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RESUMO 

 

Esta tese consiste em três artigos científicos sobre a preparação, caracterização e aplicação de 

diferentes carvões ativos no tratamento de soluções aquosas contaminadas com compostos 

orgânicos. No primeiro artigo, foi produzido um carvão ativo usando casca de bacuri junto 

com componentes inorgânicos através de pirólise em um forno tubular convencional. O 

carvão ativo ABC-1.5 apresentou altos valores de área superficial e volume de poros, 

apropriados para a adsorção do corante Azul Brilhante (BB-FCF). A capacidade de adsorção 

do ABC-1.5 foi comparada com a de nanotubos de carbono de parede múltipla (MWCNT). 

As quantidades máximas removidas de BB-FCF a 50 ºC foram 647,9 e 231,5 mg g
-1

 para 

ABC-1.5 e MWCNT, respectivamente. ABC-1.5 e MWCNT foram aplicados ao tratamento 

de dois efluentes simulados, apresentando porcentagem de remoção de até 95,88% e 79,84%, 

respectivamente. O segundo estudo foi sobre a utilização de ativação química induzida por 

micro-ondas para preparar um carvão ativo de casca de cacau para remoção de diclofenaco de 

sódio (DFC) e nimesulida (NM). Foi possível realizar a pirólise em menos de 10 min. As 

quantidades máximas adsorvidas de DCF e NM pelo carvão ativo MWCS-1.0 a 25 ◦C foram 

63,47 e 74,81 mg g−
1
, respectivamente.  Nos testes com efluentes hospitalares simulados, o 

MWCS-1.0 apresentou porcentagem de remoção de até 95,58%. Na terceira publicação, 

nanocompósitos magnéticos de carvão ativo (MAC-1 e MAC-2) foram preparados através de 

um método pirolítico simples usando uma mistura de benzoatos de ferro(III)/cobalto(II) e 

oxalatos de ferro(III)/cobalto(II), respectivamente, e foram utilizados como eficientes 

adsorventes para remoção de amoxicilina (AMX) e paracetamol (PCT). MAC-2 apresentou 

melhores propriedades magnéticas para separação do carvão ativo após a remoção dos 

fármacos. As capacidades máximas de adsorção obtidas para MAC-2 foram 444,2 mg g
−1

 

(AMX) e 399,9 mg g
−1 

(PCT).  
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ABSTRACT 

 

This thesis consists of three scientific papers on the preparation, characterization and 

application of different activated carbons in the treatment of aqueous solutions contaminated 

with organic compounds. In the first paper it was produced an activated carbon using bacuri 

shell together with inorganic components through pyrolysis in a conventional tubular furnace. 

ABC-1.5 showed high surface area and pore volume, suitable for the Brilliant Blue dye (BB-

FCF) adsorption. The adsorption capacity of ABC-1.5 was compared with that of multi-

walled carbon nanotubes (MWCNT). The maximum amounts removed of BB-FCF at 50 ºC 

were 647.9 and 231.5 mg g
-1

 for ABC-1.5 and MWCNT, respectively. ABC-1.5 and 

MWCNT were applied for the treatment of two simulated effluents, showing percentages of 

removal of up to 95.88% and 79.84%, respectively. The second study was about the use of 

microwave-induced chemical activation to prepare an activated carbon from cocoa shell for 

removal of sodium diclofenac (DFC) and nimesulide (NM). It was possible to perform the 

pyrolisis in less than 10 min. The maximum amounts adsorbed of DCF and NM onto MWCS-

1.0 at 25 ◦C were 63.47 and 74.81 mg g−
1
, respectively. In the tests with simulated hospital 

effluents, MWCS-1.0 presented a percentage of removal of up to 95.58%.  In the third 

publication, magnetic activated carbon nanocomposites (MAC-1 and MAC-2) were prepared 

by a simple pyrolytic method using a mixture of iron(III)/cobalt(II) benzoates and 

iron(III)/cobalt(II) oxalates, respectively, and were used as efficient adsorbents for the 

removal of amoxicillin (AMX) and paracetamol (PCT). MAC-2 presented better magnetic 

properties for the separation of the activated carbon after the removal of the drugs. The 

maximum adsorption capacities obtained for MAC-2 were 444.2 mg g
−1

 (AMX) and 399.9 

mg g
−1 

(PCT).  
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1. INTRODUÇÃO 

 

O conhecimento atual sobre os níveis de contaminação dos recursos hídricos com 

compostos orgânicos alerta para a necessidade de desenvolvimento de métodos de remediação 

economicamente e ambientalmente sustentáveis
1
. Entre os contaminantes orgânicos, corantes 

e fármacos são amplas classes de compostos com grande impacto no meio ambiente.  

