores or cracks. In the presence of water (present in the smaller
pores), the chemical reaction of carbonation occurs with the hydrated cement paste,
transforming the hydration products, notably calcium hydroxide (Ca(OH)z), into calcium
carbonate (CaCOs) [54]. Based on Fig. 11, 2CFOA and 1CFSB mortars were
carbonated completely in 168 hours, earlier than the REF mortar. Ban et al. [45]
investigated the effect of carbonation of cement mortar reinforced with bamboo fiber
using aluminate ester and silane chemical treatments. According to the authors, it was
evident that samples with the treatment of the fibers with aluminate ester and the
mixture with the treatment of the fibers with silane showed more than 50% more
carbonated depth than the reference mortar. This behavior was like samples 2CFOA
and 1CFSB, and these two treatments fulfilled the mortar pores through CaCOs3
formation, increasing the CO2 uptake for coating mortars.

After 192 hours, four types of mortar were carbonated completely (REF, 2CFNT,
1CFOA, and 2CFSB). According to Pizzol et al. [55], the fibers make CO: diffusion
more difficult through the pores of the composite. As the coir fiber absorbs water from
the mixture, it decreases the CO: diffusion, lowering the internal humidity of the
composite and decreasing the formation of CaCOs. In this way, it is assumed that the
sample without chemical treatment absorbs water from the cement paste more quickly
and, consequently, minimizes the carbonation process of mortars. Similar results were
obtained by Bui et al. [53], whose authors investigated accelerated carbonation with
the effect of untreated coir fiber in mortars. The results showed that the rate of
carbonation progress in mortars without fibers is higher than in mortars with coir fibers.
Talavera-Pech et al. [56] pointed out that the fibers have a water absorption capacity,
which favors an increase in their volume, thus reducing the dimensions of the concrete
pores, causing them to be plugged, and reducing the advance of the carbonation deep.



77

3.6 Scanning Electron Microscopy (SEM)

The mortars with untreated fiber and treated with 2% coir were analyzed using
the scanning electron microscopy technique. Fig.14 show the reference mortar, while
Fig. 15 show the mortars with 2% untreated coir.
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Fig. 14. SEM of the Sample reference at 500x magnification (a) and 1000x magnification (b)
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Fig. 15. SEM of the mortar untreated coir at 500x magnification (a) and 1000x magnification (b)

The reference mortar showed a porous microstructure with many voids due to
the high water/cement ratio. From the addition of coir fiber, an interfacial transition zone
(ITZ) between the coir fiber and the cement matriz. In addition, natural coir fiber has a
surface with waxes, oils and impurities adhered. Fig.16 show the mortars with coir fiber
treated with oxalic acid.
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Fig. 16. SEM of the mortars evaluated: treated with 2% oxalic acid at 500x magnification (a) and
1000x magnification (b)

The presence of globular markings is the result of caused by the action of
chemical agents in coir fibers [8]. Yan et al. [24] reported that the interface between
natural fiber and cement paste is minimized after alkaline treatment, resulting in a
better interfacial bond. The treatment eliminates the organic matter that could affect
the composition and subsequently cause damage to the cement paste [19]. The partial
removal of hemicellulose and oils from the outer surface of the coir fiber cell wall
ensures a smaller transition zone between the fibers and the cement paste. Thus, a
cementitious material containing chemically treated coir fiber results in better
mechanical performance than samples containing natural coir fiber [7].

3.7 X-ray microtomography

The porosity analysis of the treated and untreated mortars with and without coir was
obtained using X-ray microtomography, which can be seen in Fig. 17.

REF
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Fig. 17. X-ray microtomography for mortars evaluated.

