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Resumo

AFONSO, Thays Franca. Espumas sustentaveis de poliuretano incorporadas
com diferentes cargas: adsorgao de Cr(lll) e SARS-CoV-2 em solugdes aquosas.
Orientador: Robson Andreazza. 2023. 112f. Tese (Doutorado em Ciéncia e
Engenharia de Materiais) — Programa de Pés-Graduagéo em Ciéncia e Engenharia de
Materiais, CDTEC, Universidade Federal de Pelotas, Pelotas, Brasil, 2023.

Devido a contaminagdo dos recursos hidricos pelo langamento de aguas residuais
industriais, municipais, agricolas, e hospitalares, contendo metais pesados e
microrganismos patogénicos, surge a necessidade de processos de tratamento de
baixo custo, eficientes e ecolégicos na remocdo desses contaminantes. Nesse
sentido, a adsorcao € uma alternativa, por ser considerada eficaz na remog¢ao de uma
diversidade de poluentes em meio aquoso. Desse modo, o presente estudo teve a
finalidade de sintetizar e caracterizar espumas de poliuretano (PU) com adigao de
cargas para aplicagdo na adsor¢ao de Cr(lll) e SARS-CoV-2, em meio aquoso
sintético. Para tal, as espumas foram impregnadas com carvédo ativado comercial
(CAC) e biomassa vegetal (obtida a partir de carogos de péssego) tanto in natura
quanto ativada (biocarvao ativado). Os resultados mostraram altos percentuais de
remocgao de SARS-CoV-2, acima de 98%, para todas as espumas e, a presencga das
cargas (in natura e biocarvao ativado) nelas potencializou a capacidade de adsorgao
de Cr(lll). Os modelos isotérmicos de Sips e cinético de Elovich apresentaram o
melhor ajuste na adsorg¢ao de Cr(lll), enquanto os estudos termodindmicos indicaram
adsorcao espontanea, processo endotérmico e reacao favoravel na adsorcdo de
Cr(lll) para as espumas com adicao de cargas. Além disso, a elevagao do pH (4 - 6,5)
aumentou a capacidade de adsorcdao de Cr(lll) pelas espumas, atingindo niveis
maximos remogao de 42,6% e 62,2% em pH 6,5, concentragdo de adsorvente 0,6 g
L-', para as espumas contendo o carogos de péssego in natura e o biocarvao ativado.
Além disso, adicdo das cargas nas espumas de poliuretano reduziu a densidade
aparente delas e aumentou a sua capacidade de absor¢cado de agua. Em suma, este
estudo fornece informacdes relevantes sobre o uso potencial de espumas de
poliuretano funcionalizadas como adsorvente de base vegetal para a remogéo de
SARS-CoV-2 e Cr(lll) da agua. O presente trabalho abre espago para o
desenvolvimento de novas pesquisas que analisem a capacidade de remocgao de
outros agentes contaminantes pelas espumas de poliuretano, mencionadas
anteriormente, além de incentivar o uso de residuos agroindustriais, assegurando a
sustentabilidade ambiental.

Palavras chaves: Bioespumas. Biocarvao. Biocarvdo Ativado. Metais Pesados.
Carocgo de Péssego.



Abstract

AFONSO, Thays Franca. Sustainable polyurethane foams incorporated with
different fillers: adsorption of Cr(lll) and SARS-CoV-2 in aqueous solutions.
Advisor: Robson Andreazza. 2023. 112f. Thesis (PhD in Materials Science and
Engineering) — Science and Engineering of Materials Postgraduate Program, CDTEC,
Federal University of Pelotas, Pelotas, Brazil, Brazil, 2023.

Due to the contamination of water resources by the discharge of industrial, municipal,
agricultural, and hospital wastewater containing heavy metals and pathogenic
microorganisms, it is indispensable, to implement cost-effective, efficacious, and
environmentally-friendly treatment procedures to eliminate these contaminants. In this
sense, adsorption is an alternative, as it is considered to be effective in removing a
variety of pollutants from aqueous media. The aim of this study was to synthesize and
characterize polyurethane (PU) foams with added vegetable fillers for the adsorption
of Cr(lll) and SARS-CoV-2 in synthetic aqueous. To accomplish this objective, the
foams were impregnated with commercial activated carbon (CAC) and vegetable
biomass (derived from peach stone and its activated biochar). The results showed high
percentages of SARS-CoV-2 removal, above 98%, for all the foams, and the presence
of the fillers (peach stone and its activated biochar) in them enhanced the Cr(lll)
adsorption capacity. The Sips isotherm and Elovich kinetic models showed the best fit
for Cr(lll) adsorption, while the thermodynamic studies revealed that the adsorption
process was endothermic, spontaneous, and favorable for Cr(lll) adsorption for the
foams with fillers. In addition, increasing the pH (4 — 6.5) increased the Cr(lll)
adsorption capacity of the foams, reaching maximum removal levels of 42.6% and
62.2% at pH 6.5, mass concentration 0.6 g L', for the foams containing the peach
stone and its activated biochar. Moreover, the incorporation of fillers into polyurethane
foams resulted in a reduction of their apparent density and an enhancement of their
water absorption capacity. In short, this study provides relevant information on the
potential use of functionalized polyurethane foams as a plant-based adsorbent for the
removal of SARS-CoV-2 and Cr(lll) from water. This work opens up space for the
development of new research analyzing the removal capacity of other contaminants
by the polyurethane foams mentioned above, as well as encouraging the use of agro-
industrial waste, ensuring environmental sustainability.

Keywords: Bio-foams. Biochar. Activated Biochar. Heavy Metals. Peach Stone.
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1 Introdugao

A poluicdo da agua € um problema crescente e impacta o meio ambiente, a
vida humana bem como, os vegetais e animais. A poluicado por ser gerada por
atividades antropogénicas ou naturais sendo uma séria ameaga a saude publica em
todo o mundo. Ter acesso a agua limpa e segura sao essenciais para sustentar a vida
e prevenir doengas que podem ser transmitidas via ambientes hidricos contaminados.
Tal ambiente é fonte importante de agua potavel, agricola e agua industrial (Babuiji et
al., 2023). Assim, a sua descontaminagao é de extrema importancia.

A contaminagdo ambiental dos recursos hidricos ocorre devido a descarga
descontrolada de aguas residuarias industriais (industrias téxtis, cosméticos, fundicéo,
celulose, sintese de corantes e farmacéuticas), municipais (esgotos domésticos),
hospitalares e agricolas nao tratadas (Anand et al., 2022; Babuiji et al., 2023; Li et al.,
2022).

Os contaminantes podem ser produtos quimicos (corantes, detergentes,
pesticidas, agrotoxicos, inseticidas, fertilizantes, farmacos, hormdnios, fragrancias
ente outros), metais pesados e microrganismos patogénicos, como virus e bactérias.
Diferentemente dos poluentes organicos que em sua maioria sdo suscetiveis a
degradagao bioldgica, os ions metalicos ndo se degradam (Guerrero-Latorre et al.,
2020; Panhwar et al., 2024; Zamhuri et al., 2022).

O cromo (Cr) é classificado como metal pesado e considerado altamente toxico.
Na saude humana ele tém efeitos adversos, incluindo cancer de préstata, danos ao
figado, enfraquecimento dos ossos, insuficiéncia renal, alteragées no sistema nervoso
central e no sistema reprodutivo (Hong et al., 2020). Além disso, sdo um risco potencial
a vida e ao meio ambiente, além do seu potencial de bioacumulagéo (ocorrem dentro
de um organismo) e biomagnificagao (ocorre entre os diferentes niveis da cadeia
alimentar) (Ali; Khan; llahi, 2019). Em vista dos efeitos nocivos associados aos metais
pesados, agéncias regulamentadoras tém definido padrdes internacionais rigorosos
para lancamentos de efluentes, limitando assim, seus niveis nos recursos hidricos

(Anastopoulos et al., 2019).
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Comumente, os contaminantes (metais pesados toxicos e/ou patdégenos)
podem ser removidos de aguas residuarias através de diferentes processos como,
ozonizagdo, oxidagao, eletrolise, enzimas, microrganismo, filtragdo por membrana,
coagulacgao, floculacao, osmose reversa, adsorgcao entre outros (Malik et al., 2023;
Panhwar et al., 2024).

Porém, alguns processos apresentam limitagbes, como exemplo, a remogao
incompleta de alguns contaminantes como os ions metalicos; falta de seletividade
entre os ions; custos operacionais elevados (Das et al., 2023; Warren-Vega et al.,
2023; Zaimee; Sarjadi; Rahman, 2021). Com isso, cada vez mais, processos eficientes
e de baixo custo sdo requisitados para tratamento de aguas residuarias.

Uma alternativa é a adsorcdo, considerada um processo de baixo custo
operacional e eficaz na remog¢ao de uma diversidade de poluentes em meio aquoso.
A adsorgao envolve a aplicagao de adsorventes podendo ser utilizada para a remogao
de contaminantes em tratamentos de efluentes secundarios ou terciarios (Chi, 2019;
Lima et al., 2021).

Existe uma gama de materiais que podem ser utilizados como adsorventes, na
remogao de diferentes poluentes (metais, virus e bactérias), tais como, os residuos
florestais e agricolas (cascas de arroz, améndoas, restos de madeira, frutas e
vegetais, carogos de péssego, polpa de beterraba, entre outros) (Alsulaili; Elsayed;
Refaie, 2023; Das et al., 2023; Shaikhiev; Kraysman; Sverguzova, 2023).

Visando aplicagbes ambientais e a sustentabilidade tém-se incorporado
diversos materiais, entre eles, residuos agroindustriais, como cargas, em espumas de
poliuretano (PU) na faixa de 1 a 10% em massa. As cargas podem modificar e
potencializar as propriedades, mecanicas, fisico-quimicas (permeabilidade,
elasticidade, resisténcia quimica, hidrofobicidade) e térmicas no PU, bem como
otimizar a adsorgcao e absorcdo de substancias organicas e inorganicas (Abdullah;
Mohd Rus; Abdullah, 2019; Acosta et al., 2022; da Rosa Schio et al., 2019; de Avila
Delucis et al., 2018; Hejna et al., 2023; Oribayo et al., 2017).

Nesse cenario, espumas de poliuretano (PU), podem ser consideradas como
materiais adsorventes na remogao de substancias como 6leo (Mohammadpour; Mir
Mohamad Sadeghi, 2020), corantes (da Rosa Schio et al., 2019; Ren et al., 2021a),
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compostos organicos e emergentes (Singh; Vaish, 2019), metais pesados (Prasad, P.
Supriya et al., 2022) e virus (Schoeler et al., 2022).

As PU podem ser aplicadas na retengdo de moléculas livres com alta
polarizabilidade, por exemplo: compostos aromaticos, metalicos e anions grandes, em
funcao da presenca de grupos polares e apolares em sua estrutura, devido a natureza
quimica das membranas das PU, varios mecanismos de adsor¢cao de complexos
metalicos anidnicos podem ocorrer como: troca de ligante, adigdo de ligante, troca
idnica, extragao por solvente e cation-quelacdo (Baldez; Robaina; Cassella, 2008;
Santos et al., 2017).

Nesse contexto, embora as PU sejam capazes de reter diferentes classes de
substancias, ha uma caréncia na literatura de pesquisas aplicando biomassa do
carogo de péssego como cargas em espumas de poliuretano. Assim, o presente
estudo avaliou tal biomassa (in natura e na forma de carvao ativado) incorporada em

PU como agentes adsorventes na adsor¢ao de Cr(lll) e SARS-CoV-2 em meio aquoso.
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2 Objetivos Gerais

O presente estudo objetivou o desenvolvimento e caracterizagdo de

bioespumas de poliuretano com adi¢cédo de diferentes cargas para potencial aplicagcao

em processos de adsorgao de Cr(lll) e SARS-CoV-2 em meio aquoso sintético.

2.1 Objetivos especificos

v

Verificar a viabilidade técnica da incorporacado de 5% de cargas provenientes
do carogo de péssego in natura, biocarvao ativado do carrogo de péssego e
carvao ativado comercial em espumas poliuretano;
Avaliar os efeitos decorrentes da ativacdo quimica do biocarvao nos processos
de adsor¢cao SARS-CoV-2 e Cr(lll);
Caracterizar as cargas por analise morfolégica, area superficial especifica,
porosidade, densidade aparente, pH, teor de cinzas e umidade;
Caracterizar a bioespuma de poliuretano e as bioespumas compostas com as
cargas do carogo de péssego in natura, biocarvdo ativado do carrogo de
péssego e carvao ativado comercial por analise morfolégica - microscopia
eletrbnica de varredura (MEV), termogravimétrica (TA), espectroscopia no
infravermelho por transformada de Fourier (FT-IR), difratometria de raios X
(DRX), densidade aparente, potencial zeta e grau intumescimento;
Aplicar as bioespumas de poliuretano e as bioespumas compostas na adsorgéo
de SARS-CoV-2;

» Determinar a carga viral removida de SARS-CoV-2;

» Comparar o percentual de remocdo de SARS-CoV-2 entre as

bioespumas;

Aplicar as bioespumas de poliuretano e as bioespumas compostas em
operagodes descontinuas (batelada):

» Estudar os efeitos do pH, da massa de adsorvente na adsorcéo de

Cr(llNy;
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» Determinar a cinética de adsorcdo em diferentes concentragdes de
Cr(lll) e equilibrio experimentais e ajustar a modelos da literatura;
» Estimar os parametros cinéticos, isotérmicos e termodinamicos de
adsorcao de Cr(lll);
v Avaliar o potencial adsortivo de SARS-CoV-2 e Cr(lll) pelas bioespumas de

poliuretano e as bioespumas compostas;
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3 Revisao Bibliografica

3.1 Tratamento de aguas residuarias

A contaminacdo da agua € uma questao ambiental que prejudica e impacta
negativamente a vida ao redor do mundo. Existem diversas fontes de contaminagéo
dos recursos hidricos, como atividades de mineracdo, fertilizantes e pesticidas,
residuos radioativos, efluentes urbanos e industriais, entre outros (CRINI;
LICHTFOUSE, 2019). Estas atividades liberam compostos como mercurio, arsénio,
cromo, chumbo e cadmio ndo sé em corpos hidricos, mas também no solo e ar
(Joseph et al., 2019).

Fontes de aguas contaminadas colocam em risco a saude dos seres Vivos
devido a exposi¢ao a compostos quimicos toxicos, microrganismos patogénicos e
metais pesados, por isso, a necessidade da sua descontaminagao (Mishra et al.,
2019).

Nessa perspectiva o tratamento de aguas residuarias é um fator primordial. E
para isso varias tecnologias podem ser aplicadas (Tabela 1) na sua descontaminagao,
tais como os tratamentos primario, secundario e terciario, comumente utilizados ao
redor do mundo (Awad; Gar Alalm; El-Etriby, 2019). Porém, esses tratamentos tem

limitagdes quanto a remogao completa de metais e microrganismos patogénicos.

Tabela 1 — Processos de tratamento de agua residuaria.
Tipo de Tratamento Tecnologia Tipo de Comp
Primario Coagulagao ,

Floculagao
Precipitagdo quimica
Microfiltracdo ,
Secundario Processo aerdbio ou anaerdbio O
Terciario Oxidagao I
Destilagéo I
Precipitacao eletroquimica I
Fotocatalise l,
I
I
I
I

sto removido

o

W W

O

O

O

6]

, 0

, 0

, 0

0]

Cristalizagao @)
Troca ibnica O
0]

6]

Adsorgao
Processos por membrana

Em que: | = Inorganico; O = Organico; B = Biolégico.
Fonte: Adaptado (Bolisetty; Peydayesh; Mezzenga, 2019).
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No tratamento de aguas residuarias os custos de processo podem ser bem
elevados, isso por que, a tecnologia a ser aplicada é especifica para a remogao de
um determinado composto e, por sua vez, para melhor efetividade no processo de
tratamento, necessita-se de combinacdes de tecnologias para retirar do meio tal(is)
composto(s) — organicos, bioldégicos e inorganicos (metais pesados) (Bolisetty;
Peydayesh; Mezzenga, 2019; Joseph et al., 2019).

