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RESUMO

A industria de cacau no Brasil se consolidou como uma das principais do mundo. Porém, essa
producgdo em larga escala acarreta grandes volumes de subprodutos sem finalidade especifica.
Um dos principais residuos gerados € o tegumento da améndoa do cacau — TAC que €
geralmente vendido como cobertura agricola ou descartado no solo. Aliado a isso, observa-se
o0 interesse pelo desenvolvimento de materiais inovadores e sustentaveis em varios ambitos
industriais. Assim, os comp06sitos surgem como um elo entre esses assuntos, ja que se trata da
unido de materiais para produzir um produto com caracteristicas melhoradas. Residuos
agroindustriais ja sdo estudados para agir como reforgos ou cargas em compositos de matrizes
variadas. Isso, além de produzir um material inovador, agrega valor econémico aos mesmos,
amplia a oferta de matéria prima e contribui com o consumo sustentavel. Assim, o objetivo
deste trabalho foi, a partir do TAC, produzir e verificar a viabilidade de uso de trés
compdsitos distintos que sdo: 1) Painel de particulas de média densidade — MDP; 2)
Compdsito polimérico— WPC e 3) Composito a base de gesso. Foi realizada analise quimica
do residuo avaliando os teores de lignina, extrativos totais, holocelulose e cinzas. A inclusdo
do residuo nas matrizes ocorreu em porcentagens variadas para cada compdsito (relacédo
massa/massa). A influéncia da adi¢do de residuo foi analisada, principalmente, por meio de
testes fisicos e mecanicos nos compositos além de microscopia eletronica de varredura. Para o
painel MDP, houve aumento da taxa de compactacdo influenciando as propriedades fisicas,
aumentando a higroscopicidade, e as mecanicas, com a reducdo de seus valores. Porém, a
inclusdo de até 23% do residuo em substitui¢cdo ao pinus ainda atende a normalizacdo de todas
as propriedades de painéis MDP para uso interno. Para o composito polimérico, a adigdo de
residuo na matriz de PEBD reciclado resultou em um produto final mais leve. Houve aumento
da umidade e absorcdo de agua e diminuicdo da resisténcia a tragdo e do alongamento
indicando maior rigidez do material. Tais fatores ndo sdo limitantes para o uso do composito
ja que sua formulagdo pode se adequar & aplicacdo requerida. Para 0 composito & base de
gesso, os reforcos adicionados resultaram em um produto final mais leve com menor umidade
e absorgdo de a4gua. Houve melhoria da resisténcia térmica e do isolamento acustico. Para as
propriedades mecanicas, houve diminuicdo de valores de modo que, para atendimento
normativo, a inclusdo de até 8,15% do residuo como reforgo tem viabilidade de ser utilizado
no compdsito. Em suma, o fator mais limitante para utilizacao do residuo do cacau foi seu alto
teor de extrativos totais, que inflenciou a interacdo das particulas com as matrizes. Porém, se
tratando de uma matéria prima in natura, ainda assim observa-se viabilidade de uso para
producdo e comercializagcdo dos compositos, respeitando os limites estabelecidos. Por fim,
com a valorizacdo do residuo e sua utilizacdo como substituto aos recursos primarios,
entende-se que este trabalho pode apoiar as mudancgas nos padrdes de produgdo e consumo,
tornando os processos cada vez mais sustentaveis e inovadores.

Palavras-chave: Residuos agroindustriais, industria cacaueira, producdo de materiais,

sustentabilidade.



ABSTRACT

The cocoa industry in Brazil has consolidated itself as one of the main in the world. However,
this large-scale production entails large volumes of by-products with no specific purpose. One
of the main residues generated is the cocoa bean tegument - TAC, which is generally sold as
agricultural cover or discarded in the soil. Allied to this, there is an interest in the
development of innovative and sustainable materials in various industrial spheres. Thus,
composites appear as a link between these topics, when it comes to the union of materials to
produce a product with improved characteristics. Agro-industrial wastes are already being
studied to act as reinforcements or fillers in composites of varied matrices. This, in addition to
producing innovative material, adds economic value to them, expands the supply of raw
materials and contributes to sustainable consumption. Thus, the objective of this work was,
from the TAC, to produce and verify the feasibility of using three different composites which
are: 1) Medium density particles panel - MDP; 2) Polymeric composite - WPC and 3) Plaster-
based composite. Chemical analysis of the waste was carried out, evaluating lignin, total
extractives, holocellulose and ash contents. The inclusion of the waste in the matrices
occurred in different percentages for each composite (mass / mass ratio). The influence of the
addition of waste was analyzed, mainly, through physical and mechanical tests in the
composites in addition to scanning electron microscopy. For the MDP panel, there was an
increase in the compression ratio, influencing physical properties, increasing hygroscopicity,
and mechanical ones, reducing its values. However, the inclusion of up to 23% of the waste to
replace pine wood still meets the standardization of all properties of MDP panels for internal
use. For polymeric composite, the addition of waste in the recycled LDPE matrix resulted in a
lighter final product. There was an increase in humidity and water absorption and a decrease
in tensile strength and elongation, indicating greater rigidity of the material. These factors are
not limiting the use of the composite since its formulation can be adapted to the required
application. For the plaster-based composite, the added reinforcements resulted in a lighter
final product with less moisture and water absorption. There was also an improvement in
thermal resistance and acoustic insulation. For the mechanical properties, there was a decrease
in values so that, for regulatory compliance, the inclusion of up to 8.15% of the waste as
reinforcement is feasible to be used in the composite. In general, the most limiting factor for
the use of cocoa waste was its high content of total extractives, which influenced the
interaction of the particles with the matrices. However, in the case of raw material in natura,
there is still viability of use for the production and commercialization of composites,
respecting the established limits. Finally, with the valorization of waste and its use as a
substitute for primary resources, it is understood that this work can support changes in
production and consumption patterns, making processes increasingly sustainable and
innovative.

Keywords: Agro-industrial waste, cocoa industry, material production, sustainability.
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1 INTRODUCAO

A cadeia produtiva do cacau (Theobroma cacao L.) no Brasil estd cada vez mais forte
tendo area colhida superior a 700 mil hectares atualmente (INSTITUTO BRASILEIRO DE
GEOGRAFIA E ESTATISTICAS - IBGE, 2018). O pais é considerado um dos principais
produtores do mundo e faz parte dos mercados de qualidade do cacau e chocolate. Os estados
da Bahia e do Para sdo os principais responsaveis por essa producdo devido ao clima e
condigdes favoraveis ao plantio.

Em meio a grandiosidade dessa cultura, é necessario falar que, indiscutivelmente, todo
processo de producdo gera residuos e com o setor agroindustrial ndo é diferente. A producéo
acelerada e em larga escala acarreta grandes volumes de subprodutos que, na maioria das
vezes, ndo tem o devido destino e/ou um melhor aproveitamento. A biomassa residual
proveniente de grandes colheitas, como a do cacau, quando dispostas de forma inadequada, se
torna um desperdicio de producdo, ja que nao € atribuido valor comercial, sendo um potencial
poluidor do ambiente como um todo, além de poder acarretar problemas a satde publica.

Na industria cacaueira, 0 processo de producdo desde a colheita do fruto até a
obtencdo das améndoas gera volumes consideraveis de subprodutos de biomassa. O
tegumento da améndoa do cacau é um dos principais residuos gerados e corresponde a casca
da semente que é retirada para obtencdo do liquor (matéria prima do chocolate). De acordo
com Silva et al. (2015), uma tonelada de améndoa com 7% de umidade pode gerar de 80 kg a
120 kg de tegumento apds o processamento. Ainda segundo a autora, na regido sul do estado
da Bahia sdo gerados por ano aproximadamente 10.000 t de tegumento de améndoa do cacau.

Dessa forma, tendo em vista o grande volume de subprodutos gerados, surge o
interesse e a necessidade em otimiza-los dando uma melhor finalidade e, consequentemente,
promovendo sua valorizacdo. Aliado a esse assunto, observa-se que a sociedade atual,
impulsionada pela ideia de desenvolvimento sustentavel, tem cada vez mais interesse na
producdo de materiais ambientalmente amigaveis e a0 mesmo tempo inovadores. Os materiais
compdsitos, entdo, surgem como facilitadores para conectar essas teméticas ja que partem do
principio de se fazer a unido de materiais distintos em um sé produto com caracteristicas
melhoradas, tendo em vista esses materiais de forma unitéria.

Ja é de amplo conhecimento diversos estudos que vém sendo feitos utilizando residuos
da agroindustria como bagaco de cana-de-agUcar, residuo de soja, casca de café, casca de

arroz e outros como refor¢os em compositos de matrizes variadas. Além de dar finalidade a
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esses subprodutos agricolas e criar um material inovador, 0s residuos passam a atuar como
substitutos dos recursos naturais primarios, principalmente a madeira, que vém sendo
amplamente explorados. Ressalta-se ainda que o uso de residuos de biomassa para producéo
de novos materiais contribui para o cumprimento dos objetivos da Agenda 2030
(ORGANIZACAO DAS NACOES UNIDAS - ONU, 2015), especialmente o N° 9 que trata
da industrializacdo inclusiva e sustentavel e o N° 12, que estabelece padrbes de producéo e
consumo sustentaveis.

Esta se torna, entdo, a justificativa e premissa deste trabalho uma vez que ainda séo
escassas pesquisas relacionados ao aproveitamento do tegumento da améndoa do cacau de
forma in natura, principalmente para producdo de compositos. Entende-se que proporcionar a
valorizacdo desse residuo através da producdo de materiais leva a sociedade cada vez mais
perto dos padrdes de consumo sustentaveis.

Por conseguinte, o objetivo deste trabalho foi, a partir do tegumento da améndoa do
cacau, produzir e verificar a viabilidade de uso de trés compositos distintos que sdo: 1) Painel
de particulas de média densidade — MDP; 2) Composito polimérico — WPC e 3) Compdsito a

base de gesso.
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2 REFERENCIAL TEORICO

2.1 IndUstria do cacau no Brasil

Ao longo do século XX, o Brasil ascendeu na producdo cacaueira, atingindo seu maior
éxito por volta de 1980, quando se tornou o maior produtor das Américas e o terceiro do
mundo (ESTIVAL et al., 2014). Apo6s essa fase de expansdo, a industria do produto sofreu
uma mudanca drastica nas Ultimas trés décadas, principalmente com a reducao da producéo e
da produtividade devido a praga da vassoura de bruxa, que tem sido justificada pela queda na
rentabilidade relativa em relacdo a outras culturas, principalmente café e pastagens (ZUGAIB;
BARRETO, 2015).

Ainda, o plantio desordenado, o esgotamento do solo e também a queda dos precos
internacionais s@o aspectos que podem ter colaborado para a crise cacaueira (SILVA et al.,
2017). Diferentemente dos produtores da Malésia que substituiram as suas plantacdes de
cacau devido ao declinio dos precos mundiais, 0s custos trabalhistas mais elevados, perda de
producdo devido as pragas e doencas, juntamente com um interruptor na competitividade
relativa de outras culturas, os produtores brasileiros mantiveram sua area plantada (ZUGAIB;
BARRETO, 2015).

Estival et al. (2014) complementam dizendo que até o inicio dos anos 60, o Brasil ndo
empreendeu esforcos para melhorar a produtividade da lavoura por meio de pesquisas ou
trabalhos de extensdo sobre a producdo. Ainda segundo os autores, a alta concentragdo da
producdo entre os latifundiarios, que representavam 9% dos produtores, responsaveis por mais
de 60% das exportacdes, € outra caracteristica da explora¢do desordenada do cacau no pais,
pois esses latifundiarios, conhecidos como coronéis do cacau, raramente administravam suas
fazendas.

Todos esses fatores que ocasionaram o declinio da producdo de cacau trouxeram
reflexos bem perceptiveis. Na safra 1993/94 por exemplo, registrada a mais alta que se tem
conhecimento, a producdo de cacau foi cerca de 300 mil toneladas e a participagéo brasileira
na producdo mundial estava no patamar de 12,07%. J& na safra 2013/2014, a producdo
registrada foi cerca de 186 mil toneladas, o que representou apenas 4% do mercado global,
sendo a mais baixa até entdo (SILVA et al., 2017).

Porém, nos altimos anos, tem-se verificado a retomada do crescimento nacional da
producdo da améndoa: entre as safras 2016 e 2017, houve crescimento de 10,1%,

principalmente no estado do Pard (IBGE, 2018). Ainda, segundo mesma fonte, até 2014, o
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crescimento do valor da producéo industrial de derivados do cacau, chocolates e confeitos foi
de quase 30% em termos reais. Dados como estes sdo evidéncias de que a cadeia brasileira do
cacau e chocolate vem crescendo também em importancia econémica; porém, na literatura
cientifica, ainda se verificam poucos estudos sobre essa cadeia de producédo no Brasil (SILVA
etal., 2017).

O sul da Bahia era e ainda é o grande responsavel pelo elevado nimero de producdo
de cacau no pais e isso se deve as condicOes de clima e solo favoraveis a producdo (SILVA et
al., 2017). As grandes tradi¢Ges ligadas ao cacau influenciaram a construgdo da estrutura
social da regido sendo que, cidades como Ilhéus tiveram na figura do coronel do cacau o
maior agente do seu desenvolvimento social e progresso urbano (ESTIVAL et al., 2014).

A area colhida de cacau no Brasil ultrapassa 700 mil ha (IBGE, 2018), estando
concentrada principalmente na Bahia e no Para. Da mesma forma, a producdo também é
majoritéria nesses estados sendo praticamente a totalidade nacional (Figura 1).

Figura 1 - Area colhida/ha de cacau no Brasil (A) e quantidade produzida/t (B).

W, 9,

Legenda Legenda
até 723 ha e 1713500 até 553592 mais que aé 5151 até 533950t até 1157561 mais que
ha ha 553 592 ha 157561
Sem Informacio Sem Informagiio

Fonte: IBGE (2018).

A producéo nesses dois estados € bem equilibrada, de forma que algumas fontes citam
0 estado do Pard como o principal produtor com 49,3%, seguido da Bahia com 45,1%
(MINISTERIO PUBLICO DO TRABALHO - MPT, 2018). Isso indica como a producéo

pode variar, sendo afetada principalmente por fatores climéaticos como por exemplo, a seca e
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estiagem severas que vém ocorrendo na regido baiana nos ultimos anos. Contudo, mesmo
sendo lider em produtividade, o Para processa apenas 1% das améndoas de cacau que sdo
produzidas no estado. O restante segue para o Sul da Bahia, onde estdo localizadas as
industrias de processamento das grandes compradoras de cacau (moageiras). Atualmente
Ilhéus, na Bahia e Medicilandia, no Pard sdo considerados 0s principais municipios
produtores de cacau no Brasil.

Em Ilhéus, apesar da significativa contragdo na producdo em relacdo ao final da
década de 1980 (época da “vassoura-de-bruxa”), o cacau continua sendo a principal cultura
agricola, representando 61,4% do valor total da producgdo agricola em 2017 (MPT, 2018). O
municipio de Medicilandia, por sua vez, ocupa hoje o lugar de maior produtor brasileiro de
cacau, respondendo por 35,5% do total colhido em 2016 no Para e 14,5% da producéo
nacional (IBGE, 2017).

Embora a cadeia produtiva do cacau nesses estados tenha grande importancia
socioecondmica, a mesma apresenta fragilidades essencialmente no que diz respeito aos
pequenos produtores, devido a falta de organizacdo institucional, ao capital limitado e a
ocorréncia de assimetria de informacdo tecnologica e de mercado entre os diferentes elos de
produgdo (GONCALVES; CARNEIRO; SENA, 2010). Ressalta-se que os municipios que
produzem cacau tém IDHM inferior as médias estadual e nacional, o que ilustra a
vulnerabilidade de sua populacdo a processos exploratorios diversos como trabalho infantil e
auséncia de direitos trabalhistas (MPT, 2018).

Nesse contexto, observa-se que a producdo de cacau na Bahia estd concentrada em
pequenas propriedades (com até 80 hectares) representando 80,6% de estabelecimentos da
regido; enquanto no Pard o tamanho das propriedades é ainda menor (até 10 hectares),
responsaveis por 57% do total produzido no estado (PIASENTIN; SAITO, 2012; SILVA et
al., 2017). Os estabelecimentos de grande porte, acima de 500 hectares, representam menos de
2% da producdo brasileira. Dessa forma, os grandes responsaveis pela producdo de cacau no
Brasil sdo os pequenos produtores e agricultura familiar.

