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RESUMO

Os produtos de origem cimenticia sdo caracterizados por seu comportamento quebradico e
fragil. Por esta razdo, a utilizacdo de materiais de refor¢co auxilia na absorcéo de energia pelo
composito, propiciando maior resisténcia aos esforcos de tracdo e deformacdo. O amianto e as
fibras poliméricas sdo comumente usados para modificar a natureza fragil dos materiais a base
de cimento, mas ndo representam uma solucdo ecol6gica, e 0 amianto causa doencas
pulmonares. Meios alternativos sdo evidenciados pelo aumento das pesquisas avaliando 0s
beneficios do uso de fibras vegetais. Contudo, o desafio principal é a compatibilidade entre a
fibra e a matriz, devido a natureza hidrofilica da fibra, e, também, devido ao ambiente alcalino
da matriz cimenticia, que degrada a fibra vegetal. Uma alternativa para contornar esse desafio
¢ a carbonatacdo acelerada, que age reduzindo a alcalinidade da matriz cimenticia,
propiciando um ambiente favoravel para melhor adesdo entre fibra e matriz. Desta forma, esta
pesquisa teve como objetivo avaliar as propriedades fisicas, mecanicas e microestruturais de
fibrocimentos extrudados e compostos com fibras residuais da cultura do sorgo ou da
seringueira, como alternativa de reforgco e o aproveitamento correto desses materiais de
descarte. A pesquisa consistiu em duas propostas de uso de fibras naturais. Na primeira
proposta, compositos utilizando fibras de sorgo foram produzidos pelo processo de extrusdo.
Na segunda proposta, a fim de se reduzir a influéncia dos extrativos na hidratacdo do cimento,
as fibras de seringueira passaram por tratamento alcalino com hidroxido de sédio (NaOH)
(10% m/v), além disso, a influéncia da cura dos compositos por carbonatacdo acelerada foi
avaliada. Ambos os tipos de compoésitos permaneceram em processo de cura em ambiente
saturado por 2 dias, ap0s esse periodo, os compdsitos produzidos com fibras de seringueira
passaram por carbonatacdo acelerada por um periodo de 12 h, depois permanecerem em cura
umida até completar o periodo de 28 dias. O emprego de fibras lignoceluldsicas como refor¢o
em matriz cimenticia se mostrou viavel, pois apresentou comportamento satisfatorio no que
diz respeito as propriedades fisicas e mecanicas dos fibrocimentos produzidos. De forma
geral, o composito cimenticio com melhor desempenho mecénico foi alcancado pela
substituicdo de cimento por fibras de sorgo na porcentagem de 1%. Nos compositos
produzidos com fibras de seringueira, a carbonatacdo acelerada ocasionou a reducdo das
propriedades mecanicas, com excecdo da tenacidade, repercutindo na melhoria da absorcéo da
energia mecanica dos compdsitos. Assim, a producdo de compdsitos cimenticios utilizando
residuos lignoceluldsicos agrega valor a esses residuos, diminuindo a poluicdo ambiental
causada pela queima ou descarte inadequado, bem como emprego dos principios da economia
circular.

Palavras-chave: Fibrocimento. Fibras vegetais. Carbonatacdo acelerada. Propriedades fisicas
e mecanicas. Extrusdo.



ABSTRACT

Cement-based materials are characterized by their brittle and brittle behavior. For this reason,
the use of reinforcement materials helps in the absorption of energy by the composite,
providing greater resistance to traction and deformation efforts. Asbestos and polymeric fibers
are commonly used to modify the brittle nature of cement-based materials, but they do not
represent an ecological solution, and asbestos causes lung disease. Alternative means are
evidenced by the increase in research evaluating the benefits of using vegetable fibers.
However, the main challenge is the compatibility between the fiber and the matrix, due to the
hydrophilic nature of the fiber, and also due to the alkaline environment of the cement matrix,
which degrades the vegetable fiber. An alternative to overcome this challenge is accelerated
carbonation, which acts by reducing the alkalinity of the cement matrix, providing a favorable
environment for better adhesion between fiber and matrix. Thus, this research aimed to
evaluate the physical, mechanical and microstructural properties of extruded fiber-cements
compounds with sorghum or rubberwood fibers, as an alternative for reinforcement and the
correct use of these waste materials. The research consisted of two proposals for the use of
natural fibers. In the first proposal, composites using sorghum fibers were produced by the
extrusion process. In the second proposal, in order to reduce the influence of extractives on
cement hydration, the rubberwood fibers underwent alkaline treatment with sodium hydroxide
(NaOH) (10% m/v), in addition, the influence of curing composites by accelerated
carbonation was evaluated. Both types of composites remained in the curing process in a
saturated environment for 2 days, after this period, the composites produced with rubberwood
fibers underwent accelerated carbonation for a period of 12 h, then remained in wet curing
until completing the period of 28 days. The use of lignocellulosic fibers as reinforcement in
cement matrix proved to be viable, as it presented satisfactory behavior with regard to the
physical and mechanical properties of the fiber-cements produced. In general, the
cementitious composite with the best mechanical performance was achieved by replacing
cement with sorghum fibers in the percentage of 1%. In the composites produced with
rubberwood fibers, the accelerated carbonation caused the reduction of the mechanical
properties, with the exception of the tenacity, resulting in the improvement of the mechanical
energy absorption of the composites. Thus, the production of cement composites using
lignocellulosic waste adds value to these wastes, reducing environmental pollution caused by
burning or improper disposal, as well as employing the principles of the circular economy.

Keywords: Fiber-cement. Vegetable fibers. Accelerated carbonation. Physical and
mechanical properties. Extrusion.
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PRIMEIRA PARTE

1 INTRODUCAO

O emprego de materiais sustentaveis na fabricacdo de elementos construtivos é uma
possibilidade para reduzir o impacto ambiental gerado pela construcdo civil, que contém
indicadores expressivos referentes ao consumo de recursos ndo renovaveis, gasto energético e
geracdo de residuos solidos (PEREIRA et al., 2013; ONUAGULUCHI; BANTHIA, 2016).

Atualmente, os compostos reforcados de fibras ou particulas naturais sdo considerados
entre 0s materiais estruturais mais promissores em tecnologias de engenharia (BELAADI et
al., 2013). As fibras/particulas vegetais existem em grande quantidade, e sdo utilizadas por
apresentarem um custo reduzido, carater renovavel e boa disponibilidade. Na maioria das
vezes como residuos e sem uma adequada destinacdo, as fibras/particulas se tornam um
problema ambiental. Por essa razéo, estudos estdo sendo desenvolvidos em busca de solugdes
que sejam economicamente vidveis, sustentaveis, e eficientes no que diz respeito as
aplicacdes tecnoldgicas (SILVA et al., 2015).

O compdsito cimenticio denominado fibrocimento € um material que vem sendo
estudado por diversos pesquisadores. A utilizacdo deste tipo de compdsito em forma de
componentes pré-fabricados, telhas, e placas divisorias, pode contribuir de maneira
significativa para o rapido crescimento da infraestrutura do pais (SAVASTANO JUNIOR et
al., 2009; SHIRAKAWA et al., 2022).

A matriz cimenticia é geralmente reforgada com fibras sintéticas como carbono, vidro,
polipropileno ou aramida. Apesar de suas vantagens, o custo elevado desses materiais, o alto
consumo de energia durante a producdo, e o seu impacto ambiental negativo, despertaram o
interesse de pesquisadores no estudo de obtencdo de refor¢cos em matrizes cimenticias a partir
da utilizacdo das fibras/particulas vegetais, que sdo amplamente disponiveis no meio
ambiente, s@o biodegradaveis, ndo abrasivas, ndo ha preocupacdo com a salde e seguranca
durante seu manuseio e obtidas por processos de baixo custo (MERTA; TSCHEGG, 2013;
TESSARO et al., 2015).

Ha grande interesse em estudar o uso de fibras vegetais como reforco em matriz
cimenticia, pelo fato destas apresentarem altas propriedades mecéanicas, como resisténcia a
tracdo (200 MPa) e modulo de elasticidade (4 GPa) (SANJAY et al., 2018), além de reduzir a
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dependéncia de materiais convencionais para fabricacdo do concreto, mas também o impacto
no meio ambiente (SAWSEN, 2015; BUI et al., 2021). As fibras/particulas naturais melhoram
0 comportamento de tracdo, resisténcia a flexdo e dureza e ductilidade dos materiais a base de
cimento. O aumento da resisténcia a fratura é causado pela propria fibra e pelo vinculo entre a
fibra e a matriz (WEI et al., 2016).

Contudo, um desafio na utilizacdo de fibras vegetais em fibrocimento se deve a sua
instabilidade dimensional, em virtude de seu carater hidrofilico e, também, da degradacéo
alcalina da fibra proporcionada pela matriz cimenticia. A degradacao de materiais cimenticios
modificados pela adicdo de fibras vegetais ocorre principalmente em virtude da elevada
alcalinidade da agua presente nos poros da matriz do cimento Portland (com pH superior a 13)
(RODRIGUES et al.,, 2013). Como consequéncias desses fatores, ocorre uma perda da
aderéncia na interface fibra-cimento e aumento de micro e macrofissuras, o que contribui para
a diminuicdo da resisténcia e da durabilidade do compdsito de fibrocimento com fibras
celuldsicas (TONOLI et al., 2013).

A cura sob carbonatacdo acelerada de materiais cimenticios € uma possivel solucdo a
fim de mitigar a mineralizacdo da fibra vegetal e a consequente reducdo da durabilidade do
compdsito. Este método acelerado consiste em criar um ambiente em que a concentracdo de
CO: seja consideravelmente superior a concentracdo ao ambiente natural com condicGes
experimentais selecionadas, ou seja, condicfes ambientais. Estas inclui a concentracdo de
CO», temperatura, umidade relativa e a duragdo da exposi¢do, que desempenham um papel
crucial no processo de carbonatagéo e tém efeitos significativos na carbonatacdo de materiais
compositos cimenticios (BUI et al., 2021).

Dessa forma, a presente pesquisa tem por hipdtese que a adi¢do/substituicdo de fibras
vegetais de sorgo ou seringueira, em diferentes teores, ndo resultem diferencas significativas
no desempenho fisico e mecéanico dos compositos cimenticios produzidos por extrusdo em

relacdo aos compdsitos produzidos sem fibras.
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2 OBJETIVOS

2.1 Objetivo geral

Avaliar os efeitos de fibras lignocelulésicas provenientes dos residuos das culturas do
sorgo e da seringueira nas propriedades fisicas, mecanicas e microestruturais de fibrocimentos

extrudados.

2.2 Objetivos especificos

e Avaliar a influéncia das fibras de sorgo e de seringueira na inibicdo da hidratacdo do
cimento.

e Avaliar o teor ideal de fibras de sorgo em compdsitos cimenticios produzidos por
extrusao.

e Avaliar o efeito da cura sob carbonatacdo acelerada em compdsitos de fibrocimento
reforgados com fibras de seringueira.

e Avaliar o efeito do tratamento superficial com hidroxido de sédio (NaOH) das fibras

de seringueira na adesdo com a matriz cimenticia.
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3 REFERENCIAL TEORICO

3.1 Fibrocimento

O fibrocimento é constituido basicamente por diferentes porcentagens de cimento
Portland, calcario, fibras vegetais ou sintéticas. O cimento Portland é o componente principal,
tem a funcdo aglomerante, podendo representar valores superiores a 80% da massa dos
materiais secos que formam o compdsito. O calcario é usado como substituicdo parcial do
cimento Portland, com o objetivo de reduzir custos de producdo do fibrocimento, sendo
considerado um produto de enchimento, representando a segunda maior porcentagem que
forma o compdsito em questao.

As matrizes cimenticias sdo compostas de aglomerantes minerais, dando origem a
pastas ou, quando elaboradas contendo agregados d&o origem as argamassas ou concretos. As
matrizes mais utilizadas sdo a base de cimento Portland e, em menor escala, aquelas a base da
cal e do gesso. A adicdo de fibras nas matrizes pode melhorar as suas propriedades mecanicas,
como a resisténcia a tracdo, a flexao e ao impacto. Além disso, altera seu comportamento apds
fissuracdo diminuindo os efeitos de uma ruptura brusca da matriz cimenticia (TONOLI et al.,
2012).

O fibrocimento é o material de construcdo civil mais utilizado nos sistemas de
cobertura das edificacBes brasileiras. Considerando o mercado total de coberturas, o
fibrocimento é aplicado em 49% das edificacGes, seguido pelas telhas ceramicas (35%) e de
aco (11%) (SILVA; ETULAIN, 2010).

O fibrocimento ¢ um compdsito cimenticio, ou seja, material a base de cimento
Portland, composto por duas fases: matriz cimenticia e fibras (Figura 1). A matriz cimenticia
é uma pasta composta por cimento e adi¢cdes minerais de escoria, pozolanicas e/ou calciticas,
sem agregados. Para aumentar a resisténcia mecénica final e a tenacidade do compdsito, e
para viabilizar o processo produtivo, o fibrocimento possui fibras distribuidas discretamente
pela matriz, que normalmente sdo de celulose, amianto ou fibras sintéticas de poliacetato de

vinila (PVA), polipropileno (PP) ou poliacrilonitrila (PAN).
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Figura 1 - Materiais que comp&em o fibrocimento.

PASTA DE CIMENTO FIBRAS DE REFORCO
M Y = A
& .A':,_.: A\ — > i
adigao filler agua cimento fibras
silica calcario vegetais PVA
cinza (celulose) PP
escoria PAN
amianto

Fonte: Do autor (2022).
As matrizes cimenticias apresentam comportamentos frageis, quebradicas e formam

fissuras quando estdo submetidas a esforgos, ou seja, fraturam-se sem deformacéo plastica sob
esforcos de tracdo e cargas dinamicas (Figura 2a) (TONOLI et al., 2010).

As fibras possibilitam o surgimento de mecanismos de tenacificagdo que, por sua vez,
promovem comportamento mecanico pseudoplastico do compdésito. Ou seja, as fibras
aumentam a resisténcia mecénica e a capacidade do compdsito absorver a energia, com a
distribuicdo de microfissuras ao longo do material (Figura 2b).

Figura 2 - Representacdo esquematica do comportamento a flexdo de um composito: a) sem
fibras, e b) reforcado com fibras; c) detalhe do caminhamento da trinca através do
compésito reforgado com fibras: (ponto 1) e (ponto 2) bridging e descolamento da

fibra; (ponto 3) arrancamento (pull-out) da fibra; (ponto 4) rompimento da fibra.

