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RESUMO

O objetivo deste trabalho foi avaliar o potencial do bagaco da azeitona como
precursor na producdo de carvdo ativado para aplicagdo no tratamento de efluentes
contendo contaminantes emergentes. O adsorvente desenvolvido foi caracterizado atraves
das técnicas de Brunauer, Emmett e Teller (BET), Termogravimetria (TGA), Difragéo de
Raio X (DRX), Espectroscopia de Infravermelho com Transformada de Fourier (FTIR),
Microscopia Eletronica de Varredura (MEV), Potencial de Carga Zero (pHpcz), e massa
especifica. Os resultados mostraram o potencial do carvdo ativado produzido como
material adsorvente, apresentando area superficial de 650.9 m?.g~l. No estudo da
adsorcdo em batelada foi utilizado um efluente-modelo contendo nimesulida como
adsorvato e o carvdo ativado produzido, em cujo estudo foi proposto um planejamento
experimental com o objetivo de avaliar a influéncia do pH inicial, da concentragéo inicial
da solugdo contendo o contaminante e da dosagem de adsorvente na capacidade de
adsorcédo e eficiéncia de remocdo do adsorvato. A partir do mesmo foram realizados
ensaios de cinética e equilibrio de adsorcdo. O modelos de cinética e de equilibrio que
melhor se ajustaram aos dados experimentais foram o de Elovich e Freundlich,
respectivamente. A capacidade méxima de adsor¢do obtida experimentalmente foi de
353,27 mg-g*. Também foi realizado o estudo da adsor¢do em batelada de ibuprofeno,
de forma semelhante ao proposto para adsor¢do de nimesulida. O modelo cinético de PSO
foi o que melhor se ajustou aos dados experimentais obtidos, e para a isoterma de
equilibrio, o melhor ajuste foi obtido para 0 modelo de Langmuir, que forneceu uma
capacidade maxima de adsor¢do de 353.91 mg-gt. Além disso, foram realizados
experimentos de adsorcdo de ibuprofeno em fluxo continuo utilizando coluna de leito
fixo. O modelo matematico que melhor descreveu o comportamento dos resultados
obtidos foi 0 de Thomas, apresentando capacidade de adsorgdo de 167,77 mg-g*. A partir
dos resultados obtidos neste trabalho, é possivel afirmar que a producdo de carvao ativado
do bagaco da oliveira mostrou grande potencial como material adsorvente de

contaminantes emergentes.

Palavras-Chave: Residuo agroindustrial. Batelada. Leito fixo. Contaminantes
emergentes. Cinética e equilibrio de adsorg&o.



ABSTRACT

The objective of this work was to evaluate the potential of using olive pomace as
a precursor in the production of activated carbon for application in the treatment of
effluents containing emerging contaminants. The developed adsorbent was characterized
through the techniques of Brunauer, Emmett and Teller (BET), Thermogravimetry
(TGA), X-Ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR),
Scanning Electron Microscopy (SEM), Potential of Zero Load (pHpcz), and specific
mass. The results showed the potential of the activated carbon produced as an adsorbent
material, with a surface area of 650.9 m?.g~t. For the study of batch adsorption of
nimesulide on activated carbon, an experimental design was proposed with the objective
of evaluating the influence of pH and initial concentration of the solution containing the
contaminant and the adsorbent dosage on the adsorption capacity and removal efficiency.
From the same adsorption kinetics and equilibrium tests were performed. The kinetic and
equilibrium models that best fitted the experimental data were Elovich and Freundlich,
respectively. The maximum adsorption capacity obtained experimentally was 353.27
mg-g L. A batch adsorption study of ibuprofen was also carried out, similarly to that
proposed for nimesulide adsorption. The PSO kinetic model was the one that best fitted
the experimental data obtained, and for the equilibrium isotherm, the best fit was obtained
for the Langmuir model, which presented a maximum adsorption capacity of 353.91
mg-g L. In addition, continuous flow adsorption experiments were carried out using a
fixed bed column. The mathematical model that best described the behavior of the results
obtained was the Thomas, with an adsorption capacity of 167.77 mg-g*. From the results
obtained in this work, it is possible to state that the production of activated carbon from

olive pomace showed great potential as an adsorbent material for emerging contaminants.

Keywords: Agro-industrial waste. Batch. Fixed bed. Emerging contaminants. Kinetic and
equilibrium adsorption.
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1 INTRODUCAO

Uma das atividades agroindustriais de grande importancia no mundo é a producéo
de azeite de oliva (MAVROS et al., 2008). O Brasil possui muitas lavouras comerciais e
o0 estado do Rio Grande do Sul possui a maior area cultivada do pais (SEBRAE, 2017),
que passou de 80 ha em 2006 para 6.000 ha em 2020 (SECRETARIA DE
AGRICULTURA PECUARIA E DESENVOLVIMENTO RURAL, 2020). O aumento
da producdo de azeite implica em um aumento proporcional de residuos do lagar. No
processamento da azeitona, sdo gerados em média 20% de azeite e 80% de residuos
(CIPPP, 2000). Fazem parte desses residuos o bagaco de azeitona, folhas e as &guas rucas.
Estes possuem uma carga poluente 200 a 400 vezes superior a do esgoto domestico
(OLICER, S.d.; NOCTULA, S.d.). O bagaco consiste na polpa, caroco, agua e 6leo
residual da azeitona (MAVROS et al., 2008; SEBRAE, 2017; SECRETARIA DE
AGRICULTURA PECUARIA E DESENVOLVIMENTO RURAL, 2020). Esse residuo
apresenta cor escura e é composto por grandes quantidades de materiais organicos,
compostos volateis e substancias complexas que ndo sao facilmente degradaveis.
Portanto, quando depositados de forma inadequada no ambiente se tornam toxicos,
diminuem a demanda de oxigénio e afetam a qualidade do solo (AZBAR et al., 2004).
Como consequéncia desta tendéncia crescente, os lagares de azeite enfrentam graves
problemas ambientais devido a falta de solugdes viaveis e eficientes em termos de custos
para a gestao dos seus residuos. Dessa forma, o desenvolvimento de estratégias de gestao
para lidar com os residuos do processo de obtencdo do azeite tem recebido bastante
atencdo, a fim de minimizar a poluicdo ambiental e os riscos associados a satde. Estudos
indicam que os residuos solidos gerados na producédo de azeite podem ser considerados
economicamente viaveis. Suas propriedades permitem o seu uso como adubo, herbicida
ou pesticida, combustivel de biomassa para obtencao de energia, ragdo animal, também
pode ser utilizado para extracdo de componentes organicos como antioxidantes, obtencédo
de alcoois, biopolimeros, entre outros (AZBAR et al., 2004; MEDEIROS, R.M.L. et al.,
2016).

Uma das aplicagdes para 0 bagaco da oliveira é o processo de conversdo do mesmo
em material carbonéceo para aplicacdo como adsorvente de baixo custo (CIPPP, 2000;
BHATNAGAR et al., 2014). Materiais carbonaceos como o carvdo ativado possuem

caracteristicas importantes para técnicas de remocdo de contaminantes. Apresentam
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elevados valores de area superficial e capacidade de adsorcdo de uma grande variedade
de poluentes (SALEH, 2016; FROHLICH et al., 2019; ZUBIR; ZAINI, 2020). Nesse
sentido, pode-se citar o trabalho de BACAOUI et al. (2001), os quais desenvolveram um
carvao ativado oriundo de residuos da oliveira através de processo de ativacao fisica. Em
seus estudos obtiveram um valor de 514 m?.g™ para a area superficial especifica apds
etapa de ativacdo a uma temperatura de 800 °C durante 30 min. DEMIRAL et al. (2011)
também estudaram o uso de residuos da olivicultura na obtencéo de carvao ativado por
ativacio fisica e obtiveram area superficial de até 947 m?.g' a uma temperatura de
ativacdo de 900 °C durante 30 min. Desse modo, 0 uso de residuos agroindustriais tem
mostrado grande potencial para o desenvolvimento de carvdo ativado, o qual possui
propriedades atrativas para uso no tratamento de efluentes.

Entre os diversos métodos utilizados para tratamento de efluentes, a adsorcéo é
uma operacdo unitaria de separacdo que se encontra entre 0s processos com melhor
desempenho para a remogdo de contaminantes presentes em efluentes liquidos. Apresenta
alta eficiéncia de remocdo, simplicidade na operacdo, viabilidade ambiental e
possibilidade de regenerar e reutilizar o adsorvente apds a adsorcdo. E amplamente
empregada na remogdo de corantes téxteis, metais pesados e farmacos presentes em aguas
residuais (BACCAR et al., 2009; BERRIOS et al., 2012; BHATNAGAR et al., 2014;
HAZZAA; HUSSEIN, 2015; SAUCIER et al., 2015; HOLKAR et al., 2016; AL-
GHOUTTI; SWELEH, 2019; BOUDRAHEM et al., 2019; ASLAN; SIRAZI, 2020).

A preocupacdo com a ocorréncia e destino de contaminantes em &guas residuais
tem se tornado cada vez mais expressiva devido a falta de informacdes sobre os efeitos
destes em organismos vivos (SAUCIER et al., 2015). As diversas atividades industriais
estdo em constante crescimento e produzem efluentes liquidos contaminados com
substancias extremamente nocivas ao ser humano e ao meio ambiente. A Resolugéo
CONAMA n° 357, de 17 de marco de 2005, estabelece que efluentes contaminados
somente poderdo ser lancados em corpos de &gua ap6s o tratamento adequado,
obedecendo os padrdes exigidos pela mesma. Entre os principais contaminantes se
encontram os compostos farmacéuticos. No mundo, cerca de 100 a 200 mil toneladas de
medicamentos sé@o consumidas e uma quantidade expressiva desses compostos, cerca de
30 a 90%, ndo é totalmente metabolizada em humanos e séo excretados como compostos
ativos (ALMASI et al., 2016; SEID-MOHAMMADI et al., 2019). Pesquisadores do

Instituto do Mar monitoraram as aguas da Baia de Santos, litoral de S&o Paulo, e
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observaram sérios danos a biota marinha. Em seus estudos identificaram grande presenca
de anti-inflamatorios, anti-hipertensivos e analgésicos, somando 32 farmacos
(UNIFESP). Dessa forma, destacam-se a nimesulida e o ibuprofeno, que séo anti-
inflamatdrios de elevada demanda, os quais ndo necessitam de prescricdo médica para
consumo. Kramer et al. (2015) detectaram e quantificaram anti-infamatérios nos rios
Atuba e Belém, pertencentes & bacia hidrografica do Alto Iguacu na cidade de
Curitiba/PR, Brasil. No rio Atuba, identificaram ibuprofeno em um concentracdo média
de 102 ng.L! e no rio Belém, 370 ng.L™?. Lopez-Serna et al. (2013) quantificaram
ibuprofeno em uma concentragdo média de 600 ng.L™ na bacia do Rio Guadalquivir, no
sul da Espanha. Paiga et al., (2013) encontraram uma concentracdo de 723 ng.L* de
ibuprofeno no rio Lima, em Portugal. A deteccdo e quantificacdo de nimesulida em aguas
residuais ainda necessitam ser exploradas. A literatura ndo reporta estudos avancados de

aguas contendo este farmaco.

Nesse aspecto, estudos tem sido desenvolvidos para o tratamento de &guas
contaminadas com farmacos através do processo de adsor¢cdo em carvdo ativado.
Boudrahem et al. (2019) estudaram a adsorcdo de tetraciclina em carvéo ativado oriundo
do residuo do carogo da azeitona. O modelo cinético que melhor se ajustou aos dados
experimentais foi o de Pseudo Primeira Ordem, e encontraram um valor de 186 mg.g™*
para a capacidade maxima de adsorc¢do através do modelo isotérmico de Langmuir. Aslan
e Sirazi (2020) avaliaram a adsorcdo de sulfonamida em carvao ativado do caroco da
azeitona. O modelo matematico que melhor descreveu a cinética da adsorcao foi o de
Pseudo Segunda Ordem. Em seus estudos obtiveram um valor de 66,22 mg.g™* para a

capacidade maxima de adsorcéo através do modelo isotérmico de Langmuir.

Desta forma, o presente trabalho se justifica na proposta de uma alternativa para
utilizacdo do bagaco da oliveira como matéria-prima na producéo de carvao ativado,
visando o0 aproveitamento do mesmo para o tratamento de efluentes através da remocao

de farmacos considerados contaminantes emergentes.
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2 OBJETIVOS

2.1 Objetivo Geral
Este trabalho teve por objetivo sintetizar um material carbonéceo (carvéo ativado)
a partir do residuo da olivicultura e avaliar seu potencial na remocao de contaminantes

emergentes através da adsorcdo sélido-liquido.

2.2 Objetivos Especificos
22.1 ARTIGO 1
a) Sintetizar e caracterizar um carvao ativado a partir do residuo da olivicultura (bagago

da azeitona);

b) Propor um planejamento experimental e avaliar a influéncia do pH inicial, dosagem de
adsorvente e concentracdo inicial de adsorvato em solucdo na capacidade de adsorgéo e

na eficiéncia de remocdo de nimesulida presente em um efluente modelo;

c) Obter a cinética de adsor¢do de nimesulida no carvao ativado produzido e avaliar os

resultados experimentais através de modelos matematicos;

d) Obter as isotermas de equilibrio da adsorcdo de nimesulida pelo carvéao ativado e

utilizar modelos matematicos para ajuste aos dados experimentais.

