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RESUMO

PREPARACAO E CARACTERIZACAO DE CARVAO ATIVADO MAGNETICO
OBTIDO A PARTIR DA SERRAGEM DE MADEIRA SAPELLI (Entandrophragma
cylindricum) PARA ADSORCAO DO CORANTE AZUL BRILHANTE

AUTORA: Victoria Ximenes Nascimento
ORIENTADOR: Guilherme Luiz Dotto
COORIENTADOR: Eder Lima

A contaminagdo dos corpos d’agua por corantes tem sido um problema a ser combatido
devido as grandes quantidades de efluentes lancados nos corpos hidricos serem prejudiciais ao
meio ambiente e aos seres vivos. Desse modo é preciso desenvolver e aprimorar tecnologias
que promovam o tratamento eficiente de efluentes. Neste contexto, no presente estudo, dois
carvOes ativados magnéticos foram preparados a partir da serragem da madeira Sapelli,
usando pirdlise de etapa unica com KOH e NiCl> como agentes de ativagédo e magnetizacao.
Na preparacdo a proporgéo de biomassa, KOH e NiCl> foi de 1:1:0,5 e 1:1:1 sendo assim 0s
carvoes foram denominados CAM1105 e CAM111, respectivamente, de acordo com a
porporgao utilizada. Os carvdes foram caracterizados e aplicados como adsorventes para
remocdo do corante azul brilhante. A caracterizacdo foi realizada usando diferentes técnicas
como MEV/EDS, FTIR, BET, TGA, DRX, VSM e pHpcz. De acordo com a caracterizacdo
obteve-se materiais mesoporosos com propriedades ferromagnéticas e a presenca de particulas
nanoestruturadas de Ni. Os CAMs, apresentaram potencial para serem reutilizados em 4
ciclos de adsorcaoe apresentaram alta eficacia (até 90% de remoc¢éo) no tratamento de um
efluente simulado. O CAM111 apresentou, maior area superficial (331,543 m? g1), cinética
mais rapida (em torno de 10 min) e maior capacidade de adsorcdo. A capacidade de adsor¢édo
foi em torno de 40 mg g para CAM1105 e 96 mg g ! para CAM111. Dessa forma, o
CAML111 foi selecionado, e experimentos de adsorcdo foram realizados do ponto de vista
cinético, de equilibrio e termodindmico. Nos experimentos de adsor¢cdo, a dosagem de
adsorvente foi 0,75 g L™ e o pH da solucdo foi 4,0. Além disso, os dados cinéticos e de
equilibrio foram adequadamente representados pelos modelos de pseudo-segunda ordem
(PSO) e Sips, respectivamente. A capacidade méaxima de adsorcéo foi de 111,50 mg g * a 55
°C. O estudo termodinamico revelou que a adsorcéo foi um processo espontaneo, favoravel e
endotérmico. Além disso, a elucidacdo mecanistica sugeriu que interacdes eletrostaticas,
pontes de hidrogénio, interagdes m—m e n—m estavam envolvidas na adsor¢do do corante azul
brilhante no CAM 111.

Palavras-chaves: Adsorcdo; Adsorvente magnético; Corante anibnico; Pir6lise de etapa

Unica.



ABSTRACT

PREPARATION AND CHARACTERIZATION OF MAGNETIC ACTIVATED
CARBON OBTAINED FROM SAPELLI WOOD SAWDUST (Entandrophragma
cylindricum) FOR ADSORPTION OF BRILLIANT BLUE DYE

AUTHOR: Victoria Ximenes Nascimento
ADVISOR: Guilherme Luiz Dotto
CO-ADVISOR: Eder Lima

The contamination of water bodies by dyes has been a problem to be fought because the large
amounts of effluents released into water bodies are harmful to the environment and living
beings. Thus, it is necessary to develop and improve technologies that promote the efficient
treatment of effluents. In this context, in the present study, two magnetic activated carbons
were prepared from Sapelli wood sawdust, using single-step pyrolysis with KOH and NiCl; as
activation and magnetization agents. In the preparation, the proportion of biomass, KOH and
NiCl> was 1:1:0.5 and 1:1:1, therefore, the carbons were named MAC1105 and MAC111,
respectively, according to the proportion used. The coals were characterized and applied as
adsorbents to remove the brilliant blue dye. The characterization was performed using
different techniques such as MEV/EDS, FTIR, BET, TGA, XRD, VSM and pHpcz. According
to the characterization, mesoporous materials with ferromagnetic properties and the presence
of nanostructured Ni particles were obtained. The MACs showed the potential to be reused in
4 cycles of adsorption and showed high efficiency (up to 90% removal) in the treatment of a
simulated effluent. CAM111 showed a higher surface area (331.543 m? g?), faster kinetics
(around 10 min) and a higher adsorption capacity. The adsorption capacity was around 40 mg
g for MAC1105 and 96 mg g for MAC111. Thus, MAC111 was selected, and adsorption
experiments were carried out from the kinetic, equilibrium and thermodynamic points of
view. In the adsorption experiments, the adsorbent dosage was 0.75 g L™ and the pH of the
solution was 4.0. Furthermore, kinetic and equilibrium data were adequately represented by
pseudo-second order (PSO) and Sips models, respectively. The maximum adsorption capacity
was 111.50 mg g at 55 °C. The thermodynamic study revealed that the adsorption was a
spontaneous, favorable and endothermic process. Furthermore, mechanistic elucidation
suggested that electrostatic interactions, hydrogen bonding, m—n and n—= interactions were
involved in the adsorption of brilliant blue dye on MAC 111.

Keywords: Adsorption; Anionic dye; Magnetic adsorbent; Single-step pyrolysis.
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1. INTRODUCAO

O acelerado avanco industrial e tecnoldgico desenfreado tem sido uma ameaca a salde
e ao meio ambiente principalmente em relacdo a poluicdo das adguas. O descarte inadequado
de efluentes é um dos principais fatores de contaminacdo da agua doce. Segundo a Agéncia
Nacional das Aguas — ANA (2018), apenas 2,5% da agua do mundo é agua doce e a maior
parte é de dificil acesso. Ou seja, a dgua doce disponivel para 0 consumo humano representa
uma parcela muito pequena, o que torna seu gerenciamento adequado indispensavel para que
essa parcela de agua doce possa estar disponivel em quantidade e qualidade adequada para
atender as necessidades dos seres Vvivos.

Diversos estudos tém sido realizados no campo de tratamento de efluentes e remocéo
de poluentes das aguas, como metais pesados, corantes, 6leos, farmacos, entre outros. Os
corantes por sua vez, quando lancados de forma inadequada no meio aquatico podem ter
efeitos nocivos tanto no ecossistema, quanto na saide humana. Segundo Gupta et al (2012)
mais de 700.000 toneladas de efluentes de corantes sdo gerados anualmente e cerca de 1.000
toneladas deles sdo descartados no sistema aquatico. Além disso, os corantes possuem uma
estrutura quimica complexa que dificulta sua degradacdo, assim as moléculas de corantes
duram mais tempo no ambiente ampliando os riscos ambientais (HALEEM et al, 2023).

Implicacdes severas da presencga de corantes na dgua foram relatadas, na vida aquatica
pode afetar a atividade fotossintética e a fonte de alimento dos organismos (CUSIOLI et al,
2019; PEREIRA et al, 2020). Na vida humana pode causar irritacfes da pele, doengas como o
cancer, afetar o sistema nervoso e diversos 6rgaos como os rins e figado, além de desenvolver
hiperatividade em criancas (BHATTI et al, 2020; OMER et al, 2018; PATRA et al, 20214,
POTERA, 2010; WEKOYE et al, 2020).

Nos Ultimos anos, varias abordagens de tratamento foram amplamente desenvolvidas e
testadas para minimizar esse cenario preocupante. Especificamente, a adsorcdo tem se
mostrado uma técnica promissora para a remocao de contaminantes coloridos de aguas
residuais (TAHIR et al, 2016). A adsor¢do pode ser um processo vantajoso em relagdo a
outras abordagens (coagulacdo, filtracdo, precipitacdo, troca idnica, osmose reversa, e
processos oxidativos), principalmente por ser um método de projeto simples e de baixo custo,
bem como eficaz para uma ampla gama de poluentes (CHIKRI et al, 2020; JAWAD et al,
2021). Atualmente, diversos estudos tém sido dedicados a preparacdo de materiais

adsorventes para tratamento de aguas residuais.
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Materiais precursores naturais, residuos agricolas e industriais tém sido utilizados
como adsorventes de baixo custo (GUPTA et al, 2022). A serragem por exemplo € um tipo
de material precursor que esta amplamente disponivel de forma barata (MEEZ; RAHDAR,;
KYZAS, 2021). A estrutura da serragem juntamente com seus componentes a torna objeto de
pesquisa quanto ao seu processo de adsor¢do (MEEZ; RAHDAR; KYZAS, 2021).

Ademais, pesquisas para melhorar as propriedades dos adsorventes tém sido
investigada. Carv0es ativados magnéticos tem se destacado, pois facilita a separacdo da fase
solida e da fase liquida sem a necessidade de centrifugagdo (VIEIRA et al, 2020). A
magnetizacdo de adsorventes permite a separa¢do em solucgdes aquosas simplesmente usando
um campo magnético externo (FEIQIANG et al, 2018; MOOSAVI et al, 2020), o que traz
vantagens e resultados promissores no processo de tratamento de aguas residuais.

Neste contexto, uma alternativa para o aproveitamento da serragem € a sua preparacao
e utilizacdo como adsorvente, especialmente no tratamento de efluentes coloridos. Dessa
forma, duas grandes questdes ambientais podem ser solucionadas usando um carvéo ativado
proveniente de serragem na remocdo de corantes em meio aquoso, sdo eles: a destinacdo

correta de residuos solidos e o tratamento adequado de efluentes.
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2.1. OBJETIVO GERAL

O objetivo geral deste trabalho foi desenvolver carvfes ativados magnéticos a partir de

serragem de madeira sapelli (Entandrophragma cylindricum) e verificar seu potencial na

remocéo do corante azul brilhante em meio aquoso.

2.2. OBJETIVOS ESPECIFICOS

e Desenvolver e caracterizar os carvoes ativados magnéticos (CAMs) utilizando as

técnicas:

Microscopia eletronica de varredura (MEV);
Espectroscopia Dispersiva de Energia (EDS)
Anaélise da area superficial (BET/BJH)
Anaélise termogravimétrica (TGA)
Espectroscopia no infravermelho por transformada de Fourier (FTIR);
Difragdo de raio-X (DRX);
Magnetometria de Amostra Vibrante (VSM);

Ponto de carga zero (pHecz).

e Avaliar capacidade de regeneracao;

e Analisar a capacidade de adsorg¢do dos carvoes em efluente simulado;

e Determinar o CAM com maior eficiéncia dentre os adsorventes testados;

e Determinar as condic¢Ges 6timas na adsor¢cdo do CAM mais eficiente;

e Estudar a cinética de adsorcéo do corante azul brilhante no CAM,;

e Estudar o equilibrio de adsor¢do do corante azul brilhante no CAM,;

e Avaliar a termodinamica;

e Investigar o0 mecanismo de adsorgao.
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3. REFERENCIAL BIBLIOGRAFICO
3.1. POLUICAO DOS RECURSOS HIDRICOS

Nas ultimas décadas, a poluicdo dos recursos hidricos por contaminantes emergentes
tem sido considerada uma preocupacdo global, devido aos diversos impactos negativos
causados a salide humana e ao meio ambiente (BELUCI et al, 2020; VIDOVIX et al, 2019). A
classe de poluentes emergentes engloba um extenso grupo de substancias sintéticas e naturais,
incluindo farmacos, produtos de higiene pessoal, hormonios, esteroides, agroquimicos e
corantes (QUESADA et al, 2019). O rapido progresso da industrializacdo nos ultimos anos
aumentou a descarga de poluentes no meio ambiente (DAS e DEY, 2020). Diversos
contaminantes complexos de atividades domésticas e industriais sdo direta ou indiretamente
lancados em corpos d'agua (PATRA et al. 2021b).

No Brasil, apesar da abundancia dos recursos hidricos (12% da agua doce mundial), o
acesso ndo chega na mesma qualidade e quantidade para todos. Segundo a Organizacdo
Mundial da Saide - OMS (2008), 28 mil pessoas morrem por ano no Brasil de doencas
provocadas por agua contaminada ou de doencas relacionadas com a falta de higiene.
Atividades humanas como, desmatamento, intensificacdo do uso de defensivos agricolas e
lancamento inadequado de efluentes, a falta de planejamento urbano, o desperdicio e o
constante desenvolvimento industrial, sdo alguns fatores que acabam por ocasionar mudancas
e preocupacdes no que diz respeito a conservacdo da agua potavel. De acordo com alguns
especialistas a crise da agua no século XXI, é muito mais de gerenciamento do que uma crise
real de escassez e estresse (ROGERS et al, 2005).

A disposicdo inadequada ou indireta de contaminantes, provenientes de diversas fontes
pode ocasionar a incorporagdo em aguas superficiais e subterraneas. A OMS apresentou um
relatorio que diz que o tratamento de tingimento em varias industrias desencadeou de 17% a
20% da poluicdo da agua (KANT, 2011; ROY e SAHA, 2021). O procedimento de
tingimento leva a liberacdo de 20% de corantes como descargas industriais, 0 que acaba
contaminando as fontes de &gua potadvel (KANT, 2011). Os corantes sdo amplamente
utilizados em diversos setores industriais, produzindo anualmente em todo 0 mundo um
volume consideravel de aguas residuais coloridas, que podem causar diversos impactos nos
corpos hidricos receptores (CUSIOLI et al, 2019). Quando estes efluentes sdo misturados com
agua limpa podem desequilibrar o nivel recomendado de parametros organicos e inorganicos
em corpos dagua (JAVAID et al, 2019), impedindo os processos de autopurificacdo e
degradacdo bioldgica devido a limitada transmitancia da luz (COLLIVIGNARELLI et al,
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2017). Dessa forma, no ecossistema aquatico, a presenca de uma quantidade minima de
corantes sintéticos na adgua pode afetar a transparéncia e a solubilidade gasosa dos corpos
d'dgua, causando efeitos na atividade fotossintética e na fonte alimentar dos organismos
(PEREIRA et al, 2020). Em humanos, pode causar disfungdo renal e afetar o sistema
reprodutivo, figado, cérebro e sistema nervoso central (BHATTI et al, 2020; OMER et al,
2018; WEKOYE et al, 2020).

3.2. CORANTES

Os corantes sdo compostos aromaticos insaturados complexos que exibem boa cor,
intensidade, solubilidade (NAVIA-MENDOZA et al, 2021) e absorvem radiacdo
eletromagnética na faixa visivel do espectro (~400 a 800 nm) (PEREIRA et al, 2020). Eles
sdo compostos quimicos organicos coloridos hidrossoliveis ou oleosos que geralmente sdo
dissolvidos em &gua que podem se conectar a superficies ou tecidos para dar cor. A maioria
dos corantes sdo moléculas organicas complexas que sdo projetadas para se suportar uma
ampla gama de efeitos externos (GUPTA et al, 2009; KANT, 2012; REHMAN et al, 2012).
De modo geral, os corantes sdo geralmente grandes moléculas aromaticas, muitas vezes com
uma estrutura de anel aromatico ligada a uma cadeia lateral na estrutura da molécula do
corante que é necessaria para a ressonancia e, portanto, para a transferéncia de cor (RAPO e
TONK, 2021).

Os corantes sintéticos sdo uma das classes mais importantes de compostos quimicos
utilizados em diversos campos de tecnologia avancada, por exemplo, eles sdo aplicados na
producdo de alimentos, téxteis, bioquimicos, fungicidas, ectoparasiticidas, farmacéuticos,
indicadores colorimétricos e cosméticos, entre outros, ou seja, nota-se uma ampla gama de
aplicacdo desses compostos em processos industriais (YAGUB et al, 2014; JANUARIO et al,
2021).

De acordo com o relatdrio da Allied Market Research (2019), o mercado global de
corantes devera atingir US$ 15 bilhdes até 2026. Atualmente, existem mais de 100.000
corantes comerciais disponiveis, estimando-se que sua producio mundial seja de 7x10’
toneladas por ano (JUN et al, 2020). Consequentemente, cerca de 10-15% dos corantes
geralmente chegam ao meio ambiente através de efluentes industriais sem tratamento prévio
(ADEGOKE e BELLO, 2015), o que pode ameagar 0 meio ambiente e a saude humana
(SHABBIR, 2017).
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3.2.1. Classificago e propriedades

Existem varias maneiras de classificacdo de corantes comerciais, a literatura sobre a
classificacdo dos corantes € complexa, devido ao fato que um mesmo corante poder possuir
diferentes nomenclaturas (ZANONI e YAMANAKA, 2016). De modo geral, os corantes
podem ser classificado em termos de estrutura, cor, método de aplicagdo (BENKHAYA et al,
2020; CLARKE e ANLIKER, 1980) ou com base em sua carga de particula apés a dissolucao
em meio de aplicacdo aquoso (PURKAIT et al, 2005; MISHRA e TRIPATHY, 1933), como
catibnicos, anidnicos e ndo ibnicos (YAGUB et al, 2014). No entanto, devido as
complexidades da nomenclatura de cores do sistema de estrutura quimica, a classificacao
baseada na aplicagdo é muitas vezes favoravel (GUPTA et al, 2009). Porém, segundo Hunger
(2007) a maneira mais apropriada de classificar um corante é pela sua estrutura quimica, ou
pelo seu grupo cromdforo, pois com essa classificacdo 0s corantes sdo rapidamente
identificados por estarem agrupados em categorias que possuem caracteristicas semelhantes e,
desse modo, podem ser facilmente reconhecidos no setor téxtil (HUNGER, 2007).

Na literatura € comum encontrar 0s corantes téxteis sintéticos, classificado segundo
sua estrutura quimica, sendo assim, as classes mais relevantes dos corantes téxteis sdo: Azo,
antraquinona, metalizado, indigoide, ftalocianinas, metina e polimetinas (polienos e
analogos), triarilmetanos, nitro e nitrosos e sulfurosos (ZANONI e YAMANAKA, 2016). Ja
os corantes alimenticios diferente das estruturas dos corantes alimenticios naturais e 0s
corantes alimenticios sintéticos. Enquanto o0s naturais possuem estruturas muito
diversificadas, os sintéticos possuem estrutura quimica semelhante aos usados na industria
téxtil, classificados quimicamente como, azo, indigoide, trifenilmetano e xantina
(DAMODARAN; PARKIN, 2010; ZOLLINGER, 2003).