Trinca c
Composito B 4
sem fibras g 3=

Compésito
com fibras

Fonte: Adaptado de Coutts (1986).
A incorporacéo de fibras de reforco € a principal particularidade do fibrocimento, que

0 torna um composito cimenticio diferenciado, em comparagdo com 0s demais materiais a

base de cimento Portland. O amianto foi o material mais utilizado como reforgo na produgéo
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de fibrocimento, no entanto, devido aos diversos problemas de salude provocados nos
trabalhadores do setor, essa fibra natural foi substituida por outras fibras alternativas,
(AGOPYAN et al., 2005). O amianto é uma fibra natural mineral sedosa, com propriedades
fisico-quimicas com grande potencial para ser utilizada como reforco mecanico em
fibrocimento, como: alta resisténcia mecanica, durabilidade, flexibilidade e resisténcia ao
ataque de acido e alcalis. Apesar destas Otimas propriedades, o amianto apresenta inimeros
maleficios para a saide humana, como asbestose, que pode levar a morte (BARAN et al.,
2016); desta forma, teve sua extracdo e comércio proibidos no Brasil e em diversos outros
paises. As fibras vegetais, como reforco das matrizes frageis do fibrocimento, tém despertado
grande interesse dos produtores, especialmente devido seu baixo custo, grande
disponibilidade, economia de energia na producéo, etc.

A producéo de fibrocimento sem amianto teve inicio no Brasil no ano de 2001, com a
importacdo de fio de PVA. Entretanto, o alto custo da fibra de PVA e a demora com a
importacdo, contribuiram para que a industria acelerasse o projeto de desenvolvimento de sua
prépria fibra, dessa forma, no ano de 2003 iniciou-se a producdo da fibra de polipropileno
(DIAS et al., 2010).

O fibrocimento, aplicado no nosso pais em inimeras coberturas, € um material que
contém fibras de amianto (10% a 20%) fortemente aglutinadas por cimento (PROENCA et al.,
2014).

Faruk et al. (2012) descreveram que nos Ultimos anos a producéo de artigos e pesquisa
referente a compositos utilizando fibras vegetais aumentou consideravelmente. Entretanto,
compositos reforcados com fibras vegetais ainda estdo na dependéncia do conhecimento de
alguns fatores importantes, relacionando a sua aplicagdo, desempenho e durabilidade. E
importante considerar que as fibras vegetais tém composicédo quimica diferente e depende do
tipo de planta, da dimensdo da célula cristalina, do angulo helicoidal que a celulose faz em
relacdo ao eixo central, defeitos superficiais, estrutura da macrofibra vegetal, propriedades
fisicas e mecanicas das fibras e a interacdo que a fibra pode fazer com a matriz do compasito.

Esse fato tem incentivado o desenvolvimento de varios produtos com essas fibras, em
matrizes poliméricas ou cimenticias, que apresentam aumento da resisténcia mecanica,
conforto térmico e tenacidade.

O uso de fibras vegetais apresenta algumas desvantagens, sendo as principais a baixa

durabilidade e a mineralizacdo das fibras. Muitas tentativas de producdo de argamassas ou



22

pastas de cimento Portland comum reforgadas com fibras vegetais fracassaram devido ao fato
de os compositos apresentarem vida Util entre 2 e 4 anos (AGOPYAN, 1991). Segundo o
mesmo autor, uma das principais razdes para ocorrer essa rapida degradacdo é a elevada
alcalinidade da &gua presente nos poros da matriz de cimento Portland com pH préximo de
13, o0 que leva & mineralizacéo das fibras.

O aumento da durabilidade das fibras vegetais como reforgco em cimento pode ser
abordado por diferentes tecnologias, por exemplo, estudo com impregnacdo das fibras com
agentes repelentes a agua (SOUZA et al., 2017), tratamentos superficiais para selar os poros
dos compositos (GRAM, 1983), reducdo da alcalinidade da matriz com uso de adi¢Bes ou
tipos alternativos de aglomerantes (AGOPY AN, 1991).

A baixa durabilidade das fibras na matriz cimenticia ocasiona a reducdo do
desempenho do compdsito de fibrocimento, pois além de ocorrer a degradacao das fibras com
perda de propriedades, ha perda de aderéncia entre fibra e matriz, e, consequente reducéo de
propriedades mecéanicas do compasito.

3.2 Carbonatacao acelerada do cimento

A carbonatacdo € um fendmeno natural que afeta os materiais cimenticios. Tal
fendmeno consiste na reacdo dos produtos da hidratacdo do cimento com o diéxido de
carbono (COz). Com o passar do tempo, o cimento absorve o CO, da atmosfera e esse
processo ocorre, durante a vida util dos produtos e, também, apés a demolicdo (FILOMENO
et al., 2020). A carbonatacéo fixa o CO; e altera as propriedades fisico-quimicas das matérias-
primas. A utilizacdo da carbonatacdo acelerada para mitigar a degradacdo das fibras vegetais,
utilizada como refor¢co em compositos de fibrocimento, é algo que necessita de mais estudos
na area da construcdo civil. Isso porque a carbonatacdo acelerada é efetiva em condicGes
ambientais especificas, como teor de CO,, temperatura, umidade relativa e periodo de
exposicao.

O processo de carbonatacdo é complexo e envolve a difusdo do CO, atmosférico
através dos poros insaturados presentes na matriz cimenticia (LO et al., 2016; MARTINS et
al., 2018). Quando o dioxido de carbono (CO2) reage com o hidroxido de calcio (Ca(OH)z>),
forma-se o carbonato de calcio (CaCQOg), reagdo predominante no processo.

A carbonatacdo acelerada se deve a reacdo de dissolugcdo do CO2 em agua, em que, é
transformado em &cido carb6nico (H2CO3) nos poros insaturados da matriz de cimento,

ocorrendo a dissociacdo de ions HCO3 e CO3™ (Equacéo 1 e Equacdo 2). Concomitantemente,
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ha dissociagdo do Ca(OH), em ions Ca?* e OH no meio (Equagcéo 3), que finalmente forma o
CaCO3 (Equacéo 4).

CO2 (g) + H20 (I) » H* (ag) + HCOs3 (aq) (1)
Ca(OH); (ag) = Ca*"* (ag) + COs* (aq) @)
Ca(OH); (aq) = Ca®" (aq) + 2HO" (aq) (3)
Ca** (ag) + CO2* (aq) = CaCOs (s) 4)

A cura acelerada de materiais cimenticios em ambiente rico em dioxido de carbono
(CO2) surge como uma promessa frente a degradagdo destes materiais. A carbonatacdo
acelerada mitiga a degradacéo das fibras vegetais utilizadas como refor¢co em fibrocimentos e
demais materiais a base de cimento, uma vez que o pH da matriz é reduzido para um valor
préximo de 8,3 nas zonas totalmente carbonatadas (SAETTA et al., 1993; FILOMENO et al.,
2020). Essa reducdo na alcalinidade torna o cimento menos agressivo as fibras e melhora a
interface do compésito (TOLEDO FILHO et al., 2003; DOS SANTOS et al., 2019). O
processo de cura de materiais cimenticios sob carbonatacdo ocorre pela difusdo do CO>
através dos poros insaturados da matriz cimenticia (LO et al., 2016; MARTINS et al., 2018).
O CO:z2 reage com o hidroxido de calcio (Ca(OH)2) (Equagdes 1 e 2) formando carbonato de
calcio (CaCOs) (Equacgbes 3 e 4). Nos poros insaturados do cimento, o0 CO> é dissolvido em
agua e transformado em gas carbdnico acido (H.COz), havendo dissociacéo de ions HCO3™ e
COs. Ao mesmo tempo ha dissociagio do Ca(OH)z nos ions Ca?* e OH", formando CaCOs
(FILOMENO et al., 2020). O processo de carbonatacdo acelerada acontece naturalmente,
porém em uma taxa lenta; contudo, o processo pode ser acelerado utilizando uma camara de
carbonatagdo, com temperatura, umidade relativa, concentracdo de CO> e tempo de exposi¢do
padronizados.

Diversos autores observaram resultados satisfatérios utilizando a carbonatagédo
acelerada como método de cura em compositos cimenticios reforcados com fibras vegetais,
sendo observada reducdo da alcalinidade da matriz cimenticia, melhor adesédo fibra-matriz e,
consequentemente, melhoria das propriedades mecanicas (ALMEIDA et al., 2013; PIZZOL et
al., 2014; SANTOS et al., 2015; URREA-CEFERINO et al., 2017; NEVES JUNIOR et al.,
2019).
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3.3 Sorgo

O Brasil possui lugar de destaque frente a produgdo agricola mundial, e,
consequentemente, muitos residuos de biomassa sdo gerados em diversas etapas da cadeia
produtiva (desde a colheita até o processamento dos gréos). A maior parte destes residuos nao
possui utilizacdo adequada, representado um grave problema ambiental, uma vez que sdo
descartados em locais e em condi¢des inapropriadas. Dessa forma, 0 emprego dos residuos
deste setor como material de reforgo em matriz cimenticia pode ser considerado uma
excelente alternativa, no que diz respeito a destinacdo adequada desses residuos, e, também,
como substituicdo de materiais de alto custo utilizados na producdo de fibrocimento. A
utilizacdo de fibras/particulas vegetais na producdo de fibrocimento vem crescendo cada dia
mais, uma vez que a inser¢do dessas fibras disponiveis ndo agridem o meio ambiente, reduz o
custo da producdo e proporcionam ao material excelentes propriedades mecanicas e bom
desempenho.

O sorgo é considerado o quinto cereal de maior importancia no mundo, sendo base
alimentar de mais de 500 milhGes de pessoas, em mais de 30 paises (MACE et al., 2013). No
Brasil é destinado a producdo de ragdo animal, e seu cultivo vem crescendo tanto em area
plantada quanto em produtividade. Foram 2,084 milhdes de toneladas de grdos em 864,6 mil
hectares de area plantada na safra de 2020/2021, com produtividade de 2,41 t/ha. Para a safra
de 2021/2022, a area plantada foi estimada em 950,2 mil hectares, com uma producdo de
3,041 milhdes de toneladas e uma produtividade de 3,20 t/ha. A regido de maior
produtividade é a Centro-Sul, que possui 83,20 % (1,734 milhGes de toneladas) da colheita
nacional (Companhia Nacional de Abastecimento - CONAB, 2022).

O sorgo apresenta pouca necessidade de dgua, possuindo maior tolerancia ao déficit de
umidade no solo, por essa razdo, pode ser cultivado em uma vasta faixa de condicdes de solo
(VASCONCELLOS, 2001).

A incorporacgdo das particulas de sorgo em compdsitos possibilita uma nova forma de
aproveitamento destes residuos (CHEN et al., 2014; ABDEL-MAGID et al., 2021; AIDA et
al., 2022), agregando valor a um produto de descarte e possibilitando a geracdo de um novo

produto no mercado.
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3.4 Seringueira

A seringueira é natural da Amazonia, e existem dez espécies no Brasil, das onze
conhecidas. Botanicamente, a seringueira € uma dicotileddnea dos géneros Hevea, pertencente
a familia Euphorbiaceae, sendo todas elas espécies arboreas e arboricolas (LIMA et al., 2000).
Possui a Hevea brasiliensis (Willd. ex Adr. de Juss.) Muell.-Arg. como a espécie mais
importante do género (GONCALVES et al., 2002). A area plantada com seringueira cresceu
consideravelmente nos altimos anos no Brasil. Em 2005 a area plantada foi de 112.396 ha e
passou para 163.254 ha em 2020 (Instituto Brasileiro de Geografia e Estatistica - IBGE,
2020). A expansdo do plantio de seringueira no pais provoca um suprimento significativo da
madeira dessa cultura ao final de sua rotacdo (25-30 anos), o que leva ao interesse em estudos
sobre essa matéria-prima. No Brasil, a madeira de Hevea obtida ao final do ciclo produtivo do
latex € utilizada na maioria das vezes e, tradicionalmente, para uso como lenha apesar de
apresentar boas caracteristicas de trabalhabilidade (colagem, cravacéo, perfuracdo, entre
outras) e pode ser facilmente curvada com o uso de vapor e facilmente tingida (EUFRADE
JUNIOR et al., 2015).

Embora seja uma planta de origem amazonica, a parte do Brasil onde hoje mais
crescem seringueiras ndo € mais a Amazonia, mas em areas formadas pelo noroeste do Estado
de Sao Paulo, o oeste do Triangulo Mineiro e o nordeste do Mato Grosso do Sul, regido que
alia 6timas condi¢bes climaticas, alta densidade demografica e um grande mercado
consumidor. Esta inversdo que parece desafiar a nog¢do de ‘“vocacdo natural” tem causas
agrondmicas e econémicas (SOMAIN; DROULERS, 2016).

Hevea brasiliensis € uma planta de ciclo perene, de origem tropical, cultivada e
utilizada de modo extrativo, com a finalidade de producéo de borracha natural (CAMPELO
JUNIOR, 2000). A partir da saida de seu habitat passou a ser cultivada em grandes
monocultivos, principalmente nos paises asiaticos.

Hoje, o Estado de S&o Paulo é o maior produtor nacional de borracha natural. De
acordo com os dados da Producdo Agricola Municipal (PAM) publicados pelo IBGE, em
2020, para uma producédo nacional de borracha de 376.036 toneladas, S&o Paulo contribuiu
com 249.393 t, ou seja, 66%, seguido pelos Estados de Minas Gerais com 28.013 t (7%);
Goiads com 25.968 t (7%); Bahia com 22.872 t (6%), de Mato Grosso com 14.365 t, (4%), e,
Espirito Santo com 13.744 t (4%) (IBGE, 2020).
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Devido a necesséria supressao das arvores para renovacdo do plantio de seringueira,
diversos pesquisadores utilizaram a madeira de seringueira como matéria-prima em produtos
de maior valor agregado, como em paineis aglomerados (IWAKIRI et al., 2018; FARIA et al.,
2021) e paineis de laminas paralelas (FARIA et al., 2019).

3.5 Tratamento superficial em fibras lignoceluldsicas

As fibras naturais possuem algumas propriedades inerentes que podem servir como
desvantagens em seu reforco de compositos cimenticios, incluindo baixa resisténcia a ataques
microbianos, baixa resisténcia a umidade, baixa adesdo entre a superficie fibra-matriz e
tendéncia a aglomerar durante o processamento. Essas desvantagens podem ser superadas
pela modificacdo da superficie da fibra, que pode ser alcancada por métodos de tratamento
quimico, como mercerizacdo, desparafinacdo, acetilacdo, enxerto quimico, branqueamento,
deslignificacdo e salinizacdo e, também, métodos de tratamento fisico, como descarga corona,
radiacdo de ionizacdo e plasma (HAYDARUZZAMAN et al., 2010; SAW et al., 2011,
SUDHAKARA et al., 2013).

O tratamento quimico de fibras € um processo de melhoria da adesao entre a superficie
da fibra e a matriz cimenticia para uma adequada transferéncia de tensdo (BETTINI et al.,
2010), removendo as impurezas superficiais com consequente obtencdo de uma superficie
rugosa. Durante o tratamento quimico é removido da superficie das fibras os extrativos,
hemiceluloses e lignina, resultando em aparecimento de marcas globulares e células de
parénquima.