Apbs a colheita do fruto, fica a cargo dos produtores realizar o beneficiamento
primario da améndoa (quebra, fermentacdo e secagem) para se tornar apta a ser transportada
para as industrias moageiras. Atualmente, quatro empresas (trés internacionais e uma
nacional) concentram 97% do parque processador de cacau no Brasil, com cinco fabricas
instaladas, sendo quatro na Bahia (trés em Ilhéus e uma em Itabuna) e uma em Séo Paulo
(MPT, 2018). Segundo mesma fonte, essas empresas foram responsaveis pela moagem de

201.562 toneladas de améndoa de cacau em 2019 tendo capacidade instalada de 275.000
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toneladas. Os produtos das industrias processadoras (manteiga, liquor, p6 e torta de cacau) sao
as matérias-primas para obtencdo de chocolates e/ou produtos achocolatados, doces, confeitos
e massas (a manteiga de cacau também é muito utilizada na industria farmacéutica e
cosmeética) (MPT, 2018) (Figura 2). Esses produtos sdo repassados para as inddstrias de

varejo que comercializam o chocolate no Brasil.

Figura 2 - Da améndoa as matérias-primas para obtencdo do chocolate e produtos derivados.

Fonte: Associacao Nacional das Industrias Processadoras de Cacau (2020).

No mercado externo, o Brasil ganhou destaque a partir do seculo XXI entrando nos
mercados de qualidade do cacau e chocolate, com a producéo e reconhecimento do cacau fino
e de aroma brasileiro, através das participacdes e premiacGes em eventos internacionais como
0 Saldo de Chocolate de Paris e a efetivacdo de parcerias com renomados chocolateiros do
mercado gourmet mundial (ESTIVAL; LAGINESTRA, 2015). Segundo 0s mesmos autores,
as variedades que o Brasil apresenta para 0 mercado sdo: cacau convencional (representando
97% da producédo); cacau fino ou de aroma; cacau organico; cacau com certificacdo de
sustentabilidade e cacau com indicacdo de origem — selo de indicacdo de procedéncia do

cacau Linhares — Espirito Santo.

2.1.1 Geracao de residuos na industria cacaueira

A transformacdo da semente em matéria prima do chocolate e derivados gera residuos
a cada etapa do processamento (colheita, fermentacéo, torrefacdo, descascamento, moagem e
pulverizacdo). Ressalta-se que apenas 8% do fruto (cotilédones limpos, também chamados de
nibs) é aproveitado para o processamento de derivados do cacau sendo os outros 92%
classificados como residuos sem destinacdo comercial efetiva (PEREIRA, 2013). A figura 3

indica os constituintes do fruto de cacau para melhor entendimento.
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Figura 3 - Corte transversal do fruto do cacau (A) e corte longitudinal da semente do cacau
(B) indicando seus principais constituintes.

Polpa
Cotilédone

Testa

Fonte: Ramoa Janior (2011).

A casca do fruto é o primeiro residuo gerado, proveniente da colheita e abertura para
retirada das sementes. Esse constituinte corresponde a 80% do fruto e geralmente é descartado
diretamente no solo (PINHEIRO; SILVA, 2017; VASQUEZ et al., 2019). Na fase pos
colheita, as sementes passam por processo de fermentacdo e o excesso de suco, que é 0
resultado da degradacéo da polpa por agdo de microrganismos e bactérias, é drenado atraves
de fissuras nas caixas de fermentacdo (VASQUEZ et al., 2019). O volume desse residuo esta
entre 100 e 150 litros por tonelada de améndoa, sendo, também, descartado.

Por fim, j& nas industrias moageiras, € gerado o terceiro e ultimo residuo proveniente
do peneiramento das sementes para obtencdo do liquor (matéria prima do chocolate), e
corresponde ao tegumento ou testa da semente (TAC) (SILVA et al., 2015b). Essa biomassa
residual geralmente é descartada ou vendida como cobertura agricola. De acordo com Silva et
al. (2015), uma tonelada de améndoa com 7% de umidade pode gerar de 80 a 120 kg de TAC
apos o processamento. Segundo o IBGE (2020), a producédo do cacau em améndoa na safra de
2019 foi de 252.540 toneladas com expectativa de crescimento para os préximos anos. Tendo
como base esses dados, é possivel estimar que a geracdo de TAC no ano de 2019 foi em
média de 25.254 toneladas.

O descarte inadequado desses residuos pode gerar sérios problemas ao ambiente, a
salde publica e as colheitas futuras. Dentre estes problemas, pode-se destacar a criagdo de
reservatério de patdgenos indesejaveis de fungos como o Moniliophthora perniciosa (fungo
da vassoura de bruxa) que podem se espalhar rapidamente na colheita; contaminacdo do solo

com alto risco de infestacdo de pragas; e contaminagcdo das vias aquaticas como lengdis
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freaticos e cursos d’agua diversos (VASQUEZ et al., 2019). Dessa forma, a destinacio
correta ou a utilizacdo da biomassa residual do cacau € de suma importancia para garantir a
qualidade sanitaria e ambiental do ambiente. Embora o uso dessa biomassa tenha sido apenas
ligeiramente estudada, alguns trabalhos ja mostram a potencialidade desses residuos, tratados
por bioconversdo ou extracdo, para obtencdo de biocompostos ou moléculas de valor
agregado (VASQUEZ et al., 2019).

Os compostos da casca do cacau podem ser empregados para eliminacdo antiviral,
antibacteriana e radical (SAKAGAMI et al., 2008); como fertilizante potassico (SODRE et
al., 2012); como pectina altamente acetilada na forma gel (VRIESMANN; AMBONI;
PETKOWICZ, 2011); como ativador e potencial antioxidante (ABDUL KARIM et al., 2014;
YAPO et al., 2013); dentre outros. J& os compostos do tegumento da améndoa podem ser
utilizados na alimentagdo animal (ARLORIO et al., 2001); como potencial antimicrobiano
(BADIYANI et al., 2013); como descontaminante ambiental (FIORESI et al., 2017); dentre
outros. Por fim, o suco da polpa de cacau pode ser uma fonte alternativa de pectina comercial
semelhante aquelas extraidas de macés e limdes (ADOMAKO, 1972) e pode produzir bebidas
alcoolicas com niveis padréo de compostos volateis (ou seja, alcoois, ésteres e aldeidos mais
altos), baixa concentragdo de metanol e alta aceitabilidade em relagcdo ao aroma e
aceitabilidade geral em comparacdo com outros vinhos de frutas (TAKRAMA et al., 2015);
no entanto, mais estudos sdo necessarios para aceitacdo do valor comercial desse subproduto.

Ressalta-se que, para que estas utilizagdes sejam realizadas, necessita-se de um preé-
processamento dos residuos para obtencdo das matérias primas (moléculas e biocomponentes
extraidos). Porém, a utilizagdo dos residuos agricolas em geral, j& estudados para producdo de
compositos, de forma in natura, mostra a possibilidade de os residuos da industria cacaueira

(como a casca e 0 tegumento) também serem aproveitados para esse fim.

2.2 Compositos com potencial de producdo a partir de residuos agroindustriais

2.2.1 Painel de particulas de média densidade — MDP

Os painéis de madeira surgiram devido a crescente demanda por madeira maci¢a como
um produto que pudesse substitui-la mantendo e, até mesmo, melhorar suas propriedades
como em relacdo a instabilidade dimensional e custo. A partir do inicio da producdo de

compensados nos Estados Unidos, varios tipos de painéis de madeira foram surgindo até hoje,



17

buscando sempre novos produtos com melhor relagdo custo/beneficio, para finalidades
especificas a que se destinam (MENDES et al., 2010).

Dessa forma, os painéis podem ser definidos como produtos compostos de elementos
da desagregacdo da madeira, como laminas, sarrafos, particulas e fibras (Figura 4), que
posteriormente sdo reconstituidos através de ligagdo adesiva (MESQUITA et al., 2015).

Figura 4 - Classificacdo dos painéis de madeira.
Painéis de
madeira
Laminados J Particulados

_[Compensado\ [Aglomerados] [ Fibras ] [Minerais]
laminado )

Compensado _[ MDP | _[ MDF | Flake ]
sarrafeado ) )

LVL _[ Waferboard ) _[ Dura | Exselsior ]

_[ osB | _[ Isolante |

Fonte: Iwakiri et al. (2005)

De acordo com Iwakiri (2005), no Brasil os aglomerados comecaram a ser produzidos
em 1966 e passaram por Varios questionamentos, principalmente, quanto as limitagdes
técnicas, como alta absor¢do de &4gua e inchamento em espessura, usinabilidade de bordos e
problemas quanto a fixacdo de parafusos. Assim, com o decorrer do tempo, novas tecnologias
foram incorporadas fazendo com que surgissem os painéis de média densidade — MDP.
Devido a isso, estes passaram a ser conhecidos como a evolugdo do aglomerado convencional
principalmente por ser composto de trés camadas com diferentes granulometrias e adesivos

mais resistentes (Figura 5).
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Figura 5 - Comparativo entre o painel aglomerado convencional (A) e o MDP (B) dando
destaque para as diferentes granulometrias em suas camadas.

- —

Fonte: Da autora (2020).

Atualmente, as matérias primas mais empregadas para confeccdo de painéis de
madeira provém de florestas plantadas, sendo principalmente do género Eucalyptus e Pinus.
No Brasil, a &rea de floresta plantada dedicada ao segmento de painéis de madeira juntamente
com o de pisos laminados equivale a 6% do total que tambeém se destina a celulose e papel,
siderurgia e carvio vegetal, entre outros INDUSTRIA BRASILEIRA DE ARVORES - IBA,
2019). Segundo mesma fonte, em 2018 as producdes de MDF/HDF, MDP e HB (chapa dura)
aumentaram 2,5%, 3,4% 0,4% respectivamente, em relacdo ao ano anterior. Dessa forma, a
producdo brasileira de painéis de madeira reconstituida foi de 8,2 milhdes de metros cubicos
em 2018, um aumento de 2,8% em relagdo a 2017.

Em 2018, o segmento brasileiro de painéis de madeira reconstituida ocupou o 8° lugar
no ranking mundial dos maiores produtores, mesma posi¢cdo em relagdo ao ano anterior sendo
23 unidades produtoras distribuidas em todo Brasil, mas principalmente nas regides Sul e
Sudeste (IBA, 2019). Toda essa producdo se destina principalmente a fabricacdo de moveis,
divisérias e componentes de aparelhos eletroeletronicos (IWAKIRI, 2005).

Os principais fatores que influenciam na qualidade dos painéis particulados s&o 0s
parametros utilizados no processo e as caracteristicas inerentes & matéria prima. De acordo
com Weber & Iwakiri (2015), em relacdo a matéria-prima, as caracteristicas da madeira como
densidade, pH, extrativos e geometria das particulas interferem no processo de colagem e
qualidade dos painéis produzidos. Assim, é importante o conhecimento a cerca dessas
varidveis para obtencdo de um produto de qualidade.

Como é crescente a demanda por madeira na industria de painéis e a escolha da
matéria prima € um dos principais fatores de qualidade, pesquisas vém sendo feitas para
incorporar subprodutos lignocelulésicos nesses produtos. Assim, pode-se destacar 0 bagago
de cana-de-aclcar (BATTISTELLE; MARCILIO; LAHR, 2009; FIORELLI et al., 2011,
FREIRE et al., 2011; MENDES et al., 2012); sabugo de milho (SCATOLINO et al., 2013,
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2015); casca de mamona (SILVA et al., 2018); casca de arroz (CESAR et al., 2017); bagaco
de sorgo (GUIMARAES JUNIOR et al., 2017); pergaminho do gréo de café (SCATOLINO et
al., 2017); madeira do cafeeiro (DA SILVA CESAR et al., 2014); podas de erva mate
(CARVALHO et al., 2015); pseudocaule da bananeira (GUIMARAES et al., 2014); casquilho
de soja (GUIMARAES et al., 2019); palha de milho (SILVA et al., 2015a); dentre outros.

A viabilidade de uso destes materiais € analisada a partir de testes fisicos e mecanicos
nos paineis e tém-se mostrado potencialidades de utilizacdo. Em suma, ressalta-se que
qualquer material lignocelulésico pode ser utilizado para producdo de chapas reconstituidas,
podendo-se, ainda, misturar diferentes tipos de madeira ou associar as particulas de madeira a
outros materiais com potencialidades (SORATTO et al., 2013; TRIANOSKI et al., 2011).

2.2.2 Composito polimérico - WPC

Os polimeros sdo considerados os grandes vilGes ambientais, pois podem demorar
séculos para se degradar e ocupam grande parte do volume dos aterros sanitérios, interferindo
de forma negativa nos processos de compostagem e de estabilizacdo bioldgica alem de causar
impactos no meio ambiente (DE PAULA; DA SILVA, 2016). Porém, a producao global de
plasticos ainda é crescente, podendo chegar a 550 milhdes de toneladas de plasticos virgens
em 2030, com volume de descarte em aterros e na natureza cada vez maior (GEYER,
JAMBECK; LAW, 2017).

Varios aspectos motivam a reciclagem dos residuos plasticos. Dentre estes estdo: a
economia de energia, a preservacdo de fontes esgotaveis de matéria-prima, a reducdo de
custos com disposicao final do residuo, a economia com a recuperacdo de areas impactadas
pelo mau acondicionamento dos residuos, 0 aumento da vida Util dos aterros sanitarios, a
reducdo de gastos com a limpeza e a saude publica e a geracdo de emprego e renda (DE
PAULA; DA SILVA, 2016). Porém, observa-se que a reciclagem ainda € feita de forma
superficial. O Brasil, por exemplo, € 0 4° maior gerador de residuos plasticos do mundo sendo
11,3 milhdes de toneladas em 2016 com apenas 1,28% desse total encaminhado para
reciclagem, um dos menores indices do mundo e bem abaixo da média global, que é de 9%
(KAZA et al., 2018).

Dessa forma, as crescentes discussdes que envolvem o aquecimento global aliadas a
problematica relacionada a morte de organismos marinhos fez com que a conscientizagdo
sobre o descarte do plastico (dificuldades e alto custo de reciclagem, encargos ambientais)

seja aumentada. Viu-se cada vez mais a necessidade de buscar medidas para o
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reaproveitamento destes, a fim de minimizar impactos ambientais, sociais e econémicos.
Aliado a isso, observa-se que a demanda por produtos que sejam ecol0gicos e sustentaveis
vem crescendo. Isso se deve, associado a outros fatores, a timida transicdo da sociedade
impulsionada pelo consumismo para uma sociedade que respeita e aprecia os aspectos de
ecoeficéncia e aparéncia (NAZARIO et al., 2016).

Nesse sentido, o compdsito madeira plastica — WPC vem ganhando espacgo por ser um
produto ecologico (biocompositos ou eco-compdsitos) (Figura 6). Ainda, ele ajuda a criar um
método mais responsavel e eficiente de obtencdo de recursos, pois contém materiais e
subprodutos de residuos de madeira podendo-se também utilizar polimeros reciclados em sua
composicdo e, estdo alinhados com o principio da utilizacdo em cascata e da eficiéncia dos
recursos (TEUBER et al., 2015).

Figura 6 - Exemplos de madeira plastica.

Fonte: Nazario et al. (2016)

O termo ‘composito’ trata de um material que possui duas ou mais fases distintas,
sendo uma delas continua (matriz) e a outra dispersa (refor¢o) (CALLISTER JUNIOR, W. D.
RETHWISCH, 2016). No caso do WPC, o material polimérico equivale a matriz e as fibras
ou particulas de madeira se comportam como refor¢o. O interesse na criacdo dos compositos
pelo homem se deu a partir das limitacBes encontradas nos materiais puros. Dessa forma, a
ideia seria unir as melhores caracteristicas dos materiais para a criagdo de um novo material
com propriedades melhoradas em relagio aos seus constituintes de forma unitaria (NAZARIO
etal., 2016; TALGATTI et al., 2017).

Os primeiros projetos de madeira plastica que se tém conhecimento sdo da década de
50, e utilizaram p6 de madeira e polipropileno na fabricacdo de partes internas de carros
(NAJAFI, 2013). A partir de entdo, o interesse nesse produto se tornou mais amplo,
abrangendo a industria automotiva, aerondutica, moveleira e de construcéo civil fazendo com

que estes compdsitos poliméricos, com matriz virgem ou reciclada, e que facam uso de
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biomassa vegetal, como refor¢co ou carga, sejam cada vez mais estudados (NAJAFI, 2013;
SHAH, 2014; TEUBER et al., 2015).