As principais classificacdes estdo apresentadas na Figura 1, baseada no material de
origem, estrutura quimica (natureza do cromdforo), estrutura nuclear e segundo a

classificacdo industrial.
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Figura 1- Tipos de classificacdes dos corantes.
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Fonte: (Autora, 2022).

3.2.2.Corante Azul Brilhante

O azul brilhante € um corante sintético amplamente encontrado na industria
alimenticia e téxtil sintetizado a partir de hidrocarbonetos aromaticos derivados do petréleo
(MAIAN, 2022) e é descrito quimicamente pela formula C27H3aN2Na209S> representada na
Figura 2. Sua absorcdo de luz maxima ocorre em 630 nm e sua molécula possui propriedades
predominantemente aniénicas e grupos sulfonatos que o tornam altamente ionico e facilmente
solivel no meio aquoso (GERMAN-HEINS et al, 2000; WANG et al, 2019). O corante Azul
brilhante encontra-se na classe dos corantes trifenilmetano (MAIAN, 2022; MISHRA e
MAITI, 2018) e é encontrado em alimentos como, sucos, refrigerantes, balas, chicletes,

xaropes, laticinios, entre outros. Além disso, é capaz de atribuir diversas tonalidades de azul
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ao produto em producéo, gerando um resultado atraente do ponto de vista visual, e pode ser
combinado com diversos outros corantes, como o corante amarelo tartrazina, cuja combinacédo

é capaz de gerar variados tons de verde (MAIAN, 2022).

Figura 2- Estrutura molecular do corante azul brilhante.
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Fonte: (Dotto e Pinto, 2011, adaptado).

O corante Azul Brilhante foi banido na Alemanha, na Austria, na Franca, na Bélgica,
na Noruega, na Suécia e na Suica por causar irritagdes cutaneas e constricdo broénquica
quando associado a outros corantes (ZANONI e YAMANAKA, 2016). O vermelho Bordeaux
(composto por uma mistura de amaranto com azul brilhante) foi proibido nos Estados Unidos,
na Austria, na Noruega e na RUssia por causar crises asmaticas e eczemas. (ZANONI e
YAMANAKA, 2016).

3.2.3. Toxicidade dos corantes sintéticos

A principal questdo relacionada ao uso industrial de corantes é sua notavel taxa de
perda ao longo dos processos de fabricacdo. Por exemplo, a indUstria téxtil perdeu cerca de 10
a 15% dos corantes sintéticos (PERIYASAMY e MILITKY, 2020). Ou seja, uma fracdo dos
corantes utilizados na industria passa a fazer parte dos efluentes industriais que, sem o
tratamento adequado, quando langados podem causar diversos impactos nos corpos hidricos
receptores (CUSIOLI et al, 2019).

Considerando os corantes ndo biodegradaveis, os corantes quando nédo tratados podem
conferir toxicidade a vida aquatica e podem ser mutagénicos, carcinogénicos e teratogénico,
podendo causar danos graves aos seres humanos (HOMEM et al, 2019; PAIXAO et al, 2019;
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PEREIRA, 2020). Devido ao seu alto potencial carcinogénico, mutagénico e teratogénico, a
ingestdo humana de agua contaminada com corantes pode levar a disfungdes do rim, sistema
reprodutivo, figado, cérebro e problemas no sistema nervoso central, (DINCER et al, 2007;
KADIRVELU et al, 2003; SHEN et al, 2009), principalmente pela presenca de metais e
substancias aromaticas (PAIXAO et al, 2019). Além disso, estudos indicam que o uso de
corantes alimenticios sintéticos podem causar reagGes de hipersensibilidade e problemas
comportamentais em criangas, como hiperatividade (POTERA, 2010).

No ecossistema aquatico, a presenca de uma quantidade minima de corantes sintéticos
na &gua (< 1 ppm) pode afetar a transparéncia e a solubilidade gasosa dos corpos d'agua
(PEREIRA et al, 2020) e o principal impacto esta relacionado a reducéo da penetracdo solar,
que afeta diretamente a atividade fotossintética e a fonte alimentar dos organismos. Dessa
forma, proporciona reducdo na quantidade de oxigénio dissolvido, altera a cor e aumenta a
demanda bioquimica de oxigénio da agua, causando mortalidade de seres vivos (CUSIOLI et
al, 2019; JANUARIO et al, 2020; PEREIRA et al, 2020). Segundo Gupta e Suhas (2009), os
efluentes de corantes sdo considerados altamente toxicos para a biota aquatica e afetam o
processo simbidtico ao perturbar o equilibrio natural ao reduzir a atividade fotossintética e a
producéo primaria devido a coloracdo da agua. Além disso, diversos estudos confirmam que
0s corantes sintéticos podem exercer efeitos agudos e crénicos em organismos Vivos,
dependendo de sua concentracgdo e extensdo da exposicdo (PEREIRA et al, 2020).

Sendo assim, nota-se a extrema relevancia de garantir a remocdo adequada desses
contaminantes dos efluentes. O descarte de efluentes coloridos devem ser monitorados e
devidamente removidos do meio ambiente (JANUARIO et al, 2020). A remogao de corantes
de 4guas residuais é considerada um desafio ambiental e a legislagdo governamental exige que
as aguas residuais com corantes sejam tratadas, ou seja, ha uma necessidade constante de ter
processos de tratamento eficazes que possam remover esses corantes de forma eficiente no
meio ambiente (LEE et al, 2006).

3.2.4. Formas de tratamento de 4guas residuais com corantes

Os poluentes industriais sdo um dos maiores problemas ambientais devido ao seu
efeito nas A&guas subterraneas e superficiais, juntamente com a salude humana
(SIVASUBRAMANIAM e FRANKS, 2016; ANAS et al, 2016; DE VIDALES et al, 2019).
Diversas tecnologias, como processo de oxidagdo avancado, técnica de filtracdo por

membrana, floculacdo/coagulacao, tratamento bioldgico, degradacao fotocatalitica, adsorcdo
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entre outras técnicas sdo relatadas na literatura para o tratamento de aguas residuais com
corantes (ARUNPRASATH, et al, 2019; DOTTO et al, 2018; FOTEINIS et al, 2018; KHAKI
et al, 2018; ORTIZ-MARTINEZ et al, 2021; YU et al, 2017). A Figura 3 apresenta algumas
formas de tratamentos dos efluentes com corantes. De modo geral, todos 0s processos
descritos na Figura 3 tém vantagens e desvantagens. As principais desvantagens sdo o altos
custos operacionais, baixa eficiéncia, versatilidade limitada, manuseio complicado e poluigdo
secundaria (PEREIRA et al, 2020). Além disso, 0s corantes apresentam alta solubilidade em

agua e dificultam a remocao por procedimentos convencionais (HASSAN e CARR, 2018).

Figura 3 — Técnicas de tratamento de aguas residuais com corantes.
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Fonte: (Autora, 2022).

Atualmente na literatura, muitos pesquisadores consideram a adsor¢gdo como um
método alternativo e econémico para remover corantes de aguas e efluentes de maneira mais
segura (ADEGOKE e BELLO, 2015; KATHERESAN et al, 2018). A adsorcao é uma técnica
que se destaca por apresentar diversos beneficios como baixo custo, operacdo simples, alta

eficiéncia e possibilidade de regeneracdo dos adsorventes (SULTANA et al, 2022). As
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caracteristicas atrativas associadas a adsor¢do também motivaram (direta ou indiretamente) o

desenvolvimento e aplicacdo de diferentes materiais adsorventes (PEREIRA et al, 2020).

3.3. ADSORCAO

A adsorc¢édo é um fendmeno fisico-quimico que se baseia na transferéncia de massa, em
que certos solidos tém a capacidade de concentrar em sua superficie determinadas espécies
existentes em fluidos liquidos ou gasosos, possibilitando a separa¢do dos componentes desses
fluidos (SILVA, 2019; YAGUB et al, 2014). No processo de adsor¢do conforme ilustra a
Figura 4, a substancia que se acumula na interface é chamada de adsorbato e o sélido no qual
ocorre a adsor¢édo é adsorvente (RUTHVEN, 1984).

Figura 4 - Processo de adsorcéo.
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Fonte: (RUTHVEN, 1984).

Considerando a natureza das ligacdes entre adsorvente e adsorbato, a adsorcdo pode
ser classificada em dois tipos: adsor¢do quimica (quimiossorcdo) e adsorcdo fisica
(fisiossorcdo) (NASCIMENTO et al, 2020). Na adsorcdo quimica a ligagdo envolve a troca ou
partilha de elétrons entre as moléculas do adsorbato e a superficie do adsorvente, resultando
em uma reacdo quimica (NASCIMENTO et al, 2020). Segundo Ruthven (1984), a
qguimiossor¢ao normalmente apresenta caracteristicas como, formacao de uma unica camada
sobre a superficie sélida, irreversibilidade e liberacdo de uma quantidade consideravel de
energia. Por outro lado, na adsorc¢&o fisica, a ligacdo do adsorbato a superficie do adsorvente
envolve uma interacdo relativamente fraca que pode ser atribuida as forcas de Van der Waals,
ligacbes de hidrogénio e dipolo-dipolo (NASCIMENTO et al, 2020; SILVA, 2019;
ZAZYCKI, 2019). De acordo com Ruthven (1984) na fisissor¢do, geralmente ocorre a

deposicdo de mais de uma camada de adsorbato sobre a superficie do adsorvente. As
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caracteristicas gerais que diferenciam a adsorc¢éo fisica da quimica séo apresentadas na Tabela
1.

Tabela 1- Principais diferencas entre adsorcao fisica e quimica.

Adsorcao Quimica Adsorcdo Fisica
Possivel em uma gama extensa de Significante somente a temperaturas
temperaturas. relativamente baixas.
Com transferéncia de elétrons Sem transferéncia de elétrons
Especificidade alta Especificidade baixa
Alto calor de adsorgao Baixo calor de adsorgéo
Pode ser lenta e irreversivel Rapida e reversivel
Apenas em monocamada Pode ocorrer em mono ou multicamadas

Dificil dessor¢édo Féacil dessorcao

Fonte: (RUTHVEN, 1984, adaptado).

Diversos pesquisadores consideram a adsor¢cdo uma boa forma de tratamento de
efluentes, dado que o processo possui vantagens significativas em comparacdo com 0s
métodos convencionais, principalmente do ponto de vista econémico e ambiental (GUPTA e
SUHAS, 2009; SALLEH et al, 2011). O processo de adsor¢do ganhou enorme atencéo devido
ao seu baixo custo, simplicidade de design, facilidade de operacdo e alta eficiéncia (JAWAD
et al, 2020; KATHERESAN et al, 2018; SULTANA et al, 2022). Além disso, o potencial de
reutilizacdo do adsorvente e a recuperacdo do corante sdo aspectos adicionais relevantes

associados ao processo de adsorcao (PEREIRA et al, 2020).

3.3.1. Fatores que afetam a adsorcéao

A eficiéncia da adsorcdo da fase liquida e, portanto, a operacdo ideal do processo
adsorcdo depende de varios parametros (RAPO e TONK, 2021). Existem muitos fatores
fisico-quimicos que afetam a adsorcdo, como a natureza do adsorvente (&rea superficial,
tamanho do poro, densidade, grupos funcionais presentes na superficie e hidrofobidade do
adsorvente), natureza do adsorbato (polaridade, tamanho da molécula, solubilidade) e
condi¢des operacionais (temperatura, pH e natureza do solvente) (COONEY, 1999; RAZI et

al, 2017; SILVA, 2019). A otimizacgdo desses fatores € crucial para o desenvolvimento de um
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bom processo de adsorgdo, dessa forma, os efeitos desses pardmetros devem ser levados em
consideracdo (YAGUB et al, 2014).

3.3.1.1. Area superficial

A intensidade da adsorcdo é proporcional a area superficial especifica, visto que a
adsorcdo é um fenémeno de superficie. Para particulas maiores, a resisténcia a difusdo é
menor e grande parte da superficie interna da particula ndo é disponibilizada para adsorcao
(SEKAR et al, 2004).

Os parametros texturais sdo relevantes para a adsor¢do de contaminantes de dgua com
grandes tamanhos moleculares (por exemplo, corantes, produtos farmacéuticos,
hidrocarbonetos com alto peso molecular). O tamanho molecular dos adsorbatos afeta a
transferéncia de massa dentro dos mesoporos e microporos e, consequentemente, afeta a
acessibilidade dos sitios de ligacdo disponiveis na estrutura interna do adsorvente. Ou seja, a
quantidade adsorvida por unidade de massa de adsorvente é maior quanto mais finamente
estiver dividido o adsorvente, e quanto mais poroso for o material (SILVA, 2005).

As propriedades adsortivas dependem na natureza sélida e do tamanho e distribuigdo
do poro. Esses tamanhos podem ser classificados de acordo com a IUPAC em funcéo do seu
didmetro (THOMMES et al, 2015):

- Macroporos: poros com diametros maiores que 50 nm;
- Mesoporos: poros com diametros entre 2 e 50 nm;

- Microporos: poros com diametros menores que 2 nm.

3.3.1.2. Temperatura

O efeito da temperatura é um fator fisico-quimico significativo, pois afeta o processo
de tratamento, mudando a natureza da reacdo de endotérmica para exotérmica, ou vice-versa
(YEOW et al, 2021). Podendo a temperatura alterar diretamente a capacidade de adsor¢éo
(ARGUN et al, 2008; BADAWY et al, 2020). Se a capacidade de adsor¢do aumenta com o
aumento da temperatura, entdo a adsorcdo é um processo endotérmico (YAGUB et al, 2014).
Na adsorcao de corantes, isso pode ser devido ao aumento da mobilidade das moléculas do
corante e ao aumento do numero de sitios ativos para a adsor¢do com o aumento da

temperatura. J& a diminuicdo da capacidade de adsor¢do com o aumento da temperatura indica
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que a adsorcdo € um processo exotérmico (YAGUB et al, 2014). Isso pode ser devido ao
aumento da temperatura diminuir as forcas de adsor¢do entre as espécies de corantes e 0s
sitios ativos na superficie adsorvente como resultado da diminuicdo da quantidade de
adsorcdo (SALLEH et al, 2011).

Em processos de adsorcdo, o efeito da temperatura sobre o sistema afeta,
principalmente, a constante de velocidade de adsor¢cdo. Um aumento na temperatura pode
ocasionar aumento de energia cinética e na mobilidade das espécies do adsorbato, e ainda
provocar um aumento na taxa de difusdo intraparticula do adsorbato (JIMENEZ et al, 2004).
Além disso, um aumento na temperatura pode também danificar a estrutura fisica do
adsorvente (RAPO e TONK, 2021). De modo geral, a temperatura pode afetar a eficiéncia da
adsorcao de forma diferente dependendo do adsorvente e do poluente (RAPO e TONK, 2021).

3.3.1.3. pH e ponto de carga zero

Um dos fatores mais importantes que afetam a capacidade do adsorvente e a eficiéncia
do processo de adsorcao é o pH da solucdo (YAGUB et al, 2014). O pH afeta a quimica da
solucédo de contaminantes, alterando a atividade de grupos funcionais no adsorvente, o grau de
ionizacdo do ion adsorvido e a carga superficial do adsorvente (KHASRI et al, 2021). Ou
seja, a eficiéncia da adsorcao depende do pH da solucéo, uma vez que a variagdo do pH leva a
variacdo do grau de ionizacdo da molécula adsorvente e das propriedades de superficie do
adsorvente (NANDI et al, 2009). Em relacao a adsorcdo de corantes, ndo apenas o adsorvente,
mas também a estrutura quimica do corante pode ser alterada pelo pH da solucdo (RAPO e
TONK, 2021). Um indice usado para quantificar ou definir a capacidade de uma superficie se
tornar positiva ou negativamente carregada em funcdo do pH é chamado ponto de carga zero
(pHpzc). A partir do pH da solugéo é possivel determinar o ponto de carga zero e entéo, a
carga superficial de um adsorvente. Para valores de pH inferiores ao ponto de carga zero (pH
< pHpzc) a carga superficial do adsorvente € positiva e a adsor¢do de anions € favorecida; e
para valores de pH superiores ao ponto de carga zero (pH > pHpzc) a carga superficial é

negativa e a adsorcdo de cétions é favorecida (THUE et al, 2020).

3.3.1.4. Dosagem do adsorvente

A gquantidade de adsorvente utilizado em um processo de adsor¢do € um parametro

importante, que influencia o processo através da relacdo quantitativa da dosagem do



27

adsorvente e a capacidade de remocdo do adsorvente para uma dada concentragéo inicial do
poluente (SENTURK e ALZEIN, 2020; RAPO e TONK, 2021). Em relacdo a adsorcdo de
corantes, a porcentagem de remocdo do corante aumenta com 0 aumento da dosagem do
adsorvente, onde o nimero de sitios de sor¢do na superficie do adsorvente aumentara com o
aumento da dosagem, e como resultado, aumentard a porcentagem de remocgdo do corante
(OFOMAJA, 2008; SALLEH et al, 2011). Dessa forma, o aumento da dose de adsorvente esta
positivamente correlacionado com a eficiéncia e desempenho da remoc¢édo de corante em um
processo de adsorcdo (RAPO e TONK, 2021). Entretanto, do ponto de vista econémico, é
importante que a pesquisa do efeito da dosagem do adsorvente e da capacidade de remogéo de
um contaminante como o corante, seja realizado (SALLEH et al, 2011), visto que, uma boa
remocdo aliada a um minimo de dosagem de adsorvente, representa custo, ou seja, quanto
menor a dosagem necessaria menor o custo do processo.

Sendo assim, um desafio na area de adsorcdo é o emprego de um material de baixo
custo, com baixa dosagem e grande capacidade de adsorcdo, e, idealmente, que possa ser
recuperado por processos simples e reutilizado (NASCIMENTO et al, 2020; WORCH, 2012).

3.3.1.5. Efeito da concentracdo inicial do adsorbato

A capacidade de adsorcdo para remogdo de um poluente é altamente dependente da
sua concentracdo inicial, uma vez que, afeta indiretamente a eficiéncia da remocdo do
poluente no processo adsor¢do (YAGUB et al, 2014). A respeito da concentragdo inicial do
corante, o efeito do fator de concentracdo inicial depende da relacdo imediata entre a
concentracdo do corante e os sitios de ligagdo disponiveis em uma superficie adsorvente,
podendo reduzir ou aumentar a disponibilidade de sitios de ligacdo na superficie (SALLEH et
al, 2011; RAPO e TONK, 2021).