No tratamento convencional de aguas residuarias, a etapa de pré-tratamento
por processo de precipitagdo quimica € o mais comum para a remog¢ao de metais,
embora, outras tecnologias como a coagulagao, floculagdo, microfiltragao, filtragédo
quimica também sejam utilizadas, mas com menor eficiéncia, quando comparadas
com os tratamentos terciarios (Azimi et al., 2017).

No processo de precipitacdo quimica, ajusta-se para basico o pH da agua e,
através da reacdo dos agentes quimicos com o metal, forma-se uma particula
insoluvel que precipita sendo removida por sedimentagao simples (Rajasulochana;
Preethy, 2016). Porém, os niveis residuais de metais na agua continuam elevados, ou
seja, esse processo ndo atende as concentragdes finais exigidas pela legislagéao
ambiental e ainda necessita de tratamento adicional ao final do processo (Crini;
Lichtfouse, 2019).

O mesmo ocorre com 0s demais processos convencionais, além de,
apresentarem como desvantagem a geracdo de lodo (no processo de
coagulacgao/floculagao), elevado consumo de produtos quimicos e ions metalicos
residuais na agua pés-tratada. Dessas tecnologias para remogao de ions metalicos
em meio aquoso, a microfiltragdo, que consiste na aplicagdo de tecnologias de
filtragem por membranas de materiais ceramicos e/ou poliméricos, com tamanho de
poros entre 100-1000 nm, tem como vantagem o uso direto nos tratamentos terciarios
(ex. filtracdo por membrana, troca i6nica e adsorcdo), embora nao remova
completamente os ions metalicos na agua (Sekuli¢ et al., 2017, 2019).

Dos tratamentos terciarios (Tabela 1), enfatiza-se a tecnologia de adsorgéo,
que por sua vez, utiliza uma variedade de materiais (sorventes silica-cabono,

polimeros e nanossorventes) desde que esses apresentem mecanismos de adsorgao
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entre os ions metalicos e o adsorbato. O processo de adsorgéo € confiavel, de facil
operagao e remove uma gama de poluentes (Lima et al., 2021).

Embora haja a possibilidade de recuperagao dos adsorventes e ions metalicos
no processo de tratamento, a recuperacgao dos adsorventes (carvao ativado) se torna
um entrave para aplicagao de determinados adsorventes em escala industrial devido
a grande perda de adsorbato no processo (Das et al., 2017; Kuyucak; Volesky, 1988).

Diversos estudos demonstram que algumas tecnologias envolvendo adsor¢ao
para remog¢ao de compostos toxicos na agua tém alta eficiéncia (99%), mas isso
ocorre em um ambiente controlado — condi¢des idealizadas de pH, temperatura, fluxo
de agitagéo, concentragdo do contaminante, entre outras variaveis operacionais (Chi,
2019; Lima et al., 2021).

Em condig¢des reais — efluentes ou agua contaminada — a eficiéncia na remogao
do contaminante cai consideravelmente em consequéncia da ocorréncia simultanea
de outros compostos no meio, a exemplo ions metalicos (Pb?*, Cu?*, Ni?*, Cd?*, Cr6*)
que competem pelo mesmo sitio ativo no adsorbato (Chen et al., 2022) no tratamento
de agua com carvdes ativados, por exemplo.

Os metais pesados sao poluentes toxicos gerados em processos industriais, e
causam graves problemas ambientais e de saude publica. Como eles sao
expressivamente téxicos o limite maximo permitido nas aguas pelas agéncias
reguladoras pode variar (Tabela 2). Nessa perspectiva, ha uma busca intensa por
materiais de baixo custo, alta eficiéncia no processo de adsorgao de ions metalicos e
viabilidade técnica em nivel de escala industrial. Portanto, devido a sua alta toxicidade,
deve ser reduzido a niveis aceitaveis antes de ser langado no meio ambiente (Gao et
al., 2021).

Tabela 2 — Informagdes ambientais e epidemiolégicas sobre metais téxicos.

Metal Fonte Efeito na saude Nivel méximo de contaminante
humana WHO* CONAMA** USEPA***
Mercurio Industriais de Dano ao sistema 0,006 mgL' 0,0002mgL" 0,002mgL"’
(Hg) eletrbnicos; queima nervoso central e
de combustiveis aos rins
fésseis.
Arsénio  Industriais de Dano a pele e ao 0,01 mgL' 0,01 mgL" 0,01 mg L
(As) eletronicos; sistema

ocorréncia natural. circulatério
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Cromo  Ocorre naturamente; Voémito, diarreia, 0,05mg L 0,05 mg L 0,1 mg L
(Cr) industria de curtume, dermatites
galvanizagao e alérgica, nausea,
outras.
Chumbo Tintas; baterias; Danos aos rins; 0,01 mgL' 0,01 mgL"’ 0,015 mg L
(Pb) municoes; ligas reducgao no
metalicas; industrias desenvolvimento
de galvanizagao. neural; nauseas;
dor abdominal.
Cadmio Industrias de Danos aos rins; 0,003mgL' 0,001 mgL' 0,005mgL"
(Cd) galvanizagao, de carcinogénico;
produtos quimicos, alteragdes no
de eletroeletrénicos sistema
e de fundigcdo; imunolégico e
Queima de sanguineo;

combustiveis

fésseis; Pilhas e

baterias.
*Valores estabelecidos pela Organizacdao Mundial da Saude (WHO, 2017a; 2017b); ** Valores
estabelecidos pela resolucdo CONAMA 357 para agua doce classes 1 (BRASIL, 2005); *** Valores
estabelecidos pela Agéncia de Protecdo Ambiental dos Estados Unidos (USEPA, 2023).

3.1.1 Cromo

O cromo (Cr), deriva da palavra grega Croma, € o € o vigésimo quarto elemento
mais comum e ocorre naturalmente na crosta terrestre (Kanwar et al., 2020). As
principais fontes antrdpicas de liberagao de Cr(lll) e Cr(VI) no meio ambiente séo
oriundas da fabricagao industrial de ago, couro e téxteis. Além dessas, o Cr(VI), resulta
de processos de industrias de impressao, tingimento, eletropintura, fabricagao quimica
e metalurgia (Anna L. Rowbotham, 2000; Bachmann et al., 2022; Ukhurebor et al.,
2021).

O Cr possui diferentes estados de oxidagao (Figura 1), mas o Cr trivalente (lll)
e o Cr hexavalente (VI) sdo as formas mais estaveis encontradas na natureza. Uma
das propriedades mais criticas do Cr(VI) € a sua alta solubilidade em agua, facil
redugdo e mobilidade em comparagédo com o Cr(lll). Isso resulta em um numero
relativamente maior de espécies biodisponiveis e persistentes no meio ambiente
(Ukhurebor et al., 2021).
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Figura 1 - Diagrama de Eh-pH do cromo em solugéo aquosa (25 °C e 1 atm).
Fonte:(Maronezi et al., 2019).

Além disso, Cr(VI) pode ser reduzido a Cr(lll) sob condi¢des acidas. O Cr(VI) &
cancerigeno, mutagénico e altamente nocivo para os organismos vivos, ja o Cr(lll),
embora tenha sido proposto como um elemento essencial, por mais de 60 anos,
atualmente novos estudos mostram que o cromo sé pode ser considerado
farmacologicamente ativo e ndo um elemento essencial (Vincent, 2017).

Em doses excessivas o tanto o Cr(lll) quanto o Cr(VI), resulta em efeitos
adversos a saude, como dermatites alérgica de contato, erupgdes cutaneas e outros
(Georgaki et al., 2023). Os ions Cr(lll) também podem causar mais perturbacdes
estruturais na membrana eritrocitaria humana do que Cr(VI) (Dash; Jena; Rath, 2022;
Suwalsky et al., 2008).

A contaminagao das aguas pelo Cr pode ocorrer devido ao langamento dos
efluentes industriais ndo tratados nos corpos hidricos. Essa disposi¢ao inadequada
dos efluentes e residuos industriais causa graves problemas ambientais.
Consequentemente, implica em riscos a saude para 0s organismos Vvivos (animais e
plantas), bem como para o meio ambiente (Ukhurebor et al., 2021).

No entanto, diversos processos (precipitagcdo quimica, osmose reversa,

reducao bioldgica, troca idnica e adsor¢ao) estdo atualmente em uso para tratar,
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purificar e remediar Cr(VI e Ill) de efluentes industriais. Esses processos envolvem
principalmente a imobilizagdo ou redugéo do Cr(VI) nocivo para o Cr(lll) menos nocivo
(Bandara; Pefia-Bahamonde; Rodrigues, 2020; Ukhurebor et al., 2021).

Atualmente, os limites de descarga e a mitigagao de perigos para Cr(VI) e Cr(lll)
quase nao tém normas regulamentadoras comuns estabelecidos em todos os paises
do mundo. O tratamento da agua é totalmente voluntario pelos paises. Porém, é
comum a utilizagdo de carvao ativado em processos de adsorgéo para tratamento da
agua. Ele é muito eficaz na remogao da contaminagao de Cr e microrganismos
patogénicos presentes nos recursos hidricos (Bandara; Pefia-Bahamonde; Rodrigues,
2020; Dash; Jena; Rath, 2022; Solis-Ceballos et al., 2023).

Nesse contexto, embora o Cr (lll) seja menos téxico que o Cr (VI) (Shin et al.,
2023), a possibilidade de oxidagao do estado (lll) para o (VI) num ambiente aquatico
multiplica a sua periculosidade ocasionando uma maior preocupacao ambiental
(Dash; Jena; Rath, 2022). Assim, € necessario remover ambas espécies de ions

Cr das aguas residuais.

3.2 SARS-CoV-2

O COVID-19 é uma doencga altamente infecciosa considerada uma sindrome
respiratéria aguda grave causada pelo coronavirus 2 (SARS-CoV-2) (Zhu et al., 2020).
A principal via de transmissao da doenca € através da exposicao humana a goticulas
sprays ou aerossois. O coronavirus (CoVs) é caracterizado como um virus de RNA de
fita simples e sentido positivo, ndo segmentado, tém quatro proteinas estruturais,
denominadas proteinas S, envelope (E), membrana (M) e nucleocapsideo (N) (Chan
et al., 2020; Ronchi et al., 2020). Esse virus causou pandemia de COVID-19 e afetou
gravemente o sistema global, o meio ambiente, a economia e a saude publica.

Diversos estudos vém sendo realizados para identificar as principais vias de
transmissdo do virus e sua estabilidade em diferentes meios. No entanto, existe a
possibilidade de este virus ser transmitido para humanos e animais pela via fecal-oral
(Choi et al., 2023; Kim et al., 2020). Embora a transmissdo do SARS-CoV-2 por
aerossol esteja bem descrita, a transmissao pela agua através dos excrementos

humanos (matéria fecal e urina) € menos compreendida. Os excrementos humanos
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(urina, escarro, sangue, fezes) de individuos infectados com doenga COVID-19

chegam ao meio aquatico ao serem liberados via a’guas residuais (Figura 2).
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Figura 2 - Os caminhos do SARS-CoV-2 no sistema aquatico.
Fonte: (Bhattacharya et al., 2023).

Estudos mostram a presenca de particulas virais do SARS-CoV-2 sobrevivendo
em amostras de aguas residuais municipal, hospitalares, aeronaves, navios de
cruzeiro comerciais, bem como, rios (Foladori et al., 2020; Guerrero-Latorre et al.,
2020; Medema et al., 2020; Saththasivam et al., 2021). Portanto, podem ser virulentos
quando presentes nas aguas superficiais ou nas aguas residuais nao tratadas (Li et
al., 2022).

O novo coronavirus pode sobreviver nas aguas residuais e nas aguas
superficiais por muitos dias dependendo das condigdes ambientais da agua, como a
temperatura. O aumento da temperatura reduz a sobrevivéncia do virus na agua
(Ahmed et al., 2020; Fuschi et al., 2021). No entanto, o potencial de transmissao do
SARS-CoV-2 sugerem a transmisséo fecal do virus através de aguas residuais
contaminadas com fezes de pacientes imunocomprometidos (Anand et al., 2022;
Dergham et al., 2021).
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Nesse contexto, o conhecimento mais amplo a respeito do virus ainda € limitado
e as perspectivas de solugdes sustentaveis para remogao do virus em meio aquoso

ainda est&o por serem exploradas.

3.3 Adsorcao

Diversos processos biologicos, fisicos e quimicos ocorrem na interface entre
duas fases, enquanto outros sdo desencadeados como resultado dessa interagcéo. Os
processos podem ser examinados em diferentes sistemas dependendo dos tipos de
fases que interagem, que incluem: liquido-liquido, liquido-gas, sélido-gas e solido-
liquido. A discrepancia na concentragao de uma substancia especifica nesta interface
em comparagdo com as fases circundantes €& conhecida como adsorgao.
(Chakraborty et al., 2022).

O processo de adsorgcdo pode ser dividido em duas categorias principais:
adsorg¢ao quimica e fisica. Na adsorgao quimica, a ligacdo adsorbato -adsorvente é
formada por forgas relativamente mais fortes, podendo haver formacéo de ligagdes
quimicas (ligagdes covalentes ou idnicas) entre as valéncias livres do sélido e do
adsorbato. Na adsorcgao fisica, as particulas de adsorbato se fixam a superficie do
adsorvente por meio de forgas de van der Waals e ligagdes de hidrogénio (Alagarbeh,
2021).

A adsorc¢ao fisica (fisissor¢ao) ocorre quando o substrato e o adsorvente se
ligam por meio de forgas relativamente fracas, sem quaisquer alteracdes na estrutura
quimica de ambos. A adsorgdo Quimica (quimissorgéo) ocorre através da formagéao
de ligagbes quimicas entre o adsorvente e o substrato, onde ha rearranjo da
densidade eletrbnica entre eles, formando uma ligagdo ibnica ou covalente
(Alagarbeh, 2021; Chakraborty et al., 2022; Dgbrowski, 2001).

Neste contexto, o modelo de adsor¢ao adequado para um determinado sistema
€ realizado com base em critérios fisicos experimentais, como os estudos
termodinamicos, estudos de isotermas de adsorcao, cinética ou de equilibrio. Ambos

os modelos podem explicar o mecanismo de adsorgéo (fisico ou quimico).

3.3.1 Fatores que influenciam a adsorgao
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O processo de adsorgao € influenciado pela temperatura, pH e potencial de
carga zero (pHrcz), forga ibnica, quantidade de adsorvente, area superficial especifica
e porosidade, concentragdo inicial do soluto, tempo e velocidade de agitagdo (Xue et
al., 2023).

A temperatura da solucao afeta o processo de adsor¢ao para um determinado
adsorbato, por meio da alteracdo do estado de equilibrio da adsor¢ao e através da
diminuicao da viscosidade da solugao com o aumento da temperatura (Zhang et al.,
2020). Isso, devido ao aumento da taxa de difusdo das moléculas do adsorbato em
toda camada limite interna e externa e nos poros da particula do adsorvente.

O pH é um dos fatores que mais influencia o grau de distribuicdo das espécies
quimicas (Khamis et al., 2023). Por isso, variagdes no pH do meio determinam a
especiagao quimica dos metais em solucao, por exemplo, em termos de complexacao
por ligantes organicos, inorganicos, potencial redox, hidrolise e também afeta o estado
de dissociagao do local de ligacao (Das et al., 2023, 2017; Fiol et al., 2006). Em outras
palavras, dependendo do pH a espécie quimica pode estar em um estado mais téxico,
tornando-se um risco ambiental (Bandara; Pefia-Bahamonde; Rodrigues, 2020; Solis-
Ceballos et al., 2023; Suwalsky et al., 2008).

Além disso, o pH pode determinar a carga superficial do material através do
pHpcz; indicando a presencga de atracdo ou repulsdo entre adsorbato e adsorvente
(Chi, 2019; Gao et al., 2021). O valor do pHpcz determina quando a carga liquida do
adsorvente é nula (ponto de carga zero). Assim, pH > pHpcz, a carga superficial do
material € negativa, favorecendo a adsorgédo de cations, logo pH < pHpcz, a carga
superficial do material é positiva, favorecendo a adsorgéo de anions (Gao et al., 2021,
Vakili et al., 2023).

