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RESUMO

A presente tese investigou metodologias para o preparo de carvfes ativados, usando
como precursores carbonaceos os residuos da Castanha do Para (Bertholletia
excelsa) e da serragem do Sapelli (Entandrophragma cylindricum) bem como a
aplicacéo desses carvoes como adsorventes em efluentes contendo contaminantes
de preocupacdo emergente. A tese € apresentada no formato de 3 artigos, ja
publicados em periddicos internacionais com classificacdo Capes Al e B1l. As
metodologias de preparo dos carvfes tiveram dois enfoques: i) a melhoria das
propriedades texturais (area superficial e volume de poros); ii) atribuicdo de
carateristicas magnéticas sem perder potencialidade como adsorvente. Na primeira
investigacdo usando os residuos da Castanha do Para (CCP) buscou-se entender o
efeito da temperatura de pirolise na preparacao do carvao ativado, sendo preparado
pastas na proporcdo de 1:1 (CCP: ZnCl2) e a pirolise realizada nas temperaturas de
600°C e 700°C, denominados respectivamente CCP600 e CCP700. Na segunda
investigacdo, também usando os residuos da Castanha do Para (CCP) a pesquisa
focou os estudos na influéncia da quantidade de Cloreto de Zinco na preparagédo dos
carvoes, sendo produzido carvdes na proporcédo 1:1 (CCP : ZnCl2) e na proporcéo
1:1.5 (CCP : ZnCl2), denominados respectivamente BNS1.0 e BNS1.5, ambos
pirolisadas 600°C. Na terceira investigacdo a serragem de Sapelli foi usada como
precursor dos carvdes ativados e os estudos foram direcionados para o preparo de
materiais magnéticos, onde apurou-se misturas de Sapelli com Cloreto de niquel
(NiCl2)-(1:1), bem como a mistura Sapelli: Cloreto de Zinco (ZnClz): Cloreto de Niquel
(NiCl2) — (1:1:1), ambas as pastas foram pirolisadas a 700°C. Nesse estudo ainda se
investigou duas formas de eliminac¢éo dos inorganicos do carvao ativado, a lixiviagao
com acido cloridrico (0.1M) sob refluxo e a lixiviacdo assistida por ultrassom (US- 15
min, 600 W), obtendo-se quatro compadsitos: SNIAL, SNiUS, SNiZnAL, SNiZnUS.
Todos os carvoes foram caracterizados por analise elementar de CHN/O, a razéo
hidrofébica/hidrofilica, FTIR, TGA, titulagdo modificada de Bohem, BET/BJH e para a
dltima investigacdo caracterizou-se 0s carvdoes quanto a magnetizacdo usando o
VSM. Essas analises mostram que os adsorventes tém diferentes grupos polares, o
gue confere uma superficie hidrofilica. Quanto as propriedades texturais o CCP600 e
CCP700 apresentaram area superficial e volume total de poros de 1457 m?. g1 e 0.275
cmi.gt e 1419 m2.g* e 0.285 cm3.g* respectivamente, o BNS 1:0 e o BNS 1:1,5



apresentaram 1457 m?2.g* e 0.5486 cm3.gt; 1640 m?2. g1 e 0.7947 cm3. g; enquanto
SNIAL, SNiUS, SNiZnAL, SNiZnUS apresentaram area superficial e volume total de
poros de 384 m2.g* e 0,136 cm3.g!; 396 m2.gte 0,147 cm? gt; 1628 m2.gle 0,660
cm?® g1; 1212 m2.gt e 0,497 cm3.g!, respectivamente. No que tange ao magnetismo
os carvdes ativados atingiram saturacdo de magnetizacéao (Ms) de 6.86 (emu/g) para
SNiZnAL; 10.81 (emu/g) para SNiZnUS; 15.00 (emu/g) para SNIAL e 12.59 (emu/qg)
para SNiUS. As metodologias propostas possibilitaram inferir que variacéo de 100°C
na pirdlise dos precursores ndo causou modificacdes significativas nas propriedades
texturais dos carvdes bem como possibilitou validar que o cloreto de zinco favorece o
incremento das propriedades texturais, ademais foi possivel identificar que o processo
de lixiviagao via ultrassom pode ser usado a favor da manutencgéo das propriedades
magnéticas do carvao. Os ensaios de adsorcao possibilitaram atestar a eficiéncia dos
carvies produzidos como adsorvente de contaminantes emergentes de diferentes

classes.

Palavras chaves: Carvao ativado. Biocarbono. Biocarbono ativado magnético.

Lixiviacdo. Adsorcédo. Contaminantes emergentes.



ABSTRACT

The thesis investigated methodologies for preparing activated carbons, using the
residues of Brazil Nut (Bertholletia excelsa) and Sapelli sawdust (Entandrophragma
cylindricum) as carbon precursors. The application of these carbon materials as
adsorbents for treating effluents containing contaminants of emerging concern. The
thesis is presented in the format of 3 papers already published in international journals
with CAPES classifications A1 and B1. The preparation methodologies of carbons had
two approaches: i) the improvement of textural properties (surface area and pore
volume); ii) attribution of magnetic characteristics without losing the potentiality of
being utilized as adsorbent. In the first investigation using the residues of Brazil Nut
(CCP) we sought to understand the effect of pyrolysis temperature on the preparation
of activated carbon, being prepared pastes in the proportion of 1:1 (CCP: ZnClz) and
pyrolysis performed at temperatures of 600°C and 700°C, respectively called CCP600
and CCP700. In the second investigation, also using the residues of Brazil Nut (CCP),
the research focused the studies on the influence of the amount of zinc chloride in the
preparation of carbons, being produced activated carbons in the proportion 1:1 (CCP:
ZnCl2) and the proportion 1:1.5 (CCP: ZnCl2), respectively BNS1.0 and BNS1.5, both
pyrolyzed 600°C. In the third investigation, Sapelli sawdust was used as a precursor
of activated carbons, and studies were directed to the preparation of magnetic
materials, where Sapelli mixtures with nickel chloride (NiCl2) - ( 1:1), as well as the
Sapelli mixture: Zinc Chloride (ZnClz): Nickel Chloride (NiCl2) — (1:1:1), both pastes
were pyrolyzed at 700°C. In this study, two forms of elimination of inorganics from
activated carbon were investigated, leaching with 0.1M hydrochloric acid under reflux
and ultrasound-assisted leaching (US- 15 min, 600 W), obtaining four composites:
SNIAL, SNiUS, SNiZnAL, SNiZnUS. All activated carbons were characterized by
elemental analysis of CHN/O, hydrophobic/hydrophilic ratio, FTIR, TGA, modified
titration of Bohem, BET/BJH, and in the last investigation, the carbon materials were
characterized by magnetization using VSM. These analyses show that adsorbents
have different polar groups, which confers a hydrophilic surface. As for the textural
properties, CCP600 and CCP700 presented surface area and total pore volume of
1457 m2, gt and 0.275 cm3.gtand 1419 m2.g'and 0.285 cm3.g%, respectively, BNS
1:0 and BNS 1:1.5 presented 1457 m?. g*tand 0.5486 cm3.g1; 1640 m?. gt and 0.7947
cmi.gt; while SNIAL, SNiIUS, SNiZnAL, SNiZnUS presented surface area and total



pore volume of 384 m?.g* and 0.136 cm3.g%; 396 m?.g* and 0.147 cm3.g%; 1628 m2.g°
L and 0.660 cm3.g%; 1212 m?. gland 0.497. cm3.g%, respectively. When it comes to
magnetism, carbon reached magnetization saturation (Ms) of 6.86 (emu/g) for
SNiZnAL; 10.81 (emu/g) for SNiZnUS; 15.00 (emu/g) for SNIAL and 12.59 (emu/qg) for
SNiUS. The proposed methodologies made it possible to infer that a variation of 100°C
in the pyrolysis of the precursors did not cause significant changes in the textural
properties of the carbon materials, as well as to validate that zinc chloride favors the
increase of textural properties, in addition, it was possible to identify that the leaching
process via ultrasound can be used in favor of maintaining the magnetic properties of
coal. The adsorption tests made it possible to attest to the efficiency of the coals

produced as adsorbents of emerging contaminants of different classes.

Keywords: Activated carbon. Biochar. Magnetic activated biochar. Leaching.

Adsorption. Emerging Contaminants.
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EDS - Espectroscopia por disperséo de raios X

UV-VIS - Ultravioleta-Visivel

Qmax — quantidade maxima de adsorvato adsorvido pelo material
AG® — variacao da energia de Gibbs padrao

AH° — variacdo de entalpia padréao

AS° — variacao de entropia padrdo

MEV-Microscopia eletronica de varredura;

DRX- Difracao de raios-X;

FTIR- Espectroscopia no infravermelho por transformada de Fourier;
CHN-Andlise Elementar de carbono, hidrogénio e nitrogénio
pHpcz — pH no ponto de carga zero;

COP- Conferéncia das Partes

POP-Poluentes Organicos Persistentes
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LISTA DE SIMBOLOS

T: Temperatura (°C/ K);
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te: Tempo de equilibrio;

Qmax: Capacidade maxima de adsorcédo calculada pelo modelo (mg g?);
g: quantidade adsorvida do adsorvato por grama do adsorvente (mg.g);
Co e Cr :sdo as concentragdes iniciais e finais da solucédo do adsorvato, (mg.L™?);
V: Volume de solucéo do adsorvato colocado em contato com o adsorvente (L);
m: e a massa do adsorvente (Q);

ge: quantidade de adsorbato retida no adsorvente no equilibrio (mg g);
Ce: concentragdo atingida no equilibrio (mg L1);

ne: expoente de Freundlich;

Ke: constante isotérmica de Freundlich (mg g*(mg L) -1/");

KL: constante de Langmuir (L mg™);

Kg: constante de equilibrio de Liu (L. mg ~1);

nL: € um expoente adimensional da equacéao de Liu;

R: é a constante universal dos gases (8,314 J K** mol?);

K2 (adimensional): é a constante de equilibrio termodinamico

gt € a quantidade de adsorcéo fixada no tempo (mg.g~1);

ki € a constante da taxa pseudo-primeira-ordem (min);

ks : € a constante da taxa pseudo-segunda-ordem (g mg* min-);

kav: é a constante cinética de Avrami (min~1);

n: € a ordem de adsorc¢ao fracionaria.
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1 INTRODUCAO

A poluicdo ambiental esta diretamente relacionada com desenvolvimento
industrial devido a eliminacdo de efluentes e ou rejeitos toxicos, resistentes a
degradacdo e a tratamentos convencionais, proveniente de subprodutos gerados
pelas industrias (RODRIGUEZ et al., 2017; TROGER et al., 2021).

Os efluentes liquidos contendo corantes, farmacos, agrotdéxicos e outros
precursores da industria quimica sdo gerados em diferentes setores industriais, em
guantidades crescentes e recebem tratamentos e destinacbes diversificadas
(ERTURK e SACAN, 2013; SOPHIA e LIMA, 2018; TROGER et al.., 2021). A
constituicdo quimica e os efeitos dessas substancias no ecossistema sdo monitorados
por uma rede de colaboracao entre diversos centros de pesquisa e organizacfes da
Europa (Network of Reference Laboratories, Research Centres and Related
Organisations For Monitoring of Emerging Environmental Substances), com a
finalidade de identificar possiveis substancias que ndo sdo normalmente controladas
no ambiente, mas que tem potencial para causar efeitos adversos ecologicos e (ou)
sobre a saude humana, sendo estes efeitos conhecidos ou suspeitos. Essa rede
monitora os efeitos no ecossistema de mais 111.000 substancias. A lista é apresentada
com os produtos classificados em: plastificantes, aditivos alimentares, aditivos
combustiveis, composto intermediarios da industria, produtos para cuidados pessoais,
compostos farmacéuticos, hormonios, pesticidas, retardadores de chama,
surfactantes e outros produtos quimicos.

O tratamento eficaz desses residuos € uma questdo emergente, uma vez que
esses contaminantes sdo compostos de moléculas que ndo sdo facilmente
biodegradadas ou hidrolisadas sendo consideradas moléculas estaveis e
recalcitrantes (KASPERISKI et al., 2018; SOPHIA e LIMA, 2018; GADELHA et al.,
2019; TROGER et al., 2021).

Dessa forma a busca por novos métodos eficazes de tratamento de efluentes
€ intensa, visando diminuir ou eliminar a toxicidade desses contaminantes no
ecossistema. Agéncias de protecdo ambiental como United States Environmental
Protection Agency (USEPA); United States Geological Surveya (USGS) e pactos
firmados entre as na¢gbes como o acordo de Estocolmo e a agenda para atingir os
Objetivos de Desenvolvimento Sustentavel (ODS), reconhecem que 0s contaminantes

emergentes tém propriedades toxicas, sao resistentes a degradacao, bioacumulam-
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se, sao transportados pelo ar, pela agua e pelas espécies migratérias através das
fronteiras internacionais e depositados distantes do local de sua liberacédo, onde se
acumulam em ecossistemas terrestres e aquaticos.

Pesquisas apontam a emergente preocupagdo com esses compostos podendo
citar os trabalhos de: ARLOS et al., 2018; LI et al.., 2021; PREDIERI et al., 2020;
TETZLAFF et al., 2021; TROGER et al., 2021; Sophia e Lima, 2016; Silva et al. 2018,
Cunha et al., 2020; Thue et al.,2022 entre outros. As pesquisas ilustram o uso de
diferentes tecnologias no tratamento desses contaminantes, entre elas: oxidagéo
avancada, membrana de separacdo, adsorcdo, biossorcdo, nanofiltracdo, fenton,
fotocatalise, troca ibnica e outros. O custo médio dessas tecnologias por m3 de
efluente a ser tratada apés o tratamento convencional € estimado em valores que
variam de US$ 0.5 até US$ 1.2 (DWI, 2007, TROGER et al., 2021; LI et al., 2021).

O levantamento bibliogréafico indicou que a adsorcdo tem se mostrado como
uma das técnicas mais utilizadas, devido ao seu baixo custo, baixa necessidade de
energia, alta eficiéncia na remocao de contaminantes emergentes e a nao formacao
de produtos de transformacéo (ALVAREZ-TORRELLAS et al., 2016; BACCAR et al.,
2012; GISI et al., 2016; THUE et al., 2016, 2017), bem como também é citada em
muitos estudos como uma operacdo versatil no que tange ao uso de adsorventes e
adsorvatos (KOTTUPARAMBIL et al., 2014; LARA-VASQUEZ, SOLACHE e
GUTIERREZ, 2016; LIMA, ADEBAYO, MACHADO, 2015; TAKDASTAN et al.,2016).
A adsorcao tem seu conceito amplamente difundido e descreve o fenémeno no qual
moléculas (adsorvatos) que estdo presentes em um fluido (gasoso ou liquido)
concentram-se sobre uma superficie sélida (adsorvente).

Os autores Kumar et al. (2009); Umpierres et al. (2017); Rodriguez-Narvaez et
al. (2017); Nilsen et al. (2019) enfatizam que o carvao ativado (CA) comercial é o
adsorvente mais utilizado para a remocdo de compostos organicos de efluentes
industriais devido a suas propriedades de texturas. Além disso, um levantamento do
Instituto Nacional de Tecnologia (INT, 2017) indica que os principais consumidores de
adsorventes, no Brasil, sdo as empresas de abastecimento de agua potavel, empresa de
farmacos, transporte de gases, dentre outras, com inimeras formas de utilizacdo (INT,
2017). No entanto, apesar das vantagens, o carvao ativado comercial ainda tem seu uso
restrito, pelo custo e por sua producdo comercial ser inferior a demanda. Dados de
mercado disponiveis na Fortune Business insights indicam que o mercado global de

carvao ativado foi de US$ 2.96 bilhdes em 2020 e esta projetado para crescer US$
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4.50 bilhdes até 2028. CRINI et al. (2019) apontam que o CA é requerido principalmente
por industrias que investem no sistema terciario de tratamento de efluentes e setores da
salde. Por conseguinte, 0s pesquisadores estéo voltados a buscar fontes alternativas
de preparacdo e reaproveitamento de carvao ativado (INT, 2017) assim o uso de
residuos agroindustriais como precursor de carbono no desenvolvimento de carvdo
ativado aumentou consideravelmente nos ultimos anos, sendo possivel citar trabalhos
de Hu et al. (2017); Silva et al. (2018); Zhu et al. (2018); Cunha et al. (2020); Cimirro
et al. (2020) Wang et al. (2022); entre outros. Aliado a demanda por carvao ativado,
os setores industriais também estdo buscando formas de separacdo do adsorvente
apos adsorcdo do adsorvato e sua regeneracdo pelo maior nimero de ciclos
possiveis.

Propostas de metodologias de impregnacdo quimica e tratamentos de
superficies para aplicacdo de funcionalidades e ou incremento de propriedades
adsorventes ao carvao ativado tem ganhado destague. O Spacenet no ano de 2022
registra 499 patentes acerca de producao de carvbes ativos magnéticos, sendo que
265 dessas foram depositadas nos ultimos 5 anos (2017-2022). Quando se relaciona
os termos “leaching” and “ultrasound” or Ultrasound-assited” and “magnetic activated
carbon” a busca nao retorna resultados.

Considerando o exposto, este trabalho de tese teve como objetivo geral a
investigacdo de metodologias potencialmente inovadoras para o preparo de carvdes
ativados e compadsitos magnéticos, tendo como precursores residuos agroindustriais
da Castanha do Pard (Bertholletia excelsa) e do Sapelli (Entandrophragma
cylindricum) e sua aplicagdo como adsorvente em contaminantes de preocupacao

emergente.
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2 OBJETIVOS

Este trabalho de tese teve como objetivo geral a investigacdo de metodologias
potencialmente inovadoras para o preparo de carvdoes ativados e compaositos
magneéticos, tendo como precursores residuos agroindustriais da Castanha do Para
(Bertholletia excelsa) e da serragem do Sapelli (Entandrophragma cylindricum) e sua

aplicagdo como adsorvente em contaminantes de preocupag&o emergente.

Objetivos especificos

X Investigar modificacdes das biomassas com os sais Cloreto de Zinco (ZnCl2) e
Cloreto de Niquel (NiCl2);

< Estudar os parametros e efeitos da carbonizacdo, dos residuos modificados,
em forno tubular vertical, visando obter carvédo ativado com alta &rea superficial;

X Averiguar formas de lixiviagdo dos sais inorganicos impregnados na etapa de
modificacdo dos residuos;

X Caracterizar fisico-quimicamente os adsorventes produzidos;
< Estudar a aplicacdo dos carvfes ativados na adsorcdo de efluentes liquidos

simulados contendo contaminantes emergentes;

X Construir curvas cinéticas de adsorcao em diferentes concentracbes de

contaminantes emergentes e ajustar a modelos da literatura;
< Construir curvas de equilibrio experimentais e ajustar a modelos da literatura;

X Verificar os mecanismos de adsorcédo através do estudo termodinamico,dados

de cinética e equilibrio.
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3 FUNDAMENTACAO TEORICA E REVISAO LITERATURA

Neste capitulo sera abordado um panorama geral sobre os efluentes que
contenham em solucdo os contaminantes emergentes bem como a descricdo e
detalhamento da operacéo unitaria adsorcao, usando carvdes ativados provenientes
de residuos agroindustriais, como técnica de tratamento desses contaminantes.
Ademais serdo apresentadas formas de potencializar as caracteristicas de superficie

desse carvao.

3.1 CONTAMINANTES EMERGENTES

Segundo a agéncia Norte-Americana United States Geological Surveya

(USGS), um contaminante emergente (CE) pode ser definido como:

“uma substancia quimica de ocorréncia natural ou antrépica, ou
gualquer micro-organismo que ndo é normalmente controlado no
ambiente, mas que tem potencial para entrar no ambiente e causar
efeitos adversos ecoldgicos e (ou) sobre a saude humana, sendo
estes efeitos conhecidos ou suspeitos”. (USGS, tradugéo livre).

Ademais, a agéncia de Protecdo Ambiental dos Estados Unidos United States

Environmental Protection Agency (USEPA) define esses contaminantes como:

“Poluentes que, atualmente, ndo sao incluidos em programas de
monitoramento e que podem se tornar candidatos para legislacdes
futuras dependendo de pesquisas sobre a toxicidade, efeitos sobre a
salde, percepcdo pelo publico e dados sobre sua ocorréncia em
varios ambientes” ( USEPA, tradugao livre).

Com o crescimento das pesquisas cientificas e possiveis evidéncias do perigo
destes contaminantes, que ndo devem ser considerados novas substancias e sim
substancias naturais ou sintéticas que ndo sao comumente monitoradas no meio
ambiente e que tém efeitos indesejaveis conhecidos ou suspeitos sobre os seres
humanos e o ecossistema, comecaram a serem elaboradas regulacées embasadas
no principio da precaucdo, para tentar conhecer estes contaminantes e estudar seus
efeitos.

Em 2005, uma rede de colaboracédo entre diversos centros de pesquisa e

organizagbes da Europa, foi criada com a finalidade de identificar possiveis
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substancias e/ou poluentes emergentes que possam ter impactos negativos no meio
ambiente e na saude humana, a rede intitula-se: Network of Reference Laboratories,
Research Centres and Related Organisations For Monitoring of Emerging
Environmental Substances (NORMAN), popularmente conhecida como projeto
NORMAN. Esse projeto tem por missdo atualizar periodicamente a lista de
contaminantes reconhecidamente perigosos ao ecossistema, a atualizacéo principia
de uma lista prévia denominada NORMAN Suspect List que contempla, no corrente
ano, mais de 111.000 substancias. A lista € apresentada seguindo classificacéo

exposta na Quadro 1:

Quadro 1- Categorias de CE

o _ | Produtos quimicos de contato o
Substancias per e polifluoroalquil _ Biocidas
com alimentos

Produtos quimicos para agua N _ Substancias do
] Aditivos alimentares ) )

potavel ambiente interno
Produtos de cuidados _ _

Retardadores de chama _ Toxinas naturais
pessoais

Produtos quimicos industriais Produtos fitofarmacéuticos

Metais e seus compostos Metabdlitos humanos

Compostos de fumaca Neurotoxinas humanas

Surfactantes Drogas de abuso

Fonte: NORMAN SusDat

O Brasil segue regulamentacdo acordada na negociagdo internacional da
Convencao de Estocolmo com texto aprovado por meio do Decreto Legislativo n°® 204,
de 7 de maio de 2004, com emendas aprovadas durante COP 7 e COP 8, realizada
em maio de 2015 e maio de 2017, respectivamente. Nessa regulamentacdo sao
reconhecidos apenas 22 poluentes denominados, nesse documento, de Poluentes
Organicos Persistentes (POP’s).

A convencao de Estocolmo reconhece que os POP’s tém propriedades toxicas,
sao resistentes a degradacao, bioacumulam-se, séao transportados pelo ar, pela agua

e pelas espécies migratérias através das fronteiras internacionais e depositados


https://www.mma.gov.br/estruturas/smcq_seguranca/_arquivos/decreto_legislativo_n_204___pops.pdf#_blank
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distantes do local de sua liberagédo, onde se acumulam em ecossistemas terrestres e

aguaticos. A Figura 1 realca as principais fontes, rotas e disposicao desses poluentes.

Figura 1- Fontes e rotas de disposi¢cédo de CE no ecossistema

Medicina Medicina Producéao
humana veterinaria industrial
.

-

Aterros S
sanitarios ou " g .
incineradores omeéstico

Estﬁcao de
tratamento
de esgoto

guas Aguas Resisténcia
subterraneas superficiais bacteriana
Estacdo de
Oceano tratamento
de agua

Efenos adversos
a comunidade
aquatica

Agua
potavel

Seres
humanos

Fonte: Adaptado de Sophia e Lima (2018) e Ahmed et al. (2019)

Os processos de atenuacgdo natural e de tratamento convencional de aguas,
gue contenham esses poluentes, ndo séo capazes de diminuir ou eliminar a toxicidade
desses contaminantes no ecossistema. As pesquisas atuais ilustram o uso de
diferentes tecnologias no tratamento desses contaminantes, entre elas: oxidagéo
avancada, membrana de separacdo, adsor¢cado, biossorcdo, nanofiltracdo, Fenton,
fotocatdlise, troca ibnica e outros. O Custo médio dessas tecnologias por m3 de
efluente a ser tratada apos o tratamento convencional € estimado em valores que
variam de US$ 0.5 até US$ 1.2, (DWI, 2007, TROGER et al., 2021; LI et al., 2021).