Diversas indústrias, tais como alimentícia, têxtil, de papel e celulose, de cosméticos, 

de couro e de borracha aplicam corantes aos seus produtos
2
. A produção e o consumo desses 

produtos resultam em efluentes aquosos carregados de cor
3
. A presença de corantes no meio 

ambiente afeta todo tipo de organismo vivo
4
 por causa da sua toxicidade e natureza 

carcinogênica
5
. Os corantes impedem a penetração da luz nas plantas aquáticas e reduzem a 

sua taxa de fotossíntese
6
. O tratamento de efluentes contendo corantes sintéticos é difícil

7
, 

pois as suas moléculas possuem estruturas aromáticas complexas, as quais os tornam 

altamente estáveis
8
.  

Fármacos e seus metabólitos podem ser excretados por pacientes ou dispostos de 

forma imprópria por usuários, sendo encontrados nos efluentes aquosos municipais
9
. 

Hospitais e indústrias farmacêuticas também têm sido identificados como fontes desses 

contaminantes
10

. Como são resistentes à inativação e altamente solúveis em água, muitos 

medicamentos não são completamente removidos pelas estações de tratamento de efluentes
11–

13
. Consequentemente, essas substâncias têm sido detectadas em água superficial, água 

subterrânea e água potável em todo o mundo
9,10,14

. Embora os fármacos estejam presentes no 

ambiente aquático em concentrações baixas (ng L
-1

 até µg L
-1

), ainda assim oferecem riscos 

ecológicos e à saúde humana, pois são recalcitrantes e biologicamente ativos
9,12,14,15

.  

Diversos métodos têm sido estudados em busca do melhor tratamento para remoção de 

corantes e fármacos presentes em efluentes aquosos, como adsorção, oxidação eletroquímica, 

biodegradação, fotocatálise e ozonização
16–22

. A adsorção é um dos métodos mais 

promissores por causa da sua simplicidade, eficiência e economia
23,24

. Além disso, não gera 

produtos de degradação tóxicos
23

. Durante a operação unitária de adsorção, os contaminantes 

são transferidos do efluente para uma fase sólida, diminuindo a exposição dos seres vivos a 

essas substâncias
25,26

. Após, o efluente tratado pode ser liberado nos corpos receptores ou 

utilizado em algum processo industrial. Os adsorventes também podem ser regenerados e 

reutilizados
26,27

. 

Carvões ativos estão entre os materiais mais utilizados na adsorção de compostos 

orgânicos
28–31

. Possuem uma estrutura de poros complexa com grande área superficial, alta 
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estabilidade físico-química e vários grupos funcionais oxigenados na superfície
32–34

.  Estas 

características estão associadas à sua capacidade de adsorção. A habilidade dos carvões ativos 

na remoção de contaminantes de soluções aquosas depende das condições experimentais do 

processo de ativação e da natureza do material orgânico empregado na sua 

preparação
29,30,34,35

. Resíduos da agroindústria têm sido utilizados como precursores, pois, 

além de seu baixo custo, estão disponíveis em grande quantidade e são ambientalmente 

amigáveis
10,36,37

.  

A produção de carvão ativo costuma ser feita em fornos elétricos convencionais
30,33,38

. 

Recentemente, fornos de micro-ondas também têm sido utilizados com esta finalidade
33,39–41

. 

O aquecimento por micro-ondas oferece vantagens em relação ao método convencional, como 

o aumento rápido de temperatura, que leva a tempos mais curtos de pirólise (menores do que 

15 min), e uma diminuição considerável no consumo de energia
37,39

. A maior diferença entre 

o aquecimento por micro-ondas e o aquecimeto convencional é o modo como o calor é 

fornecido ao precursor orgânico a ser carbonizado. No aquecimento convencional, energia na 

forma de calor é transferida de uma fonte externa ao material precursor por condução, 

convecção e irradiação. No aquecimento por micro-ondas,  energia eletromagnética é 

transferida diretamente em nível molecular ao material pecursor e então convertida em calor 

por rotação de dipolos e condução iônica
33,37,41,42

. 