De modo geral, a porcentagem de remogdo do corante diminui com 0 aumento da
concentracdo inicial do corante, o que pode ser devido a saturacdo dos sitios de adsor¢do na
superficie adsorvente (EREN e ACAR, 2006; YAGUB et al, 2014). Em uma concentracdo
baixa, havera sitios ativos desocupados na superficie adsorvente, e quando a concentracao
inicial do corante aumenta, os sitios ativos necessarios para a adsor¢do das moléculas do
corante faltam (KANNAN e SUNDARAM, 2001). Além disso, 0 aumento na concentracao
inicial de corante pode causar um aumento na capacidade do adsorvente e isso pode ser
devido a alta forca motriz para a transferéncia de massa em uma alta concentracéo inicial de
corante (BULUT e AYDIN, 2006).
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3.3.1.6. Tempo de contato

O tempo de contato € um fator importante, visto que, indica 0 comportamento cinético
da adsorgcdo de um determinado adsorvente e adsorbato. O tempo de contato ou tempo de
residéncia, € o tempo que envolve a transferéncia de massa de um ou mais componentes para
0 adsorvente, ou seja é 0 tempo necessario para atingir a concentracao de remocao desejada
de um poluente no processo de adsor¢do (NASCIMENTO et al, 2020). Um periodo rapido
necessario para estabelecimento do equilibrio no processo de adsor¢do de um poluente pode
refletir a eficiéncia de um adsorvente. Estudos na literatura mostram que a adsorcao € rapida
nos estagios iniciais do periodo de contato e, posteriormente, mais lenta proxima ao
equilibrio. Este fato pode estar relacionado com a maior disponibilidade dos sitios de
adsorcdo nos primeiros instantes e que nos momentos posteriores vao sendo ocupados pelas
moléculas dos poluentes e com isso variando pouco a capacidade adsor¢do (KAVEESHWAR
et al, 2018).

3.3.2.Cinética de adsorcéo

A cinética de adsor¢do descreve a taxa de remogdo do adsorbato na fase fluida em
relacdo ao tempo, sendo influenciada pelas caracteristicas fisicas e quimicas do adsorvente e
adsorbato, e das condi¢cdes operacionais do processo em estudo. O estudo e os célculos dos
parametros cineticos é fundamental em um processo de adsor¢éo, visto que com isso, pode-se
obter a velocidade de adsorcdo, 0 tempo necessario para remover oS contaminantes, a
quantidade adsorvida do adsorbato e o tempo de residéncia do adsorbato na interface sélido-
liquido (HO e MCKAY, 1999).

Para analise e melhor compreensdo sobre o comportamento cinético de um processo
de adsorcéo, diversos modelos sdo relatados na literatura. As curvas experimentais Sao
ajustadas de acordo com cada modelo, tais como, 0 modelo de pseudo primeira ordem (PPO),
pseudo segunda ordem (PSO) e Elovich. Os modelos baseados em reacGes de adsor¢do, como
as equacdes de PPO e PSO, sdao amplamente utilizados em estudos de adsor¢éo relacionados
ao tratamento de agua (BONILLA-PETRICIOLET et al, 2019).

3.3.2.1. Modelo pseudo primeira ordem
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O modelo de PPO, foi proposto por Largergren (1898). O modelo baseia-se na
capacidade de adsorcdo, sendo amplamente utilizado em processos de adsorcdo em sistemas
solido/liquido e é representado pela Equacdo 1 (LAGERGREN, 1898). A equacdo do
modelo, assume que a taxa de adsorcdo € diretamente proporcional ao numero de sitios de

adsorcdo livres, e ele baseando-se em interacGes reversiveis (SILVA, 2019).

g, =g(1—e™) (L)

onde g € a quantidade adsorvida no tempo t (mg g?) e g1 é o valor teérico da capacidade de
adsorcdo (mg g); ki é a constante de velocidade de adsor¢do do modelo de PPO (mint) et é

0 tempo (min).
3.3.2.2. Modelo pseudo segunda ordem

O modelo de PSO foi proposto por Ho e Mckay (1999). O modelo considera que a
taxa de adsorcdo é diretamente relacionada ao quadrado do numero de sitios livres, dessa

forma, a taxa de adsorcdo, segundo esse modelo é determinada de acordo com a Equagéo 2.
t
- 2 2
(1/k,q,”)+(Ya,)

G

Onde g2 é o valor tedrico da capacidade de adsorcdo (mg g?), k2 é a constante da taxa de

adsor¢do do modelo PSO (g mg™* min™).

O modelo de PSO baseia-se na capacidade de adsor¢do do adsorvente e relata o
comportamento do processo em toda a faixa de tempo de contato (ANDIA, 2009). Além
disso, 0 modelo considera que a adsorgdo ocorre por natureza quimica e além de envolver
apenas o processo de difusdo como no modelo de PPO, também envolve o mecanismo de
difusdo interna (SKODRAS et al, 2008).
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3.3.3.Equilibrio de adsorcéo

O estudo das isotermas de equilibrio é de fundamental importancia para avaliar a
eficiéncia de um adsorvente, como sua capacidade maxima de adsor¢édo, por meio dos dados
de equilibrio, conhecidos como isotermas de adsor¢do. A partir das isotermas de adsorcao é
possivel estabelecer uma relacdo de equilibrio entre a concentragdo do adsorbato na fase
fluida e a concentracdo do adsorbato na superficie do adsorvente em uma dada temperatura
(PICCIN et al, 2017; SILVA, 2019). Elas fornecem informacgdes sobre o mecanismo de
adsorcdo e sua forma, e podem apresentar diferentes comportamentos tipicos
(NASCIMENTO et al, 2020), como mostrado na Figura 5.

Figura 5 — Comportamento tipico das isotermas de adsorcéo

Irreversivel

Favoravel

Qe (Mg/g)
Linear

Desfavorave

Ce (mg/L)
Fonte: (MCCABE et al, 2005).

As isotermas de adsor¢cdo sdo construidas a partir de dados experimentais e podem
assumir variadas formas em um grafico, onde relaciona a capacidade de adsorcdo (qge) € a
concentracdo final do adsorbato (C.), medidas quando o sistema adsortivo atinge o equilibrio.
Dessa forma, a forma da curva de equilibrio ajuda a explicar certos fendmenos associados a
interacdo entre o adsorbato e o adsorvente (PICCIN et al, 2017).

Segundo Giles et al (1974) os tipos de isotermas podem ser divididas entre classes (S,
L, H, C) e subclasses (1, 2, 3, 4), nesta classificacéo, as curvas de equilibrio sdo identificadas
de acordo com a inclinacéo inicial em quatro classes principais, e 0s subgrupos séo descritos
para cada classe, com base nas formas das partes superiores e mudangas de inclinagdo. A

Figura 6 mostra a classificagdo proposta por Giles et al. (1974).
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Figura 6- Classificacdo das isotermas de adsorcao.
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Fonte: (GILES et al. 1974).

Na literatura diversos modelos matematicos de isotermas de adsorgdo foram propostos
para ajustar e descrever os dados de equilibrio de adsor¢ao, como os modelos de Freundlich,
Langmuir e Sips (NASCIMENTO et al, 2020).

3.3.3.1. Isoterma de Langmuir

O modelo de isoterma de Langmuir assume que a adsor¢do ocorre em uma
monocamada, com superficie plana e com um ndmero fixo de sitios ativos idénticos, e é
representado pela Equacdo 3 (LANGMUIR, 1918).

. quLCe

=T k.C. ®)
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Onde, ge ¢ a capacidade de adsorcéo no equilibrio (mg g?), Ce é a concentragdo do adsorbato
no equilibrio (mg L™?), gm € a capacidade maxima de adsor¢do (mg g*) e k. é a constante de

Langmuir (L mg™) que expressa a afinidade entre o adsorvente e o adsorbato.

Dessa forma, 0 modelo de Langmuir assume que a distribuigdo dos grupos reativos
sobre a superficie das particulas ¢ homogénea e ndo ha interagdo lateral entre as particulas, ou
seja, cada sitio pode ser ocupado por apenas uma molécula e a energia de adsorcdo de cada
sitio € igual, ndo havendo interacdes entre as moléculas adsorvidas em sitios vizinhos
(RUTHVEN, 1984).

3.3.3.2. Isoterma de Freundlich

O modelo de Freundlich considera o s6lido heterogéneo, ao passo que aplica uma
distribuicdo exponencial para caracterizar os varios tipos de sitios de adsorcdo, os quais
possuem diferentes energias adsortivas, podendo ser representado pela Equacdo 4
(FREUNDLICH, 1906).

1/nF
d. = ke C; (4)

onde, kr é a constante de Freundlich ((mg g*) (L mg™)¥M), 1/n é o fator de heterogeneidade.

Sendo assim, a isoterma de Freundlich assume que a adsorgdo ocorre em uma
superficie, e a quantidade que é adsorvida aumenta infinitamente com o aumento da
concentracdo (FREUNDLICH, 1906). Além disso, assume, que os sitios com ligacdo mais
forte sdo ocupados primeiro e que a forca de ligacdo diminui com o aumento do grau de

ocupacao do sitio, ou seja, prevendo a existéncia de multicamadas (COLPANI, 2012).
3.3.3.3. Isoterma de Sips

O modelo de isoterma de Sips € representado na Equacdo 5. O modelo representa uma
combinacdo da isoterma de Langmuir e de Freundlich em que, em concentragdes baixas, a
adsorcdo reduz-se a isoterma de Freundlich e, em altas concentragdes de adsorbato, prevé uma
capacidade de adsorcdo em monocamada, caracteristica da isoterma de Langmuir (SIPS,
1948).
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_ q.kC.™
© 1+k.C,™ ()

onde, ks é a constante de Sips (L mg™), gs é a capacidade maxima de adsor¢do (mgg™) e mss
a constante exponencial do modelo de Sips.

Desse modo, o modelo de isotermas de Sips foi desenvolvido para reconhecer e
resolver o problema do aumento continuo da quantidade adsorvida quando a concentracédo
aumenta, o que geralmente é experimentado no modelo de isotermas de Freundlich (SIPS,
1948).

3.3.4. Termodinamica de adsorc¢éo

Estimar os parametros termodindmicos de adsorcdo é fundamental, visto que, fornece
informagdes importantes sobre o processo de adsor¢cdo, como a influéncia da temperatura,
caracteristicas do processo e 0s mecanismos associados a adsorgio (SCHIO, 2019; RAPO e
TONK, 2021).

Os parametros termodinamicos de adsor¢éo, sdo a variacdo da energia livre de Gibbs
padrao (AG®), variagdo da entalpia padrdo (AH®) e variagdo da entropia padrdo (AS°). Os
valores obtidos no calculo desses pardmetros indicam a viabilidade do uso de qualquer
material como adsorvente, pois revelam se 0 processo de adsorcdo é espontaneo, se seu
carater € endotérmico ou exotérmico e avalia o seu grau de desordem (SILVA, 2019;
ZAZYCKI, 2019).

A energia livre de Gibbs padrdo, pode ser calculada conforme a Equacédo 6, este
pardmetro esta relacionado com a espontaneidade do processo de adsor¢do. Se AG® for
negativa, o processo ¢ espontineo e favoravel, mas se AG® for positiva, o processo ¢

desfavoravel e ndo espontaneo (TRAN et al, 2021).
AG°= AH°—TAS° (6)

A variacdo de entalpia indica se o processo de adsor¢do é exotérmico ou endotérmico.
Valores negativos de AH® indica que o processo ¢ exotérmico e valores positivos de AH®
indica que o processo é endotérmico (TRAN et al, 2021). Além disso, a variacdo da entalpia

estd relacionada com a natureza do processo, indicando se a adsorcdo é fisica ou quimica
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(TRAN et al, 2021). Ja variagdo da entropia (AS°) mede o grau de desordem das particulas do

sistema no processo (WANG et al, 2019). A variacdo da entalpia e entropia podem ser

estimadas pela equacao de Vant't Hoff (Equacdes 6, 7 e 8) (LIMA et al, 2019; TRAN et al,

2021; WANG et al, 2019).

A8 AH°
R RT

In(Kp )= ()

_ (1000.K . molecular weight of adsorbato).[adsorbate]
4

Ko (8)

Onde, Kp é a constante de equilibrio (adimensionalizada), R é a constante universal dos gases
(8,314 kI molt K1), T é a temperatura, Ks s constante do melhor modelo isotérmico ajustado
e v € o coeficiente de atividade.

A partir da Equagdo 7 é possivel construir um grafico InKp em funcgdo de 1/T, com os
dados experimentais da temperatura e da constante de equilibrio (SILVA, 2019). Os valores
de AH® e AS° sdo obtidos a partir da equacao da reta do grafico onde o coeficiente angular
representa o valor de AH® e o coeficiente linear o valor de AS° (SILVA, 2005; SILVA, 2019).

3.4. ADSORVENTES

A eficiéncia de um processo de adsorcdo é diretamente dependente do adsorvente
utilizado. Nos ultimos anos, uma grande variedade de adsorventes com melhor custo-
beneficio e potencial foram desenvolvidos e estudados para remo¢do de uma gama de
poluentes em meio aquoso, como o0s corantes. A Figura 7 ilustra os tipos de adsorventes
estudados na remocédo de corantes presentes na literatura (SINGH et al, 2018; ZHOU et al,
2019).
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Figura 7- Tipos de adsorventes usados para remocao de corantes.
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Fonte: (SINGH et al, 2018 adaptado).

3.4.1.Carvao ativado

O carvéo ativado comercial € um dos adsorventes convencionais mais utilizado, visto
que, apresenta alta eficiéncia no processo de adsorcdo (GUPTA e SUHAS, 2009). Entretanto,
sua utilizacdo acaba se tornando limitada por ser um material de alto custo, corrosivo e
apresentar problemas na regeneracdo (YAGUB et al, 2014). Como ilustrado na Figura 7
diversas alternativas tem sido avaliadas além do carvéo ativado comercial, a fim de combater
as limitagdes de seu uso (SINGH et al, 2018).

Especificamente, a preparacdo de carvOes ativados de baixo custo tem sido
amplamente investigada para a remocédo de corantes. De modo geral, o carvao ativado é um
s6lido carbonaceo que pode ser produzido a partir de qualquer material que contenha alto teor
de carbono em sua composicdo (CHIKRI et al, 2020). Para desenvolver um adsorvente de
baixo custo a partir de um determinado precursor, alguns fatores devem ser considerados,
como por exemplo, o material precursor deve preferencialmente ser abundante, estar
disponivel gratuitamente ou de forma barata e ndo deve ser perigoso (CHIKRI et al, 2020;
YAGUB et al, 2014). Potencialmente econémicos, 0s produtos residuais de operagoes
industriais e agricolas, materiais naturais e biossorventes tem sido alternativas promissoras

(CHIKRI et al, 2020). Dentre os diversos materiais precursores possiveis para preparacdo de
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um carvdo ativado, destaca-se 0 uso de residuos agricolas como uma alternativa de baixo
custo, tal como, casca de frutas, nozes, sementes, serragem, entre outros. A Tabela 2,
apresenta estudos recentes de diferentes adsorventes desenvolvidos a partir de residuos

agricolas para remocéo de corantes.

Tabela 2- Adsorventes desenvolvidos a partir de residuos agricolas na remogéo de corantes.

Material precursor Corante Referencia
Casca de coco Azul de metileno Yagmur e Kaya, 2021
Casca de roméd Azul de metileno Jaward et al., 2021
R Laranja de metila e azul de Ramutshatsha-Makhwedzha et al.,
Cascas de laranja e limao _
metileno 2022

Cristal violeta Homagai et Al., 2022

Casca de arroz Violeta de Metila You et al., 2022

Verde de Malaquita

Casca de arroz e café indigo carmim Paredes-Laverde et al., 2021
) Azul de Metileno Thang et al., 2021
Casca da castanha de caju _ )
Verde Brilhante Samiyammal et al., 2022

indigo Carmim Gupta et al., 2022

Azul de metileno Yang e Cannon, 2022
Serragem )
Azul Basico e Verde de Rahman et al., 2022
Metileno

Fonte: Autora (2022).

3.4.1.1. Serragem como material precursor na preparacdo de carvies ativados

A serragem é subproduto abundante da inddstria madeireira com preco baixo que pode
ser utilizada como um material precursor sustentavel para producdo de carvdo ativado
(CHIKRI et al, 2020). A producdo de carvéo ativado a partir da serragem de madeira pode
conferir vantagens no adsorvente, como alta porosidade, grande area superficial e baixo custo,
além de ser favoravel na adsor¢do de uma gama de poluentes, principalmente os corantes,
visto que, contém numerosos grupos funcionais, como grupos carboxila, hidroxila, fendlica e
amida em sua estrutura (SCIBAN et al, 2007).

Nos ultimos anos, os carvles ativados derivados da serragem tém sido investigados

por muitos pesquisadores para a eliminagdo de varios tipos de corantes solGveis em &gua,



37

como azul de metileno, vermelho congo, violeta de metila, verde malaquita, azul brilhante,
entre outros (CHIKRI et al, 2020). Yang e Cannon (2022) relaram uma alta capacidade de
adsorcdo de 332 mg g na remocdo do corante azul de metileno. Garg et al (2003) usaram
serragem tratada com formaldeido e acido sulfdrico para adsor¢do do corante verde malaquita
e mostraram que a serragem tratada com &cido foi mais eficiente atingindo cerca de 99% de
remocdo. Além disso, Benhabiles e Rida (2020) testaram a eficiéncia de carvdes ativados
preparados a partir de serragem e impregnados com NaOH e obtiveram eficiéncia superior a
94% na remoc&o dos corantes eritrosina e azul de metileno.

A madeira Sapelli (Entandrophragma cylindricum) usada como material percursor na
preparacao dos carvdes ativados deste estudo, é comercialmente uma das mais importantes da
Africa em termos de quantidades produzidas, bem como em termos de qualidade da madeira
(KEMEUZE, 2008). A madeira Sapelli é a sequnda espécie mais explorada na Africa Central,
principalmente em Congo e Camarfes (BAYOL et al, 2012; RSR, 2018). A producéo
estimada da espécie é mais de 1 milhdo de m®de toras por ano (RSR 2018). A madeira,
geralmente comercializada como ‘sapelli’, 'sapele’, ‘abudikro’ ou 'assié’, é altamente valorizada
para pisos, carpintaria de interiores, guarnicdo de interiores, painéis, escadas, mdveis,
marcenaria, instrumentos musicais, esculturas, constru¢do naval, folheado e compensado
(KEMEUZE, 2008).