O tratamento superficial por alcalinizacdo utilizando solucdo de hidréxido de sodio
(NaOH) é um dos tratamentos quimicos mais usados para as diversas fibras vegetais
(BELTRAMI et al., 2014). A modificacdo ocasionada por esse tratamento é o rompimento da
ligacdo de hidrogénio no grupo hidroxila (OH) presente na estrutura da fibra, aumentando
assim a rugosidade superficial (AMICO et al., 2005; SGHAIER et al., 2012).
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4 CONSIDERACOES FINAIS SOBRE A REVISAO BIBLIOGRAFICA

Diante do que foi apresentado nos tdpicos anteriores, a reciclagem de residuos
provenientes da agroindustria € uma opcao para mitigar os impactos ambientais causados pelo
descarte incorreto destes materiais. A valorizagdo de residuos em produtos de maior valor
agregado se mostra uma alternativa ecologicamente, socialmente e financeiramente viavel,
contribuindo para inserir as industrias brasileiras no contexto da “economia circular” e
“economia verde”. O fibrocimento ¢ um material ja estabilizado na industria da construgao
civil. A produgdo de fibrocimentos utilizando residuos da cultura do sorgo e de seringueira se
mostra uma alternativa as fibras de amianto (atualmente sua utilizagdo se encontra proibida) e
as fibras poliméricas, as quais possui alto valor comparado as fibras vegetais.

Entretanto, a literatura carece de estudos envolvendo a compatibilidade das fibras
vegetais com a matriz cimenticia, alem de métodos e condicdes alternativas de cura dos
materiais cimenticios.

Desta forma, este trabalho foi desenvolvido em dois artigos visando a caracterizacéo
fisica e quimica das fibras de sorgo e de seringueira, bem como a influéncia dessas fibras na
matriz cimenticia, a fim de se entender o comportamento dos fibrocimentos sujeitos a cura

Umida tradicional e a cura sob carbonatacédo acelerada.
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Abstract

Synthetic fibers are efficient to modify the brittle nature of cement-based materials but do not
depict an ecological solution, while the use of asbestos fibers is already widely banned for
causing lung diseases. Alternative means are evidenced by the increase in research evaluating
the benefits of using vegetal fibers. This study aimed to determine the ideal content of
sorghum fibers to compose the cement-based extruded. The composites were produced using
1-5% sorghum fibers, 33% ground agricultural limestone, 1% hydroxypropylmethylcellulose,
1% additive carboxylic polyether, and 65-60% high early-strength cement. The apparent
density, water absorption, and porosity, as well as the static bending properties, were
evaluated. Air permeability was determined to ascertain the effect of the fibers on the
interconnected porosity. The use of sorghum fibers as a substitute for cement proved to be
viable to a replacement content of 1%, resulting in contents of 6.95% water absorption and
12.89% apparent porosity. For this fiber content, compared to the composite without fibers,
there was a decrease in the modulus of rupture and an increase in the modulus of elasticity.
Among the fiber contents tested, the best mechanical performance was obtained at 1% fiber.
Thus, the use of sorghum fibers in the production of cement-based values this agricultural
waste, as well as mitigating the environmental pollution caused by its burning or improper
disposal.

Keywords: Cementitious matrix. Lignocellulosic material. Natural fiber. Mechanical

properties. Extrusion.

1. Introduction
Asbestos was the most common reinforcement material used in fiber-cement

production, and as shown by Silva et al. (2005), studies are being carried out to replace this
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natural fiber, which already forbidden in many countries because it is associated with several
health problems in workers (Baran et al., 2016). A wide variety of fibers, including glass
(Khorami et al., 2017), steel (Antonova et al., 2021), carbon (Belli et al., 2020), polymer (Li
et al., 2022), and textile (lorio et al., 2021), have been studied to replace asbestos fibers in
cementitious matrices. However, due to ecological appeals allied with the high cost of these
fibers production, aroused interest in the study of natural fibers to compose the fiber-cement
matrices.

The use of sustainable materials in the fabrication of building components offers an
opportunity to mitigate the environmental impact of civil construction, which has expressive
indicators for nonrenewable resource consumption, energy consumption, and solid waste
generation (Pereira et al., 2013; Onuaguluchi and Banthia 2016; Santos et al., 2017). Natural
fiber-reinforced composites are currently regarded as one of the most promising materials in
engineering technologies Belaadi et al. (2013). Because, while natural fibers increase some
mechanical properties of composites, the environmental problems caused by the burning of
straw and other residues from agricultural production can be reduced (Wang et al., 2020).

Plant fibers are abundant and are used because they are inexpensive, renewable, and
readily available. As a result, studies are being conducted to identify economically viable,
sustainable, and efficient solutions for technological applications, such as those based on clay,
rubber, polypropylene, and polylactic matrices (Barbieri et al., 2013; Silva et al., 2015;
Ngaowthong et al., 2019; Yangthong et al., 2019;). Particularly in the case of cement-based
composites, the use of fibers plays a critical role in mitigating cracking caused by cement
shrinkage and postcracking, and the fibers provide a bridging effect on the transfer of stresses
within the cracked cementitious matrix (Raabe et al., 2018). Agricultural production generates

a large amount of waste, the majority of which is discarded in inappropriate locations and
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conditions, posing a serious environmental problem. Thus, using waste from this sector as
reinforcement material in cementitious matrices can be considered an excellent alternative,
both in terms of waste disposal and as a substitute for high-cost materials used in the
manufacture of fiber-cement. Numerous lignocellulosic fibers can be used as reinforcement in
cementitious matrices, but factors affecting the product's properties, such as size, species, and
chemical compositions, must be considered (FPL, 2010). Although fiber content affects the
mechanical properties of composites, failure of bending composite elements can be attributed
to matrix fiber slippage, adhesion loss, or fiber rupture (Anjos et al., 2003). Sorghum is the
fifth most important cereal in the world and provides food for over 500 million people in
more than 30 countries (Mace et al., 2013). It requires little water and is more tolerant of soil
moisture deficits, allowing it to be grown in a wide variety of soil conditions (Kaplan et al.,
2019). Sorghum is grown in Brazil for the purpose of producing animal feed, and its
cultivation has increased in both planted area and yield. The 2020-2021 harvest produced
2.084 x 108 tons of grain on 864.6 x 10% hectares of the planted area, yielding 2.41 tons per
hectare. For the 2021-2022 harvest, the planted area was expected to reach 950.2 x 108
hectares, yielding 3.041 x 10° tons at a rate of 3.201 tons per hectare. The South-Central
region is the most productive, accounting for 83.20% (1.734 x 10° tons) of the national
harvest (CONAB, 2022).

Several studies have shown the potential for using vegetable fibers as a substitute for
cement in extruded cementitious composites, such as Fonseca et al. (2019) in fiber-cement
with jute fibers, Teixeira et al. (2019) using curaua fibers, and cellulose pulp fibers Raabe et
al. (2022). However, there is a gap involving studies using sorghum fibers in cementitious

matrices. The incorporation of sorghum fibers into composites enables new applications for
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these wastes, thereby increasing the value of a waste product and enabling the generation of a
new product on the market.

In this context, based on experimental results of physical properties and static bending
mechanical performance, this study aimed to evaluate the ideal content of sorghum fibers in
cement-based composites produced by extrusion.

2. Materials and methods

2.1 Obtainment of sorghum fibers

Sorghum (Sorghum bicolor (L.) Moench) was collected to produce fiber-cement
composites on a farm in the city of Jatai, GO, a municipality located southwest of Goias, at
coordinates 17°52'53" S latitude and 51°42'52" W longitude, at an average altitude of 700 m.
After collecting the material, it was ground in a hammer mill to produce sliver-type fibers.
Only fibers that passed through the 0.42 mm sieve and remained in the 0.25 mm sieve were
used. Prior to the production of the composites, the sorghum fibers were dried to a moisture
content of 3%.
2.2 Physicochemical characterization of sorghum fibers

The physicochemical characterization of sorghum fibers was performed by moisture
analysis according to E871-82 (ASTM, 2019), fiber density analysis according to the
adaptation of NBR 11941 (ABNT, 2003) guidelines by Protasio et al. (2013), total extractive
analysis according to NBR 14853 (ABNT, 2010) standard, insoluble lignin content according
to NBR 7989 (ABNT, 2010), ash content according to NBR 13999 (ABNT, 2017),
holocellulose and cellulose content according to the procedure described by Browning (1963)
and Kennedy et al. (1987), respectively.

2.3 Production of fiber-cement composites
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The mixing proportions in mass used in the production of composites (Table 1) were

0% fiber (named Control composite), 1%, 2%, 3%, 4%, and 5% sorghum fibers in place of

cement, 33% agricultural limestone, 1% HPMC, 1% ADVA, and 65-60% high early-strength

cement (Portland cement CPV-ARI, according to NBR 5733 (ABNT, 1991) and equivalent to
ASTM cement type I1I).

Table 1. Mix design used in the production of the fiber-cement composites.

Materials Mass (%)

Portland cement CPV-ARI 65-60

Agricultural limestone 33
Dry sorghum fiber 0-5
HPMC 1
ADVA 1
Total 100

Portland cement CPV-ARI was chosen because of the absence of additives and was
therefore considered less aggressive in terms of mineralization/degradation. Additionally, the
high initial strength promotes mechanical properties and mitigates the effect of extractives
(Bezerra et al., 2006). Ground limestone was used in place of Portland cement to reduce the
cost of the manufacturing process and, as recommended, for the composite's stabilization (as
it is considered an inert ingredient) and for sustainability reasons (Fonseca et al., 2019). The
additives hydroxypropylmethylcellulose (HPMC) and carboxylic polyether (ADVA) were
used to aid in the rheology of the mixture. These additives were used to increase the water

retention capacity, as well as to improve labor productivity and the cement stabilization
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process. For each additive (HPMC and ADVA), the proportion of 1.0% of the total mass of
each mixing was used.

A planetary mixer was used to combine the ingredients. Cement, limestone, fibers, and
HPMC were first mixed for two min at a speed of 140 rpm. After adding the ADVA and
water, the mixing process was continued for five min at 285 rpm to ensure the uniform
distribution of the fibers in the formed mass. The water-cement (w/c) ratio was 0.40.

The fiber-cement paste was processed in a helical extruder. The mass was passed
through the extruder three times to ensure proper homogenization and orientation of the
sorghum fibers for extrusion (Fig. 1). After molding, the specimens were sealed in plastic
bags and stored at high humidity and room temperature for 27 days. Following a 27-day wet
cure period, the composites were cut with a disk saw to achieve final dimensions of 28 mm x
18 mm x 200 mm (width, thickness, and length, respectively). After 24 h of immersion in
water, the specimens were subjected to physical and mechanical tests. Each composition

required the preparation of eight specimens for testing.

Fig. 1 Extruded fiber-cement molding process. (a) Specimen output through the extruder
nozzle; (b) Specimens wrapped in a plastic bag containing water inside for the wet curing

period
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2.4 Physical and mechanical properties of composites

Physical tests for water absorption (WA), apparent porosity (AP), and apparent density
(AD) were conducted following standard C 948-81 (ASTM, 2016).

Static bending tests were conducted using a universal testing machine equipped with a
20 kN load cell (EMIC DL, Brazil). To determine the mean values of modulus of rupture
(MOR), limit of proportionality (LOP), modulus of elasticity (MOE), and toughness, a four-
point bending test was configured with a span of 150 mm, and the loading was applied at a
constant crosshead speed of 1.5 mm/min.

2.5 The effect of sorghum fibers on the hydration of cement paste

The method used to determine the inhibition of sorghum fibers by cement was
modified from Hofstrand et al. (1984). Fifteen grams of dry sorghum fibers, 200 g of Portland
cement CP V-ARI/Plus, and 90 mL of water were combined for this test. After
homogenization for 5 min, these materials were placed in Styrofoam boxes lined with
aluminum foil to minimize temperature loss to the environment. Each Styrofoam box
contained a temperature sensor connected to a Datalogger, which recorded data at one-second
intervals over 24 h. For this test, a PicoLog data acquisition system, model TC-08, connected
to a computer and type k thermocouples was used.

The box and data acquisition system were housed in an acclimatized room set to a
temperature of 20 = 1 °C and relative humidity of 60 + 5% to further eliminate external
interferences. Three replicates using sorghum fibers were performed, in which the fibers
passed through a 4.9 mm sieve but were retained in a 2.4 mm sieve. The inhibition index was

calculated using Equation 1 (Okino et al., 2004):

[(TC TS)] [(HS - HC)] [(SC SS) (1)
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where | is the cement curing hydration index (%); TC is the maximum temperature of the
cement paste (°C); TS is the maximum temperature of the sorghum fiber/cement paste (°C);
HC is the time to reach the maximum cement hydration temperature in the cement paste (h);
HS is the time to reach the maximum temperature of the cement hydration mixture in the
sorghum fiber/cement paste (h); SC is the maximum temperature increment of the curve in the
cement paste (°C/h); and SS is the maximum temperature increment of the curve in the
sorghum fiber/cement paste (°C/h). The effect of cement curing inhibition is classified
according to Table 2 (Okino et al., 2004).

Table 2. Classification of lignocellulosic material according to the hydration index obtained.

Hydration index (%) Classification

<10 Low inhibition

| =10to 50 Moderate inhibition
I =50 to 100 High inhibition

I > 100 Extreme inhibition

2.6 Analysis of the rupture surface of the composites

After the composites fractured in the static bending test, they were investigated by
scanning electron microscopy (SEM). To obtain the micrographs, the specimens were coated
with gold in an evaporator and then analyzed in a LEO EVO 40 XPV at an electrical voltage
of 20 kV.
2.7 Air permeability tests

Permeability parameters were determined using experimental data and fitting of
Forchheimer's equation (Equation 2), a well-established empirical relationship that expresses

the parabolic dependence of pressure drop (AP) with the resulting superficial or face velocity
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(vs) of the fluid through the medium (Innocentini et al., 2017; Innocentini et al., 2019;

Innocentini et al., 2005; Fioroni et al., 2020; Corradetti et al., 2016):

AP P, )
3 —k1VS+k2VS

where L denotes the medium length or thickness along the macroscopic flow direction and p
and p denote the fluid's viscosity and density, respectively. The parameters ki and ko are
referred to as Darcian and non-Darcian permeability coefficients, respectively. These
coefficients are dependent on the porous structure and are used in Equation (2) to balance the
effects of viscous and inertial losses on the total pressure drop. For compressible flow, AP in

Equation (2) must be determined using Equation (3):

P — P’ (3)
2P

AP =
where Pj and P, are the inlet and outlet absolute gas pressures, respectively. P denotes the
absolute pressure at which vs, uand p are measured or calculated (in this work P = Py).

The permeability coefficients ki and k2 were determined experimentally using a
laboratory-built device, with testing conducted in a steady-state regime with dry airflow at
ambient temperature (T = 23-29 °C, Pam= 94.7 kPa, pu = 1.88 x10° Pa.s; p = 1.1 kg m™) on
three specimens of each batch. Further details of the method and the experimental setup are
given elsewhere (Innocentini et al., 2017; Innocentini et al., 2019; Innocentini et al., 2005).

