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RESUMO

OBTENCAO E CARACTERIZACAO DE CARVAO ATIVADO A PARTIR DE
RESIDUOS DE CASCA DE CASTANHA DO PARA (Bertholletia excelsa) E SUA
APLICACAO NA ADSORCAO DE FENOL.

AUTORA: Maria Caroline Ferreira da Silva
ORIENTADOR: Guilherme Luiz Dotto
COORIENTADOR: Eder Lima

A contaminac¢do de dguas por compostos organicos pode causar danos ao meio ambiente € aos
seres humanos. A adsor¢cdo ¢ um processo promissor para a remog¢do desses poluentes.
Residuos agricolas sdo uma 6tima alternativa como precursores na produgdo de adsorventes,
como ¢ o caso da casca de castanha do Pard (Bertholletia excelsa). Neste estudo foram
obtidos dois carvoes ativados (CA11 e CA105), utilizando ativagdo quimica com KOH, em
proporgdes de 1:1 e 1:0,5 respectivamente. Os carvdes foram caracterizados e aplicados como
adsorventes para remocao de fenol. A caracterizagdo foi realizada usando as técnicas como
MEV, FTIR, BET, TGA e DRX. Os dados de caracterizagdo mostraram que ambos 0s
materiais apresentaram propriedades semelhantes, com CAll exibindo uma area superficial
especifica ligeiramente maior e varias cavidades arredondadas ao longo da superficie (332,2
m?g") do que CAI105 (3143 m?g'). Oestudo cinético mostrou que CAIll atingiu
o equilibrio do processo mais rapido que o CA105. As maximas capacidades de adsorcdo
foram 55,16 e 68,52 mg g 'para CA105 ¢ CAll, respectivamente. A aplicagdo dos materiais
no tratamento de um efluente industrial simulado apresentou eficiéncias de remocao de
28,05% e 48,20% para CA105 e CAl1, respectivamente. Portanto, através dos resultados de
adsor¢do, o CA11 mostrou-se mais eficiente quando comparado ao CA105. Este colocado em
melhores condi¢des, com relacdo a adsorcdo de fenol, foi favorecido na dosagem de
adsorvente de 0,75 g L' e pH 6. A investigagdo cinética revelou que o sistema atingiu o
equilibrio em cerca de 180 minutos e as curvas cinéticas representadas pelo modelo de
Elovich. As isotermas de equilibrio foram representadas pelo modelo de Sips. Além disso, o
aumento da temperatura de 25 para 55 °C favoreceu a adsor¢ao do fenol, aumentando o valor
da capacidade maxima de adsor¢do (g,) de 82,99 para 99,02 mg g'. De acordo com os
parametros termodinamicos estimados, a adsorcdo foi espontanea, favoravel, endotérmica e
governada por interagdes fisicas. Portanto, a casca da castanha do Para provou ser um bom
material para obtencao de carvao ativado, eficiente na remogao de fenol.

Palavras-chaves: Isotermas; Cinética, Caracterizagao;
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ABSTRACT

OBTAINMENT AND CHARACTERIZATION OF ACTIVATED CARBON FROM
BRAZIL NUTS (Bertholletia excelsa) HULL RESIDUES AND ITS APPLICATION IN
THE PHENOL ADSORPTION.

AUTHOR: Maria Caroline Ferreira da Silva
ADVISOR: Guilherme Luiz Dotto
CO-ADVISOR: Eder Lima

The water contamination by organic compounds can cause damage to the environment and
human beings. Adsorption is a promising process for removing these pollutants. Agricultural
residues are a great alternative as precursors in the production of adsorbents, as is the case of
the Brazil nut shell (Bertholletia excelsa), where in this study two activated carbons (ACI11
and AC 105) were obtained, using chemical activation with KOH, in proportions of 1:1 and
1:0.5 respectively. The coals were characterized and applied as adsorbents for phenol
removal. Characterization was performed using techniques such as SEM, FTIR, BET, TGA,
and XRD. The characterization data showed that both materials showed similar properties,
with AC11 exhibiting a slightly larger specific surface area and several rounded cavities along
the surface (332.2 m? g ') than AC105 (314.3 m* g '). The kinetic study showed that AC11
reached process equilibrium faster than AC105. Adsorption maxima were 55.16 and 68.52 mg
g! for AC105 and ACI1, respectively. The application of the materials in the treatment of a
simulated industrial effluent showed removal efficiencies of 28.05% and 48.20% for AC105
and ACl1I, respectively. Therefore, through the adsorption results, AC11 was more efficient
when compared to AC105. This place in better conditions, with regard to phenol adsorption,
was favored in the adsorbent dosage of 0.75 g L™ and pH 6. The kinetic investigation revealed
that the system reached equilibrium in about 180 minutes and the kinetic curves represented
by the Elovich model. Equilibrium isotherms were represented by the Sips model.
Furthermore, increasing the temperature from 25 to 55 °C favored phenol adsorption,
increasing the value of the maximum adsorption capacity (g,) from 82.99 to 99.02 mg g
According to the estimated thermodynamic parameters, the adsorption was spontaneous,
favorable, endothermic, and governed by physical interactions. Therefore, the bark of the
Brazil nut proved to be a good material for obtaining activated carbon efficiently in removing
phenol.

Keywords: Isotherms; Kinetics, Characterization;
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1. INTRODUCAO

A contaminacdo hidrica devido a atividades agricolas, industriais e sociais tornou-se
um problema crucial para o ambiente e seres vivos. Grandes quantidades de poluentes sdo
lancadas em aguas naturais sem qualquer tratamento. Existem varios tipos de contaminantes
da 4gua, como contaminantes organicos, nutrientes, patdogenos, poluentes inorginicos entre
outros. (LIMA, et. 2019). Os compostos fenolicos sdo contaminantes considerados orgénicos,
encontrados em aguas residuais produzidas por diversas industrias. As principais industrias
sao de mineragdo de carvao, refinarias de petréleo, industria farmacéutica, e téxtil. Além de
sintese de resinas, papel e celulose, tintas e induastrias de processamento de
madeira (PRIYADHARSHINI ¢ BAKTHAVATSALAM, 2019; CETINKAYA ¢ OZDEMIR,
2018, BARIK et al. 2021).

Algumas das técnicas existentes para os tratamentos de fenol em solugdes aquosas tal
como oxidacao (YAZICI GUVENC et al. 2022), separagdao por membrana (NGOBENI, et al.
2021), métodos bioquimicos (NOORI, 2019), e adsorcdo (FENG et al. 2021). A tltima se
destaca por sua alta eficiéncia, simplicidade operacional, menor custo ¢ capacidade de
regeneragdo. A adsor¢do ¢ um fendmeno de transferéncia de massa cuja for¢a motriz ¢ a
diferenca de concentracdo entre o adsorvato nas fases fluida e sélida (adsorvente) (DOTTO et
al., 2015; FRANCO, 2021).

O carvao ativado (CA) ¢é o adsorvente que com boas caracteristicas fisico-quimicas
tem sido utilizado para purificagdo de agua por um longo prazo. E se, desenvolvido baseado
em materiais precursores, mais baratos, como os residuos agricolas, contribui ndo apenas para
a eliminacdo de um contaminante, mas também para o tratamento e destino correto destes que
podem causar sérios problemas ambientais e a satide publica, sem um descarte e tratamento
eficaz (AWASTHI et al., 2022).

Baseado no exposto a cima, objetivou-se a desenvolver e caracterizar um carvao
ativado, a partir de residuos de casca de castanha do Para (Bertholletia excelsa), avaliando seu
potencial adsortivo em contato com fenol, em solucdo aquosa. Os carvdes foram
caracterizados com relacdo as técnicas de Microscopia Eletronica de Varredura (MEV),
Difragdo de Raios-X (DRX), Espectroscopia no Infravermelho por transformada de Fourier

(FTIR), Isotermas de Nitrogénio (BET), e Andlise termogravimétrica (TGA), Ponto de carga
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zero (pHpcy). Foram avaliados os pardmetros que influenciam o processo de adsorcdo, as

isotermas de equilibrio e cinéticos, além de termodinamicos.

2. OBJETIVOS

2.1.0BJETIVO GERAL
O objetivo geral deste trabalho foi obter carvdes ativados a partir de residuos de casca
de castanha do Pard (Bertholletia excelsa), e verificar seu potencial adsortivo na

remocdo de Fenol em meio aquoso.

2.2.0BJETIVOS ESPECIFICOS

e Preparar e caracterizar o carvao utilizando as técnicas como: microscopia eletronica de
varredura (MEV), Andlise da area superficial (BET/BJH), Analise termogravimétrica
(TGA), Espectroscopia no infravermelho por transformada de Fourier (FTIR),
Difracao de raio-X (DRX), e Ponto de carga zero (pHpc,);

e Analisar a capacidade de adsorcao do CA em diferentes concentragdes do agente
ativador KOH;

e Estudar e compara-los frente a cinética e o equilibrio de adsor¢ao do Fenol;

e Verificar e comparar a eficiéncia de remogao de compostos fendlicos em um efluente
simulado.;

e Avaliar a regeneracgdo dos carvao ativado;

e Determinar o carvio vai eficaz dentre os adsorventes desenvolvidos;

e Aplicar o carvdo mais eficaz em melhores condi¢des definidas de: temperatura,
dosagem, pH e tempo;

e Realizar o estudo da termodinamica;



3. REVISAO BIBLIOGRAFICA

3.1.CONTAMINACAO DOS RECURSOS HIDRICOS

Os recursos hidricos sdo cada vez mais ameagados, a medida que a populacao cresce,
as atividades agricolas e industrias se expandem e as mudangas climaticas ameagam alterar o
ciclo natural. Neste contexto, o crescimento industrial repercutiu em um aumento significativo
da poluicdo ambiental, inclusive a polui¢ao de corpos hidricos devido ao descarte inadequado
de efluentes. Alguns dos contaminantes podem representar riscos a saude, enquanto outros
podem alterar seu cheiro, sabor e aparéncia. Varias organizagdes internacionais como a EPA e
OMS, fornecem niveis padrdo de impurezas na agua potavel (AHMED, 2019). A remogao de
substancias organicas e inorganicas ¢ outros poluentes ¢ uma das etapas mais importantes

antes de transferir esses residuos para a natureza (SAID et al., 2023).

3.2.COMPOSTOS FENOLICOS

Os compostos fendlicos podem ser transportados favoravelmente no ambiente natural
devido a sua alta solubilidade em agua (CARRILLO E BORTHAKUR, 2021). A (EPA)
classificou esses compostos organicos como poluentes prioritarios. Sdo encontrados em aguas
residuais produzidas por diversas industrias. Em geral, petroquimicos, mineragdo de carvao e
refinarias de petroleo sdo as principais industrias responsaveis pela liberagdo de poluentes
fendlicos no ambiente receptor. Da mesma forma, efluentes da industria farmacéutica, téxtil,
carvao e etc. (PRIYADHARSHINI E BAKTHAVATSALAM, 2019). Poluentes fendlicos
também sdo biologicamente recalcitrantes. Assim, eles persistem em sistemas de aguas
residuais em uma concentracdo muito alta (WEI et al., 2016). Muitas vezes, as aguas residuais
fendlicas se infiltram no solo e contaminam os rios, lagos, reservatdrios de agua e até¢ mesmo
as plantacdes adjacentes. Assim, a polui¢do fendlica da dgua pode alterar a biota, causando

em humanos carcinogenicidade (ACOSTA et al., 2018)

3.2.1. Fenol
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Organizagdo Mundial da Satide (OMS) limita a concentragdo maxima permitida de
fenois em aguas residuais € < 1 mg/L) (MOHAMMADI et al., 2020; DEHMANI et al., 2020).
Na 4gua potavel, de acordo com o regulamento o limite permitido ¢ 0,002 mg L. A poluic¢do
por fenol ¢ uma grande preocupacdo devido a sua alta persisténcia e carater toxico (XIONG et
al.,, 2018). A contamina¢dao em seres humanos com fenol, o sistema nervoso central sera
inibido e também causara danos ao figado, rins, trato digestivo e outras doencas (HAN, 2022).

O fenol foi isolado pela primeira vez do alcatrao de hulha em 1834 pelo quimico alemao
Runge. E um composto aromatico e combustivel. A temperatura ¢ pressio ambiente ¢ um
solido cristalino higroscopico. Quando puro, o fenol sélido é branco, mas ¢ principalmente
colorido devido a presenga de impurezas. E caracterizada por um odor pungente doce tipico,
medicinal ou alcatrdo. O fenol é muito soluvel em alcool etilico, em éter e em varios solventes
polares, bem como em hidrocarbonetos como o benzeno. Em dgua tem uma solubilidade
limitada e comporta-se como um 4cido fraco. Em solventes polares ¢ soliivel, mas em agua ¢
limitado com 9,3 gg..o; 100ml;;,0". Na dgua tem comportamento de acido fraco, com pKa 9,89.
O peso molecular do Fenol ¢ 94,11, temperatura de fusao: 40,9 °C, e temperatura de ebulicao
181,75°C (BUSCA, 2008; OTHMER, 1999; JORDAN, 2002). Na figura 1, pode ser

observada a estrutura do fenol.

Figura 1- Extrutura molecular do fenol

OH

Fonte: (BUSCA, 2008)

O tratamento viadvel e eficiente para recuperar ou remover fenol ainda ¢ um dos
desafios mais importantes. Atualmente, alguns métodos tém sido desenvolvidos para tratar
fenol como adsor¢do, extracdo, destilacdo, separacdo por membrana, oxidacdo quimica e
degradacao catalitica (SAID et al., 2021). Dentre esses métodos, a adsorc¢ao ¢ considerada um

dos meios mais promissores devido a sua alta eficiéncia, baixo custo, operagdo flexivel e



menor poluicdo secundaria ao meio ambiente (DEHMANI et al., 2022). Estes incluem carvao
ativado, argila, materiais poliméricos, e quitina. Dentre esses materiais, se encontra o carvao
ativado comercial apresenta forte afinidade com o fenol. No entanto, os carvoes ativados
comerciais e seu processo de regeneragdo sdo muito caros, tornando o uso desse adsorvente
invidvel economicamente. Por este motivo ¢ necessario encontrar materiais adsorventes

alternativos, que possam substituir e tornar o processo inteiro eficaz (DOTTO, et al. 2015)

3.3.MATERIAIS ADSORVENTES

Os materiais adsorventes mais comuns utilizados na adsorcdo de fenol e seus
compostos sdo: quitosana (MOTA et al., 2012), zeolita (SYAMSIAH, 2004), e carvao ativado
(FROTA, 2023). Os carvdes ativados s3o amplamente e cada vez mais utilizados devido a
extensa base de matéria-prima, varios métodos de produgdo, alta resisténcia quimica e
térmica , bem como boa adsorcdo e propriedades cataliticas. A vantagem desses materiais €

também a possibilidade de sua modificagdo abrangente (SERAFIN et al., 2022).