A forca i6nica também influencia a adsorcdo do soluto na superficie do
adsorvente (Liu et al., 2021, 2022; Liu, 2020, 2009). Desse modo, em solucédo aquosa
o soluto e a superficie do adsorvente (biomassa), em duas fases, entram em contato,
devido a interagao eletrostatica, eles entdo sao cercados por uma dupla camada
elétrica, logo, com o aumento da forga idnica ha uma diminui¢do na adsor¢ado do metal

de interesse (D6nmez; Aksu, 2002).
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Quanto a quantidade de adsorvente, um aumento em sua concentragéo
geralmente aumenta a quantidade de soluto adsorvido, mas até certa concentragao
de adsorvente (Das, 2010). Em contrapartida, concentragdes muito elevadas de
adsorvente diminuem a quantidade de soluto por unidade de massa do adsorvente
devido a interacbes complexas. Por exemplo, o soluto disponivel torna-se insuficiente
para cobrir totalmente os locais trocaveis disponiveis no adsorvente, acarretando na
baixa capitacdo do soluto e adsorgao especifica (Tangaromsuk et al., 2002).

Além disso, o aumento na quantidade de soluto adsorvido pode estar
relacionado com o tamanho da particula do adsorvente. Assim, a area superficial
especifica, quanto maior, fornece mais locais de adsor¢do, com isso, ha um aumento
na quantidade de material adsorvido (Gao et al., 2021). No entanto, o tamanho das
particulas do adsorvente, quanto maiores, menor a area superficial, logo, pode reduz
os sitios de adsorcao (Gao et al., 2023).

A porosidade fornece uma descrigdo da microestrutura do material e essa
estrutura pode ser classificada conforme o didmetro médio dos poros em microporos
(didametro médio < 20 A), mesoporos (20 A < didmetro médio < 500 A) e macroporos
(diametro médio < 20 A > 500 A) (Chi, 2019; Gao et al., 2021). Assim, o tamanho e
distribuicao dos poros influencia na capacidade de adsorcdo, quanto maior a
porosidade e o tamanho do poro, melhor a eficiéncia no processo de adsorgéo (Karimi;
Tavakkoli Yaraki; Karri, 2019).

No que se refere a concentracao inicial do soluto, a quantidade de material
adsorvido pode aumentar com o aumento da concentracdo de adsorbato, mas até
certo ponto (Das, 2010; Sharma; Dalai; Vyas, 2017). Isso ocorre devido ao numero de
sitios de ligacao disponiveis ser limitado a uma concentragao especifica do adsorvente
(Biswas et al., 2020; Hu et al., 2020).

A velocidade de agitacdo também influencia o processo de adsorcdo. O
aumento na velocidade de agitacdo pode aumentar a eficiéncia de remogao e a
capacidade de adsorcao até certo ponto. Quando a velocidade ideal de agitagao é
alcancgada, ela reduzir a resisténcia a difusdo dos ions (do adsorbato) em direcdo a
superficie do adsorvente, por exemplo, carvao ativado, devido a formagao de uma

suspensao uniforme do carvao ativado e do adsorbato. Em velocidades de agitagéao
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superiores a ideal a capacidade adsorg¢ao € reduzida. Isso pode ser atribuido ao
fendmeno de vortice e a falta de acessibilidade adequada dos ions (adsorbato) ao
adsorvente (Abbas; Trari, 2020; Vakili et al., 2023). Logo, a velocidade ideal de
agitacao evita o fendbmeno vulneravel de vortice durante o processo de adsorgao.

Ja o tempo de contato entre o adsorvente e adsorbato, para que ocorra a
adsorgao, € alcangado a medida que se atinge o equilibrio. Esse tempo varia de
acordo com o material adsorvente e com todos os fatores descritos anteriormente
(Qiao et al., 2020; Zhang; Tian, 2020).

3.3.2 Materiais aplicados como adsorventes

Nos ultimos anos, a valorizagdo de residuos naturais, agricolas e industriais
tem sido investigado como materiais alternativos a adsorventes comerciais. Tais
residuos, sdo considerados adsorventes de baixo custo e podem ser aplicados na
remogao de metais pesados tdxicos e microrganismos, presentes em aguas e
efluentes (Abbas; Trari, 2020; Alsulaili; Elsayed; Refaie, 2023; Demarco et al., 2023;
Khamis et al., 2023; Prasad, P Supriya et al., 2022; Schoeler et al., 2022; Zaimee;
Sarjadi; Rahman, 2021; Zhu et al., 2021).

Os residuos agricolas por apresentarem em sua composi¢cdo uma gama de
grupos funcionais e alto teor de carbono, podem ser utilizados para produzir carvao
ativado de baixo custo (biocarvao ativado), otimizando seu potencial em adsorgao
(Alsulaili; Elsayed; Refaie, 2023; Tokay; Akpinar, 2021). Além disso, a utilizacdo do
biocarvao ativado € um substituto econémico e sustentavel quando comparado com
carvao ativado comercial considerado caro (Tokula et al., 2023).

Alguns desses residuos como a casca de coco verde (aplicado na remogao de
Cu; casca de Pinus elliotti (aplicado na remocgao de Cr, Pb; lignina aplicado na
remocgao de Cu e Pb e outros, sdo materiais adsorventes sustentaveis (Bachmann et
al., 2022; Bosch et al., 2022; Chakraborty et al., 2022; de Aguiar Linhares; Romeu
Marcilio; Juarez Melo, 2016; Karri; Sahu; Meikap, 2020; Lima et al., 2021; Vakili et al.,
2023).

Destaca-se o carogo de péssego (Prunus persica L.). O péssego, embora seja

uma fruta nativa da China e do sul da Asia, € bem popular na cultura brasileira. A
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producao global de péssego foi cerca de 24,665 milhdes de toneladas entre a Europa,
Asia, América do Norte e Africa América do Sul (FAOSTAT, 2018), sendo a maior
parte produzida na China (15,195 milhdes de toneladas) (Martin-Martinez et al., 2018;
Shaikhiev; Kraysman; Sverguzova, 2023).

Considerando que a quantidade de residuos do processamento do péssego &
de aproximadamente 20 % do peso da fruta in natura gera um volume global de
residuos, principalmente carogo, superior a 5 milhdes de toneladas por ano.
Considerando o volume de residuo, como a alternativa sustentavel, € empregar esse
material para tratar agua residuaria, agregando a ele, valor.

O carogo de péssego é um adsorvente potencial na remog¢ao de poluentes
aquaticos tais como, metais (Pb, Cr, Au, Cd, Cu), corantes, pesticidas, microrganismos
patogénicos, entre outros compostos, seja in natura ou como carvado ativado
(Duranoglu; Trochimczuk; Beker, 2010; Mohammad; El-Sayed, 2021; Nufiez-Decap;
Wechsler-Pizarro; Vidal-Vega, 2021; Parlayici, 2019; Shaikhiev; Kraysman;
Sverguzova, 2023; Torrellas et al., 2015; Tsoncheva et al., 2018; Uysal et al., 2014).

O processo de adsorgédo utilizando o carogo de péssego € governado por
multiplos mecanismos em func¢ao de diversos parametros, como mencionados no item
3.3.1, que influenciam esse processo, assim como a sua composic¢ao (lignoceluldsica)
(Martin-Martinez et al., 2018; Nufiez-Decap; Wechsler-Pizarro; Vidal-Vega, 2021).

O caroco de péssego possui teor consideravel de lignina. Isso, influencia no
processo de degradacao sob o efeito do aumento da temperatura. A lignina por ser
altamente hidrofobica e potencializa a resisténcia a umidade. Quanto maior a
quantidade de lignina no material melhor a sua resisténcia mecanica. Isso ocorre
porque a lignina preenche as paredes celulares entre hemicelulose e celulose,
ligando-se a hemicelulose por pontes de hidrogénio, conferindo resisténcia mecanica
as paredes celulares (Nufiez-Decap; Wechsler-Pizarro; Vidal-Vega, 2021; Zoghlami;
Paés, 2019).

3.4 Carvao ativado
O carvao ativado (CA) é um material carbonaceo que consiste em camadas de

grafite hidrofébicas com grupos funcionais hidrofilicos, estrutura porosa, elevada area
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superficial, baixa acidez/reatividade basica e estabilidade térmica. Logo, € um material
adsorvente eficaz na remogao de compostos organicas e inorganicas, como metais
pesados e microrganismo patdégenos em meio aquoso (Mohammad; El-Sayed, 2021;
Shaikhiev; Kraysman; Sverguzova, 2023). Portanto, CA € um adsorvente essencial
devido a sua alta reatividade superficial, grande area superficial especifica bem como
0 seu carater sustentavel. Ele pode ser produzido utilizando diferentes materiais
precursores por métodos de ativagdo quimica, fisica ou a combinagao dois métodos.

Na ativacdo quimica ha dois estagios. No primeiro estagio, uma vez
selecionado um ativador quimico (NaOH, Na2COs, KOH, K2COs, AICl3, H3PO4 e H2SO4
e ZnCl2) impregna-se o precursor por um determinado periodo de tempo até concluir
a ativagao. No segundo estagio, o precursor ja ativado quimicamente é aquecido em
atmosfera inerte. Ativadores quimicos tém efeitos desidratantes e influenciam a
decomposicdo no processo pirolitico, além de, inibir a formacdo de alcatrao de
fechamento de poros (Akgakal; Sahin; Erdem, 2019; Heidarinejad et al., 2020) e liberar
novos sitios ativos no adsorvente. Em tal ativacdo, as macromoléculas sao
fragmentadas e os componentes volateis formados deixam a estrutura pelo efeito
catalitico dos ativadores, restando, o material carbonaceo (Yahya; Al-Qodah; Ngah,
2015).

Na ativacgao fisica, o precursor é pirolisado em atmosfera inerte, em seguida o
material carbonizado obtido é ativado pelo vapor (agua ou CO2) contribuindo para o
aumento da porosidade no precursor (Akcgakal; Sahin; Erdem, 2019; Heidarinejad et
al., 2020).

As propriedades do carvao ativado sao influenciadas pelo tipo de ativacéo
(quimico ou fisico), o tempo de ativagdo, a temperatura de carbonizagédo e as
condi¢des de impregnacao.

O carvao ativado comercial € um produto caro, assim, de modo a baixar os
custos, residuos agricolas como o carogo de péssego, pode ser aplicado como
material precursor sustentavel na produgao de carvao ativado. Os residuos agricolas
sdo materiais lignocelulésicos com alto teor de carbono, e alta capacidade adsortiva
devido a alta porosidade, alta estabilidade fisico-quimica, alta resisténcia mecéanica,

alta capacidade de reatividade superficial e imensa area superficial (Yan et al., 2018).
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O carvéo ativado do carogo de péssego contém relativamente elevado teor de
carbono e baixa producéo de cinzas (Akgakal; Sahin; Erdem, 2019; Ebadollahzadeh;
Zabihi, 2020), ou seja, adequado para producédo de carvao ativado e aplicagdo na
remocgao de diversos compostos. Quando esse € submetido ao processo de ativagao
fisico-quimica, utilizando ZnCl2, ha um aumento na area superficial do material com o
aumento da temperatura de pirdlise, além de um aumento no volume de poros (poros
pequenos) e aumento na porosidade (Martin-Martinez et al., 2018; Mohammad; El-
Sayed, 2021; Shaikhiev; Kraysman; Sverguzova, 2023; Torrellas et al., 2015).

3.5 Espumas de Poliuretano

As espumas de poliuretanos (PU) representam uma das maiores produgdes
mundiais dentre os materiais poliméricos, totalizando 25,3 milhées de toneladas para
o ano de 2019 (RAPRA, 2018).

Os Poliuretanos (PU) sdao materiais poliméricos formados pela reagao de
polimerizacao (poliadigdo) entre grupos OH (hidroxilas) de um poliol com os grupos
NCO (isocianatos). O poliol representa um segmento macio do polimero e o isocianato
apresenta a segmento rigido (Abdullah; Ramtani; Yagoubi, 2023; Gama; Ferreira;
Barros-Timmons, 2018). Espumas poliméricas sdo materiais constituidos por uma
fase gasosa e uma fase solida. Elas podem ser rigidas ou flexiveis e podem ser
sintetizadas a partir de uma ampla gama de polimeros (Kuranchie; Yaya; Bensah,
2021).

O comprimento da cadeia, do poliol reagindo com o isocianato, confere as
propriedades mecanicas do poliuretano, como resisténcia, viscoelasticidade e dureza.
O poliol estabelece o carater e o grau de ramificagdo ou reticulagdo do polimero final.
Assim, poliuretanos com longas cadeias de poliol, possuem estruturas mais flexiveis.
Além disso, o aumento no grau de reticulagdo do polimero final implica em uma
temperatura de transicao vitrea mais alta, maior ductilidade e menor alongamento na
ruptura (Abdullah; Ramtani; Yagoubi, 2023; Gama; Ferreira; Barros-Timmons, 2018).

Quanto a estrutura celular interna da espuma entende-se que a temperatura
afeta comportamento mecéanico. Espumas de poliuretano com estruturas de células

abertas com baixo teor de células completamente fechadas sdo mais flexiveis e
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facilmente se recuperam. Enquanto espuma rigida possui muitas células fechadas que
se formam independentemente da parede (Abdullah; Ramtani; Yagoubi, 2023).

As PU possuem propriedades diversas aplicagdes como selantes, isolamentos
térmico e acustico, almofadas, colchées domésticos, embalagens, mobiliario,
automotiva, calgados, brinquedos, aeroespaciais, materiais de constru¢do, dentre
outras (Cabulis; Ivdre, 2023; Gama; Ferreira; Barros-Timmons, 2018). Logo, as PU
podem ser sintetizadas por meio de pequenas modificagdes ajustando os conteudos
de isocianato, poliol, surfactante, catalisador, aditivos e agentes de expansao em sua
formulacdo, a fim de, alcangar as propriedades desejadas para uma determinada
aplicacéo (Cabulis; Ivdre, 2023; Kuranchie; Yaya; Bensah, 2021).

Na producdo de PU, o uso de polidis derivados de fontes vegetais (ex.
poliéteres), embora os derivados do petroleo (ex. poliésteres) sejam tecnicamente
superiores. Também, existe uma série de opg¢des em isocianatos, incluindo certos
produtos comerciais, tais como: diisocianato de tolueno (TDI), diisocianato de metileno
difenil (MDI), hexametilenodiisocianato (HMDI) e soforonodiisocianato (IPDI).

Em se tratando dos agentes de expanséo, eles podem ser sopradores quimicos
(adgua, expande o polimero pelo CO2 produzido) ou fisicos (solventes com baixo ponto
de eluigdo: hexano, pentano ou acetona; que expande o polimero por vaporizagao)
(SINGH, 2002).

Outro reagente utilizado na sintese de PU, é o surfactante; copolimeros
compostos por uma estrutura de enxertos de poliol (6xido de etileno - 6xido de co-
propileno) ou silicone. Eles tém por fungao diminuir a tenséo superficial, promover a
nucleagéo de bolhas, emulsificar reagentes incompativeis da formulagéo, estabilizar
as células, agir sobre o tamanho da célula e permeabilidade das espumas, bem como,
determinar o conteudo de células abertas e controlar a espessura das arestas da
parede celular, de modo a impedir sua ruptura prematura, antes que ocorra o evento
de abertura da célula durante a polimerizacdo (Gama; Ferreira; Barros-Timmons,
2018).

Os catalisadores sio utilizados para acelerar a reagao de sintese dos PU,
sendo o estanho ou aminas, os catalisadores mais comumente aplicados. Para que

haja uma expansado adequada durante a reagdo, necessita-se do equilibrio entre a
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geracao de gas (sopro) e a polimerizacao (gelificacao) (Ahmadijokani et al., 2023;
Gama; Ferreira; Barros-Timmons, 2018).

Pesquisas recentes tém buscado o desenvolvimento de PU a partir de
matérias-primas de origem renovaveis e biologicas, visando a sustentabilidade, tendo
em vista que grande parte das matérias-primas para isocianatos e poliois, utilizados
nessa sintese, sao derivadas do petréleo (Ren et al., 2023; Silva; Oréfice, 2023) .