 Embora os carvões ativos sejam amplamente utilizados no tratamento de efluentes, é 

difícil separá-los quando suspensos em soluções aquosas. Assim, estudos têm sido realizados 

para investigar a incorporação de propriedades magnéticas a esses adsorventes para facilitar a 

sua separação após a adsorção.
43

 Ranjithkumar et al.
44,45

 e Do et al.
46

 sintetizaram carvões 

ativos impregnados com α-Fe2O3 e Fe3O4, respectivamente, para remoção de corantes de 

soluções aquosas. Também têm sido desenvolvidas misturas de óxidos metálicos, tais como 

MnFe2O4
47

 e CoFe2O4
48

 para aplicação em adsorção de metais pesados. CoFe2O4 é um 

material promissor devido à sua saturação magnética moderada e estabilidades química e 

térmica.
49

 

 Nesse contexto, o objetivo geral deste trabalho foi explorar novas estratégias de 

produção e utilização de carvões ativos na adsorção de contaminates orgânicos de efluentes. 

Para tanto, teve-se em vista os seguintes objetivos específicos: (1) a valorização dos resíduos 

agroindustriais de casca de bacuri e casca de cacau na preparação de carvões ativos; (2) a 

produção de carvões ativos via forno elétrico convencional e via forno de micro-ondas; (3) 

produção de adsorventes magnéticos a partir de um carvão ativo comercial e (4) estudo da 

eficiência destes adsorventes no tratamento de soluções aquosas. 
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2. REVISÃO BIBLIOGRÁFICA 

 

2.1. CONTAMINANTES ORGÂNICOS E IMPACTO NO MEIO AMBIENTE 

 

 Globalmente, grandes aumentos da demanda de água são previstos para a indústria e 

produção de energia. A urbanização acelerada e a expansão dos sistemas municipais de 

abastecimento de água e saneamento também contribuem para a crescente demanda.  

 Dois terços da população mundial atualmente vivem em áreas que passam pela 

escassez de água por, pelo menos, um mês ao ano. Cerca de 500 milhões de pessoas vivem 

em áreas onde o consumo de água excede os recursos hídricos localmente renováveis
50

. 

 O aumento do despejo de efluentes inadequadamente tratados tem contribuído para 

degradar ainda mais a qualidade das águas superficiais e subterrâneas. Uma vez que a 

poluição hídrica afeta gravemente a disponibilidade da água, tal fenômeno deve ser 

gerenciado de forma apropriada para reduzir os impactos na crescente escassez de água
50

. 

 Entre os compostos orgânicos mais encontrados em efluentes aquosos estão corantes e  

fármacos.  

 

2.1.1. Corantes 

 

 A humanidade tem utilizado corantes por milhares de anos.  A primeira aplicação de 

corante orgânico conhecida foi há aproximadamente 4.000 anos atrás, quando o azul índigo 

foi encontrado em envoltórios de múmias em tumbas no Egito. Até o fim do século XIX, os 

corantes eram naturais, feitos a partir de plantas, insetos e moluscos, e eram geralmente 

preparados em pequena escala. Foi somente depois de 1856, com a descoberta de Perkin do 

primeiro corante orgânico sintético, a mauveína, que os corantes começaram a ser produzidos 

sinteticamente em grande escala
51

. 

 Os corantes sintéticos podem ser utilizados nas indústrias de couro, papel, alimentos, 

cosméticos, etc. Mais de 100.000 corantes comerciais estão disponíveis atualmente e mais de 

700.000 ton de  corantes são produzidas anualmente no mundo
52

. Estima-se que 10-15% dos 

corantes são perdidos em efluentes durante os processos de fabricação e aplicação
53

. 

 Corantes são substâncias que possuem afinidade pelo substrato ao qual estão sendo 

aplicadas. São coloridos porque absorvem luz na faixa do visível em determinados 

comprimentos de onda. São basicamente compostos orgânicos ionizantes e aromáticos com 
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diferentes moléculas de cromóforos, que são responsáveis pela sua cor. Os cromóforos 

possuem ligações conjugadas com elétrons deslocalizados
53

. Também estão presentes nos 

corantes os auxocromos, grupos ionizáveis que intensificam a cor, tormam a molécula solúvel 

em água e aumentam a sua afinidade com o substrato. As configurações dos grupos 

cromóforos inclui azo (-N=N-), carbonila (-C=O), ligações π C-C (-C=C-, =C=C=), nitroso (-

NO, -N-OH) e nitro (-NO2). Os grupos auxocromos usuais são: amino (-NH2), carboxila (-

COOH), hidroxila (-OH) e ácido sulfônico (-SO3H)
54

. 