O levantamento bibliogréafico indicou que a adsor¢cdo tem se mostrado como
uma das técnicas mais utilizadas, devido ao seu baixo custo, baixa necessidade de
energia, alta eficiéncia na remocao de contaminantes emergentes e a ndo formacéo
de produtos de transformacéo (ALVAREZ-TORRELLAS et al., 2016; BACCAR et al.,
2012; GISI, De et al., 2016; THUE et al., 2016, 2017), bem como também é citada
em muitos estudos como uma operacgao versatil no que tange ao uso de adsorventes
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e adsorvatos (KOTTUPARAMBIL et al., 2014; LARA-VASQUEZ, SOLACHE e
GUTIERREZ, 2016; LIMA, ADEBAYO, MACHADO, 2015; TAKDASTAN et al., 2016).

3.2 ADSORCAO

O conceito amplamente conhecido de adsorcdo foi proposto em 1984 por
Rutheven, onde o mesmo descreve a adsor¢gdo como uma operagao unitaria que
envolve o contato entre um sdlido e um fluido, originando uma transferéncia de massa
da fase fluida para a superficie do solido. Para Gomide (1988) a adsor¢céo descreve o
fenbmeno no qual moléculas que estdo presentes em um fluido (gasoso ou liquido)
concentram-se sobre uma superficie sélida e ainda denomina que a substancia que
acumula na interface € chamada de adsorvato, enquanto o solido € chamado de
adsorvente.

Weber e Smith (1986); Rudzinski e Plazinski (2007); Cegen e Aktas (2011);
Lima et al.(2021) salientam que de um modo geral, o processo de adsor¢cao ocorre

seguindo as etapas ilustradas na Figura 2.

Figura 2- Mecanismos envolvidos no transporte do adsorvato até o adsorvente

{ Difusd@o no |
H - H
i+ fime iquido ; Difusdo intraparticula

i-
-“: Difusdo Difusdo na
E intraparticula superficie
: e adsorcao - \

“Buk " de
Bquido

~
Difusadc no
poro

Adsorvato Adsorvente

Fonte: adaptado de Cecen e Aktas (2011)

Onde, as etapas podem ser descritas como:
) Transporte do contaminante (adsorvato) da fase aquosa para o filme que forma

a camada limite (interface sélido-liquido);
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1)) Transporte do adsorvato através da camada limite até a superficie das
particulas do adsorvente, essa etapa ocorre por difusdo e a forca motriz é a
diferenca de concentracgao;

iii) Difusdo do adsorvato na superficie e nos poros do adsorvente (difusao
intraparticula);

iv) Interacao fisica e/ou quimica entre adsorbato e adsorvente (adsorcao).

Cecen e Aktas (2011); Lima et al. (2021) destacam que os adsorvatos
permanecem adsorvidos na superficie do adsorvente pela acédo de interacdes a nivel
molecular e essas interacdes sdo as mesmas independente se ocorrem na superficie
Ou nos poros do adsorvente.

ZHANG et al. (2019); Doke e Khan (2013) indicam que o fenbmeno de adsorcao
€ termodinamicamente explicado pela existéncia de forcas de atracao perpendiculares
ao plano da superficie da fase sdlida. A intensidade dessas forcas depende da
natureza do sélido, principalmente das caracteristicas da superficie e do tipo das
moléculas adsorvidas. Segundo Atkins e De Paula (2008), dependendo da forca das
ligacdes entre as moléculas que estdo sendo adsorvidas e o material sélido, podem-
se diferenciar dois tipos principais de interacdo, a adsorcéo fisica (fisiossorcao) e a
adsorcdo quimica (quimiossorcao). A Tabela 1 realca as caracteristicas de cada
interacdo, sendo relevante enfatizar que sob condicbes favoraveis ambos os

processos podem ocorrer simultaneamente ou alternativamente.

Tabela 1- Caracteristicas gerais da natureza das interacdes adsorvato-adsorvente

Caracteristica Fisiosorcao Quimiosorcéo

Ligacdes de Van der Waals, | =~
Ligagcbes covalente (200-

interagdes 11-11, dipolo-dipolo, 800) kJ Mol! e Ligacgdo

Natureza da Interagao ligacbes de hidrogénio e |i0nica com formacdo de
: ~ o~ uma rede cristalina; (200-
inter letr icas; - ’

teracdes eletrostaticas; (05 400) kJ Mol
80) kJ Mol™.

Dependéncia com | Desfavorece interacdes de | Favorece interacbes de

aumenta Temperatura natureza fisica. natureza quimica.
Monocam

Cobertura do adsorvente onocamada %! Monocamadas.

multicamadas.

Fonte:Adaptado Cecen e Aktas (2011); Bergmann et al. (2015).
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Limaetal. (2015); Gisi et al. (2016) relatam que as propriedades dos adsorvatos
e adsorventes sao bastante especificas e dependem de seus constituintes.

Considerando os adsorventes, ¢é amplamente reconhecido pelos
pesquisadores (DABROWSKI 2001; MACHADO et al.,, 2015; CRINI et al., 2019;
CHENG et al.,2021) que as propriedades de textura, como area de superficie, volume
de poros e diametro médio de poros sdo os principais fatores para determinar a
capacidade de adsorc¢ao.

A cerca do adsorbato as caracteristicas que mais influenciam o processo de
adsorcao sao: peso molecular, os arranjos espaciais de atomos e grupos da molécula,
grau de solubilidade e polaridade da molécula, pH e temperatura no qual essas
moléculas séo solubilizadas (CECEN e AKTAS, 2011).

Ademais, Dgbrowski (2001); Machado et al. (2015); Gisi et al. (2016);
Umpierres et al. (2019), enfatizam que a busca atual deve ser por metodologias que
potencializam as caracteristicas do adsorvente bem como desenvolvam os sitios de
superficie de adsorcao ou ligacbes pendentes das estruturas que também podem
desempenhar um papel importante no processo de adsorcao ao investir em aumentar
a afinidade entre adsorbato e adsorvente.

A quantidade de adsorvato, que pode ser adsorvida por um adsorvente em
funcdo da temperatura e concentracdo do adsorvato pode ser descrita por uma
isoterma de adsorcgdo, enquanto que relagéo entre o tempo necessario para que esse
sistema adsorvato/adsorvente entre em equilibrio é descrito por modelos cinéticos. A
guantidade adsorvida do adsorvato (q) na fase solida e a sua porcentagem de

remocao do efluente aquoso sédo dadas pelas Equacfes 1 e 2:

0= (c;cf) N "

Co-Cr (2)
0

% remocgao = 100.

Nas quais, q é a quantidade adsorvida do adsorvato por grama do adsorvente (mg.g-
1); Co e Ctsdo as concentracgdes iniciais e finais da solucdo do adsorvato, (mg.L?); V
e o volume em litros de solugéo do adsorvato colocado em contato com o adsorvente

(L); m e a massa do adsorvente em gramas (Q).
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3.2.1 Isotermas de adsorcéao

Alleoni et al. (1998); Tommes et al. (2015) enfatizam que as isotermas
expressam a relacdo existente entre a quantidade de adsorvato removido da fase
aguosa e a quantidade de adsorvato remanescente na solugcdo a uma temperatura
constante. Ademais, esses autores ainda salientam que as isotermas sdo comumente
descritas por modelos matematicos (fisicos, empiricos, semi-empiricos).

O formato da isoterma esta relacionado com o tipo de porosidade do solido,
como explica Muttakin et al. (2018). No caso de adsorventes porosos, a superficie
pode ser subdividida em uma superficie externa e uma superficie interna, sendo essas
definidas no caso geral como: a superficie externa é a superficie fora dos poros,
enquanto a superficie interna é a superficie de todas as paredes dos poros. Com
essas consideracdes, desde 1985 considera-se a classificagdo de tamanho de poros
elaborado pela IUPAC, sendo elas:

0] poros com larguras superiores a cerca de 50 nm sdo chamados

macroporos;

(i) poros de larguras entre 2 nm e 50 nm s&o chamados mesoporos;

(i)  poros com larguras ndo superiores a 2 nm sdo chamados microporos.

As isotermas foram classificadas a partir de 1985 pela International Union of
Pure and Applied Chemistry (IUPAC) segundo reporting publicado por Sing (1985) e
recentemente atualizadas em Thommes et al. (2015), onde foram adicionadas as
curvas de histerese associada a cada isoterma. A classificacdo das isotermas

conforme IUPAC ¢é apresentada na Figura 3.
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Figura 3- Classificacédo das isotermas conforme recomendacao IUPAC 1985 (a) e

2015 (b)
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Fonte: (a) Sing (1985); (b) Thommes et al. (2015)

Thommes et al. (2015) elucidam quais as caracteristicas de cada agrupamento
de isotermas, sendo: a isoterma reversivel do Tipo | ocorre comumente em sélidos
microporosos como, carvdo ativado, zedlitas, e em alguns oxidos porosos. E
conhecida como isoterma de Langmuir, e baseia-se na aproximacdo gradual da
adsorcdao limite que corresponde a monocamada completa. A isoterma reversivel do
Tipo Il € obtida em adsorventes ndo-porosos ou mMacroporosos, € ndo apresenta
restricdo quanto a adsor¢do em monocamada. As isotermas reversiveis do Tipo Il sdo
raras, a adsorc¢dao inicial € lenta em virtude das forcas de adsorcao pouco intensas. A
caracteristica das isotermas de adsor¢cdo do Tipo IV e V é a condensacéo capilar,
comum em materiais mesoporosos.

A literatura evidencia diversos modelos disponiveis de isotermas para analisar
os dados experimentais e para descrever o equilibrio de adsorcéo, incluindo,
Langmuir, Freundlich, BET, Toth, Temkin, Redlich-Peterson, Sips, Liu Frumkin,
Harkins-Jura, Halsey, Henderson e Dubinin-Radushkevich entre outros. Lima et
al.(2015) enfatizam que os parametros dos modelos das isotermas de adsorcao
fornecem informacfes Uteis sobre as propriedades da superficie, mecanismo de

adsorcao e interagao entre o adsorvente e o adsorvato.
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O modelo de isoterma de Langmuir (1918) assume que um adsorvente possuli
sitios especificos, homogéneos e energeticamente idénticos de adsor¢cao, e prevé o
recobrimento da monocamada na superficie externa do adsorvente. Dessa forma,
quando uma molécula atinge determinado sitio, nenhuma adsorcdo adicional pode
ocorrer naquele local. Tendo o adsorvente, segundo esse modelo, uma capacidade
finita de adsorver determinada substancia, a Equacao 3 descreve essa isoterma.

A isoterma de Freundlich é caracterizada por uma equacao empirica, aplicavel
a sistemas caracterizados por heterogeneidade. Freundlich (1906) prop6s que n&o ha
limite para a capacidade de adsorcao, pois a quantidade adsorvida tende ao infinito,
ou seja, ndo prevé a saturacao. A isoterma de Freundlich € descrita pela Equacéao 4.

O modelo Liu é uma combinacdo matemética de Langmuir e modelos
isotérmicos de Freundlich. O modelo Liu tem trés parametros, considerando os sitios
de adsorcdo como sitios energeticamente diferentes e ocorréncia de saturacdo da
superficie, a Equacdo 5 descreve esse modelo. Os modelos previamente descritos

estdo sumarizados a seguir:

) _ Qmax ) I‘<L 'Ce
Langmuir O = 14K C K_-C, (3)
Freundlich 9. = K -CI™ (4)

. q, = Qmax (Kg 'Ce)nL
Liu © L4 (K, Con

(5)

Onde, ge=quantidade de adsorbato retida no adsorvente no equilibrio (mg g); Ce=
concentracdo atingida no equilibrio (mg L); ne = expoente de Freundlich; Qmax =
capacidade maxima de adsorcdo (mg g) Kr constante isotérmica de Freundlich (mg
g(mg L1)V"); K. =constante de Langmuir (L mg?); Kg é a constante de equilibrio de

Liu (L. mg ~1); nL é um expoente adimensional da equacéo de Liu.

3.2.2 Termodinamica

Segundo Geankoplis (1993) e Lima et al. (2015; 2021) os parametros
termodinamicos fornecem informacdes essenciais para o entendimento do processo

de adsorcéo. Utilizando os dados dos modelos de isotermas de adsorcao é possivel
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determinar os parametros termodinamicos: Variacao de entropia (AS°), aponta o grau
de desordem do sistema ap6és a adsorcao; Variacao de entalpia (AHP), indica através
do sinal se o processo de adsor¢cdo € endotérmico ou exotérmico e através da
magnitude do valor do AH’ads a natureza da interacao entre o adsorvente e o adsorvato
na condicao de equilibrio; Variacdo de energia de livre de Gibbs (AG?), descreve se
a ocorréncia da adsorcdo é espontanea. Lima et al. (2019) descrevem como
determinar os parametros termodinamicos usando a equacéo de Van't Hoof. Esses
autores relacionam a constante de equilibrio (Ke) de forma correta desde a sua
determinacdo usando dados das isotermas de equilibrio a véarias temperaturas,
ajustadas a modelos nao lineares. As equacdes 6,7, 8 e 9 representam os parametros

termodinamicos.

(6)
AG'=AH-TAS'
AG°=-RTLn(K) (7
o _ (1000. K. peso molecular adsorvato. concentragio padrao do adsorvato) (8)
e coeficiente de atividade do adsorvato
A combinacédo das equacdes leva a equacao 9
AS°  AH® ] 9)

LnkK.=

x_

R T

Onde R é a constante universal dos gases (8,314 J K mol?); T é a temperatura
absoluta (Kelvin); K2 (adimensional) é a constante de equilibrio termodinamico,

calculada de acordo com equacao 8.

3.2.3 Cinética

A cinética de adsorcédo descreve a taxa com que um determinado poluente
(adsorvato) € removido de uma solucao por acao do adsorvente. Ho e Mckay (1998);
Rudzinski e Plazinski (2007); Lima et al. (2015) relatam que a taxa de adsorcéo é
dependente das caracteristicas fisico-quimicas do adsorvato (natureza, massa
molecular, solubilidade, estrutura quimica entre outros), do adsorvente (natureza,

estrutura dos poros) e da solucéo (pH, temperatura e concentracéo). Lima et al. (2015;
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2021) explicam que conhecer a cinética de adsorcao possibilita: i) determinar o tempo
de residéncia necessario para completar o processo de adsorcao; ii) projetar e avaliar
0 adsorvente em todo 0 processo; iii) avaliar a natureza das etapas determinantes da
velocidade; bem como iv) favorece no planejamento e regeneracdo do adsorvente.
Todos 0s processos cinéticos de adsorcdo estdo diretamente ligados com as
interacOes entre adsorvente-adsorvato e dependendo da afinidade entre esses, a taxa
de adsorcao inicial pode ser muito rapida (TRAN et al. 2017).

A cinética de adsorcao € descrita pelos mecanismos de transporte do adsorvato
até o adsorvente, conforme ilustrado anteriormente na Figura 2 e descritos como:
transporte do adsorvato do seio da solucao; difusédo através do filme que circunda as
particulas sorventes; difusdo nos poros do sorvente; sor¢do e dessorcao na superficie
sélida (CECEN E AKTAS, 2011). A velocidade de adsorcao e a quantidade adsorvida
dependem de um ou mais dos estagios indicados, O’'Neill et al. (1999).

Os modelos cinéticos avaliam os mecanismos de adsorcdo, descrevem a
ordem e as etapas de controle da taxa de adsorcdo, que incluem o transporte de
massa e 0S processos cinéticos baseados em rea¢fes quimicas. Muitos modelos de
cinética foram desenvolvidos com o objetivo de encontrar as constantes intrinsecas
da cinética de adsorcao.

A fim de estudar o passo determinante na velocidade de adsorcéo, diversos
modelos cinéticos sdo empregados, entre eles destacam-se as equacdes propostas
por Lagergren (1898) e as equacdes propostas por Blanachard et al.(1984) também
chamadas de pseudo-primeira ordem e a equacdo de pseudo-segunda ordem,
respectivamente, que segundo Lima et al. (2015; 2021) descrevem 0 processo de
adsorcdo baseado em reacfes quimicas. Ademais autores como Qiu et al. (2009);
Vaghetti et al. (2009) indicam que modelos cinéticos empiricos podem descrever
dados cinéticos, tais como o modelo Avrami. A equacao de Avrami é uma funcéo
exponencial adaptada da modelagem de decomposi¢édo térmica. O modelo cinético
de Avrami considera as variagcdes possiveis de concentracdo inicial, tempo de
adsorcdo bem como ordens cinéticas fracionarias, mantendo uma correlacéo entre
dados experimentais e dados calculados.

As equacdes 10, 11 e 12 descrevem os modelos cinéticos citados e suas

respectivas equacgdes néo linearizadas.
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Pseudo primeira d 6. =0, [ 1-exp(—k, t)]
P Foke(-a) (10)
ordem (equacédo néo linear)
_ ks qs -1
Pseudo-segunda dg, _ K, _(qe _q )2 G = Trq -kt 1)
ordem dt _
(equacéo néo linear)
Avrami G =0 .{1—exp [~ (K 't)]n} (12)

onde o g: é a quantidade de adsorc¢éo fixada no tempo t (mg.g~ 1), ge € a capacidade
de adsorcdo no equilibrio (mg.g™ 1), ks € a constante da taxa pseudo-primeira-ordem
(min?), ks é a constante da taxa pseudo-segunda-ordem (g mg?! min?), kav é a
constante de Avrami cinética (min~1), e n é a ordem de adsorc¢éo fracionaria, que esta
relacionada com o0 mecanismo de adsorcdo, t é tempo de contato

adsorvente/adsorvato em minutos.

3.3 CARVAO ATIVADO

O carvao ativado € um material carbonaceo, poroso de alta area superficial,
constituido majoritariamente por carbono (Hung et al., 2006). O carvao ativado é
registrado sob o numero CAS 7440-44-0.

Diferentes estudos na ultima década vém apontando o carvao ativado como o
material adsorvente que apresenta propriedades texturais com maior potencialidade
para coletar seletivamente gases, liquidos ou impurezas no interior dos seus poros
(RAND; APPLEYARD; YARDIM, 2012;). O que os qualifica com um excelente poder
de clarificacdo, desodorizacdo e purificacao de liquidos ou gases (Gupta et al., 2009;
Bergman e Machado, 2015; Yang, 2015).

Os carvoes ativados podem ser preparados a partir de precursores de origem
vegetal, animal e sintética, (Yang, 2015; Thue et al. 2019).

MENENDEZ-DIAZ e MARTIN-GULLON (2006) enfatizam que os materiais
denominados carbonadceos tém como caracteristica serem encontrado
majoritariamente em trés formas alotrépicas: diamante, grafeno e fulereno, bem como
é o tipo de hibridizacéo dos &tomos de carbono que favorecem a formacao das formas

alotropicas. Rand; Appleyard; Yardim (2012) realcam que, em escala atomica, a
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maioria dos carbonos exibe a forma alotropica do grafite, ou seja, uma estrutura
baseada em hibridizacdo sp? (estrutura 2D). A estrutura de um carvao ativo é formada
por camadas de atomos de carbono dispostas de forma desordenada, mas com certo

paralelismo, conforme ilustrado Figura 4.

Figura 4- Arranjo hexagonal Grafeno e o carvdo ativado como rede defeituosa do
grafeno e sua microestrutura porosa
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Fonte: adaptado de Mendndez- Gullon (2006)

A escolha do material precursor do carvao ativado pode evidenciar a presenca
ou auséncia de grupos de superficie, formados por heteroatomos, que podem se ligar
aos atomos de carbono nas extremidades e dao origem a carvées com propriedades
quimicas diferentes. Os heteroatomos frequentemente presentes na estrutura do
carvdo ativado s&o: oxigénio, nitrogénio e enxofre (CECEN E AKTAS , 2011). A
quantidade e as formas quimicas desses heteroatomos dependem da origem do
carbono, das etapas de sua preparacéo e condi¢des de tratamento (HUNG et al.,2006;
LASZLO, 2006).

A ativacdo do carvao pode ser realizada via duas rotas, ativacdo fisica e
ativagdo quimica, em ambas as rotas calor é transferido para o precursor carbonaceo.
O tratamento térmico, bem como as técnicas de impregnacdo ou dopagem, S&o
frequentemente usadas para melhorar o desempenho de carbonos porosos.
Menéndez e Martin (2006); Cegen e Aktas, (2011); Thue et al. (2022) sumarizam as
etapas de ativacao:

e Ativacao fisica: Geralmente consiste em duas etapas consecutivas. O primeiro

passo é a carbonizacdo térmica da matéria-prima, onde ocorre a

desvolatilizacao, realizada em temperaturas médias ou altas (450°C- 900°C),
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para produzir um carvao rico em carbono. A segunda etapa € a ativacéo, onde

0 carvao restante € parcialmente gaseificado com um agente oxidante.

e Ativacdo Quimica: A matéria-prima carbonacea primeiramente é impregnada
com um agente quimico, a propor¢ao e o tipo de reagente quimico versus
matéria-prima sédo objeto de muitos estudos. Sophia e Lima (2018); Thue et al.
(2022) indicam que os agentes quimicos mais utilizados sdo o KOH, ZnClz,
FeCls, H3PO4, e, na sequéncia essa mistura é carbonizada em atmosfera inerte.
O produto deve ser lavado para eliminar qualquer excesso de agente quimico
apos a carbonizacéo.

A eficacia dos carvbes ativados como adsorventes para a variedade de
poluentes estd bem documentada. Ademais, € amplamente reconhecido para a
remocao eficiente de compostos organicos, metais e outros poluentes inorgéanicos.

A busca das pesquisas da atualidade esta focada em ampliar os precursores
com potencialidade para tornar-se carvdes ativados (CUNHA et al. 2020; CIMIRRO et
al. 2020, THUE et al., 2021; WANG et al., 2022), aumentar a eficiéncia da superficie
de carvdes ja estabelecidos bem como propor metodologias que facilitem a separagéo
do carvao apés adsorcao (SAUCIER et al., 2017; THUE et al., 2022; UMPIERRES et
al., 2020; LIMA et al., 2022).

As estratégias visam contribuir com uma crescente demanda, dados de
mercado disponiveis na Fortune Business insights (2021) indicam que o mercado
global de carvéo ativado foi de US $2.96 bilhdes em 2020 e esta projetado para
crescer US $4.50 bilhdes até 2028.

3.3.1 Castanha do Par& e serragem do Sapelli como carvao ativado

Materiais residuais derivados de biomassa agricola tém sido amplamente
investigados como material adsorvente para remediacédo de aguas residuais devido a
sua relacao custo-beneficio, disponibilidade, composi¢cdo quimica Unica e natureza
renovavel ( CUNHA et al. 2020; CIMIRRO et al. 2020, THUE et al., 2021; WANG et
al., 2022).

O carvéo ativado produzido a partir de biomassa de residuos agricolas possui
baixo teor de cinzas e dureza razoavel (BAGOTIA et al., 2021), portanto, a conversao
de residuos agricolas em adsorventes de baixo custo é uma alternativa promissora

para solucionar problemas ambientais e também reduzir os custos de preparacdo. O
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potencial dos residuos agroinddstrias como carvao ativado esta associado com sua
constituicdo lignocelulosica (OKOLIE et al., 2021).

¢ A Castanha do Paré/Brasil (Bertholletia excelsa) ocorre nas florestas da Bacia
Amazonica, principalmente no Brasil, Venezuela, Coldmbia, Bolivia e Peru. A Figura
5 mostra como a castanha do Para € encontrada na natureza, onde a parte comestivel
da castanha do Brasil é o endosperma de suas sementes. Cada semente € protegida
por uma casca dura (tegumento). Todas as sementes sao envoltas por um pericarpo
globular lenhoso seco muito duro (TORRES et al., 2021; JANNAT et al., 2021).

Figura 5- Apresentacdo da Castanha do Para
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0

Fonte:Emprapa

Apenas a parte comestivel (sementes) é comercializada no mercado, tanto a
casca da semente quanto o pericarpo sdo considerados residuos (TORRES et al.,
2021).