3.3.1. Carvao ativado

O carvao ativado ¢ um material carbonidceo amorfo, que possui uma estrutura interna de
poros bem desenvolvida, elevada area superficial e pode possuir a presenca de grupos
funcionais em sua superficie, que constituem os sitios ativos (VERMA et al., 2021). O carvao
ativado ¢ formado de camadas distorcidas de anéis aromadticos de atomos de carbono, que
estdo empilhadas de forma irregular e unidas entre si formando uma rede tridimensional,
como mostra a representa¢ao da Figura 2. Os espagos ocos entre essas camadas consistem nos
poros do carvao ativado (RODRfGUEZ-REINOSO; MOLINA-SABIO, 1998).

Levando em consideracdo que um material para producao de CA deve ter, um elevado
teor de carbono e baixo teor de material inorginico. Os materiais precursores sdo os residuos
agricolas. Principalmente sementes, caules, carocos, e cascas de frutas. Que possuem essas
caracteristicas, ¢ sdo facilmente ativados, baixa degrabilidade e disponiveis em grandes
quantidades (LUTKE, 2019).

Segundo dados da Organizagdo das Nacdes Unidas para Agricultura e Alimentagdo
(FAO), o Brasil est4 entre os trés maiores produtores mundiais de frutas, com uma producao

aproximada de 40 milhdes de toneladas por ano. Verifica-se que grande parte dessas frutas ¢
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processada pelas industrias de polpa e sucos, e cerca de 40% dessas matérias-primas se
transformam em residuos industriais. Desta, temos a castanha, que ultrapassou os 2,4 milhdes
de toneladas produzidas em 2019. Além disso, a casca representa de 10 a 15% do peso da noz
inteira (ZHU, 2022; SHEN, 2023; FAO, 2019;).

O rapido crescimento econdmico junto com o crescimento populacional acelerou a
geracdo de residuos. Agora, a geracao de residuos esta se tornando uma das principais
preocupacoes em todo o mundo com sua geracdo continua em enorme quantidade. Sendo a
gestdo dos residuos agricolas uma tarefa desafiadora, com uma producdo anual de cerca de
1000 milhdes de toneladas (GHUO, 2018). Considerando-os como um recurso sustentavel
para agregagdo da economia circular. Alguns residuos agroindustriais sdo relatados na
literatura como materiais precursores para produgdo de CA para remocao de fenodis, como
residuos de casca de acicia negra (LUTKE et al., 2019), casca de arroz (FU et al., 2019) e
carogo de abacate (RODRIGUES et al., 2011).

3.3.2. Castanha do Para (Bertholletia excelsa)

Nesse contexto, a castanha-do-Brasil (Bertholletia excelsa) ¢ uma espécie arborea de
grande porte em toda a regido amazdnica (BALDONIA et al., 2020). A castanha-do-para ¢
comercializada em grandes volumes e ¢ um dos produtos florestais ndo madeireiros mais
importantes da América do Sul (FERREIRA et al., 2021). A castanha-do-brasil foi a terceira
commodity vegetal mais extraida em 2020, onde foram produzidas mais 33 mil toneladas
(IBGE, 2021). Consequentemente, grandes quantidades de cascas de castanha do Brasil sao
geradas. Assim, a casca da castanha-do-pard ¢ um residuo agricola subvalorizado que pode
potencialmente ser usado como material precursor para a producao de CA.

No Brasil, temos a Castanha-do-para (Pard), fruto da nogueira Bertholletia excelsa,
que tem recebido crescente interesse na ultima década devido aos seus potenciais efeitos
positivos na saude humana, devido ao seu rico valor nutricional (VASQUEZ, 2021;
MASSANTINO, 2021). Popularmente conhecida como castanha-do-para, ¢ encontrada em
toda a regido amazdnica, incluindo Bolivia, Peru, Colombia, Venezuela e Guiana (BALDONI,
et al. 2020). No Brasil, ¢ produzido em Rondonia, Acre, Amazonas, Para e Roraima (Silva
Junior et al., 2017). A castanha ¢ uma fruta importante e amplamente processada na industria
alimenticia, enquanto os residuos da casca da castanha no processo de descascamento sdo

grandes produzidos para serem manuseados (ZHAO, 2022). Além de fazer o tratamento



adequado pro residuo, ha uma lacuna na literatura, por poucos registros de estudos utilizando
a casca de castanha do Para, no processo de adsor¢ao do fenol. Produzir um CA eficaz a partir

desta espécie, € contribuir para o desenvolvimento da area.

3.3.3. Producao do carvao ativado
A producao de um carvao ativado é basicamente dividida em duas etapas principais:

a carbonizacdo/pirdlise do material precursor e o processo de ativagdo (BORGES et al.,

2003), conforme a figura 2.

Figura 2 - Processo de preparacdo do carvao ativado
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Fonte: (Adaptado de GUPTA; SUHAS, 2009)

A carbonizacdo consiste de uma decomposicao térmica do material carbonaceo, em
atmosfera inerte a temperatura entre 400-1200 °C, onde se removem componentes volateis e
gases leves como CO, H,, CO,, CH, (EL-SHEIKH et al., 2004). Produzindo uma massa de
carbono fixa com uma estrutura porosa rudimentar, com poros muito finos e fechados.

Segundo McDougall (1991), o objetivo da carbonizagdo ¢ reduzir o teor de volateis do



material de  precursor para  converter resultante com  mais  aoromatico

(RODRIGUEZ-REINOSO; MOLINA-SABIO, 1998)

O processo de ativagdo ¢ uma etapa fundamental no preparo de carvdes ativados, sua
funcdo principal € alterar as caracteristicas do carvao para proporcionar melhores resultados
através da formagdo de poros. O objetivo da ativagdo ¢ basicamente desenvolver mais
porosidade e criar algum ordenamento da estrutura que resulta em um so6lido altamente poroso
(GUO et al, 2009). Com a ativagao do material carbonizado ha a formacdo de mesoporos e
macroporos (HERNANDEZ-MONTOYA, 2012). Resultando em um maior niimero possivel
de distribui¢do de poros, variadas formas e tamanhos, dando origem a um produto com uma
alta area superficial especifica (BANSAL, 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 ¢
tratado termicamente em atmosfera levemente reativas como vapor de dgua e gas carbdnico,
ocorrendo simultancamente a ativagdo e carbonizagdo, onde s3o liberados umidade e
materiais indesejaveis como alcatrdo monoxido e didxido de carbono, hidrogénio e metano
(GONCALVES et al., 2014; MOHAMAD NOR et al., 2013).).

Na ativa¢do quimica, ocorre ligagdes de valéncias livres das moléculas do adsorvente
no adsorbato. Nesse processo utiliza agentes ativantes, que atuam basicamente como agentes
desidratantes ¢ oxidantes (MAHAPATRAI; RAMTEKE; PALIWAL, 2012), como acido
fosforico (H;PO,), cloreto de zinco (ZnCl,), hidréxidos de metais alcalinos como o hidréxido
de potassio (KOH) ou hidréxido de sodio (NaOH), ou acido sulfurico (H,SO,) (FOGLER,
1998; YORGUN e YILDIZ, 2015). Além disso, no estdgio final no processo de ativacao
quimica ocorre a lavagem, onde o carvao ativado ¢ lavado basicamente que ird trazer
porosidade no carvao ativado (YAHYA; AL-QODAH E NGAH, 2015).

Neste modo de ativacdo, os agentes de ativagdo, reagem iniciando o rompimento das
paredes estruturais nas biomassas.

As etapas de pirolise e ativacdo podem ser realizadas tanto de forma conjunta como
separadas. Na forma conjunta o precursor ¢ misturado com agentes de ativagdo durante a
pirélise. Onde que os ativadores quimicos sao usados em diferentes proporgdes, atuando de
forma a desidratar, influenciando de forma direta a pir6lise do precursor, evitando liberacao
de matéria organica volatil através da aromatizagdo do esqueleto do carvado e maior fixagdo do

carbono. Quando da utilizacao de ativagdo de forma separada, faz-se a pirdlise da amostra, e



logo apds ¢ feita a impregnagdo com o agente escolhido a fim de obter o CA (GUO et al.,
2000).

Vantagens do método de ativacao apos pirolise: Maior rendimento; Menor perda de
agentes oxidantes; Simplicidade de ativagao, utilizagdo de temperaturas menores de ativacao,
inclusive para o presente trabalho onde foi utilizada temperatura ambiente. Possibilidade de
variagdo de agente de ativagdo, pos pirolise.

Ja a utilizacao do método de ativacao quimica, pode apresentar vantagens, como por
exemplo de ser conduzido em unica etapa pelo emprego de temperaturas mais baixas e
tempos de ativacdo mais curtos, para a obten¢do de carvoes de elevado rendimento, todavia,
pode ser considerado complexo o processo de recuperacao e reciclagem de alguns tipos de
agentes de ativagdo, podendo ocorrer geragao e possivel descarte de liquidos contaminados,
com eventual necessidade de tratamento dos efluentes (YANG et al., 2010). De forma geral, o
uso de ativagdo quimica, pode gerar carvdoes com poros maiores, mais apropriados a

aplicagdes em fase liquida (SAI E KRISHNAIAH, 2005).

3.4.ADSORCAO

A adsorcdo ¢ um fenomeno fisico-quimico o qual est4 relacionado com a transferéncia
de massa no qual as substancias como os solidos retem fluidos liquidos ou gasosos. Em outras
palavras, o material no qual se deposita na superficie ¢ chamado de adsorbato e a superficie ¢
chamada de adsorvente. E o processo inverso da qual o material se desprende do substrato ¢
chamado de dessor¢ao (MORAES, 2022).

Pode ser classificada em adsor¢do quimica (quimissor¢do) e adsor¢do fisica
(fisissor¢ao). Sendo, na adsor¢do quimica a ligagdo envolve a troca ou partilha de elétrons
entre as moléculas do adsorbato e a superficie do adsorvente, resultando em uma reacao
quimica (NASCIMENTO et al., 2020). Segundo RUTHVEN (1984), a quimiossor¢ao
normalmente apresenta caracteristicas como, formacdo de uma unica camada sobre a
superficie solida, irreversibilidade e liberagdo de uma quantidade consideravel de energia.
Por outro lado, na adsorg¢do fisica, a ligacdo do adsorbato a superficie do adsorvente envolve
uma interagdo relativamente fraca que pode ser atribuida as forgas de Van der Waals, ligagdes

de hidrogénio e dipolo-dipolo (NASCIMENTO et al., 2020; SILVA, 2019; ZAZYCKI, 2019).



Figura 3 - Esquema processo de adsorgéo.
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Fonte: (L.B. VALE, 2015)

De acordo com RUTHVEN (1984) na fisissor¢do, geralmente ocorre a deposi¢do de
mais de uma camada de adsorbato sobre a superficie do adsorvente. A adsor¢ao ¢ um método
eficiente e de baixo custo para remocao de fenol, apresentando vantagens como baixa emissao
de contaminantes secundarios, baixo consumo de energia e possibilidade de uso repetido dos
adsorventes (SAJID et al., 2018). Varios adsorventes estdo disponiveis para a remocao de
compostos fendlicos, como carbonos porosos (WANG et al., 2020), lignito (KUSMIEREK et
al., 2020), fotocatalitico (WANG et al., 2021), etc. No entanto, as matérias-primas para a
producdo desses adsorventes sdo bastante caras e geralmente levam a contaminacdo

secundaria durante os procedimentos de pré-tratamento.
3.4.1. Fatores que influenciam no processo de adsorc¢iao
A eficiéncia da adsor¢do da fase liquida e, portanto, a operagdo ideal do processo

adsorgdo depende de varios pardmetros (RAPO e TONK, 2021). Alguns dos fatores

fisico-quimicos que afetam a adsor¢do, como a natureza do adsorvente (4rea superficial,



tamanho do poro, densidade, grupos funcionais presentes na superficie e hidrofobidade do
adsorvente). Natureza do adsorbato (polaridade, tamanho da molécula, solubilidade) e
condigdes operacionais (temperatura, pH e natureza do solvente) (RAZI et al., 2017; SILVA,
2019; COONEY, 1999).

Area superficial: a intensidade da adsorcdo ¢ proporcional a area superficial

especifica, visto que a adsor¢do ¢ um fendmeno de superficie. Para particulas maiores, a
resisténcia a difusdo ¢ menor e grande parte da superficie interna da particula nao ¢
disponibilizada para adsor¢ao (SEKAR et al., 2004).

Parimetros texturais: relevantes para a adsor¢do de contaminantes de dgua com

grandes tamanhos moleculares. O tamanho molecular dos adsorbatos afeta a transferéncia de
massa dentro dos mesoporos € microporos €, 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 ¢ maior quanto mais finamente estiver dividido
o adsorvente, e quanto mais poroso for o material (SILVA, 2005).

Tamanho dos poros: as propriedades adsortivas dependem na natureza sélida e do
tamanho e distribuicdo do poro. Esses tamanhos podem ser classificados de acordo com a

IUPAC em fung¢ao do seu diametro (THOMMES et al, 2015):

- Macroporos: poros com didmetros maiores que 50 nm;
- Mesoporos: poros com didmetros entre 2 € 50 nm;

- Microporos: poros com diametros menores que 2 nm.

Temperatura: o efeito da temperatura sobre o sistema afeta a velocidade da adsorcao,
aumento de energia cinética, na mobilidade das espécies do adsorbato, ainda provocar um
aumento na taxa de difusdo intraparticula do adsorbato, danificar a estrutura fisica do
adsorvente (JIMENEZ et al., 2004; RAPO e TONK, 2021. Sendo também, 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). Altera na
capacidade de adsor¢do, ou seja, se a capacidade de adsor¢ao aumenta com o aumento da
temperatura, entdo a adsor¢do ¢ um processo endotérmica. J4 a diminuicdo da capacidade de
adsor¢do com o aumento da temperatura indica que a adsor¢do € um processo
EXOTERMICO (YAGUB et al., 2014; ARGUN et al., 2008; BADAWY et al., 2020).

pH: o pH afeta a quimica da solug¢ao de contaminantes, alterando a atividade de grupos

funcionais no adsorvente, o grau de ioniza¢do do ion adsorvido e a carga superficial do



adsorvente (KHASRI et al., 2021). A varia¢do do pH leva a varia¢ao do grau de ionizagao da
molécula adsorvente e das propriedades de superficie do adsorvente (NANDI et al., 2009).
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 solugdo ¢ possivel determinar o ponto de carga zero e entdo, a carga
superficial de um adsorvente. Para valores de pH inferiores ao ponto de carga zero (pH <
pHyzc) a carga superficial do adsorvente € positiva e a adsor¢ao de anions € favorecida; e para
valores de pH superiores ao ponto de carga zero (pH > pHp,) a carga superficial € negativa e
a adsorg¢do de cations ¢ favorecida (THUE et al., 2020).