3.4.1.2. Carv0es ativados magnéticos

Nos Ultimos anos a magnetizacdo de carvdes ativados tem sido proposta devido as
suas excelentes propriedades fisicas e quimicas proporcionar uma forma de solucdo adequada
para superar uma das principais desvantagens dos carvdes ativados, sua dificil recuperacéo e
separacdo no meio aquoso (MOOSAVI et al, 2020; ROCHA et al, 2020). Méetodos
tradicionais de separacdo como a filtragdo, podem causar o blogqueio dos filtros e perda do
adsorvente (MOOSAVI et al, 2020). Além disso, a separagdo do adsorvente pode gerar uma
poluicdo secundaria (MOOSAVI et al, 2020). Neste contexto, a tecnologia de adsorcéo de
particulas magnéticas mostra resultados promissores e eficazes para o tratamento de aguas
residuais devido a presenca de um campo magnético externo facilitar a separacdo do
adsorvente (FEIQIANG et al, 2018; MOOSAVI et al, 2020; ROCHA et al, 2020).

A separacdo dos adsorventes magnéticos obtida pela aplicagdo de um campo
magnético externo (BADI et al, 2018) permite facil isolamento, lavagem e redispersédo, assim,
evitando as etapas de filtracdo ou centrifugacdo (MOHAN et al, 2014; ROCHA et al, 2020).
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Trabalhos investigando o uso de materiais precursores de baixo custo para a preparacao de
carvles ativados magnéticos na remocdo de corantes sdo relatados na literatura (CHIKRI et
al, 2020).

Diversos precursores metalicos podem ser utilizados na magnetizacdo de carvbes
ativados, como compostos a base de ferro (Fe), niquel (Ni) e cobalto (Co) (ROCHA et al,
2020). Segundo Moosavi (2020) a introdugdo de carvdo ativado magnético pode levar a
remocdo eficiente de corantes organicos. Entretanto, vale ressaltar que, o custo final de
producdo pode ser ligeiramente superior ao de carvfes ativados ndo magnéticos (HAN et al,
2015).

Os carv0es ativados magnéticos podem ser sintetizados utilizando diferentes processos
gue objetivam converter espécies de metais em particulas magnéticas, além de permitir que o
material obtido exiba porosidade suficiente para ser utilizado em processos de adsorcdo
(CAZETTA, 2014). Em geral, o0 adsorvente magnético é obtido pela impregnacdo de sais de
metais de transicdo como FeSO4-H20, FeCls-H.0, Fe(NO3)s -H.O NiCl>-H20, MnCl,-H-0,
entre outros (DAMDIB et al, 2022). Dessa forma, tendo em vista a boa inoxidabilidade e
ferromagnetismo (WANG et al, 2015) o cloreto de niquel (NiCl,) foi utilizado neste trabalho
para conferir caracteristicas magnéticas aos materiais. O niquel metélico € um material
ferromagnético, e tem chamado atencdo ao fato das suas nanoparticulas apresentarem
propriedades magnéticas (CHEN e HSIEH, 2002).

A impregnacdo dos metais nos materiais porosos pode ser realizada com diferentes
técnicas, diversos processos sdo descritos na literatura objetivando a obtencdo de materiais
carbonédceos magnéticos. Altintig et al (2017) avaliaram um carvéo ativado magnético obtido
da casca de bolota na remocédo do corante azul de metileno em solugdo aquosa, a caracteristica
magnética foi adicionada ao carvéo ativado pela ativacdo de ZnCl, onde as cascas de bolota
foram misturadas com ZnCl, com taxas de 1:3.

Feigiang et al (2018) estudaram a adsor¢do de corante toxico em carvdes ativados
magnéticos preparados por sintese modificada em uma etapa, a partir da casca de amendoim
impregnando varias quantidades relativas de FeClz-6H:0.

Livani et al (2018) sintetizaram um carvdo ativado a partir de cascas de avela por
ativacdo quimica com hidroxido de sodio a 600 °C em atmosfera de N2 e depois combinado
com nanoparticulas magnéticas de NiFe204 por métodos hidrotérmicos e de coprecipitacéo.

Zhang et al (2020), prepararam carv@es ativados magnetizados ativando p6 de palha
de colza e pirolisando em diferentes temperaturas, e magnetizando pelo método hidrotérmico,

para a aplicacdo na remocéo de Pb(Il) e Cd(ll).
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Jiang et al (2021) analisaram a adsorgdo do corante azul de metileno em meio aquoso
usando um carvao ativado magnético preparado a partir do residuo agricola de bagaco de
cana-de-agucar e magnetizado com éxido de ferro, com uma proporc¢édo de massa de 1:1,5 por
um método simples de micro-ondas.

Dentre 0s métodos citados, destaca-se 0 método de ativacao e impregnacgédo simultanea
(em etapa Unica), pois € uma opgdo simples e rapida para o preparo de carvoes ativados

magnéticos quando comparadas a outras técnicas (DASTGHEIB et al., 2014).

3.4.1.3. Preparagéo carvéo ativado

A producéo de um carvdo ativado ¢é basicamente dividido em duas etapas principais: a
carbonizacdo/pirélise do material precursor e o processo de ativacdo (BORGES et al., 2003).
A carbonizacdo consiste de uma decomposicao térmica do material carbonéaceo, em atmosfera
inerte a temperatura entre 400-800 °C, onde se removem componentes volateis e gases leves
como CO, Hz, CO2, CHs (DI BERNARDO, 2005; SHARUDDIN, et al, 2016; YAHYA; AL-
QODAH e NGAH, 2015), produzindo uma massa de carbono fixa com uma estrutura porosa
rudimentar, com poros muito finos e fechados, assim, o produto carbonizado tem geralmente
uma pequena capacidade de adsorcdo, ou seja, 0 carvao resultante tem uma area de superficie
baixa e ndo €é um produto ativo (YAHYA; AL-QODAH e NGAH, 2015).
Segundo McDougall (1991), o objetivo da carbonizacdo € reduzir o teor de volateis do
material precursor para converter o carvao resultante com maior teor de carbono fixo para fins
de ativacgéo.

O processo de ativacdo é uma etapa fundamental no preparo de carvdes ativados, sua
funcdo principal é alterar as caracteristicas do carvao para proporcionar melhores resultados
através da formacdo de poros. O objetivo da ativacdo & basicamente desenvolver mais
porosidade e criar algum ordenamento da estrutura que resulta em um sélido altamente poroso
(GUO et al, 2009). Com a ativagdo do material carbonizado ha a formacdo de mesoporos e
macroporos (HERNANDEZ-MONTOYA, 2012) resultando em um maior ndmero possivel de
distribuicdo de poros, variadas formas e tamanhos, dando origem a um produto com uma alta
area superficial especifica (BANSAL & GOYAL, 2005).

A ativacdo pode ser tanto fisica quanto quimica. Na ativacdo fisica as moléculas se
ligam fracamente ao adsorvente, ndo alterando suas caracteristicas fisicas. O material é
tratado termicamente em atmosfera levemente reativa como vapor de agua e gas carboénico,

ocorrendo simultaneamente a ativacdo e carbonizacdo, onde sdo liberados umidade e
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materiais indesejaveis como alcatrdo mondxido e didxido de carbono, hidrogénio e metano
(GONGALVES; NAKAMURA; VEIT, 2014).

Na ativacdo quimica, ocorre ligacdes de valéncias livres das moléculas do adsorvente
no adsorbato. Nesse processo utiliza agentes ativantes, que atuam basicamente como agentes
desidratantes e oxidantes (MAHAPATRAI; RAMTEKE; PALIWAL, 2012), como acido
fosforico (H3POs), cloreto de zinco (ZnClz), hidroxidos de metais alcalinos como o hidréxido
de potassio (KOH) ou hidroxido de sédio (NaOH), ou acido sulfurico (H2SO4) (FOGLER,
1998; YORGUN e YILDIZ, 2015). Além disso, no estagio final no processo de ativacdo
quimica ocorre a lavagem, onde o carvao ativado é lavado basicamente com acido ou alcali,
dependendo dos reagentes quimicos utilizados na preparacdo, seguido de lavagem com &gua,
para a eliminacdo da matéria inorganica, afim de desenvolver a porosidade no carvao ativado
(YAHYA; AL-QODAH e NGAH, 2015).

De modo geral, os processos de pir6lise e ativacdo podem ser realizados tanto de
forma conjunta como de forma separada. Na forma conjunta o precursor € misturado com
agentes ativantes durante a pirdlise. Neste caso, os ativadores quimicos sdo usados em
diferentes proporcdes, atuando de forma a desidratar, influenciando de forma direta a pirolise
do precursor, evitando liberacdo de matéria orgénica volatil através da aromatizagdo do
esqueleto do carvdo e maior fixacdo do carbono (TEIXEIRA, 2020). No caso da pirélise e
ativacdo forem realizadas de forma separada, primeiramente € realizado a pir6lise da amostra,

e logo apos é feita a impregnacdo com o agente ativante escolhido (GUO et al, 2009).
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4. RESULTADOS E DISCUSSOES

Os resultados obtidos neste estudo, juntamente com a discussdo estdo apresentados na
forma de dois artigos cientificos. O ARTIGO 1 esta publicado na revista Molecules (ISSN:
1420-3049) com fator de impacto 4.927 classificada com Qualis A2 na &rea Engenharias Il. O
ARTIGO 2 esté publicado na revista Environmental Science and Pollution Research (ISSN:

1614-7499) com fator de impacto 5.190 classificada com Qualis A2 na area Engenharias I1.
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Abstract
Water pollution by dyes has been a major environmental problem to be tackled, and magnetic
adsorbents appear as promising alternatives to solve it. Herein, magnetic activated carbons
were prepared by single-step method from Sapelli wood sawdust, properly characterized, and
applied as adsorbents for brilliant blue dye removal. In particular, two magnetic activated
carbons, MAC1105 and MAC111, were prepared using the proportion of biomass: KOH of
1:1 and varying the proportion of NiClz of 0.5 and 1, respectively. The characterization results
demonstrated that the different proportions of NiCl, mainly influenced the textural
characteristics of the adsorbents. An increase in the surface area from 260.0 to 331.5 m? g*
and in the total pore volume from 0.075 to 0.095 cm? g~! was observed with the increase in
the weight ratio of NiCl.. Both adsorbents exhibit ferromagnetic properties and the presence
of nanostructured Ni particles. The different properties presented by the materials influenced
the adsorption kinetics and equilibrium of brilliant blue dye. MAC111 showed faster Kinetics,
reaching the equilibrium in around 10 min, while for MAC1105 it took 60 minutes for the
equilibrium to be reached. In addition, based on the Sips isotherm, the maximum adsorption
capacity was 98.12 mg g! for MAC111, while for MAC1105 it was 60.73 mg g~
Furthermore, MAC111 presented the potential to be reused in more adsorption cycles than

MAC1105, and the use of the adsorbents in the treatment of a simulated effluent exhibited

high effectiveness, with removal efficiencies of up to 90%.

Keywords: Adsorption; Brilliant Blue; Kinetic; Sawdust; Simulated effluent
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1. Introduction

The water crisis due to its pollution and scarcity has generated widespread concern
worldwide. Several complex contaminants from industrial and domestic activities are
indirectly or directly released into water bodies [1]. In this context, dyes are among the main
organic contaminants [2]. These compounds are widely used in textile, leather, cosmetics,
plastic, pharmaceutical, food processing, and various other industrial sectors [3]. Currently,
there are more than 10,0000 commercial dyes available, and the estimated annual production
of synthetic dyes is about 30,000 tons [2]. A large part of these dyes usually is discharged into
water bodies through untreated wastewater, being a considerable source of pollution [4]. In
general, dyes have a complex chemical construction which makes their degradation difficult
and, consequently, they remain longer in the environment [2]. The presence of dyes in water
bodies can affect the photosynthetic activity of aquatic life [5,6]. In addition, it can affect
some conditions, such as the biological and chemical oxygen demands, dissolved oxygen
concentration, and pH, as well as the life of aquatic animals and their predators [2]. Thus, the
treatment of wastewater containing dyes is a very relevant issue.

Several technologies have been used to remove dyes from wastewater, such as
advanced oxidation processes [7], flocculation/coagulation [8], biological treatments [9], ion-
exchange [10], and adsorption [11]. Among these methods, adsorption is a promising
technique for removing colored contaminants from wastewater [12,13]. Adsorption is
promising since it has advantages such as applicability in different scenarios, ease of
implementation, low space requirement, design simplicity, economic feasibility, and high
efficiency [13,14].

In adsorption operations, activated carbon (AC) is widely used for removing inorganic
and organic contaminants from aqueous solutions [15,16]. AC presents high surface area, pore
volume, and abundant surface functional groups [17]. In parallel, the utilization of

lignocellulosic wastes as precursor materials for AC production is a viable alternative due to
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its low cost, availability, and ecological suitability [18-20]. In previous literature, several
studies have been carried out on developing AC from different lignocellulosic wastes such as
pecan nutshells [21], tangerine seed [22], banana peel [23], apple peel [24], pistachio wood
wastes [25], and teak wood sawdust [26]. Specifically, sawdust, a lignocellulosic waste
obtained from various woodworking operations is an accessible, abundant, and low-cost by-
product, in addition to presenting disposal problems [27,28]. Thus, the conversion of sawdust
into adsorbents is a good alternative for the management of this waste. In addition, the
development of magnetic adsorbents has also been highlighted since it facilitates the
separation of the solid from the liquid phase without requiring centrifugation [29-32].
Recently, different magnetic activated carbons (MAC) have been proposed to remove
contaminants [33-37]. Generally, these magnetic activated carbons are prepared by co-
precipitation, impregnation of the activated carbon, or impregnation of the precursor material
followed by pyrolysis [37]. In the last procedure, carbonization, activation, and magnetization
occur in a single step, an advantage from an economic and convenience perspective [38].
However, regardless of the preparation method, evaluating different experimental conditions
to prepare AC is fundamental to finding a material with relevant features for adsorption [12].
Herein, MACs were produced from Sapelli wood sawdust, characterized, and applied
in dye adsorption from an aqueous solution. The precursor was first impregnated with NiCl,
and KOH and, then, the impregnated materials underwent pyrolysis. The effect of different
weight ratios of NiCl> was investigated regarding their characteristics and performance on dye
adsorption. Characterization was performed by scanning electron microscopy coupled with
energy-dispersive X-ray spectroscopy (SEM/EDS), Fourier transform infrared spectroscopy
(FTIR), N2 adsorption/desorption isotherms, X-ray diffraction (XRD), thermogravimetric

analysis (TGA/DTG), and vibrating sample magnetometer (VSM). Adsorption studies
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involved kinetic and equilibrium experiments, regeneration/reuse tests, and tests with

simulated industrial effluent.

2. Materials and methods

2.1. Materials

Sapelli wood sawdust (E. cylindricum), used as a precursor material for producing the
magnetic activated carbons, was obtained from sawmills in Ngaoundere (Cameroon). The
sawdust was milled, obtaining particle size lower than 250 um. The anionic dye Brilliant Blue
(BB, CI 42090, molar weight 792.8 g mol™, Amax 630.0 nm) was supplied by Duas Rodas
company (Brazil). Fig. 1S (supplementary material) shows the chemical structure of the BB

dye obtained by the Chemsketch software. All other reagents used were of analytical grade.

2.2. Preparation of the magnetic activated carbons

In the MACs preparation, NiCl, produced magnetic features, and KOH was used as an
activating agent to increase pore size and specific surface area. Initially, 100.0 g of the Sapelli
wood sawdust was mixed with 100.0 g of KOH and 50.0 or 100.0 g of NiCl (weight ratios of
1:1:0.5 and 1:1:1, respectively). Then, about 50 mL of distilled water were added to the
mixtures, which were stirred with a magnetic stirrer at 90 °C for 2 h. The homogeneous
pastes formed were subsequently oven-dried at 105 °C for 8 h and, after drying, each paste
was introduced into a quartz reactor in a conventional furnace (Sanchis, Brazil). The heating
was carried out from room temperature to 600 °C at a heating rate of 10 °C min* and an inert

gas (N2) flow rate of 150 mL min-1. After reaching the final temperature, it was maintained
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for 30 min. Then, the furnace was turned off and kept under the inert gas flow until it reached
a temperature below 200 °C. After cooling, the obtained materials were washed with a 0.1
mol L HCI solution under a reflux system at around 80 °C for 2 h. Subsequently, the
materials were exhaustively washed with distilled water until the pH of the washing waters
attains the pH of distilled water (pH 6-7). Finally, the materials were oven-dried at 105 °C for
8 h. The materials obtained were MAC1105 and MAC111, according to the weight ratios of

Sapelli sawdust: KOH: NiCl, of 1:1:0.5 and 1:1:1, respectively.

2.3. MACs characterization

The textural properties (BET surface area, total pore volume, and average pore size)
were obtained from N2 adsorption/desorption isotherms at 77 K in a volumetric adsorption
analyzer (Micromeritcs, ASAP 2020, USA) using BET and BJH methods.

The surface morphologies of the materials were obtained by scanning electron
microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDS) (Tescan,
MIRA 3, Czech Republic). The working voltage was 12 kV and the magnifications were
5000% and 10000x.

Investigations concerning the surface functional groups were realized by Fourier
transform infrared spectroscopy (FTIR) (Shimadzu, Prestige 21210045, Japan). The spectra
were obtained with a resolution of 4 cm™ in the range from 4000 to 400 cm™ by diffuse
reflectance technique with KBr.

Thermogravimetric (TGA) and derivative thermogravimetric (DTG) curves of the
magnetic activated carbons were obtained in a TA instrument (Netzsch, STA 449 F3
Jupiter®, Germany). The analysis was carried out in the following conditions: temperature

from 20 °C to 800 °C, a heating rate of 25 ° C min™%, and an N flow rate of 50 mL min,
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The crystalline nature of the MACs was accessed by Powder X-Ray Diffraction
(XRD) (Rigaku, Miniflex 300, Japan). The instrument was operated at 30 kV and 10 mA with
Cu Ka radiation (A = 1.541861 A). Measurements were done over the 10° < 20 < 100°, using a
scanning step of 0.06° st The Scherrer's equation obtained the Ni particles' average
crystallite size (D) in the magnetic activated carbons.