2.2.2 ARTIGO 2
a) Propor um planejamento experimental e avaliar a influéncia do pH, dosagem de

adsorvente e concentragdo inicial da solucdo na capacidade de adsorcdo e na eficiéncia

de remocéo de ibuprofeno;

b) Obter a cinética de adsorcéo de ibuprofeno no carvao ativado e avaliar os resultados

experimentais através de modelos matematicos;

c) Obter as isotermas de equilibrio da adsorcdo de ibuprofeno pelo carvédo ativado e

utilizar modelos matematicos para ajuste aos dados experimentais.

d) Realizar adsorc¢éo de ibuprofeno de forma continua em leito fixo.
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3 REVISAO BIBLIOGRAFICA

3.1 Olivicultura no Brasil e no Rio Grande do Sul

A producdo de azeite de oliva é uma atividade agroindustrial de grande destaque
no mundo (MAVROS et al., 2008). O Brasil possui muitas lavouras comerciais, cerca de
7.000 hectares espalhadas pela Serra da Mantiqueira, que abrange areas dos estados de
Minas Gerais, S&o Paulo, Rio de Janeiro, e pelo Rio Grande do Sul (KIST et al., 2019).
O estado do Rio Grande do Sul possui a maior area cultivada do pais (SEBRAE, 2017),
que passou de 80 ha em 2006 para 6.000 ha em 2020 (SECRETARIA DE
AGRICULTURA PECUARIA E DESENVOLVIMENTO RURAL, 2020). No ano de
2010 foram realizadas as primeiras colheitas no Rio Grande do Sul. A expansdo do
cultivo, principalmente na metade sul do estado, possibilitou a criacdo do Programa Pré-
Oliva, em 2015 pelo Governo do Estado. O programa apoia 0s produtores no
desenvolvimento e consolidacdo do trabalho na olivicultura no RS. Em 2017, foi
estabelecido o Instituto Brasileiro da Olivicultura (IBRAOLIVA), objetivando a uniédo
dos olivicultores brasileiros e promovendo o desenvolvimento e fortalecimento da
olivicultura no Brasil (INSTITUTO BRASILEIRO DE OLIVICULTURA, 2021). Dados
do IBRAOLIVA estimaram uma oferta de 260 mil litros de azeite em 2019, superando o
valor de cerca de 140 mil litros estimados em 2018. O aumento na quantidade de azeite
produzida se deve ao recorde de quase 200 mil litros de azeite obtidos apenas no estado
do RS. O Estado apresenta a maior area e as melhores perspectivas para a cultura no Pais.
Porém, mesmo com o0 aumento na producéo, o Brasil se encontra estre 0s paises que mais
importam azeite de oliva, e isso significa, para representantes do setor, a necessidade do
investimento em pesquisa e em cursos técnicos sobre olivicultura para ampliar a area de

producdo e garantir desempenho promissor (KIST et al., 2019).

3.2 Potencial do uso de residuos da olivicultura

O uso de residuos provenientes das etapas de processamento na agroindustria tem
ganhado significativa atengdo com relagdo ao desenvolvimento de novos produtos que
agregam valor econémico e nutricional, além de reduzir o impacto ambiental causado
pelo seu descarte inadequado. No processamento da matéria-prima para a producdo do

azeite de oliva, sdo gerados uma série de residuos solidos e liquidos que causam sérios
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problemas ambientais (BHATNAGAR et al., 2014). Entre esses residuos esta o bagaco,
que consiste na polpa e caroco da azeitona, &gua e 6leo residual (FERREIRA et al., 2015;
MAVROS et al., 2008) e a folha de oliveira. Para 100 kg de azeitonas, séo gerados em
média, 20% de 6leo e 80% de residuos. Dependendo do sistema de extracao, esse residuo
pode ser dividido em 70% de bagaco e 10% de agua residual e 6leo (CIPPP, 2000). O
bagaco € de coloracdo escura e € composto por grandes quantidades de materiais
organicos, compostos volateis e substancias complexas, que ndo sdo facilmente
degradaveis. Portanto, sdo tdxicos para as plantas, diminuem a demanda de oxigénio e
afetam a qualidade do solo (AZBAR et al., 2004).

O desenvolvimento de novos produtos a partir de residuos da oliveira no sul do

Brasil tem se mostrado promissor devido ao aumento da geracdo dos residuos dessa

atividade. O Quadrol apresenta estudos desenvolvidos a partir desse material residual.

Quadro 1- Estudos do uso de residuos da oliveira.

Precursor Aplicagao Autor
Folha da Estudo da influéncia da secagem convectiva nas (CAGLIARI,
oliveira caracteristicas das folhas 2017)

Bagaco da Estudo da adsorcdo de azul de metileno no bagaco (CACERES,
oliveira extraido do azeite de oliva 2017)
Bagaco e Producéo de extratos e quantificagdo de compostos (PAULINO et
folha da 21

. fenolicos al., 2020)
oliveira
Bagaco e Extracdo de compostos fenolicos para aplicacdo como | (COSTA et al.,
folha da . . )

o aditivo natural de filme ativo 2020)
oliveira

Bagaco da « . (RODRIGUES
oliveira Produgdo de farinha etal., 2020)
Folha da E;:tudo de meto_dos ~ole secagem para produga(_) de (CREPALDI et

o farinha e determinacédo de carotenoides, clorofilas e
oliveira fenbi . al., 2020)
enois totais
Folha da Extraga_o de compgstos biotivos do_ extrato da_ollvelra (ROSA, DA et
oliveira para incorporagao no deser_lvolwment(_) dg filmes al., 2020)
biodegradaveis com propriedades antioxidantes N
Folha da Extragao_ de compostos bIO_a'[_IVOS e aval_la_gao do (MARTINY et
o potencial de uso como aditivo com atividade
oliveira . ) . al., 2021)
antioxidante e antibacteriana.

Fonte: Autora (2022).
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S&o diversas as aplicacOes para esses residuos, como a geracdo de energia por
meio da gaseificacdo, alimentacéo de fornos industriais, o uso agricola como fertilizante,
ragdo animal, entre outros. Estudos tém sido desenvolvidos usando materiais de baixo
custo como os residuos naturais e agroindustriais como adsorventes, pois apresentam alto
teor de carbono devido sua caracteristica organica, aléem disso, esses materiais séo
renovaveis e estdo disponiveis em abundancia (BHATNAGAR et al., 2014). Uma
promissora alternativa para utilizagdo do bagaco da azeitona é como matéria-prima para
producdo de carvéo ativado, para aplicacdo como adsorvente de efluentes contaminados
(BAUTISTA-TOLEDO et al., 2014).

Carvoes ativados sdo amplamente desenvolvidos para aplicagdo como materiais
adsorventes devido a sua elevada area de superficie, estrutura porosa e alta capacidade de
adsorcdo (KULA et al., 2008). A capacidade do carvéo ativado em adsorver poluentes de
efluentes liquidos depende diretamente da natureza do material orgénico utilizado para
preparé-lo (SAUCIER et al., 2015). Os dois métodos bésicos utilizados para a sintese de
carvdes ativados sdo ativacdo fisica e quimica. O método de ativacao fisica ou térmica se
resume na carbonizacdo da matéria-prima, seguida pela ativacdo em alta temperatura em
uma atmosfera de dioxido de carbono ou vapor. A ativacdo quimica envolve um
tratamento quimico de uma etapa a temperatura mais baixa do que a ativacdo fisica na
presenca de determinados agentes quimicos, acidos ou basicos (ZABIHI. 2009). Uma
série de estudos tem sido realizados no uso de residuos da olivicultura para producao de
materiais carbondceos (HAZZAA; HUSSEIN, 2015; LAROUS; MENIAI, 2016;
BOUDRAHEM et al., 2019; ASLAN; SIRAZI, 2020; EDER et al., 2021).

O desenvolvimento do carvdo ativado a partir do bagaco da azeitona pode
apresentar uma o6tima alternativa para o aproveitamento de residuos agroindustriais,
reduzindo seu descarte na natureza. Dessa forma, é possivel alinhar a necessidade para
um fim adequado deste residuo a crescente contaminacdo dos sistemas de agua por
compostos quimicos, 0S quais em sua maioria se concentram nos COMPOStos
farmacéuticos, divididos em suas classes como anti-inflamatérios, analgésicos, entre

outros.

3.3 Tratamento de Efluentes Contendo FArmacos
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A poluicdo de aguas residuais por produtos farmacéuticos tem gerado uma
crescente preocupacdo ambiental. Efluentes contaminados necessitam de tratamento
adequado para serem destinados aos cursos de &gua. Os poluentes emergentes séo
prejudiciais ao meio ambiente e a saide humana (PAULETTO et al., 2021). Alguns paises
baniram a comercializacdo e 0 uso de determinados medicamentos, devido aos seus
efeitos hepatotoxicos e lesdes gastrointestinais (KOLTSAKIDOU et al., 2019;
PAULETTO et al., 2021). Em geral, os medicamentos majoritarios tém alta solubilidade
em agua e ndo sdo completamente removidos em estacGes de tratamento de agua
convencionais (GOMEZ et al., 2006; KOLTSAKIDOU et al., 2019; ZHAO et al., 2019;
PAULETTO et al.,, 2021). Entre esses contaminantes se encontra a nimesulida e o
ibuprofeno, que sdo medicamentos muito utilizados e comercializados de forma direta,

sem exigéncia de prescricdo médica.

3.3.1 Nimesulida

A nimesulida ou 4-nitro-2-fenoximetanossulfanilida (Figura 1) apresenta formula
molecular C13H12N20sS e possui massa e didmetro molecular de 308.31 g mol™* e 0,99
nm, respectivamente (JAURIS et al., 2017; PAULETTO et al., 2021). Possui um carater
fracamente acido com pKa de 6,56 (SINGH; et al 1999) e baixa solubilidade em agua
(cerca de 10 pg/mL) (PIEL, 1997; PATEL et al., 2019). E um medicamento geralmente
prescrito para reduzir a febre e dores relacionadas a artrite reumatoide (JAURIS et al.,
2017). Exerce efeito analgésico, antitérmico e anti-inflamatério (MINISTERIO DA
SAUDE DO BRASIL, SECRETARIA DE CIENCIA, TECNOLOGIA E INSUMOS
ESTRATEGICOS, 2010). A nimesulida ¢ um farmaco encontrado em diversas formas
como capsulas, supositérios, suspensdes, granulados, gotas e comprimidos (SANTOS,
2014). E excretada principalmente na urina, cerca 50 a 62,5 %, também por excrecio
fecal entre 17,9 e 36,2 % onde 6 a 8 % do farmaco é eliminado intacto (ANDRADE,
2006).

Figura 1 — Estrutura quimica da nimesulida.
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Fonte: Adaptado de SANTOS (2014).

3.3.2 Ibuprofeno

O ibuprofeno ou &cido RS-2-(4-isobutilfenil)-propandico (Figura 2), apresenta
formula molecular C13H1802 e possui massa e diametro molecular de 206,27 g mol ™ e
0,99 nm, respectivamente e possui pKa de 4,15 (FROHLICH et al., 2018). E um anti-
inflamatério ndo esteroidal (AINE), comumente utilizado por seus efeitos anti-
inflamatorios e analgésicos no tratamento da dor e inflamacdo em doencas reumaticas,
febres e outros distirbios musculoesqueléticos (ONG et al., 2007; MAGIERA;
GULMEZ, 2014; KHAN, 2017). A principal forma de excrecdo deste farmaco € renal,
aproximadamente 66%, enquanto cerca de 34% ¢é excretado nas fezes (MAGIERA;
GULMEZ, 2014). Esse medicamento é disponibilizado na forma de comprimidos (200,
300 e 600 mg) e solugdo oral (50 mg mL1) (BRASIL, 2010).

Figura 2: Estrutura quimica do ibuprofeno.
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Fonte: Adaptado de FROHLICH et al. (2018).

Diversos métodos tém sido utilizados para a remocdo de farmacos de aguas
residuais como coagulacdo-floculacdo e flotacdo (SUAREZ; LEMA; OMIL, 2009),
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sedimentacdo, biofiltracdo, precipitacio quimica (ZIYLAN; INCE, 2011;
KOLTSAKIDOU et al., 2019), filtragdo em areia (NAKADA et al., 2007), ozonizagao
(ZIYLAN; INCE, 2011) e adsorcdo (JAURIS et al., 2017; PAULETTO et al., 2021). O
método de adsorcao esta entre os melhores processos disponiveis para a remocdo de
poluentes de efluentes liquidos (BHATNAGAR et al., 2014), devido a alta eficiéncia de
remocao, simplicidade na operacgéo, viabilidade ambiental e possibilidade de regenerar e
reutilizar o adsorvente apds a adsorcdo (SAUCIER et al., 2015; HOLKAR et al., 2016;
AL-GHOUTI; SWELEH, 2019). A adsorcdo por carvdo ativado tem se destacado na
remocado de compostos farmacéuticos de efluentes contaminados, como ibuprofeno,
carbamazepina, diclofenaco, amoxicilina, paracetamol e nimesulida (NAKADA et al.,
2007; BACCAR et al., 2012; SAUCIER et al.,, 2015; SELLAQUI et al., 2017;
BOUDRAHEM et al., 2019; ASLAN; SIRAZI, 2020; PAULETTO et al., 2021).

3.4  Operacdo Unitaria de Adsorcao

A operacdo unitéaria de adsor¢do é um processo de transferéncia de massa e pode ser
empregada na remocdo de contaminantes presentes em fase liquida ou gasosa. Dentre as
vantagens dessa operacao unitaria estdo a versatilidade, a auséncia da necessidade do uso
de grandes quantidades de energia, agua ou produtos quimicos adicionais (RUTHVEN,
1984; FOUST et al., 2006).

A transferéncia de massa durante o processo de adsorcdo acontece devido a
transferéncia de ions ou moléculas de um componente em uma fase gasosa ou liquida,
denominado adsorvato para uma superficie s6lida, chamada adsorvente (MARQUES
JUNIOR, 2017; LUTKE, 2019). Nesse processo, 0 adsorvato presente na fase liquida €
atraido para a zona interfacial (interface) do adsorvente pela existéncia de forcas atrativas,
onde as condi¢des termodinamicas, afinidade entre adsorvente e adsorvato e superficie
do adsorvente determinam uma melhor adsorcdo (RUTHVEN, 1984) e essa atracao so €
possivel devido a diferenga de concentracdo do adsorvato que existe entre a solucéo e a
superficie do adsorvente (MCCABE et al., 2007). J& no processo de dessorg¢ao ocorre 0
contrério, visando avaliar a reversibilidade e/ou histerese da retencdo das espécies
estudadas no material adsorvente. Na dessorcdo, a solucdo de equilibrio advinda do
experimento de adsorcdo é removida, e o residuo da fragdo solida recebe uma nova

solucéo, com as mesmas caracteristicas da anterior (DOUMER, 2016).
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Dependendo da natureza das forcas envolvidas, a adsorcdo pode ser classificada
quanto a sua intensidade em dois tipos: adsorc¢do fisica e adsor¢do quimica. Na adsor¢éo
fisica ou fisissorgdo, as forcas envolvidas entre o adsorvente e o adsorvato sdo
eletrostaticas, a ligacdo do adsorvato a superficie do adsorvente é fraca, e pode ser
atribuida as forcas de Van der Waalls ou interacdes dipolo-dipolo (NASCIMENTO et al.,
2014). Sendo assim, pode-se definir a adsor¢do fisica como aquela que ocorre quando as
forcas intermoleculares de atracdo das moléculas na fase fluida e da superficie sélida sdo
maiores que as forcas atrativas entre as moléculas do préprio fluido (GOMES, 2011). A
quantidade de energia liberada tem variagdo de entalpia inferior a 40 kJ.mol?, a qual é
considerada relativamente baixa. Neste tipo de adsorcdo, pode ser formada na superficie
do adsorvente mais de uma camada de adsorvato (adsor¢cdo em multicamada) conforme
ilustra a Figura 3. Geralmente o equilibrio é atingido rapidamente e o processo é
reversivel. Na adsorcao quimica ou quimissorc¢do, ocorre a formacéo de ligacdes quimicas
fortes entre o0 adsorvato e 0s grupos funcionais presentes na superficie do adsorvente, ou
seja, ocorre uma troca de elétrons ou moléculas. Essa interagdo quimica entre o fluido
adsorvido e o sélido adsorvente conduz a formacdo de um composto quimico de
superficie ou complexo de adsorcdo (GOMES, 2011). Este tipo é caracterizado pela
liberagdo de uma quantidade de energia com variagdo de entalpia superior a 40 kJ.mol™
e é restrito a primeira camada superficial do adsorvente (adsorcdo em monocamada)
conforme ilustra a Figura 3. Esse comportamento é caracteristico da adsorcao localizada,
com as moléculas adsorvidas fixadas na superficie do material adsorvente. A
quimissor¢do é um processo geralmente lento e irreversivel (RUTHVEN, 1984; FOUST
et al., 2006). A natureza das espécies envolvidas é o que define a ocorréncia de ligagcdes
quimicas. Portanto, a adsor¢do quimica se torna especifica, ndo ocorrendo para todas as
espécies em solugdo. Sob condigdes favoraveis, ambos 0s processos (fisissorcdo ou

quimissorcdo) podem ocorrer simultaneamente (OLIVEIRA et al., 1999).