A composicao quimica, rica nas fracdes lignocelulésicas, da Castanha do Paré
segundo estudos de Leandro et al. (2019) e Petrechen, Arduin, Ambrésio (2019) é o
gue tornam os residuos da castanha adequados para o desenvolvimento de carbono
ativado de alta qualidade

Dados do IBGE indicam que o Estado do Amazonas é o maior produtor e que
no ano de 2020 o Pais produziu mais de 33 mil toneladas de castanha onde cerca de
80% em peso da producdo € de casca e demais residuos, Souza (2019) indica que
majoritariamente esses residuos solidos sao utilizados como combustivel.

e O Sapelli (Entandrophragma cylindricum) é uma madeira de cor vermelha e
altamente exigida por sua durabilidade, originaria da Africa e encontrada
principalmente em Camardes, Costa do Marfim e Congo. Tem como caracteristica ser

uma madeira muito forte e, portanto, amplamente utilizada para varios fins e em
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particular na fabricacdo de pequenas pontes. Esta madeira € composta por 98% de
componentes vegetais como celulose, hemicelulose, lignina e pectina. Estudos de
Thue et al. (2016; 2017) indicam que a andlise elementar dessa madeira evidencia
que 46.16% de sua constituicdo é carbono e 37 % é oxigénio. Os principais residuos
de processamento de madeira sdo as lascas e serragem de biomassa, (THUE et al.,
2017).

3.3.2 Biocarbono ativado magnético

O aumento crescente dos custos de diferentes processos de tratamento de
dguas e/ou gases que utilizam carvBes ativados associados as dificuldades
operacionais de recuperacao e a reutilizacdo desses materiais em grande escala tem
estimulado a pesquisa por novos protocolos e métodos de preparacdo desses
materiais (RAND; APPLEYARD; YARDIM, 2012; CRINI et al., 2020).

Os materiais com caracteristicas adsorventes e magnéticas tém sido uma
alternativa buscada pelos pesquisadores para agregar valor a esses carvoes (WAN;
Bl; SUN, 2016; CAZETA et al., 2016; WANG et al. 2020; SAUCIER et al., 2017).

As pesquisas indicam que em comparagao com os carvfes convencionais, 0s
biocarbonos com propriedades magnéticas geralmente sdo mais adequados para
aplicacoes de adsorcédo, pois permitem que sejam facilmente removidos, com
aplicacdo de um campo magnético de baixa intensidade, das solucdes juntamente
com os poluentes que absorveram.

A busca por inovagdes relacionando os termos “magnetic activated biochar” no
Spacenet indicou o registro de 499 patentes sendo que mais de 50% dessas
inovacbes foram registradas nos udltimos 5 anos (2017-2022), evidenciando a
crescente demanda por metodologias de producéo desses carvfes. A Tabela 2 indica

algumas dessas inovacgdoes.

Tabela 2- Recorte patentes sobre carvbes magnéticos

Registro Nome da invencgéo Ano da

invencao

Magnetic activated carbon as well as preparation
CN113332955A method, regeneration method and application 2021

thereof
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Preparation method of magnetic activated
CN108479703A carbon for efficiently removing 17beta-estradiol 2018

in water

A kind of magnetic active carbon mixture of the
CN107774232A ball containing charcoal and preparation method 2017
thereof

Magnetised Activated Carbon and Method For
EP3290109A1 ) 2016
Its Preparation

Production Method of Magnetic Carbonized
JP2017217622A o 2017
Product And Sludge Carbonization Apparatus

Carvdo Ativado Adsorvente e de Alta
BR102018068130-3 Magnetizacdo, Processo de Obtencéo e Uso do

_ 2020
A2 Carvao Ativado Adsorvente e de Alta

Magnetizagao.

Carvado Ativado Magnético, Processo de
BR102019018546-5 i ]

Obtencéo De Carvao Ativado Magnético e Usos 2021

A2
de Carvéo Ativado Magnético.

Fonte: autora 2022

Embora prevaleca a denominacéo de carvao ativado magnético, segundo Lima
et al. (2022) o termo mais adequado seria biocarbono ativado magnético ou
compésitos de carbono magnético. O carvao ativado tem como caracteristica o
baixissimo teor de cinzas (<5%) e se ele for magnético esse teor de cinzas sera entre
20-50%. A cerca dessa nomenclatura, "magnetic biochars", o Spacenet identifica
apenas 13 patentes depositadas, sendo que as Ultimas 10 inovacbGes foram
registradas entre 2018-2022.

As pesquisas citadas na Tabela 1 indicam que carvbes ativados e com
propriedades magnéticas sao preparados principalmente via 3 rotas:

i) Co-precipitacdo do material magnético com carvao ativado;

i) Impregnacdo do carvdo ativado com um sal de ferro, cobalto ou
niguel e posterior aquecimento em temperaturas mais altas formando
o material magnético que é impregnado na matriz de carbono;

i) Impregnacdo da biomassa com sal de ferro, cobalto ou niquel e
posterior pirdlise, onde a carbonizacdo, ativagdo e magnetizacao

ocorrem em uma unica etapa.
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Segundo Thue et al. (2020) e Saucier et al. (2017) um dos maiores desafios é
produzir materiais que acumulem um elevado magnetismo em conjunto com uma alta
area superficial assim como produzir um material com 0 menor nimero de etapas

possiveis.

3.4 MODIFICACAO SONOQUIMICA DE MATERIAIS

A sonoquimica € um ramo da ciéncia na qual as moléculas sofrem uma reacao
guimica ou efeitos mecanicos devido a aplicacéo da radiacdo de ultrassom (20 kHz—
10 MHz) (SUSLICK et. al., 1991).

Segundo os autores Mason e Peters (2002); Tao e Sun (2015), o ultrassom é
transmitido através de ondas mecéanicas acusticas, que necessitam de um meio para
se propagarem, as quais possuem frequéncia acima de 20 kHz. Quando aplicadas em
liquidos, as ondas de ultrassom consistem em uma sucesséo ciclica de fases de
expansdo e compressao transmitidas por vibracdo mecanica (TANG 2003). Os ciclos
de compressdo exercem uma pressao positiva e juntam as moléculas do liquido,
enquanto os ciclos de expansdo (rarefacdo) exercem uma pressdo negativa e
separam as moléculas (VAJNHANDL E MARECHAL 2005).

Wu (2013) aponta que as ondas ultrassonicas séo classificadas dependendo
da sua frequéncia e intensidade. Alta frequéncia (2 a 20 MHz) e baixa intensidade (<1
Wcm- ) compdem ultrassons de baixa energia, que ndo sédo destrutivos e podem ser
empregada na éarea de alimentos, principalmente, em técnicas analiticas para
promover informacdes sobre propriedades fisico-quimicas, composicao, estrutura e
estado fisico de alimentos. J& o ultrassom de alta energia possui baixa frequéncia (20
a 100 kHz) e desenvolve niveis de intensidade mais altos (10 a 1000 Wcm™2), com
energia suficiente para romper ligacdes intermoleculares, capazes de modificar
algumas propriedades fisicas e favorecer reacfes quimicas.

Yao (2016) e Wu (2013) enfatizam que se a intensidade do ultrassom for
suficiente para superar a resisténcia a tragdo do meio, ocorre um ponto em que as
forcas intermoleculares ndo sao capazes de manter a estrutura molecular unida,
produzindo pequenas cavidades (microbolhas), esse fendmeno denomina-se
cavitacao acustica. A cavitagcao € o principal evento da sonoquimica e apresenta como
fases a criagdo, crescimento e colapso violento de bolhas que se formam no liquido

induzido pelas flutuag@es de presséo o qual o meio esta exposto (GEDANKEN, 2004;
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COLMENARES e CHATEL, 2017). A Figura 6 ilustra esse fenbmeno, onde as zonas
de compressao (maior pressao) sao representadas visualmente por uma crista de
onda e a rarefacdo (menor pressdo) por um vale, bem como evidéncia que a
alternancia dessas ondas favorece com que uma bolha de gas presa em um liquido
se expanda quando o liquido circundante experimenta pressao negativa da onda
sonora.

Figura 6- Descricdo esquematica do crescimento de uma bolha em um campo
acustico

Compressdo

»
? 4

.

. Expansido

Pressdo acustica

Fonte: Adaptado de Colmenares e Chatel, 2017.

As aplicacbes de ondas acusticas em diferentes processos da industria tém
sido amplamente pesquisadas, entre elas estdo: ambientais e tecnologia de
remediacdo (biolégica e quimica) disponiveis em Goskonda; Catallo; Junk, (2002);
Cao et al. (2020); De Andrade; Augusti; De Lima (2021); producdo de nanomateriais,
proposto por Gedanken (2004); Kamali et al. (2021); LI et al. (2021), extracao
aprimorada, cristalizacdo e novos métodos em polimeros e eletroquimica,
metodologias investigadas por Wen (2018); Kumar; Srivastav; Sharanagat (2021) e
biotecnologia proposto por Hiremath et al. (2020).

Na engenharia de materiais, a area de particulas assistida por ultrassom (US)
estudada por Zhang; He; Jing (2010); Chang et al. (2017); Li et al. (2021) entre outros,
esta sendo explorada para produzir particulas com tamanho, cristalinidade, morfologia
e propriedades de superficie alteradas, considerando que em um sistema sélido-
liguido heterogéneo, o colapso da bolha de cavitagdo terd efeitos mecéanicos
significativos. Segundo Mason e Peters (2002); Acisli et al.(2016) quando os liquidos
que contém solidos séo irradiados com ultrassom, a cavitagdo ocorre perto de uma

superficie sélida, o colapso da bolha nédo é esférico e ocorrem jatos de alta velocidade
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de liquido na superficie. Estes jatos e ondas de choque associadas podem causar
modificacdes superficiais substanciais e expor superficies, pois a irradiacdo
ultrassénica das suspensdes de liquido-pd acarreta em colisdes entre particulas em
alta velocidade e assim as colisdes resultantes s&o capazes de induzir mudangas na

morfologia superficial, na composicao e na reatividade do material.
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4 RESULTADOS

As metodologias, resultados e discussdes deste trabalho estdo apresentados
na forma de trés artigos, publicados nas revistas Environmental Science and Pollution
Research; Colloids and Surfaces A: Physicochemical and Engineering Aspects e
Journal of Environmental Chemical Engineering, publicados entre os anos 2019 e
2021.
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Abstract

High-surface-area activated carbons were prepared from an agroindustrial residue, Bertholletia excelsa capsules known as
capsules of Para cashew (CCP), that were utilized for removing amoxicillin from aqueous effluents. The activated carbons were
prepared with the proportion of CCP:ZnCl, 1:1, and this mixture was pyrolyzed at 600 (CCP-600) and 700 °C (CCP700). The
CCP.600 and CCP.700 were characterized by CHN/O elemental analysis, the hydrophobic/hydrophilic ratio, FTIR, TGA, Boehm
titration, total pore volume, and surface area. These analyses show that the adsorbents have different polar groups, which confers
a hydrophilic surface. The adsorbents presented surface area and total pore volume of 1457 m* g ' and 0.275 cm® g~ (CCP.600)
and 1419 m* ¢ ' and 0.285 cm® g ' (CCP.700). The chemical and physical properties of the adsorbents were very close,
indicating that the pyrolysis temperature of 600 and 700 °C does not bring relevant differences in the physical and chemical
properties of these adsorbents. The adsorption data of kinetics and equilibrium were successfully adjusted to Avrami fractional-
order and Liu isotherm model. The use of the adsorbents for treatment of simulated hospital effluents, containing different organic

and inorganic compounds, showed excellent removals (up to 98.04% for CCP.600 and 98.60% CCP.700).
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Introduction

The release of pharmaceuticals to natural waters is one of the
significant environmental concerns in the last days (Sophia
etal. 2016; Sophia and Lima 2018), because these compounds
could threaten the water resources (Abazari et al. 2019). These
releases come from the pharmaceutical industries, excretions
of humans and livestock animals, and also hospital effluents
(Sophia et al. 2016; Abazari et al. 2019). Among the pharma-
ceuticals, the antibiotic class is used with high frequency, and
they could generate microbial resistance even in small
amounts found in the waters (Bondarczuk and Piotrowska-
Seget 2019; Qiu et al. 2019).

The municipal wastewater treatment plants are not always
able to remove antibiotics and other emerging contaminants
(Krzeminski et al. 2019) altogether. In this way, tertiary water
treatments methods are required (McConnell et al. 2018; Le
etal. 2018; Moreira et al. 2015). The methods for treatment of
water contaminated with antibiotics are removed by using
membrane bioreactor systems (Le et al. 2018), photocatalytic
methods (Moreira etal. 2015; Li and Shi 2016; Lu etal. 2019),
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catalytic ozonation (Moreira et al. 2015; Lu et al. 2019), plas-
ma reactors (Tang et al. 2018), combined process of activated
sludge followed by ozonization (Wang et al. 2018), and ad-
sorption (Li et al. 2017; Takdastan et al. 2016; Saucier et al.
2017). Among all of these treatment methods for removal of
antibiotics from aqueous effluents, the adsorption method is
one of the preferable methods because of its simplicity of
operation, low-initial implementation costs, and high efficien-
cy for removal of pharmaceuticals from aqueous effluents
(Babaei et al. 2016; Cunha et al. 2018; Kasperiski et al.
2018; Thue et al. 2017a).

Activated carbons are one of the most effective adsorbents
for removal of pharmaceuticals from aqueous solution due to
its textural properties (high surface area and pore volumes)
(Thue et al. 2017a, b; Leite et al. 2017, 2018; Umpierres
et al. 2018). Furthermore, activated carbons have excellent
mechanical strength and thermal stability (Kasperiski et al.
2018; Cunha et al. 2018), which has the possibility of being
used as adsorbent at high temperatures. The production of
activated carbon needs carbon precursors that are usually the
agricultural wastes, such as rice husk, peach stones, date palm,
lotus stalk, rice straw, almond shell, macadamia nutshell, wal-
nut shells, tea waste, sugar beet pulp, peanut hulls, wood-
chips, olive stones, and bamboo waste (Silva et al. 2018).

Amoxicillin is an antibiotic of in the beta-lactam family
that is used to treat a wide variety of bacterial infections.
This pharmaceutical is a penicillin-type antibiotic, whose ac-
tion mechanism is stopping the growth of bacteria. It may be
used for skin infections, pneumonia, strep throat, middle ear
infection, urinary tract infections, and other uses. Amoxicillin
is listed on the World Health Organization’s List of Essential
Medicines, as one of the most effective and safe medicines
needed in a health system (Roy 2012; WHO 2015).

In this work, the Bertholletia excelsa capsules known as
capsules of Para cashew (CCP) (or Brazil nut) was used as a
carbon source for preparation of activated carbons. The CCP
activated carbons were used for the removal of the amoxicillin
from the aqueous effluent. Then, this work allies the necessity
of removal of antibiotics from contaminated effluents and the
need for the use of agricultural residue for preparation of ac-
tivated carbons. Up to our best knowledge, this is the first
report of the use of CCP as a precursor to prepare activated
carbons.

The Brazil nut tree is the only species in the monotypic
genus Bertholletia. It is an indigenous tree from Bolivia,
Colombia, Guianas, Peru, Venezuela, and Brazil. It appears
in vast forests on the margin of the Orinoco, Amazonas,
Tapajos, and Negro rivers (Kosikova 2018). The fruit takes
about 14 months for maturing, and it is a large woody capsule
of 10-15 cm in diameter, seeming a coconut exocarp in size
and weights up to 2 kg. It is a woody shell of 8—12-mm thick,
which have from 8 to 24 triangular seeds presenting a size of
4-5 cm (the “Brazil nuts” or cashew of Para) distributed, such

as the buds of an orange. The weight of the woody capsule is
about 1015 times higher than the cashew. In 2014, the global
production of cashew of Para was 95,000 tons (Kosikova
2018). Considering the number of wastes generated, at least
950,000 tons of capsule is produced annually. This work adds
value to the capsule of Para cashew (Brazil nut) producing
efficient activated carbon that presents potentiality of being
used for the treatment of hospital effluents.

Materials and methods
Preparation of the adsorbents

The activated carbons were prepared using 100.0 g of milled
capsules of cashew of Para (CCP) and mechanically mixed
with 40-mL ZnCl, solution (containing 100-g ZnCl,),
forming a homogeneous paste material (Leite et al. 2017).
This material was dried at 80 °C in a greenhouse for 2 h.
Then the dried material was placed in a quartz reactor of a
vertical convective furnace. The furnace was heated from 25
up to 600 °C (CCP.600) or 700 °C (CCP.700) under the N,
flow (200 mL min ') at a rate of 10 °C min . Afterward, the
furnace was cooled-down, under an N, flow until the temper-
ature attained values lower than 200 °C.

Subsequently, to extract zinc compounds from the pyro-
lyzed samples, they were refluxed with HCI solution (Thue
et al. 2016).

Characterization of the adsorbents

The quantitative amounts of the total acidity and basicity
groups of CCP.600 and CCP.700 were acquired by using a
modified Boehm-titration procedure (Oickle et al. 2010;
Goertzen et al. 2010). Fourier-transform infrared spectroscopy
(FTIR) was performed using a Bruker FTIR spectrophotome-
ter (Alpha model). This technique was used to obtain the qual-
itative identification of the functional groups present on the
surface of the adsorbents. The FTIR spectra were obtained
from 4000 to 400 cm™ (resolution of 4 cmﬁl; Prola et al.
2013).

The pH,,,. of the adsorbents were obtained according to the
procedure previously described (Prola et al. 2013).

The hydrophobicity/hydrophilicity ratio (HI) was obtained
as previously described (Kasperiski et al. 2018; Leite et al.
2017; Umpierres et al. 2018).

The N, adsorption and desorption isotherms were per-
formed using a TriStar II 3020 Micrometrics instrument that
was used to obtain the textural characterization of the
CCP.600 and CCP.700 adsorbents. The solid samples were
firstly dried for 12 h at 120 °C in an internal oven of the
apparatus, and then the surface analyzer was run at — 196 °C
for obtaining the N, isotherms of adsorption and desorption
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(dos Reis et al. 2016a, b). The pore size distribution was cal-
culated by the DFT method using the nitrogen adsorption
branch (Jagiello and Thommes 2004). The surface areas were
calculated using the BET method (Thommes et al. 2015). The
textural surface of activated carbons was investigated by scan-
ning electron microscopy (SEM) (Jeol, JSM-6610LV, Japan)
(Souza et al. 2018).

Adsorption studies and evaluation of nonlinear
models

Batch contact adsorption procedure was performed using
amoxicillin as adsorbate and CCP.600 and CCP.700 as
adsorbents.

Measurements of amoxicillin were performed in triplicate
using standard conditions (Lima et al. 1998a, b, 1999, 2000,
2002).

The statistical evaluation of the nonlinear models was per-
formed using Rzadjusted, the standard deviation of the residues
(SD), and the Bayesian information criterion (BIC) (Lima
et al. 2015; Schwarz 1978). For further details, please see
Supplementary material.

Kinetic of adsorption

Pseudo-first-order, pseudo-second-order, and Avrami
fractional-order models were used to fit the kinetic data (for
further details see Supplementary material; Lima et al. 2015).

Isotherms of adsorption

The Langmuir, Freundlich, and Liu isotherm modes were used
for the equilibrium data. Further details are seen in
Supplementary material (Lima et al. 2015).

Thermodynamics of adsorption

The thermodynamic data were evaluated using the correct
thermodynamic equilibrium constant as earlier reported
(Kasperiski et al. 2018; Lima et al. 2019). For further details,
see Supplementary material.

Synthetic effluents

Two synthetic hospital effluents containing six pharmaceuti-
cals, two sugars, four organic compounds, and eight inorganic
salts typically found in hospital effluents were prepared
(Table 1). The synthetic effluents were used to evaluate the
performance of CCP.600 and CCP.700 as adsorbents for the
treatment of effluents and evaluate the performance of the
adsorbents for potential application in real situations.

@ Springer

Table 1 The chemical composition of the synthetic hospital effluents

Pharmaceuticals Concentration (mg LY

Effluent 1 Effluent 2
Amoxicillin 30.0 60.0
Paracetamol 20.0 40.0
Sodium diclofenac 20.0 40.0
Tetracycline 20.0 40.0
Propranolol hydrochloride 20.0 40.0
Enalapril maleate 20.0 40.0
Sugars
Glucose 30.0 50.0
Saccharose 30.0 50.0
Organics
Humic acid 10.0 20.0
Sodium dodecyl sulphate 5.0 10.0
Citric acid 10.0 20.0
Urea 10.0 20.0
Inorganic components
Sodium chloride 50.0 70.0
Sodium sulphate 10.0 20.0
Sodium carbonate 10.0 20.0
Ammonium phosphate 20.0 30.0
Ammonium chloride 20.0 30.0
Magnesium chloride 10.0 20.0
Potassium nitrate 10.0 20.0
Calcium nitrate 10.0 20.0
pH* 7.0 7.0

Results and discussion
Characterization of the activated carbons

The isotherm curves of adsorption/desorption of nitrogen for
both CCP.600 and CCP.700 materials could be classified by
IUPAC (Thommes et al. 2015) as isotherm of type I(b) (see
Fig. 1). This type of isotherm is distinctive of microporous
materials, with pore size having the width diameter ranging
from 1 nm (microporous) to a broader scales of pores (up to
3 nm at mesopore scale). The pore size distribution of CCP.600
obtained by DFT method (Jagiello and Thommes 2004) pre-
sents a maximum peak at 1 nm, then a second peak around
1.25 nm, the third peak around 1.6—1.75 m, and a fourth broader
peak 2.0-3.0 nm, showing that CCP.600 presents besides the
fraction of micropores a small fraction of mesopores. The
CCP.700 presents pores wider when compared with CCP.600
adsorbent, since it does not present pores around 1 nm or lower,
presents a peak around 1.25 nm, another peak 1.6—1.75 nm, and
a wider peak 2.0-3.0 nm. By this figure, it is possible to verify
that the pore size distribution of CCP.700 material is slightly
higher than CCP.600. This observation is confirmed in Table 2.
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Fig. 1 The isotherms of nitrogen 500
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The total amount of N, adsorbed by CCP.600 and CCP.700
are 419.8 and 419.5 cm® g, respectively, again showing that
both carbon materials present very similar textural properties.
Indicating that the pyrolysis of capsules of cashew of Para
carried out at 600 and 700 °C does not bring relevant differ-
ences in the produced activated carbons. The BET surface area
of CCP.600 is slightly higher than CCP.700 (2.7%). However,
the BJH total pore volume of CCP.700 is 3.6% higher than
CCP.600. Also, the mesopore volume of CCP.700 is 23.1%
higher than CCP.600. Another feature is that the BJH desorp-
tion cumulative surface area of pores of CCP.700 is 5.4%
higher than CCP.600.

Moreover, it was observed that both activated carbons pre-
sented Sggpr> 1400 m? gf1 and total pore volumes >
0.27 cm® g '. The surface area and total pore volume of
CCP.600 and CCP.700 adsorbents are higher than other acti-
vated carbons reported previously in the literature (Li et al.
2011; Khadhri et al. 2019; Suo et al. 2019; Hoppen et al. 2019;
Puchana-Rosero et al. 2016; Zhu et al. 2018).

Based on the results of Fig. 1 and Table 2, it could be cited
that both activated carbon materials are predominantly micro-
porous materials, and the surface area of CCP.600 is slightly
higher than CCP.700. However, the pore volume of CCP.700 is
slightly higher than CCP.600. However, these differences are
not remarkable, since the percentual differences obtained by
these textural characteristics are within the experimental error
of the nitrogen adsorption-desorption curves, and therefore it is

0.2 0.4 06 0.8 1.0
Relative Pressure (P/P)

not expected that these materials will present relevant differ-
ences as an adsorbent for removal of pharmaceuticals from
aqueous solutions. This statement will be confirmed in the ap-
plication of these activated carbons shown in the next sections.