 Existem vários modos de classificar os corantes comerciais. Eles podem ser 

classificados em termo de estrutura, cor e método de aplicação. A classificação baseada na 

estrutura química para as classes mais comuns de corantes está apresentada na Tabela I.  

 A contaminação em efluentes devido aos corantes pode ser facilmente vista em 

concentrações menores do que 1 mg L
-1

, afetando o aspecto e a transparência da água. Podem 

interferir na atividade fotossintética de organismos aquáticos por diminuir a penetração da luz 

na água e também podem ser tóxicos devido à presença de metais, compostos aromáticos, 

etc
55–57

. Além disso, são carcinogênicos, mutagênicos e teratogênicos a várias espécies de 

micróbios e peixes. Também podem causar sérios danos aos seres humanos, como problemas 

respiratórios, alergias, disfunções dos rins, do sistema reprodutivo, do fígado e do sistema 

nervoso central
58,59

. A presença de corantes em efluentes aquosos também contribui para altos 

valores de demanda química de oxigênio (DQO), causando mau cheiro
60

. Devido aos seus 

efeitos tóxicos, o uso de corantes tem gerado muita preocupação. Assim, diversas pesquisas 

têm sido direcionadas a encontrar métodos específicos para remover corantes de diferentes 

tipos de efluentes aquosos e garantir a descarga segura do efluente tratado nos cursos 

d’água
59

. 

 A Resolução n°357 do Conselho Nacional do Meio Ambiente (CONAMA), de 17 de 

março de 2005, estabelece os padrões e condições de lançamento de efluentes. Segundo essa 

Resolução, uma das condições de qualidade da água é a ausência de corantes provenientes de 

fontes antrópicas que não sejam removíveis por processo de coagulação, sedimentação e 

filtração convencionais
61

. A Resolução n° 128/2006 do Conselho Estadual do Meio Ambiente 

(CONSEMA) dispõe sobre a fixação de padrões de emissão de efluentes líquidos para fontes 

de emissão que lancem seus efluentes em águas superficiais no Estado do Rio Grande do Sul. 

Este documento estabelece que os efluentes líquidos industriais não devem conferir mudança 

de coloração ao corpo hídrico receptor
62

. 
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    Tabela I. Classificação dos corantes de acordo com a sua estrutura química
59

. 

Classe Cromóforo Exemplo 

Azo 
  

Amarelo Crepúsculo FCF 

Antraquinona 

  

Azul Ácido 47 

Indigoide 

 
 

Índigo-Carmim 

Nitroso 
  

Azul Ácido 71 

Nitro 

  

Verde Ácido 1 

Triarilmetano 

 

 

Azul Brilhante FCF 

   

 Diversos tipos de tratamento de efluentes contendo corantes tem sido desenvolvidos. 

Estes tratamentos podem ser classificados em três grupos: biológicos, químicos e físicos
59

. 
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 A biodegradação de corantes sintéticos por microrganismos é um método comum e 

simples em termos de operação, mas o processo envolvido na degradação biológica pode ser 

complexo.  Diversos microrganismos têm sido utilizados para descoloração de corantes, como 

fungos e bactérias, em condições aeróbias, anaeróbias ou ambas
63–65

. Contudo, a maioria dos 

corantes é muito estável e resistente à biodegradação
66

. 

 Os tratamentos químicos incluem precipitação, floculação, coagulação, flotação e 

filtração, oxidação, irradiação e tratamento eletroquímico
21

. Os reagentes tratam os efluentes  

assistindo o processo de separação ou ajudando a degradar e neutralizar alguns dos efeitos 

prejudiciais causados pelos contaminantes
67

. Estes tratamentos são eficazes, mas também são 

caros e possuem a desvantagem de gerar muito lodo, causando um problema de disposição 

deste lodo
22

. Além disso, um problema de poluição secundária pode surgir por causa da 

quantidade de reagente utilizada. Processos de oxidação geram poderosos agentes oxidantes, 

assim como radicais hidroxila, que tem sido utilizados com sucesso na degradação de 

contaminantes. Entretanto, esses processos são muito caros por causa do alto consumo de 

reagentes e energia elétrica
54

.  