A Figura 3 ilustra uma particula de carvéo ativado com a representacdo de seus poros
em um processo de adsor¢cdo. Sao representadas as moléculas do contaminante que se

deposita nos sitios disponiveis e no interior dos poros.

Figura 3: Esquema do processo de adsor¢do em uma particula de material adsorvente.
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Fonte: Adaptado de LUTKE (2019).

Os dois métodos mais comuns usados para adsor¢do sélido-liquido sdo os métodos
em batelada e em fluxo continuo. No método em batelada o adsorvente é adicionado em
uma solucédo aquosa contendo o adsorvato sob agitacdo constante, e no método em fluxo
continuo, € utilizada uma coluna de leito fixo contendo o adsorvente onde o adsorvato
percorre 0 leito em fluxo constante de forma ascendente ou descendente (RAY;
SHIPLEY, 2015).

3.4.1 Adsorcao em batelada

No processo de adsorcdo em batelada, uma quantidade de adsorvente m (g) é
colocada em contato com um volume inicial V,, (L), com uma concentragéo inicial C, (mg
L1). Enquanto a solugdo é agitada, o adsorvato é transferido para a superficie do material
adsorvente, diminuindo a sua concentragdo na solugdo até que se atinja o estado de
equilibrio €, (mg/L). O estudo em batelada permite determinar adequadamente
parametros importantes, como dosagem de adsorvente e concentragéo inicial da solucéo,
necessarios ao desenvolvimento de estudos do equilibrio da adsorcéo, visando, por
exemplo, o dimensionamento de sistemas de tratamento de efluentes contaminados
(OLIVEIRA, 2007; ARIM, 2018). Os metodos descontinuos sdo utilizados para descrever

a cinetica e a capacidade de adsorcdo no equilibrio (isotermas). Como a adsor¢édo
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(sélido/liquido) proporciona a reducéo na concentracao do soluto presente em solucéo, a
quantidade desse soluto retido no adsorvente, no equilibrio ou no tempo t, é determinada
a partir do balanco de massa, e é geralmente expressa em miligrama de adsorvato
adsorvido por grama de adsorvente (CADAVAL JR et al., 2015).

O balango de massa para o adsorvato em um sistema em batelada no tempot=0

et=oo expresso pela Equacéo 1:

CoVo + qom = C.V, + gom 1)

onde C,, V, e g, sdo respectivamente a concentracdo, volume da solucdo e a capacidade
adsortiva do material adsorvente no equilibrio. Para um adsorvente em seu estado inicial,
antes da adsorcdo, a quantidade do soluto adsorvido em t = 0 é zero (g,= 0). A aliquota
removida para quantificagdo do adsorvato é desprezivel em relacdo ao volume total da

solugéo, portanto, Vo, = V, = V.

A capacidade de adsorvato adsorvido pela massa de adsorvente pode ser expressa

pela Equacdo 2:

g, = Lo = Ce) @

m

onde q, € a quantidade de contaminante adsorvido (mg de adsorvato/g de adsorvente), V
é o volume da solucdo em litros, m é a massa de (g) adsorvente, C, é a concentracao
inicial do adsorvato na solucdo e C, é a concentracdo do adsorvato no equilibrio (mg de

contaminante/L).

A eficiéncia de remocdo do soluto pelo material adsorvente pode ser determinada
pela Equacdo 3:

c, —C,
Co

R(%) = .100 3)

A Figura 4 faz uma representacdo esquematica do processo de adsor¢do em

batelada realizada em laboratorio.

Figura 4: Processo de adsor¢éo em batelada.
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3.4.1.1 Mecanismos de Transferéncia de Massa
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O estudo dos mecanismos de transferéncia de massa que ocorrem na adsorcao é

de suma importancia, pois possibilita 0 conhecimento da maneira pela qual o adsorvato
interage com o adsorvente (CRINI; BADOT, 2008; LUTKE, 2019). Em geral, 0s

mecanismos envolvidos na adsor¢do sdo: transferéncia de massa externa, difusao

intraparticula e adsorcéao nos sitios ativos, conforme apresentado na Figura 5.

Figura 5: Mecanismos de transferéncia de massa.
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Fonte: Autora (2022).
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Na transferéncia de massa por difusdo externa, ocorre a migracdo das moléculas
do adsorvato presente na solucao para a superficie externa do material adsorvente até a
entrada dos poros, por intermédio de uma camada de fluido, denominada camada-limite,
que envolve a particula (KIELING, 2016). A resisténcia a transferéncia de massa esta na
fase liquida, e é mensurada atraves do coeficiente de transferéncia de massa externo
(SUZUKI, 1990). J& na difuséo intraparticula, as moléculas de adsorvato difundem-se a
partir da superficie do adsorvente, migrando pela estrutura interna de poros do material
(RUTHVEN, 1984). A resisténcia a transferéncia nessa regido esta na fase solida e é
determinada pela difusividade intraparticula (SUZUKI, 1990). E por fim, ocorre a difusdo
nos sitios ativos dentro dos poros, que corresponde as moléculas totalmente adsorvidas
ao longo da superficie do poro (KIELING, 2016). Quando a resisténcia a transferéncia de
massa € interna, a difusdo intraparticula controla o processo, porém, quando a resisténcia
a transferéncia de massa esta na fase liquida, a resisténcia a difusividade no interior da
particula pode ser desprezada (QIU et al., 2009; VIEIRA, 2018).

A concentracdo da solugdo contendo o adsorvato, as propriedades das moléculas
do mesmo e a agitacdo durante o processo de adsorcdo influenciam consideravelmente na
difusdo externa. O aumento da concentracdo do adsorvato (fase liquida), por exemplo,
pode acelerar a difusdo do mesmo na superficie do sélido. J& a difusdo intraparticula
ocorre no inteior dos poros/sitios ativos e depende diretamente das propriedades do
adsorvente (fase sélida), principalmente com relacdo ao tamanho de poros, classificados
segundo a IUPAC como, micro (didmetro < 2 nm), meso (2 nm < didmetro < 50 nm) e
macroporo (d > 50 nm) (NASCIMENTO et al., 2014; THOMMES et al., 2015).

3.4.1.2 Cinética da Adsorcao

Sendo baseado na lei de resfriamento de Newton e proposto por Lagergren em
1898, 0 modelo de Pseudo-Primeira Ordem (PPO) assume que a adsor¢do ocorre como
consequéncia da diferenca de concentragéo entre a superficie do adsorvente e a solucéo,
e descreve, na maioria dos casos, processos em que a etapa determinante da taxa de
adsorcdo antecede a difusdo superficial, ou seja, é geralmente aplicado no estagio inicial
do processo. Ndo € indicado para periodos extensos de adsorcdo, pois ndo fornece
representacdo efetiva dos dados. O modelo de pseudo-primeira ordem pode ser expresso
através da Equacdo 4 (RUTHVEN, 1984; SKODRAS et al., 2008):
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qr = q.(1 — exp~Fat) 4

onde q; e g, sdo as capacidades de adsorcdo no instante t e no equilibrio respectivamente
(mg.gl), t é o tempo de adsorgdo (min) e k,€é a constante cinética de pseudo-primeira

ordem (mint).

O modelo cinético de Pseudo-Segunda Ordem (PSO) foi sugerido por Ho e Mckay
em 1999 e € baseado na capacidade de adsorcédo da fase sélida. Diferentemente do modelo
de pseudo-primeira ordem, este modelo prevé o comportamento cinético em todo o tempo
do processo de adsorcdo e conecta na mesma equacao os efeitos interno e externo de
transferéncia de massa. Este modelo pode ser expresso de acordo com a Equacdo 5
(RUTHVEN, 1984; SKODRAS et al., 2008):

qe” (kst)

1= 0+ qoksd) ©)

onde k, a constante cinética de pseudo-segunda ordem (g.mg™*.mint). Os pardmetros k,

e g, podem ser obtidos através do grafico de t/q; versus t.

O modelo de Elovich é adequado para adsor¢do envolvendo quimissorgdo. E
caracterizado por taxas lentas de adsorcéo devido ao aumento da cobertura na superficie
do material adsorvente. Este modelo pode ser expresso pela Equacdo 6 (JUANG; CHEN,
1997).

1
q: = Bln(l + abt) (6)

onde a é a velocidade inicial do modelo de Elovich (mg.g~.min™) e b é a constante de

dessorcéo do modelo de Elovich (g.mg™).

A cinética controla a eficiéncia da operagdo de adsor¢éo, e € por isso que o estudo
cinético é de fundamental importancia, pois fornece informacGes sobre a velocidade em
que a adsorcdo acontece e sobre as interagdes gque ocorrem na interface adsorvente-
adsorvato (CRINI; BADOT, 2008; LUTKE, 2019). Diversos modelos matematicos séo

utilizados para o estudo dos mecanismos de transferéncia de massa no processo de
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adsorcéo, os quais se baseiam na concentracdo da solucdo remanescente (KIELING,
2016).

No modelo de Weber e Morris (1963), se a difusdo intraparticula € o fator
determinante da velocidade, a remocao do adsorvato varia com a raiz quadrada do tempo.
Esse modelo é representado pela Equacéo 7:

qr = ki tY2 +C (7

onde g, é a quantidade de adsorvato adsorvida na fase sélida (mg/g) em um tempo t
(min), k;,, € o coeficiente de difusdo intraparticula (mg. min*?/g) e C é uma constante
relacionada com a resisténcia a difusdo (mg/g). O valor de k;,, pode ser obtido através da
inclinacdo da reta e o valor de C através da interseccao da curva do grafico g, em funcao
de t1/2, Os valores de C do ideia da espessura da camada limite, ou seja, quanto maior
for o valor deste parametro, maior sera o efeito da camada limite (NASCIMENTO et al.,
2014). De acordo com a Equag&o 7, o grafico de g, em funcéo de t'/2 deve ser uma linha
reta, e apresentar multilinearidade, e cada porcdo representa um mecanismo de
transferéncia. Se as linhas passam pela origem, a difusdo intraparticula governa a taxa de
transferéncia de massa. Se as linhas ndo passam pela origem, isso indica que a cinética
pode ser controlada por difusdo de filme, que é a difusdo através da camada limite, e

difusdo intraparticula simultaneamente (ARIM, 2018).

3.4.1.2 Isotermas de Equilibrio

O equilibrio da adsorcao € estudado a partir de isotermas de adsorcao, as quais
descrevem 0 mecanismo em que a adsor¢ao ocorre, ou seja, como 0 adsorvato entra em
contato com a superficie do material adsorvente. Também através das isotermas de
equilibrio, é possivel determinar a capacidade maxima de adsor¢do em uma determinada
condicédo (CRINI; BADOT, 2008; LUTKE, 2019).

As isotermas de adsorcdo apresentam um comportamento especifico de acordo
com o seu mecanismo. Os tipos mais comuns sdo: linear, favoravel, extremamente
favoravel, desfavoravel e irreversivel. Na isoterma linear, a massa de adsorvato retida por
unidade de massa do adsorvente é diretamente proporcional a concentracdo de equilibrio
do adsorvato na fase fluida, j& na isoterma irreversivel, ela independe da concentracgdo de
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equilibrio. Na isoterma favoravel, a massa de adsorvato retida por unidade de massa do
adsorvente ¢ alta para baixas concentrac@es de equilibrio, e na isoterma desfavoravel, é
baixa mesmo para altas concentragdes de equilibrio (ALVES, 2007; MOREIRA, 2008).

A Figura 6 apresenta a classificacdo das isotermas de adsorc¢éo.

Figura 6: Classificacao das isotermas de adsorcao.

Irreversivel

Favoravel

Extremamente
favoravel

q. (mgg™1)

Desfavoravel

C. (mg.L™1)

Fonte: Adaptado de McCabe, Smith and Harriot (2007).

Quando uma solucgéo entra em contato com o material adsorvente o sistema acaba
atingindo o equilibrio, este estado de equilibrio € a igualdade entre as taxas de velocidade
em que as moléculas ou ions sdo adsorvidos/dessorvidos na superficie do adsorvente, ou
seja, a adsorcdo/dessorcdo ndo deixam de ocorrer, porém acontecem na mesma
velocidade. Existem varios modelos de isotermas de equilibrio para analisar dados
experimentais e descrever o equilibrio da adsorcéo, e entre os mais utilizados estdo os
modelos de Langmuir e Freundlich que sdo representados pelas EquagOes 8 e 9,
respectivamente (FREUNDLICH, 1903; LANGMUIR, 1918)

_ CImKLCe
de

=T+ (K.Co) ®)
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1
g = KpCF ©)

onde q, € a quantidade de soluto adsorvido por grama de adsorvente no equilibrio (mg.g"
Y, g, € a capacidade maxima de adsor¢io (mg.gl), K, é a constante de interagdo
adsorvato/adsorvente (L.mg™), que esta relacionada com a energia livre de adsorcéo, que
corresponde a afinidade entre a superficie do adsorvente e o soluto, e C, é a concentragao
do adsorvato no equilibrio na fase liquida (mg.L™); K é a constante de Freundlich (L.mg"

1Y e n; é a constante indicadora da intensidade de adsorgao.