The samples for the air permeability tests were named SO (control), S3 (3% sorghum

fiber), and S5 (5% fiber content), and the apparatus's design and methodology are described

elsewhere (Innocentini et al., 2019) and illustrated in Fig. 2.
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3. Results and discussion

3.1 Sorghum fiber properties

]

Flowmeter

Table 3 summarizes the mean values and standard deviations for the chemical

characteristics of sorghum fibers. This constituent distribution demonstrates a high extractive

content, and as Chafei et al. (2014) demonstrated, the amount of total extractives present in

the lignocellulosic material can have a significant effect on the setting time and cement

hydration, thereby impairing the mechanical strength of the composites.
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Table 3. Chemical composition of sorghum fibers (%, dry basis).

Chemical constituents Content (%)
Total extractives 13.21 £1.24*
Insoluble lignin 17.19 + 0.94*
Cellulose 34.27 £ 2.78*
Hemicelluloses 32.86 + 2.13*
Ash 2.47 £ 0.06*

*Standard deviation.

The chemical composition of the lignocellulosic material under investigation may be
the primary impediment to manufacturing cementitious composites (Mori et al., 2007).
Simatupang et al. (1978) asserted that the extractives found in wood and lignocellulosic
materials are responsible for cement setting inhibition, with their active principles being
phenolic compounds and free carbohydrates. This behavior occurs because extractives can
preclude Portland cement from hardening, preventing the composite from reaching the
temperature required for the cement hydration reaction to occur (Marques et al., 2016).
Additionally, the authors assert that the addition of vegetable fibers to the cement mass alters
the composite's thermal equilibrium and the intensity of hydration reactions.

According to Bledzki and Gassan (1999), a high lignin content decreases the
mechanical performance of the composite. This is because the lignin found in plant fibers has
an amorphous structure that is highly soluble in an alkaline environment, resulting in
increased alkaline attack by the cement (Correia et al., 2015). On the other hand, cellulose
contributes significantly to the mechanical strength of cementitious composites owing to its

microfibril structure, which results in a high tensile strength and high crystallinity.
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Lignocellulosic materials are considered incompatible with cementitious paste due to
the presence of soluble hemicellulose, which is degraded into simple sugars in alkaline
solutions, interfering with the cement hydration process (Sutigno, 2000; Macédo et al., 2012;
Pelaez-Samaniego et al., 2013).

The cellulose and lignin contents of sorghum fibers determined in this study were
slightly higher than those determined by Pedreira et al. (2003), who found 25.3-31.2%
cellulose and 3.6-5.5% lignin for eight sorghum hybrids. For hemicelluloses, the values of the
present work are within the range observed by the author of 24.8-34.3%. This discrepancy in
results can be explained by the variety of species, the location of cultivation, the season, and
the method of harvesting, all of which affect the chemical composition of lignocellulosic
materials. These chemical characteristics should be analyzed because they directly affect the
quality of cementitious composites, as they are responsible for the bond with the cement
matrix and the degradation of natural materials used as reinforcement in cementitious
composites (Lee et al., 1987).

The average density of sorghum fiber was 0.16 g cmat a moisture content of 10.89%.
The use of low-density fibers as reinforcing material can have a significant effect on the
extrusion process, as it increases the number of fibers scattered throughout the cementitious
matrix, reducing the mass's extrudability due to fiber cohesion. Additionally, a low density
can hinder the homogenization of the mixture due to the presence of balls, clogging the
extruder.

3.2 Physical properties of composites

The content of sorghum fiber used had a statistically significant effect on the physical

properties of water absorption (WA), apparent porosity (AP), and apparent density (AD). Fig.

3 illustrates the average values obtained for the water absorption of cementitious composites,



showing that the increase in sorghum fiber
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Fig. 3 Water absorption of fiber-cement produced with different contents of sorghum fibers

Fig. 4 shows that the average values for apparent porosity as a function of sorghum

fiber content followed a similar trend to water absorption. In both cases, the effect of fiber

addition in comparison with the fiber-free composite is clear.
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Fig. 4 Apparent porosity of fiber-cement produced with different contents of sorghum fibers
Fig. 5 shows that the apparent density of the composites decreased significantly for the
two highest fiber contents (4% and 5%). This effect, associated with a density ratio (sorghum
fibers/cement paste) of 0.106, could be attributed to a poorer packing density of the cement
matrix caused by the presence of too many fibers. Fig. 3 and Fig. 4 show that apparent

porosity and water absorption increased faster for these fiber contents, which is consistent

with the change in packing density caused by fibers.
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Fig. 5 Apparent density of fiber-cement produced with different contents of sorghum fibers

The fact that apparent density remained constant up to 4% and 5% fiber content,
despite the increased porosity of the composite, is because the fibers are lighter than cement
paste. Composites produced with 5% sorghum fibers exhibited the highest apparent porosity
and water absorption. This may be a disadvantage due to the hydrophilic nature of the
sorghum fibers, which increases the appearance of defects in the composite microstructure
because of their insertion into the cement matrix (Fig. 6). Therefore, the increased apparent

density and decreased apparent porosity indicate that the matrix appears to be more compact

and contains fewer defects (Tonoli et al., 2010).
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Fig. 6 Cracks on the surface of composites produced with 5% sorghum fibers. The scale unit
shown in each part is equal to 1000 um

To the best of the authors’ knowledge, there are no examples in the literature of fiber-
cement materials produced with sorghum fiber replacement. However, Fonseca et al. (2016)
observed the effect of varying contents of eucalyptus nanofibrils on the physical-mechanical
properties of fiber-cement after 28 days of cure. Brasileiro et al. (2013) conducted a study that
found behaviors consistent with the findings of this research. The purpose of the study
(Brasileiro et al., 2013) was to investigate the use of coconut fiber in the manufacture of
cementitious composites and the effect of sand addition on physical and mechanical
properties.

In general, the physical properties obtained were satisfactory. The formulations used

achieved acceptable results, exhibiting physical property values consistent with those
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specified in NBR 7581-2 (ABNT, 2014), which stipulates a maximum water absorption value

of 37% for fiber-cement produced without asbestos.

3.3 Mechanical properties of composites

The typical curve of normal bending stress and specific deformation (Fig. 7) presents

the mechanical behavior of different contents of substitution from sorghum fiber composites.
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Fig. 7 Normal bending stress vs. specific deformation of fiber-cement composites

The composites produced without the addition of sorghum fibers (control) and

containing 1% fibers reached a maximum stress significantly superior to the other composites.

Due to the nature of the composites, it is observed that all of them had a brittle fracture,

presenting low values of specific deformation. For the specimens with 5% fibers, a less fragile

behavior was observed than the others; however, there was an abrupt decrease in the normal

bending stress.
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The mean values and standard deviations for the modulus of rupture, modulus of

elasticity, and limit of proportionality are shown in Fig. 8 (a-c).
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Fig. 8 Static bending testing of specimens produced with different contents of sorghum fibers,
(@) MOR; (b) MOE; (c) LOP

As observed in Fig. 8 and Fig. 9, there was a significant effect of sorghum fiber
content on the mechanical properties of the composites. There was no significant difference in
the average MOE value (Fig. 8b) with only 1% fiber added, followed by a significant decrease
in the results with the other fiber contents. The decrease in MOE (Fig. 8b) as the fiber content
increases can be attributed to the high apparent porosity of fiber-reinforced composites in
comparison to the control specimen. Due to the increased number of voids, this high porosity
can result in a decrease in the modulus of elasticity. Additionally, fibers have a lower modulus

of elasticity than cement paste.
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Fig. 9 Toughness of fiber-cement produced with different contents of sorghum fibers

The values of MOR (Fig. 8a), LOP (Fig. 8c), and toughness (Fig. 9) decreased with
increasing sorghum fiber content. Composites with 3%, 4%, and 5% fiber had lower values
compared to those with lower fiber additions. These findings are explained by the inhibition
of cement curing around the fibers (Fig. 10), which is caused by the presence of extractives
and hemicelluloses on the fiber surfaces, resulting in a low interaction between the cement
matrix and fiber. The presence of lignin, with its nature of susceptibility for dissolution in an
alkaline medium, is considered to contribute to the reduction of the tensile strength of

vegetable fibers (Almeida et al., 2013).
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Fig. 10 Hydration curve of cement paste and sorghum-cement paste

As shown in Fig. 11 and by Equation 1, the cement paste containing sorghum waste
had a hydration index of 15.53% and, following Okino et al. (2004), could be classified as
medium inhibition. In Fig. 10, the maximum temperature reached by the sorghum-cement
paste was approximately 37 °C, far from the maximum temperature of the cement paste,
which was approximately 67 °C. Notably, for the sorghum-cement paste, the maximum
temperature occurred at a hydration time longer than the time required for the cement paste,
confirming the high inhibition index and the incompatibility between the cement and the
sorghum fiber.

The decrease in the average values of the mechanical properties evaluated can be
attributed to the sorghum fibers' weak linkage with the cementitious matrix. Fig. 11 illustrates

the presence of pores in the cementitious matrix caused by sorghum fiber detachment.
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Fig. 11 Electron micrograph surface of composites produced with 3% sorghum fiber content
(a, b) and 5% sorghum fiber content (c, d)

Analysis of the electron micrograph (Fig. 11) showed voids around the fibers that did
not detach from the matrix, indicating a discontinuity in the stress flow between the sorghum
fibers and the cementitious matrix. The strength-reducing effect of cement-based products is a
consequence attributed to the formation of capillary pores (0.01-10 um) and macropores (>
0.05 um) (Almeida et al., 2013). The void spaces between the fiber and matrix are mainly
attributed to the presence of a high concentration of extractives on the fiber surface, but they
can also be related to the strong pressure between the matrix and fiber caused by the extrusion
process. Finally, this gap between the fiber and matrix can also be caused by the contraction
of the vegetable fiber due to the drying necessary to prepare the sample and the vacuum that

the sample is subjected to inside the observation chamber of the electron microscope.
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In addition, for composites produced without the addition of sorghum fibers, the
rupture surface does not present large pores, caused by detachment by the fiber in the cement

matrix, as shown in Fig. 12.

Fig. 12 Electron micrograph surface of the composite control (0% sorghum fiber)

In studies on the production of composites with vegetable fiber, Chakraborty et al.
(2013), Wei and Meyer (2015), Teixeira et al. (2019), and Fonseca et al. (2019) demonstrated
that because of this component, there is an alteration in the hydration behavior of cement.
Additionally, they demonstrated that the high alkalinity of the cementitious matrix causes the
weakening of fibers, with consequent mineralization.

According to Tonoli et al. (2013), increased LOP values indicate improved fiber-
matrix adhesion; however, this was not the case in the current study, possibly due to poor
fiber scattering in the matrix or a deficiency in stress transfer between fiber and cementitious
matrix (Tonoli et al., 2013).

Increased toughness values indicate that fibers contribute more to delaying the

initiation of crack propagation (Correia et al., 2015), which was not the case in this study, as
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toughness decreased as the content of fibers increased. The poor adhesion between the fiber
and the cement matrix, confirmed by SEM images, caused this behavior.

As previously stated, there are no studies in the literature on fiber-cement produced
with sorghum fibers. Nonetheless, investigating the effect of carbonation on extruded
vegetable fiber-cement composite, which resulted in an MOR equal to 14-19 MPa, Santos et
al. (2015) reported similar behaviors to those found in this study.

Another study by Lertwattanaruk and Suntijitto (2015) used coconut shell fibers and
palm fibers as substitutes for cement in fiber-cement with contents of 5, 10, and 15%. The
authors observed that as the content of fibers was increased, MOR values decreased in the
range from 3.71-21.89% when compared to fiber-cement without fibers. The decrease in
mechanical properties of composites observed in this study may be due to the mineralization
of sorghum fibers because of cement hydration products migrating to porous surfaces, a
phenomenon also described in the pine fiber-cement composite production study (Tonoli et
al., 2012).

Overall, the mean mechanical properties obtained in this work were similar to or
inferior to those reported in the literature to produce cement composites with other types of
plant fibers. Composites produced with up to 1% sorghum fibers were classified as category 3
by standard NBR 15498 (ABNT, 2016), which considers an MOR greater than 7 MPa.
According to the same standard, composites containing 2%, 3%, and 4% were classified as
category 2, indicating an MOR greater than 4 MPa. Composites produced with 5% sorghum
fibers were classified as category 1, having an MOR less than 4 MPa. This result is due to the
fiber's low adhesion to the matrix, which results in a greater number of pores and,

consequently, lower MOR values.
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3.4 Air permeability of composites
The permeation curves for all tested samples are given in Fig. 13. The parabolic
relationship between pressure drops and superficial air velocity was confirmed through the
high-quality fitting of Forchheimer’s equation (correlation of determination R?>0.99 in all

cases), observed by the dashed lines in Fig. 13.
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Fig. 13 Air permeation curves of samples with different contents of sorghum fibers
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The permeability coefficients ki and ko were obtained from the fitted data and are

given in Fig. 14.
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Fig. 14 Permeability coefficients of tested samples (average and deviation)

Increased apparent porosity had a significant effect on the mechanical properties of the
composites, lowering MOR, MOE, and LOP values. As illustrated in Fig. 14, increasing the
amount of sorghum fiber incorporated into the composites increased the permeability

coefficients ki and ko. This behavior is explicable because the primary permeation pathway is

located at the fiber-matrix interface (Fig. 11), not within the matrix (Fioroni et al., 2020). As a
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result of the increased fiber content, the interconnections at the fiber-matrix interfaces become
larger, increasing permeability.

The data on the permeability of the tested samples can also be compared to those of
other materials using the map shown in Fig. 15 (Innocentini et al., 2005; Fioroni et al., 2020).
The map is based on thousands of ki and k> data extracted from the literature and has been
extensively used to classify the permeability of a wide variety of porous materials used in a
variety of applications. The fiber-cement composites exhibit the same level of permeability as
concrete, castables, and other fiber-cement materials. Additionally, the increase in

permeability is caused by the increase in fiber content from 0% to 5%.
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Fig. 15 Permeability map proposed in the literature (Innocentini et al., 2005; Fioroni et al.,
2020) and location of samples tested in this work
4. Conclusion

The evaluation of the physical and mechanical performance of cement-based
composites produced with sorghum waste fibers, with contents ranging from 1-5%, showed
the feasibility of using this vegetable fiber to produce the extruded composite.

The composite produced with a fiber content equal to 1%, compared to the non-

reinforced composite, showed that the WA and AP properties were little affected using fibers.
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On the other hand, with fiber contents from 2-5%, these properties were abruptly increased.
However, for all fiber composites, the water absorption was below the maximum of 37%
established by the standard NBR 7581-2 (ABNT, 2014). In turn, the AD property was only
affected by fiber contents from 4%, but with a reduction of only 2.7% compared to
composites with lower fiber contents.