Uma das grandes vantagens de produzir esse tipo de material € que as fibras naturais
utilizadas estdo disponiveis em grandes quantidades por todo o mundo e trata-se de um
recurso renovavel, além de alguns estudos demonstrarem que as mesmas ja apresentam
excelentes propriedades mecanicas e ainda desempenham outras fungbes, como isolante
térmico e acustico (MANZINI, 2008). Além disso, em relagdo a madeira, 0 WPC apresenta
melhores propriedades em relacdo a impermeabilidade, durabilidade, resisténcia a
microrganismos, aceita processos tradicionais da marcenaria, € reciclvel e pode ser utilizada
para diversos fins similar a madeira comum (NAZARIO et al., 2016; SERVICO
BRASILEIRO DE APOIO AS MICRO E PEQUENAS EMPRESAS - SEBRAE, 2014).

Com o intuito de desenvolver materiais ainda mais diversificados, a incorporacdo de
novas matrizes e reforcos vem sendo estudada, utilizando os residuos agroindustriais como
matérias primas. A respeito disso podem ser citados compdésitos com matriz de polipropileno
com residuo de café (GARCIA-GARCIA et al., 2015), PEBD com fibra de pseudo caule de
banana (JORDAN; CHESTER, 2017), poliéster com fibra de eucalipto (PEREIRA et al.,
2019), poliestireno com residuo de desdobro (TALGATTI et al., 2017), polipropileno com
residuo de madeira (CORREA et al., 2003), PEBD com residuos de eucalipto, sabugo de
milho e grdos (GEORGOPOULOS et al., 2005), poliestireno de alto impacto com fibras de
coco verde (PEREIRA et al., 2017), poliéster com residuo de cortica (DE OLIVEIRA et al.,
2017), dentre outros.

Dentro desse campo, tém-se uma ampla gama de varia¢@es e técnicas que podem ser
aplicadas para produzir o compdsito madeira plastica de modo a atender a finalidade
requerida, seja por injecdo, extrusao ou compressao e ainda pode-se ser incorporado aditivos
necessarios para finalidades especificas (SPEAR; EDER; CARUS, 2015). Dessa forma, sua
utilizacdo vai desde utensilios domésticos e de decoracdo até elementos de construcao civil
como decks, chapas, portas, revestimento de janelas, dentre outros. Ainda, a fabricacdo e
utilizacdo desse compodsito tem como principais vantagens serem mais leves, menos
abrasivos, renovaveis e de baixo custo.

A diversificagdo das matérias primas para a fabricacdo de compositos reconstruidos
poderd beneficiar o setor florestal, ao passo que a fabricacéo industrial podera aumentar, sem
que haja necessidade de implantacdo de novos macicos florestais (TALGATTI et al., 2017).
Ressalta-se que a producdo de 200 toneladas de madeira plastica por més reduz, em seis anos

de producdo, o corte de 180 mil arvores (SEBRAE, 2014). Além dessa vantagem, também
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pode-se citar que com a producdo do WPC, tém-se uma evidente diminuicdo de lixos sélidos
tornando-os reciclaveis, maior vida util dos aterros sanitarios, menores contaminacdes de
solos e lencol freético, dentre outros (NAZARIO et al., 2016).

2.2.3 Composito a base de gesso

O termo gesso, na forma que se encontra disponivel no mercado, se refere a um pé
branco, de elevada finura, equivalente ao cimento, elevada plasticidade da pasta, aderéncia e
endurecimento rapido, pequeno poder de retracdo na secagem e estabilidade volumétrica que
garantem desempenho satisfatorio (Figura 7). E comum que seja empregado o termo gipsita
como sinénimo para gesso. Porém, essa denominacdo é mais adequada ao mineral em estado
natural, enquanto a palavra “gesso” indica o produto calcinado (DOMINGUEZ, L. V;
SANTOS, 2006).

Figura 7 - Gesso comercial fino.

Fonte: Da autora (2020).

O processo de transformacdo da gipsita em gesso ocorre com a calcinagdo e
desidratacdo do mineral em temperaturas relativamente baixas (140°C — 150°C) (Figura 8).
Quando comparado a fabricacdo do cimento, que exige altas temperaturas para seu processo
(1400°C — 2000°C) e libera grande quantidade de gas carbdnico devido a combustdo
necessaria para sua desidratacdo e calcinacdo, o gesso € um aglomerante menos agressivo ao

meio ambiente (PINTO, 2016).
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Figura 8 - Processamento do gesso.
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Fonte: Associacao Brasileira do Drywall (2012).

Calcinacao

O uso do gesso se desenvolveu ao longo dos anos sendo um dos materiais de
construcdo mais antigos que se conhece e é empregado predominantemente na construcdo
civil atuando como revestimento e fundicdo. O gesso para revestimento é utilizado para
revestir paredes e tetos de ambientes internos e secos, enquanto o gesso para fundicdo € o
material empregado na fabricacdo de placas convencionais, blocos de gesso e chapas de gesso
acartonado (JOHN; AGOPYAN; PRADO, 1997).

O consumo desses materiais provenientes do gesso tem apresentado crescimento
principalmente devido a facilidade e a rapidez da instalacdo das chapas, bem como facilidade
de moldagem. Trata-se de materiais excelentes para fabricacdo de elementos de acabamento e
decoracdo, como molduras e sancas, uma vez que pode proporcionar uma superficie lisa de
6timo acabamento, tanto em revestimento de argamassa (0 qual dispensa a necessidade de
massa corrida na pintura, diferentemente do revestimento em argamassa convencional),
quanto em painéis ou adornos (PINTO et al., 2016).

Dessa forma, o uso ja consolidado do gesso, e ainda em ascensdo, aliado a busca pelo
desenvolvimento de materiais inovadores e sustentaveis na construcdo civil fez com que a
criacdo de compositos a base desse material fossem cada vez mais estudados. Materiais como
fibras de vidro, contrafortes de calcados, fibras de sisal, polpa de celulose e particulas de
madeira, cortica, mica e vermiculita, particulas de borracha de pneus reciclados e residuos
industriais tém sido usados para pesquisa e producdo desse compdsito, como materiais de
reforco, obtendo resultados satisfatdrios em relacdo as propriedades do gesso puro (PINTO et
al., 2016; SERHAT BASPINAR; KAHRAMAN, 2011; SERNA et al., 2012). Atualmente,

procura-se incorporar subprodutos de outras industrias, buscando-se obter materiais menos
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agressivos ao ambiente, mais econdmicos, duraveis, resistentes e com elevada ductilidade
(VILA-CHA, 2012).

Nesse contexto, a agroinddstria brasileira apresenta indmeros residuos
lignoceluldsicos com potencialidades de utilizacdo em compositos a base de gesso, seja em
forma de fibras ou particulas, por se tratar de um material renovavel, abundante e com boas
propriedades mecanicas. Como exemplo, tém-se trabalhos com residuos de madeira de
demolicdo (MORALES-CONDE; RODRIGUEZ-LINAN; PEDRENO-ROJAS, 2016), cinzas
de bagaco de cana (MEDINA ALVARADO; et al, 2015), mucilagem de cacto
(MAGALHAES; ALMEIDA, 2010), fibras de bananeira e papel kraft (NORONHA, 2014),
fibras do caule do algodéo (LI et al., 2003), fibra de palmeira (BRAIEK et al., 2017), fibra de
abacd (IUCOLANO et al., 2015), dentre outros.

A inclusdo de residuos lignocelulésicos em compdsitos a base de gesso, vem
proporcionando melhorias ao produto como maior leveza, ductilidade, maior resisténcia a
altas temperaturas, maior resisténcia ao choque, menor absorcdo de &gua, melhor
comportamento acustico, dentre outras (MORALES-CONDE; RODRIGUEZ-LINAN;
PEDRENO-ROJAS, 2016; RIBEIRO et al., 2014). Ainda, utilizar esses residuos traz grande
impacto do ponto de vista ambiental e econdémico, pois gera uma reducdo potencial de custos
em tratamento ou eliminacdo dos mesmos além de evitar danos do meio ambiente com o

descarte inadequado.
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3 CONCLUSAO

O tegumento da améndoa do cacau apresentou interessantes propriedades para
producdo dos compdsitos tendo como principais influéncias sua baixa densidade, sua estrutura
porosa e seus constituintes quimicos.

Em relacdo ao painel de média densidade, houve aumento da razdo de compactagédo
influenciando tanto as propriedades fisicas, com o aumento da higroscopicidade, quanto as
propriedades mecanicas, com a redugdo de resisténcias. Considerando as varidveis analisadas,
a inclusdo de até 23% do residuo de cacau em substituicdo & madeira de pinus no miolo dos
paineis pode ser feita pois atende a normalizacdo de todas as propriedades fisicas e mecanicas
de painéis MDP para uso interno.

Em relagdo ao composito polimérico, a adi¢do de residuo na matriz de polietileno de
baixa densidade reciclado resultou em um produto final mais leve. Houve pequeno aumento
da umidade e absor¢do de 4gua. Constatou-se também diminuicdo da resisténcia a tracdo e do
alongamento indicando maior rigidez do material. Este resultado € considerado benéfico
tendo em vista que o polimero tem baixa rigidez, 0 que por vezes restringe seu uso. Para
aplicacdo do compositona producdo de materiais, conclui-se que sua formulacdo (teor de
residuo e polimero) pode se adequar as propriedades requeridas do produto final.

Em relacdo ao composito a base de gesso, os reforcos adicionados resultaram em um
produto final mais leve com menor umidade e absor¢cdo de dgua, sendo um 6timo resultado
tendo em vista o alto carater hidrofilico do gesso puro e que restringe seu uso. Ainda, houve
melhoria da resisténcia térmica e no isolamento acustico. Para as propriedades mecanicas,
houve diminuicdo de valores de modo que, para atendimento normativo, a inclusdo de até
8,15% do residuo de cacau como reforco tem viabilidade de ser utilizado no compgsito.

Em suma, observou-se que o fator mais limitante para utilizacdo do residuo nos
materiais foi seu alto teor de extrativos totais, que inflenciou na interacdo das particulas com
as matrizes utilizadas. Porém, se tratando de uma matéria prima in natura, observa-se
viabilidade de uso desse residuo para producdo e comercializacdo dos compositos,
respeitando os limites estabelecidos.

Por fim, entende-se que este trabalho pode apoiar as mudancas nos padrdes de
producdo e consumo, tornando 0s processos cada vez mais sustentaveis e inovadores. Dessa
forma, a utilizacdo e valorizacdo do residuo do processamento do cacau em substituicdo aos
recursos primarios ja amplamente explorados, nos aproxima cada vez mais da ideia de

sustentabilidade em todas as areas da sociedade.
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Abstract: Agricultural wastes are generated in large quantities in Brazil, being improperly
discarded. The application of these wastes for production of materials could contribute to
reduce major environmental problems. This research investigated the possible destination for
cocoa almond husk waste by insertion in the core layer of Medium Density Particleboards
(MDPs) and its influence on the physical and mechanical properties of the panel. The core
layers of the MDPs were composed by different percentages of substitution of pine wood by
waste: 0, 25, 50, 75 and 100%. The targeted density of the panels was fixed around 0.7 g.cm?®

bonded by urea-formaldehyde. The chemical analysis and basic density of the lignocellulosic
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raw materials were performed. Modulus of rupture (MOR), modulus of elasticity (MOE),
water absorption and thickness swelling (both in 2 and 24 h) of the MDPs were also
investigated. The extractives content of cocoa waste (34.82 £ 0.13%) was higher than that
found for pine wood (4.03 £ 0.17%). In low percentages, the inclusion of cocoa waste did not
influenced significantly the physical and mechanical properties of the MDPs. Structural
difference was observed between the core layer of the MDPs, mainly in relation to porosity
and adhesive distribuition. The results shows that the waste has potential to be used as raw
material for the MDP, which can be used as furniture material, can be included up to 23% in
the core layer for regulatory compliance. The promising alternative in waste management
deserves to be highlighted in the current required sustainability context.

Keywords: Cocoa almond husk waste, core layer, porosity, hygroscopicity, mechanical

properties.

1. Introduction

The cocoa (Theobroma spp.) is natural from the Amazon River watershed area. It is
the main raw material of chocolate, made by roasting and milling of its dried almonds in an
industrial or homemade process. According to the Food and Agriculture Organization (FAO,
2019), the area harvested from cocoa in Brazil in 2017 exceeded 590,000 ha, being
concentrated mainly in the states of Bahia and Para. The total production reached 234,809 t,
being Brazil the sixth largest producer of cocoa in the world. The cocoa production is very
significant in African countries as Cote d’Ivoire, Ghana and Nigeria. Among the products
obtained, besides the conventional cocoa that represents 97% of the production, are the fine or
aroma cocoa; organic cocoa; cocoa with certification of sustainability and cocoa with

indication of origin (Estival et al., 2014).
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The major concern regarding cocoa production is the amount of waste that its
production chain generates. Among these, is the integument of the seed, more specifically the
forehead, corresponding to the part surrounding the almond (Pinheiro and Silva, 2017). This
by-product is generated in the milling industry and, according to Silva et al., (2015), a ton of
almonds with 7% moisture can generate from 80 kg to 120 kg of integument after processing.
Based on these data, it is possible to estimate that the production of this waste in 2017 was
21,435t.

As usually occurs in agroindustries, these residues generated are mostly incorrectly
discarded, used for burning in boilers or sold as agricultural cover.The inappropriate disposal
of agro-industrial waste (for example: acai in Brazilian Amazon or cocoa in South of Bahia in
Brazil) can cause health risks to the population due to environmental contamination or the
proliferation of disease agents (Sato et al., 2019). Making better use of this waste is a very
important thus, in addition to offering your valorization, it guarantees a sanitary quality of the
environment as a whole.

In this sense, some studies show the potential of the cocoa almond integument, with its
extracted and treated constituents, for use in food (Arlorio et al., 2001), as an antimicrobial
potential (Badiyani et al., 2013), environmental decontamination (Fioresi et al., 2017) among
others. On the other hand, also studies involving the addition of agricultural waste for the
production of high-value materials are highlighted (Scatolino et al., 2019).

The agroindustrial sector facilitates the insertion of new alternatives since it generates
by-products during the productive cycles, with great capacity of use in material production,
including the reconstituted panel. The wood panels sector uses planted forest species for the
different types of panels produced, especially eucalyptus and pine. However, it is known that

any lignocellulosic material can be used for this purpose, and it is also possible to mix
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different types of wood or associate the wood particles with other lignocellulosic materials
(Scatolino et al., 2019; Soratto et al., 2013).

The incentive to use lignocellulosic waste is based not only on the increasing demand
for wood in the panel industry, but also on the optimization and use of a by-product that
would have no specific purpose. The production of panels by mixture of agricultural,
agroindustrial and forest wastes has been widely reported on literature. Several authors used
different wastes such as sugarcane bagasse (Soares et al., 2017; Battistelle et al. 2009; Fiorelli
et al. 2011; Freire et al. 2011; Mendes et al. 2012); maize cob (Scatolino et al. 2013’ Scatolino
et al. 2015); Brazilian nut urchin (Nogueira et al., 2018); rice hulls (César et al. 2017; De
Souza et al. 2017); sorghum bagasse (Guimaraes Junior et al., 2017); coffee bean parchment
(Scatolino et al., 2017); coffee wood (da Silva César et al., 2014); pruning of mate grass
(Carvalho et al., 2015); pseudocaule of the banana tree (Guimaraes et al. 2014); soybean hulls
(Guimarées et al., 2019) and castor husk (Silva et al. 2018).

The wood panel industry occupies a strong position in Brazil by the great variety of
high value-added products made from this material (IBA, 2017), such as furniture, decorative
and structural pieces. Among them, the Medium Density Particleboard (MDP) is one of the
most important for furniture industry. This type of panel is considered an evolution of
conventional particleboard due to the difference in particle size of the external layer and the
core. The composition of these layers, regarding to the source material, has extreme
importance in ensuring the good strength properties. The MDP external layer is strongly
required when it comes to bending strength, since the bottom of the panel breaks down by
tension. In addition, the panel core layer undergoes significant shear deformations during the
static bending.

The different compositions of the MDP core layer, formed by several proportions of

cocoa waste and pine wood and how it influences the physical and mechanical properties of
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the panel are the novelty of the work since the core layer, which is formed by thicker particles
in comparison to the external layers, is mechanically required because it undergoes
detachment during the internal bond test and shear during static bending.

Also, the use of cocoa waste will allow a breakthrough in research on the use of waste
biomass for production of materials. This contributes to the fulfillment of the goals of the
ONU Agenda 2030 (United Nations Organization, 2015), especially N° 9, which deals, among
other things, with inclusive and sustainable industrialization, and N° 12, which provides for
standards of sustainable production and consumption. For the reutilization and waste
management generated during the processing of cocoa, for particleboard production, is
necessary establish the quality of panels, analyze the current values of cocoa wastes, and
define the impact of insertion this waste on the physical and mechanical properties of MDPs.
Factors as the chemical composition of the raw material and the level of particles aggregation
may influence these properties.