Dosagem: a quantidade de adsorvente utilizado em um processo de adsor¢do ¢ um
parametro importante, que influencia o processo através da relagdo quantitativa da dosagem
do adsorvente e a capacidade de remocao do adsorvente para uma dada concentragdo inicial
do poluente (SENTURK, 2020; RAPO, 2021).

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

Concentracio inicial: a capacidade de adsor¢do para remocdo de um poluente é

altamente dependente da sua concentracdo inicial, uma vez que, afeta indiretamente a

eficiéncia da remog¢ao do poluente no processo adsor¢ao (YAGUB et al., 2014).

3.5.CINETICA DE ADSORCAO

A cinética de adsorcao descreve a taxa de remoc¢ao do adsorbato na fase fluida em
relagdo ao tempo, sendo influenciada pelas caracteristicas fisicas e quimicas do adsorvente e

adsorbato, e das condi¢des operacionais do processo em estudo. O estudo e os calculos dos



parametros cinéticos ¢ fundamental em um processo de adsor¢do, visto que com isso, pode-se
obter a velocidade de adsorcdo, o tempo necessdrio para remover os contaminantes, a
quantidade adsorvida do adsorbato e o tempo de residéncia do adsorbato na interface
solido-liquido (HO e MCKAY, 1999).

Para melhor analise sobre o comportamento cinético de um processo adsortivo, e para
o ajuste de curvas experimentais sdo utilizados modelos matematicos. O modelo de Elovich,
pseudo primeira ordem (PPO), e pseudo segunda ordem (PSO), sdo alguns exemplos
amplamente utilizados em estudos de adsor¢do, com énfase em tratamento de solugdes

aquosas (BONILLA-PETRICIOLET et al., 2019).
3.5.1. Modelo de Elovich

A equagdo de Elovich descreve a adsor¢do quimica. de diferentes espécies quimicas
em meio liquido, e a quimissor¢do em adsorventes altamente heterogéneos. (Mclintock, 1976;
NASCIMENTO et al., 2014). Baseia-se no principio em que os sitios/locais de adsor¢ao
aumentam exponencialmente, implicando em um processo de adsor¢ao em multicamada, onde
cada camada exibe uma energia de ativacdo diferente para quimissorcdo (ALBERTI et al.,

2012). O modelo de Elovich est4 apresentado na Equagdo 1.
1
q, = (=) In(1 + abt) (1)

onde b ¢ a taxa de adsorcdo inicial devido a dg/dt com gt =0 (mg g’ min"' ) e a é a constante

de dessor¢do do modelo de Elovich (g mg™).
3.5.2. Modelo pseudo primeira ordem

O modelo de pseudo primeira ordem, de Largergren (1898), baseia-se na capacidade

de adsorcdo, sendo utilizado em processos de adsor¢do em sistemas solido/liquido e ¢

representado pela Equacdo 2. A equagdo do modelo, assume que a taxa de adsor¢do ¢ igual

ao numero de sitios de adsor¢ao livres, e baseado em interagdes reversiveis (SILVA, 2019).

Qt — ql(] _ e_klt) (2)



onde q, ¢ a quantidade adsorvida no tempo ¢ (mg g') e q, é o valor tedrico da capacidade de
adsor¢do (mg g'); k; ¢ a constante de velocidade de adsor¢do do modelo pseudo primeira

ordem (min™) e ¢ € o tempo (min).

3.5.3. Modelo pseudo segunda ordem

O modelo de pseudo segunda ordem, proposto por Ho e Mckay (1999), considera que
a taxa de adsor¢do ¢ diretamente relacionada ao quadrado do numero de sitios livres. Sendo, a

taxa de adsorcdo, segundo esse modelo, determinada de acordo com a Equagdo 3.
_ t
o 2
(1/k,q,")+(tq,) 3)

9,

Onde g, € o valor teodrico da capacidade de adsor¢do (mg g'), k, € a constante da taxa de
adsor¢do do modelo pseudo segunda ordem (g mg"' min™).

O modelo ¢ baseado na capacidade de adsorcio do adsorvente, mostrando o
comportamento do processo em toda a faixa de tempo de contato. E considera que a adsor¢ao
ocorre por natureza quimica e além de envolver apenas o processo de difusdo como no
modelo de pseudo primeira ordem, também envolve o mecanismo de difusdo interna

(ANDIA, 2009; SKODRAS et al., 2008).

3.6.EQUILIBRIO DE ADSORCAO

Em sistemas de separagdo em que sao utilizados processos adsortivos, o estudo de
equilibrio fornece informagdes essenciais para o tratamento. Através dele € possivel estimar a
capacidade de adsor¢do de um determinado material, além de descrever o processo revelando
qual o tipo de interagdo existente entre o adsorvente e os contaminantes. Desta forma, se
estuda a relagdo entre a quantidade adsorvida no tempo de equilibrio (g.) em diferentes
concentragdes do adsorvato e sua concentracao da fase fluida no equilibrio (C,) a uma dada
temperatura, obtendo-se a chamada Isoterma de Equilibrio de Adsor¢ao (NASCIMENTO et
al. 2014).

Existem diversos tipos de isotermas, a depender do sistema estudado podem

apresentar diferentes formas, isso ira depender da interagao adsorvato e adsorvente. Desta



forma para os estudos de sistemas gas-solido, ¢ utilizada a classificagdo apresentada pela
International Union of Pure And Applied Chemistry (IUPAC), que diferenciam as isotermas

em seis diferentes tipos mostrados na Figura 4.

Figura 4 — Tipos de isotermas de acordo com a [UPAC.
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Fonte: Aratjo et al. (2018)

O formato de cada isoterma da Figura 4 indica mecanismos de equilibrio distintos. A
curva do tipo I ¢ comumente obtida quando ¢ utilizado materiais sélidos microporosos com
area externa pequena (maioria dos carvoes ativados e peneiras moleculares). Sendo o processo
governado pelo acesso ao volume dos poros. A curva tipo II (também conhecida por curva
BET (Braunauer, Emmett e Teller)) ¢ obtida quando sao utilizados materiais ndo porosos ou
macro porosos. No inicio da faixa linear dessa curva indica que ja houve a formagdo da
monocamada e as seguintes camadas comegaram a ser formadas. A tipo III raramente ¢
encontrada, ela indica que hd uma fraca interacdo entre adsorvente-adsorvato e ocorre em
solidos ndo porosos. As curvas que apresentam o fendmeno de histerese (IV e V) também sado
raras de se encontrar. A histerese na IV estar relacionada a condensacao capilar dentro de
materiais com grandes quantidades de mesoporos. Ja a histerese da V esté relacionada a fraca
interagdo adsorvato- adsorvente em adsorventes porosos. E por ultimo a isoterma do tipo VI

indica a formacdo de multicamadas em adsorventes homogéneos. Cada degrau estd



relacionado a formagdo de uma camada (MYERS, 1999; RUTHVEN, 1985 Apud CANTELI,
2018).

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

5.

Figura 5 — Formas tipicas de isotermas de adsorgao.
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Fonte: (ALVES, 2007).

De acordo com MOREIRA, 2008, abaixo da-se significado as formas de isotermas:

- Isoterma irreversivel: a massa de adsorbato retida por unidade de massa do adsorvente
independe da concentracao de equilibrio do adsorbato na fase liquida;

-Isoterma favoravel: massa do adsorbato retida por unidade de massa do adsorvente ¢ alta
para uma baixa concentragdo de equilibrio do adsorbato na fase liquida;

-Isoterma linear: a massa de adsorbato retida por unidade de massa do adsorvente ¢
proporcional a concentragdo de equilibrio do adsorbato na fase liquida;

-Isoterma desfavoravel: a massa de adsorbato retida por unidade de massa do adsorvente ¢

baixa, mesmo para uma alta concentracdo de equilibrio do adsorbato na fase liquida.



As isotermas de adsor¢do sdo construidas a partir de dados experimentais e podem
assumir variadas formas em um grafico, onde relaciona a capacidade de adsorcdo (q.) € 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
interagdo 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 classificacdo, as curvas de equilibrio sdo
identificadas de acordo com a inclina¢do inicial em quatro classes principais, € os subgrupos
sdo descritos para cada classe, com base nas formas das partes superiores e mudancas de

inclinagdo. A Figura 6 mostra a classificagdo proposta por GILES et al. (1974).

Figura 6 - Classificagdo das isotermas de adsor¢éo
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Fonte: (GILES et al. 1974).

Na literatura diversos modelos matematicos de isotermas de adsor¢do foram propostos
para ajustar e descrever dados de equilibrio de adsor¢dao, como os modelos de Freundlich,

Langmuir e Sips (GILES, et al. 1974



3.6.1. Isoterma de Freundlich

O modelo de Freundlich considera o solido heterogéneo, aplica uma distribui¢ao
exponencial para caracterizar os varios tipos de sitios de adsor¢do, os quais possuem
diferentes energias adsortivas, podendo ser representado pela Equacdo 4 (FREUNDLICH,
1906).

_ 1/nF
Qe - kF Ce (4)

Onde, kg ¢ a constante de Freundlich ((mg g ) (L mg™)'™), 1/n ¢ o fator de heterogeneidade.

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

ocupacdo do sitio, ou seja, prevendo a existéncia de multicamadas (COLPANI, 2012).
3.6.2. Isoterma de Langmuir

O modelo de isoterma de Langmuir desenvolvido em 1918, foi proposto para explicar
a quimissor¢do com a formag¢do de uma monocamada, € embora apresentem também
resultados satisfatorios em dados de adsorcao fisica, demostrado na equagao 5. Sendo este um
modelo teodrico, apresentando os sitios ativos com mesma atividade. E considera que nao

ocorre interagao entre moléculas adsorvidas (NASCIMENTO et al. 2014):

_ quL Ce

e = I1+k,C,

)

Em que g, (mg g') representa a quantidade adsorvida na fase solida, Ce (mg L") ¢é a
concentrac¢do na fase liquida no equilibrio, g,, (mg g') a maxima capacidade de cobertura da

monocamada, e o K, (L g) parAmetro de afinidade entre o adsorvato e o material.



3.6.3. Isoterma de Sips

O modelo de isoterma de Sips ¢ representado na Equagdo 6, o modelo representa uma
combinac¢do da isoterma de Langmuir e de Freundlich em que, em concentragdes baixas, a
adsorcdo reduz-se a isoterma de Freundlich e, em altas concentracdes de adsorbato, prevé uma
capacidade de adsor¢do em monocamada, caracteristica da isoterma de Langmuir (SIPS,

1948).

, _4:(kC)"
¢ I+(kC,)™

(6)

onde, kg € a constante de Sips (L mg™), g, é a capacidade maxima de adsor¢do (mg g™') e m,.a
constante exponencial do modelo de Sips.

O modelo de Sips foi desenvolvido para reconhecer e resolver o problema do aumento
continuo da quantidade adsorvida quando a concentracdo aumenta, o que geralmente ¢

experimentado no modelo de isotermas de Freundlich (SIPS, 1948).

3.7.TERMODINAMICA

Estimar os parametros termodindmicos de adsor¢do ¢ fundamental, visto que, fornece
informagdes importantes sobre o processo de adsor¢do, como a influéncia da temperatura,
caracteristicas do processo € os mecanismos associados a adsor¢ao (ZAZYCLI, 2019).

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

A energia livre de Gibbs padrio, pode ser calculada conforme a Equacdo 7, este
parametro esta relacionado com a espontaneidade do processo de adsorcdo. Se AG® for
negativa, o processo ¢ espontaneo e favoravel, mas se AG® for positiva, 0 processo ¢

desfavoréavel e nao espontaneo (TRAN et al., 2021)



AG°= AH°-TAS® (7)

A variagdo de entalpia indica se o processo de adsor¢ao ¢ exotérmico ou endotérmico.
Valores negativos de AH® indica que o processo ¢ exotérmico e valores positivos de AH®
indica que o processo ¢ endotérmico. Além disso, a variacao da entalpia est4 relacionada com
a natureza do processo, indicando se a adsor¢ao ¢ fisica ou quimica (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 7, 8 € 9) (LIMA et al., 2019; TRAN et al., 2021; WANG et al., 2019).

AS° AH®
A ®

_ (1000.K . molecular weight of adsorbato) . [adsorbate |°

D

v )

Onde, K;, ¢ a constante de equilibrio, R ¢ a constante universal dos gases (8,314 J/mol K), T ¢
a temperatura, K ; constante do melhor modelo isotérmico ajustado e y € o coeficiente de
atividade.

A partir da Equagdo 8 ¢ possivel construir um grafico InKp em funcdo de 1/T,
com os dados experimentais da temperatura e da constante de equilibrio. 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, 2019).

3.8.REGENERACAO

Durante o processo de adsor¢do, os sitios ativos do sélido adsorvente sao ocupados
pelo adsorvato, fazendo com que a cada ciclo que o sélido ¢ utilizado mais sitios sejam
ocupados, isso ocasiona, a cada vez, uma menor eficiéncia do processo, até alcangar o estagio
do saturamento do soélido, ou seja, o sélido ndo possui mais capacidade de adsorver e trés

caminhos devem ser seguidos: a incineracdao do solido, a sua disposi¢do em aterros sanitarios



ou a sua regeneracao, sendo que os dois primeiros sdo a substitui¢do do solido saturado por
uma nova massa de adsorvente (BORTOLON, 2022).

O objetivo do processo de regeneracao ¢ fazer com que a capacidade de adsor¢ao do
solido seja recuperada para sua posterior reutilizacdo, permitindo a realizagdo de um ntimero
finito de ciclos de adsor¢do-regeneragdo sem causar danos na superficie do adsorvente e perda
de massa. Para que seja utilizado o método de regeneragdo ¢ preciso que ele seja eficiente e
barato para que o processo se torne economicamente viavel e menos poluente ao meio
ambiente quando comparado ao descarte do carvdo ativado saturado de poluente
(BORTOLON, 2022).