Due to the use of 1% sorghum waste fibers, concerning the control composite, the
mechanical property of MOE was increased by 4.7%, while the MOR and toughness were
reduced by 16.4 and 28.48%, respectively. For composites with 5% fiber content, the values
of MOR, toughness and MOE were reduced by 81.37, 56.29 and 90.21%, respectively. These
reductions in mechanical properties were due to the inhibition of cement curing and were then
assigned to the sorghum fiber extractive content. In addition, extractives caused gaps between
the fibers and the cement matrix, increasing the porosity of the composites. Based on the
analysis of the permeability coefficients k1 (Darcian) and k2 (non-Darcian), obtained from the
air permeability tests, the fiber-cement composites produced exhibit the same level of
permeability as concrete, castables, and other fiber-cement materials.

Considering these results, the best mixture to produce the composite was obtained by
the replacement of 1% cement with sorghum fibers. However, the deterioration of this
composite due to exposure to weathering agents must be evaluated in future research. The
results of this research encourage the use of sorghum waste fibers in the production of fiber-
cement. For, while the consumption of cement used in the production of cement-based
extruded composites is reduced, a major environmental contribution is given by the better
destination of this agricultural waste.
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Abstract

The abundance and high tensile strength of vegetable fibers make them an interesting option
to modify the fragile nature and properties of cement-based products. However, a major
challenge is to prevent cement matrix mineralization. Accelerated carbonation appears to be
an alternative to this process, promoting a reduction in matrix alkalinity and an increase in the
fiber-matrix interface. However, the type of vegetable fiber exerts a great influence on the
final properties of the composite, mainly due to its anatomical characteristics. Thus, this
research aimed to evaluate the effect of curing under accelerated carbonation on the physical,
mechanical, and microstructural properties of extruded fiber-cement composed with
rubberwood fibers replacing the traditionally used polymeric fibers. The specimens were
produced with a mixture of 60% high early-strength cement, 33% ground agricultural
limestone, 5% rubberwood fibers, 1% hydroxypropylmethylcellulose, and 1% carboxylic
polyether. The results showed that accelerated carbonation increased the apparent porosity
(17.51% to 28.18%) and decreased the mechanical properties (11.64 MPa to 8.38 MPa for
modulus of rupture, and 5891.64 MPa to 2057.36 MPa for modulus of elasticity), except for
toughness, which increased abruptly by 86.20% and made the product less fragile, with the
best preserved tenacity mechanisms in the fracture process of carbonated composites, such as
pull-out and bridging forces. It was concluded that rubberwood fibers are an interesting
alternative to producing fiber-cement composites and that accelerated carbonation reduces the

aggressiveness of lignocellulosic fibers and increases the energy absorption of composites.
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1. Introduction

The use of sustainable materials to produce civil construction components and
structural elements has the potential to reduce the environmental impact, as evidenced by the
alarming indicators of consumption of nonrenewable resources, energy expenditure, and solid
waste generation (Onuaguluchi and Banthia 2016). Concerning the reinforcement of cement-
based matrices, carbon, glass, polypropylene, or aramid fibers are commonly used; however,
the high cost and high energy consumption in the production of these synthetic fibers are
recognized.

On the other hand, vegetable fibers are obtained by a low-cost process, an advantage
added to the biodegradable material that does not bring concern for health and safety in
handling (Merta and Tschegg 2013; Tessaro et al. 2015). The valorization of biomass by its
incorporation into construction materials has become more prevalent due to the necessity of
solutions that are economically viable, environmentally sustainable, and able to improve the
mechanical properties of materials (Silva et al. 2015).

There is considerable interest in examining the feasibility of using vegetable fibers as
reinforcement in cementitious matrices due to their high mechanical properties (Sawsen et al.
2015). Natural fibers improve the tensile and flexural strength, as well as the hardness and
ductility of cement-based materials (Mejia-Ballesteros et al. 2021). The bond between the
fiber and the matrix contributes to the increase in fracture strength (Wei et al. 2016).
Composites reinforced by natural fibers or particles are considered one of the most promising

structural materials in engineering technologies (Belaadi et al. 2013). The use of vegetable
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fibers in cement-based composites to produce roofing tiles, prefabricated components, and
boards can significantly contribute to the rapid growth of the country's infrastructure
(Savastano Junior et al. 2009).

The incorporation of vegetable fibers in fiber-cement presents challenges, mainly due
to their dimensional instability, hydrophilic nature, and alkaline degradation caused by the
cement matrix. Cementitious materials composed of vegetable fibers degrade primarily due to
the high alkalinity of the water contained in the pores of the Portland cement matrix
(Rodrigues et al. 2013). Because of this, there is a loss of adhesion at the fiber-cement
interface and an increase in cracks, which contributes to the fiber-cement composite
decreasing strength and durability (Tonoli et al. 2013).

Accelerated curing of cementitious materials in a high carbon dioxide (CO,)
environment appears to safeguard against these materials' degradation. Accelerated
carbonation slows the degradation of vegetable fibers used in cement-based materials by
decreasing the pH of the matrix to near 8.3 in fully carbonated areas (Saetta et al. 1993;
Filomeno et al. 2020). This decrease in alkalinity renders the cement less aggressive toward
the fibers and improves the interface of the composite (Dos Santos et al. 2019). The curing
process of cementitious materials under carbonation occurs by the diffusion of CO> through
the unsaturated pores of the cementitious matrix (Lo et al. 2016; Martins et al. 2018). CO>
reacts with calcium hydroxide (Ca(OH).), forming calcium carbonate (CaCOs). In the
unsaturated pores of cement, CO- is dissolved in water and transformed into acidic carbon
dioxide (H2COs3), and there is dissociation of HCO3z™ and COgs". At the same time, there is a
decoupling of Ca(OHy>) in the ions Ca?" and OH-, forming CaCOs (Filomeno et al. 2020). The
use of accelerated carbonation as a curing method in cementitious composites reinforced with

vegetable fibers showed satisfactory results, with a reduction in the alkalinity of the cement
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matrix, better fiber matrix adhesion and consequently improvement in mechanical properties
(Almeida et al. 2013; Santos et al. 2015; Neves Junior et al. 2019). Vegetable fibers promote
improved carbonation due to the high air content (the fibers act an air-entraining admixture),
which induces COz penetration becomes easier (Buy et al. 2021). In this way, the results of
accelerated carbonation in cementitious composites reinforced with vegetable fibers are
related to the species used, and, therefore, research with new species is necessary.

The use of fibers from rubberwood was investigated in the literature, for example, for
particleboard production (Faria et al. 2021) and activated carbon (Ma et al. 2019). The rubber
tree is native to the Amazon, and Brazil is home to ten of the 11 known species. The rubber
tree is a dicot of the genus Hevea, which belongs to the family Euphorbiaceae, all of which
are arboreal species (Lima et al. 2000). In recent years, the area planted with rubber trees in
Brazil has increased significantly. In 2005, the planted area was 112,396 ha, which increased
to 163,254 ha in 2020 (IBGE 2020). The country's expansion of rubber plantations results in a
significant supply of wood from this crop at the end of its rotation (25-30 years), sparking
interest in research on this raw material. Despite having good workability characteristics
(gluing, driving, drilling, among others) and being easily folded with the use of steam,
rubberwood obtained at the end of the latex production cycle is traditionally used as firewood
in Brazil (Eufrade Junior et al. 2015).

The purpose of this study was to assess the effect of curing under accelerated
carbonation on fiber-cement composites reinforced with rubberwood fibers, concerning the
physical, mechanical, and microstructural properties of the extruded composites.

2. Materials and methods

2.1. Obtaining and chemical treatment of rubberwood fibers
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To produce fiber-cement composites, rubberwood (clone Pb235) aged 28 years was
collected from the campus of the Federal University of Lavras (UFLA) located in the
municipality of Lavras in the southern region of Minas Gerais, Brazil; the coordinates are
21°14'45" S, 44°59'59" W, and the altitude is 920 m.

After collecting the material, it was ground in a hammer mill to produce sliver-type
fibers. Only fibers that passed through the 0.42 mm sieve and remained in the 0.25 mm sieve
were used.

Rubberwood fibers were alkaline treated with a solution of NaOH prior to composite
production, following a similar procedure described by Suardana et al. (2011). The fibers
were placed in a glass beaker with a capacity of 2.5 L NaOH solution was weighed and added
to the container at a concentration of 10% by mass, and the beaker was then placed in a heater
set to 95 °C for 1 h. The fibers were washed with deionized water until the pH of the fibers'
dripping water reached approximately 7.0, followed by drying in an oven at 105 + 3 °C for 24
h. The mass loss of dry fibers was determined to confirm the efficiency of the treatment.

2.2. Characterization of rubberwood fibers

The characterization of rubberwood fibers was performed by fiber density analysis
according to the adaptation of NBR 11941 (ABNT 2003) guidelines by Protéasio et al. (2013).
Total extractive analysis was carried out in accordance with the NBR 14853 (ABNT 2010)
standard, insoluble lignin content according to NBR 7989 (ABNT 2010), ash content
according to NBR 13999 (ABNT 2017) and holocellulose by the difference between the other

constituents. The moisture content of the fibers (MC) was evaluated using Equation (1).

(my —my)
m;

MC = .100 (1)

where MC is the moisture content (%), ms is the saturated mass (g) and m; is the dry mass of

fibers (g).
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2.3. Production of fiber-cement composites

Composites were produced with rubberwood fibers treated and without surface
treatment in substitution of 0% (named composition control) or 5% in mass to the cement
based on a previous study performed by Raabe et al. (2022), 33% agricultural limestone, 1%
HPMC, 1% ADVA, and 60% high early-strength cement (Portland cement CPV-ARI,
equivalent to ASTM cement type 1llI). Portland cement CPV-ARI was chosen because it
lacked additives and was therefore considered less aggressive in terms of mineralization and
degradation. Additionally, the high initial strength favors mechanical properties and mitigates
the effect of extractives (Bezerra et al. 2006). Grinded limestone was used in place of Portland
cement to reduce the cost of the manufacturing process. It is necessary for the composite's
stabilization (as it is considered an inert ingredient) and for sustainability reasons (Fonseca et
al. 2019). The additives hydroxypropylmethylcellulose (HPMC) and carboxylic polyether
(ADVA) were used to aid in the rheology of the mixture and increase the capacity of the
cement to retain water, as well as to increase labor productivity and the process of cement
stabilization. A proportion of 1.0% of the total mass of each mixing was used for each
additive (HPMC and ADVA).

A planetary mixer was used to homogenize the ingredients. Cement, limestone, fibers,
and HPMC were first mixed for two minutes at a speed of 140 rpm. After adding the ADVA
and water, the mixing process was continued for five minutes at 285 rpm to ensure the
uniform distribution of the fibers in the formed mass.

The fiber-cement composite was processed in a helical extruder. The mass was passed
by the extruder three times to ensure proper homogenization and orientation of the

rubberwood fibers for extrusion (Fig. 1). After molding, the specimens were sealed in plastic
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bags and stored at high humidity and room temperature for two days, whose procedure was

based on Tonoli et al. (2019).

Fig. 1 Extruded fiber-cement molding process. (a) Mixture of materials; (b) Homogenization
and orientation of fiber-cement composite; (c) Specimen output through the extruder nozzle;
(d) Specimens wrapped in a plastic bag containing water inside for the wet curing period
2.4. Accelerated carbonation

Two days after the extrusion of the specimens, accelerated carbonation was performed
using a proprietary methodology in which the autoclave was connected by a hose to an
industrial-grade CO> cylinder with a purity of 99%. A constant pressure of 0.75 kgf/cm? was

maintained, and no temperature was applied. The composites remained in a CO>-rich



83

environment for 12 h and were subsequently sealed in a saturated condition at a temperature
of 25 °C for 26 days to complete the curing cycle (28 days).

The occurrence of carbonation was initially evaluated by titration with a 1%
phenolphthalein solution, usually used as a pH indicator. This phenolphthalein solution is
applied to the fracture surface of the composite, showing a violet color when in contact with
basic elements (pH >7), such as the alkaline products of cement hydration, and when the pH
is acidic (pH<7), the material becomes colorless, evidencing the carbonation process.

After a 27-day wet cure period, the extruded composites were cut with a disk saw to
achieve the final dimensions of 50 mm x 16 mm x 200 mm (width, thickness, and length,
respectively), producing eight specimens for each composition. After 24 h of immersion in
water, the specimens were subjected to physical and mechanical tests.

2.5. Thermogravimetric analysis (TGA) and carbonation degree (CD) of the fiber-
cement composites

To prove the occurrence of the carbonation process, thermogravimetric analysis was
performed, in which the specimens were immersed in isopropyl alcohol for 1 h, following the
recommendations described by Snellings et al. (2018). The specimens were dried in an oven
at 70 °C for 24 h and kept in sealed plastic bags until the characterization tests.
Thermogravimetric analysis (TGA) was recorded with a Q500 TA Instruments using a
dynamic nitrogen stream (flow rate = 60 mL/min) at a heating rate of 10 °C/min to 900 °C.
The samples (approximately 10 mg) were previously ground to a particle size below 37 um to
reduce the influence of the eventual heterogeneity of the material (Tonoli et al. 2019;
Matsushita et al. 2000).

The amount of absorbed CO. was determined by the mass loss at temperatures ranging

from 550 to 1000 °C and then multiplied by the residual mass after 900 °C, resulting in



84

nonvolatile values expressed as a percentage (Tonoli et al. 2019). The inherent carbonates
present in the noncarbonated fiber-cement were deducted, and the carbonation degree (CD)
was determined according to Equation (2) (Matsushita et al. 2000).

CD (%) = (C - Co)
(%) = m. 100 2

where Cmax is the required CO> to react with the available oxides in the cement to form
CaCOgs (Equation 3). C is the amount of CO: in the fiber-cement composites, and Co is the
amount of COz in noncarbonated fiber-cement composites (Huntzinger et al. 2009).
Crnax (%) = 0.785(Ca0 — 0.56Ca(CO;3) — 0.7 * SO3) + 1.091 MgO + 0.71NaSO +
0.468K,0 (3)

Equation (3) presupposes that the entire mixture of Na,O, CaO, KO, and MgO
formed in the cementitious matrix reacts with CO. to form carbonates (Huntzinger et al.
2009). It does not include the amount of CaO in the form of CaCO3 and sulfates (Tonoli et al.
2019).

2.6 Physical properties of fiber-cement composites

Water absorption (WA), apparent porosity (AP) and apparent density (AD) tests were
performed following the procedures specified by standard C 948-81 (ASTM 2016). Eight
specimens with dimensions of 50 mm x 16 mm x 200 mm (width, thickness, and length,
respectively) were utilized for each condition. Physical properties were obtained using

Equations (4), (5), and (6).

WA (%) = M 100 4)
m,
_ (my —m,)
AP (%) = m 100 5)
AD (g/cm?) = Mo (6)

(mf —m;) P
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where ms is the specimen mass after 24 h of immersion in water with a dry surface, mo is the
dry mass of the specimen after 24 h at 105 °C, m; is the specimen’s mass immersed in water
and p is the density of water (1.0 g/cm3).
2.7. Mechanical properties of fiber-cement composites
To determine the mean values of modulus of rupture (MOR), limit of proportionality
(LOP), modulus of elasticity (MOE) and toughness, static bending tests were performed using
a universal testing machine (EMIC DL, Brazil) equipped with a 20 kN load cell. A four-point
bending test was set up with a span of 150 mm, and the crosshead speed of the machine was
equal to 1.5 mm/min. Eight specimens were used for each composition studied, and the
procedures to perform the mechanical tests were based on the procedures of Rilem (1984).
Mechanical properties were obtained using Equations (7), (8), (9) and (10), as

described by Tonoli et al. (2009).