The literature reports numerous studies regarding the production of conventional
particleboards panels with mixtures of wood and agricultural wastes (da Silva César et al.
2014; Scatolino et al. 2013; Silva et al. 2018). On the other hand, researches involving
different compositions of specific layers of the panel are scarce. In this sense, this research
was proposed to evaluate the combination of pine wood and cocoa waste to produce the core

layer of the MDP and its influence on the physical and mechanical properties of the panel.

2. Material and methods
2.1 Obtainment and preparation of material
The cocoa waste was obtained through the cocoa industry of southern of Bahia State,

Brazil. The particles were milled in a hammer mill and and sieved through two sieves of 12
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(1.68 mm) and 20 (0.841 mm) mesh for the MDPs production. The particles retained in the 20
mesh sieve was used, being their inclusion performed only in the core layer.

The Pine oocarpa wood logs (18 years) were collected from experimental planting
located in Lavras, State of Minas Gerais, Brazil. The logs were placed in a tank with hot
(60°C) for 24 h, until the lamination for obtainment of pine veneers with thickness 2mm,
which were dried to remove the excess of moisture. The veneers were crushed in a hammer
mill to produce the "sliver” particles. The resulted particles were classified in a sequence of
sieves 12 (1.680 mm) — 20 (0.841 mm) — 35 (0.500 mm) mesh and forwarded to the core
(retained in 20 mesh) and the faces (retained in 35 mesh) of the MDPs.

The particles were oven dried with forced air circulation until reach a moisture content

of 3% (dry basis).

2.2 Characterization of the raw materials

The basic density of the pine wood was carried out following the procedures described
in NBR 11941 (Associacdo Brasileira de Normas Técnicas, 2003a) standard. For the cocoa
wastes, this property was determined according to the mentioned standard, with adaptation in
the volume measurement. The particles were immersed in water until the saturation, to
determine the volume of water displaced (immersion method), subsequently, the particles
were taken to an oven at 105+2°C, where they remained until reaching a constant mass, in
order to determine the dry mass (Martins et al., 2018). Basic density was obtained by the
division of dry mass by saturated volume.

For chemical analysis were used particles retained between the sieves of 40 (0.420
mm) and 60 mesh (0.250 mm). Before the analysis, the sawdust was conditioned in an
environment with 65 £ 3% relative humidity and temperature of 20 £ 2°C. The determination

of total extractives was performed using toluene-ethanol and ethanol following the
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methodology described in NBR 14853 (ABNT, 2010). For insoluble lignin, H.SO4 (72% v/v)
was used as described by NBR 7989 (Associacdo Brasileira Técnica de Celulose e Papel,
2010) and ash contents were determined according to the NBR 13999 (ABNT, 2003b) using a
muffle furnace. The holocellulose content was determined by the procedure described by

Browning (1963).

2.3 Production of the MDPs
The density of the MDPs was predetermined in 0.70 g/cm3. Three panels of each
composition were produced, totaling fifteen panels. There was a gradual mass replacement of

the pine wood by the cocoa waste in the core layer (Table 1).

Table 1. Different composition of the core layer (mass fraction).

Treatment Core layer
Pine (%) Cocoa waste (%)
*Pin100 100 0
Pin75_cw25 75 25
Pin50_cw50 50 50
Pin25_cw75 25 75
**Cw100 0 100

*Pine particles; **cocoa wastes

The adhesive urea-formaldehyde was used (solids amount 63% and viscosity 650 cP)
in content 12% in thes face and 10% in the core based on the dry mass of the particles. The
adhesive was mixed to the particles in a rotary drum by a compressed air pistol. The mattress
formed was pre-pressed at room temperature (pressure of 0.5 MPa), being posteriorly hot
pressed during 8 minutes at a temperature of 160 °C and a pressure of 4 MPa. Metal
delimiters with thickness 15 mm determined the final thickness of the panel. The MDPs were

formed obeying the proportion 20/60/20 (face-core-face sequence) (Figure 1). The final
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dimensions of the MDPs were 300 x 300 x 15 mm. The panels were conditioned in a
climatized room (20 = 2°C and relative humidity of 65 + 3%) for final cure of the adhesive

and equalization of moisture.

4 mm*

—— " YCocoa wastes " Pine wood (core)]. wood (faces)

Figure 1. (A) Mattress formed, (B) panel pressed, (C) profile of the panel detailing the layers,
lignocellulosic raw materials in detail: D) cocoa waste; E) pine wood particles used in the

core and F) in the faces.

2.4 Evaluation of physical and mechanical properties

Water absorption and thickness swelling, both after 2 and 24 h of immersion were
evaluated according to ASTM D-1037 (American Society For Testing And Materials, 2012)
standard. Bulk density, janka hardness and internal bond were evaluated by NBR 14810-2
(ABNT, 2013). Modulus of elasticity (MOE) and modulus of rupture (MOR) in static bending
were evaluated by the proceedings of DIN 52362 (Normem Fur Holzfaserplaten Spanplatten
Sperrholz, 1982) standard. The compression ratio was calculated by dividing the bulk density

of the panel by the bulk density of the raw material (Maloney, 1993; Scatolino et al. 2017).

2.5 Microstructure of the MDPs
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Scanning electron microscopy (SEM) was performed in samples of the MDPs in
intention to verify the details of their structure. The panel samples were glued to aluminum
sample holder (stubs) with the aid of a double sided carbon tape and covered with gold before
the analysis. The micrographs were obtained by a JMS 6510 (JEOL®) scanning electron

microscope with a voltage of 10 kV.

2.6 Statistical analysis

The results were evaluated in a completely randomized design. As the objective of this
study was to verify variations in results of physical and mechanical properties according to
the increasing cocoa wastes percentage in the core layer, the data were subjected to ANOVA
and analysis of regression, both at 5% of significance with the aid of Sisvar 5.6 Software

(Ferreira, 2019).

3. Results and discussion
3.1 Physical properties of the panels

The moisture of the panels produced did not present a significant difference between
the treatments studied (Figure 2A). All the compositions met the requirements stipulated in
standard NBR 14810-2 (ABNT, 2013) that establish values of moisture content between 5%
and 13%.

The moisture of a panel addresses its balance with the relative humidity and
environmental temperature. This is directly influenced by production process such as pressing
time and temperature, amount of adhesive, particle size and wood extractives (Iwakiri and
Andrade, 2005). Thus, controlling variations in moisture loss or gain are of great importance
for the proper use of each panel, since deformations related to this reaction to moisture

contact are undesirable and are directly related to its other properties (Mendes et al. 2014).
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Figure 2. (A) Moisture and (B) Bulk density of the panels. ns = non-significant (p > 0.05).

The bulk density was not significantly affected with cocoa waste insertion (Figure
2B). The mean values of this property ranged from 0.61 to 0.66 g/cm? and are similar to those
found in pine industrial MDPs (0.612 g/cm3) and eucalyptus panels (0.623 g/cm3) studied by
Oliveira et al. (2017). Thus, the panels can be characterized as medium density, according to
the NBR 14810-2 (ABNT, 2013) classification which establishes a range from 0.55 to 0.75
g/lcm®,

The values of bulk density were lower than the pre-established values of 0.70 g/cm?3
due to the losses of material during the handling of the particles in the steps of adhesive
application, formation of the mattress and pressing of the panels (lwakiri et al., 2012; Martins
et al., 2018). The compression ratio of the panels ranged from 1.3 to 2.0 (0% and 100% of
cocoa waste, respectively). These results are due to the low density found for cocoa (0.215
g/cm3) compared to pine wood (0.447 g/cm?3). Since the compression ratio is determined by
the division of panel density by the density of the lignocellulosic material, this value increases
as a higher percentage of cocoa is mixed with wood. This trend was also observed by other

authors when studying particleboards composed by lignocellulosic materials (Scatolino et al.
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2017; Silva et al. 2015; Soares et al. 2017; Silva et al. 2018; Zau et al. 2014). Low density of
the lignocellulosic materials with is one of the fundamental requirements for panels
production as it gives them adaptability (Iwakiri and Andrade, 2005; Scatolino et al., 2017).
Particleboards that use wastes in their composition require a greater number of particles for
the same compacted volume, thus increasing the compression ratio, which should provide
better quality of the physical-mechanical properties. However, it is still necessary to consider
the chemical composition and anatomical structure of the raw material (Protésio et al., 2013).
The ideal compression ratio should be between 1.3 and 1.6 to ensure a satisfactory contact
area between the particles and sufficient densification for panel formation (Maloney, 1993). It
IS important to note that this ideal value refers to wood panels, so it will only be a guide in
this work since there is no such recommendation for panels produced with lignocellulosic
waste.

For water absorption after 2 and 24 hours of immersion, the increase of cocoa waste in
the panel, in order of 1%, provided an increase of 0.25% and 0.23% respectively (Figure 3A
and 3B). The linear regression was the one that best represented the relation between the
percentage of waste and the water absorption in the panel, being statistically significant.

Because it is a hydrophilic constituent, holocellulose gives lignocellulosic materials a
high water absorption. Although it was found holocellulose content of cocoa waste
considerably lower than for pine wood and others woods used in the production of panels (69
+ 2% for conifers and 70 + 5% for hardwoods) (Klock et al., 2005) and high levels of
hydrophobic chemical constituents as lignin and some types of extractives (Table 2), this were
not sufficient to inhibit the effect caused by the compression ratio on water absorption.

Increasing the compression ratio of the panels is equivalent to a larger number of
compacted particles in the same volume and, consequently, a higher exposure of hydroxyl

sites leading to a higher affinity for water (Guimarées Junior et al., 2017). In addition, one of
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the characteristics of the cocoa almond husk is its high adsorption capacity and high degree of
porosity (Adegoke and Bello, 2015). Thus, as the inclusion of the waste occurred in the core,
which corresponds to 60% of the total panel, it can be said that the amounts of porous
structures and hydroxylic sites in the treatments with higher amounts of waste particles were
being markedly increased.

Silva et al. (2015) evaluating MDP panels with insertion of corn straw, the same trend
was followed, varying from 91 to 189% for water absorption in 24 h. The authors also
attributed the result to the gradual increase in the compression ratio of the panels, which
consequently decreased the amount of adhesive per unit area of the particles.

According to Trugilho et al. (1996), there is an inverse correlation between lignin,
holocellulose and density of the lignocellulosic materials. The higher the lignin content, the
lower the holocellulose content and, consequently, lower is the density of material. This
correlation is observed in the studied raw materials. The comparison between the chemical
contents obtained by the waste and the pine wood is pertinent because it serves as a quality
parameter since species of this genus are among the main raw materials used in the worldwide

production of MDP.
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Figure 3. (A) Water absorption of the panels in 2 and (B) 24 hours of immersion. (C)

Thickness Swelling of the panels in 2 and (D) 24 hours * Significant (p < 0.05).

Table 2. Chemical characterization of lignocellulosic materials

Chemical components

Pine wood (%)

Cocoa waste (%)

Total Extractives 4.03+0.17 34.82+0.13
Lignin 26.08 + 2.50 35.15+0.16
Ashes 0.26 £ 0.02 3.70 £ 0.63

Holocellulose 69.71 + 2.63 30.05+1.14

About the thickness swelling in 2 and 24 hours, both obtained a linear increase (Figure

3C and 3D). The insertion of waste in the panel, in the order of 1%, provided increase of

0.11% and 0.22% in the MDPs thickness, respectively. The standard NBR 14810-2 (ABNT,

2013) requires a maximum of 18% for thickness swelling in 24 h. In this sense, equating the
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latter value in the equation obtained, the maximum insertion of waste in the panel to attend
the same is approximately 23%. The possible insertion of this percentage of cocoa wastes in
the core layer may result in a relaxation of the wastes volume from this commodity agro-
industrial production and provide savings on the production costs of MDP panels, which are
highly required materials in low-income housing.

Thickness swelling is a consequence of water absorption and it refers to the
dimensional stability of the panel. Thus, both follow the same trend and increasing the
compression ratio remains the main factor. However, the high content of extractives and ash
presented in the cocoa waste, compared to pine wood (Table 2) and present in great quantities
in the panel core, are also indicated as responsible for the difficulty in binding and low
dimensional stability of the panels (Bufalino et al. 2012; Iwakiri et al. 2012; Silva et al. 2015;

Soares et al. 2017).

3.2 Mechanical properties of panels

The results found for the internal bond test indicate a gradual decrease of values with
the increase of waste in the panels (Figure 4). The polynomial regression (degree 2) was the
one that best represented the relation of this property with the different percentages of cocoa

waste in the core layer.
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Figure 4. (A) Internal bond of the panels; (B) janka hardness of the panels; * Significant (p <

0.05).

The standard NBR 14810-2 (ABNT, 2013) requires a minimum value of 0.35 MPa for
this property. Thus, by equating this value in the obtained equation, it is estimated that the
maximum cocoa waste insertion in the panel for regulatory compliance is approximately 24%.
The same trend of decreasing values was also observed by other authors such as Guimarées et
al. (2019) studying the inclusion of soybean hulls in panels (0.86 to 0.04 MPa) and Scatolino
et al. (2013) in their study with particleboards composed by maize cob and Pine oocarpa
(1.08 to 0.25 MPa).

The internal bond evaluates the bonding strength between the particles. The lignin
present in lignocellulosic materials, as it is considered a natural adhesive, is an important
constituent for this property. Therefore, high values are desirable for the production of
reconstituted wood panels (Protasio et al., 2015). The cocoa waste presents a higher value for
lignin in relation to the pine and conifers in general (28 + 2%) (Klock et al., 2005) (Table 2).
Thereat, it is expected that greater adhesion of the lignocellulosic constituents will occur and

thus, higher strength.
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However, the cocoa waste also presented high content of total extractives compared to
the pine and coniferous woods in general (5 + 3%) (Klock et al., 2005). Inhibition caused by
extractives in bonding is reported by Marra (1992) as a difficult bond between particles
resulting in low resistances. Thus, apparently the extractives content was the most relevant
factor for this property. Species with high extractive contents can generate panels whose
bonding is less efficient and inferior in quality to those with low levels. Extractives can
migrate to the surface of the panel during the drying and/or pressing process, inactivating it
and hindering the wettability of the material and penetration of the adhesive (Bufalino et al.,
2012).

It was observed that the rupture of the specimens occurred in the core, where the waste
was included. Thus, the high amount of particles present in this layer may have provided
lower particle adhesive availability, impairing bonding (Guimarées Junior et al., 2017). As all
treatments were produced with the same adhesive content, it can be said that as the percentage
of waste increased, the resin-to-particle ratio was decreased and became insufficient for
uniform bonding. For the exemple of this relation, Zau et al. (2014) observed improvements
in this property when the amount of adhesive was increased over the same amount of wood
waste particles.

Bianche et al. (2012) produced panels with wood waste and attributed the decrease in
internal bond to the high extractives and ash content of their materials and the surface area of
the particles to receive the adhesive. Similary to the extracts, the ash content observed in the
cocoa waste was higher than wood. Probably, the difference is related to the place of planting
and diverse situations in the handling (such as presence of soil particles), since they are
minerals. The presence of high amounts of minerals can affect the pH thus impairing the
adhesive bonding reflecting the quality of the bonding and the mechanical performance of the

panels (Iwakiri et al., 2012).
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Regarding the janka hardness, its was observed a decrease of 0.23% to every 1% of
cocoa waste inserted. The linear regression was the better representative of the relation
between the propertie and the percentage of cocoa in the panel. The minimum janka hardness
required by NBR 14.810-2 (ABNT, 2013) is 1.0 MPa, as seen, all treatments meet the norm.
This test gives the strength of the material with the full penetration of another body (steel half
sphere). For MDP panels, as the faces have thinner thicknesses, the penetration reaches the
core and the characteristics of these layers must be taken into account.

As previously discussed, increasing the number of residue particles in the core causes
a scarcity in the adhesive content. This may have been the factor that caused the reduction of
this property considering that Bianche et al., 2012 found a direct relationship between the
adhesive content and janka hardness for eucalyptus, parica and broom panels. The authors
found an increase of 3 MPa on that property when the adhesive content was increased by 2%.
The insertion of little percentages of cocoa waste in the core layer of the panels would not
hamper their mechanical properties, which is a positive factor for these wastes destination. To
became possible this alternative, logistics and management are required to find the better way
for waste preparation and transport to the panels production sites.