The magnetic properties were investigated at room temperature utilizing a vibrating-
sample magnetometer (VSM) (MicroSense, EZ9, USA) performing from —20 kOe to +20

kOe.

2.4. Kinetic and equilibrium adsorption experiments

Adsorption studies of BB dye from aqueous solutions were performed to evaluate the
adsorption performance of the MACs. BB dye is extensively used in the food industry and can
be found in various foods such as drink mixes, ice creams, candies, and gelatins.

For the adsorption assays, 20 mL of the BB dye solution at pH 4.0 (adjusted with 0.1
mol L™! HCI solution) were added in Erlenmeyer flasks with 0.02 g of the MAC (adsorbent
dosage of 1 g L™1). The flasks were stirred in a thermostatic agitator (Solab, SL222, Brazil) at
25 °C and 150 rpm. The Kinetic study was performed with an initial BB dye concentration of
50 mg L at set intervals (0—240 min). The equilibrium study was carried out with initial BB
dye concentrations from 0 to 200 mg L' until it reached equilibrium. Afterward, the
adsorbent was separated from the liquid phase using a magnet. The remaining BB
concentration in the liquid was measured by spectrophotometry (Biospectro SP-22, Brazil) at
630 nm. The adsorption results were represented according to the standard of our group

(supplementary material S1).
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2.5. Kinetic and equilibrium models

See supplementary materials S2 and S3.

2.6 Regeneration and reuse experiments

Regeneration and reuse tests were conducted to verify the possibility of reusing the
MACs. First, the MACs were loaded with BB dye at the following experimental conditions:
initial dye concentration of 50 mg L%, pH 4.0, an adsorbent dosage of 1 g L2, 25 °C, stirring
rate of 150 rpm, and 2 h. After, the adsorbent was separated from the medium by a magnet
and oven-dried at 105 °C for 8 h.

In the regeneration step, four different regeneration agents, namely sodium chloride
(NaCl), sodium hydroxide (NaOH), ammonium hydroxide (NH4OH), and acetone (C3HsO) in
the concentrations of 0.5 and 1.0 mol L™ were tested to desorb the BB dye from the
adsorbent. In this step, 20 mL of the regeneration agent were added in Erlenmeyer flasks with
the magnetic activated carbon previously loaded with BB dye. The flasks were stirred for 2 h
at 25 °C and stirring rate 150 rpm. Subsequently, the regenerated adsorbent was separated
from the medium using a magnet and oven-dried at 105 °C for 8 h. After that, the regenerated
magnetic activated carbons were used again for BB dye adsorption. The adsorption-
regeneration cycle was realized several times using the regeneration agent that showed the

best results.

2.7 Application in a simulated effluent
The simulated effluent was prepared using a grape drink mix obtained from local
industry and presented a BB dye concentration of 52 mg L™ and pH of 3.0. The matrix of the

simulated effluent was composed of sugars, dehydrated grape juice, vitamin C, acidulant
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(citric acid), acidity regulator (trisodium citrate), flavorings, sweeteners (potassium aspartame
and acesulfame), anti-humectant (tricalcium  phosphate), thickeners  (sodium
carboxymethylcellulose and xanthan gum) and dyes (brilliant blue, titanium dioxide
derivatives, red 40, and indigotin blue). The experiments were carried out with 20 mL of the
simulated effluent, a temperature of 25 °C, and a stirring rate of 150 rpm. Different adsorbent
dosages (1, 5, and 10 g L) and contact times (5-30 min) were tested. Before and after the
adsorption tests, the spectra were obtained in a UV-vis spectrometer (Shimadzu, UV240,
Japan). The spectra were recorded from 400 to 800 nm, and the areas under the absorption

bands were used to obtain the removal efficiencies.

3. Results and discussion

3.1. features of the magnetic activated carbons

3.1.1. Scanning electron microscopy images

The SEM images of MAC1105 and MAC111, with magnifications of 5000x and
10000x, are shown in Fig. 1 (a, b) and (d, €), respectively. It is possible to observe that both
materials had an irregular surface, the presence of roughness and some grains, and cavities
along their surfaces. In addition, MAC111 seems to have a higher quantity of cavities than
MAC1105, which is the main difference observed between the surface morphology of the
produced MACs. These cavities are a favorable aspect for application in adsorption processes
because they enable the BB molecules to penetrate the adsorbent until reaching the pores [39-
40]. Such cavities can be formed by the decomposition induced by KOH [41]. In addition,
since both MACs were prepared with the same weight ratio of KOH, the higher quantity of
cavities observed for MAC111 can be attributed to the higher weight ratio of NiCl., which
can cause the dehydration and decomposition of the lignocellulosic material [40]. This effect

will be better explained further.
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Fig. 1 (c) shows the EDS spectrum of MAC1105, and Fig. 1 (f) shows the EDS
spectrum of MAC111. For both MACs, carbon (C), oxygen (O), and nickel (Ni) were the
major elements. The appearance of Si comes from the precursor material (Sapelli wood
sawdust) used in the production of the adsorbents. The presence of Ni indicates that the Ni
compounds formed during the pyrolysis were not eliminated with the acid wash but remained
embedded in the carbon matrix. This behavior is important since these Ni compounds

generate magnetization in the samples.
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Figure 1. SEM images of (a) MAC1105 and (b) MAC111 and EDS spectra of (c) MAC1105 and (d)
MAC111.

3.1.2. Functional groups on the magnetic activated carbons surface

Fig. 2 shows the FTIR spectra of MAC1105 (Fig. 2 (a)) and MAC111 (Fig. 2 (b)).
Bands at 3431, 1625, and 1558 cm* can be observed for both materials. The bands at 3431
cm* can be ascribed to the stretching vibrations of O—H bonds from alcohols, phenols, or
carboxyls present as functional groups on the surface of the MACs, or they can also be
ascribed to the presence of adsorbed water [42]. The bands at 1625 cm™ can be attributed to

the C=0 bonds [43]. At 1558 cm™?, the bands observed can be attributed to the C=C stretching
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vibrations of the aromatic rings of the activated carbons' structure [44]. Besides that, bands at
1034 e 1028 cm can be observed for MAC1105 and MAC111, respectively, and are due to

the C—O stretching vibrations of hydroxyl in alcohols, phenols, or carboxyls [45].
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Figure 2. FTIR vibrational spectra of (a) MAC1105 and (b) MAC111.

3.1.3. Textural characteristics

Fig. 3 shows the N, adsorption/desorption isotherms and the BJH desorption pore size
distributions for MAC1105 (Fig. 3 (a)) and MAC111 (Fig. 3 (b)). According to the IUPAC
classification of adsorption isotherms, the adsorption isotherms of both materials were Type
IV, accompanied by hysteresis [46]. Type IV isotherm is a characteristic of mesoporous
materials. The adsorption hysteresis exhibited by both MACs was Type H4. This type of
hysteresis loop is characteristic of micro/mesoporous carbonaceous materials [46]. From the
pore size distribution, mesopores are observed for both materials.

Table 1 presents both materials' surface area, total pore volume, and average pore size.
It can be observed that MAC111 presented a higher BET surface area and higher total pore
volume than MAC1105. KOH used as the activating agent can react with the carbonaceous
material leading to the formation of the porous structure and affecting the surface area and

total pore volume [47]. Since both MAC1105 and MAC111 were prepared with the same
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weight ratio of KOH, the superior features presented by MAC111 may be due to the higher
weight ratio of NiCl> used to prepare this material. Therefore, in addition to generating
magnetization, NiCl, can affect the textural characteristics of the samples. Similar behavior
was observed by Thue et al. [37]. The authors prepared magnetic activated carbons from
tucuma seed using ZnClz and NiClz. They found out that the increase in the weight ratio of
NiCl; led to an increase in the surface area and total pore volume of the obtained material. In
addition, several other authors found that increasing the proportion of transition metal
chlorides, such as ZnCl,, FeCls, CoCly, and CuCl,, led to improved textural properties [40,48-
50]. The transition metals impregnated in the precursor material are cross-linked to the
surface functional groups of the biomass, promoting the chemical dehydration and
decomposition of the lignocellulosic material during the pyrolysis. After acid washes, the
transition metals are removed, and the previously occupied spaces become free, forming the
pores. Therefore, with higher weight rations of these salts, more transition metal ions are
available, improving the formation of the pore structure [40,48-50]. In the present work,
although the presence of Ni in the carbon matrix was shown by the EDS spectra (Fig. 1), part
of it may have been eliminated with the acid wash. Therefore, with a higher weight ratio of
NiClz, more pores may have been created and, subsequently, become free with the acid wash.

This may explain the higher surface area and total pore volume observed for MAC111.

Table 1. Textural characteristics of the magnetic activated carbons.

Total pore volume

Activated carbon BET surface area (m? g?) (cm? g ) Average pore size (nm)
cm° g
MAC1105 260.0 0.075 3.69
MAC111 3315 0.095 3.60

Regarding the average pore sizes, values of 3.69 and 3.60 nm were found for

MAC1105 and MAC111, respectively (Table 1). According to IUPAC, the pores of an
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adsorbent can be classified as micropores (inner diameter < 2 nm), mesopores (2 nm < inner
diameter < 50 nm), and macropores (inner diameter > 50 nm) [46]. Therefore, both MACS can

be classified as mesoporous materials, corroborating the isotherms in Fig. 3.
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Figure 3. Nitrogen adsorption/desorption isotherms and the BJH pore size distribution of (a) MAC1105 and (b)
MAC111.

3.1.4. Thermal analysis

Fig. 4 shows the thermal profile of the produced MACs. The thermal behavior was
evaluated from room temperature to 800 °C under an N2 atmosphere. The curve obtained for
MAC1105 can be divided into four regions, while the curve obtained for MAC111 can be
divided into five regions. The first region of weight loss was 21.4-98.9 °C and 19.9-104.9 °C
for MAC1105 and MAC111, respectively, and can be attributed to the evaporation of
moisture [37,51]. The temperature range for the second region of weight loss was 98.9-253.9
°C and 104.9-217.4 °C for MAC1105 and MAC111, respectively. This stage corresponds to
the loss of water from the interstices and pores of the material [37,51]. The weight loss sum
until these temperatures was 7.37% for MAC1105 and 9.60% for MAC111. The third region
of weight loss varied from 253.9-463.9 °C MAC1105. For MAC111, a third stage of weight
loss occurred from 217.4-367.4 °C and a fourth stage occurred from 367.4-504.9 °C. These

stages of weight loss can be assigned to the decomposition of oxygenated functional groups
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present on the activated carbon surface [39]. The last stage for MAC1105 (fourth stage) was
763.9-798.9 °C and the last stage for MAC111 (fifth stage) was 504.9-793.3°C. These stages
of weight loss correspond to the oxidation of the carbon matrix [51]. The total weight loss

was 21.74% for MAC1105 and 24.80% for MAC111.
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Figure 4. TGA curves of (a) MAC1105 and (b) MAC111.

3.1.5. X-ray diffraction

Fig. 5 shows the XRD diffractograms of MAC1105 and MAC111. Both samples show
patterns of metallic Ni (crystalline system: cubic; JCPDS Card 00-004-0850). According to
Thue et al. [37], the formation of metallic Ni occurs due to the reduction of the previously
impregnated Ni%* to Ni°. During pyrolysis, this reaction occurs at high temperatures and in the
presence of reducing gases, such as H2 and CHs. MAC1105 also shows patterns of nickel
oxide (NiO; crystalline system: rhombohedral; JCPDS Card 00-044-4459). These results also
confirm that the Ni was not completely eliminated during the acid wash. Besides that, both
MACs show patterns of silicon oxide (SiOg; crystalline system: hexagonal; JCPDS Card 00-
046-1045). The presence of SiO> in the samples comes from the Sapelli wood sawdust.

Nanostructured Ni particles with average crystallite sizes of 18.96 and 25.34 nm for

MAC1105 and MAC111, respectively, were obtained (calculated using Scherrer's equation).

Deriv mass (%) °C-!
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Figure 5. XRD patterns of MAC1105 and MAC111.

3.1.6. Magnetic features

Magnetization curves of the MACs are shown in Fig. 6 and the values of the hysteresis
parameters are shown in Table 2. As can be seen, both exhibit ferromagnetic properties, with
coercivity (Hc) values of 150.2 Oe and 200.2 Oe and remanence (Mg) values of 3.2 emu g
and 4.1 emu g* for MAC1105 and MAC111, respectively. These are interesting values for
this kind of material [37,52,53]. On the other hand, the saturation magnetization (Ms) value,
13.6 emu g* for both MACs, is slightly lower than the literature [37,52,53]. Despite the
relatively low Ms value, the MACs produced can be easily moved and controlled in aqueous

media by external magnetic fields.

Table 2. Magnetic properties of the magnetic activated carbons.

Saturation magnetization
(Ms,emu g)
MAC1105 150.2 13.6 3.2
MAC111 200.2 13.6 41

Sample Coercivity (Hc, Oe) Remanence (Mg emu g)
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Figure 6. M-H hysteresis loops of MAC1105 and MAC111 at room temperature. The inset is a magnified view
of the M-H curves.

3.2. Adsorption results

3.2.1. Kinetic profiles of BB adsorption
The kinetic behavior of BB dye adsorption was studied for both MACs with an initial

adsorbate concentration of 50 mg L ™! and pH 4. The adsorption capacity curves as a time
function are shown in Fig. 7 (a) and (b) for MAC1105 and MAC111, respectively. It is
possible to observe that the curve obtained for MAC111 was characterized by a faster
adsorption rate. MAC111 reached equilibrium in around 10 minutes. For MAC1105, the
equilibrium was reached in around 60 minutes. This behavior can be explained due to the
higher total pore volume presented by MAC111 (Table 1). A high pore volume can enhance

the kinetic of adsorption by allowing a faster diffusion rate of the dye molecules inside the

pores to the adsorption sites [54].
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Figure 7. The kinetic curve of BB dye adsorption onto (a) MAC1105 and (b) MAC111.

The experimental kinetic data were fitted to the pseudo-first-order (PFO) and pseudo-
second-order (PSO) models. The parameters of the models are depicted in Table 3. Based on
the higher values of R? and R%;j, and the lower values of ARE, it can be concluded that the
PSO model was the more suitable to represent the BB dye adsorption kinetic for both MACs.
Furthermore, Table 3 confirms the faster Kkinetic and the higher adsorption capacity of
MAC111 because k. and g for this adsorbent were around two times higher concerning the
same parameters for MAC1105. For comparison, several authors demonstrated that the PSO
model was more suitable for representing the Kinetic data of anionic dye adsorption [21,55-

57].

Table 3. Kinetic parameters for the adsorption of BB dye.

Activated carbon

Model MAC1105 MACL11
PFO
a1 (mgg?) 25.79 47.93
ki (min™) 0.396 0.612
R2 0.9785 0.9983
RZ 0.9480 0.9959
ARE (%) 3.83 1.00
PSO
g2 (mg gl 26.62 48.36

k2 (g mg !t min?) 0.035 0.072




R2
R%adj

ARE (%)

0.9931
0.9832

2.12

0.9991
0.9977

0.70

3.2.2. Adsorption isotherms
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The equilibrium study for BB dye adsorption was carried out at 25 °C with initial

adsorbate concentrations from 0 to 200 mg L ! and pH 4. Fig. 8 shows the equilibrium curves

obtained for MAC1105 (Fig. 8 (a)) and for MAC111 (Fig. 8 (b)). According to Giles

classification [58], the isotherms obtained for MAC1105 and MAC111 are typical type L1

and L2 isotherms, respectively. L-type isotherms indicate a high affinity between the

adsorption sites of the adsorbent and the adsorbate molecules. Besides that, it is possible to

observe (Fig. 8 (b)) that MAC111 presented a higher adsorption capacity than MAC1105.

This result can also be explained due to the superior textural features exhibited by MAC111

(Table 1). The higher surface area presented by MAC111 makes a greater amount of surface

active sites available to capture the adsorbate molecules.
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Figure 8. Equilibrium isotherms of BB blue dye adsorption onto (a) MAC1105 and (b) MAC111.
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Langmuir, Freundlich, and Sips models were used to interpret the equilibrium curves.

Table 4 shows the equilibrium parameters. Based on the R?, R?%j, and ARE values, is possible

to observe that only the Sips model was adequate to represent the equilibrium data for

MAC1105. On the other hand, for MAC111, all three models presented a good fit. However,

the Sips model presented slightly higher R? and R?gj values and a slightly lower ARE value.

Therefore, it was established that the Sips model was more befittingly by the experimental

equilibrium data for both MACs.

Table 4. Equilibrium parameters for the adsorption of BB dye.

Activated carbon

Model MAC1105 MAC111
Langmuir
am (Mg g ) 37.32 91.80
KL (L mg’l) 0.314 1.655
R2 0.9542 0.9946
R?,q 0.9359 0.9910
ARE (%) 7.58 2.28
Freundlich
Kr ((mg g ) (mg L) 21.46 67.52
1/nF 0.114 0.077
R2 0.9785 0.9927
Roag 0.9699 0.9878
ARE (%) 5.79 2.44
Sips
gs (mg g’l) 60.73 98.12
Ks (L mg?) 0.346 1.938
Ms 0.335 0.483
R2 0.9937 0.9957
R2aq 0.9890 0.9894
ARE (%) 2.94 2.24

For comparison, table 5 shows the maximum adsorption capacity of different

adsorbents for BB dye adsorption reported in the literature. It can be seen that the values
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found in the present study are quite promising, and further studies on the adsorption

conditions are required to increase the adsorption capacity.

Table 5. Adsorption capacities of different adsorbents for BB dye adsorption.

Adsorbent I(Dgoia%;: pH T (°C) Adsorr(J;[#;ngcl?paCIty Reference
MAC1105 1.0 40 25 60.7 This study
MAC111 1.0 4.0 25 98.1 This study
Ch'tosage‘;%rgn'cu"te 50° 102 25 181.6 [59]
Hen feather 0.42 2.0 30 317.0° [60]
Magnetic tungsten
disulfide/carbon nanotubes 0.3 3.0 25 166.7 [61]
nanocomposite
Bottom ash 4.0 30 50 6.9 [62]
De-oiled soya 2.0 30 50 18.2° [62]
Unmodified clay 10.0? 54 30 6.2 [63]
Iron-modified clay 10.02 54 30 14.2 [63]

3Calculated; "Original values converted to a mass base using the BB molar weight of 792.8 g mol*

3.2.3. Regeneration and reuse study

Different chemical agents in different concentrations were tested for regenerating the

MACs. Table 6 shows the equilibrium adsorption capacity for the second cycle of adsorption.