MOR (MPa) = W (7)
P, L

LOP (MPa) = % ®)

MOE (MPa) = (276. 1) 9

(MP2) =296 b, b3y ™ ®)

Toughness (N.mm/mm?) = % (10)

where Pmax is the maximum load supported by the specimen; Piop is the load at the upper point
of the linear portion of the load—deflection curve; L is the span equal to 150 mm; b is the
width of the specimen equal to 50 mm; h is the height of the specimen equal to 16 mm; and m
is the tangent of the slope angle of the straight line corresponding to the elastic region of the
load-deflection curve. Toughness is the energy absorbed during the bending test divided by

the specimen cross-sectional area.
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2.8. The effect of rubberwood fibers on the hydration of cement paste

The method used to determine the inhibition caused by rubberwood fibers on cement
hydration was modified from Hofstrand et al. (1984). Fifteen g of dry rubberwood fibers, 200
g of Portland cement CPV-ARI/Plus, and 90 mL of water were combined for this test. These
materials were homogenized for 5 min and placed in Styrofoam boxes lined with aluminum
foil to minimize temperature loss to the environment. Each Styrofoam box contained a
temperature sensor connected to a Datalogger, which recorded data at one-second intervals
over 24 h. For this test, a PicoLog data acquisition system, model TC-08, connected to a
computer and type k thermocouples was used.

The box and data acquisition system were housed in an acclimatized room set to a
temperature of 20 £ 1 °C and relative humidity of 60 + 5% to eliminate external interferences.
Three replicates using rubberwood fibers were performed, in which the fibers were retained
between 2.4 - 4.9 mm sieves. The inhibition index was calculated using Equation (11) (Okino

et al. 2004):

l(TC TS)] l(HS HC)] l(SC SS)] 00 (11)

where | is the cement curing hydration index (%), TC is the maximum temperature of the
cement paste (°C); TS is the maximum temperature of the rubberwood fiber/cement paste
(°C), HC is the time to reach the maximum cement hydration temperature in the cement paste
(h), HS is the time to reach the maximum temperature of the cement hydration mixture in the
rubberwood fiber-cement paste (h), SC is the maximum temperature increment of the curve in
the cement paste (°C/h), and SS is the maximum temperature increment of the curve in the
rubberwood fiber-cement paste (°C/h).

The effect on cement curing inhibition is classified according to Okino et al. (2004)

into four groups: low inhibition when the hydration index is less than 10%, moderate
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inhibition when it is in the range 10 - 50%, high inhibition for the range 50 — 100% and
extreme inhibition for the hydration index greater than 100%.
2.9. Microstructural analysis of rubberwood fibers and analysis of the rupture surface of
the composites

The morphological aspects of rubberwood fibers and the rupture surface of the
composites were investigated by scanning electron microscopy (SEM) with an LEO EVO 40
XPV instrument. The specimens were covered with a gold layer in an evaporator and
analyzed in an SEM operating at 20 kV to obtain the electron micrographs.
2.10. Air permeability tests

Permeability parameters were determined using experimental data and fitting of
Forchheimer's equation (Equation 12), a well-established empirical relationship that expresses
the parabolic dependence of pressure drop (AP) with the resulting superficial or face velocity
(vs) of the fluid through the medium (Innocentini et al. 2017; Innocentini et al. 2019;
Innocentini et al. 2005; Fioroni et al. 2020; Corradetti et al. 2016).

AP P,
T_k_lvs-l_k_zvs (12)

where L denotes the medium length or thickness along the macroscopic flow direction and p
and p denote the fluid's viscosity and density, respectively. The parameters ki and k. are
referred to as Darcian and non-Darcian permeability coefficients, respectively. These
coefficients are dependent only on the porous structure and are used in Equation (12) to
balance the effects of viscous and inertial losses on the total pressure drop. For compressible
flow, AP in Equation (12) must be determined using Equation (13).

2 _p2
ap = —Fo” (13)
2P
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where P;i and P, are the inlet and outlet absolute gas pressures, respectively. P denotes the
absolute pressure at which vs, p and p are measured or calculated (in this work P = Py).

The permeability coefficients ki and k> were determined experimentally using a
laboratory-built device, with testing conducted in a steady-state regime with dry airflow at
ambient temperature (T = 23-29 °C, Pam= 94.7 kPa, p = 1.88 x10° Pa.s; p = 1.1 kg/m?) on
three specimens of each batch. Further details of the method and the experimental setup are
given elsewhere (Innocentini et al. 2017; Innocentini et al. 2019; Innocentini et al. 2005) and
illustrated in Fig. 2.
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Fig. 2 Scheme of the airflow permeation apparatus

2.11. Statistical analysis
To evaluate the variations in the physical and mechanical properties of the fiber-
cement produced in this work, they were submitted to analysis of variance and Tukey’s test at

5% significance.
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3. Results and discussion
3.1 Rubberwood fiber properties

The rubberwood fibers showed a value of 0.544 + 0.01 g/cm3 for basic density, a result
slightly lower than that observed by Faria et al. (2021), in which the authors obtained a basic
density of 0.559 g/cm3. The density of rubberwood fibers influences the extrudability of the
mixture during the extrusion process. Even for low fiber insertion contents, a large volume of
the composition is obtained, which may cause loss of extrudability because the fiber
intertwines. Moreover, the relation between low density and problems for extruding mixtures
with a high volume of fibers may occur due to the difficulty in producing a homogeneous
mixture, resulting in fiber agglomeration and clogging of the extruder die (Fonseca et al.
2019).

The chemical constituents present in vegetable fibers are related to a certain level of
adhesion with the cement matrix, depending on their content, since they affect reactivity,
interfering with chemical compatibility and the curing process; consequently, the mechanical
properties of the composites produced are affected (Moslemi 1984; Alberto et al. 2000). Table
1 presents the chemical constituents present in rubberwood fibers.

Table 1. Characteristics of rubberwood fibers (%, dry basis).

Chemical constituents Untreated Alkali treated Difference!

Total extractives (%)  9.97 £0.98*  3.25 + 0.46* 6.72
Insoluble lignin (%)  25.84 +1.67* 17.19 + 0.64* 11.65
Holocelluloses (%) 62.23 £ 0.89* 78.09 + 2.78* -15.86

Ash (%) 1.96 +0.07* 1.47 +0.06* 0.49

*Standard deviation. (¥ Untreated - Alkali treated.
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There was a considerable reduction in the levels of chemical components present in
the fibers of rubberwood, except for the content of holocellulose. The increase in the
holocellulose content after the alkaline treatment is due to the removal of other chemical
components; thus, the fibers have a higher cellulose content in their composition. Alkaline
treatment is a key step to remove lignin, hemicelluloses, and extractives from the surface of
the fibers, increasing the interfacial bond between rubberwood fibers and the cement matrix
(Ferraz et al. 2012). NaOH treatment is effective in increasing fiber surface stability,
reactivity, and surface roughness (Santos et al. 2018).

Extractives are chemical components found occasionally in lignocellulosic materials;
therefore, they are not part of cell wall formation. Extractives are considered one of the main
components that cause the selectivity of the fiber to be used in cementitious composites
(Castro 2021). Yasuda et al. (2002) emphasize that the inhibition of cement curing is more
related to the levels of extractives present in plant fibers, while Hachmi and Moslemi (1989)
state that the types of extractives have different inhibitory capacities.

The alkaline treatment, despite being satisfactory, reduced the extractive content by
67.40% and was not able to remove all the extractives present on the fiber surface. This fact
can mainly be attributed to the removal method and, as observed in the present study, is
similar to that reported by Sivasubramanian et al. (2021), with a total extractive content of 2%
in Acacia caesia bark fibers after alkaline treatment with NaOH.

Lignin, together with cellulose and hemicelluloses (quantified by the holocellulose
content), are fundamental components present in the cell wall of plant fibers. Lignin acts as a
binding element, promoting stiffness; thus, higher levels of this constituent are desired,
resulting in a composite with better mechanical properties. Despite the fact that holocellulose

has no inhibitory effect on cement paste, the major difficulty arises from cellulose
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mineralization, a phenomenon caused by the presence of cement hydration products (ettringite
and calcium hydroxide) in the lumen of plant fibers. While this is advantageous during
composite formation, it can result in an increase in the adhesion between the organic and
inorganic materials. On the other hand, mineralization weakens the fibers, impairing the
composite's properties over time (Tonoli et al. 2009).

In terms of ash content, this unintentional component can influence the cement
hydration process through elements such as calcium and potassium. As a result, despite being
sensitive to the decrease after alkaline treatment, it tends to aid in the adhesion between the
fibers and the cement matrix.

Based on Equation (1), an MC of 454.19% was calculated for rubberwood fibers. In
this way, based on the physical and chemical characteristics, when inserting the fibers into the
cementitious composite, they absorb the water, increasing the viscosity of the flow in the
system, which may cause porosity in regions where the fibers do not disperse (Teixeira et al.
2019). In this way, the water sequestered from the system is necessary to facilitate the
movement of the fibers.

3.2 Physical properties of composites

The surface treatment with alkaline solution as well as the curing under accelerated
carbonation obtained statistically significant results for the physical properties of apparent
density, water absorption and apparent porosity. Fig. 3 shows the apparent density results for
the composites produced, in which those subjected to curing under carbonation had the
highest average values, regardless of the fiber surface treatment condition. Greater
densification of the carbonated cementitious composite is expected since calcium carbonate

has a higher density in relation to calcium hydroxide (Almeida et al. 2010).
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Fig. 3 Apparent density of control and fiber-cement produced with NaOH-treated and
untreated rubberwood fibers subjected to accelerated carbonation (Treated-C) and not
subjected to accelerated carbonation (Untreated-C). Averages followed by the same letter (a,
b, and c) indicate no significant difference according to the Tukey test (p > 0.05)

Fig. 3 show that the composites produced with treated fibers presented values
statistically equal to the control composition; that is, even though the plant fibers have a much
lower density than the cement matrix, the final density of the composite did not change. For
composites produced with fibers without surface treatment, the apparent density was greater
than the control composition, a behavior explained by the presence of hemicelluloses in the
cell wall of plant fibers, in which this constituent, being highly hydrophilic, sequestered and
internally kept the available water from the cement paste.

The water absorption levels for the studied composites are shown in Fig. 4. Compared
to the control, the specimens extruded with insertion of rubberwood fibers without surface
treatment increased the levels of water absorption, while the composites produced with fibers

subjected to alkaline treatment showed no significant differences.
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Fig. 4 Water absorption of control and fiber-cement produced with NaOH-treated and
untreated rubberwood fibers subjected to accelerated carbonation (Treated-C) and not
subjected to accelerated carbonation (Untreated-C). Averages followed by the same letter (a,
b, and c) indicate no significant difference according to the Tukey test (p > 0.05)

Fibers that did not receive surface treatment had a higher proportion of hydrophilic
structural carbohydrates (hemicelluloses), resulting in composites with higher levels of water
absorption.

In relation to composites produced with curing under accelerated carbonation, a
significant increase in water absorption levels was evidenced when compared to those without
the effect of accelerated carbonation. The increase in water absorption is directly related to the
increase in apparent porosity (Fig. 5), in which, due to greater apparent porosity, a greater
amount of rubberwood fibers were more exposed. Accelerated carbonation significantly

affected the apparent porosity levels for the composites under study.
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Fig. 5 Apparent porosity of control and fiber-cement produced with NaOH-treated and
untreated rubberwood fibers subjected to accelerated carbonation (Treated-C) and not
subjected to accelerated carbonation (Untreated-C). Averages followed by the same letter (a,
b, and c) indicate no significant difference according to the Tukey test (p > 0.05)

The results for apparent porosity show that the composites produced with treated
fibers presented values statistically equal to the cement paste without the addition of fibers;
however, lower than the composites produced with the insertion of untreated fibers and those
subjected to curing in a CO2-rich environment. This result can be explained by the inhibition
that occurred between the cement paste and the fibers without surface treatment (Fig. 6), in
which, due to the inhibition, pores are observed around the fibers, thus resulting in the final
porosity of the composite. Therefore, porosity is expected, since during the hydration of the
cement matrix, there is the typical formation of pores, calcium silicate hydrate (C-S-H),
regardless of the presence of fibers (Mehta and Monteiro 2006).

The increase in apparent porosity values for composites produced with curing
subjected to accelerated carbonation is due to the dissolution reaction of CO2 in water, in

which it is transformed into carbonic acid (H2COs) in the unsaturated pores of the cement
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matrix, resulting in dissociation of ions HCOz™ and COs™ (Equations 14 and 15). At the same
time, the dissociation of Ca(OH). into ions Ca?* and OH- appears (Equation 16), which finally
forms CaCO3 (Equation 17). However, only part of the CO; dissolved in water forms CaCOs;
thus, as the CO- dissolved in water is not transformed, there is a water-rich environment in
contact with the specimens. The porosity is higher because the rubberwood fibers absorb
water from the cement microstructure, since the concentration of water surrounding it is
higher than that inside the fiber. Subsequently, the fiber loses this water to the system,
reducing its size and damaging the fiber-matrix interface, causing microcracks and the

incidence of large pores (~10 mm) inside the hardened paste (Teixeira et al. 2019).

CO2 (g) + H20 (I) » H* (ag) + HCOs™ (aq) (14)
HCOs (aq) = H* (ag) + COs* (aq) (15)
Ca(OH) (aq) = Ca* (aq) + 2(OH)" (aq) (16)
Ca** (ag) + CO2* (aq) = CaCOs (s) (17)
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Fig. 6 Hydration curve of cement paste and untreated and treated rubberwood-cement paste
The cement paste containing untreated fibers of rubberwood calculated by Equation

(10) presented a hydration index of 8.64%, while the cement paste containing treated fibers of
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rubberwood presented a hydration index of 0.04%. Based on Okino et al. (2004), both can be
classified as low inhibition.

The extractives present on the surface of the fibers caused inhibition of cement
hydration, in which there was a longer time to carry out the hydration of the cement. In
addition, the maximum temperature reached was 54.38 °C, while the cement paste reached the
maximum temperature of 67.63 °C. This difference is a result of the pectin present in
untreated fibers, where it can be fixed to calcium, preventing the formation of hydrated
calcium silicate structures (Pacheco-Torgal and Jalali 2011).

3.3. Mechanical properties of composites
The typical curve of normal bending stress and specific deformation (Fig. 7) presents

the mechanical behavior for the composites produced.
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Fig. 7 Normal bending stress vs. specific deformation of fiber-cement composites
The composites produced with rubberwood fibers treated with an alkaline solution of
NaOH presented the highest average values of maximum normal stress, significantly superior

to the composites produced without the addition of fibers. For composites subjected to curing
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under accelerated carbonation, the values of specific deformation were significantly higher in
relation to the other composites.