For MOR and MOE in static bending, the increase of cocoa waste in the core layer, in
order of 1%, results in reduction of 0.14 and 18.32 MPa, respectively (Figure 5). The linear
regression was adopted to explain the relation between the both mentioned properties and the

percentage of cocoa in the panel.
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Figure 5. (A) MOR and (B) MOE in static bending of the panels. * Significant (p < 0.05).

The standard NBR 14810-2 (ABNT, 2013) stipulates a minimum of 11 MPa for MOR
and 1600 MPa for MOE. Replacing these values in the linear regressions obtained, we have
that the maximum percentage of waste at being inserted in the panels to reach the
standardization is aproximatelly 24% for MOR and 23% for MOE. The decreasing trend of
MOR and MOE values due to the addition of lignocellulosic waste in the panels has already
been reported in the literature. Guimardes Junior et al. (2017), studying grain sorghum waste
for production of particleboards, obtained values from 6.324 to 3.534 MPa for MOR and from
1234.48 to 823.86 MPa for MOE. The same occured to Soares et al. (2017), evaluating
particleboards composed by sugarcane bagasse, obtaining values from 8 to 4 MPa for MOR
and 700 to 200 MPa for MOE.

Differences between the layers of MDP panels are known to give different responses
when bent, as any material composed by layers. This occurs due to several factors such as the
type of raw material used, the density, the interaction between core and faces, the amount of
adhesive, the presence of pores, among others (Chen et al., 2015; Pazetto et al., 2015; Zhang
etal., 2013).

The shear phenomenon suffered by the core is due to its crushing or cracking due to

compression of the panel upper layer and tensile forces in the lower layer, leading to failure
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and final rupture (Zhang et al., 2013). Thus, some intrinsic aspects of the core may reduce this
flexural strength of materials, leading to faster failure. Chen et al. (2015), found that an
increase in the porosity coefficient as well as the difference in their distribution leads to a
decrease in the critical buckling load of the material subjected to bending, which indicates that
the internal pores decrease its stiffness.

Also, according to Li et al. (2016), the amount and suitable distribution of the adhesive
also have direct influence on the material strength and provides better interfacial stress
transfer when subjected to loads, increasing strength and preventing premature failure. The
SEM images corroborate with this information as it was observed an uneven distribution of
the adhesive and increase of porosity with the increase of the waste compared to the panel
composed only by pine wood (Figure 6). It was possible to observe in detail (Figure 6D) that
the waste particles have different structures and have greater porosity from those found for
pine. In this sense, it can be said that the structure of the raw material itself coupled with the
low adhesive interaction and clutter between the particles impaired the performance of the

panels reducing the mechanical strength.
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Figure 6. Scanning electron microscopy images of the panels (A) Pin100, (B) Pin50_cw50

and (C) Cw100 with (D) detail.

The results obtained in this research enable waste management from the processing of
the cocoa, considering environmentally rational patterns associated with Brazilian
agroindustry. These observations are in accordance to the 2030 Agenda for sustainable
development, especially Goal 9 (build resilient infrastructure, promote inclusive and
sustainable industrialization and foster innovation) and Goal 12 (ensure sustainable
consumption and production patterns). Thus, enhanced insight is required into ways of
improving the efficiency of cocoa production chain, reducing residual biomass wastage and
helping the agroindustry to address growing environmental challenges of the 21st century.
This research indicated is feasibility of insertion of cocoa almond husk waste for production

of medium density particleboards. The applications of these biomass wastes for production of
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materials with higher added value for contribute to reduce environmental problems and

generate economic benefits in Brazilian agroindustry.

Conclusions

MDP panels were produced replacing the wood particles with cocoa wastes in the core
layer and had their physical and mechanical properties evaluated aiming to check the
suitability of applying agricultural wastes for production high-value added materials. High
extractive contents were observed for the waste, being potential detrimental of the panel’s
properties. All compositions were classified as medium density and the compression ratio
increased as the cocoa waste was introduced.

Thus, in general, it was found that the inclusion of cocoa waste influenced
significantly the physical and mechanical properties of the panels. There was increasing the
hygroscopicity and reduction in internal bonding (0.54 to 0.06 MPa), modulus of rupture
(15.17 to 1.52 MPa) and modulus of elasticity (2020.3 to 332.96 MPa).

Scanning electron microscopy images showed poor adhesive distribution and
increased porosity throughout treatments. Also, the waste particles showed porous structure,
which may have contributed to the decreasing resistances and increased water absorption.

Nevertheless, considering the analyzed variables, it can be concluded that inclusion of
up to 23% of cocoa waste in substitution of pine wood in the core of the panels meet the
normalization of all physical and mechanical properties of MDP panels for internal use, being

the suitable quantity at being applied for technical feasibility of the product.
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Abstract
The development of products from wastes such as plastic and lignocellulosic materials brings

great advantages from an economic and sustainable point of view. It helps in changing
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production patterns and prevents major environmental problems. This research investigated
the inclusion of different levels of cocoa waste particles on the properties of composites with
recycled low-density polyethylene matrix. The composites were produced by extrusion with
proportions: 0%; 10%; 20%; 30% and 40% of cocoa waste reinforcement in the polymer
matrix. The composites became less dense (from 0.81 to 0.61 g/cm3) with the addition of the
waste in the matrix. There was an increase hygroscopicity, however, at considerably low
levels (0.17 to 2.68 %). For mechanical properties, there was a decrease in strength and
elongation, making the material more rigid. The use of the cocoa waste for composites
production is feasible to use since it can be adapted to the required application and still
incorporate additives necessary for specific purposes. This research demonstrated that is
possible the combination of recycled low-density polyethylene by lignocellulosic wastes for

production of materials with high added value.

Keywords: recycling, agricultural waste, composite, matrix-reinforcement interaction,

mechanical properties.
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1 Introduction

The excessive production of plastic materials is focus of constant concern due to the
inadequate disposal, usually destined to the oceans, and the non-biodegradability of these
materials, which accumulate exorbitantly in the environment. Understanding this situation,
many countries in Europe have abolished the use of plastic bags in shops and are associated
with projects involving the production of materials with a more sustainable character. The
world has produced 8.9 billion t of plastic since 1950, of which only 2.6 billion are still in use
and the other 6.3 billion have been discarded (Geyer et al., 2017). Also, the growing
discussions involving global warming combined with the problem related to the death of
marine organisms has led to increased awareness of plastic disposal (difficulties and high cost
of recycling, environmental costs) (Kaza et al., 2018; Wright et al., 2013).

Brazil is the 4th largest generator of plastic waste in the world with 11.3 million tons
in 2016 and only 1.28% of this total was sent for recycling, being one of the lowest indexes in
the world and well below the global average, which is 9% (Kaza et al., 2018). The low-
density polyethylene (LDPE) leads the world disposal ranking and its production in Brazil
grows in accelerated pace due to its several applications such as industrial and agricultural
packaging, films for food packaging, toys, housewares and wire coating (Geyer et al., 2017).
It is wide used due to a unique combination of properties such as tenacity, good processability
and stability, high flexibility, high impact resistance and good electrical properties (Coutinho
et al., 2003).

The large volume of discarded plastics requires strategies to improve the sustainability
of production processes and products, that includes the valorization of the waste generated
after consumption in order to minimize environmental, social and economic impacts. It should

also be noted that these actions are part of the objectives of the National Solid Waste Policy,
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Law N°. 12,305, of August 2, 2010 (Brasil, 2010). One of the strategies for recycling these
wastes is the possibility of using residual polymers, included the polyethylene, as a matrix in
composites with wide use in the industry, bringing several benefits, since there is a costs
reduction when recycled plastic is used instead of virgin material (Keskisaari and Kaérki,
2018).

In this context, the interest in the use of innovative and sustainable materials in the
automotive, aeronautics, furniture and civil construction industries has made polymeric
composites, with virgin or recycled matrix, and that make use of plant biomass (specifically
wood) as reinforcement or filler (Najafi, 2013; Shah, 2014; Teuber et al., 2015). In this way,
the wood-plastic composite offers notable improvements over the raw materials usually used
for the production of materials, bearing in mind, for example, of the low rigidity of some
polymeric materials and the high susceptibility to water absorption and microbiological
attacks of the wood (Mertens et al., 2017; Poletto, 2017; Wolcott and Englund, 1999).

Since the appearance of the first plastic wood projects, more and more progress has
been made on the topic, looking for materials with better properties with the incorporation of
matrices and reinforcements or varied loads. Within this field, there is a wide range of
variations and techniques that can be applied to produce the wood-plastic composite in order
to meet the required purpose (Spear et al.,, 2015) combining plastic material with
lignocellulosic material.

This combination for production of polymeric composites has increased and shows
high potential to develop a sustainable material with good mechanical properties. Is the
literature reports production of composites with polypropylene matrix with coffee waste
(Garcia-Garcia et al., 2015), LDPE with banana pseudo stem fiber (Jordan and Chester,
2017), polystyrene with unfolding waste (Talgatti et al., 2017), polypropylene with wood

waste (Correa et al., 2003), LDPE with eucalyptus wastes, corn cob and grains (Georgopoulos
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et al., 2005), high impact polystyrene with green coconut fibers (Pereira et al., 2017),
polyester with cork waste (De Oliveira et al., 2017), among others.

The cocoa industry in Brazil is a potential waste generator. Its harvested area in 2019
was greater than 590,000 ha with a total production of 252,540 t (Instituto Brasileiro de
Geografia e Estatisticas - IBGE, 2020). Among the main wastes generated, there is the cocoa
almond husk, more specifically the forehead, which corresponds to the part that surrounds the
almond. According to Silva et al. (2015), one ton of almonds with 7% moisture can generate
from 80 kg to 120 kg of cocoa almond husk after processing.

As usually occurs in agroindustries, these wastes generated are mostly discarded, used
for burning in boilers or sold as agricultural cover. The inappropriate disposal of agro-
industrial waste, for example: cocoa in South of Bahia in Brazil, can cause health risks to the
population due to environmental contamination or the proliferation of disease agents (Sato et
al., 2019). Thus, giving a better purpose to these wastes, in addition to adding economic
value, guarantees the health of the environment as a whole.

Some studies show the potential of the cocoa almond husk, with its extracted and
treated constituents, for use in food (Arlorio et al., 2001), as an antimicrobial potential
(Badiyani et al., 2013) and environmental decontamination (Fioresi et al., 2017). On the other
hand, some studies have already proposed the use of cocoa wastes (specifically the cocoa pod
husk) as reinforcements in polymeric composites (Chun et al., 2015, 2013; Imoisili et al.,
2013). In this context, the use of cocoa almond husk as filler for polymers would possibly be
considered since these studies are still superficial.

Joining two potentially prejudicial of the environment as a whole wastes to create a
new and more sustainable material contributes to the fulfillment of the goals of the ONU
Agenda 2030 (United Nations Organization, 2015), especially N°9, which deals, among other

things, with inclusive and sustainable industrialization, and N° 12, which provides for
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standards of sustainable production and consumption. Thus, the aim of research was to
investigate the inclusion of different levels of cocoa waste particles on the properties of
composites with recycled low-density polyethylene matrix and analyze the physical and

mechanical properties of the composites produced.

2 Material and methods
2.1 Obtainment and preparation of material

The cocoa waste was obtained from the cocoa industry in southern Bahia — Brazil. The
waste was ground in a hammer mill and classified in overlapping sieves of 12 (1.68 mm) and
20 mesh (0.841 mm), using only the particles retained in the 20 mesh sieve. LPDE, on the
other hand, was obtained from a recycling industry located in Lavras, State of Minas Gerais,
Brazil. The material, composed mainly of plastic bags has already been ground and particulate

so that there was no need of pre-treatment (Figure 1A and 1B).

2.2 Characterization of the lignocellulosic waste

The basic density of the cocoa waste particles was carried out following the
procedures described in standard NBR 11941 (Associacdo Brasileira de Normas Técnicas,
2003) with adaptation in the volume measurement. The particles were immersed in water until
the saturation, to determine the volume of water displaced (immersion method), subsequently,
the particles were taken to an oven at 105 = 2 °C, where they remained until reaching a
constant mass, in order to determine the dry mass (Martins et al., 2018). Basic density was
obtained by the division of dry mass by saturated volume.

For the chemical analysis of the cocoa waste, the particles were ground in a Willey
mill, later classified into 40 (0.420 mm) and 60 mesh (0.250 mm) sieves and stored in

environment with 65 * 3% relative humidity and temperature of 20 + 2 °C. The determination
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of total extractives was performed using toluene-ethanol followed by ethanol according to the
methodology described in NBR 14853 (Associacdo Brasileira Técnica de Celulose e Papel,
2010a). The klason lignin was determined by acid hydrolysis methodology described in NBR
7989 (Associacdo Brasileira Técnica de Celulose e Papel, 2010b). Ash contents were
determined according to the NBR 13999 (Associacao Brasileira Técnica de Celulose e Papel,

2003). The holocellulose content was determined by Browning method (Browning, 1964).

2.3 Production of the composites

Composites were made with the gradual mass replacement of the polyethylene by the
cocoa waste, with a total of five compositions (Table 1). A mass of 500g of the mixtures per
treatment was calculated and processed in a twin-screw extruder (Figure 1C), with
temperature zones of 110 to 140 °C, for homogenization and production of a “continuous

cord”. Subsequently, the product obtained from the extruder was cut in the form of pellets.

Table 1. Different compositions of the composites produced (% of mass).

Treatment Compositions
LDPE (%) Cocoa waste (%)
*Pol100 100 0
Pol90_**cw10 90 10
Pol80_cw20 80 20
Pol70_cw30 70 30
Pol60_cw40 60 40

* Polymer (LPDE); ** Cocoa waste

The pellets were positioned in a metallic mold with dimensions 12 x 1.2 x 0.3 cm
(length, width, and thickness, respectively). The pellets were arranged in the mold in order to
fill their area to prevent the formation of empty spaces in the samples (Figure 1D). The filled

molds were sent to a press with temperature 130 °C, for 15 minutes, so that the faces superior
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and inferior of the mold were in contact with the press plates. Temperature and time were

determined empirically to ensure uniform melting of the polymer.

Pol90_cw10
Pol80_cw20
Pol70_cw30
Pol60_cw40

Figure 1. A) Cocoa waste. B) Recycled LDPE. C) Twin-screw extruder. D) Molds for
production of the samples filled with extruded pellets. E) Samples demoulded for the physical

tests.

Fifteen samples were produced for each treatment. After complete casting and cooling
of the samples, they were removed from the molds (Figure 1E) and placed in a dry and
weather-free environment. Before performing the tests, they were kept for seven days in a

climatized room at temperature 22 + 2 °C and a relative humidity 65 + 5 % for curing and
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moisture stabilization. To meet normative physical and mechanical tests, the composites were

obtained and later cut according to the standards.

2.4 Evaluation of the physical and mechanical properties of the composites

To determine the moisture on the dry basis, the samples were weighed and
subsequently sent to the stove at 105 £ 5 °C where they remained until reaching a constant
mass. The apparent density was measured by simple division of the mass by the volume of
each sample. A water absorption test was carried out based on the ASTM D-570 (American
Society For Testing And Materials, 1995) standard, so that samples remained submerged in
water for 24 hours.

Regarding the mechanical properties, a tensile test was performed on a universal
testing machine. The parameters used in the test were based on an adaptation made in the
ASTM D638-01 (American Society for Testing and Materials, 2002) standard with a 2000
Kgf load cell, a test speed of 5 mm/min and distance between the claws 9.76 cm. From this
test it was possible to determine the following properties: modulus of elasticity (MOE),
tensile strength (Ts), tenacity (Ut) and specific elongation (3).

After tensile testing, the composites were analyzed by scanning electron microscopy
(SEM). The samples were glued to aluminum sample holder (stubs) with a double-sided
carbon tape and covered with gold before the analysis. The micrographs were obtained by a
JMS 6510 (JEOL®) scanning electron microscope with a voltage of 10 kV. The micrographs
showed the fracture occurred in order to verify differences between the structures, elongation,
such as the presence of pores, interaction between matrix and reinforcement, evaluating how

the composites behaved in the traction.

2.5 Statistical analysis
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The results were evaluated in a completely randomized design. As the objective of this
study was to verify variations in results of physical and mechanical properties according to
the increasing percentage of cocoa almond husk wastes in the LDPE matrix, the data were
subjected to ANOVA and analysis of regression, both at 5% of significance with the Sisvar

5.6 Software (Ferreira, 2019).

3 Results and discussion
3.1 Physical and chemical analysis of the waste

The cocoa waste showed a density of 0.215 g/cm3. Lignocellulosic waste has low
density as a characteristic, when compared to wood as, for example, 0.436 — 0.668 g/cm? for
Eucalyptus spp. (Ribeiro and Zani Filho, 1993). Thus, other wastes that have been reported in
the literature also have low values and are close to those found here, such as 0.203 g/cm? for
soybean pod (Lisboa et al., 2018), 0.120 g/cm? for sugarcane bagasse (Soares et al., 2017) and
0.167 g/cm?® for corn straw (Silva et al., 2015). The low density present in lignocellulosic
waste may be unfavorable and hinder its use in some applications, however, when it comes to
the production of composites, this is one of the most interesting factors since the inclusion of
these materials will add lightness to the final product, considering that, matrices generally
have higher densities (Poletto, 2017; Protasio et al., 2015).