O modelo de Langmuir € um dos modelos mais utilizados para representacao de
processos de adsor¢do. Em suas especificacOes estdo a existéncia de um nimero definido
de sitios ativos, energia equivalente entre 0s sitios, as moléculas adsorvidas ndo interagem
umas com as outras, a adsor¢ao ocorre em uma monocamada, cada sitio pode comportar
apenas uma molécula adsorvida. A isoterma de Langmuir considera a superficie do
adsorvente como homogénea. Os parametros q,,, € K; séo determinados a partir dos dados
experimentais (LANGMUIR, 1918; SEADER; HENLEY, 2010; NASCIMENTO et al.,
2014; SILVA, 2015; FERREIRA et al., 2018; RIBEIRO, 2019).

Freundlich desenvolveu uma isoterma empirica que considera a adsor¢do em
multicamadas. A isoterma de Freundlich implica que a distribuicdo de energia nos sitios
de adsorcdo sdo do tipo exponencial (favoravel), ou seja, diferente da isoterma de
Langmuir que é do tipo uniforme (linear), ela sofre uma diminuicdo na energia de
adsorcdo a medida que a superficie é recoberta pelo adsorvato e essa caracteristica esta
relacionada a heterogeneidade da superficie (FREUNDLICH, 1903; SEADER,;
HENLEY, 2010; NASCIMENTO et al., 2014; SILVA, 2015; FERREIRA et al., 2018;
RIBEIRO, 2019).

3.4.2 Adsorgdo em fluxo continuo

O método continuo ou de leito fixo € o modo de separacdo mais aplicado
industrialmente. Consiste de uma coluna cilindrica vertical empacotada com particulas de
material adsorvente, a qual é percolada pela solu¢do que contém o adsorvato, que flui
através do leito a um fluxo constante. O adsorvente retém os componentes de interesse da
solucdo e apds um determinado tempo de contato solido/liquido, a coluna atinge a
saturacdo e se faz necessaria a regeneragdo ou substituicdo do adsorvente (LUZ, 2012;
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VIEIRA, 2018). O leito é considerado como fixo porque a vazdo de operacdo €
suficientemente baixa para ndo permitir que as particulas sélidas se movimentem dentro
da coluna, sendo assim, a forca da gravidade sobre o material solido é maior do que a
forca de arraste do fluido sobre as particulas, ndo ocorrendo fluidizagdo (KLEINUBING,
2006). O sistema de alimentacdo pode ser por fluxo ascendente (quando a solucao é
introduzida na parte inferior da coluna), que reduz os efeitos dos caminhos preferenciais
causados pela gravidade, ou descendente (quando a solucdo é introduzida na parte
superior da coluna), o qual é preferivel quando o adsorvente € muito fragil ou quando
pode ocorrer fluidizacdo das particulas e o atrito delas com a parede da coluna (FONTES,
2010). Num primeiro momento do processo, o adsorvato é adsorvido de forma répida e
efetiva, e o afluente percola livremente o interior da coluna. Conforme a alimentagéo
continua do leito com a solucdo contaminada, os sélidos vao sendo preenchidos pelo
adsorvato. Quando o poder adsortivo do solido estiver esgotado, nas condigcdes de
temperatura e pressdo prescritas, a coluna é denominada saturada. Neste momento, a
concentracdo do soluto presente no liquido que sai da coluna cresce instantaneamente de
zero até a concentracao inicial da solucdo que esta sendo alimentada, devendo-se entéo,
interromper a alimentacdo do leito para posterior regeneracdo. O adsorvente pode ser
recuperado pelo processo de dessor¢do em colunas de leite fixo (LAVICH et al., 2003).
A Figura 7 apresenta o esquema laboratorial de uma coluna recheada para adsor¢do em

fluxo continuo através de uma bomba peristaltica para alimentacdo da fase fluida.

Figura 7: Adsorcdo em coluna de leito fixo.
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Fonte: Autora (2022).

A transferéncia de massa soluto/adsorvente possui uma determinada resisténcia
devido a conveccdo externa e a difusdo interna dos poros, e essa resisténcia ocasiona a
formagéo de uma Zona de Transferéncia de Massa (ZTM). Esta zona move-se no sentido
da saida da coluna, até atingir o final do leito onde € possivel detectar a concentracdo
minima de soluto no efluente. Nessa regido, se considera que a concentracdo do soluto
varia entre 5 e 95 % do seu valor inicial (MCCABE et al., 2007; DIAS et al., 2017). A
ZTM gera uma curva denominada curva de ruptura (breakthrough). Essa curva é
representada pela concentracdo do soluto na entrada da coluna (C,) e a concentragdo do
soluto na saida da coluna (C;) em funcdo do tempo de operacdo ou do volume de solucédo
para uma dada altura do leito (MALKOC; NUHOGLU, 2006; OLIVEIRA, 2011; DIAS
et al., 2017). O tempo (ponto) de ruptura (breakthrough time), t», ocorre usualmente a
concentragdes relativas (C/Co) entre 1 e 5 %. A Figura 8 representa 0 movimento da ZTM

ao longo do comprimento da coluna.

Figura 8: Esquema do movimento da ZTM em coluna de leito fixo.
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Caso ideal

® Ponto de ruptura (PR)
@ Ponto de exaustio (PE)

Caso real

H= Altura total do leito

O sistema inicia a ruptura quando o adsorvente fica saturado e ndo adsorve mais

o soluto, ou seja, a relacdo entre as concentracdes (C,) e (C;) é igual a 1. Considera-se

que o ponto de ruptura é alcancado quando a concentracdo de adsorvente em fase liquida

na saida da coluna estiver entre 5 e 10 % da concentracéo inicial. E o ponto de saturagdo

da coluna ocorre quando a concentracdo de adsorvente em fase liquida fica entre 95 e 99

% da concentracdo inicial.

Diferentes modelos matematicos sdao amplamente utilizados para o estudo do

comportamento das curvas de ruptura, 0s quais permitem a estimativa de parametros

importantes ao processo de adsor¢do. Dentre os mais utilizados estdo o modelo de

Bohard-Adams e Thomas representados pelas equacGes 10 e 11, respectivamente
(BOHART; ADAMS, 1920; THOMAS, 1944).

Ct:CO.

L

exp <kBA-CO-(t—E

(10)

exp(kBA'Co'(t—%))+exp<k3‘4.in.L.p>—1

C
C, = °

(11)

1+exp(’w+'m_km.co.t)
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onde kg, é o coeficiente de velocidade de Bohart-Adams (L.mgl.min?), gz4 € a
capacidade méaxima de adsorcio de Bohart-Adams (mg.g?), L é a altura do leito (m) e u
é a velocidade superficial (m.min™); k € a constante de velocidade de Thomas (L.mg"
L min?), q, é a capacidade de adsor¢do (mg.gt), m é a massa de adsorvente (g), e Q é a

vazio volumétrica (L.min%).

O modelo desenvolvido por Bohart e Adams prevé uma relacdo linear entre a
profundidade do leito e o tempo necessario para ocorrer a ruptura da curva. Esse modelo
assume que a adsorcdo acontece de forma irreversivel e que a taxa de remoc¢do €
proporcional a capacidade adsortiva do adsorvente e a concentragdo do adsorvato na fase
fluida (BOHART; ADAMS, 1920; CHU, 2020).

O modelo proposto por Thomas prevé a relagéo entre a concentragao do adsorvato
e 0 tempo. Assume que a adsorcao segue a isoterma de Langmuir de adsor¢éo-dessorgéo
e que possui cinética reversivel de 22 ordem. E bastante apropriado para processos de
adsorcdo em que a resisténcia a difusdo externa e interna é praticamente nula (THOMAS,
1944; KUMARI et al., 2021).

3.5  Aplicagdo do bagaco da oliveira na adsorcéo de farmacos

A maioria dos trabalhos encontrados na literatura utilizam exclusivamente o
caroco da azeitona como precursor para producdo de carvdo ativado na adsorcdo de
compostos farmacéuticos, corantes téxteis e metais em efluentes contaminados. Dessa
forma, ainda falta uma abordagem complementar do uso de carvao ativado oriundo do
bagaco da azeitona (polpa e carogco) como adsorvente. N&o havendo necessidade de
qualquer separacdo entre a polpa e o0 carogo, 0 uso do residuo de forma direta torna-se
uma possibilidade de agregar valor ao mesmo. Dessa forma, avancos no desenvolvimento
de novos materiais que permitam agregar valor aos residuos da olivicultura tornam-se

atrativos.

A Figura 9 mostra a base de dados Scopus dos estudos publicados nos ultimos 21
anos com as palavras-chave residuos da oliveira, producédo de carvéo ativado e adsorcao.
O estudo do uso de residuos da oliveira bem como a producdo de carvao ativado e possivel

aplicacdo como material adsorvente teve seu maior numero de publicacdes no ano de
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2017. Apesar do aumento gradativo do nimero de trabalhos desenvolvidos nesta area,

ainda h& muito a ser explorado.

Figura 9: Estudos sobre carvéo ativado de residuos da oliveira e adsor¢éo entre 2000 e

2021.

27
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21
18
15

12

Publicagtes

Fonte:

O Quadro 2 sintetiza trabalhos que fizeram uso de residuos da oliveira no
desenvolvimento de carvéo ativado (CA) para adsorcdo de contaminantes em efluentes
liquidos e apresenta os pardmetros envolvidos nas etapas de ativacdo quimica e

tratamento térmico bem como a andlise dos estudos cinéticos e isotérmicos.

Autora (2022).

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020
Ano



Quadro 2 - Parametros e resultados do uso de CA de residuos da oliveira na adsor¢do de contaminantes em efluentes

38
Adsorvente A,tlva_gao Atlyagao Ativacao fisica SBET_l Poluente |\/_|O(,je_|0 te Modelo Isotérmico qmaﬁ Autor
térmica guimica (m2g) Cinético | (min) (mgg™)
CA do CarboI{:;zagao Fluxo de N2 (ASLAN:
bagq(;o da 450 °C KOH 560, 700, 840 °C |2451.77 Sulfonamida PSO - Langmuir 66,22 SIRAZL 2020)
azeitona : 2h
120 min
Pirdlise N2 Carbonizacéo
CA datorta o _ . (ALJUNDI;
de azeitona 500 °C ZnCl; (COoz) 356,4 Cadmio - - Langmuir 21 JARRAH, 2008)
1h 500 °C
CA do Pirolise N2 H3PO4 1,25
residuo do 60 min ZnCl; i 1,19 Tetraciclina PPO i Langmuir 186 (BOUDRAHEM
caroco de 600 °C Sem 189 etal., 2019)
azeitona tratamento
CA do Pirolise N2 Vapor de dgua MDSVP (EDER et al
carogo da 600 °C - 900 °C 1040 Hidroxitirosol Difusio 65 Redlich-Peterson - (2021) '
azeitona 60 min 1h Intraparticula
CAdo Carbonizagéo HAZZAA,;
carogo da 800 °C - - - Azul de metileno PSO - Temkin 16,12 HUSSEIN
azeitona 120 min (2015)
Carbonizacéo
CA do Fluxo de N2 . -
N2 . Langmuir/Dubinin— ASLAN; SIRAZI
carogo da 450 °C KOH 840 °C 2451,77 Sulfonamida PSO - Radushkevich 66,22 (2020)
azeitona . )
120 min 120 min
CA do Carbonlozagao _ o LAROUS:
carogo da - H2SO4 550 °C 83,72 | Diclofenaco sodico PSO - BET -
) . MENIAI (2016)
azeitona 60 min
Carbonizacéo HCI Prata, cadmio,
CA do bolo 700 °C HNO3 i i cromo, azul de i i Ereundlich i CIMINO et al.
de azeitona 60 mi H,SO metileno, fenol e (2005)
min 2504 acido sulfonico
CA do Carbonizacéo Fluxo de N2 Eerro. chumbo
residuo do 600 °C KOH 400-800°C 886,72 | cobre, zinco, niquel - - Langmuir 57,47 | ALSLAIBI etal.
caroco de . . 2dmi (ferro) (2014)
azeitona 60 min 60 - 180 min e cadmio

Fonte: Autora (2022).




39

Através das informacGes presentes no Quadro 2, é possivel identificar que a
literatura apresenta elevados valores de area superficial especifica para materiais
carbonaceos oriundos de residuos da olivicultura e apresenta grande variagdo nos valores
para a capacidade de adsorcdo, para diversos contaminantes. Entretanto, a mesma nao
reporta, de forma especifica, o uso de carvdo ativado de residuos da olivicultura na
adsorcdao de nimesulida e ibuprofeno. Sendo assim, este trabalho explora as principais
colaborag@es da literatura ja existentes para as aplica¢des do carvéo ativado do bagaco da
oliveira na adsorcdo de farmacos e tambeém indica possiveis direcGes para trabalhos

futuros.
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4 RESULTADOS

Neste capitulo sdo apresentados os resultados obtidos neste trabalho em formato

de artigos.

Figura 10: Diagrama de blocos das etapas desenvolvidas nos artigos.
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Fonte: Autora (2022).

O Artigo 1 aborda a metodologia utilizada para producdo do carvdo ativado
oriundo do bagaco da oliveira e a caracterizacdo do mesmo através das técnicas de FTIR,
DRX, BET, TGA, MEV, massa especifica e potencial de carga zero. Também foi
realizado um planejamento experimental 23 para analise dos fatores concentracéo inicial
e pH inicial da solucdo e dosagem de adsorvente no processo de adsorcdo de nimesulida
no carvdo ativado produzido para as respostas capacidade de adsorcédo e eficiéncia de
remogéo. Além disso, foram realizados ensaios em batelada para o estudo da cinética e
isotermas de equilibrio. Este artigo foi publicado dia 12 de novembro de 2021 no

periodico Materials (fator de impacto: 3,623; classificacdo qualis periddicos: A2)

O Artigo 2 aborda a realizacdo de um planejamento experimental 23 para analise
dos fatores concentracdo inicial e pH inicial da solucdo e dosagem de adsorvente no
processo de adsorcao de ibuprofeno no carvao ativado do bagaco da oliveira produzido e
caracterizado no Artigo 1. Os efeitos dos fatores foram avaliados para as respostas
capacidade de adsorc¢éo e eficiéncia de remocao. Foram realizados estudos da cinética e

isotermas de equilibrio através de ensaios em batelada e realizados ensaios em fluxo
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continuo através de coluna de leito fixo. Pretende-se submeter este artigo no periddico

Materials (fator de impacto: 3,623; classificacdo qualis periodicos: A2).
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Abstract: The lack of adequate treatment for the removal of pollutants from domestic, hospital and
industrial effluents has caused great environmental concern. Therefore, there is a need to develop
materials that have the capacity to treat these effluents. This work aims to develop and characterize
an activated charcoal from olive pomace, which is an agro-industrial residue, for adsorption of
Nimesulide in liquid effluent and to evaluate the adsorption kinetics and equilibrium using
experimental design. The raw material was oven dried at 105 °C for 24 h, ground, chemically
activated in a ratio of 1:0.8:0.2 of olive pomace, zinc chloride and calcium hydroxide and thermally
activated by pyrolysis in a reactor of stainless steel at 550 °C for 30 min. The activated carbon was
characterized by Fourier Transform Infrared (FTIR) spectroscopy, X-Ray Diffractometry (XRD),
Brunauer, Emmett and Teller (BET) method, Thermogravimetric Analysis (TGA), Scanning Electron
Microscopy (SEM), density and zero charge potential analysis. The surface area obtained was 650.9
m? g1, The kinetic and isothermal mathematical models that best described the adsorption were
PSO and Freundlich and the highest adsorption capacity obtained was 353.27 mg g!. The results
obtained showed the good performance of activated carbon produced from olive pomace as an
adsorbent material and demonstrated great potential for removing emerging contaminants such as
Nimesulide.