Based on the experimental procedures applied to the eight specimens under the static
bending test at four points, the mean values and standard deviations for the modulus of
rupture, modulus of elasticity, and limit of proportionality were calculated, and the results are

shown in Fig. 8.
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Fig. 8 Static bending testing of fiber-cement specimens produced with NaOH-treated and
untreated rubberwood fibers subjected to accelerated carbonation (Treated-C and Untreated-
C). a) Modulus of rupture; b) Modulus of elasticity; ¢) Limit of proportionality. C: curing
under carbonation. Averages followed by the same letter (a, b, and c) indicate no significant
difference according to the Tukey test (p > 0.05)

The composites produced with treated rubberwood fibers showed the highest average
values for the modulus of rupture, which were significantly different from the other
compositions studied (Fig. 8a). The same behavior was observed for limit of proportionality
(Fig. 8c). For modulus of elasticity (Fig. 8b), it was observed that all composites produced
presented values statistically equal to the control composition, that is, the stiffness of the
composite was maintained. Therefore, a reduction in the average values obtained for the
composites is observed, in which the modulus of elasticity decreased as a consequence of a
greater number of voids in the composite, which can be seen compared to the results obtained
for the apparent porosity of the mixture (Fig. 5). Additionally, fibers have a lower modulus of

elasticity than cement paste.
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Regarding toughness, curing under accelerated carbonation resulted in a significant
increase in property for both composites produced with treated fibers and without surface
treatment (Fig. 9). For materials that exhibit brittle rupture behavior, such as ceramic
materials, toughness is a property of paramount importance given that the higher its value is,

the greater the resistance to crack propagation (Correia et al. 2015).
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Fig. 9 Toughness of fiber-cement specimens produced with NaOH-treated and untreated
rubberwood fibers subjected to accelerated carbonation (Treated-C and Untreated-C). C:
curing under carbonation. Averages followed by the same letter (a, b, and c¢) indicate no
significant difference according to the Tukey test (p > 0.05)

The results of this research suggest that the toughening mechanisms were better
preserved in the fracture process of the carbonated composites, such as pull-out and bridging
forces. It is essentially associated with two parameters: interfacial fiber-matrix bonding
strength and degradation of the fibers in the cement matrix (Santos et al. 2015). This behavior
is verified in the electron micrographs shown in Fig. 10, in which rubberwood fibers are

preserved on the surface of composites subjected to accelerated carbonation curing.
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cement treated; d) fiber-cement treated subjected to accelerated carbonation; e) fiber-cement
untreated subjected to accelerated carbonation

Based on Fig. 10, microcracks are observed at various locations in the fiber
composites and in the control composition. The fibers present in the cement matrix act as a
barrier to the propagation of the crack, in which it needs to bypass the fiber to propagate, thus
consuming more energy (Carter and Norton 2013). In addition, the presence of porosity
around the fibers that did not undergo alkaline treatment was observed (Fig. 10b and Fig.
10e). As a result of the normal bending stress, several fibers were pulled (fiber pull-out) from
the cementitious matrix; in these cases, the strength between the fibers and matrix was not
enough to guarantee the connection between the reinforcement and matrix (Fig. 10c and Fig.
10e).
3.4. Effect of accelerated carbonation on the chemical properties of fiber-cement

A 1% phenolphthalein solution was used as an indicator of the pH of the fiber-cement
extruded. Fig. 11 shows images of fiber-cement after curing under accelerated carbonation

and the presence of carbonation evidenced by the phenolphthalein solution.
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, Untreated

Fig. 11 Occurrence of carbonation in extruded fiber-cement specimens. a) Control; b) treated

and untreated specimens with curing under carbonation. Arrows indicate the side surface of
specimens with a thin layer unreacted with phenolphthalein

The control specimen, in which it was not subjected to accelerated carbonation curing,
showed a violet color throughout the cross-sectional area, while the specimens subjected to
accelerated carbonation showed a narrow thin on the side surface with no such coloration,
thus indicating a low depth reached by the accelerated carbonation. When there is contact
with basic elements (pH>7), such as the alkaline products of cement hydration, the
phenolphthalein solution becomes violet and colorless when the pH is acidic (pH <7).

The pH value of the cementitious matrix is very alkaline, usually greater than 13. This
high alkalinity occurs due to the formation of calcium hydroxide Ca(OH)2 during the cement

hydration process. However, this calcium hydroxide can combine with carbon dioxide (CO.)
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to form calcium carbonate (CaCOs3), a phenomenon known as carbonation (Dos Santos et al.
2019). In this way, the matrix becomes less alkaline with a reduction in the pH value,
decreasing to values below 9, making the environment less aggressive for rubberwood fibers.

Fengel and Wegener (1984) reported that the more ions from the cementitious phases
are reprecipitated on the fiber walls and inside their internal cavities (lumens), the greater the
process of degradation of the lignocellulosic material structure by breaking intermolecular
bonds. This process is called fiber mineralization and is therefore detrimental to the matrix
properties (Tonoli et al. 2019).

Thus, accelerated carbonation is shown to be an effective alternative to make this
environment less aggressive to plant fiber by reducing the alkalinity of the cement matrix.
Some studies have even suggested that carbonation curing could replace steam curing and
autoclaving under applicable environmental conditions (Wang et al. 2019).

The analysis with phenolphthalein is qualitative (visual), and to prove that the
carbonation process occurred, thermogravimetric analysis was performed. Fig. 12 shows the
mass loss (TGA) - solid line - and the differential weight loss (DTG) - dotted line - of the
composites produced for the different fiber conditions. The marked loss of mass between 105
and 150 °C evident in the curve indicates the dehydration of calcium silicate hydrate (C-S-H)
and calcium sulfoaluminates promoted by accelerated carbonation with the adsorption of CO-

by the cement matrix under different curing conditions (Almeida et al. 2013).
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The reduction in the mass of the samples for the temperature range between 200 and
500 °C is related to the degradation of rubberwood fibers (Tahir et al. 2019), and greater mass
loss was observed for fibers without alkaline treatment, due to lower temperature of thermal
degradation of extractives (Floch et al. 2015). This fact is justified since, in this case, the
fibers were present in a cementitious matrix, and as the treated fibers showed better adhesion
with the matrix, their degradation was hampered.

At approximately 400 to 500 °C, the degradation of Ca(OH)2 occurs, and it is visible
that the mass decreases more quickly for the compositions that underwent the accelerated
carbonation process compared to the control sample, which was not subjected to the
carbonation process, as verified by Santos et al. (2015), Tonoli et al. (2019) and Fioroni et al.
(2020). Thus, although carbonation occurs naturally in cement-based materials, due to the

reaction between atmospheric CO, (0.04% concentration) and the cement matrix, the natural
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reaction is very slow (Tonoli et al. 2019); therefore, it is possible to prematurely decrease the
alkalinity of this matrix (which causes degradation of the lignocellulosic material) when
accelerated carbonation is applied to fiber-cement.

Accelerated carbonation increased the mass loss between 600 and 750 °C, related to
the decomposition of poorly crystallized CaCOg, and in the range between 750 and 850 °C,
related to the decomposition of well-crystallized CaCOs, as also reported by Santos et al.
(2019) and Filomeno et al. (2020).

Fig. 13 shows the reaction of carbon dioxide with the products of the hydration
reaction, which causes the conversion of unstable Ca(OH): into stable CaCOs, as well as the
degree of carbonation (CD%), which expresses the theoretical maximum (47.59%) of possible
carbonation of the hydrated products with the CPV-ARI cement used in the fiber-cement

extrusion process.
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Fig. 13 Conversion of unstable Ca(OH)2 to stable CaCOz and degree of carbonation (CD%)
for composites produced with rubberwood fiber with NaOH treatment and without NaOH

treatment and control mixture. ) no accelerated carbonation
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When the mixture is subjected to accelerated carbonation, part of the calcium
hydroxide present is consumed in reaction to the hydration products. These results corroborate
that there was an accelerated carbonation process, and the C-S-H gel was progressively
decalcified and converted into CaCOs and S-H (silicate hydrates) (Bertos et al. 2004).

A higher efficiency of accelerated carbonation is related to lower moisture content and
a reasonable pore volume to optimize the carbonation process (ISO 5267-1 1999). In this way,
the apparent porosity of the composites produced before the accelerated carbonation process
together with the insertion of rubberwood fibers caused undesirable effects in the process.
Another option for this behavior is the method for performing accelerated carbonation. In this
work, our own methodology was used, in which there was only control of the flow of CO; to
the interior, without controlling for temperature and relative humidity. The choice of
temperature is essential for greater process efficiency. It is reported that temperatures close to
60 °C increase the leaching of Ca®* ions from the cement and consequently increase the
absorption of CO2 (Zhang and Scherer 2011).

3.5 Air permeability of composites

The samples for air permeability tests were named CS (control), HSC (composites
with treated fibers), HST (composites with untreated fibers), H5C (composites with treated
fibers subjected to carbonation), and H5ST (composites with untreated fibers subjected to
carbonation). The permeability coefficients ki and k. were obtained from the fitted data and

are given in Fig. 14.
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Increased apparent porosity had a significant effect on the mechanical properties of the
composites, decreasing MOR, MOE, and LOP values for composites subjected to accelerated
carbonation. As illustrated in Fig. 14, the accelerated carbonation increased the permeability
coefficients ki and ko. This behavior is explicable because the primary permeation pathway is
located at the fiber-matrix interface (Fig. 10), not within the matrix (Fioroni et al. 2020). As a
result of the accelerated carbonation, the interconnections at the fiber-matrix interfaces
become larger, increasing permeability, as observed for apparent porosity (Fig. 5).

The produced composites can have their permeability level compared to other cement-
based and porous ceramic materials described in the literature. The map shown in Fig. 15,
proposed by Innocentini et al. (2005), gathers hundreds of experimental ki and ko values from

the literature and classifies the permeability level of a wide range of porous materials in



108

different applications (Innocentini et al. 2017; Innocentini et al. 2019; Innocentini et al. 2005;
Fioroni et al. 2020; Corradetti et al. 2016).
The map also reveals an unequivocal relationship between ki and ko, regardless of the

type of material.
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Fig. 15 Permeability map with the classification of porous materials and location of extruded
cementitious composites tested in this work. Adapted from Innocentini et al. (2005)

The results of treated and untreated composites (2.9x1071® m2 > k; > 3.7x101" m?) fall
within the range of other cementitious materials, such as concretes, mortars, bricks, and
fibercement boards, as depicted in Fig. 15. These materials are composed of fine particles
bonded with hydraulic cement, resulting in a matrix with low porosity, small voids, and low
permeability. Recently, similar permeability ranges for commercial corrugated sheets
reinforced with plant fibers (Innocentini et al. 2019; Innocentini et al. 2005; Fioroni et al.
2020) were reported. The differences in permeability levels caused by carbonation and fiber
treatment, as studied in this work, are also more apparent on the map.

4. Conclusions
The use of rubberwood fibers as reinforcement in cementitious composites showed

great potential for the extrusion process. The chemical constituents present in the fibers
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influenced the hydration of the cement. Concerning the effect of the surface treatment of the
reinforcing fibers and based on the statistical analysis, in the composites whose fibers were
treated, it was found that the increases in the mechanical properties MOE, MOR and LOP
were significant, while the increase in toughness was not significant. The better mechanical
performance of the composite with fibers treated as also verified in SEM electron
micrographs by the best adhesion between fiber and cementitious matrix, in which MOR
values increased by 10.05 MPa for fiber-cement without the addition of fibers (control) to
11.64 MPa for those produced with treated fibers, a significant increase of 15.82%.

The physical and mechanical properties of the fiber-cement were affected significantly
by curing under accelerated carbonation. There was an increase in the AD, WA and AP
properties. For the MOR, MOE and LOP, a decrease in these properties has been
demonstrated. The exception was toughness, a mechanical property that evaluates the
resistance of crack propagation in the material, and accelerated carbonation, despite having
reduced all other mechanical properties evaluated, which led to a better capacity of the
composite in the absorption of total (elastic and plastic) energy, and this material can be used
in fiber-cement tiles and precast materials.

The methodology for performing accelerated carbonation proved to be promising, low
cost and capable of promoting accelerated carbonation in extruded fiber-cement.
Acknowledgments
To the company AROMAT Chemicals, for donating the HPMC. To the company GRACE,
for the donation of ADVA. Federal University of Lavras (UFLA-MG), Coordination for the
Improvement of Higher Education Personnel (CAPES — Finance Code 001), and for Isli
Samara Flauzino, Bruno Ribeiro Fuzatto Bueno, and Vitor Maestrinere Hipolito from

University of Ribeirdo Preto (UNAERP).



110

Statements & Declarations

Funding

The authors received no financial support for the research, authorship, and/or publication of
this article.

Availability of data and material

The datasets supporting the conclusions are included in the manuscript. Furthermore, the
datasets analyzed in this study are available from the corresponding author upon request.
Code availability

Not applicable.

Authors’ contributions

D.L. Faria and T.G.T. Pereira: Conceptualization, Investigation, Data Curation and Writing —
Original Draft. M.D.M. Innocentini, J. Soriano and T.P. Protasio: Methodology, Investigation
and Writing — Original Draft. L.M. Mendes and J.B. Guimaraes Junior: Funding acquisition,
Supervision, Resources, Project administration

Conflicts of interest

The authors declare they have no known competing financial interests or personal
relationships that could have influenced the work reported in this paper.

Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

References

Alberto MM, Mougel E, Zoulalian A (2000) Compatibily of some tropical harwoods species

with Portland cement using isothermal calorimetry. For Prod J 50:83-88



111

Almeida AEFDS, Tonoli GHD, Santos SFD, Savastano Jr H (2013) Improved durability of
vegetable fiber reinforced cement composite subject to accelerated carbonation at early age.
Cem Concr Compos. https://doi.org/10.1016/j.cemconcomp.2013.05.001

Almeida AEFS, Tonoli GHD, Santos SF, Savastano Jr H (2010) Accelerated carbonation in
the early ages of cellulose pulps reinforced cement composites. Ambiente Construido 10:233-
246

American Society for Testing Materials — ASTM. C 948-81: Standard test method for dry and
wet bulk density, water absorption, and apparent porosity of thin sections of glass-fiber
reinforced concrete. West Conshohocken, 2016. 2p.

Belaadi A, Bezazi A, Bourchak M, Scarpa F (2013) Tensile static and fatigue behavior of
sisal fibres. Mater Des. https://doi.org/10.1016/j.matdes.2012.09.048

Bertos MF, Simons SJR, Hills CD, Carey PJ (2004) A review of accelerated carbonation
technology in the treatment of cement-based materials and sequestration of CO2. J Hazard
Mater. doi: 10.1016/j.jhazmat.2004.04.019

Bezerra EM, Joaquim AP, Savastano Jr H, John VM, Agopyan V (2006) The effect of
different mineral additions and synthetic fiber contents on properties of cement based
composites. Cem Concr Compos. https://doi.org/10.1016/j.cemconcomp.2006.02.001
Brazilian Association of Technical Standards — ABNT. NBR 11941: Wood - Determination of
basic density. Rio de Janeiro: 2003. 6p.