The functional groups present on CCP.600 and CCP.700
were identified using FTIR analysis. These results are essen-
tial to identify potential functional groups present on the acti-
vated carbon that could affect the adsorption of amoxicillin.
The FTIR spectra of CCP.600 and CCP.700 are shown in
Fig. 2. It is important to highlight that both activate carbons
presented a very similar FTIR spectra (see Fig. 2). Following
the dashed lines, the differences in the bands are about <
4 ¢cm " that are within the error of these analyses.

The broadband at 3340 cm ™' is attributed to O==H stretch
of hydroxyl groups (Leite et al. 2017; Prola et al. 2013). The
two peaks at 2918 (asymmetric) and 2852 cm ' (symmetric)
are attributed to C==H stretch (Prola et al. 2013). The bands at
1628 cm ! were attributed to the O=C stretch of carboxylic
acids (dos Reis et al. 2016a). The small bands at 1425 cm '
are attributed to ring modes of aromatics (Kasperiski et al.
2018; Prola et al. 2013). The vibrational bands at 1375 and
1319 cm ! are attributed to the bending of C—=H bonds or
C=N stretch of amines or amides (Kasperiski et al. 2018;
Cunha et al. 2018). The bands at 1109 and 1057 cm ! are
attributed to C=0 stretch (Kasperiski et al. 2018). The vibra-
tional bands at 804 cm ' can be attributed to out of plane
C==H bends (Prola et al. 2013).

Table 2  The textural properties of the activated carbons

Sample BET surface area (m”> g ') BJH total pore volume (cm® g ') Mesopore volume (cm®> g ') BJH desorption cumulative surface
area of pores (m* g ')

CCP.600 1457 £ 10 0.275 + 0.001 0.078 + 0.001 463

CCP.700 1419+ 10 0.285 + 0.001 0.096 + 0.001 488
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Fig. 2 FTIR spectra of CCP.600 and CCP.700 activated carbons

5% Transmittance

FTIR spectra provide qualitative information about the
functional groups present on the carbon adsorbents. On the
other hand, the Boehm titration provides quantitative informa-
tion (mmol g ') of the acidic and basic groups present on the
surface of the solid sample (Oickle et al. 2010; Goertzen et al.
2010). The total acidity and basicity of the CCP.600 and
CCP.700 were measured (see Table 3). The CCP.600 adsor-
bent presents a small amount of total acidic groups (3.01%)
higher than CCP.700; on the other hand, the total basicity of
CCP.700 is also slightly higher (1.34%) than CCP.600.

The total ratio acidity divided by total basicity of CCP.600
and CCP.700 was 1.591 and 1.524, respectively, indicating
that CCP.600 presents a more acidic surface than CCP.700.
These results are confirmed by the pH,,. of the adsorbents,
where CCP.600 and CCP.700 presented the values of 6.46 and
6.90, respectively (see Table 3 and Supplementary Fig. 2).

The sum of the number of acid groups plus basic groups of
CCP.600 and CCP.700 was 0.5734 and 0.5661 mmol gfl, re-
spectively. These values are in agreement with the
hydrophobic-hydrophilic balance (HI) values of both activat-
ed carbons, as early observed (Kasperiski et al. 2018; Leite
etal. 2018; Thue et al. 2017b). HI is the quantity of n-heptane
vapors uptake by the solid surface divided by the water vapors
adsorbed by the solid surface (dos Reis et al. 2016b;

Umpierres et al. 2018). The HI of CCP.600 and CCP.700
was 0.8151 and 0.9395, respectively (see Table 3).
Therefore, CCP.600 is more hydrophilic than CCP.700. The
activated carbons with a higher amount of functional polar
groups (acidic and basic) generate a surface that has higher
affinity to water (dos Reis et al. 2016b; Leite et al. 2018).

Although there are differences of polarity in the surface of
CCP.600 and CCP.700, both activated carbons are hydrophil-
ic, because the HI ratio obtained was lower 1 (see Table 3). In
order to have a scale of comparison of HI values, at the au-
thor’s laboratory, nanoparticles of TiO, were prepared, which
were functionalized with trimethoxy propyl silane that are
known by its superhydrophobic characteristics (Ramanathan
and Weibel 2012). These materials presented HI values higher
than 36. Also, in previous studies reported in the literature
(dos Reis et al. 2016b), nanocomposites of polysiloxane and
sewage sludge pyrolyzed presented HI values ranging from 3
to 12. Based on these values, it is possible to state that
CCP.600 and CCP.700 present hydrophilic characteristics,
and CCP.600 is more hydrophilic than CCP.700.

The thermogravimetric curves of CCP.600 and CCP.700
activated carbons were obtained under a nitrogen atmosphere
from room temperature until 800 °C and under synthetic air
from 800 up to 1000 °C using a rate of 10 °C min ' (see
Fig. 3). The use of an oxidizing atmosphere for temperatures
higher than 800 °C is to acquire the ash contents of the sam-
ples in the TGA analysis (Cunha et al. 2018). Moreover, the
pyrolysis of activated carbon can be explored up to 800 °C,
because N, is used as purge gas (room temperature up to
800 °C).

Figure 3a, b presented the TGA curves of the CCP.600 and
CCP.700 activated carbons, respectively. The thermal behav-
ior of CCP.600 is approximately the same as CCP.700. Five
weight losses were observed in Fig. 3a, and four weight losses
were observed in Fig. 3b. The difference is that CCP.600 pre-
sents more moisture than CCP.700. For CCP.600, there is a
weight loss of 11.90% from 17.8 to 81.0 °C corresponding to
the loss of adsorbed water that it is not observed in CCP.700.
On the other hand, both activated carbons were thermally
stable up to 516.4 (CCP.600) and 555.2 °C (CCP.700). This
loss from 22.6 to 555.2 °C (CCP.700) and 81 to 516.4 °C
(CCP.600) corresponds to a loss of any water present in the
interstitials of the activated carbons (Cunha et al. 2018; Leite

Table 3  The elemental analysis and chemical surface properties of activated carbons

Sample C (%) H (%) N (%) Ashes(%)* O(%)° pHpc Total acidity (mmol gfl) Total basicity (mmol gfl) HI¢
CCP.600 77.10 2.99 1.38 0.28 18.25 0.3520 0.2213 0.8151
CCP.700 79.56 1.25 1.55 0.58 17.06 0.3418 0.2243 0.9395

# Obtained by TGA using synthetic air from 800 to 1000 °C
® Obtained by %O = 100% — (%C + %H + %N + %oashes)

© HI—the amount of adsorbed of vapor of n-heptane (mg g ') divided by amount adsorbed of vapor water (mg g ')
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Fig. 3 Thermogravimetric curves (TA) and differential thermal curves
(DTA) for a CCP.600 and b CCP.700

et al. 2017). The third stage (CCP.600) and second (CCP.700)
stage presented the highest loss of mass, and temperature
ranges from 516.4 to 784.3 °C (CCP.600) and 555.2 to
797.2 °C (CCP700) were observed; this stage is ascribed to
the decomposition of the carbonaceous matrix of the samples.
The weight loss would remain practically constant if the at-
mosphere of N, was continued up to 1000 °C. However, at
800 °C, the flow of gas was changed from N, to synthetic air
to oxidize the carbonaceous matrix entirely in the presence of
air. Therefore, the content of ashes could be obtained by using
a TGA analysis using two atmospheres (inert and oxidizing)
during a run. The total weight loss of CCP.600 and CCP.700
was 99.72 and 99.42%, respectively (see Fig. 3), indicating
that the ash contents of the activated carbons were 0.28
(CCP.600) and 0.58% (CCP.700).

Elemental analysis (C H N/O) for CCP.600 and CCP.700 is
given in Table 3. The CCP.600 and CCP.700 present high
carbon percentage that justifies the use of capsules of Para
cashew (B. excelsa capsules) as a carbon source for production
of activated carbons. The percentage of nitrogen agreed with
the total basicity of the samples, and the oxygen content is also
compatible with the total acidity of the samples.

The textural surface of CCP.600 and CCP.700 was investi-
gated by SEM (see Fig. 4). The particles of both activated

carbons are irregular pieces of carbon, with the high extension
of rugosity and several holes on its surface that allows the
passage of solvent during the adsorption process. By these
images, it could be seen that the textural surface of both car-
bon materials is not entirely different; the fact that explains
that both activated carbons present similar behavior as an
adsorbent.

After performing the characterization of CCP.600 and
CCP.700 (the results of Tables 2 and 3 and Figs. 1 to 3), it is
possible to make the statement that both activated carbons
present similar surface area and pore volume (Fig. 1,
Table 2); same functional groups (Fig. 2); close amount of
acidic and basic groups (Table 3); close hydrophobicity/
hydrophilicity behavior (Table 3); close pHpzc (Table 3,
Supplementary Fig. 2); close thermal stability; and close con-
tents of ashes (Fig. 3, Table 3). Therefore, although some
differences in sorption capacity could present CCP.600 and
CCP.700, these differences will not be so significant.
Therefore, utilizing a proportion of ZnCl,:CCP of 1:1, the
temperature of pyrolysis does not provoke remarkable differ-
ences on the physical and chemical properties of the obtained
activated carbons, and therefore, remarkable differences of
these materials are not expected as an adsorbent for removal
of pharmaceuticals from aqueous solutions. The next sections
will prove this statement.

Adsorption kinetics

One of the criteria of adsorption efficiency is the rate of ad-
sorption. The knowledge of the kinetics of adsorption helps to
establish the mechanism of adsorption (Lima et al. 2015).

Hereto, the kinetic of adsorption data of amoxicillin on
CCP.600 and CCP.700 was fitted by nonlinear models of
Avrami-fractional model, pseudo-first-order, and pseudo-
second-order kinetic models. The kinetic curves and the
values of the parameters of these equations are shown in
Fig. 5 and Table 4.

The fitting of the models was statistically evaluated by the
adjusted determination coefficient (R? adj)> as well as by the
root of mean square error (SD) (Cunha et al. 2018; Leite et al.
2017). Ideally, for any fitting of an adsorption model, the R Adj
values should be closer to 1.00, and the SD values should be
the lowest possible values. In this situation, the experimental
and theoretical values of sorption capacity (g) present practi-
cally the same value. Therefore, based on these statistical pa-
rameters, the Avrami-fractional kinetic of adsorption model
was the model that was better fitted by the experimental data,
to describe the kinetics of adsorption of amoxicillin on the
CCP.600 and CCP.700 adsorbents (Table 4). The R* Adgj Values
of the Avrami fractional-order kinetic model were the closest
to 1.000 (0.9997 to 0.9999), and its SD values were the min-
imum values (0.7516 to 1.217 mg g~ ') of all the tested kinetic
models used for both activated carbons (Table 4). Therefore,
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Table 4 The kinetic parameters of adsorption of amoxicillin onto
CCP.600 and CCP.700 adsorbents. Conditions initial pH of
pharmaceutical solution 7.0, initial concentrations of 400.0 and
600.0 mg L', and an adsorbent dosage of 1.5 g L™'. All values of
parameters are expressed with four significant digits

CCP.600 CCP.700
Co(mg L™ 400.0 600.0 400.0 600.0
Avami fractional-order
ge (mg g 239.9 279.5 238.9 276.9
kay (min ") 0.4162 0.4166 0.6299 0.6286
nay 1.250 1.212 0.467 0.4575
t1/> (min) 1.792 1.774 0.725 0.7140
fo.95 (Min) 5.778 5.938 16.61 17.51
R? adjusted 0.9998 0.9999 0.9999 0.9997
SD (mg g 1) 0.8917 0.7516 0.7130 1.217
BIC 4.134 -1.674 —3.467 14.71
Pseudo-first order
ge (mg g h 240.9 280.6 2322 268.7
ki (min™") 0.4195 0.4195 0.5549 0.5537
t1/> (min) 1.652 1.652 1.249 1.252
to.95 (min) 7.140 7.142 5.399 5411
Rzadj 0.9946 0.9961 0.9521 0.9500
SD (mg g 1) 5.198 5.165 13.47 15.94
BIC 62.41 62.20 94.80 100.5
Pseudo-second order
ge (mg g " 249.8 290.8 240.0 2779
k (gmg 'min")  0.002813  0.002426  0.004281  0.003677
t1/>(min) 1.423 1.418 0.9732 0.9786
fo.95 (min) 27.04 26.93 18.49 18.59
Rzﬂdj 0.9566 0.9596 0.9961 0.9956
SD (mg g ") 14.77 16.54 3.827 4741
BIC 97.93 101.8 52.00 59.28

sorption capacities at any time (¢; moqe1) foreseen by the
Avrami fractional kinetic model are very close to the sorption
capacities at any time (g experimental) €Xperimentally measured.

Another essential statistical parameter that is used to make
a comparison among different adsorption models is the BIC
(Schwarz et al., 1978). In Table 4, it is shown that the Avrami
fractional-order model has the lowest BIC values when com-
pared with the other kinetic models. Also, the BIC difference
(ABIC) between pseudo-first-order and Avrami fractional-
order model and between pseudo-second-order and Avrami
fractional kinetic model was at least 44. According to the
BIC, when ABIC > 10, the kinetic model that has the lowest
value of BIC is indeed the best-adjusted model (Schwarz
1978; see Supplementary material). Therefore, based on all
statistical parameters evaluated, the best kinetic adsorption
model for describing the adsorption of amoxicillin onto
CCP.600 and CCP.700 activated carbon is the Avrami
fractional-order model.

Considering that different kinetic adsorption models pres-
ent different rate constants (k) that have different units, it is
complicated to compare different values of k directly. In this
way, it is necessary to define a parameter of time to facilitate
the comparison of the kinetic results. The #, is the time to the
adsorbent took to attain 50% of the saturation of the kinetic
curve, and £, 95 is the time that the adsorbent took to attain
95% of the saturation of the kinetic curve using a fixed initial
concentration of the adsorbate (Saucier et al. 2017; Kasperiski
et al. 2018; Leite et al. 2017; Saucier et al. 2017). The inter-
polation at the fitted kinetic curve was used to obtain the
values of t;, and #,9s. It is considered that the best kinetic
of adsorption model was the Avrami fractional-order model;
only the values of #1,, and #j 95 of this kinetic model present
physical meaning (Table 4).

It is important to highlight that the kinetics of adsorption of
amoxicillin onto CCP.700 was faster than CCP.600 to attain
50% of the saturation (z;,); however, to attain the 95% of
saturation (¢ ¢s), the CCP.600 was faster than CCP.700
(Table 4).

For farther adsorption experiments, the contact time be-
tween the adsorbent and adsorbate was fixed at 30 min. It is
necessary to use a contact time higher than the value of 7y 95 to
guarantee that the pair adsorbent/adsorbate will attain the
equilibrium.

Isotherms of adsorption

Adsorption isotherms define the amount of pollutants that are
retained to surface of an adsorbent at a fixed temperature when
the system attains the equilibrium. Adsorption isotherms are
fundamental to optimize and know the use of an adsorbent
(Lima et al. 2015). Also, the study of isotherms can help to
elucidate the mechanism of adsorption between the adsorbent
and adsorbate (Prola et al. 2013). The Langmuir, Freundlich,
and Liu isotherm models were used to evaluate the equilibri-
um data.

The isotherms of adsorption of the antibiotic amoxicillin
onto CCP.600 and CCP.700 adsorbents were carried out using
the experimental conditions, temperatures fixed in the interval
of 10 to 45 °C, pH of amoxicillin solution fixed at 7.0, the
adsorbent dosage of 1.50 g L™', and contact time between
sorbing specie and adsorbents of 30 min. Figure 6 shows the
isotherms at 45 °C. In Table 5, the parameters of the six iso-
therms obtained from 10° to 45 °C are presented.

The fittings of the isotherm models of the adsorption of
amoxicillin onto CCP.600 and CCP.700 activated carbons
were statistically evaluated by the R? aqj and SD values, which
are presented in Table 5. Based on these statistical parameters,
Liu isotherm was the isotherm that was better fitted to the
experimental data for both adsorbents. The Liu model exhib-
ited the lowest SD and R? Aqj values closer to 1.00 for CCP.600
and CCP.700 activated carbons. This result indicates that the

@ Springer



Environ Sci Pollut Res (2019) 26:16396-16408

16404
a 450
400 -
350
300
o 2504 ®  Experimental points
g’ 200 Langmuir
= —_— Fr‘eundllch
T 150 4 — Liu
100 -
50 -
0-n T T T T
0 200 400 600 800
Co(mgL™)
b 450
400 -
350 s o o—wT—o °
300
o 250 1 ® Experimental points
€ 200, — Foiman
T 1504 — Liu
100 -
50 -
O k T T T T T
0 200 400 600 800
C, (mg L)

Fig. 6 Adsorption isotherms of amoxicillin onto a CCP.600 and b
CCP.700. The pH was fixed at 7.0, the adsorbent dosage of 1.5 g L™,
the temperature of 45 °C, and contact time of 30 min

sorption capacities (¢) obtained experimentally are closer to
the sorption capacities (¢) found by the Liu isotherm model
(Prola et al. 2013; Saucier et al. 2017). The BIC was carried
out to complement the statistical evaluation of the model. For
CCP.600, the ABIC between the Langmuir and Liu model
was >22.6, and the ABIC between the Freundlich and Liu
model was >43.4. For the CCP.700 activated carbon, the
ABIC of Langmuir and Liu model was >87.7, and the
ABIC between Freundlich and Liu model was > 88.7.
Therefore, based on the BIC values analysis, the Liu model
also was the best equilibrium model fitted by the experimental
data, since all the differences of BIC values are much higher
than 10 (Schwarz 1978).

Regarding the maximum sorption capacities based on the
Liu model, the values obtained by CCP.700 are slightly higher
than (0.55 to 1.49%) the maximum sorption capacities obtain-
ed with CCP.600. However, this difference is not remarkable,
as it was expected based on the characterization data discussed
in the previous sections. Both activated carbons present sim-
ilar surface area, total pore volumes, similar amounts of func-
tional groups, and practically the same functional groups and
similar hydrophilicity behavior. Therefore, remarkable differ-
ences in sorption capacity are not expected. The preparation of
activated carbons by chemical activation using the zinc
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chloride as an activating agent at the proportion in weight of
1:1 with capsules of cashew of Para and using pyrolysis at 600
and 700 °C leads to CCP.600 and CCP.700. These two mate-
rials do not have remarkable physical chemical differences,
and they also not have remarkable differences in the perfor-
mance for removal of the antibiotic amoxicillin from waters.

Thermodynamic of adsorption and the mechanism
of adsorption

The thermodynamic parameters of adsorption, Gibbs free en-
ergy (AG®), enthalpy (AH®), and entropy (AS°®) are essential to
have a notion about the interaction of the sorbing specie and
adsorbent. Please see Supplementary material for the calcula-
tions of these parameters (Lima et al. 2019) and Table 6 to see
the values of the thermodynamic parameters.

When the values of AG® is negative, it indicates that the
process of the adsorption is spontaneous. All the values of
AG® at the different temperatures (283-318 K) were negative
being the process of adsorption of amoxicillin favorable and
spontaneous (Cunha et al. 2018; Kasperiski et al.,2018).

The AH° of adsorption of amoxicillin into CCP.600 and
CCP.700 was negative. Therefore, the process of adsorption
process is exothermic for amoxicillin uptaking using both ad-
sorbents. AH° <25 kJ mol™" is compatible with physical ad-
sorption (Lima et al. 2015). AS° values reported in Table 6 are
positives that imply one increasing of randomness when the
adsorption process takes place (Kasperiski et al. 2018).

The values of AH® of adsorption is compatible with phys-
ical adsorption. The mechanisms of interaction of the antibi-
otic amoxicillin onto CCP.600 and CCP.700 activated carbons
should occur by (Saucier et al. 2017; Thue et al. 2017a):

e -7 interactions (7 bonds of the activated carbon with
bonds of antibiotic);

* donor-acceptor complex formation between the surface
carbonyl groups (electron donors) and the aromatic ring
of the antibiotic acting as the acceptor;

* hydrogen bonds between the OH and NH groups of the
amoxicillin and the OH and NH groups of the activated
carbons.

This proposal of the mechanism of interaction of amoxicil-
lin onto CCP.600 and CCP.700 activated carbons is compati-
ble with the polar groups that exist in the surface of the acti-
vated carbons (see Fig. 2 and Table 3) and the antibiotic (see
Supplementary Fig. 1).

The application of activated carbons for the removal
of pharmaceuticals in simulated hospital effluents

According to the results of isotherms of adsorption, it was
observed that both CCP.600 and CCP.700 activated carbons
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Table 5 Langmuir, Freundlich, and Liu isotherm parameters for the adsorption of amoxicillin onto CCP600 and CCP700 adsorbents. Conditions,
initial pH 7.0, contact time of adsorbent, and adsorbate was adjusted at 30 min

Langmuir 10 °C 20 °C 25 °C 30 °C 40 °C 45 °C
CCP.600
Omax (mg g7 236.4 298.0 289.2 334.8 386.6 392.1
K. (L mgh 0.8730 0.2747 0.3018 0.2301 0.1379 0.1612
R 0.9538 0.9830 0.9515 0.9679 0.9881 0.9670
SD (mg g 1) 15.08 11.16 19.21 17.37 12.79 21.72
BIC 87.37 78.34 94.64 91.61 82.43 98.32
Freundlich
Ky (mg g~' (mg L™ 131.0 171.9 144.5 167.6 165.5 170.5
ny 10.14 1122 8.323 8.599 7.135 7.059
R 0.9731 0.8881 0.9694 0.9775 0.9487 0.9649
SD (mg g 1) 11.51 28.63 15.28 14.56 26.56 22.39
BIC 79.28 106.6 87.77 86.32 104.4 99.24
Liu
Omax (Mg g 1) 274.9 292.1 3359 3833 4122 451.0
K, (L mg ) 0.3361 0.2457 0.2074 0.1730 0.1212 0.1096
ny 0.3917 2.176 0.4460 0.4705 0.6738 0.5255
R 0.9990 0.9966 0.9999 0.9998 0.9999 0.9982
SD (mg g1 2251 5.000 0.3858 1217 0.2850 5.012
BIC 31.83 55.77 —-21.09 1337 -30.17 55.84
CCP.700
Ohmax (mg g1 258.9 233.4 292.0 303.8 388.4 348.9
Ki (Lmg™h 0.2967 0.6574 0.2947 0.3524 0.1319 0.2681
R 0.9861 0.9320 0.9668 0.9094 0.9843 0.9192
SD (mg g 1) 8.533 17.80 15.43 27.59 13.97 29.74
BIC 70.30 92.35 88.07 105.5 85.10 107.7
Freundlich
Kp (mg g ! (mg L7 V) 149.1 132.07 152.8 158.9 180.0 173.1
ny 11.05 10.29 9322 9.096 7.867 8.286
R 0.9703 0.9881 0.9814 0.9841 0.9619 0.9846
SD (mg g 1) 12.48 7435 11.57 11.57 21.80 12.98
BIC 81.71 66.16 79.43 79.43 98.43 82.88
Liu
Omax (mg g7 276.4 295.5 340.9 387.8 418.8 454.7
Ko (L mg ") 0.3232 0.2449 0.1983 0.1699 0.1258 0.1076
n 0.5598 0.3097 0.4183 0.3209 0.6311 0.3424
R 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999
SD (mg g ") 0.4357 0.2634 0.5724 0.3796 0.3786 0.4163
BIC —17.44 -32.54 -9.255 -21.57 -21.65 —-18.81

showed to be potential adsorbents for the treatment of efflu-
ents contaminated with amoxicillin. However, in a real situa-
tion, other compounds are presented in a hospital effluent. In
this work, two simulated hospital effluents (see Table 1) were
prepared, which were composed of six pharmaceuticals, two
sugars, and others four organics and eight inorganic salts that
are usually present in hospital effluents (Kasperiski et al.
2018).

The treatment of these two synthetic hospital effluents is
necessary to assess the potential use of CCP.600 and CCP.700
adsorbents for real wastewater treatment.