 Os métodos físicos incluem adsorção, osmose reversa, eletrodiálise, filtração por 

membranas e nanofiltração
68,69

. O principal inconveniente dos processos com membrana é 

que o tempo de vida útil das membranas, que precisam ser constante mente substituídas, 

gerando vários custos
70

. De acordo com a literatura, a adsorção é um dos métodos mais 

utilizados e tem se mostrado eficaz na remoção de contaminantes de águas
70–73

. Se uma planta 

de tratamento tiver um projeto apropriado, produz um efluente tratado de alta qualidade. A 

adsorção é uma alternativa eficiente de tratamento, particularmente nos casos em que o 

adsorvente é de baixo custo, disponível, abundante e requeira poucas etapas de pré-tratamento 

antes do uso
19

. 

 A cor de um produto frequentemente determina o quão atrativo ele pode ser ao 

consumidor. Contudo, corantes naturais são instáveis e facilmente se degradam durante seu 

processamento
74

. Por isso os corantes alimentícios sintéticos são tão utilizados tanto em 

alimentos quanto em cosméticos. Alguns exemplos de aplicações são: bebidas alcoólicas e 

não alcoólicas, doces, geleias, sorvetes, perfumes, xampus, etc. Também são empregados na 

indústria farmacêutica. Em geral são utilizados corantes azo, antraquinona e triarilmetano
75,76

. 

 O Azul Brilhante FCF é um corante muito comum. Devido à sua estrutura com 

múltiplas ligações 𝜋, ele apresenta uma cor intensa. É um corante aniônico devido à presença 

de grupos sulfônicos na sua estrutura e é altamente solúvel em água
77

. Embora sua aplicação 

seja  permitida, pode provocar tumores e reações alérgicas
78,79

.  Apesar de a remoção de Azul 
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Brilhante FCF de efluentes ser motivo de preocupação, ainda existem poucos estudos sobre 

este tema
3,77,80–86

. 

    

2.1.2. Fármacos  

 

De acordo com a Agência de Proteção Ambiental Norte Americana (EPA, do inglês 

Environmental Protection Agency), contaminantes emergentes são substâncias químicas que 

estão sendo descobertas em água e que não haviam sido detectadas, ou que têm sido 

detectadas em níveis que podem ser significativamente diferentes do esperado
87

. Os riscos à 

saúde humana e ao meio ambiente associados com a sua presença, frequência de ocorrência 

ou fonte podem não ser conhecidos. Entre essas substâncias, estão fármacos, drogas ilícitas e 

produtos de higiene pessoal
87

. 

O uso do termo “emergente” não significa que a presença desses compostos no meio 

ambiente seja recente.  Esses contaminantes têm sido liberados no meio ambiente desde que 

começaram a ser produzidos. O que é emergente é o interesse da comunidade científica a 

respeito deles, da sua presença no meio ambiente e dos efeitos que concentrações muito 

baixas parecem ter na biota aquática
88

. 

Os fármacos são um grupo amplo e diversificado de compostos orgânicos utilizados 

em grandes quantidades em todo o mundo.
89

 Atualmente existem aproximadamente 3.000 

substâncias utilizadas em medicament os, como analgésicos, antibióticos, antidepressivos, 

contraceptivos, entre outros.
90

  Entre os contaminantes emergentes, os fármacos são o grupo 

mais relevante por causa do impacto que podem causar nos ecossistemas aquáticos devido à 

sua ampla utilização, das suas propriedades físico-químicas e da sua remoção incompleta nas 

estações de tratamento de efluentes
91

. Além disso, essas substâncias não são rotineiramente 

monitoradas, porque não foram incluídas na legislação ambiental
92

. Os danos ecológicos mais 

documentados incluem disfunção endócrina
93

, aumento da resistência a medicamentos 

antimicrobianos
94–96

, absorção pelas plantas
97

 e bioacumulação na cadeia alimentar
98

. Esses 

riscos estão associados com a diminuição da biodiversidade
93,99

, surgimento de 

superbactérias
95

, infertilidade humana e câncer
100,101

. 

Cientistas já estavam cientes da presença de fármacos no meio ambiente há décadas.  