Na regeneragdo por dessorcdo o objetivo € apenas a transferéncia dos compostos
adsorvidos, a adsorcao ¢ reversivel, ou seja, o adsorvato acumulado no sélido pode ser
dessorvido, liberando os sitios do carvao. Este método tem como vantagem a facilidade e
rapidez do processo, a alta eficiéncia de regeneragdo do CA e a possivel recuperacdo de
compostos de interesse (BORTOLON, 2022).

Alguns estudos mostraram que os alcoois como etanol e metanol foram capazes de
dessorver fenol para um alto grau (MATHEICKAL, 1998; MARTIN, 1984; CHIANG, 1997).
Verificou-se que o metanol era vantajoso como uma solug@o regenerante para carvao ativado
carregado por fenol (COONEY, 1983) por ter alta eficiéncia de regeneragdo, poderia ser
recuperado e ¢ facilmente lavado com agua. No entanto, o metanol traz preocupacdes com a
satde, devido a formag¢do de formaldeido se digerido, o que representa uma das principais
desvantagens para sua aplicagdo no tratamento em solucdes aquosas. Como alternativa, o
etanol teve um desempenho semelhante ao metanol como regenerante e tem potencial muito

menos toxicidade do que o metanol (LASARATI, 2020).



4. RESULTADOS E DISCUSSOES

Os resultados obtidos neste estudo, juntamente com a discussao estdo apresentados na
forma de dois artigos cientificos, um ja publicado e outro submetido a avaliagdo. O ARTIGO
1 estd aceito na revista Chemical Engineering Research and Design (ISSN: 0263-8762) com
fator de impacto 4.119, classificada com Qualis Al na drea Engenharias II. Ja o ARTIGO 2
foi submetido, a revista Environmental Science And Pollution Research International (ISSN:

0944-1344) com fator de impacto 5.190, classificada com Qualis A2 na 4rea Engenharia II.
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Abstract
Activated carbons, named AC105 and ACI11 were prepared from Brazil nut shell using the
weight ratios of Brazil nut shell: KOH of 1:0.0 and 1:1, respectively. The prepared materials
were characterized using different techniques and applied to remove the phenol from aqueous
solution through the adsorption process. The characterization data showed that both materials
presented similar properties, with AC11 exhibiting a slightly higher specific surface area
(332.228 m* g!) than AC105 (314.335 m* g'). The kinetic study showed that AC11 reached
the process equilibrium faster than AC105, and the Elovich model was best suited to the
kinetic data for both adsorbents. The equilibrium data followed the Sips model, and the
maximum adsorption capacities were 55.16 and 68.52 mg g' for ACI105 and ACII,
respectively. The application of the materials in the treatment of a simulated industrial effluent
showed the removal efficiencies of 28.05% and 48.20% for AC105 and AC11, respectively.
Therefore, through the adsorption results, AC11 proved to be more efficient towards phenol
removal and is a promising alternative for the treatment of wastewaters containing this

contaminant.

Keywords: Adsorption; Activated carbon; Chemical activation; Kinetic and isotherm models;

Phenol; Simulated effluent

1. Introduction
Phenol is widely used in petrochemicals, pharmaceuticals, refineries, coal conversion, wood
products, polymers, paint, pesticides, and paper industries. Wastewaters generated by these
industries can contain high concentrations of phenol, with the petrochemical and coal
conversion industries showing the highest concentrations (200—7000 mg L—1). (Franco et al.

2021). The discharge of wastewaters containing phenol can cause serious environmental and



human health problems. In aquatic organisms, phenol can cause the mortality of several
species, inhibit bioluminescence, and affect algae growth, among other effects (Duan et al.
2018). In humans, phenol exposure can cause skin and eye burning, dyspnea, coughing,
cyanosis, lung edema, affect the central nervous system, and can intensely damage inner
organs including kidneys, liver, spleen, lungs, and heart (Mohammadi et al. 2015). Therefore,
there are some limits concerning the presence of phenol in wastewaters. In Brazil, for
example, the National Environment Council (CONAMA) established that the phenol
concentration in wastewaters must be low as 0.5 mg L' (CONAMA 2005). Therefore,
wastewaters containing phenol must be decontaminated before being discharged into the
environment.

Several techniques are used for the treatment of wastewaters containing phenol such as
oxidation (Hussain et al. 2013), membrane separation (Raza et al. 2019), reverse osmosis
(Al-Obaidi et al. 2017), photocatalytic degradation (Turki et al. 2015), biological removal
(Pradeep et al. 2015), and adsorption (Franco et al. 2021). Among these techniques,
adsorption stands out due to its high efficiency and simplicity (Ahmaruzzaman 2008).
Activated carbon (AC) is one of the adsorbent materials most used by the industry (Kumar et
al. 2019). The AC preparation, especially the activation step, has a strong influence on its
textural properties and, consequently, on its adsorption efficiency (Wei et al. 2018). The
activation step can be carried out by chemical (Yahya et al. 2015), physical (Alvarez et al.
2015), or physicochemical (Prauchner et al. 2016) methods. In chemical activation, potassium
hydroxide (KOH), zinc chloride (ZnCl,), and phosphoric acid (H;PO,) are the most
commonly used activating agents (Kalderis et al., 2008). Literature has shown that the use of
KOH as activating agent can contribute to the improvement of the porous structure (Fu et al.

2019).



In addition, the use of agro-industrial wastes as precursor materials for the production
of AC is a highly promising alternative, due to its low cost and high availability (Rodrigues et
al. 2011). Agroindustrial wastes are generated in large volumes, and their management is
crucial to environmental development (Georgin et al. 2018). Some agro-industrial wastes are
reported in the literature as precursor materials for AC production for phenol removal such as
black wattle bark waste (Liitke et al. 2019), rice husk (Fu et al. 2019), and avocado kernel
seed (Rodrigues et al. 2011). In this context, Brazil nut (Bertholletia excelsa) is a large tree
species, that occurs throughout the Amazon region (Baldonia et al. 2020). Brazil nut is traded
in high volumes and is one of the most important non-timber forest products in South
America (Ferreira et al. 2021). According to the Brazilian Institute of Geography and
Statistics (IBGE), Brazil nut was the third most extracted vegetable commodity in 2020 (33,1
thousand tons were produced) (IBGE, 2021). Consequently, high amounts of Brazil nut shells
are generated. Thus, Brazil nut shell is an undervalued agricultural waste, which has great
potential to be used as a precursor material for the AC production.

Therefore, this work aimed to prepare ACs from Brazil nut shell, characterize them,
and applied them in phenol adsorption from aqueous solution. The ACs were prepared by
chemical activation using different KOH weight ratios. Different characterization techniques,
such as N, adsorption/desorption isotherms, FTIR, XRD, MEV, and TGA were employed to
verify the structural differences due to the different KOH weight ratios. The batch adsorption
studies considered the kinetic and equilibrium modeling, the possibility of regeneration and
reuse of the material, and the efficiency of removing phenolic compounds in a simulated

industrial effluent.



2. Material and methods

2.1. Material

Brazil nut shell (Bertholletia excelsa) was obtained from the local market. Phenol
(94.11 g mol™, purity of 99.5%) was acquired from Neon (Brazil). A 1000 mg L' phenol
stock solution was prepared and stored in amber bottle, without any pH adjustment. The
working solutions at the desired concentrations were prepared by diluting the stock solution

with distilled water. All other reagents used in the experiments were of analytical grade

2.2. Preparation of the activated carbons

Two activated carbons, denominated as AC105 and AC11, were prepared with the
weight ratios of Brazil nut shell: KOH of 1:0.5 and 1:1, respectively. For preparing CA105,
100.0 g of Brazil nut shell was mixed with 50.0 g of KOH and 50 mL of distilled water. The
mixture was stirred with a magnetic stirrer at 90 °C for 2 h, allowing the formation of a
homogeneous paste. The obtained paste was oven-dried at 105 °C for 8 h. Then, the dry paste
was introduced in a quartz reactor in a conventional furnace (Sanchis, Brazil). The heating
procedure was carried out by heating the sample from room temperature until a final
temperature of 600 °C at a heating rate of 10 °C min™'. A N, flow rate of 150 mL min™' was
used. The temperature was kept fixed at 600 °C for 30 min and, after this time, the system
was cooled down, still under N, atmosphere, until it attains a temperature bellow 200 °C.
Upon reaching this temperature, the N, flow was interrupted. To remove the inorganics, the

pyrolysed material was washed with a 0.1 mol L™ HCI solution (10 mL per gram of pyrolysed



material). The washing was carried out under a reflux system at 80 °C for 2 h. Subsequently,
the material was exhaustively washed with distilled water until the pH of the washing waters
attains 7. Finally, the material was oven-dried at 105 °C for 8 h. For preparing CAll, the

procedure described above was repeated using 100 g of KOH.

2.3. Characterization of the activated carbons

The textural properties of the produced activated carbons were determined based on
nitrogen adsorption/desorption isotherms at 77 K using a volumetric adsorption analyzer
(Micromeritcs, ASAP 2020, USA). The Brunauer-Emmett-Teller (BET) method was used to
calculate the specific surface area and the Barrett-Joyner-Halenda (BJH) was used to obtain
the total pore volume and the average pore size.

Scanning electron microscopy (SEM) (Tescan, MIRA 3, Czech Republic) was used to
study surface morphologies of the materials. The SEM images were obtained with a working
voltage of 12 kV and magnification of 10000x.

Powder X-ray diffraction (XRD) (Rigaku, Miniflex 300, Japan) analysis was carried
out in the following conditions: power source with 30 kV and 10 mA with Cu Ka radiation (4
= 1.54051 A), Step mode with Scan speed of 0.5 s e Scan step of 0.03°, at angles from 5 to
100°.

Thermogravimetric analysis (TGA) were obtained on a TA instrument (Netzsch, STA
449 F3 Jupiter®, Germany) with a heating rate of 25 °C min"' and N, flow rate of 50 mL
min'. Temperature was varied from 20 to 800 °C.

Fourier transform infrared spectroscopy (FTIR) (Shimadzu, Prestige 21210045, Japan)
spectra were obtained with a resolution of 4 cm™ in the range from 4000 to 400 cm™. Diffuse

reflectance technique was used, in which the samples were previously dispersed in KBr.



2.4. Phenol adsorption assays

Phenol adsorption kinetic curves were obtained with an initial phenol concentration of
50 mg L. 20 mL of the phenol solution were added in Erlenmeyer flasks with 0.02 g of the
activated carbon (adsorbent dosage of 1.0 g L™"). The flasks were stirred in a thermostatic
agitator (Solab, SL222, Brazil) at 25 °C and stirring rate of 150 rpm for different contact
times (0—480 min). The equilibrium curves were obtained with initial phenol concentrations
of 25, 50, 75, 100, 125, 150 € 200 mg L. The other experimental conditions were the same
ones used in the kinetics experiments, except that the flasks were kept under stirring until the
system reached equilibrium. For both kinetic and equilibrium experiments, the pH of the
phenol solution was 6.9. This pH value is characteristic of the aqueous phenol solution.

After the adsorption experiments, the adsorbent was separated from the liquid phase
by centrifugation (LGI Scientific, LGI-DLC-802B, Brazil). The remaining phenol
concentration in the liquid phase was measured by UV-vis spectrophometer (Shimadzu,
UVmini—1240, Japan) at the maximum wavelength of the phenol molecule (4,,,, = 270 nm).
All assays were conducted in replicate (n = 3) and blank tests were also realized. The
adsorption capacity at time 7 (¢,) and the equilibrium adsorption capacity (g.) were determined
by Eq. (1) and (2), respectively:

_ V(Co B Ct)
’ m (1)

_ V(Co — Ce)
m (2)

e

where C, is the initial phenol concentration (mg L"), C, is the phenol concentration in liquid
phase at time t (mg L"), C, is the equilibrium phenol concentration in liquid phase (mg L ™),

m is the adsorbent mass (g), and V' is the volume of the solution (L).



2.5. Kinetic and equilibrium models and regression analysis

The kinetic data were adjusted to the pseudo-first order (PFO), pseudo-second order
(PSO), and Elovich models (Ho and McKay 1998). Eq. (3), (4), and (5) show, respectively,
the mathematical expression of these models:

q, = q,(1—exp(-k,1)) 3)

4
(kg )+ (1) @

q,

q, = iln(] + abt)
a ()

where g, is the adsorption capacity at time t (mg g ), g, is the adsorption capacity predicted
by the pseudo-first model (mg g'), ¢, is the adsorption capacity predicted by the
pseudo-second model (mg g'), k, is the pseudo-first order rate constant (min™'), &, is the
pseudo-second order rate constant (g mg ' min'), a is the initial sorption rate of the Elovich
model (mg g' min™"), and b is the constant related to the extent of surface coverage and
activation energy for chemisorption of the Elovich model (g mg™).

Langmuir (Langmuir 1918), Freundlich (Freundlich 1907), and Sips (Sips 1948)
models were used for the analysis of the equilibrium data. Eq. (6), (7), and (8) show,

respectively, the mathematical expression of these models:

q _ quL Ce
_ I/nF

q. = kF Ce (7)
_ qs (kv Ce)m

qﬁ o m
1+(k,C,) (8)



where ¢, is equilibrium adsorption capacity (mg g'), Ce is the equilibrium phenol
concentration in liquid phase (mg L), ¢, is the maximum adsorption capacity of the
Langmuir model (mg g'), K, is the Langmuir equilibrium constant (L mg"'), K, is the
Freundlich equilibrium constant ((mg g ') (mg L") "), 1/nF is the heterogeneity factor, g, is
the maximum adsorption capacity of the Sips model (mg g'), ks is the Sips equilibrium
constant (L mg'), and m the exponent of the Sips model.

The estimation of the parameters of the models was done 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’,;), and average relative error (4RE).

2.6. Regeneration and reuse experiments

To evaluate the possibility of reusing the produced activated carbons, regeneration
tests were carried out. First, the activated carbons were loaded with phenol using a 50 mg L™
solution under the same experimental conditions described in section 2.4. After, the adsorbent
was separated from the medium by centrifugation and oven-dried at 105 °C for 8 h. In the
regeneration step, thermic and chemical regeneration were tested. The thermic regeneration
was conducted in a muffle furnace (Quimis, Q.318.24, Brazil) at a temperature of 200 °C for
4 h. For chemical regeneration tests, two different regeneration agents, sodium hydroxide (0.5
mol L™) and ethanol (purity of 99.8%) were tested. A volume of 20 mL of the regeneration
agents were added in Erlenmeyer flasks with the activated carbon previously loaded with
phenol and the flasks were stirred for 4 h at 25 °C and stirring rate of 150 rpm. Then, the
regenerated adsorbent was separated from the medium by centrifugation (LGI Scientific,

LGI-DLC-802B, Brazil) and oven-dried at 105 °C for 8 h. Thereafter, the regenerated



activated carbon were used again for phenol adsorption. This adsorption-regeneration cycle
was realized several times.