Neste contexto, ha interesse na aplicagéo de polidis de base bioldgica e polidis
verdes na sintese de PU. Nos ultimos 20 anos é crescente o numero de trabalhos
focados no desenvolvimento de polidis de base bioldgica, a partir de fontes
renovaveis, tais como: subprodutos industriais, 6leos vegetais e residuos de
biomassas (Almeida et al., 2020; Gama; Ferreira; Barros-Timmons, 2018; Gama,
2017; Huang et al., 2022; Parcheta; Gtowihska; Datta, 2020; Zhou et al., 2016).

Polpa de beterraba, cortica, amido de milho, lignina, quitosana estdo entre
algumas das matérias-primas recentemente aplicadas como fontes de polidis de base
renovavel (biopolidis) na sintese de PU (Biswas; Pal, 2021; Selvasembian et al., 2021).
Outros estudos vém utilizando 6leos vegetais (6leo de mamona, palma, canola, tunga,
soja e outros) como fonte de polidis por conferir a mistura com polidis petroquimico
convencionais, uma vez que esses sdo biodegradaveis e ecoldgicos, soluveis em
grande parte dos solventes industriais (Cabulis; lvdre, 2023).

Destaca-se o 6leo de mamona dentre os polidis, pois ndo compete com os
suprimentos alimenticios e possui um elevado conteudo natural de hidroxilas. Ele &
um triglicerideo do acido ricinoléioco, extraido das sementes da planta Ricinus
communis (Ren et al., 2023). Possui um grupo hidroxila secundario (C12); dezoito
atomos de carbono; funcionalidade de 2,7 grupos OH / mol; uma ligagao dupla (Co —
C10); nimero de hidroxila de cera de 160 mg de KOH/g™" e pode ser utilizado em quase
todas as aplicagdes relacionados aos PU (Gama, 2017).

E interessante ressaltar que o uso de biopolidis, como a glicerina loira,
aplicados na sintese de PU rigidos, uma vez que reduz o custo de produgédo das
espumas e minimiza o impacto ambiental, melhorando a sustentabilidade na industria
de PU (Cabulis; Ivdre, 2023; Ren et al., 2023).
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3.5.1 Sustentabilidade de PUF e sua aplicagao na descontaminagao ambiental

A maioria dos polidis utilizados na produgéao de PUF s&o derivados de produtos
petroliferos, mas devido ao crescente interesse no uso de materiais renovaveis e a
crescente preocupagdo com O impacto ambiental, sustentabilidade e a futura
escassez de petroleo, levou ao desenvolvimento de PU utilizando materiais de origem
vegetal, biolégicos e renovaveis (Gama; Ferreira; Barros-Timmons, 2018; Okoli;
Ofomaja, 2019; Selvasembian et al., 2021).

A razao para isso é a crescente demanda por materiais com menor impacto
ambiental e que possam ser reciclados, reutilizados ou provenientes de fontes nao
contaminantes (Gama; Ferreira; Barros-Timmons, 2018; Parcheta; Gtowinska; Datta,
2020; Ren et al., 2021b; Tokula et al., 2023). Os biopolidis e os residuos
agroindustriais, sdo renovaveis, portanto, uma alternativa sustentavel aos derivados a
base de petréleo na sintese dos PUs.

Nesse contexto, visando o apelo ambiental, espumas de poliuretano podem ser
aplicadas em técnicas de adsorgdo para tratamentos de aguas contaminadas e
efluentes (Selvasembian et al., 2021). Elas sédo capazes de reter diferentes classes de
substancias devido a presenga de grupos polares e nao-polares em suas estruturas,
além de, excelente resisténcia mecanica, térmica e quimica (Abdullah; Ramtani;
Yagoubi, 2023; Gama; Ferreira; Barros-Timmons, 2018; Kuranchie; Yaya; Bensah,
2021).

Ainda que, poucos trabalhos venham aplicando as PU na remocao de
contaminantes, sdo crescentes os estudos com essa abordagem (Selvasembian et
al., 2021). Alguns resultados interessantes recentemente publicados dao conta de:
uma remocao de 99,4% do corante verde brilhante em solugbes aquosas, usando uma
PU incorporada com 4% de carvao (KONG et al., 2016); remogao de 98% do corante
Food Red 17 (FR17) de solugdes aquosas, em PU incorporada com cargas de
quitosana (da Rosa Schio et al., 2019); remogao de 96% de corante catidnico azul de
metileno em 3 h de adsor¢do em meio aquoso (Baldez; Robaina; Cassella, 2008);
remogao cerca de 90% de Cd em PU com cargas de bentonita e/ou 6xido de cobre
(Ossman; Abdelfattah, 2018).
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Nota-se que boa parte dos trabalhos tratam de espumas que foram produzidas
utilizando materiais adsorventes auxiliares, enquanto cargas. Assim, a PU atua
sinergicamente com a carga, a fim de promover uma maior retengcédo de contaminante.

As cargas podem ser compostas de diversos materiais e, devido ao apelo
ambiental, fontes de origem vegetal, como residuos agroindustriais, tém sido
reportadas como adsorventes potenciais na remocao de metais pesados em solugdes
aquosas, ja que, a presenga de grupos funcionais, carboxil, hidroxil, hidrossulfonil,
amido, lignina, em sua estrutura porosa favorece a adsor¢ao (Cabulis; Ivdre, 2023;
Kuranchie; Yaya; Bensah, 2021).

A adigéo de cargas pode causar diferentes efeitos na reagao entre o isocianato
e poliol, incluindo: a taxa de polimerizacdo que pode sofrer interferéncia em
decorréncia do material de enchimento selecionado, uma vez que, altera o
comportamento reoldgico da mistura de reagcédo e/ou no acoplamento dos grupos de
superficie do material de enchimento (cargas) com o isocianato, agua e/ou o poliol e
outros, o0 que pode prejudicar a maioria das propriedades tecnoldgicas finais da PU
(Bernal; Lopez-Manchado; Verdejo, 2011; Gama; Ferreira; Barros-Timmons, 2018;
Gama, 2017).

Desse modo, modificar a composi¢ao das PU por meio do emprego de cargas,
seja utilizando materiais ja processados pelas agroindustrias, pode aumentar sua
capacidade adsortiva, além de, minimiza o impacto ambiental e um coprocessamento
do material, considerado residuo, agregando a ele valor.

Nesse contexto, espumas de poliuretano carregadas sdo um material promissor
na remogao de ions metalicos e microrganismos patogénicos presentes em aguas
residuarias. Essa remocéao pode ser aplicada pelo método de adsorgéo devido ao seu
baixo potencial nocivo ao meio ambiente, ndo geragao de subprodutos, facil aplicagao,
condicbes operacionais simples, ampla aplicabilidade, alta eficiéncia de remocao,
baixo custo, além de, possibilidade de reutilizagdo do material adsorvente (Alagarbeh,
2021).
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1. Introduction

COVID-19 is a severe respiratory syndrome that occurs in humans due to the
SARS-CoV-2 virus due to direct or indirect person-to-person contact, especially
through respiratory transmission [1]. Nevertheless, some studies already affirmed that
human cells are prone to be contaminated due to contact with infected environments
[2]. For instance, when someone touches his eyes, nose or mouth after touching
surfaces or objects that have been contaminated by the virus.

The pandemic of COVID-19 brought huge economic and health negative
impacts, which have been extensively discussed in some recently published studies
[3]. However, some environmental impacts of this global epidemic were not yet fully
clarified [4]. Several recent studies mentioned the detection of SARS-CoV-2 in water
and sewage around the world [5]. Furthermore, the detection of infectious viruses in
urine and feces suggests that these substances may be capable of transmitting
infection [6,7]. Additionally, epidemiological studies have shown that SARS-CoV-2 may
be transmitted via contaminated sewage [8,9]. This type of virus may survive for days
diluted in wastewater [10] and, for this reason, according to Bandala et al. [11], the
SARS-CoV-2 concentration in water increases as the infection rate around this water
body increases.

Therefore, the virus may enter water systems through sewage dis- charged by
isolation centers, hospitals, or households, where contaminated people are recovered
[5]. Then, the discharge of untreated sewage into rivers, inland waterways, and seas
represents an epidemiological risk and can lead to the spread of this disease,
especially via fecal-oral transmission [12]. The contamination via sewage or untreated
water (secondary transmission) is even more worrying in low-income countries,
wherein health policies may be ineffective due to poor sanitation infrastructure [13,14].

Several technologies are currently applied for removing and/or inactivating
viruses spread in water bodies. These strategies include membranes,
ultra/nano/reverse osmosis, nandfiltration, ultraviolet light, photodynamic oxidation,
wet-peroxide oxidation, electro-coagulation, electro-oxidation, CO2 bubbles, photo-
catalysis with graphene oxide or carbon dots, photo-catalysis with TiOz2, cold plasma,
chemical disinfection with either chlorine or ozone and adsorption processes [11].

Among these technologies, the adsorption processes stand out because of the

wide range of adsorbent materials that can be applied. Adsorption consists in
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accumulating atoms or ions from a gaseous, a liquid, or a solid adsorbate onto the
surface of a solid adsorbent [15]. This process is advantageous due to the low energy
consumption, ease of operation, and high removal efficiency [16]. Also, there are low-
cost adsorbents endowed with high ecological appeal since they can be obtained from
plant-based resources or residues [17].

Nowadays, activated carbon is the main adsorbent used for separating gases,
recovering solvents, and removal of pollutants from wastewater. Its adsorption capacity
is dependent on some physical properties, such as specific surface area, pore size and
distribution, as well as surface chemistry [18]. These properties also may vary
depending on the precursor and activation conditions used to produce the activated
carbon. Peach stones are among the most produced fruit residues in southern Brazil
and, to mitigate this environmental liability, the valorization of this biomass through the
production of activated charcoal seems to be a promising strategy based on previous
studies [18,19].

In this context, green materials and polymers such as modified polyurethane
foams have been used as adsorbents and absorbents for the treatment of
contaminated water and wastewater [20]. In order to improve its absorptive properties,
various materials can be incorporated into PUF. Studies have shown that it's possible
to produce foams with superhydrophilic/superoleophobic properties and an excellent
ability to remove different types of oil by absorption [21] making modifications to their
structures. Such as acrylamide can be used to modify PUF [22], and PUF can be
coated with polydopamine/polypyrrole/polyaniline (PDA/ PPy/PANI) and incorporated
with Fe-SA (stearic acid) nanocomposites [23], and also magnetic polyurethane foam
(PUF) modified with pre- treated cellulose decafluorobiphenyl (MCF) by adding Fe3Oa4
NPs [24].

Polyurethane is a well-known porous polymer for its mechanical characteristics,
durability, flexibility, and elasticity [25]. PUF is a kind of cellular polymer that has
particularly advantageous physical and chemical characteristics, such as abundant
binding sites, with a high surface area, as well as excellent thermal and chemical
stability [20,26,27].

However, PUFs are easy to be touched with bacteria and viruses when they are
exposed to the applied environment. Furthermore, the bacteria might damage the
surface of PUFs, and generate a film by adhering to the surface which influences the

life-span of foams [28-31]. Consequently, the antibacterial treatment of PUFs is
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important to improve and significantly increase the service life [28,32,33]. Mean- while,
PUFs are also promising substrates to support bio-adsorbents since they are able to
retain different classes of substances [25,34,35,36-39] in addition, is interesting its
ability to be touched with bacteria and viruses when they are exposed to the
environment.

Unfortunately, to the best of our knowledge, there is a lack of studies
investigating PUF-based support for bioadsorbents applied to SARS-CoV-2 removal,;
although, this strategy was already conducted to adsorb other contaminants [37].
These studies addressed fillers and PUF-based sup- ports that acted synergistically,
yielding high retention of contaminants in the PUF cellular structure. In this work, the

influence of different fillers on PUF is investigated for SARS-CoV-2 removal from water.

2. Materials and methods

2.1. Fillers preparation

A commercial activated carbon (CAC) was supplied by Dinamica Quimica
Contemporanea and, according to this supplier, the CAC has the following
characteristics: relative density of 1.8-2.1 g cm at 25 °C and molecular weight of
12.01 g mol-'. Peach stones (PS) (Prunus persica L.) were donated by Oderich Canned
Food Industry, which is located in Pelotas/Brazil. This material was initially washed
with distilled water to remove impurities and was then oven-dried (at 105 °C for 24 h),
grounded (using a Wiley mill), and sieved using a 150 uym screen. This powdered
peach stone was used as a filler for the PUF and also as a precursor for a peach stone-
based activated carbon. To prepare the activated carbon, a high purity (>97 %) zinc
chloride (ZnCl2), acquired from Dindmica Quimica Contemporanea, was used as a
chemical activator. For performing the chemical activation, 30 g of ZnCl2 was dis-
solved in 200 mL of distilled water and then 30 g of the precursor was added under
stirring at 200 rpm for 24 h. The final solution was oven - dried at 105 °C and then
pyrolyzed at 700 °C for 1 h. The pyrolyzed material (called “PSAC”) was treated with 3
M HCI to remove the remaining chemical activator, following the procedure described
by Akcakal et al. [40].
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2.2. Polyurethane foam preparation

PUFs were prepared with the insertion of the three aforementioned fillers by the
free-rise pouring method, which was described by Delucis et al. [41]. For that, filler (5
wt%), castor oil, glycerin PA, chain extender, surfactant, and catalyst were
mechanically stirred at 1000 rpm for 60 s. Then, p-MDI was added to the reaction
mixture at an NCO/OH ratio of 1, which was then manually mixed for extra 20 s. This
final mixture was poured into an open wooden mold and left to cure at room
temperature for 24 h. The resulting expanded polymers were post-cured in an oven at
60 -C for 2 h. Table 1 displays the amount of each reagent used. Hereafter, neat PUF,
PUF filled with peach stones, PUF filled with peach stones-based activated carbon,
and PUF filled with commercial activated carbon are called as neat PU, PUPS,
PUPSAC and PUCAC, respectively.

Table 1 - PUF formulation.

Components Weight (g)
Castor oil® 50.42
Glycerin PAP 16.81
Polyethylene glycol (chain extender)P 7.47
Distilled water (blowing agent) 2.99
Tegostab B8404 (surfactant)c 1.87
Tegoamin DMEA (catalyst)c 0.75
Polymeric methyl diphenyl isocyanate (p-MDI)< 119.70
Fillers 5 wt%
Peach Stone (PS) 10.53
Peach Stone Activated Carbon (PSAC) 10.53
Commercial Activated Carbon® (CAC) 10.53

a Acquired from Alpha Quimica.
b Acquired from Dina"mica Quimica Contemporanea Ltda.
¢ Donated by Evonik Degusssa Brasil Ltda.

d Acquired from Polisystem Industria e Comercio de
Poliuretano.

2.3. Characterization
2.3.1. Morphology and structural characterization

The specific surface area, total pore volume, and pore size of the fillers were
determined by the Brunauer-Emmett-Teller (BET) method. The pore size and

distribution were estimated through the Barrett-Joyner-Halenda (BJH) method utilizing
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a 1200e Quantachrome Instruments automated apparatus, under a dynamic Nitrogen
gas environment.

The specimens were degassed before the measurement through a nitrogen flow
at 100-300 °C (depending on the filler type) for 20 h. Fourier transform infrared
spectroscopy (FTIR) using a Prestige Shimadzu equipment equipped with an
attenuated total reflectance (ATR) accessory. Thus, 32 scans were carried out in the
range between 4000 and 400 cm" and a resolution of 4 cm-'.

Moisture, volatile matter, and residue contents were obtained using
thermogravimetric (TG) analysis under a nitrogen atmosphere at a heating rate of 20
°C min' using a Q50 thermal gravimetric analyzer (TA instruments), according to the
ASTM D7582 procedure. The X-ray diffraction (XRD) patterns were obtained using a
diffractometer (Brunker D-8, Germany) equipped with a diffracted beam
monochromator and Ni-filtered CuKa radiation (A = 1.5406 A). A voltage of 40 kV and
an intensity of 40 mA were adjusted. The 28 angle was scanned between 10° and 60°,
and the counting time was 1.0 s at each angle step (0.02°).

Surface morphology was analyzed by scanning electron microscopy (SEM)
using a JSM 6610LV Jeol equipment, adjusted for a working voltage of 15 kV and a
magnification of 100x.