Considering that absorbance is an additive property, the
area under the absorption bands corresponds to the sum of
compounds that absorb UV-Vis radiation (Skoog et al.
2007). The UV-Vis spectra of the two effluents before and
after the treatment with CCP.600 and CCP.700 adsorbents
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Table 6 Thermodynamic parameters of the adsorption of amoxicillin onto CCP.600 and CCP.700 activated carbons (Lima et al. 2019)

Temperature (K) 283 293 298 303 313 318
CCP.600
Kg (L mol ") 1.228 - 10° 8.977 - 10* 7.578 - 10* 6.320 - 10* 4.430 - 10* 4.004 - 10*
K2 1.228 - 10° 8.977 - 10* 7.578 - 10* 6.320 - 10* 4.430 - 10* 4.004 - 10*
AG® (kJ mol 1) -27.57 -27.78 —-27.84 —-27.85 —-27.84 —28.02
AH° (kJ mol 1) - - -24.72 - - -
AS° J K ' mol™h - - 10.26 - - -
R 0.9958 - - - - -
SD 0.02747 - - - - -
CCP.700
K, (L mol™) 1.181 - 10° 8.950 - 10* 7.245 - 10* 6.208 - 10* 4.597 - 10* 3.931-10*
K, 1.181 - 10° 8.950 - 10* 7.245 - 10* 6.208 - 10* 4.597 - 10* 3.931 - 10*
AG® (kJ mol ") —27.48 -27.78 -27.73 —-27.80 -27.94 -27.97
AH® (kJ mol™) - - —-23.83 - - -
AS° (J K ' mol™) - - 13.10 - - -
R 0.9961 - - - -
SD 0.02567 - - - -

* K., the thermodynamic equilibrium constant was calculated as described previously (Lima et al

were recorded (190 to 400 nm, see Fig. 7). Therefore, the
integration under the curves to obtain the total areas (190 to
400 nm) was employed to calculate the total percentage (sum
of all organic compounds) of removal of each effluent by the
activated carbons. For effluent 1, the percentage of removal of
all organic compounds was 98.01 (CCP.600) and 98.60%
(CCP.700). For effluent 2, the percentual of removal was
97.28 (CCP.600) and 97.76% (CCP.700).

The percentage of removal of these effluents is very close
for both activated carbons in agreement with the chemical and
physical properties discussed previously and also with the
maximum sorption capacity based on the Liu isotherm obtain-
ed for both adsorbents.

Based on the results of total removal of synthetic effluent, it
is possible to state that the capsule of cashew of Para
(B. excelsa capsules) activated carbons present potentiality
for being used in treatment real hospital effluents.

Conclusion

In this study, B. excelsa capsules were used as carbon precur-
sor for the preparation of activated carbons. The textural char-
acterization of the CCP.600 and CCP.700 activated carbons
prepared presented high specific surface area and total pore
volumes. These activated carbons were employed for the re-
moval of the antibiotic amoxicillin from aqueous solutions
and simulated hospital effluents.

The Avrami fractional kinetic model and the Liu isotherm
models were the best models to describe the kinetics and
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. 2019). The y of amoxicillin was considered 1.00

equilibrium of the adsorption, respectively. The maximum
adsorption capacities of 451.0 (CCP.600) and 454.7 mg g”*
(CCP.700) were obtained at 45 °C for both adsorbents.
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Fig.7 Simulated effluents. a Effluent 1 and b effluent 2. For the chemical
composition of effluents, see Table 1
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The thermodynamic parameters of adsorption indicate that
the uptake of amoxicillin is favorable and spontaneous.

CCP.600 and CCP.700 were efficiently used in the treat-
ment of synthetic hospital effluents, containing elevated con-
centrations of organic and inorganics and showing their po-
tentiality for being used in real hospital effluents.
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vealed that the maximum adsorption capacities (Qnayx) are very high for both ACs; however, the BNS1.5 capacity

* Corresponding author at: Institute of Chemistry, Federal University of Rio Grande do Sul (UFRGS), Av. Bento Gongalves 9500, P.O. Box 15003, 91501-970, Porto

Alegre, RS, Brazil.
** Corresponding author.
E-mail addresses: ahoseinib@yahoo.com (A. Hosseini-Bandegharaei), pascalsilasthue@gmail.com (P.S. Thue), profederlima@gmail.com,
eder.lima@ufrgs.br (E.C. Lima).

https://doi.org/10.1016/j.colsurfa.2019.123966

Received 5 July 2019; Received in revised form 8 September 2019; Accepted 10 September 2019
Available online 11 September 2019

0927-7757/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/09277757
https://www.elsevier.com/locate/colsurfa
https://doi.org/10.1016/j.colsurfa.2019.123966
https://doi.org/10.1016/j.colsurfa.2019.123966
mailto:ahoseinib@yahoo.com
mailto:pascalsilasthue@gmail.com
mailto:profederlima@gmail.com
mailto:eder.lima@ufrgs.br
https://doi.org/10.1016/j.colsurfa.2019.123966
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfa.2019.123966&domain=pdf

D.R. Lima, et al.

Colloids and Surfaces A 583 (2019) 123966

is higher (411.0 mg g~ ') than that of BNS1.0 (309.7 mg g~ !). The thermodynamic assessments revealed that the
process of acetaminophen adsorption is spontaneous, energetically favorable, and exothermic, and the magni-
tude of enthalpy is compatible with physisorption. Besides, it suggests that the acetaminophen adsorption on
both ACs is dominated by van der Walls forces and microporous filling mechanism. The use of activated carbons
for treatment of synthetic hospital effluents, containing different pharmaceuticals as well as organics and in-
organic salts, presented a high percentage of removal (up to 98.83%). The adsorbent was magnificently re-
generated up to 74% with a mixture of 0.1 mol L™ ! NaOH + 20% EtOH solution and can be reused up to four
cycles ensuring sustainable use of proposed adsorbent for acetaminophen removal from aqueous media. In the
light of these results, it is possible to say that Brazil nutshell is an excellent raw material to prepare efficient ACs
which can be successfully used in the treatment of real hospital effluents.

1. Introduction

Contamination of the environment is a non-negligible problem that
affects people’s health and quality of life [1]. Large amounts of pollu-
tants are laid-off into natural waters without any treatment [1]. There
are many types of water contaminants, and they can be categorized into
big classes such as organic contaminants, nutrients, pathogens, agri-
cultural runoff, inorganic pollutants (salts and metals), and others.

However, over the last few years, a new class of pollutants, so-called
emerging concern pollutants (ECPs) has gained attention from en-
vironmental researchers [1-4]. ECPs can be comprehended in any
naturally-occurring or synthetic chemical, and any microorganism that
is not regularly measured in the environment with possible human
health or ecological effects [2-4]. The emerging concern pollutants
consist mainly of pharmaceuticals, hormones, personal care products,
flame retardants, fuel additives, pesticides, plasticizers, several chemi-
cals used in the industry, solvents, and surfactants [1-4].

Therefore, the vast majority of emerging pollutants comes from
municipal and industrial wastewater treatment plants which fail to
eliminate this kind of pollutions, since they exploit conventional
treatment technologies which are not explicitly designed to remove
residual concentrations of such organic compounds [3,4].

One of the emerging pollutants is acetaminophen, most know as
paracetamol, which is frequently consumed as a painkiller, analgesic,
and antipyretic compound worldwide [5]. It was reported that 58-68%
of acetaminophen is excreted by human urine [5]. This pharmaceutical
is also prone to bioaccumulation in aquatic organisms. Its presence was
reported in all kind of waters in several European countries [5,6]. The
degradation of acetaminophen produces carcinogenic and highly toxic
compounds, such as, 4-aminophenol, that cause mutagenic effects in
human cells [5,6]. In light of these facts, acetaminophen is considered
as an emerging contaminant and should be removed from wastewaters
before releasing in the environment.

The literature shows several methods for treatment of waters and
wastewaters polluted with the acetaminophen such as Advanced
Oxidative Process [7,8], biological treatments [5,9], filtration in
membranes [10,11], and adsorption [12-14]. However, some of these
treatment methods have some drawbacks, such as high costs and high
solid (e.g., sludges) generation [7,9]. In contrast to these dis-
advantageous methods, adsorption as a treatment method of effluents
presents some advantages such as the low initial price for im-
plementation and smooth operation, and it can be useful for removal of
acetaminophen even in low traces [4,14].

Amongst the adsorbents used in the adsorption processes, one of the
most widespread adsorbents used for the removal of contaminants from
water is activated carbon (AC) [15-18] which, because of its pore
structures and surface area confers an outstanding adsorption capacity.
Different AC adsorbents can be manufactured by exploiting a wide
different variety of carbonaceous precursors (e.g., biomass wastes),
resulting in the production of a variety of adsorbents with different
characteristics and quality.

The use of biomass wastes for preparing activated porous carbon
materials has enhanced considerably in the last years. Some residual

biomasses used for fabrication of activated carbons are coffee wastes
[15], grass [16], ironwood seed pod wastes [17], avocado seed [12],
tucuma seed [18], cotton stalk [19], coals [20], tannery sludge [21],
and pulp mill sludge [22], and others.

In this work, usage of residual biomass of Brazil nuts shell is pro-
posed as a raw material for developing ACs, in order to give valoriza-
tion to these wastes which are currently generated and underutilized in
Brazil [23,24]. The Brazil nut tree (Bertholletia excelsa) is native to
South America and grows in well-drained and upland areas of the
Amazon rainforest (Brazil, Colombia, and Venezuela), as well as in
neighboring areas of Bolivia, Guyana, and Peru [23,24]. The groves
occupy over 320 million ha distributed among these countries where
Brazil has the largest occupied area [23,24].

In this research, the feasibility of the production of suitable ACs for
efficient acetaminophen removal will be demonstrated. This research
will be subdivided into three parts:

(i) Production of the ACs from Brazil nutshell using chemical activa-
tion with ZnCl, and subsequent pyrolysis in a conventional fur-
nace, obtaining carbon adsorbent with most excellent properties in
terms of high specific surface areas and porosities as well as che-
mical composition.

(i) Applying these ACs as adsorbents for removing acetaminophen
from aqueous solution as well as to treat synthetic effluents con-
taining many ECPs and evaluating their efficiencies.

(iii) Demonstration of the reusability of the adsorbent applying ad-
sorption experiments

2. Materials and methods
2.1. Materials

All the reagents were of analytical grade and utilized as received
without any additional purification. Acetaminophen was purchased
from Sigma Aldrich (DE). Deionized water (Permution) was used
throughout the experiments for preparing solutions.

2.2. Activated carbon

The ACs were produced by the following described procedure: First,
80.0g of Brazil nuts shells (CS) was processed and grounded
(¢ < 260 um) and blended with two weight ratios of ZnCly, i.e., ZnCly:
biomass ratios of 1.0:1.0 and 1.5:1.0. During the mixing, small amounts
of water were added to optimize the mixing by forming a homogeneous
paste [16]. Each paste was disposed in a quartz reactor in a vertical
furnace, and it was heated from the ambient temperature up to 600 °C
using a heating rate of 10 °Cmin~* under a flow rate 150 ml min~* of
nitrogen as a purge gas. The temperature of the furnace was kept fixed
at the maximum temperature for 30 min. Afterward, the furnace was
shut down. However, the nitrogen stream was kept until the tempera-
ture reached < 200 °C. In order to rid the zinc metal from the pyrolyzed
material, an HCI solution (1 HCl + 1 H,O) was mixed with a known
amount of pyrolyzed material under reflux for 60 min [16,17]. The
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samples were denominated as BNS1.0 and BNS1.5 according to the
ratio of 1.0:1.0 and 1.5:1.0 of ZnCl,: biomass, respectively. The two
ratios were made in order to study the effect of ZnCl, amount.

2.3. Characterization

Isotherms of N5 adsorption-desorption (at —196 °C) were obtained
by a Tristar II Kr 3020 Micromeritics equipment for analyzing the
surface, after 12h degassing of the samples under vacuum at 120 °C.
The specific surface area (Sger) was measured by the BET multipoint
method [25], and the pore size distribution was estimated by exploiting
the DFT (Density Functional Theory) method [26].

CHN/O elemental analysis was carried out by an elemental analyzer
(Thermo Fisher Scientific) for measuring the amounts of C, H, N, and O
(%) in the BNS1.0 and BNS1.5 samples [17].

Fourier-transform infrared spectroscopy (FTIR) was exploited to
determine the functional groups of the carbon materials. The FTIR
spectra were recorded over the wavenumber range of 4000-400 cm ™%,
utilizing a Thermo Scientific Nicolet IZ10 spectrometer with an acqui-
sition of 64 scans min~ ! and resolution of 4 cm™ [16].

The thermal stabilities of both ACs were checked by thermogravi-
metric analysis (TGA) exploiting a thermogravimetric analyzer (TA
model SDT Q600). The activated carbons were heated up from 20° to
800 °C under inert N, (10 °Cmin~ %), and from 800° to 1000 °C, under
oxidant atmosphere [16].

The hydrophobicity/hydrophilicity balance (HI) was performed as
recommended [18,27].

Scanning electron images of the activated carbons were obtained
using a scanning electron microscope furnished by Jeol model JSM-
6610LV [28].

The determination of the point of zero charge pHy,. of the ad-
sorbents was obtained according to the procedure previously described
[18,29]. Boehm method was used for measuring the total quantity
(mmol g_l) of acidic and basic groups of the two ACs [30].

2.4. Adsorption and desorption studies

The experiments of adsorption were carried out using the BNS1.0
and BNS1.5 activated carbon and acetaminophen as sorbing specie
[15-17]. More details are shown in the Supplementary material.

The analytical determination of acetaminophen was carried as de-
scribed elsewhere [31-35]. More details are shown in the Supplemen-
tary material.

Desorption experiments were carried out using as detailed in
Supplementary material.

The statistical evaluation of the nonlinear models was performed
using standard deviation (SD), R® ,gjustea> and the Bayesian Information
Criterion (BIC) [36,37]. Details are shown in Supplementary material.

2.5. Kinetic and isotherms of adsorption models

The pseudo-first-order [38], pseudo-second-order [39], and Avrami
fractional-order [40] models were utilized to fit the experimental ki-
netic data.

The Langmuir [41], Freundlich [42], and Liu [43] isotherm equa-
tions were utilized for the equilibrium data. Details are shown in Sup-
plementary material [38-42].

2.6. Thermodynamics of adsorption

The thermodynamic data were evaluated using previous conditions
[36,44]. Details are shown in Supplementary material.

2.7. Simulated effluents

In order to simulate real hospital effluents, two effluents containing
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Table 1
The chemical contents of the synthetic effluents.

Effluent contents Concentration (mg L™ %)

Effluent 1 Effluent 2
Pharmaceuticals
Acetaminophen 40 80
Enalapril 15 30
Nicotinamide 15 30
Diclofenac 15 30
Metformin 15 30
Sugars
Saccharose 30 50
Glucose 30 50
Organic components
Sodium dodecyl sulfate 5 10
Humic acid 10 20
Citric acid 10 20
Urea 10 20
Inorganic components
Sodium chloride 50 70
Ammonium chloride 20 30
Sodium sulfate 10 20
Ammonium phosphate 20 30
Sodium carbonate 10 20
Calcium nitrate 10 20
Magnesium chloride 10 20
Potassium nitrate 10 20
pH* 7 7

several organic and inorganic compounds, which are commonly found
in hospital effluents, were prepared. Table 1 shows the composition of
simulated hospital effluents [45]. The idea of performing adsorption
tests with simulated hospital effluents is to verify the possibility of the
prepared ACs to be used as adsorbents for treating real hospital ef-
fluents.

3. Results and discussion
3.1. Isotherms of adsorption of N,

The nitrogen adsorption-desorption isotherms of both ACs are ex-
hibited in Fig. 1A. The samples exhibit type Ib of pore models [25],
revealing that the activated carbons have pore size distributions include
a broad range consisting of wider micropores and possibly narrow
mesopores (< 5.0 nm). Such porosity is suitable for adsorption since
micropores have a significant influence on the adsorption of small
molecules [46].

Fig. 1B exhibits the pore size distribution curve obtained using the
DFT method [26]. BNS1.0 presents micropores < 1.1nm (higher
amount), and a lower percentage of micropores between 1.1 and
2.0 nm. Also, BNS1.0 presents some mesopores in the region of 2-4 nm.
On the other hand, BNS1.5 does not present micropores < 1 nm. This
carbon material presents a fraction of micropores in the region of
1.0-2.0 and, also, a reasonable amount of mesopores in the region of
2-4nm. Based on these results, both BNS1.0 and BNS1.5 are pre-
dominantly microporous material. However, it may also contain a
lower amount of mesopores. The difference in the pore size distribution
of BNS1.0 and BNS1.5 activated carbons is supposed to influence the
acetaminophen adsorption because the adsorption of a sorbing species
is affected by the pore sizes [12].

From the Sggpr assessments, ACs presented values of 1457 and
1640 m? g~ ! for BNS1.0 and BNS1.5 surface, respectably, showing an
increase of 12.6% in the surface area of the AC prepared with a ratio of
1:1.5 (biomass: ZnCl,). The total pore volumes, according to Horvath-
Kawazoe method, are 0.6661 and 0.9290 cm® g~ ! for the BNS1.0 and
BNS1.5 (39.5% higher for BNSL1.5), respectively. Using the DFT
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Fig. 1. Textural characteristics of BNS1.0 and BNS1.5 activated carbon. A-
isotherms of adsorption and desorption of N2; B- Pore size distribution curve.

analysis, the total pore volumes are 0.5486 and 0.7947 cm®g~! for
BNS1.0 and BNS1.5 (44.9% higher than BNS1.0) respectively. Although
using different methods for calculating the total volume of pores leads
to different results, the volume of pores of BNS1.5 is remarkably higher
than BNS1.0, the fact that would affect the adsorption capacity of these
activated carbons. These results indicate that the ZnCl, provokes an
increase in the surface area of ACs, by increasing the number of pores
that is responsible for adsorption of a higher amount of N,. The im-
proved Sggr and pore volumes might enhance the active sites on the
carbon surface, which can enhance the acetaminophen adsorption. The
good porosity is also favorable for the rapid inter-diffusion of the
acetaminophen through the pores of the activated carbons [25].

3.2. Surface analysis

FTIR analysis is an analytical technique that provides qualitative
information concerning the functional groups existing on the surface of
activated carbons. These groups play a crucial role in the adsorption of
adsorbate from aqueous solutions. Fig. 2 shows the FTIR spectra of
BNS1.0 and BNS1.5. As can be seen, both spectra are very similar to
each other, denoting that the ZnCl, amount did not influence the che-
mical surface group, which is in contrast with its influence on the
physical changes highlighted in the Sggr analysis.

The FTIR identified chemical groups on the surface of both ACs such
as the broad peaks in 3424 cm ™! (BNS1.0) and 3432cm ™! (BNS1.5)
which are related to OH group stretching [15-17]. The two bands at
2920 cm ™' and 2855 cm ™! are assignable to the stretching vibrations
of C-H groups, respectively to asymmetric and symmetric ones [18,21].
The band at 1632 cm ! is attributable to O=C stretching in esters or
carboxylic acids [16,17,27]. The small peaks at 1429 cm ™! are assigned
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to ring modes of aromatics [27,47,48]. The small peaks at 1376 and
1335cm ™! is attributable to C-N stretching of amines or amides or
bending of C-H bonds [47,48]. The bands at 1157, 1115, are attributed
to C-O-C stretching of ether or C-C-O of esther [47,48.], and the band
1064 cm ™! is attributed to C-O stretching of phenolic or carboxylate
groups [47,48].

Although the FTIR is critical to designate the presence of functional
groups on the carbon surfaces, it cannot be used to quantify them. In
this regards the use of Boehm- titration is required to quantitatively
determine the amounts of total acidic and basic sites available on the
activated carbon surface [18,30,48].

Considering the results shown in Table 2, it is possible to see that
the quantity of acidic groups is higher than the basic groups on the
surface of BNS1.0 and BNS1.5 activated carbons, indicating that the use
of ZnCl, as activating agent for production of activated carbons gen-
erate carbons with higher amount of acidic functional groups on their
surface.

The ratios of the sum of acidic groups divided by sum of basic
groups are 1.59 (for BNS1.0) and 1.84 (for BNS1.5), reflecting that
BNS1.5 would be more acidic than BNS1.0, although the total acidity of
BNS1.0 (0.3520 mmol g~ %) is higher than that of BNS1.5 (0.3130 mmol
g~ ). These results are following the pH,,. values (reported in Table 2)
which imply that, in ACs, having a higher ratio of the total acid groups
divided by total basic groups leads to lower values of pH,,.. The ACs
presented pHp,. values of 6.46 (BNS1.0) and 5.86 (BNS1.5). Taking into
consideration the Boehm titration and pHy,. results, it is possible to
state that these results are in total accordance with hydrophobic/hy-
drophilic ratio (HI) characteristics of the surface of BNS1.0 and BNS1.5
adsorbents (see Table 2). Considering that acidic and basic groups in-
crease the hydrophilic behavior of carbon surface [18,27], the higher
the total amount of polar functional groups, the lower will be the value
of HI [18,27]. The total sum of functional groups of the studied carbons
are 0.5734 mmol g_1 (BNS1.0) and 0.4833 mmol g_1 (BNS1.5), and
the values of HI obtained are 0.8151 (BNS1.0) and 0.9821 (BNS1.5).
Although both ACs exhibited to have hydrophilic surfaces, because
their HI values were < 1.00, BNS1.0 is more hydrophilic than BNS1.5.
Therefore, the results of HI are in complete consistency with the total
acidity and basicity of the activated carbons.

The elemental analyses (C, H, N, O) of BNS1.0 and BNS1.5 are ex-
hibited in Table 2. The prepared ACs present percentages of carbon that
are similar to commercial activated carbons (75-85%), which itself is a
fact that justifies the use of Brazil nuts shells as a source of carbon. The
percentage of nitrogen and oxygen are in agreement with the quantity
of functional groups present on BNS1.0 and BNS1.5 activated carbons.
BNSL1.5 displays the highest %C (84.40%) and the lowest %0 (11.89%)
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Fig. 2. FTIR of BNS1.0 and BNS1.5 activated carbon. Values inside the graphs
are wavenumber of vibrational bands.
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Table 2

CHN/O analysis, total acidity and basicity, and hydrophobiC-Hydrophilicity behavior of BNS1.0 and BNS 1.5.
adsorbent %C %H %N %0 %Ashes Total acidity (mmol g~ 1) Total basicity (mmol g~ 1) PHpzc HI
BNS1.0 77.10 2.99 1.38 18.25 0.28 0.3520 0.2369 6.46 0.8151
BNS1.5 84.40 2.29 1.45 11.70 0.16 0.3130 0.1703 5.86 0.9821

compared to BNS1.0 (77.10% C; 18.25% O) (see Table 2). It is possible
to infer that an increase of ZnCl, as activated agent results in increases
of the %C and the HI values. As a consequence, there is a diminishing in
the total amount of functional groups present on ACs, producing a
carbon adsorbent with lower hydrophilic behavior [12].

3.3. Scanning electron microscopic images (SEM)

The textural surface properties of BNS1.0 and BNS1.5 was in-
vestigated by SEM (as shown in Fig. 3). From the images, it is possible
to observe on the surface of both activated carbons several holes that
allow the passage of solvent during the adsorption acetaminophen from
aqueous media. However, BNS1.5 seems to show plenty and spherical
holes compared to BNS1.0. BNS1.0 exhibited an irregular, hetero-
geneous and lowered holed surface structure, indicating relatively
lower surface areas, while BNS1.5 exhibited plenty of holes and pits on
its surface. This result match with the results of the textural analysis
presented in Section 3.1, was the pore volumes and Sgpr values of
BNS1.5 is remarkably higher than BNS1.0. However, both activated
carbons can be adequately used as adsorbents for the removal of
pharmaceuticals contaminated water as it will be shown later in future
sections.

3.4. Thermal analysis

TGA is performed to investigate the thermal stability of the material
in a determined atmosphere. Both carbons materials were subjected to
this analysis using an inert atmosphere (N,) from ambient temperature
up to 800 °C, where practically the weight loss of the functional groups
occurs (Fig. 4) [16,48]. From 800°C up to 1000°C, an oxidizing

ambiance was applied using ultrapure synthetic air. As previously re-
ported [16], usage of a stream of ultra-pure air for temperatures
=800 °C intent to convert the contents of the activated carbons into ash
in a single run of TGA analysis [16].