2.7. Test in a simulated effluent

The efficiency of the produced activated carbons of removing a mixture of phenolic
compound from a simulated effluent containing high concentration of salts was tested. The
simulated effluent was prepared according Thue et al. (2016) as follows: phenol (60 mg L™),
2-chlorophenol (10 mg L), bisphenol A (10 mg L"), 2-nitrophenol (10 mg L),
4-nitrophenol (10 mg L), 2-naphtol (10 mg L), hydroquinone (10 mg L), resorcinol (10
mg L), sodium sulphate (40 mg L™), sodium carbonate (40 mg L™), sodium chloride (40 mg
L") and sodium phosfate (40 mg L™). The pH of the prepared simulated effluent was 9.0. The
experiments were realized with 20 mL of the simulated effluent, temperature of 25 °C and
stirring rate of 150 rpm. The adsorbent was added in the dosages of 1.0, 5.0 and 10.0 g L™".
UV-vis absorption spectra of the simulated effluent before and after the adsorption were
obtained from 200 to 400 nm (Shimadzu, UV240, Japan). The areas under the absorption

bands were used to calculate the removal efficiency.

3. Results and discussion

3.1. Characterization results

3.1.1. Morphological characteristics

Fig. 1 shows the SEM images of AC105 and ACI11 with magnifications of 10000x.

Both activated carbons showed an irregular and rough surface, with the presence of some

grains. The presence of round-shaped cavities was also observed for both materials. It is


https://www.sciencedirect.com/topics/chemical-engineering/bisphenol-a

possible to observe that AC11 (Fig. 1 (b)) has a rougher surface and a higher quantity of
cavities than AC105 (Fig. 1 (a)). Such cavities make it easier for the adsorbate molecules to

access the pores, contributing to the adsorption efficiency.
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Fig. 1 SEM images of (a) AC105 and (b) AC11.

3.1.2. Textural properties

Fig. 2 shows the N, adsorption/desorption isotherms and the pore size distributions for
ACI105 and ACI11. According to the International Union of Pure and Applied Chemistry
(IUPAC) classification of adsorption isotherms, both materials exhibited the same isothermal
profile, classified as Type IV, accompanied by hysteresis Type H4 (Thommes et al. 2015).
Type IV isotherm is a typical characteristic of mesoporous materials. Type H4 hysteresis is

frequently associated with narrow slit-shaped pores (Thommes et al. 2015).
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Fig. 2 Nitrogen adsorption/desorption isotherms and the BJH desorption pore size distribution of (a)
AC105 and (b) ACI1.

Table 1 exhibits the specific surface area (Sggr), total pore volume, and average pore
size obtained for both materials. According to the literature, in the KOH activation, the
activation agent penetrates the pore structure of the carbonaceous precursor material and is
converted into other materials, such as K,O, K,CO,, and metallic K. However, the formation
of metallic K only occurs if the activation temperature exceeded 700 °C, which did not occur
in the present study (pyrolysis temperature was of 600 °C). Therefore, the reactions between
the various K compounds with the carbonaceous precursor material can be responsible for
generating the pore structure. After the reaction ends, these residual K compounds are
removed by washing to obtain abundant pores (Chiang and Juang 2017; Wang et al. 2020).
Therefore, it is expected that the increase in the KOH weight ratio to contribute to the increase
in the specific surface area, as found by different authors (Muniandy et al. 2014; Singh et al.
2019; Wang et al. 2020). However, in this work AC11 presented a slightly higher BET surface
area, even though it was prepared with twice the KOH weight ratio than AC105.

Similarly, the average pore size did not change, regardless of the KOH weight ratio
used (Table 1). According to the literature, the increase in the KOH weight ratio leads to a
decrease in the pore size due to the collapse of larger pores and the consequent formation of
smaller pores (Muniandy et al. 2014; Wang et al. 2020). However, this was not evident in the

present work, which may be linked to the weight ratio range chosen.



Table 1. Textural characteristics of the activated carbons.

Activated Carbon Sper (m?g™) Total pore volume (cm® g) Average pore size (nm)
ACI105 314.335 0.044 3.655
AC11 332.228 0.020 3.692

In this work, the average pore size of both materials was around 3.6 nm. According to
IUPAC, the pores can be classified as follows: (i) micropores: inner diameter < 2 nm; (ii)
mesopores: 2 < inner diameter < 50 nm; and (iii) macropores: inner diameter > 50 nm
(Thommes et al. 2015). Therefore, both activated carbons can be classified as mesoporous
materials. Besides that, the average pore size presented by both activated carbons is suitable
to adsorb phenol, since phenol molecules have an effective molecular diameter of 0.75 nm

and can easily penetrate the adsorbent pores (Liitke et al. 2019).

3.1.3. Surface functional groups

Fourier transform infrared spectroscopy (FTIR) was used to identify the main surface
functional groups of the activated carbons. The obtained spectra are shown in Fig. 3. The
bands observed at 3438 cm™ (AC105) and 3433 cm™ (AC11) can be assigned to the stretching
vibrations of O—H bonds from alcohols, phenols, or carboxyls, or even the presence of
adsorbed water (Xu et al. 2014). At 1615 cm™ (AC105) and 1634 cm™' (AC11), it is observed
the bands related to the C=0O bonds of carboxylic groups (Ferreira et al., 2015). The bands at
1564 cm™ (AC105) and 1559 cm™ (AC11) are due to the C=C stretching vibrations of the
aromatic rings of the activated carbons’ structure (Duan et al. 2017). These aromatic rings
result from the dehydration of the carbohydrates during pyrolysis (Machado et al. 2020).
Lastly, the bands at 1058 cm™ (AC105) and 1064 cm™ (AC11) are due to the C-O stretching

vibrations of hydroxyl in alcohols, phenols, or carboxyls (Xu et al. 2014). According to Du et



al. (2017), the functional groups O—H, C=0, and C-O result from the etching effect that KOH

has on the porous carbon network during the activation process.
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Fig. 3 FTIR vibrational spectra of (a) AC105 and (b) AC11.

3.1.4. Thermogravimetric curves

Fig 4 shows the thermogravimetric curves of the materials. Both curves can be divided
into three regions. The first region was 18.13—-100.63 °C (ACI105) and 19.73-82.23 °C
(AC11). The weight loss observed in this section corresponds to the evaporation of moisture
from the samples (Thue et al. 2020). The second stage was 100.63-590.63 °C (AC105) and
82.23-599.73 °C (AC11). This stage can be attributed to the loss of water in the interstices of
the carbon matrix (Thue et al. 2020). The third stage corresponds to the decomposition of the
carbon matrix (Thue et al. 2020). The temperature range for this third region of weight loss

was 590.63 (ACI105) and 599.73 °C (ACI11) to 800.00 °C. The total weight loss was 21.79%

and 20.51% for AC105 and AC11, respectively.
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Fig. 4 TGA curves of (a) AC105 and (b) AC11

3.1.5. X=ray diffraction

Fig. 5 shows the XRD diffractograms obtained for AC105 and AC11. Two very broad

reflection peaks can be observed at approximately 20 = 25° and 20 = 45° for both materials.
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Fig. 5 XRD patterns of AC105 and AC11.

These are typical peaks of disordered aromatic rings structure, indicating the

amorphous nature of the materials (Yu-bin et al. 2012). For adsorption purposes, an

amorphous nature is generally favorable. An amorphous structure facilitates the entrance of

the adsorbate molecules since it has more empty spaces (Zazycki et al. 2018).



3.2. Kinetic study

The kinetic behavior of phenol adsorption on both activated carbons was evaluated
employing adsorption capacity curves (g,) as a function of contact time (¢) varying between 0
and 480 min. Fig. 6 shows the kinetic profiles obtained for both materials. As can be
observed, in the first minutes the adsorption capacity increased gradually and then tended to
the system’s equilibrium was achieved. This kinetic behavior occurs due to the progressive
occupation of active sites by phenol molecules until reaching saturation (Diel et al. 2021).
Besides that, is possible to observe that AC11 exhibited a faster adsorption kinetic (Fig. 6 (b))
than AC105 (Fig. 6 (a)). AC11 reached the equilibrium in around 240 minutes, while AC105

reached the equilibrium in around 360 minutes.
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Fig. 6. Kinetic curves of phenol adsorption onto (a) AC105 and (b) AC11 (phenol initial concentration: 50 mg
L™'; adsorbent dosage: 1.0 g L™'; temperature: 25 °C; agitation rate: 150 rpm).

To elucidate the adsorption process, the experimental data of the kinetic curves (Fig. 6)
were fitted to the PFO, PSO order, and Elovich models. The parameters of the kinetic models
and the criteria for assessing the fit’s quality are shown in Table 2. The values of R’, R’adj,
and ARE revealed that the PFO model had the lowest performance among the tested models

for predicting the kinetic parameters for both activated carbons. Based on the higher values of



R’ and R’,;, and the lower values of ARE, it can be concluded that the Elovich model was the
more suitable to describe the phenol adsorption kinetic for AC11. For AC105, the PSO model
showed the higher values of R’ and R’,;, but the Elovich model showed the lower value of
ARE. However, for AC105, the predicted value of g, (23.32 mg g ') was considerably
different from the experimental value of ¢, (18.37 mg g"). This indicates that the PSO model

was not adequate to predict experimental parameters for AC105.

Table 2 Kinetic parameters of phenol adsorption.

Activated carbon

Model
AC105 AC11
Pseudo—first order
g, (mggh 18.55 30.37
k; (min™") 0.0093 0.0524
R’ 0.9950 0.9268
R’ 0.9946 0.9216
ARE (%) 8.56 9.19
Pseudo—second order
g, (mgg™) 23.32 32.54
k, (g mg'min™) 0.0004 0.0025
R’ 0.9962 0.9788
R 0.9959 0.9773
ARE (%) 5.49 4.52
Elovich
a(gmg") 0.158 0.219
b (mg g'min™") 0.280 16.552
R’ 0.9920 0.9834
R 0.9914 0.9822

ARE (%) 4.49 3.80




Therefore, the Elovich model was established as the most suitable to describe the
kinetic data for both adsorbents, assuming that the adsorption occurs by chemisorption and
the adsorbing surface is heterogeneous (Hameed and Rahman 2008; Lima et al. 2015; Martins
et al. 2015). Mohammadi et al. (2020) also demonstrated that the Elovich model was the most
adequate for representing the kinetic data of phenol adsorption onto magnetic activated

carbon-cobalt nanoparticles.

3.3. Equilibrium isotherms

The isotherm curves were graphically plotted as the amount of adsorbate present in
the adsorbent material (g.) as a function of the concentration of the adsorbate in the liquid
phase (C,). The curves were obtained at the temperature of 25 °C and initial phenol
concentrations of 25-200 mg L™ Based on the kinetic results, the isotherm curves of both
activated carbons were obtained considering a contact time of 360 min, to ensure the
equilibrium of the system. Fig. 7 shows the equilibrium curves obtained for both activated
carbons. As can be observed, both adsorption isotherms exhibited a concave shape in relation

to the concentration, sloped at lower concentrations and tending to plateau at higher

concentrations.
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Fig. 7. Equilibrium isotherms of phenol adsorption onto (a) AC105 and (b) AC11 (phenol initial concentration:
25-200 mg L™'; adsorbent dosage: 1.0 g L™'; time: 4 h; temperature: 25 °C; agitation rate: 150 rpm).



However, the saturation was not achieved in the studied concentration range, which shows
that some adsorption sites remained empty. Therefore, according to Giles classification (Giles
et al. 1974), the isotherms obtained for both materials can be classified as L1 type. L type
isotherms indicate high affinity between the adsorption sites of the adsorbent and the

adsorbate molecules, being associated with favorable adsorption. (Giles et al. 1974).

Table 3. Equilibrium parameters of phenol adsorption

Activated carbon

Model
AC105 AC11
Langmuir
g, (mgg™) 55.61 75.81
k, (Lmg™) 0.016 0.045
R’ 0.9980 0.9912
R 0.9977 0.9897
ARE (%) 1.75 5.15
Freundlich
ki (mg g)(L mg™)™") 3.43 11.73
1/nF 0.494 0.363
R’ 0.9877 0.9612
R 0.9856 0.9547
ARE (%) 5.87 10.59
Sips
gs(mg g™ 55.16 68.52
ks (L mg™) 0.016 0.055
m 1.009 1.262
R’ 0.9980 0.9934
R 0.9977 0.9923

ARE (%) 1.70 4.15




For more information on the equilibrium studies, the isotherm curves were fitted to the
Langmuir, Freundlich, and Sips models. Table 3 shows the equilibrium parameters and the
criteria for assessing the quality of fit. It was verified that the higher values of R* and R°,,,
and the lower values of ARE were obtained using the Sips model. Therefore, this model was
chosen as the most suitable to represent the equilibrium data for both activated carbons. The
Sips model is a combination of the Langmuir and Freundlich models. At low concentrations
of adsorbate, the Sips model reduces to the Freundlich model and, at high concentrations, it
predicts monolayer formation, which is characteristic of the Langmuir isotherm (Sips 1948).
Kaminski et al. (2020) and Ta et al. (2021) also demonstrated that the Sips model was more
suitable to represent the equilibrium data of phenol adsorption using activated carbons.

Table 3 also points out that the maximum adsorption capacity of the Sips model (g,)
was higher for AC11 (68.52 mg g') than for AC105 (55.16 mg g'). In general, a higher
adsorption capacity is expected for adsorbents with higher surface area, since more active
sites are available for adsorption. In fact, as can be observed in Table 1, AC11 presented a
slightly superior Sggr than AC105. Therefore, this can partially explain the higher adsorption
capacity observed for AC11.

In order to compare the maximum adsorption capacity of AC105 and ACI1 with
other adsorbents developed in the last years to remove phenol, Table 4 presents a brief
comparison. Although the data were obtained under different experimental conditions, it is
possible to observe a large difference in the maximum adsorption capacities between the
materials, ranging from 1.81 to 599.21 mg g™'. Among all adsorbents analyzed, AC11 and
AC105 showed intermediate and satisfactory adsorption capacity, indicating that the materials

have a high potential to be used as an adsorbent for phenol.