Point of zero charges (PZC) was obtained by adding 0.1 g of solid sample to 20
mL of a KNOs3 solution (0.01 M) into a 50 mL plastic flask, which was stirred at 50 rpm
for 24 h in initial pH solutions that varied from 1 to 12. The pH values were measured
using a pH meter and the PZC was obtained after plotting ApH (pH final — pH initial)
against the initial pH. This methodology was adapted from that described by Farage et
al. [42]. Apparent density was determined for five specimens per group, which had the
dimensions of 50 x 50 x 25 mm?3. For that, a digital caliper and an analytical scale were
used according to the ASTM D1622. The database of apparent density was analyzed
by one-way analysis of variance (ANOVA) followed by Tukey tests.

2.3.2. SARS-CoV-2 inactivated

An inactivated SARS-CoV-2 virus was used as a positive control and comes
from isolated clinical specimens in Vero-EG6 cells (SARS.COV-2/ SP02/human2020/Br,
GenBank accession number MT126808.1). This virus was kindly provided by

Professor Dr. Edison Luiz Durigon. He is a Full Professor at the Department of
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Microbiology, Institute of Biomedical Sciences, University of Sdo Paulo (USP), Brazil
[43].

2.3.3. Removal and connection of SARS-CoV-2 to materials

A total of 10 mg of each adsorbent (neat PU, PUCAC, PUPS or PUPSAC) was
properly dried at 37 -C for 2 h. Afterward, the adsorbent was transferred to a microtube
containing 1.5 mL of sterile RNAse-Free ultrapure water. Then, 150 uL of the
inactivated SARS-CQOV-2 viral suspension (2.5 x 106 copies mL-') was added to the
microtube, which was followed by incubation at 28 -C and pH 7 under shaking of 200
rom for 24 h. Subsequently, supernatant and adsorbent were removed and placed into
another microtube and the viral RNA was extracted. The virus adsorption was
calculated and presented as described by Demarco et al. [44]. The viral load removed

was calculated using the following Eq. (1):

Viral load removal = Viral loadSupem) - (Viral loadmat) (1)

where Viral load removal is expressed in copies mL-, Viral loadsupern and Viral loadmat
refers to the viral load in supernatant and viral load in material (copies mL-"),

respectively.

2.3.4. RNA extraction

The RNA was extracted from both supernatant and studied adsorbent using a
MagMax™ Core Nucleic Acid Purification kit (Thermo Fisher Scientific, Waltham, MA,
USA). The extracted RNA was quantified by NanoDrop® (Thermo Fisher Scientific,
Waltham, MA, USA). A concentration of approximately 10 ng of RNA was used to
perform the RT-gPCR detection.

2.3.5. RT-qPCR

In the RT-gPCR assays for SARS-CoV-2 the primer and probe used in PCR
reactions were performed according to the protocol indicated by Centers for Disease
Control and Prevention [45]. Briefly, reaction mixtures (25 pL) of final volume were
used, with the following volumes added to the 1x concentrated master mix: 5 uL of
sample RNA, 12.5 uL of 2 x reaction buffer, 1 uL of Superscript™ Il One-Step with

Platinum™ Taqg DNA Polymerase (Invitrogen, Darmstadt, Germany), 0.4 mM of each
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dNTP, 0.4 pL of a 50 mM MgSO4 solution (Invitrogen), 1 ug of non-acetylated bovine
albumin (Roche), 10 uM of each primer (Table 2), and DEPC water. The reaction
occurred in StepOne™ Real- Time PCR System (Thermo Fisher Scientific, Waltham,
MA, USA). CDC N1 and N2 primers and probes used in this study are shown in Table
2. The gPCR condition for SARS-CoV-2 was as follows: 55 °C for 10 min for reverse
transcription, 95 °C for 3 min, and 40 cycles of 95 °C for 15 s and 58 °C for 30 s. The
database of removal percentage was analyzed by one-way analysis of variance
(ANOVA) followed by Bonferroni’s multiple comparison tests adjusted for a significance

level of 5 %.

Table 2 - Oligonucleotide sequences of primers and probes used in this study.

Assay Primer/probe Sequence (5°-3°)!
N1 2019-nCoVN1-F GACCCCAAAATCAGCGAAAT
N2 2019-nCoVN1-R TCTGGTTACTGCCAGTTGAATCTG
N3 2019-nCoVN1-P FAM—ACCCCGCATTACGTTTGGTGGACC-BBQ

a FAM, 6-carboxyfluorescein [45].

3. Results and discussion

3.1. Adsorbent characterization

3.1.1. BET-surface area

BET-surface area and total pore volume of the PS sharply increased in the
activated carbon production (Table 3), which is typical for activated carbon and can be
attributed to the formed spongy-like porous structure shown in Fig. 1 [40]. The PSAC
overcame the CAC in terms of BET-surface area and average pore size, which
indicates a high adsorption potential to the former activated carbon. According to Yang
et al. [46], the porosity of one activated carbon is related to the conversion of
hemicelluloses, cellulose and lignin from the precursor by a series of dehydrating and

polymerization reactions.

Table 3 - Textural properties of the fillers.

Fill BET-surface area (m? Total pore volume Average pore size
illers -1 3g-1
g (cm’g™) (nm)
pSa 0.562 0.004 141.780
PSACP 579.199 0.297 10.256
CACe 469.595 0.267 11.352

aPS (Peach Stone in natura) (A), PPSAC (Peach Stone Activated Carbon) (B), °CAC (Commercial
Activated Carbon) (C).
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Fig. 1 — SEM images of the fillers. PS (Peach Stone in natura) (A), PSAC (Peach Stone Activated
Carbon) (B), CAC (Commercial Activated Carbon) (C).

3.1.2. Fourier-transform infrared spectroscopy (FT-IR) and X-ray diffraction (XRD)

All PUF presented similarly shaped FTIR spectra, which means that they have
similar chemical structures (Fig. 2a). In the case of PUF and its composites, the band
at 3310 cm™" and 3600 cm! was attributed to the stretching vibrations of N—H groups,
whereas peaks at 2924 and 2858 cm" were ascribed to the asymmetric and symmetric
C—H stretches, then represented the stretching vibrations of the methylene groups
[38,46,48]. The broadband between 2300 and 2200 cm was assigned to the
stretching vibration of residual NCO groups. Another broadband between 1730 and
1600 cm" represented the C=0 stretches of Biopol and urethane moieties, with the
urethane C-N stretch observed at 1624 cm', and the band corresponding to C-N
stretching and N-H bending (1515 cm™). The characteristic tertiary amide C—N
stretching and N-H deformation was observed at 1240 cm™' [48,49]. In addition, the
characteristic peak of the isocyanate functionality at 2266 cm-' corresponds to
unreacted N=C=0 stretch. [46-48].

The XRD diffractogram of the PUF’s and composites are shown in Fig. 2b. It is
evident that PUF’s samples have comparable XRD patterns, and this result confirms
that they are made up of amorphous base polymer, by comparison with the ICDD
reference database (#00-060- 1509) and JCPDS N- 41-1413 [32,50-55]. In fact, it was
observed the presence of two broad diffraction haloes that peaked at around 20° and
41° 20, respectively, and that they were exactly related to the features of the phase
amorphous patterns [51,52]. The broad base peaks of PUPSAC and PUCAC, at
around 20° 26, decreases and they are assigned to the scattering from polyurethane

(PU) chains with regular interplanar spacing [51-53].
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Fig. 2 - FTIR spectra of the studied PUF (a) and X-ray diffractograms of the PUF (b); Neat PU (Neat
Polyurethane), PUPS (Polyurethane Peach Stone), PUPSAC (Polyurethane Peach Stone Activated
Carbon), PUCAC (Polyurethane Commercial Activated Carbon).

3.1.3 Thermogravimetric profile of PUF

Fig. 3 shows the TG curves of the PUF. In addition, as shown in Table 4, some
relevant data based on these curves were summarized. The mass loss until 200 °C is
attributed to the evaporation of the moisture and the release of volatile compounds
from the PUF cellular structure [46]. The PUPS presented the highest mass loss peak
at this first region found in the DTG curve, which is attributed to some of its low
molecular weight compounds, such as extractives, pentosans, and hexosans. These
compounds were probably thermally decomposed when the PSAC was prepared,
which explains why this prominent peak did not appear for the PUCAC and PUPSAC.
This also explains the smallest T5% displayed by the PUPS, indicating that this 5% of
mass loss is mostly attributed to the inserted filler.

The PUPSAC presented a sharply smaller T5% than the PUCAC, which
indicates that the CAC is more thermally stable than the PSAC produced here, which
is probably related to differences in both morphology and chemical composition of
these two adsorbents [56]. The T5% values in the 170-270 °C temperature range
showed by the studied PUF are related to the breaking of urethane linkages. On the
other hand, the T50% values presented by the PUF are related to the degradation of
urea groups [57]. In this sense, compared to the neat PU, the PUPSAC, and PUCAC
presented higher T50% values, which indicates that these activated carbons conferred

increases in thermal stability in all temperatures above 300 °C.
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Fig. 3 - TG (A) and DTG (B) curves of the PUF (Neat PU (Neat Polyurethane), PUPS (Polyurethane
Peach Stone), PUPSAC (Polyurethane Peach Stone Activated Carbon), PUCAC (Polyurethane
Commercial Activated Carbon).

Table 4 — Main thermal events of the PUF evaluated by TG.

Ts% Ts0% Residue at 600 °C
Sample (C) (C) (Wt%)
Neat PU?2 262 394 14
PUPSP 171 394 12
PUPSACe® 246 403 16
PUCACH 271 407 16

aNeat PU (Neat Polyurethane). P PUPS (Polyurethane Peach Stone). cPUPSAC (Polyurethane Peach
Stone Activated Carbon). dPUCAC (Polyurethane Commercial Activated Carbon).

3.1.4 Scanning electron microscopy (SEM), density and point of zero charge (PZC)

Fig. 4 shows the SEM images of PUF. The neat PU presented rounded cells
with a diameter mean of about 500 pym, which can be considered normal based on
similar studies on PU [41]. The morphology in PUF is mostly related to rheological
characteristics, such as viscosity, reactivity, presence of additives, and so on [41].
Compared to the neat PU, the filled PUF presented elliptically shaped cells, which
indicates a cell orientation in relation to the rise direction. Elliptical polymer cells in filled
PUF are a normal characteristic, which can be attributed to the steric hindrance
mechanism imparted by the filler presence, in which the formation of urethane groups
is hindered since isocyanate and hydroxyl groups are physically separated from each
other by the filler particles [41].
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Fig. 4 — SEM of the studied PUF. (Neat PU (Neat Polyurethane), PUPS (Polyurethane Peach Stone),
PUPSAC (Polyurethane Peach Stone Activated Carbon), PUCAC (Polyurethane Commercial Activated
Carbon).

The PUPS presented a clearly uneven cell morphology, which is probably
related to the hydrophilic nature of the PS since the PUF reinforced with the activated
carbons presented homogenously distributed cell bubbles. According to Acosta et al.
[59], the insertion of hydrophilic fillers in PUF may yield the formation of brittle, small,
and thin cells, which are easily disrupted, releasing the encapsulated CO2. In addition,
the adsorbed moisture from hydrophilic fillers can be desorbed during the exothermic
polymerization reaction of the PU, reacting then with NCO groups from the p-MDI. This
may lead to the formation of polyurea groups, decreasing the overall PUF performance
[57].

Based on their apparent densities above 40 kg m-3, all the studied PUF can be
considered rigid foams (ASTM E1730). The PUPS showed the highest apparent
density (Fig. 5a), which is probably related to the aforementioned filler-PUF reactions.
According to Delucis et al. [41], hygroscopic fillers present high host compatibility in
isocyanate-based systems, which leads to increases in foam expansibility and cell

anisotropy. In addition, the increase in apparent density compared to the neat PU
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indicates a good polymer formation in the PUPS since the cells formed due to a filler

insertion do not always lead to increases in apparent density [41].
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Fig. 5 — Apparent density of the PUF (A) and Point of zero charge of the studied PUF (B); (Neat PU
(Neat Polyurethane), PUPS (Polyurethane Peach Stone), PUPSAC (Polyurethane Peach Stone
Activated Carbon), PUCAC (Polyurethane Commercial Activated Carbon).

The inert fillers inserted in the PUCAC and PUPSAC lead to decreases in
apparent density if compared to the neat PU. In fact, chemically incompatible fillers
may lead to contrary mechanisms if compared to compatible ones, which were
discussed above. Therefore, decreases in foam expansibility and apparent density
associated with low host compatibility and weak filler-matrix bonding are expected for
the insertion of CAC and PSAC as fillers in PUF. For Zhou et al. [60], a PU-based
reaction mixture incorporated with one chemically incompatible filler may have high
viscosity, which leads to restricted expansibility and, sometimes, the formation of egg-
like cells.

According to Delucis et al. [41], incompatible fillers have opposite polarities if

compared to the polymer matrix, which leads to a weak interface permeated by micro-
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pores capable of encapsulating blowing gas. According to Schoeler [61], studies on
colloidal flocculation apply PZC for measuring at which pH the net charge of an
absorbent’s surface is equal to zero. Fig. 5b shows the PZC pattern at variable pH
values, which indicates that the surfaces of all PUF are positively charged after a pH
value of 6.5. Therefore, it is expected increased SARS-CoV-2 removal above this pH
value. This result is in agreement with those reported by Zhang et al. [62], who studied
PUF incorporated with polyethyleneimine-based particles. This probably occurred due

to the protonation of amine groups onto the PUF surface [62].

3.1.5 SARS-CoV-2 removal

As shown in Table 5, a reference number of 2.5 x 106 viral copies per mL was
considered for 15 cycles. This concentration was defined based on recently reported
SARS-COV-2 concentrations found in several countries during the pandemic, as
shown in Table 6. The Cr values are inverse to viral load content and represent an
indirect method of detecting viral RNA copy numbers [76]. In this type of analysis, the
cycle threshold (Cr) value in RT-qPCR analysis is the number of amplification cycles
required for the gene to exceed the threshold level. Regarding the supernatant and
cycle threshold material (Ct), the filled PUF (i.e. PUPS, PUPSAC and PUCAC) did not
differ from the neat PU. This also indicates a good quality of the PSAC produced here
since PUPSAC and PUCAC presented similar removal capacities and adsorption

behaviors.

Table 5 - Cycle threshold (Cr), viral load (copies mL-") and removal properties obtained after 24h of
incubation.

Neat PU? PUPSP PUPSAC® PUCAC?
Control Cr 14.85+0.96
Viral Ioe_ld in cc_:1ntrol 2 5%106+0.11x106
(copies mL)
Supernatant Cr 20.74+1.58a** 22.49+0,31a 24.91+0,71a 23.13+0,83a
Viralload in supemnatant 4 74, 4qs 1.47%10% 0.27x10% 0.92x10%
(copies mL)
Material Cr 31.93+2.83a 28.97+2.79a  30.78+1.27a  30.33+1.11a
Viral load in material - 4550x104 0.0016x10¢  0.0047x10*  0.0063x10*
(copies mL)
Viral load removed 4.76%10¢ 1.46x10¢ 0.26%10¢ 0.90%10¢
(copies mL)
Viral load removed 4.76x100 1.46x108 0.26%10° 0.91x10°

(copies mLg™)
aNeat PU (Neat Polyurethane). P PUPS (Polyurethane Peach Stone). cPUPSAC (Polyurethane Peach
Stone Activated Carbon). 9PUCAC (Polyurethane Commercial Activated Carbon). ** Bonferroni's
multiple comparison tests adjusted for a significance level of 5%.
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Table 6 - Concentration of SARS-CoV-2 in wastewater of various countries

Concentration Country Water type Reference

(copies mL™")

5.00x 10510 1.87 x 102 China Untreated wastewater [63]

2.60%x103t0 2.20 Netherland sewage [64]

9.50%103 to 3.70%102 Brasil River water; [65]
wastewater

5.60 x 102 to 3.50 x 10" India Wastewater [66]

1.20 Australia Untreated wastewater; [67,68]
Primary sludge

10" to 4.60%x10° USA Untreated wastewater; [69-71]
Primary sludge;

102 to10°3 Spain Untreated wastewater [72]

2.70%x102 to 3.19x103 Ecuador River water [73]

1.00 to10°3 Turkey Untreated wastewater [74]

>10°3 France Untreated wastewater [75]

The percent removal of SARS-CoV-2 was 99.9 % by neat PU, 98.1 % by
PUPSAC, 98.3 % by PUPS, and 98.2 % by PUCAC (Fig. 6). Superior results when
compared to the percent removal of SARS-CoV-2 in water in PUF with fillers of dregs
(91.55 %) [61] and the control group of free SARS-CoV-2 (Fig. 6). Therefore, the foams
present considered outstanding performances in all cases. There were no statistically
significant differences between the means evaluated for the different PUFs.