Keywords: agro-industrial residue; adsorbent material; emerging pollutants; anti-inflammatory

1. Introduction

Pollution of wastewater by pharmaceuticals has generated growing concern. The
emerging pollutants are harmful to the environment and human health [1]. Some
countries have even banned the marketing and use of some drugs, due to their hepatotoxic
effects and gastrointestinal injuries [1,2]. In the world, about 100,000 to 200,000 tons of
antibiotics have been consumed and an expressive quantity of these compounds, around
30 to 90% is not entirely metabolized in human and are excreted as active compounds
[3,4]. In general, the majority of drugs have high solubility in water and are not completely
removed in conventional water treatment plants [1,2,5,6]. One of these contaminants is the
Nimesulide, which is an anti-inflammatory and is generally prescribed to reduce fever
and pain related to rheumatoid arthritis [7].
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Several methods can be applied in the water treatment to removal pharmaceuticals
have been reported in the literature, such as coagulation-flocculation and flotation [8],
sedimentation and biotransformation, biofiltration, chemical precipitation [2,9], sand
filtration [10], ozonation [9] and adsorption [1,7]. The adsorption method is one of the best
processes available for the removal of pollutants from liquid effluents [11], due to the high
removal efficiency, simplicity in the operation, environmental feasible and the possibility
to regenerate and reuse the adsorbent after adsorption [12-14]. Studies have been
developed using agro-industrial waste materials as low-cost adsorbents, these materials
are renewable, and abundantly available [11].

One of the main agro-industrial activities of great importance in the world is the
production of olive oil from olive trees [15]. Brazil has many commercial crops and the
state of Rio Grande do Sul has the largest cultivated area [16], which increased from 80 ha
in 2006 to 6000 ha in 2020 [17]. In the raw material processing for the production of this
oil, a series of solid and liquid wastes are generated that cause serious environmental
problems [11]. Among these wastes is the pomace, which consists of the pulp and core of
the olive, water and residual oil [15-18]. In olive processing, an average of 20% of oil and
80% of waste is generated. Depending on the extraction system, this waste can be divided
into 70% of bagasse and 10% of residual water and 0il [19]. These wastes are dark-colored
and are composed of high amounts of organic materials, volatile compounds and complex
substances that are not easily degradable. Therefore, they are toxic to plants, decrease
oxygen demand and affect the soil quality [20]. The development of new products from
olive tree waste in southern Brazil has been promising due to the increase in waste
generation from this activity. The soil and climate in the state of Rio Grande do Sul have
specific characteristics of the region, which ensures studies in this area are still very
relevant [21].

There are a variety of applications for this waste, such as energy generation through
gasification, the supply of industrial ovens, agricultural use as fertilizer, animal feed,
among others [22]. Alternatives have been developed for use of this waste as an adsorbent
material of contaminated effluents [23], such as heavy metals, hexavalent chromium [24],
cadmium [25], niquel [26], and textile dyes, safranine [27], methylene blue [28,29].

The adsorption through activated carbon from this waste has also been stood out in
the removal of heavy metals [30,31] and textile dyes [32,33] from contaminated effluents.
The ability of activated carbon to adsorb these pollutants from liquid effluents depends
directly on the nature of the organic material used to prepare it [14].

Some research has been developed in the production of activated carbon using the
olive tree stone for application as adsorbent material of pharmaceutical compounds.
Especially some antibiotics, such as sulfonamide [34], tetracyclines, sulfamethazine and
Amoxicillin [35]. However, a complementary approach of the use of activated carbon from
olive pomace as pharmaceutical compounds adsorbent is still lacking. Literature does not
report the use of activated carbon from olive pomace in the removal of Nimesulide.

The development of carbonaceous materials through chemical agents has been
studied to improve their performance as adsorbents. Chemical activation enables low
activation temperatures (450-700 °C), high activated carbon yield and high total surface
area of produced activated carbon, which is one of the most important properties to
remove pollutants from liquid effluents [36]. The application of ZnClz in chemical
activation generally improves the carbon content through the formation of an aromatic
graphitic structure [37]. Additionally, carbons prepared by HsPOs activation have large
particles and good sedimentation performance, which is very suitable for water treatment
[38].

Thus, the development of activated carbon from olive pomace can present a great
alternative for the use of agro-industrial waste, as pharmaceutical compounds adsorbent,
reducing their disposal in nature. Therefore, this work aimed to develop and characterize
the activated carbon from olive pomace and study the potential of adsorption of
Nimesulide present in liquid effluent onto the activated carbon produced. Additionally,
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investigate the effects of the initial concentration, initial pH of the solutions, and dosage
of adsorbent in the adsorption. Then evaluate the adsorption capacity of Nimesulide onto
activated carbon as well study the equilibrium and kinetic adsorption.

2. Materials and Methods
2.1. Adsorbent Development and Reagents

The raw material was obtained from the state of Rio Grande do Sul, in the south of
Brazil (31°30'01.2" S 53°30'40.4" W). The olive pomace (OP), which consists of the pulp and
stone, was oven-dried at 105 °C for 24 h (Nova Etica, model 109-1, Sao Paulo, Brazil). After,
it was milled (Marconi, Croton model, Piracicaba, Brazil) and sieved (Bertel, model 4830,
Caieiras, Brazil) to obtain particles with a diameter less than 495 nm. The OP was activated
chemically in the proportion of 1:0.8:0.2 of OP, zinc chloride, and calcium hydroxide and
thermally activated by pyrolysis in a stainless-steel reactor at 550 °C for 30 min (heating
rate of 3 °C-min~') under N2 atmosphere. The treated material underwent acid leaching
with HCl 6 mol-L-! and was washed with water until neutral and constant pH. Finally, the
material was dried at 105 °C for 24 h and stored in dry conditions until utilization. This
material will be referred to hereafter as ACOP. The reagents used were analytical grade
ethanol, NaOH (PA), HCI (37%), and Nimesulide (Supplementary Table S1) obtained from
Sigma Aldrich (Sao Paulo, Brazil). Figure 1 presents the molecular structure of
Nimesulide. The Nimesulide stock solution was prepared with 20% ethanol for better
solubilization.

2.2. Characterization of Adsorbent

The samples were characterized by FTIR (Perkin-Elmer UATR Two, Séo Paulo, Brazil),
to identify the functional groups present, in the range of 500-4500 cm™* with 32 scans per spectrum
and 4 cm™ of resolution, XRD (Rigaku ULTIMA 1V, Tokyo, Japan) to analyze the crystalline
and amorphous nature of the OP an ACOP, applying a Cu Ka radiation (A = 1.5406 A) at
40 kV, by scanning step over the range of 10-70° using Bragg—Brentano geometry. The
density of the material was determined by a helium pycnometer (Quantachrome, Ultrapyc
1200e, Boynton Beach, USA). The N2 adsorption-desorption isotherm was obtained by
degassing the ACOP sample for 4 h under a vacuum of 300 °C and analyzed by BET
method (Quantachrome Instruments, NOVA 4200e, Boynton Beach, Florida, USA)), to
estimate the specific surface area [39]. The thermal stability of the samples was analyzed
by TGA (SHIMADZU TGA 50, Kyoto, Japan), with N2 flow rate of 20 mL-min™, and 10
°C'min of heating rate. The pH point of zero charge (pHpzc) was determinated with
different initial pH (pH,) values (2-10). The pH was adjusted using 0.1 mol-L-! of NaOH
and HC], as required, in 1 M NaCl solution using 1.0 g-L of adsorbent dosage and 30 mL
of the solution. The Erlenmeyer flasks containing the solutions at different pH values and
the adsorbent were shaken in an acclimatized shaker at 298 K for 48 h. After, the samples
were centrifuged at 3000 rpm for 10 min and analyzed in a digital pH meter (Metrohm,
827 pH Lab, Sao Paulo, Brazil) to verify the final pH (pH¢) values of the aqueous solution.
The adsorbent surface morphology was analyzed by SEM (Hitachi TM-3000, Tokyo,
Japan) before and after the Nimesulide adsorption onto ACOP. The micrographs were
analyzed in magnifications of 500x and 1000x.

2.3. Adsorption Experiments

From preliminary trials, were obtained operating conditions for the experiments. All
the adsorption experiments were conducted in batch using a synthetic solution in different
concentrations, which was kept under agitation at 150 rpm in a shaker (NOVA ETICA,
model 109-1, Sao Paulo, Brazil). The tests were performed in duplicate. In the experiments,
the liquid phase was separated from the adsorbent by centrifugation at 4000 rpm for 10
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min. The Nimesulide residual concentration was quantified using a standard curve with
concentration range from 1 to 50 mg-L-! at a maximum wavelength of 392 nm using a
UV/Visible spectrophotometer (EQUILAM, UV 755B, Diadema, Brazil)). The adsorption
capacity, Q (mg-g™) and the efficiency of removal, E (%) by ACOP are represented by
Equations (1) and (2), respectively.

V(Co—C

— (0 e) (1)
m

C,—C

= Oc °-100% )
o

where C, and C, are the initial and equilibrium Nimesulide concentrations (mg L),
respectively, V is the volume of the solution (L), and m is the mass of biosorbent used (g).
The experimental design technique was applied in order to investigate the influence
of operational conditions in Q and E of the Nimesulide adsorption onto ACOP. The
factorial design (FD) was implemented to obtain the effect of three factors using as
independent variable, such as the initial pH of the solution (pH), adsorbent dosage of
ACOP (Aq) and initial concentration of the solution (Cy). The FD was based on a 23
experimental design with 3 central points and the experiments were carried out during 3
h with replicates. To evaluate the significance of the model, 95% of confidence interval
(p_value < 0.05) was utilized. The levels tested for each factor are presented in Table 1.

Table 1. Real and coded values of the experimental design.

Factors Levels
-1 0 1
pH 8 9.5 11
Aq (gL 0.1 0.3 0.5
Co (mg-L1) 10 20 30

2.4. Adsorption Kinetic and Isotherm Models

The kinetic experiments were carried out by adding the solution containing 30 mL of
Nimesulide solution in erlenmeyer flasks with ACOP. The samples were taken at preset
time intervals (2 to 360 min). The experimental data were adjusted to the different kinetic
models of Pseudo-First Order (PFO) [40], Pseudo-Second Order (PSO) [41], and Elovich
[42], which are represented by Equations (3)—(5), respectively. To identify the mass
transfer steps, the Weber-Morris model was used which is represented by Equation (6)
[43].

qr = qe(1 — expTFat)) (3)
2(kt
(1 + qckst)
1
qe = Eln(l + abt) (5)
Qe = kinet'/* +C (6)

where t is the time (min), q, is the amount adsorbed (mg-g-') at the time t, (k;) is the
pseudo-first-order rate constant (min), ks is the pseudo-second-order rate constant (g
mg-'min), a is initial velocity due to Elovich model (mg-g'-min), b is the desorption
constant of the Elovich model (g mg™), ki, is the rate constant for intraparticle diffusion
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(mg-g'min-%) and C (mg-g) is a constant that accounts for the thickness of the boundary
layer.

Equilibrium isotherms were elaborated, varying the initial concentration of the
solution from 15 to 500 mg-L-. The experiments were conducted until reaching
equilibrium. The isotherm models, relating to adsorption equilibrium studied were the
Langmuir [44] and Freundlich [45], represented by Equations (7) and (8), respectively.

_ QmKLCe
e =T m,co)
1
Je = KFC:F (8)

(7)

where q, is the maximum adsorption capacity (mg-g™) and Ky, is the Langmuir constant
(L'mg™); Kg is the Freundlich constant (mg-g)(mg - L‘l)_l/ "F and é is the equilibrium
constant indicative of adsorption intensity and associated to the heterogeneity of the
adsorbent surface. The adjustments of the mathematical models to the experimental data
were evaluated by the correlation coefficient (R?) and average relative error (ARE)
represented by Equations (9) and (10) respectively.

R2 = <Z? Qiexp — C_Iiz,exp - Z? Qiexp — q,-z,model) (9)
Z? Qiexp — C_Iiz,exp

ARE = 200N (dimodet — diexp 10)
n 1 Qi,exp

where q; ¢ is the experimental values of adsorption capacity obtained, §7,,is de average
of each adsorption capacity measured, q;moqe; is the predicted values obtained by the
fitted model, and n is the number of experimental data.

3. Results and Discussion
3.1. Characterization of OP and ACOP

The helium density of ACOP obtained was 1.5148 g-cm=. The literature reports values
between 2.2 and 3.3 g-cm™ [13,46]. The low value obtained can indicate the presence of
hollow particles, that is a kind of powder contained interior hollow structure. This hollow
structure is usually covered by a solid shell, meaning there are empty spaces inside the
particles [47,48].

Figure 1 shows the characteristics of ACOP determined by N, adsorption-desorption.
It was possible to identify the type of pores present in the solid by evaluating the isotherm
curve. The results indicated that the isotherm obtained is type IVa according to IUPAC
classification, which indicates the predominance of mesoporous particle size distribution.
The presence of the type H3 hysteresis loop characterizes the slit-shaped pores [49,50].
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Figure 1. N2 adsorption-desorption isotherm on ACOP sample.