Table 4 Adsorption capacities of different adsorbents for phenol adsorption. *Calculated

Dosage T q
Adsorbent - H o " Reference
@LhH PO mge
ACL105 1.0 69 25 55.16 This study
AC111 1.0 69 25 68.52 This study
Activated carbon from fruit wastes
of Ceiba speciosa 0.83 9.0 25 156.7 Franco et al. (2021)
Black wattle bark waste 1.0 65 55 98.57 Liitke et al. (2019)
Moroccan clay 5.0° 4.0 60 15.11 Dehmani et al. (2020)
Rice husk ash 2.0 9.0 35 13.98 Mandal et al. (2019)
Coffee husk activated carbon 1.0° _ 10 205.63 Ta et al. (2021)
Acid-modified Pseudomonas
putida-sepiolite/ZI1F-8 1.0° - - 5.96 Dong et al. (2020)
bio-nanocomposites
Reduced graphene oxide 0.4 80 30 599.21 Rout and Jena (2022)
Magnetic porous polymer )
microspheres 0.05 5.47 25 33.83 Ozdemir et al. (2019)
Ortho-phosphoric acid-activated
biochar from spent tea waste 3.0 8.0 32 154.39 Pathak et al. (2020)
Sulphuric acid-activated biochar
from spent tea waste 3.0 8.0 32 185.00 Pathak et al. (2020)
Activated/KOH adsorbent from
Enterolobium contortisiliquum 20.0 6.0 60 1.81 Lima et al. (2022)
Magnetic activated carbon-cobalt
nanoparticles 2.0 7.0 25 107.50 Mohammadi et al. (2020)
Carbonized trace ZIF-8-decorated
activated carbon pellets 0.2 - 30 155.24 Yan et al. (2021)
Graphene oxide coated biochar 1.0° 70 35 23.47 Manna et al. (2019)
Magnetic palm kernel biochar 6.0° 80 25 10.84 Hairuddin et al. (2019)

3.4. Regeneration study

Regeneration experiments were carried out in order to evaluate the possibility of

reusing the activated carbons. The possibility of reusing an adsorbent is an important aspect



from the economic point of view since it allows for prolonged use of the material. In this
work, thermic regeneration (200 °C) and chemical regeneration (NaOH 0.5 mol L' or ethanol
99.8%) were tested. Fig. 8 shows the phenol equilibrium adsorption capacity for four cycles
using the different regeneration conditions. It can be observed that the best results were
obtained using ethanol for both activated carbons. Rodrigues et al. (2011) also found that
ethanol was more efficient than NaOH for regenerating activated carbon after phenol
adsorption. Larasati et al. (2020) suggested that ethanol is a better regeneration agent than
NaOH since phenol has better solubility and hydrophobicity properties in ethanol.

In addition, it is possible to observe that for AC11 the adsorption capacity decreased
by half in the second cycle using ethanol as a regeneration agent (Fig. 8 (b)), while for
AC105, the adsorption capacity decreased by only 24% in the second cycle (Fig. 8 (a)).
However, the adsorption capacity observed for AC11 in the second cycle is even similar to the
adsorption capacity observed for AC105 in the first cycle. This supports that AC11 is a better

adsorbent for removing phenol from aqueous solutions than AC105.
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Fig. 8 Reuse cycles of (a) AC105 and (b) AC11 using thermal regeneration and chemical regeneration with
NaOH or etanol.

3.5. Adsorption of phenolic compounds in a simulated effluent

A simulated effluent was prepared to evaluate the efficiency of the activated carbons

to remove phenolic compounds in a medium with high concentration of salts. The adsorption



tests were carried out with different dosages of the activated carbons and without making any
adjustment to the pH, with the simulated solution having the natural pH value of 9.0. Fig 9
shows the absorption spectra in the range of 200 to 400 nm before and after the adsorption.
With the dosages of 1, 5, and 10 g L', AC105 was able to remove 4.74, 24.01, and 28.05%,
of the mixture of phenolic compounds, respectively. CA11 showed better removal efficiency.
With the same dosages, AC11 achieved the removal efficiencies of 10.33, 43.96, and 48.20%,
respectively. Since the prepared simulated effluent contains several phenolic compounds, in
addition to a high concentration of salts, the adsorption sites of the activated carbons were

easily saturated. Therefore, the removal efficiencies, even at high dosage, were relatively low.
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Fig. 9 Absorption spectra of simulated effluent before and after adsorption onto (a) AC105 and (b) AC11 with
different dosages.

It is important to add that the spectrum of the untreated effluent (black line) exhibited
the existence of a broad band at around 270 nm, corresponding to the maximum absorbance
peak of the phenol molecules. The spectrum after the adsorption with AC11 in the dosage of
10 g L' (green line) showed that this band was efficiently amortized with high reduction in

absorbance. This attests to the higher potential of AC11 in removing phenol.

4. Conclusion



In this work, Brazil nut shell was used as precursor material to produce activated
carbons with different KOH weight ratios. Both adsorbents were characterized and used as
adsorbents to remove phenol from aqueous solution. From the characterization data, it was
possible to observe that the materials showed an amorphous structure, with irregular and
rough surface, the presence of surface oxygenated functional groups, and average pore size of
around 3.6 nm, classified as mesoporous materials. The increase in the KOH weight ratio led
to a slight increase in the specific surface area from 314.335 m* g! (AC105) to 332.228 m* g
(ACI1). Regarding the phenol adsorption behavior, AC11 exhibited a faster kinetic and higher
adsorption capacity. The Elovich model demonstrated a greater prediction capacity for both
activated carbons, and, from the equilibrium curves, the Sips model was the most appropriate.
The maximum adsorption capacities (g,) were 55.16 and 68.52 mg g for AC105 and ACI1,
respectively. In the regeneration and reuse studies, AC105 showed better behavior than AC11,
with lower decrease in the adsorption capacity throughout the cycles. However, ACI1I
presented higher adsorption capacity than AC105 when comparing each cycle. The activated
carbons were also employed in the treatment of a simulated industrial effluent, showing the
removal efficiencies of 28.05% and 48.20% for AC105 and AC11, respectively. These results
demonstrated the higher potential of using ACI11 instead of AC105 in phenol adsorption from
aqueous solution. Further studies on the adsorption conditions are required in order to

increase the phenol adsorption capacity using this activated carbon.
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Abstract
The Brazil nut shell was used as a precursor material for the preparation of activated carbon
by chemical activation with potassium hydroxide. The obtained material (BNSAC) was

characterized and the adsorptive features towards phenol were investigated. The


mailto:guilherme_dotto@yahoo.com.br

characterization results showed that the activated carbon presented several rounded cavities
along the surface, with a specific surface area of 332 m* g'. Concerning phenol adsorption, it
was favored using an adsorbent dosage of 0.75 g L' and pH 6. The kinetic investigation
revealed that the system approached the equilibrium in around 180 minutes and the kinetic
curves were represented by the Elovich model. The equilibrium isotherms were well
represented by the Sips model. In addition, the increase in temperature from 25 to 55 °C
favored the phenol adsorption, increasing the maximum adsorption capacity value (gs) from
82.99 t0 99.02 mg g'. According to the estimated thermodynamic parameters, the adsorption
was spontaneous, favorable, endothermic, and governed by physical interactions. Therefore,
the Brazil nut shell proved to be a good precursor material to prepare efficient activated

carbon for phenol removal.

Keywords: Adsorbent; Adsorption thermodynamics; Agricultural waste; Kinetic and isotherm

modeling; KOH activation; Phenol;

1. Introduction

Accelerated waste generation due to rapid economic growth has become one of the
major concerns around the world (Awasthi et al. 2022). Among the waste generated in large
amounts are those generated by agricultural activities (Awogbemi et al. 2021). The
agricultural sector produces several types of agricultural waste with huge annual production
and, usually, they are dumped or burned under open field conditions, resulting in
environmental problems (Awasthi et al. 2022; Thines et al. 2017). Therefore, the management
of agricultural waste is a challenging task. A proposal for the management of these residues is

their use as precursor materials for activated carbon (AC) production (Aguilar-Rosero et al.



2022). For instance, activated carbon was prepared from wastes of the Ceiba speciosa forest
species (Franco et al. 2021), tangerine seed (Wang et al. 2020c), pecan nutshells (Zazycki et
al. 2018), rice and coffee husk wastes (Paredes-Laverde et al. 2021), date seeds (Ogungbenro
et al. 2020), among others. In this context, the Brazil nut shells are a promising agricultural
was for AC production. Brazil nut tree (Bertholletia excelsa) grows throughout the Amazon
region, including Brazil, Bolivia, Peru, Colombia, Venezuela, and Guyana (Baldoni et al.
2020). The nutritional characteristics and the bioactive compounds present in Brazil nuts have
increased interest in their consumption in the last decade, as this can bring beneficial effects
for human health (Vasquez et al. 2021). In 2020, 33 thousand tons of Brazil nuts were
produced in Brazil (IBGE 2021). As the shell represents a considerable part of the Brazil nut
weight, this means a high amount of waste to be handled and its use for AC production is a
possibility.

Regarding the AC preparation, the activation step can be carried out by chemical,
physical, or a combination of both methods (Bedia et al. 2018). Chemical activation, when
compared to physical activation, has several advantages, such as the reduction of tar
production during pyrolysis, increasing efficiency and leading to a high carbon yield, and the
lower temperatures and shorter times required for pyrolysis (Gao et al. 2020; Kwiatkowski
and Broniek 2017). In addition, chemical activation can be performed in a single step. In the
one-step chemical activation, the activating agents are previously impregnated in the
precursor material, which is then subjected to pyrolysis, i.e., pyrolysis and activation occur
simultaneously (Cheng et al. 2021; Gao et al. 2020). All these advantages result in lower
energy consumption, which implies lower production costs (Kwiatkowski and Broniek 2017).
In this context, KOH is widely reported as a chemical activated agent for AC production from
a wide range of precursor materials as it leads to a good development of the porous structure,

with the creation of high surface area and pore volume (Cao et al. 2021; Huang et al. 2019;



Jawad et al. 2021; Oginni et al. 2019; Yang et al. 2018). In addition, KOH has the advantage
of being less expensive and less corrosive to the reactors when compared to other chemical
activating agents, such as acids (Ghosh and Barron 2017).

Activated carbon is a very versatile material and has several applications (Neme et al.
2022). Its use as an adsorbent is perhaps one of the most common. Adsorption processes can
benefit from AC characteristics such as high surface area and total pore volume and the
presence of surface functional groups (Rashid et al. 2019). In the literature, activated carbon
has already been reported, for example, for the removal of heavy metals (Nasseh et al. 2021;
Zhang et al. 2021), fluoride (Araga et al. 2017), dyes (Streit et al. 2019), pharmaceutical
compounds (Georgin et al. 2021b; Streit et al. 2021) and herbicides (Georgin et al. 2022; de
Salomon et al. 2021). In addition, phenol adsorption on AC has been extensively reported
(Franco et al. 2021; Iheanacho et al. 2021; Liitke et al. 2019; Lv et al. 2020; Thue et al. 2016).
Phenol is classified as a priority contaminant by several international regulatory bodies (Fseha
et al. 2023; Hairuddin et al. 2019). Wastewaters containing high phenol concentrations are
generated by several industrial sectors, such as textile processing, petrochemicals,
pharmaceutical manufacture, oil refining, coke oven plants, coal conversion, leather
manufacturing, and resin synthesis, among others (Li et al. 2019; Panigrahy et al. 2022). Coke
ovens and coal conversion, for example, generate wastewater containing phenol
concentrations as high as 3900 mg L™ and 7000 mg L', respectively (Mohd 2022). The
discharge of these wastewaters containing phenol can lead to several risks to human beings,
animals, aquatic life, and other organisms (Mohamad Said et al. 2021a). Highlighting the
effects in humans, phenol can lead to a series of acute as well as chronic effects, causing
abnormal breathing, tremor, failure, liver and kidney damage, central nervous system
disruption, and even coma and death (Mohamad Said et al. 2021a; Othmani et al. 2022).

Therefore, the treatment of wastewater containing phenol before disposal is of high concern.



Faced with the challenge of managing the large amount of Brazil nut shells waste in
addition to the deleterious effects of phenol on the environment and human health, the aim of
this work was to evaluate the potential of activated carbon from Brazil nut shell waste
(BNSAC) towards phenol removal from an aqueous medium. BNSAC was produced
following a one-step chemical activation method using KOH as activating agent. The material
was characterized by Scanning Electron Microscopy (SEM), Fourier Transform Infrared
Spectroscopy (FTIR), N2 adsorption/desorption isotherms, and point of zero charge (pHPZC).
The phenol adsorption on BNSAC was evaluated regarding the effect of the adsorbent dosage
and pH of the solution, in addition to kinetics, equilibrium, and thermodynamics. Therefore,
the present work contemplates both the managing of an abundant agricultural waste, adding
value to it and avoiding its inappropriate disposal, and the reduction of water contamination

caused by phenol.

2. Material and methods

2.1 Material

Brazil nut shells, used as the precursor material for the production of the activated
carbon, were obtained from the local market. Phenol (94.11 g mol-1, purity 99.5%) acquired
from Neon (Brazil), was used to make a stock phenol solution (1000 mg L—-1), without pH
adjustment. Working solutions at the desired concentrations were prepared by diluting this
solution with distilled water. All other reagents used in the experiments were of analytical

grade.

2.2 Production of the activated carbon



For the BNSAC production, the Brazil nut shell was firstly impregnated with KOH in
the weight ratio of 1:1 and then it was pyrolyzed in a quartz reactor in a conventional furnace
(Sanchis, Brazil) at 600 °C. After the pyrolysis, the obtained material was cooled,
acid-washed, and dried. More detail about the preparation process can be found in a previous

work (da Silva et al. 2022).

2.3 Characterization of the activated carbon

BNSAC was characterized in terms of surface morphology by scanning electron
microscopy (SEM), surface functional groups by Fourier transform infrared spectroscopy
(FTIR), and textural properties by N2 adsorption/desorption isotherms. For more details about
these characterization techniques, see Supplementary Material (S1). Also, the point of zero
charge (pHPZC) of the adsorbent was obtained. For this determination, 11 Erlenmeyer flasks
containing 0.02 g of BNSAC and 20 mL of pH-adjusted 0.1 mol L—1 NaCl solutions (pH
2-12, adjusted with HCl or NaOH) were 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).

2.4 Phenol adsorption experiments

Dosage and pH experiments were performed using 20 mL of 50 mg L—1 phenol

solution, at the temperature of 25 °C, and agitation rate of 150 rpm, using a thermostatic



stirrer (Solab, SL 222, Brazil). To assess the impact of adsorbent dosage on phenol
adsorption, assays were performed by varying the dosage from 0.25 to 1.5 g L—1. The dosage
experiments were performed using the characteristic pH of the aqueous phenol solution (pH
6.9). The pH assays were performed by varying the pH of the phenol solution (2, 4, 6, 8, and
10, adjusted with HCI or NaOH) using the most suitable adsorbent dosage previously defined.