These results can be explained by the aforementioned characteristics, including
surface area, presence of functional chemical groups (namely COO, COOH, NH2 and
NHs*), PZC and so on. Compared to the studied listed in Table 6, the results shown in
Fig. 6 can be considered superior in most cases. Therefore, amino acids from SARS-
CoV-2 probably interacted with the adsorbent’s surfaces through hydrogen bonds,
which favored the adsorption due to the electrostatic attraction between the virus and

these groups.
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Fig. 6 - Percentage SARS-CoV-2 removal (%) of the studied PUF ((Neat PU (Neat Polyurethane), PUPS
(Polyurethane Peach Stone), PUPSAC (Polyurethane Peach Stone Activated Carbon), PUCAC
(Polyurethane Commercial Activated Carbon), and Control, represents free SARS-CoV-2 viral particles

in water without the foams studied.
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These are a few of the conditions that make the adsorption process feasible, as
it is accomplished by electrostatic interactions between the virus/adsorbent surfaces
in the presence of opposite charges between the surfaces [77]. Another issue is the
morphology of the SARS-CoV-2 virus. The presence of the Spike (S) glycoprotein
(outer part) that protrudes from the lipid membrane drives the adsorption of SARS-
CoV-2. The glycoprotein, of hydrophobic nature, has a negative charge when the pH
is above its isoelectric point, pH 5.9 [78]. This favored the adsorption of the foams, as
they presented (pHrzc) higher than that of the glycoprotein, regardless of the fillers
incorporated in the foams.

Due to the above characteristics, any of the adsorbents (foams) can be
considered promising in the removal of viral load (SARS-CoV-2), aqueous media, and
applied mainly in low-income countries with inefficient wastewater treatment systems.

In the context of the Pandemic COVID-19, there is still little information
regarding viral load concentrations (SARS-CoV-2) in natural water in wastewater in
developing countries and with poor levels of environmental sanitation over time. In
most Latin American countries, for example, only 30 % of wastewater is treated before
it is discharged into water bodies [79], meaning that poor sanitation systems lead to a
potential risk to public health.

Wastewater can be considered as one of the high-risk routes for transmission
of the new coronavirus [80]. An example is the health facilities in the Palestinian West
Bank, which only treated 2 % of their wastewater. Therefore, healthcare facilities are
considered one of the high-risk sources of SARS-CoV-2 RNA in their wastewater,
especially at COVID-19 peaks [81].

An ineffective sanitation system, is also a potential risk for contamination of the
water system due to the presence of human excreta [82]. Studies show the presence
of SARS-CoV-2 in the stool of patients even when respiratory tests were negative [83].
Viruses in human feces can extend from eleven to thirty-five days [71]. This indicates
that although patients with COVID-19 are treated, their feces still contain the SARS-
CoV-2 virus, leading to an increased viral load in water systems. This may be further
intensified during peak periods of the pandemic.

In this context, studies have investigated the influence of parameters such as
pH, sunlight exposure temperature, UV content, retention time, and appropriate

disinfectant on the inactivation of SARS-CoV-2 in the environment. However, there are
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few studies evaluating the infectivity of SARS-CoV-2 in water. Thus, there are still
questions about SARS-CoV- 2 that are not well clarified in the literature.

In relation to the parameters, pH and temperature are highlighted because they
can influence the adsorption process. Regarding pH, the literature shows that at
extreme pHs (2-3 and 11-12) the infectivity of the virus (similar family of coronavirus)
is lost in just one day, while pHs 3-10, has no significant effect on the virus survival
[84,85]. If we take this parameter into consideration, we realize the effectiveness in the
removal of SARS-CoV-2 by the bioadsorbents (Fig. 6), since in addition to performing
our study at pH 7 we also used pH > pHzcp.

Regarding temperature, it is understood that it has a direct effect on the
inactivation of viruses from the coronaviridae family (SARS-CoV-1, HCoV-229E,
MERS, etc.), because the lipid layer present in this family breaks down with increasing
temperature [86].

This effect is also seen for SARS-CoV-2 in aqueous media. It is strongly
sensitive to temperature increase, so at low temperatures (4 °C) the virus remains
completely stable after 14 days, at room temperature (20-25 °C) 7 days and at warm
temperature (33-37 °C) 1-2 days [84,85].

However, depending on the conditions of the water matrix, the number of days
that the virus can remain viable can be diverse on a case-by-case basis, considering
the most diverse climates around the world. The number of studies on the viability of
SARS-CoV-2 in relation to temperature in various water matrices is still limited [82].

Although, it is currently possible to completely remove the various
micropollutants through conventional tertiary treatment methods [87,88]. It is still a
significant challenge and problem to remove SARS-CoV-2 in the advanced decline of
water treatment [89].

In current years, many advanced technologies for water treatment have been
developed, and are shown to be effective when removing or inactivating SARS-CoV-
2. Although, they are not as accessible to everyone, due to the costs. In this context,
the potential of polyurethane foams loaded with different materials of plant origin, as
new alternative adsorbents in the removal of SARS-CoV-2 in aqueous media, stands

out.
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4. Conclusions

The present study evaluated the incorporation of different fillers in polyurethane
foams to remove the viral load of SARS-CoV-2. Firstly, the successful incorporation of
different fillers into PUF’s is highlighted.

Furthermore, the impregnation of the salt (ZnCl2) was successful in the
synthesis of activated carbon from peach pits. For, the salt did not interfere with the
synthesis of the polymer (PUF) and did not imply a reduction in the virus adsorption
process.

Finally, through this research, it was possible to identify four new adsorbents
capable of reducing the viral load, SARS-CoV-2. These new adsorbents obtained a
high capacity to remove the virus through the adsorption process. Excellent results,
above 98 % of the virus removal in aqueous medium, regardless of the charges
incorporated in the polymer.

However, it is important to elucidate that the infectivity of SARS-CoV-2 in the
aqueous medium is not completely clarified by the literature, since its behavior may
vary depending on the conditions of the water matrix. It is therefore extremely important
to search for new adsorbent materials capable of reducing the viral load of the medium.

Therefore, the synthesized polyurethane foams, besides using vegetable
residues as fillers, encouraging the use of sustainable materials, and contributing to

the environment have been shown alternative materials in the removal of this virus.
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Abstract

The study examines the use of biowaste-based additions from peach stones to modify
polyurethane foams (PUF) and remove trivalent chromium (Cr(IIl)) from the water. Powdered
peach stone (PUPS) and peach stone-based activated carbon (PUPSAC) were used to create
filled PUF. The modified PUF foams were then physically and chemically activated to
determine their potential as an adsorbent for removing Cr(Ill) from aqueous solutions. In the
foam’s polymerization process, glycerol and castor oil were utilized instead of the conventional
cross-linked polyols to decrease costs and toxicity. An optimal filler weight fraction was
determined to be 5% and the functionalization of the biowaste-filled foam yielded improved
Cr(IIT) adsorption. The study investigated the effects of different Cr(IIl) removal conditions
(e.g. pH, initial Cr(IIT) concentration, mass concentration, and temperature) on percent removal.
AtpH 6.5, a mass concentration of 0.6 g L! displayed the highest Cr(IIl) removal capacity. The
Sips isotherm model and Elovich kinetics model yielded the best fit for the adsorption of Cr(III)
from modified PUF. The thermodynamic functions, including internal energy, free enthalpy,
and entropy, indicate that the reactions are endothermic, feasible, and spontaneous. The
experimental results regarding the uptake capacity of the PUF variants indicated that, once
activated and carbonized, the activated carbon formed a sponge-like structure with pores of
varying sizes and shapes. Furthermore, the adsorption capacity for Cr(IIl) increased as pH
increased from 4 to 6.5. At pH 6.5, both foams, PUPSAC and PUPS, exhibited more favorable
conditions for Cr(III) adsorption and achieved maximum levels of 98.3 mg ¢! and 68.2 mg g
!, respectively, with a percentage removal of 62.2% and 42.6%. In conclusion, this study offers
significant insights regarding the potential usage of functionalized PUF as an adsorbent for the

removal of Cr(Ill) from water or wastewater.

Keywords: Polyurethane foam; Adsorption; Heavy metal; Advanced materials; Low-cost

biosorbents; Agricultural waste.
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1 Introduction

Every year, millions of people are impacted by water contaminated with chromium
(Cr), which 1s an important environmental and public health issue due to its toxic effect on
human beings and ecological systems (Bachmann et al., 2022; Kanwar et al., 2020). Cr may
infiltrate groundwater due to industrial activities, such as refining ores, electroplating,and
tanning leather (Zhang et al., 2023). Trivalent chromium Cr(III) and hexavalent chromium
Cr(VI) are the two most common forms of Cr present in water. It is important to consider that
catalytic reduction of Cr(VI) can lead to the generation of carbon dioxide (CO2), which is a
by-product that has harmful impacts on the environment (Farooqi et al.,2021). Furthermore,
extracting Cr(III), which is a reduced form of Cr(VI), using adsorbentscan be challenging,
although the accumulation of Cr(IIl) may pose ecological risks (Solis-Ceballos et al., 2023).
The toxicity of Cr is highly related to its valence state, therefore Cr(VI) is much more toxic
than Cr(III) and Cr(0) (Islam et al., 2023; Prasad et al., 2021).

The United States Environmental Protection Agency (EPA) mandates that 0.05 mgL™!
1s the maximum permitted concentration of total Cr in potable water, while industrial effluents
must not contain an average of more than 1.71 mg L' per month. Even so, Cr concentrations
in certain industrial effluents, particularly those from the tannery sector, canrange from 0.7 mg
L' to 345 mg L' (EPA, 1990; Prasad et al., 2021).

Many methodologies have been used to remove Cr from water, including,
electrochemical treatments, membrane filtration, microbial treatment, and adsorption (Islam
et al., 2023). Adsorption is often considered an effective, affordable, and uncomplicated
method for achieving this objective (Syeda and Yap, 2022). Also, the use of green materials
for adsorption has many advantages over synthetic, since these former materials are
renewable, low-cost, and ecologically friendly (Bekchanov et al., 2024).

Most of the common adsorbents for the removal of heavy metals include inorganic
materials, such as minerals, zeolites, siliceous materials, metal oxides, carbonaceous,
graphene, and clays (Zaimee et al., 2021). Composite materials based on mixtures of organic
and inorganic materials, as well as wastes or byproducts from animals, agriculture, and
industry, have been alternative materials (Karthik et al., 2023). Additionally, polymer-based
materials, including synthetic and natural polymers, like polyurethane foam (PUF), have also
been utilized (L1 et al., 2023). Such materials exhibit a high degree of chemical stability and
porosity, as well as a large surface area (Ashok Kumar et al., 2023; Jalalah et al., 2023; Li et
al., 2023).
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PUF is an excellent sorbent material composed of a cellular structure, remarkable
chemical and thermal resistance, and the ability to chemically retain various types of
substances due to the presence of polar and non-polar groups in their structures. These features
allow them to be easily separated from aqueous solutions and make them have remarkable
mass transfer properties and rapid adsorption rates (Zhang et al., 2019). For this reason,
unmodified PUF has been widely used to separate a wide variety of inorganic and organic
species from aqueous media. However, the low adsorption efficiency of PUF limited their
practical application, which justifies their modification toward reaching improved adsorption
efficiency. The most common techniques for achieving PUF-based adsorbents with high
performance in water treatment applications include surface modification, nanostructure
integration, chemical functionalization, cross-linking, pore control, composite formation, and
the development of regeneration methods (Zhang et al., 2019).

When PUF are filled with vegetables, the overall cost may be negligible compared
with ion-exchange resins or industrial activated carbons. Most of these bio-based materials
contain functional groups associated with polysaccharides, proteins, or lignin as major
constituents (Elgarahy et al., 2023). Chemically treating vegetal materials can lead to an
increase in adsorption capacity due to the presence of functional groups such as hydroxyl (-
OH), carboxyl (-COOH), and amine (-NH2) groups. These groups can become more
accessible and reactive upon chemical modification, enhancing the metal uptake to adsorb
contaminants in water treatment applications (Aslam et al., 2023; Parlayici, 2019).

Materials, such as peach stones, hold significant promise in addressing environmental
concerns associated with their generation while offering substantial potential for contaminant
removal applications (Shah et al., 2023). The generation of peach stones, a biomass of the
food industry, contributes to environmental challenges due to their disposal. However, these
pits represent an abundant and cost-effective resource that can be harnessed for various
applications.

Peach stones exhibit biocompatibility, renewability, and cost-effectiveness align with
the principles of Green Analytical Chemistry (GAC), which encourages its use as a
sustainable and eco-friendly resource (Shi et al., 2023).

Furthermore, one intriguing avenue involves the conversion of peach stones into
activated carbon (Nayeem et al., 2023; Parlayici, 2019). This process yields an adsorbent
material that possesses an enhanced capacity for contaminant removal. By subjecting peach
stones to controlled activation processes, the resulting activated carbon can be tailored to

efficiently adsorb a wide range of pollutants from water sources. This dual-purpose approach
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not only addresses the environmental concern of peach pit disposal but also offers a
sustainable and cost-effective means of producing effective adsorbents for water treatment.
The search for alternative new, cheap, eco-friendly, and efficient adsorbents to replace
the commercially available ones is ongoing (Nayeem et al., 2023; Parlayici, 2019). Several
studies suggest combining multiple materials to form a single adsorbent to enhance metal
adsorption. Therefore, this study focuses on the removal of Cr from contaminated water by

employing PUF with PS-based fillers.

2 Materials and Methods
2.1 Characterizations

Peach stones obtained from Oderich Canned Food Industry®, located in Pelotas,
Brazil were air-dried and sieved through a 150 um screen. Thirty grams of the precursor was
impregnated with 30 g of ZnCl, (activating agent). The biomass and ZnCl, were mixed and
dried in an oven at 105°C overnight. Subsequently, the product was carbonized at 700 °C for 60
minutes. The carbonized material, referred to as peach stone-based activated carbon 'PSAC,'
was treated with 3M HCI to remove the remaining chemical activator and to complete the
activation process, using the procedure described by (Akgakalet al., 2019).

Bulk densities of carbon-based materials were determined according to ASTM D2854-
96, (2004). The bulk density, ash content, pH, moisture content, and particle size of PSAC
were determined as 0.47 g mL™!, 89%, 8.14, 7.26%, 0.125-0.150 mm, respectively. The
specific surface area, total pore volume, and pore size of filler materials were conducted on
al200e Quantachrome Instruments automated devices Micromeritics volumetric analyzer at
77 K. The specific surface area was calculated using the BET (Brunauer, Emmett, and Teller)
method (Brunauer et al., 1938), and the pore size was quantified by the BJH (Barret, Joyner,
and Halenda) method (Barrett et al., 1951) (see Table 1).

Table 1 - Textural properties of the biomass.

Fillers PS* PSAC**
BET-surface area (m> g ) 0.562 579.199
Total pore volume (cm® g~ ') 0.0039 0.2970
Average pore size (nm) 141.781 10.256

*PS is peach stones; **PSAC is peach stone-based activated carbon.

The free-rise pouring method was used to prepare PUF by inserting the two fillers

mentioned earlier, as described by Delucis et al. (2018). The quantity of each reagent used can
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be found in Afonso et al. (2023). PU, PUPS, and PUPSAC are the labels for neat PU, PU filled
with peach stones, and PU filled with peach stones-based activated carbon, respectively.