Brazilian Association of Technical Standards — ABNT. NBR 13999: Paper, board, pulps and
wood - Determination of residue (ash) on ignition at 525 °C. Rio de Janeiro, 2017. 4 p.
Brazilian Association of Technical Standards — ABNT. NBR 14853: Wood - Determination of
soluble matter in ethanol-toluene and in dichloromethane and in acetone. Rio de Janeiro,

2010. 3 p.



112

Brazilian Association of Technical Standards — ABNT. NBR 7989: Pulp and wood -
Determination of acid-insoluble lignin. Rio de Janeiro, 2010. 6 p.

Bui H, Boutouil M, Levacher D, Sebaibi N (2021) Evaluation of the influence of accelerated
carbonation on the microstructure and mechanical characteristics of coconut fibre-reinforced
cementitious matrix. J Build Eng. https://doi.org/10.1016/j.jobe.2021.102269

Carter CB, Norton MG (2013) Ceramic Materials: Science and Engineering. 2nd Ed.
Springer.

Castro VG (2021) Inibicdo a pega do cimento. In: Compositos madeira-cimento: um produto
sustentavel para 0 Futuro [online]. Mossoro: EJUFERSA.
https://doi.org/10.7476/9786587108612.0003

Corradetti S, Biasetto L, Innocentini MDM, Carturan S, Colombo P, Andrighetto A (2016)
Use of polymeric fibers to increase gas permeability of lanthanum carbide based targets for
nuclear physics applications. Ceram Int. http://dx.doi.org/10.1016/j.ceramint.2016.08.104
Correia VC, Santos SF, Savastano Jr H (2015) Effect of the accelerated carbonation in
fibercement composites reinforced with eucalyptus pulp and nanofibrillated cellulose. Int J
Civil Archit Struct Constr Eng. https://doi.org/10.5281/zenodo.1337769

Eufrade Jr HJ, Ohto JM, Silva LL, Palma HAL, Ballarin AW (2015) Potential of rubberwood
(Hevea brasiliensis) for structural use after the period of latex extraction: a case study in
Brazil. J Wood Sci. https://doi.org/10.1007/s10086-015-1478-7

Faria DL, Eugénio TMC, Lopes DE, Protasio TP, Mendes LM, Guimardes Junior JB (2021)
Particleboards produced with different proportions of Hevea brasiliensis: Residual wood
valorization in higher value added products. Ciénc Agrotec. https://doi.org/10.1590/1413-

7054202145021420



113

Fengel D, Wegener G (1984) Wood: chemistry, ultrastructure, reactions. New York: Walter
de Gruyter, 613 p.

Ferraz JM, Menezzi CHS, Souza MR, Okino EYA, Martins SA (2012) Compatibility of
Pretreated Coir Fibres (Cocos nucifera L.) with Portland Cement to Produce Mineral
Composites. Int J Polym Sci. https://doi.org/10.1155/2012/290571

Filomeno RH, Rodier LB, Ballesteros JEM, Rossignolo JA, Savastano Jr H (2020)
Optimizing the modified atmosphere parameters in the carbonation process for improved
fiber-cement performance. J Build Eng. https://doi.org/10.1016/j.jobe.2020.101676

Fioroni CA, Innocentini MDM, Los Dolores GM, Tonoli GHD, Paula GR, Savastano Jr H
(2020) Cement-based corrugated sheets reinforced with polypropylene fibres subjected to a
high-performance curing method. Constr Build Mater.
https://doi.org/10.1016/j.conbuildmat.2020.120791

Floch A, Jourdes M, Teissedre P (2015) Polysaccharides and lignin from oak wood used in
cooperage: composition, interest, assays: a review. Carbohydr Res.
https://doi.org/10.1016/j.carres.2015.07.003

Fonseca CS, Silva MF, Mendes RF, Hein PRG, Zangiacomo AL, Savastano Junior H, Tonoli
GHD (2019) Jute fibers and micro/nanofibrils as reinforcement in extruded fiber-cement
composites. Constr Build Mater. doi:10.1016/j.conbuildmat.2019.03.236

Hachmi M, Moslemi AA (1989) Correlation between wood-cement compatibility and wood
extractives. For Prod J 39:55-58

Hofstrand AD, Moslemi AA, Garcia JF (1984) Curing characteristics of particles from nine

northern Rocky Mountain species mixed with Portland cement. Forest Prod J 34:57-61



114

Huntzinger DN, Gierke JS, Kawatra SK, Eisele TC, Sutter LL (2009) Carbon dioxide
sequestration in cement kiln dust through mineral carbonation. Environ Sci Technol 43:1986—
1992

Innocentini MDM, Faria MAV, Crespi MR, Andrade VHB (2019) Air permeability
assessment of corrugated fiber-cement roofing sheets. Cem Concr Compos.
https://doi.org/10.1016/j.cemconcomp.2019.01.004

Innocentini MDM, Rasteira VD, Potoczek M, Chmielarz A, Kocy’o E (2017) Physical, fluid
dynamic and mechanical properties of alumina gel-cast foams manufactured using agarose or
ovalbumin as gelling agents. J Mater Res. https://doi.org/10.1111/jace.15802

Innocentini MDM, Sepulveda P, Ortega FS (2005) Permeability, in: M. Scheffler, P. Colombo
(Eds.), Cellular Ceramics: Structure, Manufacturing, Properties and Applications.

Instituto Brasileiro de Geografia e Estatistica. Producdo de borracha. 2020. Disponivel
em:<https://www.ibge.gov.br/explica/producao-agropecuaria/borracha-latex-coagulado/br>.
International Organization for Standardization, ISO 5267-1 Determination of drainability —
Part 1: Schopper-Riegler method, Switzerland, Geneva, 1999.

Lima RR, Tourinho MM, Costa JPC (2000) Fluvial-navy floodplains of the Brazilian
Amazon: Characteristics and agricultural possibilities. Faculdade de Ciéncias do Para, Belém.
Lo TY, Liao W, Wong CK, Tang W (2016) Evaluation of carbonation resistance of paint
coated concrete for buildings. Constr Build Mater.
https://doi.org/10.1016/j.conbuildmat.2016.01.026

Ma L, Li J, Ma X (2019) Preparation and adsorption of CO> and H> by activated carbon
hollow  fibers  from rubber  wood (Hevea  brasiliensis). Bioresources.

https://doi.org/10.15376/biores.14.4.9755-9765



115
Martins ROG, Alvarenga R de CS, Pedroti LG, Oliveira AF, Mendes BC, Azevedo ARG
(2018) Assessment of the durability of grout submitted to accelerated carbonation test. Constr
Build Mater. https://doi.org/10.1016/j.conbuildmat.2017.10.111
Matsushita F, Aono Y, Shibata S (2000) Carbonation degree of autoclaved aerated concrete.
Cem Concr Res. https://doi.org/10.1016/S0008-8846(00)00424-5
Mehta PJM, Monteiro PK (2006) Concrete: Microstructure, Properties, and Materials, third
ed., McGraw-Hill Professional Publishing, New York
Mejia-Ballesteros JE, Rodier L, Filomeno R, Savastano Junior H, Fiorelli J, Rojas MF (2021)
Influence of the fiber treatment and matrix modification on the durability of eucalyptus fiber
reinforced composites. Cem Concr Comp.
https://doi.org/10.1016/j.cemconcomp.2021.104280
Merta I, Tschegg EK (2013) Fracture energy of natural fibre reinforced concrete. Constr Build
Mater. https://doi.org/10.1016/j.conbuildmat.2012.11.060
Moslemi AA, Lim YT (1984) Compatibility of southern hardwoods with portland cement. For
Prod J 34:22-26
Neves Junior A, Ferreira SR, Toledo Filho RD, Fairbairn EMR, Dweck J (2019) Effect of
early age curing carbonation on the mechanical properties and durability of high initial
strength Portland cement and lime-pozolan composites reinforced with long sisal fibres.
Composites Part B. https://doi.org/10.1016/j.compositesb.2018.11.006
Okino EYA, Souza MR, Santana MAE, Sousa ME, Teixeira DE (2004) Cement-bonded
particleboard of Hevea brasiliensis Miill. Arg. Rev Arvore. http://doi.org/10.1590/S0100-
67622004000300016
Onuaguluchi O, Banthia N (2016) Plant-based natural fiber reinforced cement composites.

Cem Concr Compos. https://doi.org/10.1016/j.cemconcomp.2016.02.014



116
Pacheco-Torgal F, S Jalali (2011) Cementitious building materials reinforced with vegetable
fibres: A review. Constr Build Mater. https://doi.org/10.1016/j.conbuildmat.2010.07.024
Protasio TP, Bufalino L, Guimardes Junior M, Tonoli GHD, Trugilho PF (2013) Multivariate
techniques applied to evaluation of lignocellulosic residues for bioenergy production. Ciénc
Florest. http://dx.doi.org/10.5902/1980509812361
Raabe J, Silva DW, Menezzi CHS, Tonoli GHD (2022) Impact of nanosilica deposited on
cellulose pulp fibers surface on hydration and fiber-cement compressive strength. Constr
Build Mater. https://doi.org/10.1016/j.conbuildmat.2022.126847
RILEM Technical Committee 49 TFR, Testing methods for fibre reinforced cement-based
composites, v. 17, n. 102, 15p., 1984.
Rodrigues MS, Beraldo AL, Savastano Jr H, Santos SF (2013) Sugarcane straw ash as mineral
addition in fiber-cement. Rev Bras Eng Agricola e Ambient. https://doi.org/10.1590/S1415-
43662013001200014
Saetta AV, Scherefler BA, Vitaliani R (1993) The carbonation of concrete and the mechanism
of moisture, heat, and carbon dioxe flow through porous materials. Cem Concr Res 23:761-
772
Santos EBC, Moreno CG, Barros JJP, Moura DA, Fim FC, Ries A (2018) Effect of alkaline
and hot water treatments on the structure and morphology of piassava fibers. Mater Res.
http://dx.doi.org/10.1590/1980-5373-MR-2017-0365
Santos SF, Schmidt R, Almeida AEFS, Tonoli GHD, Savastano Jr H (2015) Supercritical
carbonation treatment on extruded fibre-cement reinforced with vegetable fibres. Cem Concr

Compos. https://doi.org/10.1016/j.cemconcomp.2014.11.007



117

Santos V, Tonoli GHD, Marmol G, Savastano Jr H (2019) Fibercement composites hydrated
with carbonated water: Effect on physical-mechanical properties. Cem Concr Res.
https://doi.org/10.1016/j.cemconres.2019.105812

Savastano Jr H, Santos SF, Agopyan V (2009) Sustainability of construction materials.
Amsterdam: Elsevier. 742 p.

Sawsen C, Fouzia K, Mohamed B, Moussa G (2015) Effect of flax fibers treatments on the
rheological and the mechanicalbehavior of a cement composite. Constr Build Mater.
https://doi.org/10.1016/j.conbuildmat.2014.12.091

Silva EJ, Marques ML, Velasco FG, Fornari Jr CCM, Luzardo FHM (2015) Degradation of
coconut fiber immersed in cement and NaOH alkaline solutions. Rev Bras de Eng Agricola e
Ambient. https://doi.org/10.1590/1807-1929/agriambi.v19n10p981-988

Sivasubramanian P, Kalimuthu M, Palaniappan M, Alavudeen A, Rajini N, Santulli C (2021)
Effect of alkali treatment on the properties of Acacia caesia bark fibres. Fibers.
https://doi.org/10.3390/fib9080049

Snellings R, Chwast J, Cizer O, Belie N, Dhandapani Y, Durdzinski P et al. (2018) RILEM
TC-238 SCM recommendation on hydration stoppage by solvent exchange for the study of
hydrate assemblages. Mater Struct. https://doi.org/10.1617/s11527-018-1298-5

Suardana NPG, Piao Y, Lim JK (2011) Mechanical properties of hemp fibers and hemp/PP
composites: effects of chemical surfasse treatment. Mater Phys Mech 11:1-8

Tahir MH, Zhao Z, Ren J, Rasool T, Naqvi SR (2019) Thermo-kinetics and gaseous product
analysis of banana peel pyrolysis for its bioenergy potential. Biomass Bioenerg. https://doi.

0rg/10.1016/j.biombioe.2019.01.009



118

Teixeira RS, Santos SF, Christoforo AL, Savastano Junior H, Lahr FAR (2019) Extrudability
of cement-based composites reinforced with curaua (Ananas erectifolius) or polypropylene
fibers. Constr Build Mater. https://doi.org/10.1016/j.conbuildmat.2019.02.010

Tessaro AB, Goncalves MRF, Gatto DA, Pollnow EN, Carrefio NLV, Delucis RA (2015)
Cementitious composites strengthened with pure eucalyptus fiber and treated with tetraethyl
ortosilicate  (TEOS  98%). Ambiente  Construido.  https://doi.org/10.1590/s1678-
86212015000300025

Tonoli GHD, Carmello GF, Fioroni CA, Pereira TL, Rocha G, Souza RB et al. (2019)
Influence of the initial moisture content on the carbonation degree and performance of fiber-
cement composites. Constr Build Mater. https://doi.org/10.1016/j.conbuildmat.2019.04.159
Tonoli GHD, Filho UPR, Savastano Jr H, Bras J, Belgacem MN, Lahr FAR (2009) Cellulose
modified fibres in cement based composites. Compos - A: Appl Sci Manuf.
https://doi.org/10.1016/j.compositesa.2009.09.016

Tonoli GHD, Mendes RF, Siqueira G, Bras J, Belgacem MN, Savastano Jr H (2013)
Isocyanate-treated cellulose pulp and its effect on the alkali resistance and performance of
fiber cement composites. Holzforschung. https://doi.org/10.1515/hf-2012-0195

Wang J, Xu H, Xu D, Du P, Zhou Z, Yuan L, Cheng X (2019) Accelerated carbonation of
hardened cement  pastes: Influence of  porosity. Constr  Build  Mater,
https://doi.org/10.1016/j.conbuildmat.2019.07.088

Wei J, Ma S, Thomas DG (2016) Correlation between hydration of cement and durability of
natural fiber-reinforced cement composites. Corros Sci.

https://doi.org/10.1016/j.corsci.2016.01.020



119

Yasuda S, Ima K, Matsushita Y (2002) Manufacture of wood-cement boards VII: Cement-
hardening inhibitory compounds of hannoki (Japanese alder, Alnus japonica Steud.). J Wood
Sci. http://dx.doi.org/10.1007/BF00771375

Zhang J, Scherer GW (2011) Comparison of methods for arresting hydration of cement. Cem

Concr Res. https://doi.org/10.1016/j.cemconres.2011.06.003