It can be seen that the best results were obtained using NH4OH in the concentration of 0.5 mol

Lt for both MACs. Therefore, additional adsorption/regeneration cycles were performed

using this regeneration condition to access the potential of reusing both materials. Fig. 9

shows the equilibrium adsorption capacity of BB dye for four cycles using MAC1105 (Fig. 9

(@)) and MAC111 (Fig. 9 (b)). It is possible to notice that the adsorption capacity gradually

decreased over the cycles. This trend suggests that some BB dye molecules were not removed

from the adsorbent surface upon regeneration. Therefore, the active sites occupied by these

molecules become unavailable for adsorption in the next cycle.
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Table 6. Regeneration test using different regeneration agents in different concentrations.

Concentration of

Activated ~ Regenerating regenerating

Qe in the second cycle

-lya
carbon agent agent (mol L) (mg g™)
NacCl 0.5 6.05 £ 0.65
1.0 5.80 £ 0.58
NaOH 10.5 7.09+0.74
MAC1105 1.0 5.89 £ 0.63
NHsOH 0.5 10.78 £ 1.01
1.0 5.72 £0.69
C3HeO 0.5 8.58 + 0.95
1.0 7.35+0.71
NacCl 0.5 34.96 + 0.87
1.0 30.59 £1.23
NaOH 10.5 29.21 +£0.91
1.0 2252 +£1.13
MAC111 NHsOH 0.5 36.64 £ 0.87
1.0 31.04 £0.92
C3HeO 0.5 36.31+£1.04
1.0 30.91+£0.98
NaCl 0.5 34.96 £ 0.87
a Mean + standard deviation (n = 3).
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Figure 9. Reuse cycles of (a) MAC1105 and (b) MAC111.

It also can be observed that MAC111 showed a smaller decrease in adsorption
capacity over the cycles than MAC1105 (Fig. 9). In addition, the adsorption capacity
observed for MAC111 at the end of the fifth cycle (around 29 mg g™) is higher than the

adsorption capacity observed for MAC1105 even in the first cycle (around 25 mg g7).
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Overall, the results showed that MAC111 has a higher potential to be reused in more

adsorption cycles, directly affecting the operating costs.

3.2.4. Application of MAC:s to treat a simulated effluent

A simulated effluent was prepared from a grape drink mix to verify the applicability of
the MACs for removing BB dye in a complex matrix. The MACs were evaluated regarding
the removal efficiency using different adsorbent dosages (1, 5, and 10 g L) and contact times
(5-30 min). The visible spectra (400-800 nm) of the simulated effluent before and after the
adsorption tests are shown in Fig. 10. It was observed that the adsorption was fast since the
removal efficiencies were virtually the same for all contact times studied. The removal
efficiency obtained using a dosage of 1 g L™t was below 40%. The active sites are easily
saturated with low adsorbent dosage since the simulated effluent contains several compounds
other than the BB dye. However, using higher adsorbent dosages, high removal efficiencies
were obtained. In 30 minutes, MAC1105 and MAC111 were capable of removing,
respectively, 73% and 88% using the adsorbent dosage of 5 g L™, and 93% and 95% using
the adsorbent dosage of 10 g L1 These results indicated that the MACs are promising

adsorbents for treating effluents from the food industry containing the BB dye.
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Figure 10. Absorption spectra of simulated effluent before and after adsorption with 1 g L™: (a) MAC1105 and

(b) MAC111; 5 g L% (c) MAC1105 and (d) MAC111; 10 g L™*: (¢) MAC1105 and (d) MAC111.

4. Conclusion

In this work, magnetic activated carbons from Sapelli wood sawdust were successfully

prepared, characterized, and applied in the adsorption of BB dye from an aqueous solution.

The different weight ratios of NiCl> influenced mainly the textural properties of the materials.

The increase in the weight ratio of NiCl; led to an increase in the surface area from 260.0 m?

g! (MAC1105) to 331.5 m? g* (MAC111) and in the total pore volume from 0.075 cm®g™*

(MAC1105) to 0.095 cm®g* (MAC111). The average pore size remained virtually the same,

around 3.6 nm, regardless of the weight ratio of NiCl,. Both MACs exhibit ferromagnetic

properties at room temperature. The presence of nanostructured Ni particles with average
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crystallite sizes of 18.96 nm (MAC1105) and 25.34 nm (MAC111) was observed. According
to the FTIR spectra, very similar surface chemistry was obtained for both MACs, both
exhibiting hydroxyl and carboxyl groups. Furthermore, a very similar thermal behavior was
also observed for both materials.

From the adsorption study, important differences between the MACs were observed.
MAC111 exhibited faster kinetics and reach the equilibrium in around 10 minutes. For
MAC1105, on the other hand, the equilibrium was reached only in 60 minutes. For both
adsorbents, the pseudo-second-order model well represented the kinetic data. Regarding the
adsorption isotherms, the Sips model satisfactorily represented the data. In addition, MAC111
showed a higher maximum adsorption capacity (gs = 98.12 mg g*) than MAC1105 (gs =
60.73 mg g1). The regeneration and reuse study showed that MAC111 had a higher potential
to be reused in more adsorption cycles. Finally, MAC1105 and MAC111 were promising for
treating a simulated effluent containing the BB dye, achieving removal efficiencies of 93%
and 95%, respectively. These results demonstrated that the MACs were promising adsorbents
for BB dye removal from an aqueous solution with good efficiency and easy magnetic
separation. Besides that, it is noteworthy that MAC111 showed the best results due to its best
features arising from the higher weight ratio of NiCl> used in its production. Nevertheless,
further and more complete studies, such as the effect of the adsorbent dosage, pH and

temperature, and the adsorption thermodynamics, are required for application purposes.

Declarations: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.
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Fig. 1S. Chemical structure of the brilliant blue dye.

S1. Adsorption quantification
All assays were performed in replicate (n = 3), and blank tests were also realized. The
adsorption capacity at time t (g:) and the equilibrium adsorption capacity (ge) were determined

by Eqg. (1) and (2), respectively:

q, = V(CO — Ct ) (1)
m

g, = VG =C.) @)
m

Where Cy is the initial BB dye concentration (mg L™), C: is the BB dye concentration in the
liquid phase at time t (mg L™), C. is the equilibrium BB dye concentration in the liquid phase

(mg L), m is adsorbent mass (g), and V is the volume of the solution (L).
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S2. Kinetic models
The adsorption kinetic behavior onto the MACs was evaluated by the pseudo-first-
order (PFO) and pseudo-second-order (PSO) models [1]. The mathematical equations of these

models are shown in Eq. (3) and (4), respectively:

G, = a,(1-exp(-k,t)) @)

t
(L/k,0,") +(¥a,)

q, (4)

Where ¢ is the adsorption capacity at time t (mg g™%), g1 is the adsorption capacity predicted
by the pseudo-first-order model (mg g1), g2 is the adsorption capacity predicted by the
pseudo-second-order model (mg g ), ki is the pseudo-first-order rate constant (min?), and k»

is the pseudo-second-order rate constant (g mgX min?).

S3. Isotherm models
The adsorption equilibrium data were fitted to the Langmuir [2], Freundlich [3], and

Sips [4] models, which are presented in the Eqg. (5), (6), and (7), respectively:

quLC
— mftie 5
% 1+K,C, ®)
qe = KFC(;L/nF (6)
K.C,™
e =0 — " 7
% =% e o )

Where ge is equilibrium adsorption capacity (mg g?), Ce is the equilibrium BB dye
concentration in the liquid phase (mg L), om is the maximum adsorption capacity of the

Langmuir model (mg g?); K. is the Langmuir equilibrium constant (L mg™); Kg is the
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Freundlich equilibrium constant ((mg g%) (mg L™) “Y"F), 1/nF is the heterogeneity factor, gs
is the maximum adsorption capacity of the Sips model (mg g?), Ks is the Sips equilibrium
constant (L mgt) and ms the exponent of the Sips model.

The parameters of the models were estimated through nonlinear regression using the
Quasi-Newton estimation method. Statistica 7.0 software (Statsoft, USA) was used in the
calculations. The fit quality was evaluated by determination coefficient (R?), adjusted

determination coefficient (R?%.qj), and average relative error (ARE).
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Abstract
Sapelli wood sawdust-derived magnetic activated carbon (SWSMAC) was produced by the
single-step pyrolysis method using KOH and NiCl> as activating and magnetization agents.
SWSMAC was characterized by several techniques (SEM/EDS, N2 adsorption/desorption
isotherms, FTIR, XRD, VSM, and pHpzc) and applied in the brilliant blue FCF dye
adsorption from an aqueous medium. The obtained SWSMAC was a mesoporous material
and showed good textural properties. Metallic nanostructured Ni particles was observed. Also,
SWSMAC exhibited ferromagnetic properties. In the adsorption experiments, the most
adequate conditions were an adsorbent dosage of 0.75 g L™ and a solution pH of 4. The
adsorption was fast, and the pseudo-second-order demonstrated greater suitability to the
Kinetic data. The equilibrium data were well fitted by the Sips model, and the maximum
adsorption capacity predicted by this model was 111.50 mg g* (at 55 °C). The
thermodynamic study revealed that the adsorption was spontaneous, favorable, and
endothermic. Besides, the mechanistic elucidation suggested that electrostatic interactions,
hydrogen bonding, n—= interactios, and n—= interactions were involved in the brilliant blue
FCF dye adsorption onto SWSMAC. In summary, an advanced adsorbent material was
developed from waste by single-step pyrolysis, and this material effectively adsorbs brilliant

blue FCF dye.

Keywords  Adsorption mechanism; Anionic dye; Magnetic adsorbent; Low-cost biomass;

Single-step pyrolysis.
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Introduction

In the face of industrial advances, the water resources pollution has turned into a huge
and challenging problem. Dyes are among the main water pollutants as they come from
several industries, such as food, tannery, paper and pulp, textile, chemical, among others
(Katheresan et al. 2018; Sultana et al. 2022). In the last years, wastewater containing dyes has
become an important issue since they can cause deleterious impacts on the environment and
human beings (Chikri et al. 2020). Synthetic dyes from the triphenylmethane class, such as
brilliant blue FCF, malachite green, methyl violet, fast green, and patent blue V are widely
used in the industry, accounting for about 30-40% (Adenan et al. 2022; Lucova et al. 2013;
Mishra and Maiti 2018; Selvamani et al. 2021). Among the above-mentioned dyes, brilliant
blue FCF dye is extensively used in the food and textile industries. This dye has high mobility
in soil and groundwater. The dominantly anionic properties and the three sulfonic acid groups
present in the dye molecule make it highly ionic and easily soluble in the aqueous medium
(Germéan-Heins and Flury 2000; Wang et al. 2020). The facile transport of this dye in soil and
water can cause riks to the enviroment (Wang et al. 2020). In the aquatic ecosystem, the
presence of a minimum amount of synthetic dyes can affect the transparency and gaseous
solubility, causing effects on the photosynthetic activity and the food source of organisms
(Pereira et al. 2021). Therefore, removing dyes from wastewater is an relevant issue regarding
environment protection.

Literarture reports different technologies for the removal of dyes from aqueous
medium, such as flocculation/coagulation (Chenna et al. 2022), ion exchange (Cseri et al.
2021), biological treatments (Ruscasso et al. 2022), advanced oxidation processes (Nawaz et
al. 2022), and adsorption (Wang et al. 2021). However, adsorption is a method that stands out
since it has low cost, simple operation, high efficiency, and the possibility of regeneration of

the adsorbent (Sultana et al. 2022). Activated carbon (AC) is the most well-known and used
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adsorbent, since it has good textural characteristics and the presence of surface functional
groups that can interact with the adsorbate molecules (Feigiang et al. 2018; Illingworth et al.
2019). AC can be prepared from many different precursor materials, such as waste from
agroindustries (Ramutshatsha-Makhwedzha et al. 2022), tire waste (Ali et al. 2021), and
sawdust (Chikri et al. 2020), among others. Sawdust is an abundant and low-cost biomass
with disposal problems (Chikri et al. 2020; Mallakpour et al. 2021), and is obtained from
woodworking operations (Mallakpour et al. 2021). In Central Africa, the estimated annual
production of the Sapelli species is 1.44 million m?® of round wood, maing it the second most
exploited species (RSR 2018). Consequently, high amounts of Sapelli wood sawdust are
generated, having great potential to be used for AC production.

One of the issues related to the use of AC relies on the fact that when powdered AC is
used, a high-performance centrifuge is frequently required for separation due to its small
particle (Thue et al. 2020). Therefore, the introduction of magnetism into AC has gained
attention (Feigiang et al. 2018; Moosavi et al. 2020), since the simple use of an external
magnetic field allows the adsorbent to be separated from the aqueous medium (Feigiang et al.
2018; Moosavi et al. 2020). Regarding the available production methods of magnetic
activated carbon (MAC), the single-step pyrolysis, in which the precursor material is
impregnated with activating and magnetization agents and subsequently subjected to
pyrolysis, stands out. In this method, carbonization, activation, and magnetization occur
simultaneously, providing lower energy costs when compared to other methods, such as co-
precipitation and impregnation of the AC and further pyrolysis (Thue et al. 2020).

In this research, MAC was produced from Sapelli wood sawdust using single-step
pyrolysis and applied for the brilliant blue FCF dye adsorption from an aqueous medium.
KOH was used to increase the textural properties, and NiCl, to produce the magnetic features.

The material was characterized by different techniques. In addition, brilliant blue FCF dye
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adsorption studies (Kinetics, equilibrium, and thermodynamics) were carried out, and the

possible adsorption mechanisms were proposed.

Materials and methods

Materials
Sapelli wood sawdust was obtained from sawmills in Ngaoundere (Cameroon). The
brilliant blue FCF dye (C.1. 42090, molar weight 792.8 g mol™, Amax 630.0 nm) was supplied

by Duas Rodas company (Brazil). Other reagents used were of analytical grade.

Magnetic activated carbon preparation

Sapelli wood sawdust-derived magnetic activated carbon (SWSMAC) was prepared
by a single-step pyrolysis method. The sample was first impregnated with KOH and NiCl;
and, posteriorly, it was pyrolyzed in a conventional furnace (Sanchis, Brazil) at 600 °C. After
the pyrolysis, the sample was cooled, acid-washed, and dried. More detail about the

preparation process can be found in the Supplementary Material (S1).

Characterization

SWSMAC was characterized by the following techniques: Scanning Electron
Microscopy coupled with Energy Dispersive X-Ray Spectroscopy, N2 adsorption/desorption
isotherms, Fourier Transform Infrared Spectroscopy, Vibrating Sample Magnetometer, X-ray
powder diffraction, and point of zero charge. For more details, see Supplementary Material

(S2).
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Adsorption experiments

In the brilliant blue FCF dye adsorption experiments, firstly, dosage (0.25-1.5 g L™})
and pH (2-10) testes were performed. After defining the most adequate conditions, the
adsorption kinetic curves were obtained using different initial dye concentrations (25-200 mg
L1) at set time intervals (0-180 min). Finally, the equilibrium isotherms were also obtained
using different initial dye concentrations (50-200 mg L ™) and temperatures (25-55 °C). For

more details on the adsorption experiments, see Supplementary Material (S3).

Kinetic, equilibrium, and thermodynamic modeling

See Supplementary Material (S4).

Results and Discussion

SWSMAC features

The SEM image of SWSMAC with a magnification of 5000x% is shown in Fig. 1(a). It
was observed that SWSMAC exhibited a porous structure with an irregular surface, some
cavities, and roughness. The EDS spectrum of SWSMAC is shown in Fig. 1(b). The main
elements of SWSMAC, as expected, are carbon (C), oxygen (O), and nickel (Ni). Ni indicates
that, during the acid wash, the compounds formed by the decomposition of NiCl, were not
eliminated. The Ni present in the sample is an important aspect because it generates
magnetization.

The N2 adsorption/desorption isotherms and the BJH pore size distributions obtained
for SWSMAC are demonstrated in Fig. 2. The adsorption isotherm profile obtained (Fig. 2(a))
is Type IV, being representative of mesoporous materials (Thommes et al. 2015). The

isotherm was accompanied by a Type H4 hysteresis loop, which is frequently related to
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narrow slit-shaped pores (Thommes et al. 2015). The BET surface area was 331.54 m? gt and
total pore volume was 0.095 cm® gL. In addition, the average pore diameter was 3.60 nm.
Therefore, according to IJUPAC, SWSMAC is a mesoporous material because it presents an
inner diameter between 2 nm and 50 nm (Thommes et al. 2015). The average pore diameter is
an important feature since it shows whether or not the adsorbate molecules are able to
penetrate the adsorbent particle. Since the brilliant blue FCF dye has molecular dimensions of
1.07 nm x 1.47 nm x 1.88 nm (Tamai et al. 1999), it can be concluded that SWSMAC is
suitable for its adsorption because it presents a pore diameter larger than the dimensions of the
brilliant blue FCF dye molecule.

Fig. 3 shows the XRD pattern of SWSMAC. Patterns of metallic Ni (crystalline
system: cubic; JCPDS Card 00-004-0850) and silicon oxide (SiOg2; crystalline system:
hexagonal; JCPDS Card 00-046-1045) can be observed. Metallic Ni is formed from the
reduction of Ni?* previously impregnated, which occurs due to the high temperature and
reducing gases that are present during the pyrolysis (Thue et al. 2020). From Scherrer's
equation, it was possible to verify that the obtained nanostructured Ni particles had an average
crystallite size of 25.34 nm. The presence of SiO2 in the sample comes from the Sapelli wood
sawdust.

Fig. 4 shows the magnetization curve of SWSMAC. It is possible to observe a S-
shaped hysteresis loop, which indicates that the material shows ferromagnetism (Kaur et al.
2021). Furthermore, the value of coercivity was 200.2 Oe, saturation magnetization was 13.6
emu g, and remanence was 4.1 emu g*.

Fig. 5 shows the FTIR spectrum of SWSMAC before and after the dye adsorption. In
the spectra before the adsorption (Fig. 5(a)), the band observed at 3448 cm™! indicates the
stretching of —OH bonds from oxygenated surface funciontal groups, such as alcohols,

phenols, or carboxyls or it can also refere to adsorbed water (Ogungbenro et al. 2020). The
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band at 1619 cm™! is attributed to the stretching of C=0 bonds from carboxylic acids or esters
(Thue et al. 2020). In 1562 cm™!, the observed band is due to the stretching of C=C bonds of
the aromatic rings of the material (Nizam et al. 2021). Finally, the band at 1039 cm™ is
related to the stretching of C—O bonds (Thue et al. 2020). After the adsorption, it is possible to
observe small changes in some bands (Fig. 5(b)). These changes can indicate the participation
of some functional groups in the brilliant blue FCF dye adsorption and possible interaction
mechanisms. These interactions will be scrutinized in subsection 3.5.