The BET surface area (Sggr) obtained were 650.9 m2-g-'. The physical properties
obtained for the ACOP are comparable to the literature for the activated carbon from olive
bagasse. Table 2 presents the parameters used by the literature and for this work to obtain
the activated carbon from olive wastes. Bagaoui et al. [51] reported 514 m?g for surface
area with 800 °C of activation temperature (pyrolysis stage) during 30 min. Demiral et al.
[52] studied the influence of the activate temperature and time and values between 523
and 617 m?g? were obtained for the surface area with 750 °C activation temperature
during 30-60 min, respectively. Setting the activation time to 30 min, values between 523
and 947 with 750-900 °C were obtained, respectively. The behavior of the results obtained
by Demiral et al. [52] showed that the increase in the activate temperature and time
increases the pores in the material and forms new pores by devolatilization and carbon
burn-off due to the C—-H20O reactions, which indicates the burn-off of the activated carbon
is a very important effect. Al-Ghouti; Sweleh [13] studied the activated carbon prepared
from green olive stones at 500 °C for 3 h and found a surface area of 9.11 m>-g~ and 0.151
cm?g! of the pore volume. The low value obtained for the surface area can be explained
by the very long time of activation, which can induce the destruction of high porosity by
external ablation of carbon particles instead of the development and widening of
microporosity [52]. The results obtained were satisfactory, with a higher surface area at
lower activate temperature and time conditions than those reported in the literature,
justifying the very attractive properties of the material obtained, decreasing the energy
cost in the pyrolysis stage, knowing that the adsorbent material is responsible for about
70% of the operational costs of adsorption [53,54].

Table 2. Parameters used to obtain the activated carbon from olive wastes.

P Al-Ghouti;
resent Bacaoui et al. [51] Demiral et al. [52] Ghouty;

Study Sweleh [13]
T (°C) 550 800 750 750-900 500
t (min) 30 30 30-60 30 3

Sger (M?>g™1) 650.9 514 523-617  523-947 9.11
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Figure 2 presents the X-ray diffractograms of OP and ACOP. It is possible to identify
typical crystalline structures of cellulose in OP, located at 20 15.65° 20.85°, 34.85°
corresponding to crystallo-graphic plane (1 0), (02 1) and (0 0 4) of cellulose I [55-57]. The
ACOP diffractogram indicated a typicacl amorphous carbon and showed peaks at 20
25.25° and 43°, that corresponds to the (0 0 2) and (1 0 0) plane, respectively, which are
graphite-like reflections indicating the graphitic ordering in molecular planes [58-61]. No
residues of the chemical activating agents were identified in the diffraction measurements,
which indicates that the acid washing step was efficient to remove any residual inorganic
material which could be present on the carbon material surface [39,62].

The FTIR analysis of the OP and ACOP samples are presented in Figure 3. Could be
inferred that both FTIR spectra showed similar bands. However, the intensity in ACOP
was reduced when compared to OP. The band around 3435 cm™ represents the O—H
stretching mode which corresponds to hydroxyl groups [33,34,52]. The band between 2925
and 2853 cm™ in OP analysis, which were not observed in ACOP, corresponds to C—H
bands of methyl and methylene groups existing in cellulosic material, and this band
indicates the presence of various aminoacids. The stretching vibrations between 1745 and
1641 cm™ are usually assigned to C=0O of ketones, aldehydes, lactones or carboxyl groups
[33]. Further, the stretching between 1000 and 1250 cm™ usually corresponds to oxidized
carbons C—O stretching in acids, alcohols, phenols, ethers and ester groups [33,52]. The
infrared spectroscopy provided information about the chemical structure of the OP and
ACOP. The presence of groups such as hydroxyl and carboxyl, ethers and aromatic
compounds indicates the lignocellulosic structure properties of olive wastes [33].
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Figure 2. X-ray diffractograms of OP and ACOP samples.
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Figure 3. FTIR vibrational spectra of OP and ACOP.

The thermogravimetric curves for the OP and ACOP are presented in Figure 4a,b,
respectively. These curves demonstrated the thermal stability of the materials over a range
of temperatures (from 25 to 700 °C). The TG and DTG curves to OP showed weight losses
in three different temperature ranges. The first weight loss (from 28 and 146 °C) represents
1.15% of the initial weight is due to evaporation of free water in the samples [63,64]. The
second weight loss (from 146 to 463 °C) represents 64.44% of the initial weight, is probably
due to hemicellulose and cellulose degradation. The third weight loss (from 463 to 691 °C)
represents 19.28% of the initial weight loss, corresponds to lignin decomposition [64-67].
Lignin decomposition starts at low temperatures (similar to hemicellulose) and continues
up to 600 °C [68]. Thus, the tailing at the end of the curve is considered the decomposition
of lignin, to be the most complex and stable of the material components [69]. The TG and
DTG curves to ACOP showed greater thermal stability compared to OP. The first weight
loss (from 32 to 126 °C) represents 1.95% of the initial weight, representing water
evaporation. The weight loss between 265 and 410 represents 1.13% of the initial weight
loss and characterizes the pyrolytic decomposition of hemicellulose, cellulose and lignin
residue. And the most representative weight loss occurred between 410 and 691 °C, which
corresponds to 25.22% of the initial weight loss and represents a rigid carbon skeleton [69].
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Figure 4. TG and DTG curves of OP (a) and ACOP (b).

The surface charge of the adsorbent has greatly influence in its adsorption capacity.
The pHpzc analysis allows the prediction of the surface charge of the adsorbent as a
function of the pH and indicates the pH value in which the charge of the surface is zero.
The surface charge for ACOP as a function of pH is shown in Figure 5. The pHp; value
obtained was 3.46, which indicates the acidic nature of the ACOP surface. When the pH
of the solution in contact with the adsorbent is lower than 3.46, the adsorbent surface is
supposed to be positively charged, where the functional groups are protonated. This
behavior favors the anionic species adsorption. In contrast, when the pH of the solution is
higher than 3.46, the adsorbent has a negative charge surface, which favors the cationic
species adsorption. The value obtained for the pHpy¢ indicates that ACOP has a negatively
charged surface. The pH range studied in the experiments for Nimesulide adsorption was
higher than 3.46 (8-11). This result may suggest that Nimesulide has a cationic character.
In this case, the functional groups release H*[1,70].
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Figure 5. ACOP pHpyc.
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3.2. Experimental Design and Statistical Analysis

The adsorption experiments were performed according to the experimental matrix
presented in Table 3. The pareto chart presented in Figure 6 shows the estimated effects
on the adsorption process of Nimesulide for adsorption capacity (a) and removal
efficiency (b).

Table 3. Matrix of the experimental design and the corresponding responses.

run pH Adq (gL Co (mg'L) Q (mgg? E (%)
1 8(-1) 0.1(-1) 10 (-1) 38.59 + 3.88 37.31+3.75
2 11 (+1) 0.1(-1) 10 (-1) 19.65 +1.92 20.31+1.99
3 8 (-1) 0.5 (+1) 10(-1)  19.08£022  95.70+0.77
4 11 (+1) 0.5 (+1) 10 (-1) 16.53 +0.18 82.12+0.88
5 8(-1) 0.1(-1) 30 (+1) 14298 £6.78  48.49+3.09
6 11 (+1) 0.1(-1) 30 (+1) 39.84 +0.11 13.50 £ 0.26
7 8 (-1) 0.5 (+1) 30 (+1) 53.93 +0.20 89.59 + 0.04
8 11 (+1) 0.5 (+1) 30 (+1) 35.92+0.75 60.26 +1.25
9(C) 9.5 (0) 0.3 (0) 20 (0) 9.72+1.61 29.03 +4.97
10 (C) 9.5 (0) 0.3 (0) 20 (0) 10.24 £ 1.68 30.57 +5.19
11 (C) 9.5 (0) 0.3 (0) 20 (0) 12.10 + 2.69 36.31 + 8.06

The highest adsorption capacity was obtained with the lowest adsorbent dosage and
higher initial concentration at pH 8 (run 5). For the removal efficiency, the highest value
was obtained utilizing a higher adsorbent dosage and the lowest initial concentration at
pH 8 (run 3). Figure 6a,b shows the Pareto plot of the standardized effects at p = 0.05.
Analyzing these results, it can be concluded that that all the parameters presented
significant effects on the adsorption capacity and removal efficiency of Nimesulide by
AOCP. In Figure 6a the greatest significant effect was the initial concentration of the
solution. This effect is associated to a greater driving force for the diffusion of the
Nimesulide within the ACOP particles [71]. The second and third most significant effects
were the pH of the solution and the adsorbent dosage, respectively, with a negative
influence on the process. In the process of adsorption the pH of the solution is one of the
most important factors, because it affects the surface charge (protonation or
deprotonation) of the adsorbent [71,72].
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Figure 6. Pareto chart of estimated effects on Q (a) and E (b).
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As suggested by the Pareto chart results, the dependence between the pH and the
adsorbent performance is negative, which means that the adsorption capacity increase
with the decrease of pH. According to pHpzc in Figure 5, ACOP has negative surface
charge with a solution pH greater than 3.46. Thereby, the ACOP features negative surface
charge in pH 8, increasing the interaction with cationic solutions. However, for acidic pH
ranges below 8, Nimesulide precipitates, making adsorption difficult, so the studies were
conducted at basic pH values. Additionally, the decrease of adsorbent dosage may
indicate that for the highest values of adsorbent dosage studied, the ACOP has not reached
saturation [73]. In Figure 6b the more pronounced effect was the adsorbent dosage. This
can be explained by the fact that with the increase in the adsorbent dosage, there is also an
increase in the number of available sites for adsorption. Thus, the removal efficiency is
higher while the adsorptive capacity of the material decreases. The second expressive
effect was the pH of the solution, with a negative influence on the process as also presented
in Figure 6a.

It was chosen as an adequate condition to perform the adsorption kinetic and
equilibrium studies the conditions of run five, which presents pH 8 and a concentration of
30 mg-L for the solution of Nimesulide and 0.1 g-L" for the dosage of adsorbent. At this
condition the best values for the adsorptive capacity using less amount of adsorbent
material were obtained.

3.3. Adsorption Kinetics

The kinetic curves of Nimesulide adsorption onto ACOP for the PFO, PSO and
Elovich models are presented in Figure 7a. The intraparticle diffusion model by Weber
and Morris equation is presented in Figure 7b. The parameters obtained in the adjustment
of the experimental data to mathematical models are shown in Table 4.
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Figure 7. Kinetic curves (a) and intraparticle diffusion model (b) of Nimesulide adsorption onto
ACOP.

Table 4. Kinetic parameters for the Nimesulide adsorption onto ACOP.

PFO PSO Elovich Weber and Morris

q: (mg'g") 50277 q, (mgg') 53.136 a(mg-g'-min?) 94.696 Kip (gmgt-min-1?) 4.594
K; (Lbmg™) 0101 K, (L'mg™") 0.003 b (gmg") 0.150 C(mgg") 16.304
R? (%) 0.905 R? (%) 0.968 R? (%) 0.975 R? (%) 0.932
ARE (%) 9.619 ARE (%) 1.741 ARE (%) 1.509 ARE (%) 5.103
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In Figure 7a, could be observed that higher sorption rates were obtained in the
beginning of the experiments due to the greater number of available sites in the ACOP
surface. As the contact time increases, the adsorption rate tends to decrease, this profile
indicates that the external surface adsorption occurred quickly [74]. This behavior may
suggest that the fast first step is limited by diffusion and followed by a slower second step
which is limited by diffusion in smaller pores, characterized by slow adsorption [75,76].
The experimental data showed that a great amount of Nimesulide was removed within 50
min and the equilibrium was reached at about 120 min. According to Table 3, could be
considered that all models fitted well with the experimental data. According to the
correlation coefficient (R?) and average relative error (ARE) obtained for the models, the
kinetic model that best described the adsorption of Nimesulide onto ACOP was the
Elovich followed by the PSO and PFO model, respectively. The Elovich model presented
a R? of 0.975 and ARE of 1.509. Additionally, presented a value of 94.696 mg-g-'-min™! for
the initial adsorption rate (a) and 0.150 g-mg! for the desorption constant (b). This model
suggests that the adsorption process is chemical (chemisorption) [77].

However, in some situations, the model with the highest R?> may presents failures in
the adjustment, characterized by a tendency to overestimate for low equilibrium
concentrations. The residue scatter plot (Supplementary Figure S3) shows random
scattering of residues along the x axis. Analyzing the global behavior of the models
(Supplementary Figures S1-S3), the PSO model was the one that best fitted the
experimental data, presenting minimal deviation and a satisfactory distribution. It could
be assumed that the non-linear PSO equation is reliable to make a relation between studied
conditions and considered variables in the removal of Nimesulide presenting 0.968 and
1.741 for R? and ARE, respectively.

Contrary to the PFO model that applies only to a certain period of adsorption, the
PSO model predicts the behavior over the whole range of adsorption studies and the rate-
controlling step is chemisorption. The Weber-Morris equation was used to evaluate the
diffusion on adsorption kinetic. The literature reports that, generally, when the straight
line of Weber and Morris passes through the origin, the intraparticle diffusion is the only
rate limiting step of the process. However, if the straight-line does not pass through the
origin, it can be considered that the process is controlled by other mechanisms, such as
external/film diffusion [78-81]. The plot of Q vs t'/2 presented in Figure 7b shows multi-
linearity, where two steps in the adsorption process can be seen. The adjustment of the
model in the experimental data did not pass through the origin, suggesting that the
adsorption process is controlled by external and intraparticle diffusion in the first step.
The second step corresponds to the final equilibrium stage. The model predicted 12.495
mg-g™! for C, which represents the thickness of the boundary layer, and 5986 g:mg-min-1? for
Kint, which is the internal diffusion constant.

3.4. Adsorption Isotherms

The experimental and calculated equilibrium data concerning the sorption of
Nimesulide onto ACOP are depicted in Figure 8. The isotherms models of Langmuir and
Freundlich were fitted to experimental data. The parameters of the isotherms were
estimated using the nonlinear regression method, obtained in the adjustment of the
experimental data to mathematical models and are summarized in Table 5.

Table 5. Equilibrium isotherm parameters for the Nimesulide adsorption onto ACOP.

Langmuir Freundlich
Qmax (Mg-g?) 348.533 ke (mg-g1)(mg - L) /nr 67.237
ky, (L'mg™) 0.043 1/ng 0.294
R? (%) 0.855 R? (%) 0.955

ARE (%) 24.461 ARE (%) 7.198
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Figure 8. Equilibrium isotherms of Nimesulide adsorption onto ACOP.