Fig. 4A and B present the weight loss curves for BNS1.0 and BNS1.5,
in which as can be seen the TG curves for both ACs are very similar. The
thermogravimetric curves of the carbon materials show four sections of
weighing loss for BNS1.0 and five sections for BNS1.5. For BNS 1.0, the
first section corresponds to losses of moisture and adsorbed water on
the carbon surface. For BNS 1.5, this moisture loss is not observed.
However, the second section of BNS1.0 and the first section of weight
loss in BNS1.5 correspond to the weight of hydration water that is
present in the structure of the carbon matrix [16,47]. This stage takes
place at 516.4 and 555.4 °C for BNS1.0 and BNS1.5, respectively. The
following section of weight loss ranging from 516.4 to 784.3 °C and
555.4-795.5 °C for BNS1.0 and BNSL1.5, respectively, corresponds to a
remarkable weight loss which is ascribed to the losses of functional
groups existing on the activated carbon surface, taking place by re-
leasing the most volatile organic compounds [16,18]. At 800 °C, the
atmosphere is changed from inert N, to oxidizing atmosphere (synthetic
air). Therefore, the fourth region of weight loss of BNS1.0 and the third
region of BNS1.5 correspond to complete degradation of the matrix of
activated carbon [16,18,47], which are finished at 819.2°C (for
BNS1.0) and 816.5°V (for BNS1.5). Then, the temperature is raised to
1000 °C; however, the weight loss is a minute loss of only about
0.41-0.44%, where all the carbon is eliminated, and only inorganic
ashes are remained [16,46,48]. Therefore, the remaining residual mass
at 1000 °C (respectively 0.28% and 0.16% for BNS1.0 and BNS1.5) are
the inorganic ashes of the ACs, because the atmosphere utilized at this
temperature was synthetic air [16].

Fig. 3. SEM images of BNS 1.0 and magnification of X 1000 (A); BNS 1.0 and magnification of x 2000 (B); BNS 1.5 and magnification of X 1000 (C); and BNS 1.5 and

magnification of X 2000 (D).
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3.5. Kinetic study of the adsorption

The kinetic study of adsorption was performed to establish the op-
timal time for adsorption of acetaminophen onto ACs made from Brazil
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nuts. Besides, kinetic studies also furnish information about the ad-
sorption mechanism. The results show that the adsorption process is
speedy, reaching the equilibrium around 10 min after contacting the
BNS1.0 and BNS1.5 with acetaminophen solutions having the con-
centrations of 400 and 800 mg Lt (Fig. 5). These results show that for
both acetaminophen concentrations, there is a large number of active
sites unoccupied to be fulfilled, leading to a high driving force for the
mass transfer from the bulk solution to the surface of ACs, which results
in fast adsorption to takes place [49,50]. The fastness of adsorption rate
of acetaminophen onto ACs and the largeness of adsorption sites
probably results from sizeable total pore volume and Sggr of the ACs.
The hydrophilicity of the ACs also improves the accessibility of the
acetaminophen molecules to the active sites and pores and interconnect
porous structure, and the kinetics on the activated carbons are fast due
to short diffusion path of ultrathin pores wall [49,50].

The acetaminophen molecule (see Supplementary Fig. 1) presents a
maximum diagonal length of 0.88 nm, a dipole moment of 3.63 Debye
(hydrophilic molecule), HLB (Hydrophilic-lipophilic balance) of
6.53-9.53, and Log P 0.49 (hydrophilic substance). Based on these
physicochemical properties of acetaminophen, it is a compound of in-
termediate affinity to water and has some affinity to carbon surfaces;
however, it also presents an affinity for carbon surfaces, facts that ex-
plain its adsorption onto activated carbon.

Concerning the kinetic models, three models were selected for fit-
ting with the data, i.e., pseudo-first-order, pseudo-second-order, and
Avrami models. The fitting results are summed up in Table 3. It illus-
trates that the kinetic data is more suitable to be characterized by the
Avrami fractional-order model.

The extent of abiding the empirical data from the studied models
was evaluated using the adjusted determination coefficient (Rﬁdj), and
standard deviation of residues (SD). Lower SD values and Rﬁdj values
nearer to 1.00 denote that the model is better abided by the data, and
the difference between theoretical and experimental sorption capacities
are negligible.

According to the kinetic data displayed in Table 3, the Avrami ki-
netic adsorption model is the best-fitted model and best describe the
data obtained in the experiments, because Avrami model presented

B Fig. 5. Kinetic curves of adsorption of acet-
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Table 3

Avrami-fractional order, pseudo-first-order and pseudo-second-order para-
meters for adsorption of acetaminophen onto BNS1.0 and BNS1.5 adsorbents.
Conditions adsorbent mass of 30mg; initial pH of acetaminophen 7.0; the
temperature of 25°C. Values are expressed with four significant digits
(average), and the standard error is given between parenthesis.

Cp (mg L™ BNS1.0 BNS1.5
400 800 400 800

Avrami fractional-order

Q. (mg g™ 1) 233.9 (0.2) 282.7 (0.2) 246.6 (0.2) 312.4 (0.2)

kav (min~1) 0.4630 0.4604 0.4631 0.4656
(0.0018) (0.0016) (0.0018) (0.0012)

Nay 1.295 1.341 1.398 1.354 (0.007)
(0.009) (0.009) (0.011)

t1/2 (min) 1.627 1.652 1.662 1.638

to.05 (min) 5.04 4.924 4.732 4.831

R? adjusted 0.9999 0.9999 0.9999 0.9999

SD (mg gfl) 0.6734 0.7364 0.7298 0.6199

BIC —5.412 —2.372 —2.676 —8.229

Pseudo-first-order

g. (mg g~ ) 235.0 (1.7) 284.3 (2.4) 248.1 (2.4) 314.3 (2.7)

k; (min~1) 0.4721 0.4702 0.4744 0.4760
(0.019) (0.021) (0.024) (0.021)

t1/2 (min) 1.468 1.474 1.461 1.456

to.05 (min) 6.346 6.371 6.315 6.293

RZy 0.9928 0.9908 0.9881 0.9903

SD (mgg™") 5.732 7.883 7.883 8.946

BIC 65.74 76.57 76.57 80.87

Pseudo-second-order

qmg g~ ") 243.0 (5.2) 294.0 (6.6) 256.6 (6.0) 324.9 (7.3)

k. (gmg~'min~') 0.003376 0.002768 0.0032 0.002543
(0.0002) (0.0001) (0.0002) (0.0001)

t1/2(min) 1.219 1.229 1.218 1.21

to.05 (min) 23.16 23.35 23.14 23

RZy 0.9493 0.9449 0.9389 0.9438

SD (mgg™ ") 15.26 19.33 17.83 21.56

BIC 99.02 107.1 104.3 110.8

lower SD values (0.6199 to 0.7364) and Rﬁdj values nearer to unity
(0.9999), for both BNS1.0 and BNS1.5 at two different initial con-
centrations of acetaminophen (Table 3). These results point out that the
theoretical values of g, calculated from the Avrami-fractional equation
are the nearest to the experimental ones. Besides the evaluation of the
nonlinear models using Ridj and SD values, the Bayesian Information
Criterion (BIC) was also employed [36,37].

This statistical parameter gives a conclusive decision about what is
the better physical model to be used. When the difference of BIC be-
tween two models is <2.0, the model with a lower number of para-
meters (simpler physical model) is the most suitable since this differ-
ence of BIC values (A BIC <2) is not relevant [37]. On the other hand,
when A BIC is = 10 for two different models, the one with the lower
BIC value is undoubtedly the best-fitted model [37]. The A BIC values
between the Avrami model and pseudo-first-order were 71.2-89.1, and
the BIC differences between Avrami model and pseudo-second-order
were 104.4-119.0. All these values are much higher than 10, therefore
form the statistical point of view, the Avrami fractional model is the
most suitable kinetic model for describing the kinetic data.

In Table 3 also is presented the t;,5 and tg9s which were defined
previously in several adsorption studies [16-18,47,50]. Knowing that
the best-fitted model is the Avrami fractional-order model, the time to
attain the half of saturation was computed which was around 1.6 min,
and the time to attain 95% of saturation was around 5.0 min. Con-
sidering that it is essential to use a higher amount time of contact to
guarantee the enoughness of time for equilibrium to be attained at
higher concentrations of sorbing species, the contact time for further
experiments was fixed at 30 min.
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Fig. 6. Isotherms of adsorption of acetaminophen onto BNS1.0 and BNS1.5
activated carbons at 25°C. A-BNS1.0; B-BNS-1.5. Conditions: initial pH 7.0;
adsorbent dosage 1.5g L™ !, time of contact fixed at 30 min.

3.6. Equilibrium models and recycling

There are several isotherm models described in the literature by
which researchers analyze the equilibrium data. Liu, Langmuir, and
Freundlich isotherms were used to model the adsorption equilibrium
data of acetaminophen onto BNS1.0 and BNS1.5 activated carbons.

The adsorption equilibrium isotherms of acetaminophen onto both
ACs at 25°C are displayed in Fig. 6. Also, Table 4 contains the com-
puted parameters for the studied isotherm models. From the results, the
increase in the adsorption capacity (Qmayx values) when increasing the
temperature from 10° to 25 °C is apparent; however, the capacity suffers
from a remarkable decrease when the temperature is raised from 25° to
45 °C. Otherwise, it is observed that the equilibrium constant (K) ex-
perienced a regular decrease as the temperature was raised. Such re-
sults denote that the adsorption process is of an exothermic kind
[36,44], which will be more discussed in the next sections.

The goodness of fit of experimental equilibrium data with Langmuir,
Freundlich, and Liu isotherms was evaluated using the Ridj, SD, and BIC
values.

In the light of Rﬁd]—, SD and BIC values, the isothermal adsorption
process is more suitable to be described with Liu model, because it is
the highest Rﬁdj and the lowest SD and BIC values, in comparison with
Langmuir and Freundlich models (see Table 4). This finding means that
Langmuir and Freundlich's isotherms models do not offer a reasonable
description of the process. Likewise, the g values provided by Liu model
were closer to those obtained experimentally.

For the data of adsorption of acetaminophen onto BNS1.0, the ABIC
values between the Langmuir and Liu model varied from 39.03 to 119.2
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Table 4
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Parameters of the isotherm of Langmuir, Freundlich and Liu models for the adsorption of acetaminophen onto BNS1.0 and BNS1.5 adsorbents. Conditions contact
time of BNS1.0 and BNS1.5 and acetaminophen was adjusted at 30 min. Values are expressed with four significant digits (average), and the standard error is given

between parenthesis.

BNS1.0
Langmuir 10°C 20°C

Quax (mg g~ 1) 229.9 (3.9) 243.5 (1.6)

K, (Lmg™") 0.4480 (0.013) 0.2487 (0.009)
RZy 0.9660 0.9943

SD (mg g™ 1) 12.87 5.224

BIC 82.62 55.58
Freundlich

Kr (mg g~ ! (mg L'H)/™F) 119.4 (3.7) 133.9 (5.4)

np 9.121 (0.37) 10.40 (0.49)
RZ4 0.9682 0.9481

SD (mg g™ 1) 12.45 15.72

BIC 81.62 88.63

Liu

Quax (mg g~ 1) 258.0 (4.6) 250.8 (0.4)

K (Lmg™h) 0.2929 (0.009) 0.2483 (0.002)
n, 0.4659 (0.002) 0.7264 (0.006)
RZy 0.9977 0.9999

SD (mg g™ 1) 3.332 0.4885

BIC 43.59 —-14.01
BNS1.5

Langmuir 10°C 20°C

Qumax (mg g~ 1) 270.2 (4.6) 268.8 (2.8)

K, (Lmg™ ") 0.3752 (0.011) 0.2896 (0.014)
RZy 0.9632 0.9876

SD (mg g™ 14.90 8.853

BIC 87.03 71.4
Freundlich

Kp (mg g~ ' (mg L1)1/"F) 150.2 (5.3) 137.6 (6.7)

ng 10.11 (0.49) 8.971 (0.42)
RZy 0.9785 0.9539

SD (mg g™ ") 11.38 17.09

BIC 78.94 91.13

Liu

Qumax (mg g~ 1) 306.6 (1.3) 284.5 (0.5)

K (Lmg™h) 0.3172 (0.007) 0.2599 (0.002)
ng 0.4341 (0.006) 0.6234 (0.005)
RZ4 0.9999 0.9999

SD (mgg™") 0.7308 0.5156

BIC -1.922 -12.39

25°C

284.6 (3.5)
0.2569 (0.012)
0.9792

11.59

79.48

153.4 (5.4)
9.973 (0.51)
0.9711
13.67

84.43

309.7 (0.5)
0.2291 (0.002)
0.5311 (0.004)
0.9999

0.4289
—17.91

25°C

309.3 (8.7)
0.4423 (0.022)
0.875

32.61

110.5

177.9 (6.3)
10.25 (0.51)
0.9848
11.38

78.93

411.0 (2.0)
0.2405 (0.008)
0.2689 (0.002)
0.9999

0.5399
—11.01

30°C

232.8 (4.9)
0.8115 (0.041)
0.9334

17.14

91.22

137.3 (4.2)
10.90 (0.47)
0.9913
6.199

60.71

308.2 (1.4)
0.2072 (0.007)
0.2803 (0.003)
0.9999

0.3064
—28.00

30°C

248.5 (3.6)
0.2661 (0.013)
0.9713

11.79

80

135.4 (5.9)
10.08 (0.51)
0.9811
9.564

73.72

281.3 (0.6)
0.2182 (0.002)
0.4515 (0.003)
0.9999

0.3305
—25.73

40°C

236.0 (4.8)
0.5126 (0.026)
0.9433

16.5

90.08

124.1 (4.3)
9.307 (0.52)
0.9827
9.127

72.31

289.8 (0.8)
0.1729 (0.003)
0.3649 (0.003)
0.9999

0.3225
—26.46

40°C

267.2 (3.9)
0.2355 (0.012)
0.9767

12.44

81.62

126.3 (5.1)
8.153 (0.41)
0.9579
16.74

90.52

292.3 (0.5)
0.1784 (0.002)
0.5573 (0.003)
0.9999

0.4182
—18.67

45°C

232.6 (3.3)
0.1887 (0.006)
0.973

10.63

76.88

122.0 (6.1)
9.621 (0.48)
0.9833
8.354

69.66

265.6 (0.9)
0.1581 (0.003)
0.4552 (0.006)
0.9999

0.4777
—14.68

45°C

270.5 (6.2)
0.2465 (0.013)
0.9589

18.53

93.56

119.5 (5.7)
7.291 (0.36)
0.9594
18.41

93.37

313.4 (0.8)
0.1650 (0.003)
0.4557 (0.003)
0.9999

0.5362
-11.21

and, its values between Freundlich and Liu model were from 38.03 to
102.6. For the data of adsorption of acetaminophen onto BNS1.5, the A
BIC values between Langmuir and Liu models were from 83.79 to
121.5, and its values between Freundlich and Liu were 80.86 to 109.2.

It appears that all these BIC differences are much higher than 10.
This result denotes that the Liu model was the most desirable equili-
brium model which should be used to represent the experimental data.

Indeed, the Liu model is a mathematical combination of Langmuir
and Freundlich isotherm models. The Liu model has three parameters,
considering the adsorption sites as energetically different sites and oc-
currence of surface saturation.

Furthermore, the maximum adsorption capacities of acetaminophen
onto BNS1.0 and BNS1.5 reached 309.7 and 411.0 mg/g, respectively,
at 25°C, as reported in Table 4. The Sggr surface area can explain the
differences in the Qp.x values obtained by BNS1.0 and BNS1.5 and,
also, the total pore volume can be used for such explanation, as these
values are higher in the BNS1.5. Besides, BNS1.5 presents a higher
portion of pore size distribution at mesopore region (pores with a dia-
meter = 2nm). Acetaminophen molecule presents a dimension of
0.887 nm (see Supplementary Fig. 1). In Fig. 1B, it is observed that
BNS1.5 presents a portion of pore size distribution shifted to the me-
sopore region, and it does not present pores with size < 1 nm, unlike
BNS1.0. Therefore, a higher sorption capacity is expected to be ob-
tained for BNS1.5. Besides the textural characteristics of BNS1.5 are
superior to BNS1.0, the former presents a higher HI (lower

hydrophilicity behavior), and a lower total amount of functional groups
on the surface (Table 2). Recently [12], it has been reported that higher
HI values, the lower sum of acidic and basic groups in activated carbons
leads to their higher affinity for adsorbing different emerging con-
taminants, such as acetaminophen.

Considering that BNS1.5 presented higher surface area and higher
sorption capacity for acetaminophen, desorption of this specie from
BNSL1.5 activated carbon was investigated through applying continuous
agitation of the system after it reached equilibrium with different eluent
solutions. It appears from Table 5 that the mixture 0.5 M NaOH + 20%
ETOH showed higher desorption efficiency among the thirteen solu-
tions used as eluent. It is essential to notice that approximately 26% of
acetaminophen remained adsorbed on the BNS1.5 pores. This result can
be explained by the fact that some adsorbate molecules are seized in the
pores of the material and are not removed by eluent. The desorption
experiment also allows to state whether the interaction adsorbate —
adsorbent was strengthened or not. Considering this result, it is possible
also to state that the interaction adsorbent-acetaminophen molecule
was weak. The mixture 0.5M NaOH + 20% EtOH was further used for
the recycling process.

As can be seen in Fig. 7, the produced activated carbon still has high
adsorption properties even after four cycles of adsorption-desorption
process. This proves a very good application of the activated carbon.
However, it appeared also that the desorption efficiencies from the 2°¢
and 4™ cycle were higher than the 1%, This uncommon observation is
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Table 5

Desorption experiments of BNS1.5 for acetaminophen. Values are expressed
with four significant digits (average), and the standard error is given between
parenthesis.

Desorption solutions Desorption percentage (%)

Water 20.76 (0.52)
0.1 M NaOH 66.79 (1.87)
0.2M NaOH 64.80 (2.01)
0.3M NaOH 62.29 (2.12)
0.4 M NaOH 59.80 (1.97)
1M NaOH 54.88 (1.54)
1.5M NaOH 51.26 (1.33)
2M NaOH 42.00 (1.26)
2.5M NaOH 35.68 (1.25)
0.1M NaOH + 5% EtOH 69.55 (1.53)
0.1 M NaOH + 10% EtOH 70.48 (1.48)
0.1 M NaOH + 20% EtOH 73.99 (1.70)
0.1 M NaOH + 50% EtOH 70.87 (1.70)

100

[l Recycling (%)

11

Number of cycle

[
o
1

Desorption (%)
N
o

Fig. 7. Cycles of desorption of acetaminophen onto BNS1.5 activated carbon.
Eluent: 0.5mol L™ NaOH + 20% ETOH.

consistent and can be explained in this way: At the second cycle of the
adsorption-desorption process, the adsorption of acetaminophen mo-
lecules occurs more at the surface of BNS1.5 since the pores still contain
the remaining adsorbate molecules seized within it in the 1% cycle. The
same justification can be made for the 3" and the 4™ cycles. Therefore,
the desorption efficiency was higher after the 1% cycle. However, it is
crucial to notice that the desorption efficiency remain constant and do
not increase any more after the 2" cycle and reached 82%. This is due
by the fact that almost all the molecules adsorbed during the adsorption
process, are also desorbed. Thus, the recycling process ensures the
potential application on a large scale of the produced material.

3.7. Comparison of adsorption capacities with those of different adsorbents

Table 6 shows the comparison of maximum sorption capacities
(Qmax) of several adsorbents used in the removal of acetaminophen
from aqueous media [22,51-60]. It appears from this data that the ACs
prepared from Brazil nut shells presented Q. values of 309.7 and
411.0mg g~ !, which are the highest adsorption capacities amongst 16
different adsorbents. This result is significant because it indicates that
the adsorbents prepared in this work could be very useful for the
treatment of aqueous effluents containing pharmaceuticals.

3.8. Adsorption thermodynamics and mechanism of adsorption

For the adsorption processes, in order to infer whether the process is
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spontaneous or not, both energy and entropy changes should be con-
sidered. Practical application of a process for large-scale treatment
plants also can be inferred from the calculated values of thermo-
dynamic parameters. The change in Gibbs free energy (AG®, kJ mol™1),
enthalpy (AH°, kJ mol™!) and entropy (AS°, J mol™'K™') are im-
portant thermodynamic parameters which can act as crucial indicators
for such assessments. The values obtained from these parameters also
determine and explain if the adsorption process has an exothermic or
endothermic nature [36,44].

In order to deduce these thermodynamic parameters for adsorption
of acetaminophen on both ACs, experiments were conducted at tem-
peratures varying from 283 to 318 K (10-45 °C), and the values of these
thermodynamic parameters were depicted in Table 7 [36,44]. Details
about how these parameters were obtained have been included in
Supplementary material.

The results in Table 7 shows that, for both ACs, the values of AS° and
AG® are positive and negative, respectively, denoting that the adsorp-
tion of acetaminophen occurs spontaneously and is favorable at
283-318K for both ACs [34]. Also, positive AS® denotes that, at the
solid/liquid interface, an increase in randomness happens during the
occurrence of adsorption.

The negative value of AH’ implies that the adsorption is exothermic.
AH’ values <40 kJ mol ! means that the process is of a physical type
[61].

Based on the adsorption studies discussed previously, a proposal of
the mechanism of adsorption of acetaminophen onto the ACs could be
given. This mechanism should occur by hydrogen bonds, electron
donor-acceptor, 5t — it interactions, and dispersion interactions [16-18].
In the surfaces of activated carbons are present polar groups such as
—0, —COO, —OH, and —NH, (see Table 2 and Fig. 3) and these groups
could interact with the O—H, and N—H group of acetaminophen mo-
lecules forming hydrogen bonds [16]. Acetaminophen adsorption on
BNS1.0 and BNS1.5 carbon could also take place by st — interactions
(between the mt electrons of the aromatic ring in acetaminophen (see
Supplementary Fig. 1) with the it electrons of the aromatic rings of the
activated carbons, and “donor-acceptor complex” formation between
the carbonyl groups (electron donors) on the ACs surfaces and the
aromatic ring of acetaminophen acting as the electron acceptor. Also,
dispersion interactions of C-H of acetaminophen with C—C of activated
carbon can take place [62].

3.9. Treatment of a simulated effluent

The effectiveness of the activated carbons obtained from Brazil
nutshells as carbon sources in the treatment of simulated hospital ef-
fluents was also evaluated in this work. Such effluents are composed of
several emerging pollutants plus many other chemicals that are

Table 6

Comparison of adsorption capacities of different adsorbents for acetaminophen.
Adsorbent Qmax References
Pyrolyzed pulp mill sludge 19.74 [22]
MCM-41 121.9 [51]
Oak fruits 45.45 [51]
sludge-based activated carbon 58.73 [52]
biomass-derived activated carbon 100.0 [53]
AC from industrial pre-treated cork 118.6 [54]
Activated carbons from sisal waste 190.0 [55]
Magnetic activated carbon 147.1 [56]
Grape stalk 2.18 [571
Activated carbons from plastics wastes 137.0 [57]
Activated carbons from urban residues 159.0 [58]
AC Prepared from Rice Husk 20.96 [59]
Polymeric resin 6.90 [60]
Commercial Activated carbon 235.0 [60]
BNS1.0 309.7 This work
BNS1.5 411.0 This work
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Table 7
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Thermodynamic parameters of the adsorption of emerging pollutant acetaminophen onto BNS1.0 and BNS1.5 adsorbents. Values are expressed with four significant

digits (average), and the standard error is given between parenthesis.