The phenol adsorption kinetics was studied from 0 to 300 min, using 20 mL of phenol
solutions at different initial concentrations (25, 50, 100, 150, and 200 mg L-1), the best
adsorbent dosage and pH previously defined, temperature of 25 °C and agitation rate of 150
rpm. The equilibrium curves were obtained under the same conditions as the kinetic curves,
except that four different temperatures were studied (25, 35, 45, and 55 °C) and the
experiments were carried out until the equilibrium of the system was reached.

After each adsorption assay, the adsorbent was separated from the liquid phase by
centrifugation (LGI Scientific, LGI-DLC—802B, Brazil). The phenol concentration remaining
in the liquid phase was measured by a UV-vis spectrophotometer (Shimadzu, UVmini-1240,
Japdo) at the maximum absorption wavelength of phenol (Amax = 270 nm). All experiments
were performed in replicate (n = 3) and blank tests were also performed. The adsorption
capacity at the time t (qt), the equilibrium adsorption capacity (qe), and the removal

percentage (R, %) were determined by Eq. (1), (2), and (3), respectively:
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Where: C, is the initial phenol concentration (mg L), C, is the phenol concentration in the
liquid phase at time t (mg L™), C. is the equilibrium phenol concentration in the liquid phase

(mg L"), m is the adsorbent mass (g), and V is the volume of the solution (L).

2.5 Kinetic and equilibrium modeling and adsorption thermodynamic

See Supplementary Material (S2).

3. Results and discussion

3.1 Characterization of the activated carbon

Fig. 1 SEM image of BNSAC with a magnification of 5000x. It is possible to observe
that the material has a rough and irregular surface, and exhibited a sponge-like morphology
with many cavities spread over the entire surface (Nazir et al. 2022). Such cavities are mostly
round in shape and are randomly distributed. These features can be attributed to the KOH

effect, which leads to the creation of extra pores during the pyrolysis and activation process

(Cao et al. 2021; Nazir et al. 2022).
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compounds are incorporated into the carbon skeleton, resulting in its expansion and leading to
the development of the porous structure. After the acid washes, these compounds are
removed, releasing the formed pores (Cao et al. 2021; Chiang and Juang 2017; J. Wang et al.
2020a). The main surface functional groups of BNSAC were identified through FTIR spectra
(Fig. 2). It was possible to identify the main bands usually found in activated carbons, which
are 3433 cm—1, 1634 cm—1, 1559 cm—1, and 1064 cm—1. The band at 3433 cm-1 refers to the
hydroxyl O-H stretch of alcohols, phenols, or carboxyls. In addition, this band can also be
related to adsorbed water (Ogungbenro et al. 2020). The band at 1634 cm—1 is attributed to
the C=0 stretching vibrations of carboxylic groups (Ferreira et al., 2015). The band observed
at 1594 cm-1 is due to the stretching of C=C bonds of the aromatic rings of the activated
carbon (Nizam et al. 2021). Lastly, the band 1064 cm—1 is corresponding to the C-O
stretching vibrations (Machado et al. 2020a).



Fig. 2 FTIR spectrum of BNSAC.

The N, adsorption/desorption isotherms and the BJH pore size distribution of the
BNSAC are shown in Fig. 3. According to IUPAC, the isotherm profile exhibited is Type 1V,
typical of mesoporous materials, and a hysteresis loop Type H4, often associated with narrow
slit-shaped pores (Thommes et al. 2015). The specific surface area (SBET) was 332.228 m?
g!, total pore volume 0.020 cm® g!, and average pore size 3.69 nm. Therefore, according to
the TUPAC classification of pores, BNSAC can be classified as a mesoporous material

(Thommes et al. 2015).

140 : 0.0012
—=— Adsorption (a) (b)

- 1304 —e— Dcsorption 0.0010- =
m\ *,*/ =

£ 120- P et E 0.0008- :

& &

= £

2 110- S 0.0006

A =

N N

0.0004 -

Es 100 + 2

=) [ ]

> 0.0002 |

90 - -
T T T T T T T T T T 0.0000 —T — =
0.0 0.2 0.4 0.6 0.8 1.0 0 100 200 300 400 500 600 700
Relative Pressure (P/P ) Pore Radius (r) (A)

Fig. 3 (a) Nitrogen adsorption/desorption isotherms and (b) BJH pore size distributio of BNSAC.

Determining the pHy,- value of the adsorbent is important in adsorption processes, as
it indicates the most adequate pH range for the adsorption of anionic or cationic species.

According to Fig. 4, BNSAC exhibited a pHp,c value of 6.0. This means that when the pH of



the solution is lower than 6.0 (pH<pHPZC), some surface functional groups of BNSAC are
protonated, making its surface positively charged and favoring the adsorption of anionic
species. On the other hand, when the pH of the solution is higher than 6.0 (pH>pHPZC), some
surface functional groups release H+, making the BNSAC surface negatively charged and
favoring the adsorption (Machado et al. 2020b). In addition, since this value is in the acid
region, it is suggested that the acidic surface groups on the adsorbent surface are predominant
(Al-Lagtah et al. 2016). Similar pHPZC values for activated carbons were found in the

literature (Cunha et al. 2020; Leite et al. 2018; Machado et al. 2020b; Pauletto et al. 2021).
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Fig. 4 Determination of the pHPZC of BNSAC

3.2 Adsorption results

3.2.1 Dosage effect



Fig. 5 shows the dosage effect results on phenol adsorption. The adsorption capacity
(q) and the removal percentage (R) were evaluated. The removal percentage increased from
around 26% to around 70% with the increasing adsorbent dosage from 0.25 g L™ to 1.50 g
L™'. This increase is related to the higher number of available adsorption sites with higher
dosages. The adsorption capacity revealed an opposite behavior to the removal percentage,
decreasing from around 50 mg g—1 to around 25 mg g' when the adsorbent dosage increased

from 0.25 gL " to 1.50 g L™".
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Fig. 5 Effect of BNSAC dosage in the phenol adsorption.

With high adsorbent dosages, some adsorption sites may remain unoccupied, resulting
in an overdosage, which can explain this opposite trend observed for the adsorption capacity
(Netto et al. 2022). In general, the intersection point between the adsorption capacity and the
removal percentage is considered for the choice of the most adequate adsorbent dosage.
However, the removal percentage observed at the intersection point (dosage of 0.5 g L—1) was

only 40%. Therefore, the dosage of 0.75 g L—1 was chosen for carrying out further



experiments, since it provided a good adsorption capacity value and, concurrently, a more

adequate removal percentage

3.2.2 pH effect

Since in the pH range from 2 to 8, the adsorption capacity was similar, pH 6 was
chosen for further adsorption studies. The choice of this condition (pH 6) also avoids the
addition of large amounts of acid or bases to adjust the pH of the solutions.

Fig. 6 shows the effect of the pH of the solution on the phenol adsorption capacity. As
can be observed, pH did not have a very important influence on the adsorption, with the
adsorption capacity remaining around 35 mg g—1 in the pH range of 2 to 8. At pH 10, a
slightly more pronounced decrease in the adsorption capacity was observed. This can be
explained based on the form that phenol molecules are found in different pH values and the

surface charge of the adsorbent.
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Fig. 6 Effect of the pH of the solution in the phenol adsorption.

The pHPZC of the adsorbent was found to be 6.0 (Fig. 4). Therefore, at pH 6 BNSAC

has a neutral surface charge while at more acidic pH values, it has a positive surface charge.



Above pH 6, BNSAC becomes negatively charged due to the deprotonation of some surface
functional groups. In addition, above pH 8, the neutral phenol molecules start to transform
into phenolate (with a negative charge) due to deprotonation (Franco et al. 2021). However, at
pH 8 there is only a very small molar fraction of phenolate in the solution, which does not
lead to a large decrease in the adsorption capacity. On the other hand, at pH 10, the molar
fraction of phenol molecules that are in the form of phenolate is about 0.5. This leads to a
large decrease in the adsorption capacity since the negative surface charge of the adsorbent

and the negative charge of the phenolate molecule repel each other.

3.2.3 Adsorption kinetics

The adsorption kinetic study was carried out using different initial phenol
concentrations (25, 50, 100, 150, and 200 mg L—1). The obtained kinetic profiles are shown in
Fig. 7. As can be observed, the adsorption capacities sharply increased until 60 minutes and,
after this time, the increase was gradual. This behavior is associated with the fact that, at the
beginning of the adsorption process, the adsorbent has fully available adsorption sites. Over
time, these sites are occupied, making the access of the adsorbate molecules to the remaining

sites more difficult, and, consequently, the adsorption rate becomes slower (Diel et al. 2021).
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Fig. 7 Kinetic curve of the phenol adsorption onto BNSAC.

In addition, for all initial phenol concentrations, the system approached the equilibrium in
around 180 min. As expected, an increase in the adsorption capacity and adsorption rate was
observed with increasing initial concentration. This can be explained due to the increase in the
mass transfer, leading to an increase in the adsorbate concentration at the surface of the
adsorbent (Franco et al. 2021; Georgin et al. 2021a).

To obtain more information on the kinetic study, the kinetic models of
pseudo-first-order (PFO), pseudo-second-order (PSO), and Elovich models were used for
fitting the experimental data. The estimated kinetic parameters are depicted in Table 1. With
higher values of R2 and R2adj and lower values of ARE, the Elovich model proved to be the
most adequate to represent the kinetic data of the phenol adsorption on BNSAC. From Table 1
it is also possible to verify that the a parameter increased from 3.9376 mg g—1 min—1 to
142.73 mg g—1 min—1 with increasing initial phenol concentration from 25 mg L—1 to 200 mg
L-1.

This trend confirms that the increase in the initial phenol concentration led to faster

adsorption. Other authors also found that the Elovich model was the most suitable to represent



the phenol adsorption kinetics on different adsorbents (Li et al. 2013a; Mohammadi et al.

2020; Wang et al. 2020b; Yakub et al. 2020).

Table 1. Kinetic parameters for the phenol adsorption on BNSAC.

Initial phenol concentration (mg L™)

Model 25 50 100 150 200
Pseudo-first-order
g.(mg g™ 19.23 30.12 40.10 47.10  50.07
k, (min™) 0.0410  0.0486  0.0716  0.1007  0.1040
R? 0.8539  0.8657  0.8844  0.9209  0.9243
Ry 0.8247 08388  0.8612 09051  0.9092
ARE (%) 15.47 14.07 10.81 8.31 7.27
Pseudo-second-order
g.(mgg") 21.26 33.34 43.88 50.64  53.68
k» (g mg™ min™") 0.0028  0.0020  0.0024  0.0031  0.0031
R? 09276 09436 09600  0.9819  0.9812
Ry 09131 09323 09520 09783  0.9774
ARE (%) 11.13 8.76 6.16 3.79 3.74
Elovich
o (mg g™ min™) 39376 76749 2417 10858 142.73
B(gmgh) 02687  0.1760  0.1525  0.1604  0.1557
R 09756 09897 09970  0.9923  0.9867
Ry 09707 09876 09966  0.9908  0.9840
ARE (%) 5.67 3.49 1.60 2.39 291

3.2.4 Adsorption equilibrium

The equilibrium isotherms of the phenol adsorption on the activated were obtained for
different temperatures (25—55 °C) using initial phenol concentrations in the range of 25—200
mg L—1. Fig. 8 shows the obtained curves of the amount of phenol present in the adsorbent at

the equilibrium (ge) as a function of the equilibrium phenol concentration in the liquid phase



(Ce). According to the Giles classification, the curves can be classified as L1-type isotherms
(Giles et al. 1974). L-type isotherms suggest that the adsorbate molecules and the adsorption

sites have a high affinity (Giles et al. 1974).
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Fig. 8 Equilibrium isotherms of the phenol adsorption onto BNSAC.

In addition, it was possible to observe that the initial portion of the curves was more
inclined at higher temperatures, and higher adsorption capacities were found with the increase
in temperature. Increasing the temperature from 25 °C to 55 °C led to an increase in the
adsorption capacity. This positive effect of the temperature on the adsorption capacity
suggests that the phenol adsorption on BNSAC was endothermic.

Langmuir, Freundlich, and Sips isotherms models were adjusted to the equilibrium
experimental data. The estimated parameters of each one of these isotherm models are listed
in Table 2. The Sips model presented higher values of R2 and R2adj and lower values of ARE
when compared to the Langmuir and Freundlich isotherm models. Therefore, the Sips

isotherm was chosen as the best model. In the literature, other authors demonstrated that the



Sips model was adequate to describe the phenol adsorption equilibrium data (Istratie et al.
2019; Li et al. 2013b; Mohamad Said et al. 2021b; Ta et al. 2021).

It is also worth mentioning that the qS and kS values increased with increasing
temperature, corroborating the information that the increase in temperature favored the

adsorption process. At 55 °C, the gS value was 99.02 mg g—1.

Table 2. Equilibrium parameters for the phenol adsorption on BNSAC.