The adsorption isotherms of Nimesulide onto ACOP are shown in Figure 8 and
indicate that the isotherm profiles were favorable [82]. The equilibrium data of Nimesulide
sorption onto ACOP can be better described by the Freundlich model with the higher
value to R? (0.955) and the lower ARE value (7.198%) as indicated in Table 5. The
Freundlich model describes a heterogeneous multilayer adsorption [83]. The kr constant

(63.689 (mg - g~} (mg - L‘l)_l/ nF) represents the Freundlich constant and 1/ng (0.294), the
adsorption intensity. The 1/ng value, which is between 0 and 1 indicate that the adsorption
of Nimesulide onto ACOP is favorable, and is related to heterogeneous interaction and to
the chemical nature of the process [34]. Table 6 presents the adsorption capacity obtained
for the ACOP and compare with the values presented in the literature researches for
ACOP and Activated Carbon from Olive Stone (ACOS). The highest maximum adsorption
capacity (qmax) was obtained by ACOP for the adsorption of Nimesulide with a value of
353.27 mg-g'. The value for the maximum adsorption capacity obtained for the present
study was higher than the values reported in the literature for activated carbons produced
from olive wastes with similar chemical activation methods. This result indicates that
ACOP produced through chemical activation is an effective adsorbent in removing
Nimesulide from aqueous solutions.

Table 6. Adsorption capacity obtained for the ACOP and literature researches.

Activating Adsorption Capacity

Adsorbent Contaminant  Reference
agents (mg-g?)
ACOP ZnCl2/HsPOs 353.27 Nimesulide Present study
ACOP KOH 66.22 Sulfadiazine [34]
ACOS ZnCl2 42.01 Tetracycline [35]
ACOS HsPOs 186.0 Tetracycline [35]

The micrographs presented in Figure 9a for the OP shows complex surface structures
with an uneven and rough texture. Additionally, was not possible to identify available
pores on the surface. In contrast, SEM images of ACOP in Figure 9b shows changes in the
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morphological structure of the solid surface and pore distribution attributed to the
chemical and physical treatment. The ACOP exhibited a heterogeneous surface.
Furthermore, a large amount of pores with different sizes and shapes were observed, and
were well developed. The pore size showed random distribution and can be compared to
a sponge-like structure. SEM images in Figure 9c shown no significant changes in the
morphology and structure of ACOPN since the adsorption process should not modify the
morphology of the material [84]. Therefore, the solid pores did not show any obstruction,
which suggests its good performance as an adsorbent material.
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Figure 9. SEM images: (a) OP, (b) ACOP and (c) ACOPN.

4. Conclusions

The production of activated carbon by the pyrolysis process proved to be efficient,
ensuring attractive properties to the material, which presented a Sggr of 650.9 m2-g-. The
pore size classification is mesoporous. These properties ensured the potential for its use in
the removal of Nimesulide. The experimental design allowed the evaluation of the
parameters involved in the adsorption process, such as the initial concentration, pH of the
solution containing the contaminant, and dosage of the adsorbent. The maximum
adsorption capacity obtained experimentally was 353.27 mg-g!, and the kinetic and
isotherm mathematical models that best fitted the experimental data were PSO and
Freundlich, respectively.

Supplementary Materials: The following are available online at
https://www.mdpi.com/article/10.3390/ma14226820/s1, Figure S1: Residuals versus the predicted
plot for PFO model, Figure S2: Residuals versus the predicted plot for PSO model, Figure S3:
Residuals versus the predicted plot for Elovich model, Table S1: Nimesulide molecular structure
and physical chemical properties.
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Table 1. Nimesulide molecular structure and physical chemical properties.
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Figure 1. Residuals versus the predicted plot for PFO model.
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Abstract: The pharmaceutical compounds present in liquid effluents have been generate great
environment impact. Thus, the development of alternative adsorbent materials from agro-
industrial activities has received attention in the treatment of contaminated effluents. This work
aims to adsorb Ibuprofen onto activated carbon and evaluate the parameters of the adsorption
system. The activated carbon prepared in a previous study [1] was characterized by Scanning
Electron Microscopy (SEM) before and after the adsorption process. The experiments were
conducted in batch and continuous flow. The kinetic and isothermal mathematical models that
best described the data experiments were PSO and Langmuir and the highest adsorption capacity
obtained was 360.607 mg g'. The fixed bed experiments showed a good fit for Thomas model,
with 167.77 mg-g™ of maximum adsorption capacity, ensuring the good performance of the
material in Ibuprofen adsorption.

Keywords: emerging pollutants; anti-inflammatory, agro-industrial residue; adsorbent material

1. Introduction

The high concentrations of pharmaceuticals, Nonsteroidal Anti-Inflammatory
Drugs (NSAIDs) in the environment have a harmful effect on ecosystems and human
health. The biological activity and stable chemical structure of NSAIDs make them
highly resistant to biodegradation, persistent in food chains, toxic, and consequently
dangerous to the environment [2]. About 100 to 200 thousand tons of antibiotics have
been consumed around the world and an expressive volume of these compounds, 30 to
90%, is not completely metabolized in the human body. They are excreted unchanged or
as active compounds [2-5]. The expressive medicines commercialization allows their
enter the sewer systems, mostly, without pretreatment [2]. One of the most common
NSAIDs used is Ibuprofen.

Ibuprofen is a drug widely used for its anti-inflammatory and analgesic effects in
the treatment of pain and inflammation in rheumatic disease and other musculoskeletal
disorders [6,7]. The high demand for Ibuprofen among the population causes high
concentrations of this drug in the treated wastewater and surface water (up to 70 pg/L)
[2]. Pharmacokinetic studies have shown that about 66% of the drug is excreted in the
human urine whereas about 34% is excreted in the feces (biliary excretion) [7].
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The majority of the NSAIDs are not completely removed in water treatment plants
by the conventional methods [2,5,8-11]. Thereby, alternative methods have been applied
to treat wastewater containing pharmaceuticals. Among these methods are
electrochemical and chemical oxidation, catalysis and photocatalysis, biodegradation,
coagulation-flocculation and flotation [12], precipitation, biofiltration, sedimentation
[9,13], filtration [14], ozonation [13] and adsorption [8,15,16]. Adsorption is one of the
most processes available for the removal of pollutants from liquid effluents [17], due to
the high removal efficiency, simplicity in the operation, environmental feasible and the
possibility to regenerate and reuse the adsorbent after adsorption [18-20].

An adsorbent material widely used in the removal of pollutants from wastewater is
activated carbon [16,21]. Carbonaceous materials usually present important
characteristics for the adsorption technique, such as high surface area values, and are
able to adsorb different contaminants [16]. Thereby, the use of agro-industrial waste
materials in the development of carbonaceous adsorbent material has been a good
alternative to remove pollutants from wastewater [17].

The cultivation of olive trees is one of the most important agro-industrial activities
in the world [22]. During olive processing, residues are generated, which are harmful to
the environment [17]. Among these residues is the olive pomace [22-25], which is toxic
to plants and affects the soil quality [26]. Alternatives have been developed for use of
this residue as raw material to produce activated carbon in the removal of heavy metals
[27,28], textile dyes [29,30], and pharmaceutical compounds [31,32] from contaminated
effluents. Raupp et al. [1] developed activated carbon from olive pomace and studied the
removal of Nimesulide from liquid effluent.

Thus, this work aimed to explore the potential of previously developed activated
carbon from olive pomace in the adsorption of other emerging contaminants, such as
ibuprofen from an aqueous solution. Therefore, investigate the parameters effects in the
adsorption experiments, such as the initial concentration and pH of the solutions, and
dosage of adsorbent. Additionally, evaluate the adsorption capacity of Ibuprofen onto
activated carbon through the equilibrium and kinetic adsorption as well as the
breakthrough curves obtained by the fixed-bed column adsorption.

2. Materials and Methods
2.1. Activated carbon of vegetable origin (ACVO).

The activated carbon from olive pomace used in this work was produced by the
authors in previous work [1]. Table 1 presents the characteristics of the ACVO.

Table 1. Physical properties of ACVO.

ACVO Propertie Value
Sger(m?-g™) 650.9
Helium density g-cm 1.51
pHpzc 3.46

The ACVO and Activated Carbon of Vegetable Origin after Ibuprofen adsorption
(ACVOI) were analyzed by SEM (Hitachi TM-3000, Tokyo, Japan) to obtain the surface
morphology with magnification of 500x and 1000x.

2.2 Preparation of Ibuprofen stock solution
The reagents used were analytical grade ethanol, NaOH (PA), HCI (37%), and
Ibuprofen obtained from Sigma Aldrich (Brazil). The Ibuprofen stock solution was
prepared with 10% ethanol for better solubilization.
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Table 2. Ibuprofen molecular structure and physical chemical properties [16].

Parameter Character/Value
CHj3
OH
Molecular structure CH3
@]

H,C
Molecular formula Ci3H13N,0;
Molecular weight (g mol?) 206,27
Wavelength Amax (nm) 221

2.3. Batch Adsorption Experiments

The adsorption experiments were carried out in batch. Initially, assays were
conducted under conditions obtained by preliminary trials. The study was performed in
a Shaker (NOVA ETICA, model 109-1, Sao Paulo, Brazil) at a 150 rpm. A synthetic
solution was used in different concentrations, and the experiments were realized in
duplicate. After the adsorption time, the samples were centrifuged at 4000 rpm for 10
min. A standard curve was used to quantify the residual concentration of Ibuprofen with
a range from 1 to 45 mg-L~! to a maximum wavelength of 221 nm using a UV/Visible
spectrophotometer (EQUILAM, UV 755B, Diadema, Brazil)). The adsorption capacity (Q,
mg-g™) and the efficiency of removal, (E, %) by ACVO are represented by Equations (1)
and (2), respectively.

Q _ V(CO - Ce) (1)
m
C,—C,
E=—""2-100% 2)
Co

where Cy and C, are the initial and equilibrium Ibuprofen concentrations (mg L-1),
respectively, V is the volume of the solution (L), and m is the mass of biosorbent used
(8)-

An experimental design was applied with to evaluate the influence of variables on
the responses q and E, in order to determine the best working conditions. The factorial
design (FD) was used to investigate the effect of three factors. The independent variables
were the initial pH of the solution (pH), the dosage of ACVO (A4) and initial
concentration of the solution (Cy). Optimal conditions for the responses (q and E) were
determined using the predictor model equation given by Equation 3 [33]. The FD was
implemented with a 23 experimental design with 3 central points, and the experiments
were kept under agitation during 3h with replicates. A 95% of confidence interval
(p_value £ 0.05) was utilized to evaluate the significance of the model.

Table 3. Real and coded values of the experimental design.

Levels
Factors 1 0 1
pH 2 45 7
Aq (gL 0.1 0.3 0.5

Co (mg-LY) 10 20 30
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2.4. Adsorption Kinetic and Isotherm Models

The kinetic experiments were performed by adding 30 mL of Ibuprofen solution in
an Erlenmeyer flask containing ACVO. Time intervals were determined for the removal
of samples (2 to 420 min). The kinetic models used to make the adjustments to the
experimental data were Pseudo-First Order (PFO) [34], Pseudo-Second Order (PSO) [35]
and Elovich [36], which are represented by Equations (4)—- (6), respectively.

qr = qe(1 — expTFab) (4)

_ qe” (kst)
= A rakn ?

1
q: = Eln(l + abt) (6)

where t is the time (min), q; is the amount adsorbed (mg-g) at the time t, k; is the
pseudo-first-order rate constant (min-1), ks is the pseudo-second-order rate constant (g
mg-'min™), a is initial velocity due to Elovich model (mg-g'-min™), b is the desorption
constant of the Elovich model (g mg™).

At predefined concentrations, the equilibrium isotherms of the adsorption of
Ibuprofen on ACVO were studied. For the analysis of isotherms, the initial concentration
of the solution (15 to 450 mg-L') was varied. The adsorption time was enough to ensure
that equilibrium was reached. Mathematical models were used to describe the
experimental data, among them are the Langmuir [38] and Freundlich [39] models,
represented by Equations (7) and (8), respectively.

_ qmK G,
Qe = =V ~~ (7)
1+ (K. Ce)

1
Ge = KpCJT (®)

where q,,, is the maximum adsorption capacity (mg-g™), K, is the Langmuir constant
(L-mg™); K is the Freundlich constant (mg-g)(mg - L‘l)_l/ "F and niF is the equilibrium
constant indicative of adsorption intensity and associated with the heterogeneity of the
adsorbent surface.

The adjustments of the mathematical models to the experimental data were evaluated
by the correlation coefficient (R*) and average relative error (ARE) represented by
Equations (9) and (10) respectively.

Rz _ <Z?(Qi,exp - Qi,exp)z - Z?(Qi,exp - qi,model)z) (9)
Z?(qi,exp - C_Ii,exp)z
ARE = @ n 9i;model — qi,exp (10)
n 1 Giexp

where ;e is the experimental values of adsorption capacity obtained, §feypis de
average of each adsorption capacity measured, q; moqe: is the predicted values obtained
by the fitted model, and n is the number of experimental data.
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2.5. Fixed bed adsorption experiments

The fixed-bed tests were performed on a glass column with 5 mm of internal diameter
using 0.2 g of ACVO. The bed height was 1.7 cm. The Ibuprofen solution (38 mg L) was
used to feed the bed with a flow rate of 10 mL min". The breakthrough curves obtained
by the experimental data from fixed bed experiment were fitted to the Bohart-Adams
[40] and Thomas [41] models, represented by Equations 11 and 12 respectively.

exp (koa- (¢ - 5))

C.=C,-
‘ ° L kpa-qpa-L-p
exp kBA-CO-(t—E) texp(—— -1

(11)

Co

Ce = P
1+ exp (7](”’ %TH M_ kry-C,- t)

(12)

where kg, is the Bohart-Adams rate coefficient (L - mg~! - min™1), qg, is the maximum
adsorption capacity of Bohart-Adams model (mg.g?), L is the bed length (m), u is the
superficial velocity (m.min™?), p is the specific mass of ACVO, and t is the time (min);
kry is the Thomas rate constant (L-mg™ - min™!), qpy is the adsorption capacity (mg -
g™1), M is the adsorbent mass (g), and Q the volumetric flow rate (L - min™?).

3. Results and Discussion
3.1. Experimental Design and Statistical Analysis

In Table 4 are shown the design matrix and experimental responses.