The PZC was determined following the protocol outlined by Farage et al. (2020) and
was measured as 6.5 to all PUF. The Fourier Transform Infrared Spectroscopy (FT-IR) of the
foam was recorded in the range 4000400 cm ™! on a Prestige Shimadzu device equipped with
an Attenuated Total Reflectance (ATR) attachment. The absence of a signal at 2266 cm™!
indicates complete consumption of the NCO groups from the p-MDI. This indicates successful
bonding between the OH groups and NCO groups of the polyol to form urethane groups
containing C=0 (1730 cm™!), C-O-C (1140-1180 cm™'), C-N (1240 cm™ '), and N-H (3340
cm ') groups.

X-ray diffraction (XRD) patterns were obtained using a diffractometer (Brunker D-8,
Germany) equipped with a diffracted beam monochromator and Ni-filtered CuKa radiation (A
=1.5406 A). A voltage of 40 kV and an intensity of 40 mA were set. The 20 angle was scanned
between 10° and 60°, and the counting time was 1.0 s at each angular step (0.02°). The XRD
diffractogram of the neat PU suggests that it is a highly amorphous material, displaying wide
amorphous halos at 20° and 41°, which can be attributed to the rigid segments of the PUF
(Afonso et al., 2023; Jamsaz et al., 2021; Sasidharan et al., 2021; Wang et al., 2017). The
incorporation of peach stone particles and peach stone activated carbon into the polyurethane
structure did not significantly alter the material's amorphous structure.

Surface morphology was analyzed with SEM employing a JSM 6610LV Jeol instrument
set to a working voltage of 15 kV and a magnification of 100x. After activation and
carbonization, a sponge-like morphology was formed by activated carbon and pores of different
sizes and different shapes. A high degree of porosity and a tendency towards less homogeneous
and more deformed cell structures of the foams. The Feret diameter of the cells was not

significantly affected by the presence of fillers, except for PUPS (Afonso et al., 2023).

2.2 Experiments
2.2.1 Adsorption

A number of the factors affecting the adsorption have been studied including initial
concentration of Cr(IIl), pH, mass concentration, and temperature. Three adsorbents were used
(Neat PU, PUPS, and PUPSAC).

Cr (I1I), which is chloride hexahydrate (CrCl3.6H,0) (Dynamic, PM: 266.45), was used
to prepare Cr(III) stock solution of 1000mg L™!. The adjustment of pH was achieved by adding
NaOH or H2SO4 using a mPa-210 bench pH meter (MS Tecnopon Instrumentation).
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The kinetic studies were established by the following conditions: initial Cr(II)
concentration (50 mg L™); solution pH (4, 5, 6.5); mass concentration (0.3, 0.6, 1.2 g L'!); and
temperature (25 °C). The assays were performed under a fixed stirring of 200 rpm using a Jartest
JTM 6036 (Milan). Aliquots (1 mL) were taken at 1, 5, 10, 15, 30, 60, 120, 180, 240, 300, 360,
420, 480, 540, 600 and 720 min. When studying the effect of one-factor in an experiment, the
other factors remained unchanged for comparison.

The adsorption isotherm studies were used to determine the adsorption rate. The study
was undertaken with concentration Cr(III) of 0 - 90 mg L', solution pH of 6.5, and mass
concentration of 1.2 g L1, at three different temperatures: room temperature 25, 35, and 45 °C.
The batch experiments were carried out in 250ml Erlenmeyer flasks, shaken in an orbital shaker
at 200 rpm. One milliliter sample were withdrawn from the solution diluted and were then

analyzed by atomic absorption spectrometry in a PerkinElmer AAnalyst™ 200 device.

2.2.2 Determination of Cr(III) removal efficiency and modelling

The percentage removal of Cr(IlI) was calculated using Eq. (1):
Removal (%) = % x 100% (1)
0

where C, and C, are the initial and equilibrium concentration Cr(III) in mg L.

The adsorption capacity (g,) is the amount of Cr(III) taken up by the adsorbent (mg g—1),
which was calculated by the Eq. (2):

Co—C
g =T Xy @)

2.2.3 Kinetic modelling

The adsorptions kinetic parameters were obtained by applying the kinetic equations for
the pseudo-first-order model (Eq. 3), the pseudo-second-order model (Eq. 4) and Elovich (Eq.
5) in the Statistic 7.0 software (Statsoft, 2004) by the non-linear method.

q: = q1(1 — exp(—kq t)) (3)

ae =t/ ) + gy )

q: = /4 In (1 + abt) (5)
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where: ¢; (adsorption capacity on time (mg g)); ¢; and g> (theorical values for the adsorption
capacity (mg g™!)); k; (constant of pseudo-first-order model (min')); k> (constant of pseudo-
second-order model (g mg! min™)); a (initial adsorption rate (mg g min)); b (Elovich

constant (g mg™!)); ¢ = time (min).

The kinetic curves for each model were estimated by non-linear regression as a quasi-
Newton function. The fitting of the kinetic models to the experimental data was evaluated by
employing the coefficients of determination (R?) and the mean relative error (MRE).

To find models that have the best fit to the experimental data, the coefficient of

determination (R?) and, mean relative error (MRE) were used. MRE can be calculated by Eq.
(6):

Qeexp — e,
MRE = 100/, yncteew —Hecat), ) (©6)

where ge.exp and ge,cal are the quantities of Cr(Ill) adsorbed obtained from the experiment and
calculation from the equation of the model, respectively. n is the number of observations of the

experiment.

2.2.4 Isotherms studies

The equilibrium experimental data were described by seven models (with two and three-
parameter): Langmuir (1916), Freundlich (1906), Redlich & Peterson (1959), Toth, (1971),
Khan et al. (1997), Sips (Chen et al., 2022) and Dubinin & Radushkevich (1947) (D-R).

The Langmuir isotherm model assumption is that the surface of the adsorbent is
uniform, and the adsorption sites are equivalent, all the molecules do not interact with each
other, and adsorption occurs through the same mechanism (Olalekan A.P et al., 2013;

Srivastava et al., 2015). The Langmuir model can be described by Eq. (7):

e = 1+ K,c, (7)

where ¢, and K are the Langmuir constants regarding the biosorption in mg g and the

adsorption energy in L g!, respectively.

The Freundlich isotherm model can be described as Eq. (8):
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_ Un
qe = KrpC, (8)

where Kr (mg g !(mg L)"') is the Freundlich constant in relation to the adsorption capacity
in definition as the adsorption or distribution capacity and it presents the quantity of Cr(III)
adsorption on the adsorbent per unit concentration at the equilibrium. 1/n is the heterogeneity

factor.

The Redlich—Peterson isotherm model is widely applied as a middle way between two
extremes, which are the Freundlich and Langmuir models. The Redlich and Peterson (1959)

isotherm model can be described by Eq. (9):

KRCe
= 9
e /1 + aRCf ©)

where and ¢. is equilibrium adsorbate collected over adsorbent (mg g™!), C. is equilibrium
liquid-phase concentration of the adsorbent (mg L), K&, (L mg™!), ar (L mg ') are the Redlich—

Peterson isotherm model constants, and § Redlich-Peterson exponent.

The Toth model is an empirical and widely used model and is used for the heterogeneous
system. It can be used at the limit of concentration. The Toth (1971) isotherm model can be

described using Eq. (10):

g, = KTCe/(aT rc) 1/t (10)

where Kt (mg g™), ar (L mg™) and ¢ are the Toth isotherm model constants. When ¢ equals to 1,

the Toth model can be reduced to the Langmuir model equation.

The Khan model is generalized and can be described by Eq. (11):
de = brqsCe/(1 + bgCe)K (11)

where bk (mg g!) is Khan isotherm model constant, ax is Khan isotherm model exponent and

gsmg g'')is the quantity of the Cr(III) adsorbed at the maximum.

Sips isotherm or the combined Langmuir-Freundlich isotherm (a three-parameter

isotherm model) assumes monolayer adsorption in heterogeneous and homogenous systems
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because it avoids the limitations of increased concentrations of the adsorbate associated with

the Freundlich model, which is described by the following Eq. (12):
Qe = (qmKLC2®)/(1 + K, C;®) (12)

where g, indicates Langmuir-Freundlich maximum adsorption capacity (mg g™!); the K. is Sips
isotherm model constant (L mg ~'); n, is heterogenous parameter between 0 and 1,
and C.is the equilibrium concentration. Homogeneous adsorption occurs when ng = 1, whereas

heterogeneous adsorption occurs when n, < 1.

The Dubinin-Radushkevich (D-R) isotherm is another model for the analysis of
isotherms of a high degree of rectangularity. The D-R isotherm is more general than the
Langmuir isotherm because it does not assume a homogeneous surface or constant adsorption

potential. The form of D-R isotherm Eq. (13, 14 and 15) is as follows:

Inq, = Inqy — pe? (13)
E=1//28 (14)
£ = RTIn(1+1/C,) (15)

where £ is a constant and gives the mean free energy E (kJ mol ™) of adsorption per molecule
of the adsorbate when it is transferred to the surface of the solid from infinity in the solution
(mol® kJ?) and R is the universal gas constant, T is the temperature (K) and ¢y, is the Dubinin—

Radushkevich isotherm constant (mg g™!).
2.2.5 Adsorption thermodynamics
According to the laws of thermodynamics, the standard change in Gibbs free energy
(AG°) is directly calculated from Eq. 16-19 (Lima et al., 2021, 2019).
AG° = —RTLnK? (16)

AG®° = AH® — TAS® (17)

Lnk? = ((AS°/R — AH°/R)1/T) (18)
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Where R is the universal gas constant (8.314 J K! mol™); T is the absolute temperature in

kelvin (K); and K2 (dimensionless) is the equilibrium constant.

3 Results and discussion
3.1 Effect of pH

The World Health Organization (WHO) recommends that wastewater discharge have a
pH between 6.0 and 9.0 (WHO, 2022). However, it is recommended that the pH of the water
entering the treatment plant be controlled at a pH between 6.5 and 8.5 to prevent pipe corrosion
and for effective disinfection (Jagemma et al., 2023). Therefore, the adsorption was carried out
at a pH close to 6.5 to align with real operating conditions.

Fig. 1 shows that pH is a crucial factor affecting the adsorption behavior of the Cr(III)
with the three types of foams being considered in this study. The adsorption capacity for Cr(III)
increases with increasing pH, and reaches a maximum at pH 6.5. The condition set at pH = 6.5
was more favorable for the Cr(IIl) adsorption by both foams PUPSAC and PUPS, and had a
maximum uptake of 98.3 and 68.2 mg g and percentage removal of 62.2% and 42.6%,
respectively. As the solution pH increased, the adsorption capacity of Cr(IIl) increased. Solis-
Ceballos et al. (2023) using starch-graft-itaconic acid hydrogel and Bai et al. (2020) using
graphene oxide/alginate hydrogel membrane for the adsorption of Cr(Ill) reported similar

observations.
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Fig. 1 - Effect of pH on the removal of Cr(IIl) from solution using PUF; initial concentration

50 mg L' (Cr III); mass concentration 0.3 g L™'; 200 rpm and 25 °C .

In the context of contaminant removal, peach stones possess a surface chemical
composition comprising functional groups, such as nitrogen, oxygen, and sulfur. These groups

include hydroxyl, carboxyl, amine, and sulfonic acid, all of which serve as potential binding
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sites for heavy metal adsorption (Rocky et al., 2023). For example, under alkaline pH
conditions, carboxyl (R-COOH) and hydroxyl (R-OH) groups readily donate their hydrogen
atoms, transforming into negatively charged R—COO— and R—O— groups, respectively. These
functional groups can effectively interact with positively charged metal ions, offering a
sustainable and natural solution for water treatment (Badsha et al., 2021).

Interactions involving functional groups that contain oxygen are crucial for the
adsorption of Cr(III). Carbonyl groups of this type have also been shown to form complexes
with metals through oxygen-donating electron pairs (Zhang and Tian, 2020). This is because
aqueous forms of Cr(III) exist as complex ions rather than isolated ions (Solis-Ceballos et al.,
2023).

When the acidity is high, the hydroxyl and carboxyl groups of the adsorbent are
protonated/positively charged. Many hydrogen ions in solution also compete with the Cr(III)
ions for adsorption sites, resulting in low adsorption capacity for Cr(IIl) ions. As the pH
increases, the carboxyl groups are converted to carboxylate anions, and the interactions between
the metal ion and the foams is subsequently enhanced (Bai et al., 2020). Therefore, the
adsorption capacity of foams for Cr(Ill) may be ascribed to their functional groups, as

previously mentioned (Bandara et al., 2020; Olawale et al., 2022).

3.2 Effect of mass concentration
The effect of mass concentration on the adsorption of Cr(IIl) by foams was studied. As
illustrated in Fig. 2, when the mass concentration increased, the removal increased in
concentration 10-30 mg L' Cr(III).
For neat PU, PUPS, and PUPSAC, the maximum Cr(IIl) removal was 86%, 98%, and
99% respectively achieved when the mass concentration was 0.6 g L. For Cr(Ill) ions, after
the initial concentration increased from 10.0mg L' to 50.0 mg L"!, the adsorption capacity
increased as the mass concentration increased from 0.3 g L' to 1.2 g L'. However, when the
mass concentration increased from 0.6 g L™ to 1.2 g L', the adsorption capacity was reduced.
Therefore the initial concentration of heavy metal ions (Cr(IIl)) provides a strong driving
force to overcome the mass transfer resistance between the solid phase and the aqueous phase
of the adsorbate, resulting in an increase in the adsorption capacity with an increase in
concentration of Cr(IIl) ions (Chen et al., 2010). Then, as the concentration of Cr(IIl) ions
increases, the collision probability between metal ions and the adsorbent surface in the solution

is higher, promoting adsorption (Nag et al., 2018). Thus, at low concentrations of Cr(III) ions,
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the adsorption sites do not reach saturation, and the adsorption capacity increases rapidly as the
concentration increases.

On the other hand, increasing the mass concentration from 0.6 g L' to 1.2 g L! at a fixed
Cr(IlT) concentration and volume leads to the saturation of adsorption sites during the
adsorption process (this behavior becomes more evident for initial Cr(IIT) concentrations of 50
mg L', see Fig. 2(A) and (B)). A reduction in adsorbent capacity may result from adsorbent
aggregation, which occurs as a consequence of a high mass concentration. This aggregation
leads to a decrease in the total surface area of the adsorbent, as well as an increase in the

diffusional path length (Lima et al., 2015a).
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Fig. 2 - Effect of mass concentration on the removal of Cr(III) from solution using PUF; C, =
50 mg L' (Cr 1) (A and B); C, =30 mg L' (Cr III) (C and D); C, = 10 mg L' (Cr III) (E and

F); pH 6.5; 200 rpm and 25 °C.

3.3 Effect of initial adsorbate concentrations

The effect of initial adsorbate concentration, in the range of 10-50 mg L', on the
adsorption of Cr(IIl) on foams was studied. The result showed that Cr(IIl) removal depends
significantly on the initial Cr(Ill) concentration (Fig. 3). When the initial concentration of
Cr(III) increased the remaining concentration of Cr(IIl) in the aqueous solution increased for
all materials. This behavior is credited to the greater driving force resulting from a higher

concentration gradient at elevated Cr(III) concentration levels (Lima et al., 2015a).
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40 ]| upsac
2 30
520
“ 10
0

10 20 30 40 50

Initial concentration (mg L'l)
Fig. 3 - Effect of initial solution concentration on equilibrium concentration of Cr(III) from

solution using PUF; 200 rpm; room temperature (25 °C); mass concentration 0.3 g L''; pH 6.5.

3.4 Adsorption kinetics
The kinetics of adsorption of the Cr(Ill) was evaluated using nonlinear fit and theoretical

models, including pseudo-first order, pseudo-second order, and Elovich (Table 2).
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Based on Table 2, it is possible to see that the experimental kinetic data were
suitably fitted by the Elovich kinetic model, which displayed low MRE values and high R?
values (close to 1), for all foam adsorbents. The pseudo-first and second-order kinetic

models were not suitably fitted, and for this reason, these fittings were not presented in

Figure 4.
50
40 -
o 301 . M TR
(@) 5. |
é ‘l""l
c3_-'20'
10 L Neat PU
e PUPSAC
+ PUPS
OT T T T T T T T
0 100 200 300 400 500 600 700
Time (min)

Fig. 4 — Kinetic adsorption curves for Cr(III) onto Neat PU, PUPS and PUPSAC.
Experimental conditions: Co of 50 mg L'; 0.6 g L™ of adsorbent, pH = 6.5, and temperature
of 25 °C. The dot line is a plot representing the Elovich fitting.