The coir fiber appears in the microstructure of the cement paste with an
elongated shape; consequently, the paste has a more number of pores. Coir fiber in a
higher proportion tends to form interconnections, with the possibility of minor bonding
points at specific locations in the sample. Some small agglomerations of fibers are
observed in cement pastes and can lead to additional porosity [14]. According to Khan
and Ali [57], despite the various efforts to use natural fibers, there can be an increase
in porosity and pore continuity with the application of coir fiber in cementitious
materials. Fig. 18 compares the porosity cement matrix with 2% of coir fiber (REF and
the 2CFNT mortar), and Fig.19 shows the effect of treatments on mortar porosity.

Pores Paste Paste Pores Coirfiber
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Fig. 18. SEM images for REF and 2CFNT mortars (500x500 pixels)

Coirfiber Paste Pores

Fig. 19. SEM images for 2CFOA and 2CFSB mortars (500x500 pixels)

The reference sample shows only pores and cement paste. All the mortars
showed very similar porosity results, regardless of the treatment. According to Zhang
et al. [58], x-ray microtomography showed a dispersed distribution of fibers,
considering that the volume analyzed is small. In addition, there is evidence of an
interconnection between the mortar pore network, primarily due to the a/c ratio of the
mortar and the presence of fibers. As the fiber content in cementitious materials is
added, air pores increase, adding a greater volume of entrained air to the cement paste
[59].

3.7 Pore size distribution

Fig. 20 shows the pore size distribution for mortars investigated using X-ray
microtomography.
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Fig. 20. Histogram related to the pore size distribution of mortars at 28 days

The pore size distribution in mortars was divided into two classifications: the
micropores, with diameters in the 0.05-100 uym range, and macropores, with diameters
between 100 and 1000 um, whose voids spaces equivalent to one pixel were
eliminated from the analysis [36]. Within this classification, there is a variation of
predominant diameters associated with the content and type of fiber treatment.
Considering micropores smaller than 30 ym, predominance was observed in sample
2CFOA, in the 30-40 pym range in sample REF, between 41-50 um in sample 2CFOA,
and in the 51-100 um range in sample 2CFNT. This increase is directly related to
incorporating coir fibers into mortars investigated. Due to its hydrophilic characteristics,
coir fiber absorbs water. In this way, the fiber can also store the water in cement paste.
In addition, with the cement hydration process, coir fiber can also shrink and lose
moisture, forming microchannels along the fiber-cement paste interface. Coir fiber can
induce an extensive network of tiny permeable pores within the paste [7].

The entrained air causes the increase in porosity in fiber-reinforced mortars in
the paste during fiber mixing [60,61]. Concerning macropores in the 101-200 ym range,
the predominance in 2CFNT mortars was verified. And from the 201-300 ym to 1001-
2000 um range, sample 2CFSB showed greater macropores. Therefore, it can be
inferred that the treatment with oxalic acid on coir fibers was more effective in refining
the pores than the sample treated with sodium bicarbonate.

The correlations between physical-mechanical properties and carbonation are

H2CFNT

B! EICFOA B2CEFSB
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presented in Fig. 21.
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Fig. 21. Correlation between the mechanical properties fc2s (MPa) and fis (MPa), water absorption (%),
and CO2 penetration (mm)

The properties investigated changed as the incorporation of 2% coir fiber in
mortars increased. Concerning compressive and tensile strength, oxalic acid treatment
performed better than sodium bicarbonate treatment. On the other hand, the properties
of water absorption and carbonation depth increased when the coir fibers were treated
with oxalic acid. The improved performance of the mortar's properties reflects that
chemical treatment with oxalic acid partially removes the coir fibers' extractive, lignin,
and hemicellulose content [8]. Even with the chemical treatment, the coir fiber remains
hydrophilic. It tends to store and absorb water from the cement paste, which can
increase mortar absorption and a greater depth of accelerated carbonation.