The determination of point of zero charge (pHrzc) of SWSMAC is presented in Fig. 6.
The pHpzc value indicates the surface charge of the adsorbent material at a given pH, whether
it is positive or negative, making it possible to know the adequate pH region for the removal
of anionic or cationic adsorbates. Under conditions where pH < pHpzc, the adsorbent acquires
a positive surface charge, promoting the adsorption of anionic species. On the other hand,
when pH > pHpzc, the adsorbent material takes on a negative surface charge, being more
suitable for the adsorption of catonic species (Machado et al. 2020). Then, considering the
estimated pHpzc for SWSMAC (pHrzc = 7.0), it can be assumed that the material has positive

surface charge at the acidic pH region and a negative surface charge at the alkaline pH region.

Adsorbent dosage and pH effects on brilliant blue FCF dye adsorption

The effect of the SWMAC dosage on the brilliant blue FCF dye adsorption is shown in
Fig. 7. It was observed a typical tendency of increasing removal percentage with increasing
SWSMAC dosage. The removal percentage abruptly increased to the dosage of 1.00 g L/,
which is due to the increased amount of adsorption sites with higher adsorbent masses. From
1.00 g L', there was no remarkable increase in the removal percentage, and at the dosage of
1.75 g L', the removal percentage was almost 100%. Regarding the adsorption capacity, an

inverse behavior was observed. A decrease from around 57 mg g~' to around 32 mg ¢! was
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observed with the increasing adsorbent dosage from 0.25 to 1.50 g L™!. This behavior is
possible due to some adsorption sites remaining unoccupied when using high SWMAC
dosages, resulting in an overdosage (Netto et al. 2022). Thus, considering the intersection
value, the adsorbent dosage of 0.75 g L™! was selected for further experiments. In this dosage,
an adsorption capacity value of around 53 mg g~! and a removal percentage of around 82%
were obtained.

The control of pH of the solution is a very relevant in an adsorption process since it
affects the ionization of the surface functional groups, affecting the surface charge of the
adsorbent, and also affects the ionic form of the adsorbate (Bonilla-Petriciolet et al. 2019).
Fig. 8 shows the effect of the pH of the solution on the adsorption capacity of the brilliant
blue FCF dye. The higher adsorption capacity value (around 58 mg g') was obtained at pH 4.
With increasing pH from 4 to 10, the adsorption capacity decreased. Likewise, whit
decreasing pH from 4 to 2, there was also a decrease in the adsorption capacity. These trends
can be explained based on the pHpzc of SWSMAC, established as 7.0 (Fig. 6). At pH 4,
SWSMAC has a positive surface charge, which favors the adsorption of the anionic brilliant
blue FCF dye molecules. As the pH of the solution increases, the amount of positively
charged surface functional groups decreases until, from pH 7, the surface of the adsorbent
becomes negatively charged due to the deprotonation of some surface functional groups. This
behavior results in the electrostatic repulsion with the anionic brilliant blue FCF dye and,
consequently, in the decrease of the adsorption capacity. At a very low pH value (pH = 2),
despite the positive surface charge of SWSMAC, there was a decrease in the adsorption
capacity. This decrease can be explained due to the excess of H3O* (hydronium ions) and the
consequent neutralization of the —SO3~ groups of the brilliant blue FCF dye molecule

(Heydari et al. 2016; Lim et al. 2021; Mittal et al. 2009). Since the best adsorption capacity
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was found at pH 4, this condition was selected for carring out the subsequent adsorption

studies.

Kinetic results

In the adsorption kinetic study, experiments were carried out in different contact times
(0—-180 min) using different initial dye concentrations (25, 50, 100, 150, and 200 mg L ).
Pertinent information about the adsorption process, such as the adsorption rate, the time taken
to reach the equilibrium, and the mass transfer parameters, can be obtained from the kinetic
study. Therefore, it is very important to carry out adsorption Kinetic studies (Bonilla-
Petriciolet et al. 2019, 2017). The kinetic curves obtained for the brilliant blue FCF dye
adsorption onto SWSMAC are shown in Fig. 9. The adsorption was very fast in the first 20
minutes for all initial concentrations. Afterward, there was no significant change in the
brilliant blue FCF dye adsorption capacity, that is, the system reached the equilibrium. The
behavior described above is due to the SWSMAC presenting fully available adsorption sites
at the beginning of the process, filling over time until reaching equilibrium (Diel et al. 2021).
In addition, an increase in the adsorption capacity was observed with increasing initial dye
concentration. However, this increase was less pronounced when considering the initial dye
concentrations of 100, 150, and 200 mg L~!. Therefore, it can be concluded that with an initial
concentration of 100 mg L', the available adsorption sites are almost completely occupied
and close to saturation.

The kinetic models of pseudo-first-order (PFO) and pseudo-second-order (PSO)
models were used for fitting the experimental data. The estimated Kinetic parameters are
depicted in Table 1. With the highest values of R? and R%g; and lowest values of ARE, the
PSO model proved to be the most adequate to represent the kinetic data of the brilliant blue

FCF dye adsorption onto SWSMAC, suggesting that the adsorption occurs through external
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and internal mass transfer mechanisms (Ho and Mckay 1998; Qiu et al. 2009). Furthermore,
Arabkhani et al. (2021) and Senol et al. (2020) also found that the PSO model was the best
model to represent the kinetic data of the brilliant blue FCF dye adsorption onto magnetic
tungsten disulfide/carbon nanotubes nanocomposite and chitosan-vermiculite beads,
respectively. Besides, as shown in Table 1, the theoretical adsorption capacities predicted by
the PSO model (g2) are very close to the experimental values (Qexp), corroborating with the

suitability of this model.

Isotherms and thermodynamics results

Adsorption equilibrium isotherms are of fundamental importance since they indicate
the quality of the adsorbent by determining the maximum adsorption capacity, giving
information regarding the adsorption mechanism, and providing the necessary information for
estimating the thermodynamic parameters (Bonilla-Petriciolet et al. 2019, 2017). Fig. 10
shows the equilibrium curves obtained for the brilliant blue FCF dye adsorption onto
SWSMAC at different temperatures with initial dye concentrations from 50 to 200 mg L.
According to the Giles classification, the obtained adsorption isotherms are L2 type
(Langmuir type) (Giles et al. 1974). The plateau in the curve identifies the maximum
adsorption capacity, as indicated by subclass "2". Besides, the L-type isotherm also suggests a
high affinity between the adsorbate molecules and the adsorption sites of the adsorbent (Giles
etal. 1974).

It was possible to observe that the increase in temperature positively affected the
brilliant blue FCF dye adsorption onto SWSMAC. When the temperature was increased from
25 °C to 55 °C, there was an increase in the adsorption capacity from around 70 mg g~ to
around 90 mg g~ (considering the initial dye concentration of 200 mg L™'). This behavior

suggests that the brilliant blue FCF dye adsorption was endothermic.
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Langmuir, Freundlich, and Sips' models were adjusted to the experimental data. Table
2 shows the equilibrium parameters obtained. Due to the higher R? and R?j values and the
lower ARE values, the Sips model was proved to be the most suitable to represent the
experimental equilibrium data. Besides, it is worth mentioning that the gs and ks values
increased with increasing temperature, corroborating the information that there was a favoring
of the adsorption process at higher temperatures. At 55 °C, the gs value was 111.50 mg g ..
Arabkhani et al. (2021), for instance, synthesized a magnetic tungsten disulfide/carbon
nanotubes nanocomposite and found a maximum adsorption capacity value of the brilliant
blue FCF dye of 166.7 mg g'. Senol et al. (2020), using chitosan-vermiculite beads to
remove the brilliant blue FCF dye, found a maximum adsorption capacity of 181.6 mg g .
Hernandez-Hernandez et al. (2013), on the other hand, found maximum adsorption capacity
values of 6.16 mg g ' and 14.22 mg ¢! in the brilliant blue FCF dye adsorption using
unmodified clay and iron-modified clay, respectively. Therefore, based on the above
comparison, SWSMAC exhibited a satisfactory adsorption capacity, showing to be a
promissing candidate for the removal of the brilliant blue FCF dye from agqueous solution.

The thermodynamic parameters (4G°, 4S°, and AH°) of the brilliant blue FCF dye
adsorption onto SWSMAC are shown in Table 3. Since it was verified that the Sips model
was the most adequate isotherm model, the Sips equilibrium constant (ks) was used to
calculate the thermodynamic equilibrium constant (Kp). The R? value of the Van't Hoff graph
was 0.9759 (see Fig. S1 in the Supplementary Material).

The negative AG° values (—33.42 to —40.15 kJ mol™!) indicated that the brilliant blue
FCF dye adsorption onto SWSMAC was a thermodynamically favorable process. Besides, it
can be stated that the adsorption under study was more spontaneous at higher temperatures
since more negative AG° values were obtained with increasing temperature. The positive AH°

value asserted that the brilliant blue FCF dye adsorption was endothermic, agreeing with the
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previously observed temperature dependence. In addition, the magnitude of the AH° value
(33.40 kJ mol™!) corroborates with the occurrence of physisorption (Bonilla-Petriciolet et al.
2017). The positive 4S° value indicated that the disorder at the solid-liquid interface increased
during the adsorption. This is due to displacement of the coordinated water molecules by the
adsorbate molecules during adsorption. The water molecules acquire more translational
entropy than is lost by the adsorbate molecules, resulting in greater randomness in the
adsorbate-adsorbent interaction (Kyzas et al. 2012). In addition, since only the A4S
contributed to obtaining negative AG° values, it was possible to conclude that the brilliant
blue FCF dye adsorption onto SWSMAC was an entropy-controlled phenomenon (Litke et al.
2019). Arabkhani et al. (2021) and Gupta et al. (2006) found similar thermodynamic results

for the brilliant blue FCF dye adsorption.

Adsorption mechanism elucidation

The adsorption mechanism of the brilliant blue FCF onto SWSMAC was elucidated
from changes verified on the FTIR spectra of SWSMAC before and after the adsorption and
the characteristics of the molecular structure of the brilliant blue FCF dye. In addition,
different interaction mechanisms were here considered, such as electrostatic interactions,
hydrogen bonding interactions, n—= interactions, and n—rx interactions (Nizam et al. 2021;
Tran et al. 2017; Ullah et al. 2022; Wang et al. 2022).

Firstly, as previously discussed, at pH 4.0, the SWSMAC's surface becomes positively
charged since some surface functional groups, such as hydroxyl groups, are protonated.
Therefore, electrostatic interactions can occur due to attraction between these surface
functional groups with positive charges and the sulfonate groups (SO3") of the brilliant blue
FCF dye molecule, wich are negatively charged. Furthermore, since the adsorption capacity

was higly influenced by the pH of the solution (Fig. 8), the important role of the electrostatic
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interactions in the brilliant blue FCF dye adsorption onto SWSMAC is suggested. However,
other types of interactions must be considered.

Another possible adsorption interaction is the hydrogen bonding interaction. In this
type of interaction, the hydrogen atoms from hydroxyl groups of the adsorbent tend to interact
with electronegative atoms of the adsorbent’s structure (Nizam et al. 2021; Tran et al. 2017,
Ullah et al. 2022). In the case reported here, interactions can be formed between the hydrogen
of the —OH groups from the SWSMAC's surface and the electronegative nitrogen and oxygen
atoms of the brilliant blue FCF dye molecule. Fig. 5 shows that, after the adsorption, the band
at 3448 cm™! (assigned to the hydroxyl functional groups), becomes more intense. This trend
indicates that, possibly, there were hydrogen bonding interactions between the brilliant blue
FCF dye molecule and the SWSMAC.

n— interactions involve the aromatic rings present in the adsorbate and activated
carbon structure (Nizam et al. 2021; Tran et al. 2017). Regarding this type of interaction, in
Fig. 5, it is possible to notice a change in the band assigned to the C=C bonds (1562 cm™! in
the FTIR spectra before the adsorption and 1564 cm™' in the FTIR spectra after the
adsorption). This observation can be related to the occurrence of n—m interactions.

Finally, in n—= interactions, lone pairs of electrons (n) from the adsorbent's oxygen
functional groups interact with the aromatic rings (x) of the adsorbate molecules (Tran et al.
2017). The FTIR spectra (Fig. 5) showed an abrupt decrease in the intensity of the C—O bonds
(1039 cm!in the FTIR spectra before the adsorption and 1035 cm™! in the FTIR spectra after
the adsorption) after adsorption, suggesting that this groups possibly participate in n—=
interactions.

The proposed interaction mechanisms between the brilliant blue FCF dye molecules

and the SWSMAC are illustrated in Fig. 11.
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Conclusion

In the present study, Sapelli wood sawdust-derived magnetic activated carbon was
produced by the single-step pyrolysis method, characterized, and applied in the brilliant blue
FCF dye adsorption. The detailed characterization of the material showed a successful
synthesis. SWSMAC exhibited mesoporous structure, good BET surface area (331.54 m? g )
and total pore volume (0.095 cm?® g %), nanostructured Ni particles with average crystallite
size of 25.34 nm, and ferromagnetic properties. Regarding the adsorption experiments, the
best results were obtained with a dosage of 0.75 g L ™! and pH 4.0. The kinetic study showed
that the adsorption was very fast, and the equilibrium was reached in around 20 minutes.
Pseudo-second-order model provided the best fit for the experimental kinetic data. From the
equilibrium study, it was verified that the Sips model was the most adequate, and the
maximum adsorption capacity was 111.50 mg g* (at 55 °C). The thermodynamic
investigation indicated favorable, spontaneous, and endothermic adsorption. Moreover, it was
proposed that the adsorption mechanism of the brilliant blue FCF dye onto SWSMAC
involved electrostatic interactions, hydrogen bonding, n—m interactions, and n—x interactions.

Thereby, the results found in this work demonstrated the possibility of using Sapelli
wood sawdust-derived magnetic activated carbon as an alternative adsorbent for the brilliant
blue FCF dye, with good efficiency and easy magnetic separation, contributing both to the
management of waste generated in high amounts and the treatment of wastewater containing

dyes.
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Figure captions

Fig. 1 (a) SEM image and (b) EDS spectrum of SWSMAC.

Fig. 2 (a) Nitrogen adsorption/desorption isotherms and (b) BJH pore size distribution of
SWSMAC.

Fig. 3 XRD pattern of SWSMAC.

Fig. 4 M-H hysteresis loop of SWSMAC at room temperature. The inset is a magnified view
of the M-H curve.

Fig. 5 FTIR vibrational spectra of SWSMAC (a) before and (b) after the brilliant blue FCF
dye adsorption.

Fig. 6 Determination of the pHpzc of SWSMAC.

Fig. 7 Effect of SWSMAC dosage in the brilliant blue FCF dye adsorption.

Fig. 8 Effect of the pH of the solution in the brilliant blue FCF dye adsorption.

Fig. 9 Kinetic curve of the brilliant blue FCF dye adsorption onto SWSMAC.

Fig. 10 Equilibrium isotherms of the brilliant blue FCF dye adsorption onto SWSMAC.

Fig. 11 Proposed adsorption interactions of the brilliant blue FCF dye onto SWSMAC.
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Table captions

Table 1. Kinetic parameters of the brilliant blue FCF dye adsorption
Table 2. Equilibrium parameters of the brilliant blue FCF dye adsorption.

Table 3. Thermodynamic parameters of the brilliant blue FCF dye adsorption
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Table 1. Kinetic parameters of the brilliant blue FCF dye adsorption.

Initial brilliant blue dye concentration (mg L ™)

Model
25 50 100 150 200
Pseudo-first-order
qi(mgg?d) 31.09 4960 61.03 6336 65.46
ki (min™) 0.4456 0.2537 0.2769 0.3000 0.3757
R? 0.9957 0.9253 0.9890 0.9861 0.9952
R2adj 0.9946 0.9066 0.9862 0.9826 0.9940
ARE (%) 1.60 7.56 2.76 3.15 1.73
Pseudo-second-order
92 (mg g9 31.78 5310 63.76 66.06 67.30

ka(gmgimin?) 00453  0.0076 0.0092 0.0099 0.0155

R? 09992  0.9717 09977 009981 0.9989
R2aj 09990  0.9646 0.9971 0.9976 0.9986
ARE (%) 0.53 440 122 096 081

Gexp (Mg g9) 31.73 56.07 6415 6544  67.97




Table 2. Equilibrium parameters of the brilliant blue FCF dye adsorption.

Temperature (°C)

Model
25 35 45 55
Langmuir
m (Mg g %) 7370 8130 86.39  92.08
ke (Lmg™) 1.6140 2.0154 2.1783 32.0456
R? 0.9996 0.9974 0.9996 0.9958
R2adj 0.9994 0.9961 0.9994 0.9925
ARE (%) 0.48 1.28 0.54 1.80
Freundlich

ke((mg g)(L mg )T"F)  60.7806 64.5233 66.5827 76.1925

1/nF 0.0420 0.0523 0.0606 0.0483

R? 0.9944 0.9854 0.9919 0.9979

R 0.9770 0.9706 0.9762 0.9968
ARE (%) 219 394 270 1.33

Sips

gs (Mg g ) 7304 8055 87.65 105.88

ks (L mg ) 0.8415 1.5312 2.2318 2.8989

ms 1.6012 1.6016 0.7532 0.2197

R2 0.9998 0.9977 0.9998 0.9996

R2agj 0.9996 0.9954 0.9996 0.9992
ARE (%) 0.33 1.04 031 046
Jexp (Mg g) 7237 79.12 85.96  94.74
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Table 3. Thermodynamic parameters of the brilliant blue FCF dye adsorption.