The Elovich equation has been satisfactorily used for some chemisorption
processes (Lima et al., 2015). The best fit of the experimental kinetic data by this model
suggests that the adsorption systems tested here are probably governed by a chemisorption
process, especially those that used PUPS and PUPSAC for removing Cr(Ill) from water
solutions. This process includes electron exchange, ion exchange, the formation of
chemical complexes, and electron sharing (Li et al., 2018). Although the Elovich kinetic
model has nonuniform activation energy, it is often used to explain chemisorption and
multiphase interactions and shows strong evidence for foam surface heterogeneity during
adsorption (Capan et al., 2023; Shahryari et al., 2022; Wang et al., 2023).

The times required to achieve the equilibrium were 360 min (PUPS) 480 (PUPS)
min, and 540 min (Neat PU). Thus, the equilibrium time decreases with the activation of

the peach stone.

3.5 Adsorption isotherms
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The correlation coefficients and MER presented in Table 3 and Fig. 5 indicate that the
Sips model is more reasonable to fit the adsorption data under the studied concentration range.
The Sips model consists of the combination of the Langmuir and Freundlich isotherm models.
It shows the monolayer adsorption characteristic of Langmuir isotherm at high adsorbate

concentration and reduces to Freundlich isotherm at low adsorbate concentration (Xia et al.,

2021).
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Fig. 5 — Adsorption isotherms of Cr(III) onto (A) Neat PU, (B) PUPSAC, and PUPS (between
25 and 45 °C). Mass concentration was 1.2 g L''; and pH of the solution was adjusted to pH

6.5. The continuous line is a plot of Sips model.

Observing the values of n; in the sips model, it is noted that at temperatures above 25°C
this parameter moves away from 1 for the adsorption by Neat PU, that is, the model moves
away from the Langmuir model and approaches the model of Freundlich, who considers the
surface to be heterogeneous. This may have occurred due to changes in the functional structure
of the foam. However, for PUPS and PUPSAC, values of n; approach 1 with increasing

temperature, this could also have occurred due to changes in the functional or porous structure
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of both the activated carbon foam and the peach stone foam. It is found that the adsorption of

foams correlates much well with the Sips isotherm as compared to other isotherm models.

3.6 Thermodynamic parameters

Table 4 shows the estimated thermodynamic parameters; change in enthalpy (AH®),
entropy (AS°), and change in free Gibbs energy (AG®) for the adsorption of Cr(III) onto foams.
The negative (AH®) values for Neat PU indicated that the adsorption was exothermic in nature.
Although, positive (AH®) values for PUPS and PUPSAC indicated that the adsorption was
endothermic (Allahkarami et al., 2023). Additionally, by estimating the enthalpy of adsorption
(AH®) between the adsorbates and Cr(III) ions, it is possible to determine whether the adsorption
is chemisorption or physisorption (Lima et al., 2021). Physisorption typically exhibits a small
AH° value (<20 kJ mol™") (de Azevedo et al., 2023). Since for adsorbents, the values of AH® >
20 kJ mol™!, indicate that the interactions between Cr(IIl) and PUPS and PUPSAC are
characterized by the magnitude of chemical processes. On the other hand, the interactions

between Cr(III) and Neat PU are characterized by physical adsorption.

Table 4 - Thermodynamic parameters

Material AH° AS° AG°
(kJmol!) (Jmol''K-") (kJmol™"
25°C 35°C 45°C
Neat PU -12.71 -136.22 40.58 41.94 43.31
PUPS 31.19 118.40 -35.25 -36.44 -37.62
PUPSAC 54.84 176.20 -52.45 -54.22 -55.98

The positive standard entropy change (AS°) signified the increasing randomness at the
solid—liquid interface, which might be explained through the concept of desorption of pre-
adsorbed water surrounding the (PUPS and PUPSAC) interface in an aqueous suspension
(Barshad, 1959; Rusmin et al., 2022). As the Cr(III) ions were adsorbed on the active sites, the
pre-adsorbed water was displaced to accommodate Cr(III). Thus, the desorbed water molecules
from the pre-adsorbed state to a free state increased the randomness in the system (Rusmin et
al., 2022).

The AS® is positive, also indicating that the foams as fillers have great affinity for the
adsorbent, and the degree of dispersion increases with an increase in temperature. This also
explains the increasing randomness at the solution/adsorbent interface during the adsorption

process (Bai et al., 2020).
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The negative AG® values confirmed that the adsorption was spontaneous in nature and
energetically favorable. On the other hand, the AG® became more negative at high temperatures
onto PUPS and PUPSAC, which indicated that the adsorption was more spontaneous with

temperature increase.

4 Conclusions

In this study, PUF showed adequate capacity for adsorbing Cr(III) in aqueous solution.
The experimental equilibrium data satisfactorily fit the Sips model. The thermodynamic study
indicated that the adsorption process of the Cr(Ill) is exothermic and the interactions between
foams with fillers (peach stone and peach stone activated carbons) occurred spontaneously at
the investigated temperatures. The results show that the addition of fillers in polyurethane foams
favored the adsorption of Cr(III).

Thus, the present study has proved that PUF could be used as an efficient adsorbent for
the removal of Cr(IIl) from aqueous solution. Moreover, the use of filled PUF as an adsorbent
not only solves environmental pollution but also reduces the amount of agricultural by-products

and decreases the overall cost of wastewater treatment.
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Abstract

Polyurethane foams (PUF) are widely used for a variety of applications. However, there
has been limited research on polyurethane foam applications focusing on water
absorption due to the hydrophobic nature of polyurethane foam. In this context, this
study investigated the effect of biofiller on the cellular structure and water absorption
properties of PUF. Although all foams absorbed water, the foams with peach stone
fillers and the biochar activated foams achieved maximum water absorption much
higher than neat PU and PUCAC. The percentage was practically quadrupled in
PUPSAC and doubled in PUPS compared to neat PU. In conclusion, we have
demonstrated a reliable approach to water uptake in PUF composites based on
biomass as a porous substrate as a modifier of polyurethane foams. Therefore, this
research aims to reinforce polyurethane foam with biofillers to increase its water uptake
properties, which may allow it to be used in new applications such as the adsorption of
heavy metals and pathogenic microorganisms.

Keywords: Polyurethane foam. Water absorbing properties. Biochar activated.
Activated Carbon. Peach Stone.
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1. Introduction

Polyurethane (PU) is a type of polymer foam that is widely used in commercial
applications due to its properties, low density, good thermal conductivity, and
mechanical properties [1].

The reaction between polyol and isocyanate, along with catalysts and additives,
generates polyurethane foam (PUF) [2]. The resulting PUF is hydrophobic and boasts
several benéefits, including high strength-to-weight ratio, dimension stability, and low
density [3].

PU is a versatile polymer because its properties can be easily modified by the
addition of fillers (bio-fillers) or by changes in the chemical composition [4].

Therefore, biomass and biochar has been considered as reinforcement to enhance
this area due to its favorable physical and chemical properties [5]. For instance, porous
carbon derived from various cost-effective. Biomass carbon (biochar) has recently
found successful applications in pollution control, chemical separation, energy storage,
and supercapacitors due to its excellent properties, such as high strength, low density,
high specific surface areas, and large pore volumes [6]. As a result, biomass is
hydrophilic [7]. The addition of peach stone and biochar activated into PUF may
effectively enhance water absorption.

Different levels of bio-fillers may impact PUF properties variously. Another approach
to changing the water-absorption properties of PUF is to modify the biopoly that
replaces it [8,9]. Ideally, adding more hydrophilic content to a composite will enhance
its water-absorption capabilities. However, it should be noted that previous studies
have yielded inconsistent results regarding the water-absorbing properties under
various filler loading conditions [8].

This research examines the effects of utilizing peach stones and biochar/carbon
activated as fillers on modified PUF's cellular structure and water-absorbing properties.

2. Materials and Methods
2.1 Synthesis of PUF

The PUF was synthesized by the free expansion method. Four foams were
produced, neat PU (without added fillers), modified PU of 5% by weight with added
fillers of peach stone activated biochar (PUSAC), commercial activated carbon
(PUCAC) and peach stone (PUPS) [10]. Samples were prepared from a one-step
mixing process and allowed the foam to rise freely and settle at room temperature.

2.2 Water absorption

The water absorption of the samples was determined according to ASTM D570-98.
Briefly, 2 mm plates were cut, always in triplicate. The samples were completely
immersed in distilled water at room temperature (25°C). The weight of each sample
was then monitored every 30 minutes until a total immersion time of 300 minutes was
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reached. The samples are weighed dry at the beginning and wet after soaking. The
percentage of water absorption (Wa) is then calculated using Eq. (1).

Wa (%) = (W — W,)/W; x 100) (1)
Where W; is initial weight and W is weight after absorbed water.

2.3. Foam Morphology and Density

Surface morphology was analyzed with SEM employing a JSM 6610LV Jeol
instrument set to a working voltage of 15 kV and a magnification of 100%. The density
test was conducted as per the standard ASTM D1622. The density is calculated by the
formula shown in Eq. (2).

p=m/V (2)
Where m is mass and V is volume of the sample.

3 Results

Figure 1 shows the water absorption capacity as a function of absorption time for
Neat PU and PUs with added fillers. In the first 30 minutes of immersion in water,
there was a rapid increase in the water absorption behavior of all foams. After this

time, the water absorption by the foams increased with the time of exposure to water
up to 240 minutes, after which occurrences were generally constant.
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Fig. 1. Water absorption by PUFs. Neat Polyurethane, PUPS (Polyurethane Peach
Stone), PUPSAC (Polyurethane Peach Stone Activated Carbon) and PUCAC
(Polyurethane Commercial Activated Carbon).

Although all foams absorbed water, the foams with peach stone fillers and the peach
stone activated trigger achieved maximum water absorption much higher than Neat
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PU and PUCAC, the percentage practically quadrupled applied in PUPSAC and
doubled to PUPS when compared to Neat PU.

The main factors justifying the increase in water absorption by the foams were the
type of polyol (castor oil), the types of fillers, the size of the pores and the hydrophilic
nature of the materials. Such polyol naturally favors solubility in water due to the
presence of hydroxyl on carbon 12 of the lipophilic chain [11,12]. Furthermore, water
diffusion is determined by the microstructure of the material and the affinity of the
polymeric components for water [13]. Thus, the foam (Neat PU) showed greater
resistance to water diffusion, in the water absorption process, when compared to foams
that had fillers added.

Another factor that influenced the high percentages of water absorption in
polyurethane foams with addition was the size of the particles. Particles with a large
surface area ensure that more hydroxyls are available to interact with water molecules
[8]. Therefore, the activation of peach stone biomass enhanced the water absorption
process. Another factor that favored such water absorption refers to the chemical
composition (lignocellulosic) of the fillers, which has a hydrophilic character [14].
Therefore, the percentage of water absorbed by the foams (PUPS and PUPSAC,
PUCAC) increased. Such results can be considered favorable for the application of
foams in adsorption processes.

The SEM images shown in Figure 1 indicate that all fillers are well dispersed into
the PUF cell structure since no agglomerates are found. In addition, there are no
noticeable signs of cell disruptions associated with the filler insertion, which indicates
a good between matrix interaction and fillers.

However, the PUFs presented a clearly uneven cell morphology, which is probably
related to the hydrophilic nature of the fillers [15]. The filler acts as a nucleating agent
for the formation of pores, so a greater number of cells occur at the same time, reducing
the availability of gas, affecting cell expansion and consequently favoring the formation
of smaller pores [11].
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Fig. 2. SEM images of the studied PUFs. Neat Polyurethane, PUPS (Polyurethane
Peach Stone), PUPSAC (Polyurethane Peach Stone Activated Carbon) and PUCAC
(Polyurethane Commercial Activated Carbon).
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Apparent density plays an essential role in many industrial applications. It is an
indirect measure of void content, and the greater the void content, the greater the gas
content and the greater the insulation properties [15]. Furthermore, as shown in
Figures 2 and 3, the volume of open pores directly reflected the water absorption
capacity. As for apparent density, the addition of charges to the PUF prevents apparent
density in all PUFs except PUPS when compared to Neat PU. The increase in PUPS
apparent density represents the compatibility between the filler and the PUF matrix
[15]. Furthermore, the increase in apparent density represents good polymer
formation, however, as cells formed due to the insertion of a filler do not always lead
to increases in apparent density [15].

4 Conclusions

In conclusion, it was demonstrated that a reliable approach to the uptake of water
in PUF composite with bio-fillers. On this route, the bio-fillers were favorable for water
uptake due to their hydrophilicity.

The water absorption properties of PUF increased by the introduction of bio-fillers
due to the increased volume of empty pores in PUF. The addition of bio-filles in PUFs
reduced the apparent density. However, for PUPS, the apparent density is shown to
have a slight increase due to compatibility with the polymer matrix.

With the sustainable and environmental merits of the preparation procedure and
the water uptake capacitated of PUF composites, it can be a potential candidate for
practical application in adsorption.
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7 Consideragoes finais

A contaminacgao dos recursos hidricos afeta qualidade da agua, impactando o
meio ambiente, a saude humana, as plantas e animais. A presenga de microrganismos
patogénicos (virus e bactérias) e metais pesados no ambiente aquatico € de extrema
preocupacgao devido a possibilidade de transmissibilidade do virus (SARS-CoV-2) e
intoxicagao por metais toxicos como o Cr, levando a efeitos adversos a saude humana.
Logo, a necessidade de remover tais contaminantes deve ser uma preocupagao para
a populacao e futuros trabalhos cientificos.

Os resultados apresentados anteriormente mostraram a viabilidade técnica da
incorporagao das cargas de caroc¢o de péssego in natura, biocarvao ativado e carvao
ativado comercial nas espumas poliuretano. Além disso, a utilizacdo do cloreto de
zinco néo interferiu na viabilidade técnica da incorporagao das referidas cargas no PU.
PUs com as cargas incorporadas apresentaram estruturas semelhante ao PU sem a
adicdo das cargas. Assim, a incorporagado das cargas, especialmente as cargas de
carvao ativado comercial e biocarvao, nas espumas, conferiram a elas um aumento
na estabilidade térmica e reducdo na densidade aparente além de um aumento na
capacidade de absorgao de agua quando comparadas com a espuma sem as cargas
incorporadas.

Quanto a capacidade de adsorcdo, os resultados mostram o alto potencial de
remogao do virus (SARS-CoV-2) pelas novas espumas de poliuretano e, a adigdo das
cargas (biocarvao ativado e carogco de péssego in natura) nas referidas espumas
potencializou a sua capacidade adsortiva na remocao de Cr(lll). Por fim, a pesquisa
evidenciou a capacidade promissora da utilizacdo das novas espumas de poliuretano
como novos adsorventes sustentaveis na descontaminagdo ambiental de cromo e
SARS-CoV-2 em meio aquoso.

No entanto, ndo foram aplicadas espumas de poliuretano, funcionalizadas com
biocarvdo a base do carogo de péssego, para remover metais pesados e
microrganismos patogénicos no tratamento de aguas residuais até o momento. Dado
que esse material é ecologicamente viavel, renovavel e tém potencial para
remediacdo ambiental, torna-se necessario uma maior exploracdo no campo da
remocgao tais contaminantes em efluentes reais.

A aplicacao de varios materiais adsorventes de fontes renovaveis (biocarvao,

residuos agroindustriais, biopolimeros, bioespumas) para remediagdo ambiental é
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promissora num futuro proximo. Tais adsorventes, tém a capacidade de se tornarem
mais atraentes para o mundo devido a versatilidade de compostos que sao capazes
de remover.

Por conseguinte, a capacidade das bioespumas ainda pode ser mais explorada
para a remocao de outros contaminantes. Nesse sentido, o trabalho abre espaco para
o desenvolvimento de novas pesquisas, utilizando as espumas de poliuretano
apresentadas aqui, visando mitigar a contaminagao dos recursos hidricos e assegurar
a saude publica mundial. Consequentemente, € importante para o avango da ciéncia
a continuidade de pesquisas utilizando adsorventes sustentaveis na descontaminacao

ambiental.
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