4. CONCLUSIONS

This study investigated the effects of different chemical treatments with sodium
bicarbonate and oxalic acid in coir fiber inserted in mortars and their impact on
physical-mechanical and microstructural properties. The following contributions can be
considered:

e Despite increased capillary absorption, the 2CFOA obtained the highest tensile
strength at 28 days, reaching 2.89 MPa, a value 21.9% higher than the
reference mortar;
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e Regarding compressive strength, the result of the 2CFOA mix was also
satisfactory, achieving the second highest strength at 28 days (8.50 MPa), 3.8%
higher than reference mortar;

e The untreated sample with 1% coir fiber obtained the lowest carbonation depth,
while the sample with 2% fibers treated with acid increased the carbonation of
the mortars.

e The images obtained by scanning electron microscopy (SEM) showed that all
treatments increased, which led to better adhesion between the fibers and the
paste;

e X-ray microtomography showed an increase in the porosity of mortars with coir
fiber compared to the reference sample. Even with the different treatments,
adding coir fibers increases the air entrapped, and the fiber tends to form more
micropores.
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6. CONSIDERACOES FINAIS

Este trabalho investigou a comparacao dos efeitos de diferentes tratamentos quimicos
com bicarbonato de sodio, hidroxido de sodio e acido oxalico em fibras de coco.
Posteriormente, foram analisados os efeitos dos tratamentos quimicos com &acido
oxalico e bicarbonato de sddio em fibras de coco com teores de incorporacao de 1 e

2% de em argamassas. Diante disso, pode-se observar as seguintes contribui¢cdes:

e O tratamento quimico com &cido oxalico por duas horas em fibras de coco foi
mais eficaz na remocgao parcial de extrativos, lignina e hemicelulose;

e A analise termogravimétrica indicou maior resisténcia térmica das fibras de
coco tratadas com acido oxalico do que das fibras naturais;

e O aumento do tempo de exposicdo causa 0 enfraquecimento das fibras,
comprometendo suas propriedades mecanicas. As melhores combinagdes de
tratamento para as fibras de coco foram com o hidroxido de sédio em solugéo
a 5% e 1 h de imersdo. O tratamento contendo &cido oxalico com o mesmo
tempo de exposi¢céo de 1 h foi a melhor combinacéo. Além disso, o bicarbonato

de sédio melhorou as propriedades das fibras de coco no teor de 10% e 120 h;
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e Apesar do aumento da absorcéo capilar, a incorporagéao de 2% de fibra de coco
tratada com acido oxalico proporcionou acréscimo na resisténcia a tracao, aos
28 dias, 21,9% superior a argamassa de referéncia;

e A amostra sem tratamento com 1% de fibra de coco obteve a menor
profundidade de carbonatagc&o, enquanto a amostra com 2% de fibras tratadas
com &cido oxalico aumentou a carbonatacéo das argamassas;

e A microtomografia de raios X mostrou um aumento da porosidade das
argamassas com fibra de coco em relacdo a amostra de referéncia. Mesmo
com os diferentes tratamentos, a adicdo de fibras de coco aumenta o ar

aprisionado, e tende a formar mais microporos na pasta de cimento.

No que diz respeito a resisténcia a compressdo e a tracdo, o tratamento
com acido oxalico teve um melhor desempenho do que o tratamento com bicarbonato
de sddio das fibras de coco. Entretanto, as propriedades de absorcdo de agua por
capilaridade e profundidade de carbonatacdo aumentaram quando as fibras de coco
foram tratadas com acido oxalico. O tratamento quimico com acido oxalico remove
parcialmente o teor de extrativos, lignina e hemicelulose das fibras de coco. Porém,
mesmo com o tratamento quimico, a fibra de coco permanece com a sua caracteristica
hidrofilica. Ela tende a armazenar e absorver agua da pasta de cimento, o que pode

aumentar a absor¢cao da argamassa e uma maior profundidade de carbonatacéo.
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7. SUGESTOES PARA TRABALHOS FUTUROS