Temperature (°C)

Model
25 35 45 55
Langmuir
g» (mg g™ 72.36 76.78 79.58 84.06
K, (L mg™) 0.0451 0.0477 0.0529 0.0539
R 0.9950 0.9952 0.9933 0.9937
R, 0.9930 0.9933 0.9906 0.9912
ARE (%) 2.64 2.80 3.29 3.25
Freundlich
Ky (mg g H(L 12.1304 13.2119 14.6214 15.2357
mg ') ")
1/nF 0.3437 0.3411 0.3318 0.3365
R? 0.9870 0.9872 0.9863 0.9863
R 0.9818 0.9821 0.9808 0.9908
ARE (%) 5.20 4.99 493 5.25
Sips
gs(mg g™ 82.99 88.82 93.92 99.02
K (L mg™) 0.0318 0.0327 0.0341 0.0349
m 0.7954 0.7836 0.7551 0.7608
R? 0.9967 0.9972 0.9961 0.9965
Rl 0.9942 0.9951 0.9932 0.9939

ARE (%) 2.42 2.08 2.22 2.40




3.2.5 Thermodynamics parameters

The thermodynamic parameters of the phenol adsorption onto the activated are shown
in Table 3. The equilibrium constant of the Sips model (kS) was used to estimate the
thermodynamic equilibrium constant (KD) since this isotherm model showed to be to most
suitable to describe the experimental equilibrium data. The R2 value of the Van't Hoff graph
was 0.9896. The negative AG® values (Table 3) indicated that the phenol adsorption on
BNSAC was a spontaneous and favorable process. In addition, more negative AG® values
were obtained with increasing temperature, indicating that the adsorption was favored at
higher temperatures. The positive AH°® value indicated endothermic adsorption, which
corroborates with the temperature dependence observed in the equilibrium isotherms (Fig. 8).
Since the magnitude of the AH® value was lower than 20 kJ mol—1, it is suggested that the
phenol adsorption on BNSAC was a physical process (Bonilla-Petriciolet et al. 2019). This
enthalpy change value is frequently associated with van der Waals interactions, hydrogen
bond interactions, m-n interactions, and electron donor-acceptor interactions as reported by
other studies in the literature (Franco et al. 2021; Rodrigues et al. 2011; Sun et al. 2019; Thue
et al. 2016). Electrostatic interactions, which involve the attraction between positive and
negative charges, can be ruled out in the phenol adsorption on BNSAC. Since at the pH of the
solution (pH 6.0), BNSAC has zero net surface charge (pH=pHPZC) and the phenol
molecules exist as neutral species, electrostatic interactions are not able to occur. This also
corroborates with the observed low effect of the pH of the solution on the phenol adsorption
capacity (Fig. 6). When the main adsorption mechanism is the electrostatic interaction, pH is
expected to have an important effect on the adsorption capacity (Thue et al. 2016). However,
this was not observed in the present work, which indicates that the phenol adsorption on

BNSAC is controlled by mechanisms other than electrostatic interaction. These are the van



der Waals interactions, hydrogen bond interactions, =m-m interactions, and electron
donor-acceptor interactions.

The AS° value was also positive, indicating that the disorder at the solid-liquid
interface increased during the adsorption (Al-Trawneh et al. 2021; Zhou et al. 2017). Finally,
comparing AH® and AS° values, it is possible to verify that the phenol adsorption on BNSAC
was an entropy-controlled phenomenon, only the AS° contributed to obtaining negative AG®
values (Liitke et al. 2019). Similar results were found for the phenol adsorption on activated
carbon from black wattle bark waste (Liitke et al. 2019), activated carbon from fruit wastes of

the Ceiba speciosa forest species (Franco et al. 2021), and activated carbons from wood chips

(Thue et al. 2016).

Table 3. Thermodynamic parameters of the phenol adsorption on BNSAC.

Temperature (°C)

-1 -1
K AG® (kJ mol) AHP (kJ mol’y  45° (kJ mol"K™)
25
2992.698 o4
35 3077.397 0.5
4s : 2612 0.07529
3209.151 i34
55
3284.439 10

4. Conclusion

In this research, the agricultural waste Brazil nut shells were used for the preparation
of activated carbon using chemical activation with KOH. Then, the obtained material was
used as an alternative adsorbent for phenol removal from aqueous medium. The
characterization results demonstrated a typical activated carbon structure, showing rounded
cavities scattered randomly over the entire surface, the presence of oxygenated surface
functional groups, good textural properties, and point of zero charge value of 6.0. In addition,
BNSAC was characterized as a mesoporous material (average pore size of 3.69 nm).

Regarding the phenol adsorption experiments, the most adequate adsorption dosage and pH



were 0.75 g L—1 and 6, respectively. The kinetic curves were well represented by the Elovich
model. The Sips model was the most adequate to represent the adsorption equilibrium curves,
with a maximum adsorption capacity value (gs) of 99.02 mg g—1 (obtained at the temperature
of 55 °C). The estimated enthalpy change value confirmed that the phenol adsorption on
BNSAC was an endothermic process and suggested that it was governed by physical
interactions. These results showed that the BNSAC has good potential as an adsorbent for
phenol removal, contributing both to the management of agricultural waste and the treatment

of wastewater contaminated with phenol.
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Supplementary Material

S1. Characterization of the activated carbon

Scanning electron microscopy (SEM) (Tescan, MIRA 3, Czech Republic) was used to
study the morphological features of the activated carbon surface. The SEM images were
obtained at a working voltage of 12 kV and magnification of 5000%. Fourier transform
infrared spectroscopy (FTIR) (Shimadzu, Prestige 21210045, Japan) spectra were obtained
before and after the phenol adsorption. The spectra were obtained in the range of 4000 to 500
cm™ with a resolution of 4 cm™. The analysis was performed using the diffuse reflectance
technique with KBr. The textural properties of the activated carbon were determined based on
N, adsorption-desorption isotherms at 77 K wusing a volumetric adsorption analyzer
(Micromeritcs, ASAP 2020, USA). To determine the specific surface area, total pore volume,
and average pore size, BET (Brunauer-Emmett-Teller) and BJH (Barrett-Joyner-Halenda)

methods were used.

S2. Kinetic, equilibrium, and thermodynamic modeling

The adsorption kinetic data were evaluated by the pseudo-first-order (PFO),

pseudo-second-order (PSO), and Elovich models (Ho and McKay 1998), which are

represented in Eq. (1), (2), and (3), respectively:


https://doi.org/10.1016/j.jhazmat.2017.03.031

q, = q,(1—exp(-k;)) (1)
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Where: ¢, is the adsorption capacity at time ¢ (mg g'), ge is the adsorption capacity at the
equilibrium (mg g'), k;, is the pseudo-first-order rate constant (min™'), and k, is the
pseudo-second-order rate constant (g mg ' min™"), a is the initial sorption rate of the Elovich
model (mg g min™'), and B is the constant related to the extent of surface coverage and
activation energy for chemisorption of the Elovich model (g mg™).

Freundlich (Freundlich 1907), Langmuir (Langmuir 1918), and Sips (Sips 1948)
models were used to interpret the equilibrium data. Eq. (4), (5), and (5) show, respectively, the

mathematical expression of these models:

q _ QIHKL Ce
° I1+K,C, )
q. = KFCe]/nF (5)
q — qS (KS Ce )m
1+(K,C,) (6)

Where: ¢, is the equilibrium adsorption capacity (mg g'), Ce is the equilibrium
concentration in the liquid phase (mg L), ¢, is the maximum adsorption capacity of the
Langmuir model (mg g'), K, is the Langmuir equilibrium constant (L mg"'), K, is the

Freundlich equilibrium constant ((mg g') (mg L") ""F), 1/nF is the heterogeneity factor, g, is



the maximum adsorption capacity of the Sips model (mg g'), Ky is the Sips equilibrium
constant (L mg™"), and m is the exponent of the Sips model.

The parameters of the models were estimated by nonlinear regression, using the
Statistica 7.0 software (Statsoft, EUA). The validity of the kinetic and isotherm models was
assessed by determination coefficient (R’), adjusted determination coefficient (R’,;), and
average relative error (ARE). R’, R’,;, and ARE, were calculated according to Eq. (7), (8), and

(9), respectively:

Zj(qi,exp TG exp )2 o Z:,(qi,exp 4 model )2
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Where: Zimodel is the individual theoretical adsorption capacity value predicted by the model,

q iexp q exp

is the individual experimental adsorption capacity value, is the average of all
experimental adsorption capacity values measured; » 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™' K™') were calculated according to

Eq. (10), (11), and (12) (Lima et al. 2019, Wang et al. 2019):



AG° =-RTIn(K ,) (10)

)= 48°  4H°

In(K
(K R RT

(1000- K, -M,, )-[adsorbate

/ (12)

Where: T is the absolute temperature (K), R is the universal gas constant (8.31x107 kJ mol™
K™), K}, is the thermodynamic equilibrium constant, K 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).

The thermodynamic parameters were determined by linear regression, and R’ was used

as an indicator of fit quality.
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5. DISCUSSOES

Dois carvdes ativados chamados CA105 e CA11 foram preparados a partir da casca de
Castanha do Para (Bertholletia excelsa), ativados quimicamente com KOH em diferentes
proporg¢des e utilizados na remog¢ao de fenol. Os adsorventes foram caracterizados usando as
técnicas de FTIR, BET, TGA, DRX, e MEV. Sendo o trabalho divido em duas etapas: Artigo
1 e Artigo 2.

Na primeira parte do estudo foi demonstrado que ambos os CAs preparados foram
adsorventes promissores para remog¢dao do fenol de solugdes aquosas, com boa eficiéncia.
Onde, foi evidente que a diferenca na propor¢do de KOH influenciou nas caracteristicas
texturais dos carvoes. Assim, o CAll apresentou os melhores resultados, mostrando-se mais
eficiente que o CA105. Nas imagens MEV foi possivel observar que o CA11 aparentou ter
maior quantidade de cavidades do que CA105, fato que foi confirmado com as andlises BET/
BJH, onde CA1l apresentou maior area superficial e volume total de poros. Ou seja, a razao
de massa de KOH levou ao aumento da area superficial e do volume total de poros do
material obtido. Além disso, estudos preliminares sobre o equilibrio de adsor¢ado mostraram
que a cinética de adsor¢do do CA1l foi mais rapida do que a CA105 e capacidade de adsor¢ao
do CA11 foi mais alta, em torno de 68,52 mg g”' enquanto a do CA105 foi em torno de 55,16
mg g”'. Nesta etapa, que os carvdes 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 remocao de 28,05% e 48,20%. Sendo assim, por apresentar
resultados mais satisfatorios de eficacia, o CA11 foi utilizado na segunda etapa do estudo.

Nesta etapa todos os experimentos foram realizados novamente, € como adicional foi
investigado o ponto de carga zero, dosagem do carvao, pH da solugdo, temperatura,
termodindmica ¢ mecanismo de adsor¢ao frente a descontaminagao do fenol. Realizados entao
testes de dosagem e pH, com resultados igual a: dosagem de 0,75 g L™" e pH 6,0. Definidas as
condi¢des mais adequadas do pH e dosagem, as curvas cinéticas de adsor¢ao foram obtidas
usando diferentes concentragdes iniciais fenol (25-200 mg L") em intervalos de tempo
definidos (0-180 min). O estudo cinético mostrou que a adsor¢do foi de forma lenta,
independente das concentragdes iniciais, o equilibrio foi alcancado a partir de 180 min. Além
disso, com base nos valores mais elevados do coeficiente de determinagdo (R?) € menores
valores do erro relativo médio (ARE) o modelo de Elovich, foi mais adequado para
representar os dados experimentais, confirmando com base na litaratura, além da verificagao

pelo pardmetro o aumentou de 3,93 mg g min' para 142,73 mg g' min' com o aumento da



concentragdo inicial de fenol. Esta tendéncia confirma que o aumento na concentragao inicial
de fenol levou a uma adsor¢do mais rapida. Pelas isotermas de equilibrio pode-se observar
que o aumento da temperatura de 25 a 55 °C favoreceu a capacidade maxima de adsorgao
chegando a 99,02 mg g™'em T=55 °C. Os altos valores do coeficiente de determinagdo (R?) e
os menores valores do erro relativo médio (ARE) mostraram que o modelo de Sips foi o mais
adequado para representar os dados de equilibrio. O modelo indicou que o parametro kg
também aumentou com o aumento da temperatura, confirmando que a adsorcao foi favorecida
em 55°C. Nesta mesma fase, pelos estudos termodinamicos indicaram a adsor¢ao do fenol foi
favoravel, espontanea e endotérmica, sendo calculados a partir dos valores da varia¢do da
energia livre de Gibbis, entalpia e entropia (AG®, AH® e AS®). E, pelo valor de AH® = 20 kJ
mol ', sugere-se que a adsorcdo de fenol pelo CA, foi um processo fisico.

Os resultados demonstraram que os residuos de casca de castanha do Pard
(Bertholletia excelsa), sio um material promissor a ser utilizado para obtencdo de carvao
ativado. Os carvles obtidos, principalmente os utilizando maior massa de KOH, foram
eficientes para a remogdo de fenol, contribuindo para a eliminacdo de duas problemaéticas

ambientais como descarte de residuos e tratamento de efluentes.



6. CONCLUSAO GERAL

Este trabalho utilizou cascas de castanha-do-para como material precursor para a
producdo de carvdes ativados com diferentes propor¢des em massa de KOH. Ambos os
adsorventes foram caracterizados e usados para remover fenol de solu¢do aquosa. A partir da
caracterizagdo, os materiais apresentaram uma estrutura amorfa, com superficie irregular e
rugosa, presenca de grupos funcionais oxigenados na superficie e tamanho médio dos poros
em torno de 3,6 nm, classificados como materiais mesoporosos. Além disso, a razdo de massa
de KOH aumentou ligeiramente a area de superficie especifica de 314,3 m? g' (CA105) para
3322 m?g ' (CAll). E da mesma forma quando comparados, CA11 exibiu uma cinética
mais rapida e maior capacidade de adsorcao. As capacidades maximas de adsor¢do (g ;)
foram 55,16 e 68,52 mg g ' para CA105 ¢ CA11. Os carvdes ativados também foram usados
para tratar um efluente industrial simulado, apresentando eficiéncias de remog¢do abaixo de
50% para ambos. Esses resultados demonstraram o maior potencial do uso de CAll em vez
de CA105 na adsor¢do de fenol a partir de uma solugdo aquosa.

O carvao com maior eficacia adsortiva foi o CA11, e este apresentou o valor de ponto
de carga zero de 6,0. Além disso, pelos experimentos de adsor¢do de fenol, a dosagem de
adsorvent de 0,75 g L' e o pH igual a 6 foram satisfatorios. As curvas cinéticas foram bem
representadas pelo modelo de Elovich. O modelo Sips foi o mais adequado para representar as
curvas de equilibrio de adsor¢ao, com valor maximo da capacidade de adsor¢ao (g, ) de 99,02
mg g ', obtido na temperatura de 55 °C. O valor estimado da variagdo de entalpia confirmou
que a adsorcdo de fenol foi um processo endotérmico e sugeriu que foi governado por
interacdes fisicas. Esses resultados mostraram que o CA obtido apartir de casca de Castanha
do Para, ¢ potencial adsorvente para remocdao de fenol, contribuindo tanto para o
gerenciamento de residuos agricolas quanto para o tratamento de solugdes aquosas

contaminados com fenol.


https://www.sciencedirect.com/topics/engineering/mesoporous-material

SUGESTOES PARA TRABALHOS FUTURO

Ativar quimicamente o carvao obtido a partir da casca de castanha do Para, fazendo-se
uso de outros agentes como por exemplo, Cloreto de Zinco (ZnCl,) e Hidroxido de
Potéssio (H;PO,);

Investigar o processo de adsor¢do para outros compostos fenolicos (Ex.:
2-clorofenol);

Realizar o processo de regeneragdo com outros agentes regenerantes da literatura.
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