For the chemical composition, the content of extractives found was 34.82 % + 0.13,
being considered high when compared with other lignocellulosic wastes such as sugar cane
bagasse (16.59 %), waste from the corn harvest (17.50 %) and coffee processing (8.60 %)
(Protasio et al., 2012). This constituent can negatively affect the interaction between matrix
and reinforcement and the curing of polymeric composites (Sheshmani et al., 2012) therefore,
it becomes a challenge for the valorization of agroindustrial wastes in the polymers

composites production.
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The insoluble lignin content was 35.15 % * 0.16 also being considered high when
observing the sugarcane bagasse (average of 21.5 %) and rice straw (18 %) described by
Bajpai (2017). In this case, the high amount of lignin is interesting because it can act as a
natural lubricant for the particles and facilitating their dispersion in the polymeric matrix
(Georgopoulos et al., 2005) in addition to giving rigidity to the material.

The ash content, which refers to the mineral constituents of the waste, was 3.70 % +
0.63 being lower than the average values found in the wastes studied by Protésio et al. (2012)
which were 4.92 %, 6.83 % and 16.78 % for coffee, corn harvest and rice husk, respectively.
For some applications, such as particle boards, the ashes interferes negatively in the
interaction between the raw-materials, however, according to Fernandes et al. (2014), this
constituent has inert characteristics for polymeric materials, can then act as a charge in
composites, not significantly interfering in their properties.

The content of holocellulose found was 30.05 % + 1.14 being considerably lower in
relation to other wastes such as sugarcane bagasse (71.11 %) (Protésio et al., 2015) and
corncob (76.7 %) (Scatolino et al., 2013). The main characteristic of this constituent is that it
is highly hydrophilic, may restrict the use of lignocellulosic materials in various applications
since promotes greater absorption of moisture in the materials that have them in its
constitution. Thus, in this case, low levels of holocellulose are favorable. However, as one of
its constituents is cellulose, the low content may imply the inefficiency of the waste particles
as a reinforcement in the polymer matrix, considering that cellulose fibers are important for
providing excellent mechanical properties to the material in which they are applied (De
Oliveira et al., 2017).

It should be noted that making a parallel between the cocoa waste and other

lignocellulosic waste, serves only for comparison purposes. This is because each species
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presents variations in its composition, which depend, for example, on the type of cultivation
and harvest, and can influence the properties of the composites (Kim et al., 2009).

Another important aspect about these chemical constituents is that, when exposed to
high temperatures, they undergo degradation, altering their contents and being able to reflect
on the properties of the composite. Thus, for the production of composites that needs to be
subjected to temperatures, as in the case of this work, this must be previously observed in
order to better choose the raw materials and the applied process. As the temperatures applied
here did not exceed 140 °C, they did not affect the chemical constituents since the degradation
starts at 160 °C, being effective, in fact, in the range of 220 to 280 °C for hemicellulose and
cellulose and from 280 to 300 °C for lignin (Georgopoulos et al., 2005).

However, it should be noted that lignin, as an amorphous polymer, undergoes glass
transition (or softening) at temperatures of 135 to 190 °C and that this temperature decreases
with the increase in the moisture content of the material (Klock et al., 2005). Thus, as the
thermoplastic characteristic of lignin will vary directly according to temperature and moisture,

one can assume its possible performance as a polymeric matrix in the composite.

3.2 Physical properties of the composites

The most important indicator of the composite's performance is density, as can it
affects all its properties (Rahman et al., 2013). A reduction of this property was observed with
the addition of waste in the order of 0.0045 g/cm3 for each 1 % that was inserted in the
composites (Figure 2A). Virgin LDPE has a density between 0.912 and 0.925 g/cm3
(Coutinho et al., 2003). It is observed that this value is higher than that found in the treatment
produced with 100 % polymer (0.81 g/cm?). As the LDPE studied here is a mixture of

packaging from recycling, one cannot be sure about the origin, life span or industrial
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processes that were previously submitted. Factors that can influence the characteristics of
polymers (Caraschi and Ledo, 2002).

Regarding treatments, the downward trend was expected considering that the cocoa
waste has a density significantly lower than the polymer (0.215 g/cmé®). In addition, the
inclusion of the waste may have caused the presence of pores causing the density to be
reduced (Pereira et al., 2019). The decrease in density is favorable when analyzing the use of
composites. In civil construction, for example, using lighter materials, compared to sawn
wood that is widely used, makes the process and handling easier. The inclusion of
lignocellulosic materials, then, allows to further improve this property of these materials,
becoming one of the production purposes.

On the other hand, it is necessary to note that certain levels of inclusion of
reinforcements can interfere with the mechanical properties of composites. This is related to
the fact that very light materials generally have large amounts of air and this makes it difficult
to plasticize the polymer (Mertens et al., 2017). Thus, the authors observed that the inclusion
of more than 65% of the reinforcement made the process unfeasible.

The answer about decrease of the density in wood-polymer composites also is reported
in others works. Talgatti et al. (2017) when including particles of three different types of
wood in a polymeric matrix, they observed a reduction of up to 28% in density in relation to
the pure polymer. Rahman et al. (2013) included 40 to 70 % sawdust in their composites and
obtained a reduction of 1.05 to 0.86 g/cm3. In both works, the authors affirm the influence of
density on the mechanical properties of their composites.

The moisture of the composites represents the balance between the relative humidity
and the ambient air temperature and can be influenced by the applied processes, such as

temperature, and also by the constituents of the material. Thus, it was observed that for each 1
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% of waste inserted in the composites, a linear increase of this property was caused in the
order of 0.0147 % (Figure 2B).

The moisture of the polymers varies in relation to its structure, polarity, types of
processing of the material, among other factors. LDPE is highly resistant to water and some
agueous solutions, compared to other polymers, including at high temperatures (Coutinho et
al., 2003). As an example, in the literature, 0.4 % moisture is reported for LDPE blends
(Miranda and Carvalho, 2011) and close to 0.2 % for polypropylene (Garcia-Garcia et al.,
2015). These values are higher than those found here for Pol100 (0.03 %) and affirm the
variability that occurs in relation to this property due to the structure of the polymers and the
processing method.

Thus, the increase in moisture caused by the inclusion of lignocellulosic waste is
related to its superior ability to absorb moisture, in relation to LDPE. Although the waste had
a low content of holocellulose and high levels of hydrophobic components (approximately
70%), low percentages of inclusion were already sufficient to provide an increase in these
properties, in view of the high impermeability of the matrix (Wolcott and Englund, 1999).
This same reasoning is applied for water absorption in 24h of immersion, in which the
addition of cocoa wastes in the order of 1 % caused an increase of 0.057 % (Figure 2C).

In addition to the interference of the intrinsic hydrophilicity of lignocellulosic
materials, it is important to note that one of the characteristics of the cocoa almond husk is its
high adsorption capacity and high degree of porosity (Adegoke and Bello, 2015). Besides
that, there may have been formation of pores and channels in the matrix-reinforcement
interface in the composite with the inclusion of waste facilitating the absorption of water by
capillarity (Dias et al., 2015; Given et al., 2016).

The absorption caused by the inclusion of lignocellulosic materials in composites can

cause problems such as dimensional variation, which can result in element ripples and
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pressure on adjacent components; reduction of mechanical resistance; and proliferation of
microorganisms on the material (Azwa et al., 2013). However, although this phenomenon
occurs for all lignocellulosic materials, the degree of absorption will vary according to its
properties and applied procedures.

In this sense, compared to other studies, it was found that wastes that have higher
levels of holocellulose generally provide composites with greater absorption capacities, for
example: Pereira et al. (2019) when producing polymeric composites with up to 30 %
eucalyptus fiber, they obtained values from 0.40 to 1.72 %, higher than those found in this
research. This observed difference was due to the high content of holocellulose observed by
the authors in eucalyptus fibers (68.11 %). Garcia-Garcia et al. (2015) included 20 % coffee
waste in polymeric matrix and observed a significant increase in water absorption (1.6 %),
also attributing to the hydrophilic components of the material and this was proven when pre-
treating the wastes, as they observed a reduction of up to 0.8 % in the degree of absorption
due to the formation of a hydrophobic layer in the particles.

Thus, although there was an increase in water absorption in the composites of this
work, the values were lower than other studies, probably due to the properties of the cocoa
waste. This is a positive result in view of the possibility of expanding the use of the composite
and also reducing possible costs with additives and pre-treatment. Low hygroscopicity is
perhaps the main advantage, from a technical point of view, in replacing sawn wood and
wood products in general, such as panels, with wood-plastic composites for external use such
as decks, benches and structural elements exposed to the weather (Poletto, 2017; Wolcott and
Englund, 1999).

Gallio et al. (2018) studied the hygroscopicity of three wood species, finding an
average moisture content of 10.5% and values close to 80% of water absorption and claim

that these high values, combined with attacks by biological agents, cause dimensional
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variations, such as warping and cracks, and cause damage to the material, compromising its

characteristics and sometimes making its use unfeasible. Pre-treatment methods are generally

used to increase water resistance and reduce wood swelling, but their effectiveness is limited

(Wolcott and Englund, 1999). In this sense, wood-plastic composites are a viable and

sustainable option to address deficiencies related to the physical properties of wood products.

In any case, authors advise to use a limited fiber content in composites to minimize the effects

of moisture absorption and increase the durability of materials (Azwa et al., 2013; Dias et al.,

2015; Jordan and Chester, 2017).
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3.3 Mechanical properties of the composites

For the MOE, it is noted that the insertion of cocoa wastes led to a small increase in
values, but there was no significant difference (Figure 3A) which also indicates that the
decrease in density did not significantly interfere in this property as was expected. The virgin
LDPE elastic module is in the range of 102 to 240 MPa (Coutinho et al., 2003). It has been
observed in the literature, variations in response to the modulus of elasticity in relation to the
addition of lignocellulosic materials in polymeric composites. These variations are mainly due
to structural and chemical differences between the materials used and the type of matrix used
(virgin or recycled) extending to the other mechanical properties (Al-Ogla and Sapuan, 2014;
Caraschi and Leéo, 2002; Poletto, 2017) as will be discussed below.

Georgopoulos et al. (2005) obtained increased values for MOE with the increase of
particles of eucalyptus and corncob in their composites with LDPE (115 to 145 MPa and 110
to 150 MPa respectively). However, when grain wastes were included, there was no
significant difference between treatments and the values obtained were below the other wastes
used (105 to 120 MPa). The authors attributed this result to the low cellulose content of the
grain waste compared to that found for eucalyptus and corncob.

Pereira et al. (2019) found no significant difference in their composites with up to 30%
eucalyptus fibers in a polyester matrix, as they obtained irregular variations between
treatments, and attributed the fact to the short length of their lignocellulosic material. Kim et
al. (2009) analyzed the inclusion of 50% of different types of wood in a polypropylene matrix
and observed varying values of elastic modulus, confirming that differences in species
composition can cause changes in interfacial adhesion.

Thus, there is a great variation of response for the modulus of elasticity that varies

according to the type of particles or fibers and their characteristics. However, it appears that
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there is a tendency to increase the modulus of elasticity and decrease in tensile strength with
the increase in plant load mainly due to the low interaction between fiber and matrix (Dias et
al., 2015; Mertens et al., 2017). This trend can be dealt with here, since the slight increase in
the elasticity module resulted in a decrease in tensile strength (Figure 3B). It is important to
note that the increase in the modulus of elasticity due to the inclusion of load is due to the
increase in the stiffness of the composites, which minimizes elongation.

The relationship of tensile strength with the different percentages of cocoa waste was
best represented by the polynomial regression (grade 2) with a significant decrease in values
(Figure 3B). The tensile strength of virgin LDPE ranges from 6.9 to 16 MPa (Coutinho et al.,
2003). The lignocellulosic fibers, seen in a single way, have superior tensile strengths,
reaching 175 MPa for coconut and 230 MPa for bamboo (Célino et al., 2014) for example.

However, when including them as reinforcement in the polymeric matrices, a tendency
to decrease the strength of the composites is observed and this is already reported in the
literature. The main factors indicated as causing this response are: poor adhesion or inefficient
connection between the load and the matrix (due to anatomical and chemical factors),
degradation of the fiber-matrix interface (associated with the intrinsic biodegradability of the
lignocelulosic material) and the processing conditions (high strength values are achieved by
using injection molding in contrast to extrusion, that can destroy the fiber) (Azwa et al., 2013;
Georgopoulos et al., 2005; Guven et al., 2016; Jordan and Chester, 2017; Mertens et al.,
2017).

The low interfacial adhesion between the lignocellulosic reinforcement and the
polymeric matrix is already expected because it is mainly due to the polar nature of the
vegetable fibers and the non-polar influence of the thermoplastics, which requires coupling
agents or surface activation methods to promote adhesion (Wolcott and Englund, 1999).

Besides the influence of the polarity of the lignocellulosic material, the high content of
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extractives in the cocoa waste (34.82 %) may have hindered the interaction with the matrix,
causing poor bonding and pores formation (Sheshmani et al., 2012).

Furthermore, the probable low cellulose content, which is the main component in
relation to tensile strength, was not sufficient to act as a reinforcement in the matrix. Another
aspect, which can be observed in the SEM images of the place where the samples suffered a
fracture, is that the particles were not evenly distributed throughout the matrix, forming small
agglomerations and weak points (Figure 4). It is known that the stress transfer is reduced with
the presence of pores (both of the raw material and in the matrix-reinforcement interfaces)
and with imperfections, such as agglomerates, that do not contribute at all in the strengths of
the composites (Mertens et al., 2017).

Pereira et al. (2019) when included 0 to 30% of eucalyptus fibers in their composites,
they observed a reduction in tensile strength, being more significant in the first treatment (5 %
of fiber). The same can be observed here with the greatest reduction occurring with 10 % of
cocoa waste (reduction of 6.5 MPa in relation to the pure polymer). The authors explain this
result with the disorientation of the fibers in the matrix and the formation of voids in the
samples. Spear et al. (2015) discuss the influence of particle size on the tensile strength of
composites. According to the authors, particles of smaller sizes (classified in sieves of 60 or
80 mesh, for example) would form composites with higher resistance in comparison with
larger particles.

Huang and Zhang (2009) obtained improvements in the mechanical properties of their
high density polyethylene composites reinforced with wood particles when they included a
compatibilizing agent, observing smaller particle-particle interactions as a consequence of the
formation of agglomerates. Sheshmani et al. (2012) also observed a significant improvement

in the tensile strength when removing the extracts from the wood flour and attributed this type
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of behavior to the possible improvement of the interfacial adhesion between the matrix and
the reinforcement.

In any case, it is noteworthy that, even with the insertion of coupling agents, several
studies have observed that the tensile strength has a significant improvement with the
inclusion of up to 40 - 50% by weight of fiber. Above that, the responses are no longer linear
and reach an asymptote, indicating weak dispersion of the fiber due to the formation of
agglomerates and a decrease in the viscosity of the melt, which makes molding difficult

(Mertens et al., 2017; Woodhams et al., 1984).
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Figure 3. Effect of adding cocoa waste on (A) MOE, (B) tensile strength, (C) tenacity (Ut)
and (D) specific stretching () of composites produced with low density polyethylene. ns =

Non-significant. * = Significant.
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Figure 4. SEM image of the fracture of composites Pol80_cw20 (A) and Pol70_cw30 (B).

The tenacity of a material corresponds to its ability to absorb energy until fracture
occurs. When including the cocoa waste in the polymer, there was a significant reduction in
this property, with the polynomial regression (grade 2) being the one that best represented its
relationship with the different percentages of waste (Figure 3C).

LDPE has good tenacity (Coutinho et al., 2003) however, when dealing with
composites with lignocellulosic materials, this property is reduced by factors intrinsic to the
material and by the interaction between matrix and reinforcement. The data on tenacity are a
complement to tensile strength and follow the same trend as they indicate that, as the
percentage of waste increased, there was an easier, faster rupture and without the action of
great forces. Thus, the reduction in strength of polymeric composites has been treated in the
literature as a cause for the decrease in their tenacity as in the work of Pereira et al. (2017)
who, when characterizing high impact polystyrene composites (HIPS) reinforced with green

coconut shell fibers, observed a reduction in both properties.
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Specific stretching, also known as average linear deformation, represents the
deformation that occurred at the fracture. It is observed that for each 1% of waste inserted in
the composites, there was a decrease in this property by 0.0062 (Figure 3D). This result was
expected considering that LDPE has considerably longer elongation than lignocellulosic
materials (Coutinho et al., 2003; Komal et al., 2019).