Com base nos resultados obtidos ao decorrer dessa pesquisa percebeu-se algumas

lacunas que poderiam ser discutidas em trabalhos seguintes:

e Adicionar a mistura das argamassas outros aglomerantes, como por exemplo,
a cinza volante a fim de promover efeito quimico (formacéo de C-S-H adicional)
e fisico (refinamento dos poros) nos compostos cimenticios;

e Investigar o efeito da carbonatacdo natural nas propriedades mecéanicas das
argamassas;

e Estudar o efeito do ataque de ions cloretos em argamassas com fibra de coco
tratadas quimicamente;

e Analisar as propriedades mecanicas e perda de massa das argamassas ap0s
ciclos de molhagem e secagem das amostras;

e Avaliar a retracdo plastica das argamassas ap6s as primeiras horas de
secagem das argamassas;

e Determinar a influéncia das fibras de coco na retragdo e fissuracdo das

argamassas;
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Tempo (s) Forga (N) Deslt(:;a::;ento
628.0 6.6 2.1
628.4 6.6 20.9
206.6 5.2 6.9
644.4 5.9 215

Natural 101.9 2.9 8.5
95.7 8.4 8.0

234.5 4.6 19.5

389.3 11.7 324

39.5 4.0 3.3

120.6 5.3 10.1

226.7 5.3 18.9

105.8 3.2 8.8

322.6 7.9 26.9

316.3 5.2 26.4

HS1h 186.6 4.8 15.6
169.7 6.8 14.1

208.9 4.7 17.4

122.2 4.4 10.2

207.8 5.2 17.3

236.8 5.9 19.7

98.1 4.8 8.2

66.6 3.1 5.6

4.5 0.5 0.4

164.2 111 13.7

HS2h 213.6 4.5 17.8
169.5 3.5 14.1

103.5 1.5 8.6

260.2 8.0 21.7

205.9 5.2 17.2

178.0 4.9 14.8
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Figura 10: Resultados do ensaio de resisténcia a tracao das fibras tratadas com hidroxido de sodio



Tempo (s)| Forca (N) Des'?;?;‘;emo
628.0 6.6 2.1
628.4 6.6 20.9
206.6 5.2 6.9
644.4 5.9 21.5

Natural 101.9 2.9 8.5
95.7 8.4 8.0
234.5 4.6 19.5
389.3 11.7 324
39.5 4.0 3.3
120.6 5.3 10.1
214.8 12.1 17.9
248.2 2.3 20.7
92.0 2.3 7.7
231.4 17.6 19.3
BS120h 162.0 4.6 13.5
227.8 12.5 19.0
188.0 6.4 15.7
148.4 5.3 12.4
68.9 6.0 5.7
168.9 10.2 14.1
76.5 24 6.4
183.8 3.3 15.3
164.8 4.8 13.7
142.1 35 11.8
BS168h 139.1 4.3 11.6
233.7 1.8 19.5
68.1 6.6 5.7
71.2 2.1 5.9
172.4 3.3 14.4
193.0 1.2 16.1
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Figura 11: Resultados do ensaio de resisténcia a tracdo das fibras tratadas bicarbonato de sodio
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Tempo (s)| Forca (N) Estzlo(cn?m)
628.0 6.6 2.1
628.4 6.6 20.9
206.6 5.2 6.9
644.4 5.9 215

Natural 101.9 2.9 8.5
95.7 8.4 8.0
234.5 4.6 195
389.3 11.7 324
39.5 4.0 3.3
120.6 53 10.1
91.6 3.3 7.6
141.8 6.3 11.8
109.8 5.2 9.2
311.1 7.4 25.9
AO1h 253.1 6.4 211
240.5 4.8 20.0
260.2 12.2 21.7
135.3 2.8 11.3
235.1 6.1 19.6
190.4 6.7 15.9
24.7 54 2.1
70.1 2.3 5.8
33.9 5.1 2.8
109.3 5.2 9.1
AO2h 11.3 35 0.9
23.6 7.7 2.0
139.0 3.0 11.6
45.3 2.2 3.8
64.1 3.8 5.3
13.0 0.5 1.1

Figura 12: Resultados do ensaio de resisténcia a tracdo das fibras tratadas bicarbonato de sédio
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Figura 13: Ensaio de angulo de contato por meio da gota séssil
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