Temperature (K) 283 293 298 303 313 318

BNS1.0

K, (L mol ™) 4.427.10% (0.1360.10%)  3.753.10* (0.0302.10%)  3.463.10* (0.0302.10%)  3.131.10 (0.1058.10%)  2.613.10* (0.0453.10%)  2.390.10* (0.0453.10%)
AG® (kJ mol ™) —25.17 (0.77) —25.66 (0.21) —25.90 (0.23) —26.08 (0.88) —26.47 (0.46) —26.65 (0.51)

AH° (kJ mol ™ 1) - - —13.66 (0.40) - - -

A8 (UK 'mol™H) - - 40.97 (1.32) - - -

RZy - - 0.9957 - - -

BNS1.5

K, (L mol™ ") 4.795.10% (0.1072.10%)  3.929.10 (0.0302.10%)  3.635.10* (0.1209.10%)  3.298.10" (0.0302.10%)  2.697.10* (0.0302.10%)  2.494.10* (0.0453.10%)
AG® (kJ mol ™) —25.36 (0.57) —25.77 (0.20) —26.02 (0.87) —26.21 (0.24) —26.55 (0.30) —26.77 (0.49)

AH° (kJ mol 1) - - —14.10 (0.35) - - -

A8 (UK 'mol™H) - - 39.87 (1.16) - - -

RZy - - 0.9975 - - -

commonly found in hospital effluents. The chemical contents of the
studied effluents are shown in Table 1. The results of the treatment of
the simulated effluents might be essential to verify the adequacy of
BNS1.0 and BNSL.5 in real treatment plants of hospital wastewaters.

The UV-vis spectra of the effluents before adsorption and after
adsorption (190-400 nm) were used to determine the removed amounts
of the compounds from simulated effluents (Fig. 8). The UV-vis bands
were used to calculate the total percentage of removal of all organic
compounds for each effluent, through an integration method of the
areas [17,45]. Performing the integration of the area under the UV-vis
band of the treated effluent and dividing it by the area under the curve
of the initial effluent, it is possible to calculate the total removal of
organic compounds present in the effluents [17,45]. For effluent 1, the
total removals obtained were 98.29% and 98.83% for BNS1.0 and
BNSL1.5, respectively. For effluent 2, the removal amounts were 96.38
and 97.04% for BNS1.0 and BNS1.5, respectively. Using the chemo-
metric approach previously reported in the literature [45], the con-
centration of acetaminophen found in the effluents after the adsorption
was 0.32 and 0.36 for effluents 1 and 2 using BNS1.0 adsorbent, and
below the detection limit (see Supplementary material) for both ef-
fluents using BNS1.5 adsorbent.

The performance of BNSL1.5 is slightly better than BNS1.0 for the
treatment of effluents 1 and 2 (see Table 1). Such a result is consistent
with the porosity and physical properties of the ACs, already discussed
earlier. Besides, the results provided by Fig. 7 also match with the re-
sults of the total functional groups, and HI, which discussed previously.
In comparison to BNS1.0, BNS1.5 presents higher Sgrr and well-de-
veloped porosity, which lead to higher efficiencies in treating simulated
effluents, showing its higher potential for being applied in real waste-
water treatments. In light of these results, it is possible to state that
Brazil nutshell is an excellent raw material for producing efficient ACs
which can be successfully used in the treatment of real hospital effluent.

4. Conclusion

The high surface area activated carbons obtained from Brazil nut-
shells as carbon source was successfully prepared under chemical ac-
tivation with ZnCl,. These carbon materials were applied for acet-
aminophen removal from aqueous effluents as well for treating
simulated hospital effluents.

The N, physisorption showed that the SBET values of the BNS1.0
and BNS1.5 are very high, 1457 and 1639 m?g~! respectively. The
FTIR and Boehm titration analysis has demonstrated the presence of
several surface groups on both AC surfaces, which can influence the
acetaminophen adsorption.

The adsorption studies revealed that the maximum adsorption ca-
pacities (Qmax) are very high for both ACs. However, the BNS1.5 ca-
pacity is higher (411.0mgg~") than that of BNS1.0 (309.7 mgg™ 1),
which can be stemmed back from a difference in the porosity and Sggr

values. These values reveal that the maximum sorption capacities
(Qmax) of BNS1.0 and BNS1.5 are higher when compared with other
adsorbents reported in the literature for adsorption of acetaminophen.
The preparation method of chemical activation forming a paste of
biomass with zinc salts with no excess of water, carbonizing it under an
inert atmosphere, and carrying out a leaching procedure with HCI,
leads to activated carbon with better textural characteristics that leads
improvement in the sorption capacities obtained.

The thermodynamic assessments revealed that the adsorption of
acetaminophen was spontaneous and favorable and the interactions
between adsorbate and adsorbent could occur by physical forces such as

1.6 —— Effluent 1 10X diluted before treatment A
—— Effluent 1 after adsorption with BNS.1.0
1.4 1 —— Effluent 1 after adsorption with BNS.1.5
o 121
o
S 1.0
Ke)
S 0.8-
3 .
Qo
< 0.6
0.4 4
021 \
0.0 4
T T T T T
200 250 300 350 400
Wavelength (nm)
2.8 —— Effluent 2 10x diluted before treatment B
—— Effluent 2 after adsorption with BNS.1.0
2.4 —— Effluent 2 after adsorption with BNS.1.5

Absorbance

250 300 350 400

Wavelength (nm)

200

Fig. 8. Use of BNS1.0 and BNS1.5 as adsorbents for treatment of simulated.
hospital effluents. A-Effluent 1; B- Effluent 2. For composition of effluents, see
Table 1.
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hydrogen bond, electron donor-acceptor, m-it interactions, and disper-
sion interactions.

The use of BNS1.0 and BNS1.5 for treating simulated hospital
wastewaters, containing several pharmaceuticals, organics, and in-
organic salts, presented up to 98.83% of total removal. The adsorbent
was magnificently regenerated up to 74% with a mixture of NaOH
0.1M + 20% EtOH solution and can be reused up to four cycles en-
suring sustainable use of proposed adsorbent for acetaminophen re-
moval from aqueous media. In light of these results, it is possible to say
that Brazil nutshell is an excellent raw material for the production of
efficient ACs with promissory application in the treatment of hospital
wastewaters.
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ARTICLE INFO ABSTRACT

Editor: Dr. GL Dotto Four magnetic biochars (MBs) were prepared from two mixtures of Sappeli sawdust with NiCly solution or
Sappeli sawdust with NiCl, plus ZnCl; solutions. These mixtures formed two pastes that were dried and further

Keywords: pyrolyzed at 700 °C under nitrogen flow. The pyrolyzed material was leached out with 0.1 M HCI under con-

Biochar ventional reflux (AL- 80 °C, 2 h) or assisted by ultrasound-leaching (US- 15 min, 600 W), obtaining four biochars:

Ultrasound-assisted-leaching SNiAL, SNiUS, SNiZnAL, SNiZnUS. The biochars were characterized by VSM, XRD, FTIR, isotherms of adsorption

Materials characterization . . . . .
Magnetic adsorbents and desorption of nitrogen, pHp,., hydrophobically characteristics (HI), TGA, elemental analysis (CHN/O). The

Pyrolysis data show that using the leaching process assisted by ultrasound can obtain biochars that present good

Pore-forming magnetization saturation, with a lower leaching time than conventional leaching. The four biochar were tested as
adsorbents to remove ten emerging contaminants and four dyes of aqueous effluents. It was observed that the
impregnation of zinc chloride in the samples led to an increase in the surface areas of the magnetic biochars,
which influenced the most of sorption capacities of the adsorbents for the different sorbing species. Making a
ratio of sorption capacities of SNiAL/SNiZnAL and SNiUS/SNiZnUS, it was obtained the values, respectively, of
0.9761, and 0.9710 (Acid Red 1), 2.057, and 3.030 (Reactive Blue 4), 4.192, and 1.971 (Basic Violet 3), 3.359,
and 1.129 (Basic Green 1), 1.673, and 1.835 (Paracetamol), 3.612, and 3.779 (Propranolol), 5.871, and 5.171
(Sodium Diclofenac), 1.457, and 1.607 (Nicotinamide), 1.094 and 1.093 (Caffeine), 1.167, and 2.398 (4-chlor-
oaniline), 1.009 and 0.9965 (2-nitrophenol), 1.156 and 1.341 (Resorcinol), 1.299 and 1.331 (Hydroquinone),
0.9975 and 1.019 (4-bromophenol).

1. Introduction toxic species from aqueous effluents [1-5].
Due to the physical-chemical characteristics of the carbon-based
Carbon materials (activated carbon, biochar, carbon nanotubes, adsorbent such as, chemical nature that allows the formation of
graphene, and carbon composites) are efficient adsorbents for removing hydrogen bonding, n-n stacking, van der Walls interactions with organic
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compounds [6-8], also these carbon materials possesses several func-
tional groups that could coordinate with metallic ions [9,10]; also,
carbon-based materials present good textural properties (high surface
area, high total pore volume, structured pores) that also allow the
adsorption of several pollutants [6-10].

One of the main problems of using powder carbon-based adsorbents
is separating the carbon adsorbent from the liquid solution. When
organic compounds such as dyes, pesticides, hormones, pharmaceuti-
cals, and other organic compounds are used as the sorbing specie, an
efficient centrifuge is required to separate the liquid phase (aqueous
solution) from the solid phase (adsorbent) [2,6]. However, this issue
could be solved if a magnetic adsorbent is used [11,12].

To date, different MBs have been used for removal of emerging
contaminants [13,14], dyes [15,16], and mettalic ions [17,18] from
aqueous effluents.

The co-precipitation of the magnetic material over carbon-based
adsorbent principally produces magnetic carbon-adsorbent [19-21].
Alternatively, the carbon material’s impregnation with salts of iron,
nickel, or cobalt and subsequent heating at higher temperatures forms
the adsorbent matrix impregnated with magnetized material [11,22,
23]]. The third method of preparing magnetically carbon-based adsor-
bent is soaking biomass with iron or nickel salts and subsequent pyrol-
ysis under an inert atmosphere. During this last step, the carbonization
and magnetization co-occur in one single step [12,24-26].

This preparation method of magnetic adsorbents is not frequently
reported in the literature [12,24-26]. Considering this less traditional
method of preparing magnetic adsorbents, Thue et al. [12] prepared an
excellent magnetic activated carbon using NiCl, plus ZnCl; as impreg-
nating reagents for the tucuma biomass. After the pyrolysis, the authors
performed a partially leach-out of the inorganics procedure using 0.1 M
HCL This procedure aims to remove the salts of zinc (that are used to
create pores in the carbonized material) and the minimum nickel salts
(that produce magnetism on the adsorbent) [12]. Nevertheless, this
traditional leaching procedure [2,6,7,12] is time-consuming (1-2 h of
reflux), followed by extensive washing with water and drying. On the
other hand, the extraction of inorganic salts from diverse kinds of
samples could get faster if ultrasound-assisted leaching is utilized
[27-33].

In this paper, four magnetic biochars were prepared from African
wood sawdust, Sapeli [12], mixing this biomass with NiCl, in proportion
1:1, and Sapeli: ZnCly: NiCly (1:1:1). Please see Fig S1 for the denomi-
nation of the materials. These four magnetic biochars were character-
ized by X-ray diffraction (XRD); vibrational spectroscopy in the infrared
region with Fourier transform (FTIR); Vibrating Sample Magnetometry
(VSM); isotherms of adsorption and desorption of nitrogen to obtain
total pore volume, pore size distribution, and surface area; pHpyc;
hydrophobic/hydrophilic balance (HI); thermal gravimetric analysis;
and TGA, CHN/O elemental analysis.

After a full characterization of these four biochars, they were tested
as adsorbents to remove ten emerging contaminants and four dyes from
aqueous effluents.

2. Materials and methods
2.1. Reagents and biomass

The pharmaceuticals (paracetamol, sodium diclofenac, propranolol
hydrochloride, nicotinamide, caffeine), emerging contaminants (4-
chloro-aniline, 2-nitro-phenol, resorcinol, hydroquinone, 4-bromophe-
nol), and the dyes (acid red 1, reactive blue 4, basic green 1, and basic
violet 3) are shown in Fig S2. These reagents were acquired from Sigma-
Aldrich and were used as received.

Deionized water was used throughout the adsorption tests to prepare
all solutions.

Sapelli sawdust, with ¢ < 250 pm, was obtained from Ngaoundere
city sawmills (Cameroon), as previously reported [34]. Sapelli sawdust
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(Entandrophragma cylindricum) was used as a precursor for the biochars’
preparation.

2.2. Sapelli magnetic biochars preparation

A single pyrolysis step prepared the magnetic biochars as following:
First, 100.0 g of the Sapelli sawdust was mixed with weight ratios of
NiCly, of 1:1, or Sapelli sawdust was mixed with NiCl, + ZnCl; in the
proportion 1:1:1. During the mixing, about 75.0 mL of water was added
to help the formation of pastes [34]. These two pastes were dried in an
oven at 85 °C for 4 h, and then they were introduced in a quartz reactor
in a conventional vertically-split oven, and it was heated up from 20 °C
up to 700 °C in a ramp that lasts 68 min, under nitrogen (150 mL min 1)
The furnace’s temperature was held at 700 °C for 30 min; then, the
furnace was turned off, keeping nitrogen flow until the temperature was
<200 °C, and turning it off until the furnace attain room temperature.

The pyrolyzed materials containing NiCly or NiCly + ZnCly were
partially leached out by conventional leaching (0.1 M HCI, at 80 °C, for
2 h) [12] or assisted by ultrasound (0.1 M HCl, 20 kHz, 600 W, 15 min).

Briefly, the ultrasound procedure took place by adding 5 g of biochar
into a beaker containing 250 mL 0.1 M HCI, inserted in an Ultrasonic
Disruptor chamber (Eco-sonics, Indaiatuba, SP, Brazil) with a macro
probe (Potency ranging from 200 W to 750 W). The slurries were soni-
cated by a cycle of 15 min using a potency of 600 W (80% of total Po-
tency) at 20 kHz. The sample was then filtered and washed abundantly
with deionized water until the washing waters’ pH attain pure water
value.

After the conventional acidic leaching (AL), two biochars were ob-
tained, denominated SNiAL and SNiZnAL. For the ultrasound-assisted
extraction, the other two biochars were denominated as SNiUS and
SNiZnUS. As previously reported [12], nickel salts’ function is to pro-
duce magnetism to the biochar, and the ZnCl; function is the formation
of pores [12].

Fig S1 summarizes the preparation of the magnetic biochars from
Sappeli sawdust.

2.3. Characterization of magnetic biochars

The carbon adsorbents’ magnetic features were evaluated by using
an EZ9MicroSense VSM with a magnetic field (H) ranging from — 20 kOe
until + 20 kOe [12].

X-ray diffraction technique was employed to obtain the patterns of
powder adsorbents utilizing a Philips X'pert MPD diffractometer, oper-
ating at 40 kV, 17 mA with CuK, (radiation wavelength of A = 1.5406 A).
Diffractograms were taken from 5 < 20 < 90° using a scanning step of
0.016° s~! [35]. Scherrer’s equation was applied to find the Ni’s average
crystallite size (D) from SNiZiAL, SNiZiUS, SNiAL, and SNiUS samples
[12].

X-ray fluorescence (Shimadzu XRF1800 X-ray Fluorescence Spec-
trometer, Japan) was used to determine the contents of Ni and Zn from
SNiZiAL, SNiZiUS, SNiAL, and SNiUS samples.

N isotherms, total pore volume, specific surface area, and pores size
distribution were obtained by a Micrometrics instrument volumetric
analyzer (TriStar II 3020) at —196 °C. Before collecting the data of
isotherms, the magnetic biochar samples were degassed under a vacuum
at 150 °C. The determination of surface area was calculated using the
BET multipoint method [36], and the pore diameter was attained using
the DFT method [37] and BJH Method [38].

The mass loss of the samples as a function of temperature
(20-800 °C) under N at 10 °C/min and (800-1000 °C under O, [39].

Elemental composition (CHN/O) was obtained from a Thermo Fisher
Scientific analyzer to quantify the proportions (%) of C, H, N, and O
present in the adsorbents [40]. The functionalities present on biochars
surfaces were identified by FTIR using a Shimadzu spectrophotometer
[41]. The pHp,c and hydrophobicity index (HI) of the carbon materials
were obtained as described in references elsewhere [6,42,43].
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2.4. Batch contact adsorption procedure

The performance as adsorbent of SNiAL, SNiUS, SNiZnAL, SNiZnUS
was checked using 30.0 mg of each biochar with 20.00 mL of pharma-
ceuticals (paracetamol, propranolol, diclofenac, caffeine, nicotinamide),
emerging contaminants (4-chloro-aniline, 2-nitro-phenol, resorcinol,
hydroquinone, 4-bromophenol), and the dyes (acid red 1, reactive blue
4, basic green 1, and basic violet 3). The solutions’ pH was fixed at pH 7
for pharmaceuticals [2,7,11,12,35,39-43] and emerging contaminants
[6,7,44], pH 2 for anionic dyes [45], and pH 9 for cationic dyes [46].
These conditions have been extensively reported and exhaustively
studied in the authors’ laboratory. The slurry (30.0 mg biochar plus
20.00 mL sorbing solution) was shaken for six hours. Afterward, the
solid phase was separated from the solution. The initial and final ad-
sorbates’ concentration was determined by UV-Vis [39-46] using a
T90 + spectrophotometer (PG Instruments). Sorption capacities were
determined as previously described [39-46].

3. Results and discussion
3.1. Biochar magnetic properties

Fig. 1 shows the magnetization curves of the SNiAL, SNiUS, SNiZnAL,
and SNiUS biochars. The biochars that utilized ZnCl, in the biomass’s
impregnation presented a lower saturation magnetization (Mg) than the
biochars prepared only with NiCly independently on the leaching pro-
cess used. These values were 6.86 (SNiZnAL), 10.81 (SNiZnUS), 15.00
(SNiIAL), and 12.59 (SNiUS) emu g’1 (see Table 1). The remanence in-
dexes (Mg) were 0.29 (SNiZnAL), 0.26 (SNiZnUS), 1.18 (SNiAL), and
1.12 emu g’1 (SNiUS). The coercivity indexes (Hc) were 46.65 (SNiZ-
nAL), 25.81 (SNiZnUS), 35.29 (SNiAL), and 35.27 Oe (SNiUS). However,
it is noting that SNiZnUS showed high Mg compared to SNiZnAL —
showing that ultrasound-assisted extraction might be a preferable road
to leach out zinc metal and keep Ni in the biochar structure to enhance
the magnetic properties. On the other hand, when used Ni salt alone to
prepare the magnetic biochar, conventional acidic leaching might be
preferable to ultrasound-assisted extraction to keep a high Ms. It is
worth adding here that Mg is not the only parameter that should be
considered to evaluate the magnetic biochar materials efficiency. Other
parameters such as functional groups and pore size distribution are also
essential and are discussed in this work.

As displayed in Table 1, the adsorbents showed to be super-
paramagnetic biochars. The superparamagnetic feature means that the
materials show zero or insignificant remanence (Mg) and coercivity (Hc)

18
16
14] ——SNiznAL
12] ——SNiznUS
104 ——SNiAL
81 ——SNiUS

M (emu/g)

-18 4 T " T 2 T i
-20 -10 0 10 20

H (kOe)

Fig. 1. Magnetization curves of Sappeli biochars.
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Table 1

Magnetic properties of the magnetic biochar materials.
Biochar Saturation Coercivity, Remanence, Mg/
magnetic magnetization Mg HC (Oe) Mg (emu/g) Mg
Samples (emu/g)
SNiZnAL 6.86 46.65 0.29 0.042
SNiZnUS 10.81 25.81 0.26 0.024
SNiAL 15.00 35.29 1.18 0.078
SNiUS 12.59 35.27 1.12 0.088

values [47]. In fact, superparamagnetism appears when the crystal size
becomes sufficiently small. This is discussed in the next section, which
displays the XRD patterns. Usually, it is not observed a hysteresis loop on
the magnetization curves, and the ratio of saturation remanence divided
by saturation magnetization (Mg/Ms) is to be < 25% [22]. The data
presented in Table 1 show that the ratio Mg/Mg was between 2.4% and
8.8%, which confirms the superparamagnetic characteristics of biochars
synthesized in this research. Indeed, this property is vital for the easy
separation of the materials after it is used in the wastewater treatment
and for reusing and regenerating the biochars without reuniting the
materials’ magnetization or losing efficiency. When the external mag-
netic field (H) is turned off, the magnetic biochar materials will not join
together and be demagnetized entirely. This feature allows the magnetic
biochars to be regenerated and reused again (see Fig. 1).

Although adding ZnCly in the biochar formulation provoked a
decrease in the saturation magnetization (Mg), these saturation values
obtained in this work are enough for the complete magnetic separation
of the adsorbent from the liquid phase to the ending of the process. The
Mg values showed to be comparable or higher than other magnetic
biochars (MB) early reported in other works [48-50]. For example, Zhu
et al. [48] reported a porous MB prepared via simultaneous activation
and magnetization, and it presented a lower Mg value equal to
0.76 emu g~ at 300 K. The materials were used to remove tetracycline
from aqueous solution. Also, porous MB was prepared from almond
shells [49], which exhibited an Mg equal to 4.47 emu g’1 at 300 K. The
MB was used for trinitrophenol removal from water. Zhang et al. [50]
reported a single-step synthesis of magnetic activated carbon from a
peanut shell with Mg values of 5.61 emu g~! and 8.64 emu g~!. Thue
et al. [12] reported MB’s preparation to remove propranolol and nico-
tinamide from aqueous, with a saturation magnetization between 7.14
and 14.91 emu g~ 1. Therefore, it can be concluded that the MB prepared
in this research exhibited superparamagnetic properties, as their ratios
of Mr/Ms were found even to be less than 10% and could be easily
separated from the liquid solution.

The benefits of using ZnCly for biochar activation are significant
because this salt increases the adsorbent’s total pore volume and surface
area [6,7,12,39,40]. These benefits will be shown in the next
subsections.

This decrease of magnetization in SNiZnAL and SNiZnUS is due to the
partial leaching process with 0.1 M HCI at 80 °C for 2 h or with 0.1 M
HCI in an ultrasound-assisted extraction (20 kHz, 600 W, 15 min), for
partial leaching out of nickel and zinc compounds after the pyrolysis.
This behavior is further discussed In the section below. However, the
biochars’ saturation magnetization values were still comparable with
the literature [12,48-50] and were promptly separated using a magnet
from the aqueous solution.

The acidic leaching of inorganics works as solubilizing the inorganics
compounds forming soluble chlorides species. Conversely, the acoustic
cavitation provoked by the ultrasound leads to the formation of micro-
bubbles in the water [51,52]. These microbubbles grow and collapse at a
higher frequency. The collapse of microbubbles generating tempera-
tures up to 5000 K and pressures up to 1700 bar at the point of the
collapse of the bubbles [51]. The shock of these bubbles in a solid sample
will cause cavitation erosion, releasing the inorganic species from the
carbonaceous biochar [52]. Sonication has been reported as an activated
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procedure for increasing the surface area of biochar [53] and
biomass-based adsorbents [54,55] because the sonication effect leads to
the extraction of inorganics and organic species from the solid sample
[52].

3.2. X-rays diffraction of biochars

Fig. 2 shows the X-ray diffraction patterns of SNiAL (Fig. 2A), SNiUS
(Fig. 2B), SNiZnAL (Fig. 2C), and SNiZnUS (Fig. 2D) biochars. All dif-
fractometers show the characteristic peaks of the quartz (SiOy, JCPDS
card 00-001-0649) at 20 ~ 26.58° from the organic precursor, and Ni°
(JCPDS card 00-004-0850) at 20 ~ 44.5°, 51.8°, and 76.4°, indepen-
dently of the method of leaching used (conventional and ultrasound-
assisted). This result is very relevant because metallic Ni, which con-
fers the biochars’ magnetic properties, was not wholly lost in the
treatment with 0.1 M HCI under conventional leaching or ultrasound-
assisted treatment. From the crystallite size obtained using Scherrer’s
equation [12], it is observed that both leaching methods were employed
to obtain nanostructured Ni particles for all adsorbents samples, with an
average crystallite size between 36.1 and 49.9 nm (see Table 2). These
small crystallite particle’s size also confirms the MB materials’ super-
paramagnetic properties prepared in this work, as previously mentioned
[47].

For samples from which ZnCl, was used (SNiZnAL and SNiZnUS), it
is possible to confirm that simonkelleita (Zns(OH)sCly-H20; JCPDS Card
00-007-0155) was formed during the pyrolysis, which indicates that
zinc compounds were not completed leached under the studied leaching
out methods. However, the simonkelleita peaks have lower intensity in

SNIAL

* Nickel (00-004-0850)
* o Quartz (00-001-0649)

Intensity (a.u.)