However, as already discussed, the main factor that may have caused this result is that,
when adding the waste weak points were formed causing faster fractures and without action
of great forces. Also, the high content of lignin in the waste (35.15 %) may have “joined”
with LDPE due to the glass transition behaving like a matrix and caused greater rigidity in the
composites. In addition, it should be noted that lignin has less polarity, compared to other
chemical constituents, making it more compatible with polymeric matrices (Mertens et al.,
2017) enabling this union even more.

This “blend” of a large part of the material can also be inferred when analyzing the
SEM images since it is not observed, in addition to the presence of granules, interaction
between matrix and reinforcement (Figure 5). It is noteworthy that the gain in rigidity is one
of the main objectives for the realization of plastic wood composites, since the high ductility
and flexibility are characteristics of LDPE (Coutinho et al., 2003) and sometimes limit its use.
From the difference between stretches shown in the SEM images, there is a clear change of
these properties as the waste is inserted, making the composites increasingly rigid.

Other studies also report this trend. Lemos and Martins (2014) when developing
composites based on poly (lactic acid) and natural fibers observed a dramatic decrease in
elongation at break and attributed this result to the greater stiffness caused by the inclusion of
fibers. Likewise, Gomes et al. (2014) obtained a reduction of up to 62.2% of the elongation in

their polyester resin composites and joinery wastes.
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Fragile fracture
Low elongation

Figure 5. SEM images showing the fracture elongation of composites with (A) 0 %, (B) 10 %,

(C) 20 %, (D) 30 % and (E) 40 % of waste.

It is worth remembering that, when it comes to the production of WPC from
recyclable materials, there is a great variation of response in the various mechanical properties
and this can be seen in the work of Keskisaari and Karki (2018). When comparing the

strengths of composites produced with virgin and recycled polymers, the authors observed
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that, for certain properties, virgin WPCs obtained better results, however, for other properties,
such as impact resistance, recycled WPCs stood out in addition to having the lowest material
cost and one of the lowest production costs. In addition, factors such as the contents of the
constituents of the WPC alter their properties even in the case of virgin polymers.

This variability is interesting because it expands the possibilities of using the
composite, since its production can be done aiming at adapting the required application,
which ranges from domestic artifacts (which do not require as much resistance) to elements of
civil construction (greater requirements). In addition, the power to choose lower-cost
materials that, even so, corresponds to needs is fundamental as a strategy to drive more and
more the development of wood-plastic composites from waste.

In this way, the results found in this study may support the changes in production and
consumption patterns, making processes increasingly sustainable and innovative. Still, the
proof that it is possible to replace the use of primary resources with renewable materials,
based on the valorization of urban waste, makes the idea of sustainability increasingly closer

in all areas of society.

4 Conclusions

The purpose of this study was to evaluate the influence of cocoa wastes addition on
the composites properties produced of recycled low-density polyethylene. According to the
results of the study, the addition of cocoa waste in the recycled LDPE matrix resulted in a
lighter final product, which is beneficial for applications, mainly in civil construction. There
was an increase in moisture and water absorption throughout the inclusion of the waste,
however at considerably low levels, compared to wood, which also indicates its potential for

use in civil construction instead of these.



88

For mechanical properties, there was a decrease in tensile strength and elongation,
indicating increased stiffness and less deformation in composites. It can then be used to
produce materials that require these characteristics, replacing the virgin polymer. The changes
suffered in the properties of the composite were caused mainly by the chemical properties of
the waste, mainly extractive and lignin, affecting the interaction between matrix and
reinforcement.

As has been seen, the improvement of property cards can be made from the inclusion
of compatibilizing agents, however, it can be concluded that the production and use of the
composite with cocoa wastes is already shown to be viable, since its formulation can be

adapted to meet the needs of the required application.
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RESUMO

Este trabalho teve como objetivo produzir compdsitos de matriz de gesso com a substituicdo deste material
ceramico por diferentes porcentagens de particulas de residuo de cacau a fim de avaliar suas propriedades.
Para a producéo dos compdsitos foram utilizados gesso fino para fundicéo e particulas de residuo de cacau.
As proporcdes de reforco foram de 0,0%; 2,5%; 5,0%; 7,5% e 10,0% em substituicdo a massa de gesso. Para
a producdo dos compdsitos foram utilizadas formas de madeira com dimensdes de 40 x 40 x 160 mm. Foi
determinada a composi¢do quimica do residuo de cacau, avaliando extrativos totais, cinzas, lignina e
holocelulose. Os compositos foram avaliados nos ensaios fisicos, mecanicos, térmico e acustico. Constatou-
se que, houve melhorias nas propriedades fisicas com o acréscimo de reforco, tornando o material mais leve e
proporcionando a diminui¢do da absorcdo de agua de 18,37 para 5,28%. Da mesma forma, a resisténcia
térmica aumentou gradativamente ao longo dos tratamentos com valores de 1,90 a 2,41 K.m/W e o
isolamento acustico foi maior nos compositos em comparagdo com 0 gesso puro. Ja para as propriedades
mecanicas, houve diminuicdo de valores de modo que, para atendimento normativo, a inclusdo de até 8,15%
de residuo de cacau como reforgo é viavel para producéo e comercializagéo.

Palavras-chave: Reforgo lignoceluldsico, absorcdo de agua, resisténcia térmica, materiais compdsitos.

ABSTRACT

This work proposed to produce plaster matrix composites with the replacement of this ceramic material by
different percentages of cocoa waste particles in order to evaluate its properties. For the production of the
composites it was used thin plaster for casting and particles of cocoa waste. The reinforcement proportions
were 0.0%; 2.5%; 5.0%; 7.5% and 10.0% replacing plaster mass. For the production of composites, wooden
molds with dimensions of 40 x 40 x 160 mm were used. The chemical composition of the cocoa waste was
determined, evaluating total extracts, ash, lignin and holocellulose. The composites were evaluated in
physical, mechanical, thermal and acoustic tests. It was found that there were improvements in physical
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properties with the addition of reinforcement, making the material lighter and proportioning a decrease in
water absorption from 18.37 to 5.28%. Likewise, the thermal resistance gradually increased over the
treatments with values from 1.90 to 2.41 K.m/W and the acoustic insulation was higher in composites
compared to pure plaster. As for the mechanical properties, there was a decrease in values so that, for
regulatory compliance, the inclusion of up to 8.15% cocoa waste as reinforcement is viable for production
and commercialization.

Keywords: Lignocellulosic reinforcement, water absorption, thermal resistance, composite materials.

1. INTRODUCAO

O gesso esta entre os materiais de construgdo mais antigos que se tem conhecimento. No Brasil, sua
utilizacdo é ampla abrangendo forros, revestimentos, blocos, placas acartonadas e ornamentos pré-moldados,
como molduras, faixas, placas decorativas e florGes, dentre outros. De acordo com Pinto et al. [1], o consumo
desse material tem apresentado crescimento principalmente devido a facilidade e a rapidez da instalagdo das
chapas, facilidade de moldagem e excelente acabamento e decoracéo.

Atualmente, a busca pelo desenvolvimento de materiais inovadores e sustentaveis é cada vez mais
crescente e isso inclui os materiais utilizados na construcédo civil. Uma das alternativas para esse propoésito € a
incorporacdo de subprodutos industriais, buscando-se obter materiais menos agressivos ao ambiente, mais
econdmicos, duraveis e resistentes. Ainda, estudos sobre a reutilizacdo de materiais sdo de grande interesse
do ponto de vista ambiental e econdmico, ja que com a destinacdo correta do residuo o impacto ambiental é
reduzido e economiza-se com tratamento ou eliminacdo dos mesmaos.

Nessa tematica, 0 composito € uma alternativa tanto para criagdo de novos materiais quanto para o
aproveitamento de residuos ja que se trata da mistura de dois ou mais constituintes, sendo duas fases
distintas. Umas dessas fases é continua (matriz) e a outra € dispersa (refor¢o) [2]. A agroindUstria brasileira
apresenta inimeros residuos lignocelulésicos com potencialidades de utilizacdo, seja em forma de fibras ou
particulas, por se tratar de um material renovavel, abundante e com boas propriedades mecanicas.

Dessa forma, compdsitos com matriz de gesso e reforco lignocelulésico ja vem sendo estudados
apresentando resultados interessantes como o aumento da leveza do material e melhoria de propriedades do
préprio gesso como a resisténcia mecanica, a absorcdo de 4gua e o comportamento térmico e acustico [3].
Dentre estes trabalhos, esta a utilizacdo de fibras de palmeira [4], fibras de abaca [5] e fibras de banana e de
sisal [6], por exemplo.

A indGstria do cacau no Brasil, segundo o Instituto Brasileiro de Geografia e Estatisticas [7],
ultrapassa 700.000 ha de area colhida. Com essa producao em larga escala, é gerado um grande volume de
residuos sendo um destes, o tegumento da améndoa do cacau (TAC), mais especificamente a testa, que
corresponde a parte que envolve a améndoa. De acordo com Silva et al. [8], uma tonelada de améndoas com
7% de umidade pode gerar de 80 kg a 120 kg de tegumento ap6s o processamento. Devido ao elevado
volume de geragdo, os residuos sdo mais utilizados para queima nas proprias industrias, vendidos como
cobertura agricola ou simplesmente descartados no solo [8], [9].

Alguns estudos j& mostram o potencial do TAC, com pré-tratamento por extragdo ou bioconversdo,
para utilizacdo na alimentacdo [10], como potencial antimicrobiano [11], descontamina¢do ambiental [12],
dentre outros. Porém, ndo h& muitos estudos relacionados ao aproveitamento desse residuo in natura,
principalmente em compdsitos.

Dessa forma, o objetivo deste trabalho foi produzir e avaliar a qualidade do composito a base de gesso
reforcado com particulas de residuo da cultura de cacau a fim de verificar sua viabilidade de uso.

2. MATERIAIS E METODOS
2.1 Obtencéo e preparagdo do material

O residuo do cacau foi obtido através de indUstria cacaueira do sul da Bahia e enviado & Unidade
Experimental em Painéis de Madeira da Universidade Federal de Lavras, onde foi moido e peneirado em
peneiras sobrepostas de 12 mesh (1,68 mm) e 20 mesh (0,841 mm), tendo sido utilizadas somente as
particulas que ficaram retidas na peneira de 20 mesh. Ja o gesso fino foi obtido através de comercio local,
sem necessidade de pré tratamento (Figura 1).
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Figura 1: Matéria prima utilizada para producéo dos compositos. A) residuo do cacau moido e peneirado e B) gesso fino
comercial.

2.2 Analise do residuo lignoceluldsico

Para a determinacdo da densidade bésica do residuo de cacau, as particulas foram saturadas em &gua para
determinar o volume de agua deslocada (método de imersao). Posteriormente, foram levadas para um forno a
105 ° C, onde permaneceram até atingir massa constante, a fim de verificar a massa seca. A densidade béasica,
entdo, foi obtida pela relacdo entre massa absolutamente seca e volume de massa saturada [13].

Para andlise quimica do residuo de cacau, as particulas foram moidas em um moinho tipo Willey e
peneiradas, sendo utilizadas as que ficaram retidas entre as peneiras de 40 mesh (0,420 mm) e 60 mesh
(0,250 mm). Posteriormente foram acondicionadas em ambiente com 65 + 3% de umidade relativa e
temperatura de 20 + 2 °C. A determinacdo dos extrativos totais foi realizada com tolueno-etanol e etanol,
seguindo a metodologia descrita na NBR 14853 [14]. Para lignina insoltvel, o H2SO4 foi utilizado conforme
descrito na NBR 7989 [15], o teor de cinzas foi determinado de acordo com a NBR 13999 [16] utilizando um
forno tipo mufla. Ja& o teor de holocelulose foi determinado pelo método de Browning [17].

Foi realizada ainda, microscopia eletrénica de varredura — MEV do residuo para fins de caracterizacdo

estrutural das particulas. As micrografias foram obtidas por um microscopio eletronico de varredura JMS
6510 (JEOL®) com uma voltagem de 10 kV.

2.3 Producéo dos compdsitos

Foram confeccionados seis compésitos de cada composicdo, em substituicdo a massa de gesso, totalizando
trinta corpos de prova (Tabela 1). A relagdo agua/gesso utilizada para a produgdo dos compositos foi de 0,6
sendo escolhida através da observagcdo de uma melhor maleabilidade da mistura com o acréscimo das
particulas, ficando homogénea, ndo escorrendo nos moldes e ndo secando rapido demais.

Tabela 1: Diferentes composi¢des dos compositos produzidos (relagdo massa/massa).

TRATAMENTO COMPOSICOES
Gesso (%) Residuo (%)
T1 100 0,0
T2 97,5 2,5
T3 95,0 5,0
T4 92,5 7,5
T5 90,0 10,0
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Os corpos de prova foram confeccionados com o auxilio de uma forma feita de MDF, fabricada com
fundo em madeira (Figura 2a), de forma a garantir que suas dimens@es fossem de 40x40x160 mm, conforme
especificacdes da EN 13279-2 [18]. Ap6s o periodo de 24 horas, eles foram retirados dos moldes e colocados
em local ventilado e livre da acéo de intempéries. Durante seis dias eles foram reorientados diariamente a fim
de garantir uma secagem uniforme. No sexto dia, foram pesados e colocados em estufa, a 40°c, até atingir a
massa constante. No sétimo dia realizaram-se os ensaios (Figura 2b).

Figura 2: A) Moldes para confec¢do dos corpos de prova. B) Corpos de prova utilizados para ensaios (T1 ao T5 da
esquerda para a direita).

2.4 Avaliacéo das propriedades fisicas e mecanicas

Para determinacdo da umidade na base seca foi seguida a NBR 7190 [19] com aferi¢do da massa inicial e
final dos corpos de prova. Ja a densidade aparente foi determinada pelas diretrizes da NBR 45 [20], a partir
da afericdo do volume e massa dos corpos de prova. Foi realizado ensaio de absorgdo de &gua por
capilaridade, em 2h de contato, tomando como base as especificagdes da EN 1015-18 [21].

Em relacdo as propriedades mecanicas, foi feito ensaio de flexdo e compressdo em maquina universal
de ensaios de acordo com a norma EN 13279-2 [18]. Os corpos de prova para flexdo tinham dimensdes de
40x40x160 mm, a distancia entre os apoios foi de 100 mm e a carga foi aplicada no centro dos mesmaos até a
ruptura (Figura 3a). Com esse ensaio foi determinada a resisténcia de ruptura a flexdo (MOR) e a rigidez dos
corpos de prova (MOE). Ja para o ensaio de compressdo, as dimensfes dos corpos de prova foram de
40x40x40 mm sendo, também, a carga aplicada até sua ruptura (Figura 3b). A partir desse ensaio, obteve-se
resultados quanto a resisténcia a compressao (Rc), a rigidez (MOE) e a tenacidade dos corpos de prova.

Figura 3: A) Ensaio de flexao e B) ensaio de compressdo dos corpos de prova.

2.5 Avaliacéo das propriedades acusticas e térmicas

Para determinacdo do isolamento acustico, utilizou-se duas camaras, seguindo a metodologia de Toutonge
[22]. Os corpos de prova com dimensdes de 40x40x160 mm foram posicionados entre as cAmaras de emisséo
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(equipada de fonte sonora) e de recepgdo, separando-as. As medi¢des das intensidades sonoras foram feitas
através de um microfone para captacéo de ruido, nas seguintes frequéncias: 120, 200, 500, 1000, 2000 e 4000
Hz.

O ensaio para determinacdo da resisténcia térmica foi realizado seguindo o mesmo principio da
metodologia de Toutonge [22], utilizando duas camaras, porém dessa vez térmicas. As camaras eram
equipadas com divisoria de modo que os corpos de prova de 40x40x160 mm as separassem. A fonte de calor
foi posicionada na camara emissora (equipada de termOmetro) e as diferencas de temperaturas foram
analisadas com o auxilio de um segundo termémetro posicionado na cdmara receptora. O ensaio teve duragdo
de 15 min para cada corpo de prova, obtendo temperatura constante na fonte receptora. As temperaturas
foram registradas a cada trés minutos nas duas camaras.