Table 4. Experimental design matrix and responses the adsorption of Ibuprofen by ACVO.

run pH A4 (grL?) Co (mg-L) Q (mg-g™ E (%)
1 2(-1) 0.1(-1) 10 (-1) 64.16 + 6.05 63.20 + 7.02
2 7(+1) 0.1(-1) 10 (-1) 23.99 + 3.13 24.33+2.78
3 2(-1) 0.5 (+1) 10 (-1) 19.18 + 0.02 95.28 + 0.12
4 7(+1) 0.5 (+1) 10 (-1) 16.08 + 1.98 80.63 + 9.69
5 2(-1) 0.1(-1) 30 (+1) 118.40 + 16.22 39.47 +5.41
6 7(+1) 0.1(-1) 30 (+1) 19.27 + 1.11 6.54 + 0.48
7 2(-1) 0.5 (+1) 30 (+1) 53.60 + 0.11 89.63 + 0.12
8 7(+1) 0.5 (+1) 30 (+1) 29.02 + 1.84 48.35 + 2.74
9(C) 4.5 (0) 0.3 (0) 20 (0) 59.56 + 0.73 89.35 + 1.09
10 (C) 4.5 (0) 0.3 (0) 20 (0) 54.81 + 1.02 81.30 + 1.51
11 (C) 4.5 (0) 0.3 (0) 20 (0) 54.08 + 4.12 80.63 + 5.69

From the results presented in Table 4, it was possible to observe that the highest
value obtained for the adsorption capacity occurred in run 5, which used the lowest
adsorbent dosage and the highest initial concentration of solution studied at acidic pH.
The highest value obtained for the removal efficiency was observed in run 3, where the
highest adsorbent dosage and the lowest initial concentration of solution at acidic pH
were studied.

The Pareto chart presented in Figure 6 shows the estimated effects on the adsorption
process of Ibuprofen for adsorption capacity (a) and removal efficiency (b).
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Figure 6. Pareto chart of estimated effects on Q (a) and E (b).

Figure 6a,b shows the Pareto chart of standardized effects at p = 0.05. Through the
results obtained, it can be inferred that all the parameters studied had significant effects
on the adsorption capacity and removal efficiency of Ibuprofen by ACVO. The most
significant effect observed in Figure 6a was the initial concentration of the solution, this
is associated with a greater driving force for the diffusion of ibuprofen within the ACVO
particles [42]. The second most significant effect was the initial pH of the solution, which
had a negative influence on the process. This is one of the most important factors in
adsorption, as it affects the surface charge (protonation or deprotonation) of the
adsorbent material [42,43]. The adsorbent dosage also had a negative influence on the
adsorption process.

The surface charge of the adsorbent has a great influence on its adsorption capacity.
The pH point of zero charge (pHpzc) of ACVO presented in Table 1 allows the prediction
of the surface charge of the adsorbent as a function of the pH and indicates the pH value
in which the charge of the surface is zero. The surface charge for ACVO as a function of
pH is 3.46, which indicates the acidic nature of the ACVO surface [1]. When the pH of
the solution in contact with the adsorbent is lower than 3.46, the adsorbent surface is
supposed to be positively charged, where the functional groups are protonated. This
behavior favors the anionic species adsorption. This result may suggest that Ibuprofen
has an anionic character [8,44].

Analyzing the results of the Pareto chart, the interpretation of the negative effect of
the initial pH and the adsorbent dosage is that the adsorption capacity increases with the
decrease of these two parameters. According to the pHpzc, wich is 3.46, with a solution
pH is less than 3.46, the ACVO has a negative surface charge. Thereby, the ACVO
features a positive surface charge in pH 2, increasing the interaction with anionic
solutions.

The use of higher values for the adsorbent dosage may allow the ACVO not to reach
saturation [45]. The most significant effect observed in Figure 6b was the adsorbent
dosage, which when increased provides an increase in the number of available sites on
the surface of the material for adsorption [46]. After the adsorbent dosage, the second
most significant effect was the pH of the solution, which, as in Figure 6a, had a negative
influence on the process. Thus, it was observed that the removal efficiency increases
while the adsorption capacity of the material decreases.

From the results obtained through the FD presented in Table 3, it was chosen as an
adequate condition to perform the adsorption kinetic and equilibrium studies using pH



70

2, initial concentration of 20 mg-L-* for the Ibuprofen solution, and 0.3 g-L-! for the dosage
of adsorbent.
3.2. Adsorption Kinetics
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Figure 7. Kinetic curves of Ibuprofen adsorption onto ACVO.

Are shown in Figure 7 the kinetic curves of Ibuprofen adsorption onto ACVO for
the PFO, PSO, and Elovich models. Table 5 presents the results obtained for the
parameters of the mathematical models adjusted to experimental data.

Table 5. Kinetic parameters for the Ibuprofen adsorption onto ACVO.

PFO PSO Elovich

qq (mg-g™) 51.148 q; (mg-g?)  54.879 a (mg-g!'min™) 28.754
K, (L'mg™) 0.074 K, (L'mg7)  0.002 b (g'mg) 0.124
R? (%) 0.888 R? (%) 0.976 R? (%) 0.975
ARE (%) 11.804 ARE (%) 1.362 ARE (%) 1.294

Figure 7 shows that a great amount of Ibuprofen was removed within 50 min and
the equilibrium was reached at about 200 min. According to the correlation coefficient
(R?) and average relative error (ARE) obtained for the models presented in Table 5, the
kinetic model that best described the adsorption of Ibuprofen onto ACVO was the PSO
followed by the Elovich and PFO model, respectively. The PSO model presented a R? of
0.976 and ARE of 1.362. Additionally, presented a value of 54.879 mg-g~! for the amount
adsorbed and 0.002 L-mg™" for the pseudo-second-order rate constant. Contrary to the PFO
model that applies only to a certain period of adsorption, the PSO model predicts the
behavior over the whole range of adsorption studies.

3.3. Adsorption Isotherms

The isotherms models of Langmuir and Freundlich obtained in the adjustment of
the experimental data to mathematical models are presented in Figure 8 and the
parameters are summarized in Table 6.
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Table 6. Equilibrium isotherm parameters for the Ibuprofen adsorption onto ACVO.

Langmuir Freundlich
Qmax (Mg'g™) 360.607 kg (mg-g)(mg - L‘l)_l/nF 74.538
ky, (L'mg™) 0.056 1/ng 0.278
R? (%) 0.980 R? (%) 0.966
ARE (%) 6.534 ARE (%) 7.540
400
300
250
"o 200 |
(o]
E
o 150
100 - O Experimental data
[ —— Langmuir
0r o — Freundlich
0 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1
0 50 100 150 200 250 300 350

Ce (mgL™)

Figure 8. Equilibrium isotherms of Ibuprofen adsorption onto ACVO.

The adsorption isotherms of Ibuprofen onto ACVO are shown in Figure 8 and
indicate that the isotherm profiles were favorable [47]. A comparison of the R* and ARE
values presented in Table 6 suggests that the adsorption data can be better described by
the Langmuir model with the higher value to R* (0.98) and the lower ARE value (6.534%).
The Langmuir model indicates that the pollutant molecules are homogeneously
adsorbed in a monolayer and assumes that each active site of the adsorbent captures
only one pollutant molecule [38,48]. The ki constant (0.054 L-mg) represents the
Langmuir constant. The maximum adsorption capacity (qmax) obtained by ACVO for the
adsorption of Ibuprofen was 360.607 mg-g™. This result indicates the effective
performance of the ACVO in removing Ibuprofen from aqueous solutions.

Table 7 presents a comparison of ., values for ACVO and activated carbons
reported by the literature applied in Ibuprofen removal. The value for the maximum
adsorption capacity obtained for the present study was higher than the values reported
in literature. This result indicates that ACVO produced through chemical and physical
activation is an effective adsorbent in removing Ibuprofen from aqueous solutions.

Table 7. Comparison of quax for ibuprofen on activated carbon (AC) derived from different
sources.

Adsorbent Qmax (Mg-g™?) Reference
ACVO 353.907 Present study
AC/NiFex0s 106.84 [16]
AC from plant sludge of the beverage industry 105.91 49]

[
AC from vegetale 115.1 [
AC from agriculturalby-product 12.6 [51]
AC from coak acorn 96.15 [
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The micrographs for the ACVO are shown in Figure 9a and 9b, with magnification
and for ACVOI in Figure 9c and 9d with magnification of 500x and 1000x, respectively.
The ACVO and ACVOI presented a heterogeneous surface, and a large amount of pores
with a great variety of sizes and shapes randomly distributed. SEM images shown no
significant changes in the morphology and structure between ACVO and ACVO]I, which
suggests that the adsorption process did not modify the morphology of the material [53].
In addition, the pores were not obstructed, suggesting that the material has a good
performance in ibuprofen removal.

EHT = 10.00 k¥ Mag= 800X EHT = 10.00 kv Mag= 500X
WD = 7.0 mm Signal & = SE1 mtr— WD =105 mm Signal & = SE1

EHT uﬁnmn- EHT = 1D.00 kY Mag= 1.00KX

WD = 7.0 mm Signal A= SE1 WD =10.5 mm Signal A = SE1 R —

(b) (d)
Figure 9. SEM images: (a) ACVO 500x, (b) ACVO 1000x, (c) ACVOI 500%, and (d) ACVOI 1000x.

3.4. Fixed bed adsorption

The breakthrough curves obtained in the adjustment of the fixed-bed experimental
data to mathematical models are presented in Figure 10 and the parameters are
summarized in Table 8.
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Figure 10. The breakthrough curve of Ibuprofen adsorption onto ACVO.

Table 8. Parameters of the models for the breakthrough curve.

Bohart-Adams Thomas
qga (mg-g) 409.945 qrtH 167.767
kga (L-mg~!-min~1) 3.206-10* krg (L-mg™!-min™1) 3.203 - 10+
R? (%) 0.960 R? (%) 0.960

The model curves presented in Figure 10 overlapped. The Bohart-Adams and
Thomas models are conceptually different, however, when the isotherm is highly
favorable for sorption, the results obtained from Bohart-Adams model are very similar
to those obtained from the Thomas model. The difference between the models is in the
adsorption kinetics, in the form of the sorption isotherm assumed. Bohart-Adams model
predicts an irreversible second order reaction and assumes a rectangular isotherm, while
Thomas predicts that the adsorption is in accordance with the second order reversible
reaction. For Thomas model, the kinetics of adsorption process follows the Langmuir
isotherm (favorable), which is in accordance with the results obtained for batch
adsorption [40,48,54-56]. The R? values presented in Table 8 for both empirical models
are satisfactory. Although, Thomas model presented the best fit to the experimental data,
with 167.767 mg-g! of maximum adsorption capacity.

4. Conclusions

The use of activated carbon of vegetable origin in the ibuprofen adsorption showed
a good performance. The analysis from the experimental design showed the significant
effects on the adsorption process evaluating the initial concentration, pH of the solution
containing the contaminant, and dosage of the adsorbent. The mathematical model that
best fitted the experimental data for the equilibrium experiments were the Langmuir
with 360.607 mg-g~! maximum adsorption capacity, and the kinetic model that best fitted
the experimental data were the PSO model. SEM micrographs showed that the
morphological structure of the porous material was not modified after the adsorption.
Finally, the fixed bed experiments showed a good fit for Thomas model, presenting
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167.77 mg-g? of maximum adsorption capacity. According to the literature, for
adsorption of ibuprofen using activated carbon of vegetable origin, the results obtained
for the present study are very satisfactory, presenting a high value for adsorption
capacity and good batch and fixed bed adsorption performance.
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5 CONCLUSAO

O uso do bagaco da oliveira em processo de pirolise atraves de ativacdo quimica
e térmica garantiu a formacdo de material carbonaceo com propriedades atrativas para o
uso como adsorvente de contaminantes emergentes. O alto valor para area superficial
obtido (Sggr = 650,9 m?-g1) e possibilitou 0 bom desempenho do material na adsorgéo

dos contaminantes na superficie e no interior dos poros.

A melhor condicdo estudada no planejamento experimental, para remocao de
nimesulida pelo carvéo ativado, mostrou uma capacidade de adsorcéo de 142,98 mg-g*
e eficiéncia de remocdo de 48,49% com dosagem de adsorvente de 0,1 g-L7?%
concentracdo inicial de 30 mg-L~* em pH 8. Para a remocéo de ibuprofeno pelo carvdo
ativado, a melhor condic&o apresentou 118,40 mg-g* para capacidade adsortiva e 39,47%

para eficiéncia de remocao.

A partir dos resultados obtidos foi possivel desenvolver o estudo cinético e
isotérmico da adsorcdo de nimesulida e ibuprofeno no carvao ativado do bagaco da
oliveira. Para adsorcdo de nimesulida, os estudos cinéticos e isotérmicos mostraram que
os modelos matematicos que melhor se ajustaram aos dados experimentais foram os
modelos de PSO e Freundlich, respectivamente. A capacidade maxima de adsorcao obtida

experimentalmente foi de 353,27 mg- g 1.

Para adsorcdo de ibuprofeno os modelos matematicos que melhor se ajustaram
aos dados experimentais foram os modelos de PSO e Langmuir com uma capacidade
maxima de adsorcéo de 360,607 mg-g1.Foi realizado experimento em fluxo continuo
através de coluna de leito fixo recheada com carvdo ativado do bagaco da oliveira para
adsorcéo de ibuprofeno. O modelo que melhor descreveu os resultados foi o de Thomas,

que apresentou 167,767 mg-g* para a capacidade de adsorcgao.

Frente ao exposto, é possivel concluir que o bagaco da oliveira apresenta grande
potencial como matéria-prima na producdo de carvdo ativado para o tratamento de
efluentes contaminados com nimesulida e ibuprofeno. Devido ao grande volume de
residuo gerado no cultivo de oliveiras, como o bagaco, e a diversidade de fatores
prejudiciais a0 meio ambiente que o seu descarte inadequado acarreta, este trabalho
espera contribuir para o aproveitamento de residuos agro-industriais e tratamento de

efluentes contaminados.
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6 PERSPECTIVAS PARA TRABALHOS FUTUROS
Buscando a continuidade do presente estudo, sugere-se:

a) Estudo da variacao dos parametros na etapa de pirdlise para producgéo de carvdo ativado
do bagaco da oliveira;

b) Caracterizacdo da MP (analise imediata);

c) Caracterizacao do CA (anélise imediata);

d) Ensaios de dessor¢éo de nimesulida e ibuprofeno;

e) Estudos de regeneracao do adsorvente;

f) Termodindmica da adsorgéo;

g) Estudo das condic¢des da adsorcdo em leito fixo;

h) Estudo da cinética e isoterma de adsor¢do de outros compostos farmacéuticos;
i) Estudo da adsorcdo em batelada e leito fixo de efluentes simulados hospitalares;

j) Estudo do potencial de uso do carvéo ativado do bagaco da oliveira na remocéao de

metais pesados e corantes téxteis.
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