Temperature AG® AH° AS°
Kb
(°C) (kJ mol™) (kJmol™) (kI mol'K™)
25 667191.69 -33.42
35 1214027.23 —35.67
33.40 0.224
45 1769504.95 -37.91

55 2298421.85 —40.15
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Supplementary Material

S1. Magnetic activated carbon preparation

Sapelli wood sawdust-derived magnetic activated carbon (SWSMAC) was prepared
by a single-step pyrolysis process in which carbonization, activation, and magnetization occur
simultaneously. The procedure was carried out according to the literature (Thue et al., 2020).
Initially, 100 g of Sapelli wood sawdust was mixed with 100 g of KOH and 100 g of NiCl.
and dissolved in approximately 50 mL of distilled water. Next, the mixture was mechanically
stirred using a magnetic stirrer at 90 °C for 2 h to form a paste. Then, the paste was oven-
dried (105 °C, 8 h) and pyrolyzed in a quartz reactor in a conventional furnace (Sanchis,
Brazil). First, the furnace was heated from 25 to 600 °C at 10 °C min~%, under an N2 flow rate
of 150 mL min™ . Next, the temperature of the furnace was kept fixed at 600 °C for 30 min.
After this time, the furnace was shut down and kept under the N2 flow until it attained a
temperature lower than 200 °C. Then, the inorganic compounds in the carbonaceous matrix
were partially leached out to maintain the Ni compounds and eliminate the K compounds.
This leaching was carried out using a 0.1 mol L™ HCI solution under a reflux system at
around 80 °C for 2 h. After the leaching, the material was exhaustively washed with distilled
water until the pH of the washing waters attained a value of around 6-7. Finally, the material
was oven-dried (105 °C, 8 h).

S2. Characterization

The morphological structure of the magnetic activated carbon was identified by
Scanning Electron Microscopy (SEM) (Tescan, MIRA 3, Czech Republic). The apparatus was
operated with a working voltage of 12 kV and magnification of 5000x. The basic element
components were determined by energy-dispersive X-ray spectroscopy (EDS). The textural
properties were determined based on nitrogen adsorption/desorption isotherms at 77 K using a
volumetric adsorption analyzer (Micromeritcs, ASAP 2020, USA). Brunauer-Emmett-Teller
(BET) and Barrett-Joyner-Halenda (BJH) methods were used to obtain the BET surface area,
total pore volume, and average pore size. The surface functional groups of the magnetic
activated carbon were identified by Fourier transform infrared spectroscopy (FTIR)
(Shimadzu, Prestige 21210045, Japan). Spectra were recorded before and after the adsorption
to identify the possible interactions between the adsorbent's surface functional groups and the

brilliant blue FCF dye molecule. The analysis was performed using the diffuse reflectance
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technique with KBr (resolution of 4 cm™, range of 4000—-400 cm™1). The magnetic properties
were investigated using a vibrating-sample magnetometer (VSM) (MicroSense, EZ9, USA) at
room temperature over the range of —20 kOe to +20 kOe. Furthermore, powder X-ray
diffraction (XRD) investigations were done to access the material's crystalline nature. The
instrument (Rigaku, Miniflex 300, Japan) was operated at 30 kV and 10 mA with Cu Ka
radiation (L = 1.541861 A), over the range of 10° <20 < 100°, using a scanning step of 0.060
st. Scherrer's equation (Eq. 1) was used to obtain the average crystallite size (D) of the Ni

particles present in the adsorbent material (Thue et al. 2020):

092
~ Bcos(0)

1)
Where: A is the wavelength of the Cu Ka radiation, B is the full width at half maximum
(FWHM) of the patterns, and 0 is the diffraction angle.

For the point of zero charge (pHezc) determination, a NaCl solution (0.1 mol L) was
prepared, and the pH of this solution was adjusted from 2 to 12, with HCI or NaOH (0.1 mol
LY. Then, 20 mL of the pH-adjusted NaCl solution and 0.02 g of SWSMAC were added to
Erlenmeyer flasks and kept under constant stirring at 150 rpm (Solab, SL 222, Brazil) at 25
°C for 24 h. After, the adsorbent was separated from the solution by filtration, and the final
pH was measured. The pHpzc was determined from the initial pH versus the final pH plot
(Netto et al. 2021).

S3. Adsorption experiments

In all adsorption tests, 20 mL of the brilliant blue FCF dye solution was added to
Erlenmeyer flasks with a pre-determined amount of SWSMAC and stirred in a thermostatic
shaker at 150 rpm (Solab, SL 222, Brazil). The dosage and pH effect on the brilliant blue FCF
dye adsorption was first evaluated. The experiments were carried out using a brilliant blue
FCF dye solution of initial concentration 50 mg L™ and a temperature of 25 °C. The
adsorbent dosage from 0.25 to 1.5 g L ™! was used to evaluate the impact of SWSMAC dosage
on dye adsorption. The dosage experiments were performed using a dye solution of pH 4.0
(adjusted by adding HCI). The pH test was realized by varying the pH of the brilliant blue
FCF dye solution (2, 4, 6, 8, and 10, adjusted with HCI or NaOH) using the adequate
adsorbent dosage previously defined. After determining an adequate adsorbent dosage and
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pH, the adsorption Kkinetic study was carried out using brilliant blue FCF dye solutions of
different initial concentrations (25, 50, 100, 150, and 200 mg L) at set time intervals (0—180
min) and temperature of 25 °C. Finally, the equilibrium study was also carried out using
brilliant blue FCF dye solutions of different initial concentrations (50, 75, 100, 125, 150, and
200 mg L 1) and different temperatures (25, 35, 45, and 55 °C).

All experiments were carried out in triplicate (n = 3), and blank tests were performed.
After the experiments, the solid phase was separated using a magnet, and the remaining
brilliant blue FCF dye concentration in the liquid phase was determined by spectrophotometry
at the maximum absorption wavelength (Amax = 630 nm) using a UV-Vis spectrophotometer
(Biospectro SP-22, Brazil). The adsorption capacity at time t (q), equilibrium adsorption
capacity (ge), and removal percentage (R, %) were determined by Eq. (2), (3), and (4),

respectively:

_ V(CO — Ct)
O =—""—" (2)

_ V(CO — Ce)
qe - m (3)
Rty = o =Celyg 4

0

Where: Co is the initial brilliant blue FCF dye concentration (mg L™), Cq is the brilliant blue
FCF dye concentration in the liquid phase at time t (mg L), Ce is the equilibrium brilliant
blue FCF dye concentration in the liquid phase (mg L), m is the adsorbent mass (g), and V is

the volume of the solution (L).

S4. Kinetic, equilibrium, and thermodynamic modeling
The mathematical equations of the pseudo-first-order (PFO) and pseudo-second-order
(PSO) models (Ho and McKay 1998) are shown in Eq. (5) and (6), respectively:

g, =g, (1—exp(—kyt)) ()
t

_ 6
" Wioa?)+ v, ©
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Where: q: is the adsorption capacity at time t (mg g ), qi is the adsorption capacity predicted
by the pseudo-first model (mg g%), gz is the adsorption capacity predicted by the pseudo-
second model (mg g4), k1 is the pseudo-first order rate constant (mint), and k is the pseudo-
second order rate constant (g mgt min?).

Langmuir (Langmuir 1918), Freundlich (Freundlich 1907), and Sips (Sips 1948)
models are presented by the Eq. (7), (8), and (9), respectively:

quLCe
= 7
qe = kFCel/nF (8)
dsks (C.)™
- 9
RREETACHE ¥

Where: ge is the equilibrium adsorption capacity (mg g ), Ce is the equilibrium concentration
in the liquid phase (mg L), gm is the maximum adsorption capacity of the Langmuir model
(mg g™, ke is the Langmuir equilibrium constant (L mg™?), ke is the Freundlich equilibrium
constant ((mg g?) (mg L™) Y"F), 1/nr is the heterogeneity factor, gs is the maximum
adsorption capacity of the Sips model (mg g%), ks is the Sips equilibrium constant (L mg™),
and ms s the exponent of the Sips model.

The validity of the kinetic and isotherm models was assessed by determination
coefficient (R?), adjusted determination coefficient (R%g;), and average relative error (ARE).
R?, R%.qj and ARE, were calculated according to Eq. (10), (11), and (12), respectively:

R2 _ Zin(qi,exp _aexp )2 - Zin(qi,exp - qi,model )2 (10)
Zin(qi,exp _aexp )2
R, =1-(1- Rz{nf;l—lj (12)
100 nQiexp — Ui model
ARE = == ’
n ZI‘ qi,model ‘

(12)
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Where: @ ,.q is the individual theoretical adsorption capacity value predicted by the model,

O;ex 1S the individual experimental adsorption capacity value, aexp is the average of all

experimental adsorption capacity values measured; n is the number of experimental points,

and p is the number of parameters in the fitting model.

The thermodynamic parameters Gibb's free energy change (AG®, kJ mol™), enthalpy
change (AH°, kJ mol™), and entropy change (AS°, J mol™* K1) were calculated according to
Eqg. (13), (14), and (15) (Lima et al. 2019, Wang et al. 2019):

AG® =-RTIn(K,) (13)
AS°  AHO
In(K, )= -
n(Ko) R RT
(14)
1000 - K. - M. )-|adsorbate
 _ 1000-K, -m,) fcsorac )
Y

Where: T is the absolute temperature (K), R is the universal gas constant (8.31x107 kJ mol™
K™), Kp is the thermodynamic equilibrium constant, Ks is the equilibrium constant of the best
isotherm model (in the case here, is the Sips equilibrium constant), [adsorbate]® is the
standard concentration of the adsorbate (1 molL™), and y is the coefficient of activity

(dimensionless).
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AH® = 33.40 kJ mol
AS® =0.224 kJ mol”! K
R*=10.9759

13.8 -
13.6 -

13.4 1 "

T T T T T T T T T T T T T I H
0.300 0.305 0.310 0.315 0.320 0.325 0.330 0.335 0.340
1/T (107) (K)

Fig. S1 Fitting of Van’t Hoff equation for the calculation of the adsorption thermodynamic parameters.
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5. DISCUSSOES

Dois carvdes ativados magnéticos chamados CAM1105 e CA111 foram preparados a
partir da serragem de madeira ativados e magnetizados com KOH e NiCl> respectivamente.
Os adsorventes foram caracterizados usando as técnicas de MEV/EDS, FTIR, BET, TGA,
DRX, VSM e experimentos de adsorcdo foram realizados na remocdo do corante azul
brilhante. O estudo dividiu-se em duas etapas, Artigo 1 e Artigo 2.

De modo geral, na primeira etapa (Artigo 1) do estudo foi demonstrado que os CAMs
foram adsorventes promissores para remoc¢do do corante azul brilhante de solugdes aquosas,
com boa eficiéncia e facil separacdo magnética. Nesta etapa, foi evidente que a diferenca na
propor¢do de NiCl, influenciou nas caracteristicas texturais dos carvdes. Assim, o CAM111
apresentou os melhores resultados, mostrando-se mais eficiente que o CAM1105. Nas
imagens MEV foi possivel observar que o CAM111 mostrou ter maior quantidade de
cavidades do que CAM1105, fato que foi confirmado com as analises BET/ BJH, onde
CAL111 apresentou maior area superficial e volume total de poros. Ou seja, a razdo de peso de
NiCl2 levou ao aumento da area superficial e do volume total de poros do material obtido. E
apesar dos espectros de EDS demonstrarem a presenca de Ni na matriz de carbono, parte dele
pode ter sido eliminado com a lavagem &cida, contribuindo assim pela formacgdo de poros.
Ambos os adsorventes exibiram propriedades ferromagnéticas e a presenga de particulas
nanoestruturadas de Ni. Além disso, estudos preliminares sobre o equilibrio de adsorgéo
mostrou que a cinética de adsorcdo do CAM111 foi mais rapida do que a CAM1105 e
capacidade de adsorcdo do CAM111 foi mais alta, em torno de 96 mg g enquanto a do
CAM1105 foi em torno de 40 mg g*. Nesta etapa, também foi demonstrado que os carvdes
magnéticos ativados apresentam potencial para serem reutilizados em mais ciclos de adsor¢do
e que o emprego dos adsorventes no tratamento de um efluente simulado pode ter eficiéncias
de remocéo de mais de 90%.

Sendo assim, por apresentar resultados mais satisfatérios e promissores apenas o
CAM111 foi objeto de estudo na segunda etapa (Artigo 2). Aqui, além dos experimentos
anteriores, foi investigado o ponto de carga zero, dosagem do carvdo, pH da solucédo,
temperatura, termodindmica e mecanismo de adsor¢éo envolvidos na adsor¢éo do corante azul
brilhante. Nos experimentos de adsorcdo do corante primeiramente foram realizados testes de
dosagem e pH e os melhores resultados foram obtidos com dosagem de 0,75 g L™ e pH 4,0.
Apo6s estabelecer as condi¢cBes mais adequadas do pH e dosagem, as curvas cinéticas de

adsorcdo foram obtidas usando diferentes concentrag@es iniciais de corante (25-200 mg L)
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em intervalos de tempo definidos (0—180 min). O estudo cinético mostrou que a adsorcao foi
rapida independente das concentracdes iniciais o equilibrio foi alcancado em cerca de 20 min.
Vale ressaltar, que uma cinética rapida é uma vantagem importante em um processo de
adsorcdo. Além disso, com base nos valores mais elevados do coeficiente de determinacéo
(R2) e menores valores do erro relativo médio (ARE) o modelo de PSO foi mais adequado
para representar os dados experimentais, sugerindo que a adsor¢do ocorre atraves de
mecanismos externos e internos de transferéncia de massa.

As isotermas de equilibrio foram obtidas usando diferentes concentragdes iniciais de
corante (50-200 mg L) e temperaturas (25-55 °C). O estudo do equilibrio de adsorcio
mostrou que o processo de adsorcdo é favorecido pelo aumento da temperatura, chegando a
uma capacidade maxima de adsorcdo de 111,50 mg g* & 55 °C. Os altos valores do
coeficiente de determinagéo (R2) e os baixos valores do erro relativo médio (ARE) mostraram
que o modelo de Sips foi 0 mais adequado para representar os dados de equilibrio. O modelo
indicou que o parametro ks aumentou com o aumento da temperatura, confirmando que a
adsorcéo foi favorecida em 55°C. A partir dos valores da variagdo da energia livre de Gibbis,
entalpia e entropia (AG®°, AH® e AS®), os estudos termodindmicos indicaram uma adsor¢do
favoravel, esponténea e endotérmica.

O mecanismo de adsor¢éo do corante azul brilhante no CAM111 foi explicado a partir
das mudancas verificadas nos espectros de FTIR do CAM111 antes e depois da adsor¢ao, e
das caracteristicas da estrutura molecular do corante. Dessa forma, verificou-se que o
mecanismo de adsorcdo entre o carvao ativado magnetico e o corante azul brilhante envolveu
interagodes eletrostaticas, intera¢des de ligagdes de hidrogénio, interagdes m—m € n—.

Por fim os resultados encontrados neste trabalho demonstraram a possibilidade de
utilizar o carvéo ativado magnético derivado da serragem da madeira Sapelli como adsorvente
alternativo para a remocéo corante azul brilhante em meio aquoso, com boa eficiéncia e facil
separacdo magnética, contribuindo tanto para o gerenciamento de um residuo gerado em
quantidades elevadas quanto para o tratamento de aguas residuais contendo corantes.
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6. CONCLUSAO GERAL

Neste estudo, carvdes ativados magnéticos, derivado da serragem da madeira Sapelli
foram preparados por pirélise de etapa Unica, com diferentes propor¢c6es em peso de cloreto
de niquel (NiCly), caracterizados e aplicados na adsorcdo do corante azul brilhante. A
caracterizagdo detalhada do material mostrou uma sintese bem-sucedida. As diferentes
proporcdes de peso de NiCly influenciaram nas propriedades dos adsorventes. Uma maior
razdo de peso de NiCl; levou a um aumento na area de superficie de 260,023 m? g*
(CAM1105) para 331,543 m? g (CAM111) e no volume total de poros de 0,075 cm® g
(CAM1105) para 0,095 cm® g (CAM111). O tamanho médio dos poros permaneceu em
torno de 3,6 nm, independentemente da relacdo de peso. Os CAMs exibiram propriedades
ferromagnéticas a temperatura ambiente. Além disso, ambos os CAMs mostraram a presenca
de particulas nanoestruturadas de Ni com tamanho médio de cristalito de 18,96 nm
(CAM1105) e 25,34 nm (CAM111). A partir do estudo de adsorcéo, foi possivel observar que
0 CAM111 atingiu o equilibrio mais rapidamente que o CA1105. Além disso, a capacidade de
adsor¢do do CAM 111 foi maior (96 mg g*) do que o CAM1105 (40 mg g?). O estudo de
regeneracdo e reutilizacdo mostrou que o CAM111 tinha maior potencial para ser reutilizado
em mais ciclos de adsorcéo. Por fim, ambos adsorventes foram promissores para o tratamento
de um simulado contendo o corante azul brilhante, alcangando percentuais de remocao de até
90%.

Diante desses resultados, 0 CAM111 foi escolhido dentre os carvdes ativados por
apresentar resultados superiores como, area superficial, volume de poros e capacidade de
adsorcdo. Dessa forma, experimentos de adsor¢do mais detalhados foram realizados do ponto
de vista cinético, de equilibrio e termodindmico. Com base nos experimentos de adsor¢do, 0s
melhores resultados foram obtidos com dosagem de 0,75 g L-1 e pH 4,0. O estudo cinético
mostrou que a adsorcdo foi rapida, e o equilibrio foi alcancado em cerca de 20 minutos. O
modelo de pseudo-segunda ordem forneceu o melhor ajuste para os dados cinéticos
experimentais. A partir do estudo do equilibrio, verificou-se que o modelo Sips foi 0 mais
adequado, e o processo de adsor¢do foi favorecido com o aumento da temperatura, atingindo
capacidade maxima de adsorcdo de 111,50 mg g-1 a 55 °C. A investigacdo termodindmica
indicou uma adsorcéo favoravel, espontanea e endotérmica. Além disso, foi proposto que o
mecanismo de adsor¢cdo do corante azul brilhante no CAM111 envolveu interagdes

eletrostaticas, interacdes de ligagcdes de hidrogénio, interagcdes n—m € n—m.
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Em geral, pode-se concluir que os carvdes ativados magnéticos foram preparados com
sucesso. O NiCly, além de servir como agente magnetizante pode influenciar nas
caracteristicas texturais dos carvoes, alterando sua eficiéncia no processo de adsorcdo. O
CAM111 apresentou resultados promissores, afirmando que pode ser utilizado como
adsorvente na remocdo do corante aninico azul brilhante, visto que, é preparado por um
método simples utilizando material precursor acessivel e de baixo custo. Ainda, vale ressaltar,
gue o uso da serragem como material precursor na sintese de adsorventes aplicados na
remocao de aguas residuais coloridas pode representar dois étimos beneficios ambientais: a

destinacdo adequada de residuos e a eficiéncia no tratamento dos efluentes.
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