*

10 20 30 40 50 60 70 80 90
20 (degrees)

SNiZnAL

* Nickel (00-004-0850)
+ Simonkolleite (00-007-0155)
o Quartz (00-001-0649)

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
20 (degrees)
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Table 2
The crystallite size (D) of Ni particles for
SNiZnAL, SNiZnUS, SNiAL, and SNiUS
biochars.
Adsorbent D (nm)
SNiZnAL 45.9
SNiZnUS 45.9
SNiAL 36.1
SNiUS 45.4

SNiZnAL, and the material seems to be more amorphous compared to
others — proving that the conventional HCI extraction was more effective
in removing zinc compounds from the pyrolyzed material. Furthermore,
the leaching process (conventional or ultrasonic-assisted) did not affect
the crystallinity of the materials when the nickel salt alone was
employed in the preparation of magnetic biochars. However, there was a
difference found in the magnetic properties, as shown in Section 1.

3.3. Textural characteristics

Fig. 3 shows the N isotherm curves for the SNiAL (Fig. 3A), SNiUS
(Fig. 3B), SNiZnAL (Fig. 3C), and SNiZnUS (Fig. 5D) magnetic biochars.
The pore size distribution curves of these magnetic biochars are pre-
sented in Fig. 4.

The isotherms of SNiAL and SNiUS biochars could be considered
Type IVa [36], with hysteresis type H3 [36]. On the other hand, the
isotherm of type Ib [36] seems to be followed for SNiZnAL and SNiZnUS.
The isotherm Type IVa are characteristics of mesoporous materials [36],
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Fig. 2. XRD diffractograms of A-SNiAL, B-SNiUS, C-SNiZnAL, D-SNiZnUS.
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while the isotherm of type Ib is the characteristics of micropores, with
some pores attaining the low region of mesopores (pores < 2.8 nm) [36].

The SNiAL and SNiUS presented lower volumes of nitrogen adsorbed
per gram of the biochars, which were 145.7 (SNiAL) and 139.9 cm® g~!
(SNiUS). The SNiZnAL and SNiZnUS presented much higher values for
volume of nitrogen adsorbed per gram of the biochars, attaining 585.0
(SNiZnAL) and 435.1 cm® g’1 (SNiZnUS). These increases in the volume
of nitrogen adsorbed per gram of biochar will reflect on the BET surface
area obtained for the materials that are: 385 (SNiAL), 396 (SNiUS), 1628
(SNiZnAL), and 1212 m? g~! (SNiZnUS).

Based on these results reported above and observing Figs. 3 and 4,
the biochars that were not treated with ZnCl, presented lower surface
area; however, they presented pores with a higher diameter range (from
micro to mesopores). On the other hand, the addition of ZnCl; during the
impregnation of the Sappeli biomass allowed the formation of biochars
predominantly microporous, with a small fraction of mesopores with
pore diameter <2.8 nm (Fig. 4).

Analyzing Figs. 3 and 4, it is possible to state that ZnCl; increased the
surface area of the biochars by 4.23-times when the surface area of
SNiZnAL was divided by the surface area SNiAL. Also, an increase of
3.06 times when the surface area of SNiZnUS is divided by the surface
area of SNiUS. When this ratio is made using the total pore volume, the
increase using ZnCl, was 4.85 and 3.38 times, for the total pore volume
ratio SNiZnAL/SNiAL and SNiZnUS/SNiUS, respectively. It is well
known that biomass impregnated with ZnCl; forms complexes [34] and
acts as a catalyst in pyrolysis, inhibiting bio-oil formation [34].

After the pyrolysis, a leaching procedure is required to remove zinc
salts from the carbonaceous matrix [6,7,12,34]. When it is leached, the

zinc salts’ volume forms void pores on the carbonaceous matrix. This
increase in pores’ formation is responsible for increasing the biochars’
surface area impregnated with ZnCly. On the other hand, during the
leaching of metallic salts, such as nickel [34], from pyrolyzed material,
the leaching efficiency is much lower than ZnCl,, as earlier reported by
Thue et al. [34]. Therefore the use of ZnCl, during the impregnation of
the biomass is recommended for the production of activated carbons [2,
6], magnetic carbon materials [12], and consequently for magnetic
biochar used in this research.

Comparing AL and US methods of leaching inorganics after the py-
rolysis of the biochar, for production of pores on the biochar, the con-
ventional leaching using 0.1 M HCl, under reflux (80 °C) for a while of
2 h, produced a material with higher surface area (SNiZnAL) when
compared with the ultrasound-assisted extraction using 0.1 M HCI, a
macro probe operating at 20 kHz, using a power of 600 W for 15 min
(SNiZnUS), because the elimination of inorganic compounds, was more
efficient. However, the saturation of the magnetization of SNiZnUS
(10.81 emu g’l) was superior to SNiZnAL (6.81 emu g’l), as seen
above. Therefore, the use of ultrasonic partial-leaching of the inorganics
could be a useful tool for producing magnetic biochars with adequate
surface area and good magnetic properties such as SNiZnUS biochar.

3.4. Thermal stability of biochars

Fig. 5 brings the thermogravimetric curves of SNiAL (Fig. 5A), SNiUS
(Fig. 5B), SNiZnAL (Fig. 5C), and SNiZnUS (Fig. 5D).

All the samples’ thermal behavior suffered five weight variations,
being at least four of weight losses and one of the winnings of mass for all
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Fig. 4. Pore size distribution curves for magnetic biochars.

the samples, except SNiAL. The atmosphere was N3 from room tem-
perature up to 800 °C, and synthetic air for temperatures ranging from
800 ° to 1000 °C. This strategy of changing the atmosphere during the
thermal analysis is useful because up to 800 °C, all the thermal behavior
of the biochars are studied under an inert atmosphere, and in the same
run, it is possible to obtain the contents of ashes using synthetic air, to
decompose the carbon matrix entirely up to 1000 °C [6,12,39]. The first
step (a) corresponds to the elimination of moisture; the second step (b)
corresponds to the elimination of interstitial water [40,43], and it is
associated with the elimination of water formed by the decomposition of
organic functional groups present on the biochar [40,43]. The third step
(c) corresponds to the carbonaceous matrix’s degradation under No,
where some volatiles acids, bases could be released [40,43]. The fourth
step (d) corresponds to the complete oxidation of all organic matrices
with oxygen present in the air [40,43], and the fifth step is the formation
of the ashes, with the possibility of some recombination of the inorganics
with oxygen, forming the ashes [40,43]. This recombination of some
metals with oxygen leads to the formation of oxides responsible for the
mass winning at the last step for SiNiUS, SiNiZnAL, and SiNiZnUS.
Therefore the residual mass at 1000 °C of a carbon-based material
corresponds to the ash formed, which are 44.82% (SNiAL), 41.37%
(SNiUS), 25.77% (SNiZnAL), and 35.50% (SNiZnUS). These values of
the percentage of residual ashes agree with the previous results, where
the samples with ZnCl, were more easily leached than samples that did
not use this salt to impregnate the biomass. The conventional acidic
partial leaching using 0.1 M HCI led to a material with a high surface
area, more amorphous, and low contents of ashes, however, with the

lowest magnetization. On the other hand, the material containing ZnCl,
in the biomass’s impregnation and the partial leaching assisted by ul-
trasound led to a material with good magnetization and surface area
values > 1000 m?/g.

Concerning the thermal stability of the biochars, these materials are
thermally stable under nitrogen atmosphere up to 674° (SNiAL), 608°
(SNiUS), 581°(SNiZnAL), and 575 °C (SNiZnUS), which is also another
critical characteristic of these carbon-based magnetic materials.

The DTA curves of these biochars are presented in Fig S3. The peaks
correspond to the maximum temperature, where the thermal effect took
place.

3.5. Chemical characteristics of magnetic biochars

Fig. 6 presents the FTIR spectra of the magnetic biochars. The band
assignments of the vibrational spectra of SNiAL (Fig. 6 A), SNiUS
(Fig. 6B), SNiZnAL (Fig. 6 C), and SNiZnUS (Fig. 6D) are presented in
Table 3.

As seen in Table 3, all the biochars contain the chemical functions of
aromatics, alcohol, phenol, carboxylic acid, silica (that is also seen in
Fig. 4), and Metal-O, or Metal-N groups. However, it is possible to
observe some differences in the spectra. SNiAL and SNiUS seem to
present more aromatic ring molecules compared to SNiZnAL and
SNiZnUS. This can be observed by the four different peaks, characteristic
of the ring modes of aromatic stretching, which reveals both magnetic
biochars’ aromatization [34]. This characteristic may lead to biochars
with high hydrophobic properties since the HI is usually affected by
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Fig. 5. Thermogravimetric curves of magnetic biochars.

aromatic groups’ presence in the material’s structure. Likewise, SNiZ-
nAL and SNiZnUS presented some bands that were not found in SNiAL
and SNiUS spectra. The bands in the 1400-1000 cm™! region can be
attributed to C-O of secondary alcohol (hydroxyl, ester, or ether), C-O of
phenol, and O-H bending vibrations [34,48]. Considering that those
groups are polar, SNiZnAL and SNiZnUS are expected to be more hy-
drophilic compared to SNiAL and SNiUS biochars. In fact, ZnCl, has
been widely used as a catalytic agent in biomass conversion and an
activating agent to prepare activated carbons [34]. According to the
literature [34,43,44], biochars prepared with ZnCl, actually shows high
polar surface functional groups. It was not possible to clearly observe
through FTIR analysis the effect of the leaching procedure (conventional
or ultrasound-assisted) on functional group development.

Table 4 present the results of CHN/O elemental analysis, hydro-
phobic/hydrophilic balance, pHp,. of the magnetic biochars.

The CHN/O analysis of the four biochar showed that SNiZnAL pre-
sented the highest C contents above 60%. All other biochars presented
the content of C around 50%. Nitrogen (> 4.4%) and hydrogen’s (=~ 1%)
contents are also higher in the samples that utilized ZnCl; for impreg-
nating the biomass than the biochars that were impregnated only with
NiCl; (values of N < 0.3% and H < 1.4%). Again, it is seen the effect of
ZnCl, acting as a catalyst in the pyrolysis step.

Another essential characteristic of the biochar surfaces is the hy-
drophobic/hydrophilic balance (HI), which is defined by the quantity of
vapor of n-heptane adsorbed per gram of adsorbed divided by the
quantity of vapor of water adsorbed per gram of the adsorbent. When HI
< 1, the surface presents good hydrophilicity, and when HI > 1, it

predominates the hydrophobic character on the solid’s surface. The
SNiAL and SNiUS presented HI > 1, and contrasting this result, SNiZnAL
and SNiZnUS presented HI < 1. This information is corroborated with
FTIR analysis results and N and O contents present in the sample. Both
nitrogen and oxygen present in the biochars are responsible for polar
groups. When the %C is summed with %N, the following values are
obtained: 3.90 (SNiAL), 6.07 (SNiUS), 8.90 (SNiZnAL), and 7.25
(SNiZnUS). The higher the sum of N + O, the higher is the polar char-
acter of the biochar, and the lower value of HI is obtained.

The pHy,. of all these biochars are also listed in Table 4, and their
values are within a narrow interval of 6.13-6.89. The unique, more
acidic surface is SNiZnUS, whose pH, is 6.13. All the others are in the
interval of 6.86-6.89, which are practically the same value. Therefore, it
is not expected a remarkable difference of these biochars for being used
as adsorbents regarding the value of the adsorbate solution’s initial pH.

3.6. Biochars potentiality as adsorbents for removal of organic
compounds

After a careful characterization of the biochars obtained by con-
ventional (0.1 M HCI; 80 °C under reflux, 2 h) or ultrasound-assisted
extraction (0.1 M HCI; 20 kHz, 600 W, 15 min), the obtained materials
were tested as potential adsorbents for removal of five pharmaceuticals,
five emerging contaminants, and four dyes. Fig. 7 brings the sorption
capacities obtained with the four magnetic biochars for these organic
molecules.

The choice of suitable adsorbent dosage, initial pH for suitable
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Fig. 6. FTIR spectra of magnetic biochars. A- SNiAL; B- SNiUS; C- SNiZnAL; D- SNiZnUS.

FTIR band assignments [11,34,35,39,40].

FTIR bands (cm™ 1)

Band assignment SNiAL  SNiUS  SNiZnAL  SNiZnUS
v0-H overlapping with oN-H of amines 3431 3433 3419 3431
or amides
vC-H asymmetric 2924 2924 2922 2920
vC-H symmetric 2854 2854 2856 2854
0 CO, 2324 2374 2333 2520
v C=O0 aldehyde 1751 - 1741 1743
8 NH;, of amides 1612 1626 1620 1612
& Aromatic ring modes 1612 1626 1620 1612
1570 1460 1452
1427 1433
80-H; - - 1387
v C-O of phenol - - 1257 1236
v C-O of secondary alcohol - - 1161 1157
v Si-O-Si 1109 1109 1113 1115
v C-O primary alcohol 1038 1032 1066 1038
8 C-H out-of-plane of aromatics 875 876 899 876
793 789 706
v Ni-O; v Ni-N 619 652 -
v Ni-O; v Ni-N 565 563 594 561
v Ni-O; v Zn-O; v Ni-N; v Zn-N 465 - 472 469
v Zn-0O; v Zn-N - - 435

v- stretching; §-bending.

adsorption of the pharmaceuticals (Fig. 7A), emerging contaminants
(Fig. 7B), and dyes (Fig. 7C) are based on our previous work dealing with
different adsorbents and adsorbates in the last 15 years [2,6,7,11,12,35,
39-46], and they are shown in the caption of Fig. 7.

We used a time of contact of 24 h, which has been much higher than
the usual minimum time of contact necessary to attain the equilibrium to
guarantee that contact was not a limit for attaining the equilibrium [2,6,
7,11,12,35,39-46]. From Fig. 7, it is possible to infer that there are no
remarkable differences in the performance as adsorbents between
SNiZnAL and SNiZnUS, although the surface area and total pore volume
of the first biochar is 34.23% and 32.80% superior to SNiZnUS.
Notwithstanding, the surface area of SNiZnUS is superior to 1000 ng’l
and Leite et al. [7] have reported that different carbon-based adsorbents
with surface area > 1000 m? g~ ! did not present remarkable differences
in several pharmaceuticals and other emerging contaminants’ sorption
capacities. On the other hand, SNiAL and SNiUS had lower sorption
capacities than SNiZnAL and SNiZnUS. This considerable difference
could be attributed to the low surface area and low total pore volume of
these magnetic biochars prepared without the biomass’s impregnation
with ZnCl,.

Making a ratio of sorption capacities of SNiAL/SNiZnAL and SNiUS/
SNiZnUS, it was obtained the values, respectively, of 0.9761, and 0.9710
(Acid Red 1), 2.057, and 3.030 (Reactive Blue 4), 4.192, and 1.971
(Basic Violet 3), 3.359, and 1.129 (Basic Green 1), 1.673, and 1.835
(Paracetamol), 3.612, and 3.779 (Propranolol), 5.871, and 5.171 (So-
dium Diclofenac), 1.457, and 1.607 (Nicotinamide), 1.094 and 1.093
(Caffeine), 1.167, and 2.398 (4-chloroaniline), 1.009 and 0.9965 (2-
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Table 4
Chemical composition of the biochars.
C (%) H (%) N (%) o' (%) ashes (%)” Zn (%)’ Ni (%)* HI* PHpc
SNiAL 49.93 1.35 0.28 3.62 44.82 - 19.37 1.142 6.89
SNiUS 51.17 1.39 0.32 5.75 41.37 - 17.12 1.047 6.86
SNiZnAL 60.83 4.50 1.15 7.75 25.77 0.17 8.55 0.964 6.86
SNiZnUS 52.79 4.46 0.99 6.26 35.50 0.55 12.45 0.979 6.13
! Obtained by %0 = 100% —(%C + %H + %N + %ashes).
2 Obtained byTGA using synthetic air from 800 to 1000 °C (see Fig. 7.
3 obtained by XRF
4 HI: the amount of adsorbed of vapor of n-heptane (mg g™') divided by the amount adsorbed of vapor water (mg g~ 1)
Pharmaceuticals 550 Emerging contaminants Dyes
275 4
[ Paracetamol 200 [ 4-Chloro-aniline [ Acid Red 1 C
Nitro-phenol 250 1 Reactive Blue 4
Nicotinamide 180 esorcin.ol 225 4 Bas?c Violet 3
] caffeine 1601 Hydroquinone 200 Il Basic Green 1
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Fig. 7. Sorption capacities were obtained with SNiAL, SNiUS, SNiZnAL, and SNiZnUS biochars. A- initial adsorbate concentration 200 mg L™}, pH 7; B- initial
adsorbate concentration 200 mg L™}, pH 7; C- initial adsorbate concentration 300 mg L™}, pH 2 for Acid Red 1 and Reactive Red 4 (anionic dyes), and pH 9.0 for
Basic Violet 3 and Basic Green 1 (cationic dyes). In all conditions, the adsorbent dosage used was 1.5 g L™, time of contact of 24 h, at 25 °C.

nitrophenol), 1.156 and 1.341 (Resorcinol), 1.299 and 1.331 (Hydro-
quinone), 0.9975 and 1.019 (4-bromophenol). Therefore, except for
Acid Red 1 (SNiZnUS and SNiZnAL), 2-nitrophenol (SNiZnUS), 4-bromo-
phenol (SNiZnAL), the sorption capacities of SNiZnAL and SNiZnUS
presented higher sorption capacities when compared to the respective
biochar without the impregnation of ZnCly.

Although SNiZnAL and SNiZnUS did not have a remarkable differ-
ence in sorption capacities for the different pollutants, the magnetism of
SNiZnUS was superior to SNiZnAL (see Table 1).

4. Conclusion

Four magnetic biochars were prepared from Sapelli sawdust
biomass: SNiAL, SNiUS, SNiZnAL, and SNiZnUS.

These magnetic biochars were characterized by FTIR (which shows
some differences in the functional groups of the biochars containing zinc
from the others that do not have it). The biochars were also character-
ized by XRD that detected metallic nickel in all the samples and salts of
zinc in the biochar samples impregnated with it before the pyrolysis. By
VSM technique showed that SNiZnUS (10.81 emu g~ 1) presented higher
magnetization of saturation than SNiZnAL (6.86 emu g~ 1). The samples
prepared with nickel alone presented higher magnetism than those
containing zinc element; conversely, the biochars’ surface area con-
taining zinc was higher than those without it. As a compromise of
magnetism and surface area, the best magnetic biochar was SNiZnUS
that presented a surface area of 1212 m? g~! and good magnetism.

Regarding employing the four magnetic biochars as adsorbents,
SNiZnAL and SNiZnUS presented similar behavior, but they presented
higher efficiency as adsorbents than SNiAL and SNiUS.
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5 CONCLUSOES

O trabalho de tese proposto pela autora objetivava investigacdo de
metodologias potencialmente inovadoras para o preparo de carvdes ativados e
compoésitos magnéticos, tendo como precursores os residuos agroindustriais da
Castanha do Para (Bertholletia excelsa) e da serragem do Sapelli (Entandrophragma
cylindricum) e suas respectivas aplicacdes como adsorvente em contaminantes de
preocupacao emergente.

A investigacdo considerou os parametros influentes: temperatura de pirdlise, a
proporcao do agente ativante cloreto de zinco, a potencialidade como carvdo com
propriedades magnéticas e o tipo de lixiviagdo, gerando entdo 7 carvdes objetos do
presente estudo: CCP600, CCP700, BNS 1:1.0, BNS 1:15; SNIAL, SNiUS, SNiZnAL,
SNiZnUS.

Os estudos realizados indicaram que a ativacao quimica com cloreto de zinco
(ZnCl2) e carbonizagdo em atmosfera inerte propiciaram carvoes ativados com alta
area superficial. Os 6 carvfées com uso desse ativante quimico apresentaram area
superficial superior a 1200 m? g'. Em contramdo, os 2 carvdes que ndo foram
sintetizados usando o ativante cloreto de zinco (SNIAL, SNiUS) apresentaram area
superficial inferior a 400 m? g%, indicando que a quantidade de cloreto de zinco na
preparacao dos carvfes ativados teve a capacidade de aumentar no minimo 3 vezes
a area superficial dos materiais, chegando atingir 4 vezes no caso do BNS 1:1.5 e
SNiZnAL. Ademais, na investigacdo do preparo dos carvfes ativados magnéticos a
presenca do cloreto de zinco influenciou na lixiviacdo do sal cloreto de niquel,
diminuindo o magnetismo dos materiais, levando a proposi¢cao que a relacao entre
sais esses dois sais deve ser investigada com maior atencao para assim garantir a
alta area superficial e manutencéo das propriedades magnéticas.

O estudo da influéncia da temperatura na carbonizacéo dos carvbes apontou
que o gradiente de 100°C entre CCP600 e CCP700 ndo propiciou significativa
modificacao textural no carvao obtido.

As caracterizacgdes indicaram a presencga de grupos polares o que qualifica os
carvOes preparados como materiais hidrofilicos e com potencialidade para serem
utilizados na adsorcéo de contaminantes emergentes. Os carvbes CCP600 e CCP700
foram aplicados na adsorgéo do antibiético Amoxicilina, os carvées BNS 1:0 e BNS 1:

1,5 foram ensaiados na adsorcdo do analgésico Paracetamol e os carvies SNIAL,
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SNiUS, SNiZnAL, SNiZznUS foram colocados em contato com 6 farmacos
(Paracetamos, Propranolol, Diclofenaco, Nicotidamina, Cafeina), 5 contaminantes
emergentes (4-Cloro-anilina, 2-Nitrofenol, Resorcionol, Hidroquinona, 4-Bromofenol)
e 4 corantes (Vermelho acido 1, Azul reativo 4, Violeta basico 3, Verde basico 3).

Para as duas primeiras investigacbes foi possivel obter os parametros
cinéticos, de equilibrio e termodinamicos que regem o processo. Para ambas as
investigacoes, influéncia da temperatura e influéncia da quantidade de cloreto de
zinco, os dados experimentais foram ajustados para os modelos cinéticos de pseudo-
primeira ordem, pseudo-segunda ordem e Avrami. Para os dados experimentais de
equilibrio os modelos aplicados foram as equacfes isotérmicas de Langmuir,
Freundlich e Liu. Considerando ambos os estudos, o modelo cinético fracionario de
Avrami e a isoterma de Liu foram os que melhor descreveram os dados experimentais
de cinética e equilibrio da adsorcéo, respectivamente. A capacidade maxima de
adsorcdo de 451.0 mg.g~* (CCP.600) , 454.7 mg.g~* (CCP.700) foram obtidos a 45°C,
enquanto 411.0 mg.g™* (BNS1.5) e 309.7 mg.g™* (BNS1,0) foram obtidos a 25 °C. Os
parametros termodinamicos da adsorcgéo indicam que a adsorcao de amoxicilina e do
paracetamol é favoravel e espontanea por ambos os carvoes.

Para os carvoes com propriedades magnéticas o emprego do ultrassom
propiciou a proposicao de técnica eficaz de lixiviagdo dos sais inorganico, no que
tange a eliminacdo dos agentes ativantes, além de reduzir o tempo dessa etapa de 2
horas para 15 min quando comparada com a lixiviagdo tradicional com acido cloridrico.
A técnica VSM mostrou que o carvao lixiviado com ultrassom (SNiZznUS) foi o que
apresentou melhor relacdo entre area superficial e magnetismo (1212 m’.gt; 10.81
emu g1).

Em relacdo ao emprego dos quatro biochars magnéticos como adsorventes, 0
SNiZnAL e o SNiZnUS apresentaram comportamento semelhante, mas apresentaram
maior eficiéncia como adsorventes do que o SNIAL e o SNiIUS, fato associado as
melhores propriedades texturais obtidas via ativante cloreto de zinco.

Em complemento a agregacéo de valor do residuo agroindustrial capsulas de
Bertholletia excelsa o estudo de dessorcao e reutilizagdo dos carvoes BNS1.0 e
BNS1.5 na adsorcgéo do paracetamol foi realizada. Sendo identificada a regeneracéo
de até 74% do adsorvente possibilitando ser reutilizado até quatro ciclos para a

remogéao do contaminante alvo do estudo.
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