2.6 Analise dos resultados

Os resultados das analises fisicas, mecanicas e térmicas foram avaliados utilizando delineamento
inteiramente casualizado e submetidos a analise de variancia e regressao, a 5% de significancia. Ja a analise
do ensaio acustico foi feita a partir da comparacéo entre a curva de nivel sonoro das camaras sem divisoria e
das cdmaras com cada composito testado.

3. RESULTADOS E DISCUSSAO
3.1 Analise fisica e quimica do residuo

O residuo de cacau apresentou densidade de 0,215 g/cm3. Este valor é considerado baixo e é caracteristico em
residuos lignocelulésicos como, por exemplo, 0,121 g/cm3 para bagaco de cana de agucar [23] e 0,203 g/cm?
para vagem de soja [24]. O fato de os residuos lignoceluldsicos possuirem baixa densidade é interessante
para a utilizagdo em compdsitos, pois agregam leveza ao produto final ja que, geralmente, a densidade da
matriz é maior, como no caso do gesso aqui estudado (0,8 g/cm3) [25].

Em relacdo as propriedades quimicas do residuo, os resultados estdo apresentados na tabela 2.

Tabela 2: Composi¢do quimica do residuo do cacau.

COMPONENTES TEORES (%)
Extrativos totais 34,82 +0,13
Lignina 35,15+0,16
Holocelulose 28,33+ 3,51
Cinzas 3,70+£0,63

Observa-se que o teor de extrativos foi alto quando comparado com outros residuos lignoceluldsicos
como bagaco de cana de acucar (16,59%), residuo da colheita do milho (17,50%) e do processamento de café
(8,60%) estudados por Protésio et al. [26]. O teor de lignina também foi superior a residuos como casca de
arroz (20,15%) e tronco de palma (19,15%) estudados por Selamat et al. [27]. Altos conteldos desses
constituintes podem retardar o endurecimento do compoésito devido ao abrandamento da cinética de
hidratacdo do gesso e gerar uma incompatibilidade entre matriz e reforco [28].

Em relacdo ao teor de holocelulose, o valor encontrado é consideravelmente baixo quando visto o
bagaco de cana de aclcar (71,11%) [30], casca de arroz (48,39%) [27] e madeiras em geral (66,08% e
69,23% para espécies de eucalipto) [31]. Neste caso, por se tratar de um constituinte higroscépico, baixos
valores sdo interessantes para evitar alta absorcédo de umidade nos compositos [32]. J& para o teor de cinzas, 0
valor encontrado foi menor que os residuos estudados por Protasio et al. [26], sendo 4,92%, 6,83% e 16,78%
para café, colheita do milho e casca de arroz respectivamente. Por se tratar de silica e outros residuos
minerais, as cinzas auxiliam no retardamento da chama em compdsitos de gesso, sendo inerte as outras
propriedades [27].

Importante ressaltar que, tratando-se de residuos lignoceluldsicos, os teores dos constituintes quimicos
sofrem grande variagdo em relacdo a espécie, condicdes de plantio da cultura, condicdes climéticas, tipo de
solo, dentre outros. Dessa forma, explorar as diferencas entre estes serve apenas para fins de comparacéo
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com outros materiais que tém potencial de serem utilizados em compdsitos. Porém, de modo geral, de acordo
com Trugilho; Lima e Mendes [33], h4d uma correlacdo inversa entre a lignina, a holocelulose e a densidade
de forma que quanto maior for o teor de lignina, menor sera o teor de holocelulose e, consequentemente,
menor serd a densidade do material. Essa relacéo foi claramente observada aqui tendo em vista o baixo teor
de holocelulose encontrado no material e sua baixa densidade.

3.2 Propriedades fisicas dos compdsitos

Para a umidade, o ajuste da regressdo quadratica foi significativo (Fc = 7,318), indicando que existe relacdo
decrescente dessa propriedade a medida em que se acresce residuo de cacau nos compésitos (Figura 4).
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Figura 4: Umidade dos compdsitos. * = Significativo.

Tém-se encontrado na literatura, compositos reforcados com materiais lignoceluldsicos em que a
umidade é aumentada com a inser¢cdo dos mesmos. Chinta; Katkar e Jafer [34] por exemplo, obtiveram
valores de 0,48 a 1,46% para compositos de gesso com fibras de coco, juta, 1d, algoddo e banana. Essa
diferenca de tendéncia é explicada pelas propriedades quimicas do material. O conjunto holocelulose
(celulose e hemicelulose), por ter carater higroscdpico, faz com que os materiais que tenham alto teor destes
constituintes sejam mais propensos a adsorverem umidade, o que foi apontado pelos autores e que é
normalmente encontrado nos trabalhos. O contrario ocorreu aqui pois os altos teores de lignina e extrativos
no residuo de cacau (aproximadamente 70% ao todo), que sdo hidrofdébicos, podem ter inibido essa
propriedade. Jankowsky & Galvao [35] afirmam que o aumento de extrativos no material lignoceluldsico tem
influéncia direta com a diminuicdo da umidade.

Em relacdo a densidade aparente, foi observado decréscimo de valores do tratamento com 100% de
gesso ao tratamento com maior porcentagem de residuo de modo que a cada 1% que este era inserido, foi
diminuido aproximadamente 4,87% dessa propriedade (Figura 5).
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Figura 5: Densidade dos compdsitos. * = Significativo.

Tendo em vista que a densidade do residuo é menor que a do gesso, a tendéncia de diminuigdo dessa
propriedade com a insercdo do residuo é esperada. Braiek et al. [4] por exemplo, estudando compdsitos de
gesso reforcados com diferentes porcentagens de fibra de palmeira, concluiram que a densidade diminuia
consideravelmente quando aumentava o volume das fibras (de 1.322 para 736 kg/m3).

Ainda, de acordo com Ribeiro et al. [36], a densidade de um material pode ser alterada quando é
modificada sua massa (em relagdo ao ndmero de poros) ou seu volume. Dessa forma, ressalta-se que o
tegumento da améndoa do cacau tem como caracteristica um alto grau de porosidade [37] o que pode auxiliar
na implicagdo da sua baixa densidade. Na imagem de microscopia eletronica de varredura — MEV pode ser
observada a estrutura porosa do residuo (Figura 6). Assim, pode-se dizer que houve aumento de vazios nos
compositos, devido a caracteristica intrinseca do residuo e provavelmente nas interfaces reforgo-matriz,
tornando-os mais leves. A baixa densidade dos materiais lignoceluldsicos é uma das justificativas de se fazer
a inclusdo na matriz de gesso [3] ja que facilita a utilizagdo, principalmente na construgdo civil como
instalagBes de chapas e revestimentos.

Figura 6: Imagem de microscopia eletronica de varredura do residuo de cacau.

Para a absorcéo de agua, o ajuste da regressdo foi significativo (Fc = 18,303), indicando que existe
relagdo quadréatica decrescente a medida em que se acresce residuo de cacau (Figura 7).
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Figura 7: Absorc¢do de dgua dos compdsitos. * = Significativo.

A diminuicdo da absor¢cdo de dgua nos compositos pode ser explicada por meio da andlise quimica
seguindo a mesma ldgica aplicada a umidade. O residuo do cacau apresentou alto teor de lignina que, de
acordo com Bhatia; Johri e Ahmad [38], por ter carater hidrofobico, confere impermeabilidade ao material.
Assim, pode-se dizer que o aumento dessa propriedade no compdsito causou uma maior dificuldade do
mesmo em absorver agua.

Uma das maiores deficiéncias do gesso como material de construcdo é sua suscetibilidade a agua [1],
0 que restringe seu uso a ambientes secos. A diminuigdo dessa propriedade com a inser¢do do residuo se
mostra benéfica no sentido de reduzir tal restrigdo e ampliar a utilizacdo do gesso quando compdsito. Ainda,
com o intuito de diminuir os fendmenos de degradacdo dos materiais pretende-se que 0s corpos de prova
tenham menores coeficientes de absor¢éo e que esse fendmeno ocorra de forma lenta [36].

3.3 Propriedades mecénicas dos compositos

Para o ensaio de flexdo estatica, os resultados encontrados para a resisténcia de ruptura a flexdo (MOR) e
moédulo de elasticidade (MOE) mostram que os compdsitos sem adicdo de residuo apresentaram maiores
resisténcias diminuindo gradativamente nos demais tratamentos (Figura 8). Os valores sofreram diminuicao
de 0,2706 e 197,09% a cada 1% de residuo inserido, para MOR e MOE respectivamente.
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Figura 8: Resisténcia de ruptura a flexdo e mddulo de elasticidade dos compdsitos. * = Significativo.

A norma EN 13279-1 [39], preconiza valor de 1 MPa para a resisténcia de ruptura a flexdo. Dessa
forma, observando a tendéncia de reducdo, pode-se fazer inclusdo de até 8,15% de residuo para atendimento
da mesma.

Para testes de flexdo em compdsitos, a interacdo entre matriz e reforco € de grande importancia pois
espera-se que haja uma transmissdo uniforme de cargas entre os constituintes. A exemplo disso, lucolano et
al. [5] estudando compdsitos de gesso com fibras de abacd, obtiveram baixos valores de resisténcia a flexdo e
remetem a uma fraca adesdo entre as fibras brutas e 0 gesso. Ja ao realizarem tratamento prévio das fibras,
maiores valores foram encontrados pois houve aumento do intertravamento fibra-matriz. Dessa forma, alguns
constituintes quimicos do residuo do cacau, como os extrativos, podem ser indicados como causadores da
fraca interacdo entre as fases do compdsito.

Antunes et al. [40] também observaram diminuigdo de valores na resisténcia a flexdo em seus
compdsitos a medida em que aumentavam o teor de casca de arroz e analisando outros trabalhos em que o
contrario ocorreu, 0s autores apontam que pode haver um teor ideal de fibra, variando de acordo com o seu
tipo e a formulacdo do compdsito para que a resisténcia mecanica seja otimizada.

Em relacdo ao ensaio de compressdo, os resultados mostram que o aumento da porcentagem de
reforco resultou na diminuicdo progressiva do modulo de elasticidade e da resisténcia @ compresséo, tendo
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relacéo de 109,43 MPa e 0,29 MPa para cada 1% de residuo inserido, respectivamente (Figura 9).
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Figura 9: Mddulo de elasticidade e resisténcia a compressdo dos compositos. * = Significativo.

Com base nas diretrizes da EN 13279-1 [39], o valor minimo da resisténcia a compressdo para
viabilidade de producéo é de 2 MPa. Dessa forma, calcula-se que a inclusdo de até 8,85% de residuo de cacau
na matriz de gesso torna o compdsito apto para atendimento da norma.

Savastano Junior; Agopyan; Oliveira [41] afirmam que o modulo de elasticidade das fibras varia
diretamente com o teor de celulose. Observando as redugdes dos mddulos de elasticidade tanto na flexao
quanto na compressdo, aliado ao baixo teor de holocelulose do residuo, entende-se que pode ter havido
relacdo entre esses dados.

Khalil et al. [42] produziram compositos de gesso com acréscimo de casca de arroz e observaram
que a inclusdo de até 0,4% de residuo trazia melhoria a forga de compressao. Porém, nos demais tratamentos,
com niveis maiores de inclusdo do residuo (até 10%), os valores decresceram continuadamente. Além de
atribuirem esse resultado a porosidade dos compdsitos, que aumentou de forma gradativa, também citaram o
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formato das particulas utilizadas (longas) que poderiam ter provocado heterogeneidade e segregacdo em
areas do composito.

De modo geral, entende-se que a diminuicdo de valores encontrada para as propriedades mecénicas
ocorre devido a varios fatores referentes a intera¢do entre refor¢o e matriz, mas também a alta porosidade do
residuo. Segundo Marwardt & Wilson [43], o nimero de cavidades e poros do material lignocelulésico é
altamente correlato com sua resisténcia mecanica de modo que, quanto mais poroso for o material, menores
resisténcias mecanicas este apresentara. Ainda, a escolha de utilizagao de fibras ou particulas, bem como suas
dimensdes e tipos sempre sdo apontados como influenciadores da qualidade de um compdsito com matriz de
gesso.

3.3 Resisténcia térmica dos compdsitos

A partir dos resultados obtidos para a resisténcia térmica dos compésitos, percebe-se que a inclusao de 1% de
residuo de cacau acarreta melhoria térmica da ordem de 0,0466 K*m/W (Figura 10).
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Figura 10: Resisténcia térmica dos compdsitos. * = Significativo.

A resisténcia térmica de um material mede a sua capacidade de reduzir a troca de calor entre
ambientes. Assim, quanto maior for essa resisténcia do material, melhor é a sua capacidade de isolagdo
térmica [44]. O aumento observado pode ser explicado pelo fato de os materiais lignoceluldsicos
apresentarem coeficientes de condutibilidade inferiores ao do gesso, ja que essa € inversamente proporcional
a resisténcia térmica. Segundo a NBR 15220-2 [45], a condutividade térmica do gesso é de 0,5 W/m.K,
enquanto a de materiais lignocelul6sicos varia de 0,12 a 0,29 W/m.K. Dessa forma, pode-se dizer também
que a condutibilidade térmica dos compésitos foi reduzida com a insercao do residuo.

Outro fator apontado por Antunes et al. [40] é a influéncia da densidade. Os autores demonstram que
compdsitos com menores densidades, ou seja, maior nimero de vazios, tendem a ter condutividades térmicas
mais baixas devido & baixa propagacdo do calor no espago. Isso pode ser relacionado aqui, ao observar o
aumento da porosidade do residuo, ao longo dos tratamentos.

Resultados parecidos foram encontrados por Binici et al. [46] ao produzirem compdsitos de gesso
com hastes de girassol e residuos téxteis. A condutividade térmica encontrada foi de 0,1642 W/m.K enquanto
a resisténcia térmica foi de 0,650 K.m/W. Da mesma forma, Kocaman; Sisman e Gezer [47] observaram que
a resisténcia térmica aumentava a medida em que era incluido hastes de girassol trituradas e casca de arroz
em seus compositos a base de gesso.

3.4 Isolamento acustico dos compdsitos
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Quanto ao isolamento acUstico, em termos de comparagdo com as camaras sem divisoria, nota-se que 0s
compdsitos reduziram o ruido em todas as frequéncias analisadas (Figura 11).
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Figura 11: Isolamento acustico dos compdsitos.

A capacidade de um material permitir ou ndo absorcdo sonora esta relacionada com sua porosidade. A
tipica tendéncia de materiais porosos expostos ao som é de ocorrer vibracdo das moléculas de ar dentro dos
poros, transformando energia em calor [48]. Ainda, observa-se na figura que as maiores reducdes ocorreram
a partir de 2000Hz e isso pode ser explicado pelo fato de que, em baixas frequéncias as perdas de energia sao
isotérmicas e, portanto, limitadas, enquanto que nas altas frequéncias sdo adiabaticas e geralmente mais
significativas.

Dessa forma, a melhoria na absorgéo sonora de compositos a base de gesso e residuos lignocelulésicos
é relatada na literatura como resposta ao aumento de poros devido a interagdo do reforgo com a matriz, que
deixa vazios nas interfaces e/ou cavidades interconectadas [48], [49].

Observando a figura, ndo é notada diferenca significativa de decréscimo entre tratamentos. Porém, 0s
valores encontrados entre os compdsitos para todas as frequéncias indicam diminuicéo de ruido na faixa de
0,78 a 2,43%. Essas pequenas reducdes demonstram a influéncia da porosidade no interior dos compdsitos
ocasionada pelo residuo e sua interagdo com a matriz, mesmo que sem linearidade. Isso indica que,
independente da porcentagem de residuo inserido, houve melhoria na capacidade de absorcdo sonora em
todas as frequéncias analisadas.

4. CONCLUSOES

Os reforcos adicionados aos compositos resultaram em um produto final mais leve o que é atrativo para a
construcgdo civil ja que diminui os esfor¢os nas vigas, pilares e fundagGes. Da mesma forma, a umidade e
absorcdo de 4gua diminuiram ao longo da inclusdo do residuo sendo um étimo resultado tendo em vista o alto
carater hidrofilico do gesso puro e que restringe seu uso.

Para as propriedades mecénicas, houve diminuicdo de valores de modo que, para atendimento
normativo, a inclusdo de até 8,15% do residuo de cacau como reforgo tem viabilidade de ser utilizado.

A resisténcia térmica dos compdsitos foi melhorada, o que traz vantagens na utilizagéo, por exemplo,
em placas de gesso para vedacéao ou forro, pois garantird maior conforto térmico para a edificacdo. Da mesma
forma, o isolamento acustico apresentou melhorias nos compdsitos em relagdo ao gesso puro, principalmente
para isolamento de sons agudos.
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