Em 1965, Stumm-Zollinger e Fair, da Universidade de Harvard, publicaram o primeiro estudo 

indicando que hormônios esteroides não eram completamente eliminados por tratamentos de 

efluentes
102

. Em 1977, pesquisadores da Universidade do Kansas relataram pela primeira vez 

a liberação de fármacos por plantas de tratamento de efluentes
103

. No final dos anos 1990 e 
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início dos anos 2000, estudos envolvendo a presença de fármacos em fontes de água, 

efluentes aquosos e água potável se tornaram um tema de destaque
104,105

. Uma das razões para 

que a comunidade científica considerasse essa contaminação motivo de preocupação foi o 

desenvolvimento das técnicas analíticas. A utilização de técnicas cromatográficas hifenadas 

poderosas, como, por exemplo, a cromatografia líquida acoplada à espectrometria de massas 

em tandem (LC-MS/MS, do inglês liquid chromatography tandem mass spectrometry), têm 

permitido a detecção e quantificação de concentrações extremamente baixas (µg L
̶ 1

, ng L
̶ 1

) 

desses compostos e seus metabólitos em matrizes líquidas e sólidas muito complexas, em 

efluentes aquosos, água superficial e água subterrânea
104,105

.  

Os fármacos se diferenciam dos contaminantes convencionais pelas seguintes 

caracterísiticas: (1) eles podem ser formados por uma diversidade de moléculas complexas 

quimicamente, que variam muito em massa molecular, estrutura, funcionalidade e forma; (2) 

eles são moléculas polares com mais de um grupo ionizável, e o grau de ionização e suas 

propriedades dependem do pH do meio; eles são lipofílicos e alguns deles são 

moderadamente solúveis em água; (3) medicamentos como eritromicina, ciclofosfamida, 

naproxeno e sulfametoxazol podem persistir no meio ambiente por mais de um ano, e outros, 

como, por exemplo, o ácido clofíbrico, podem persistir por vários anos e tornarem-se 

biologicamente ativos por acumulação; e (4) após a administração, as moléculas são 

absorvidas, distribuídas e sujeitas a reações metabólicas que podem modificar sua estrutura 

química
106,107

. 

A principal forma de entrada dos fármacos no meio ambiente é via excreção em urina 

e fezes. As outras formas incluem o suor (que libera os fármacos aplicados na pele ou os que 

foram excretados pela pele), a disposição inapropriada de produtos não utilizados ou 

parcialmente utilizados, efluentes de fábricas de medicamentos e efluentes de hospitais
108

. Os 

fármacos utilizados na medicina veterinária são excretados no solo ou diretamente em águas 

superficiais sem passar por uma estação de tratamento de efluentes, o que torna mais difícil 

seu controle
109

. Na pecuária intensiva, os fármacos entram diretamente no meio ambiente por 

meio da aplicação de estrume e purina como fertilizantes. Fármacos utilizados na piscicultura 

são diretamente liberados na água superficial
110

. 

A Figura 1 ilustra as diferentes rotas possíveis através das quais os fármacos entram 

em contato com a água. Após a sua liberação no sistema de esgoto, eles passam pelas estações 

de tratamento de efluentes. Como não são completamente removidos, entram na rede de 

distribuição de água, onde uma grande variedade desses compostos e seus metabólitos tem 

sido detectada, produzindo uma complexa mistura de substâncias que pode ter efeitos 
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sinérgicos
111,112

. Muitos desses compostos metabólitos são mais bioativos do que seu 

precursor
88

.  

 

 

Figura 1. Rotas de entrada de fármacos na água
105

. 

 

Um grande número de fármacos tem sido detectado em plantas de tratamento de 

efluentes em todo o mundo. Por exemplo, na Coreia, Han et al.
113

 detectaram diclofenaco 

(1,97 μg L
-1

), ibuprofeno (0,07 μg L
-1

), ácido clofíbrico (0,31 μg L
-1

), carbamazepina (0,16 μg 

L
-1

), ácido salicílico (2,43 μg L
-1

) e paracetamol (0,06 μg L
-1

). No Reino Unido, Ashton et 

al.
114

 relataram a frequência de detecção e a concentração média propanolol (100%, 76 ng L
-

1
), diclofenaco (86%, 424 ng L

-1
), ibuprofeno (84%; 3086 ng L

-1
), ácido mefenâmico (81%, 

133 ng L
-1

), dextropropoxifeno (74%, 195 ng L
-1

), trimetoprima (65%, 70 ng L
-1

), eritro-

micina (44%, <10 ng L
-1

) e acetil sulfametoxazol (38%, <50 ng L
-1

). Na Suíça, Kahle et al.
115

 

detectaram fluconazol (28 até 83 ng L
-1

). Nos Estados Unidos, o Instituto de Pesquisa 

Geológica dos Estados Unidos (USGS, do inglês United States Geological Survey)
116

 

identificou múltiplos fármacos em diversas estações de tratamento de efluentes em todo o 

país. 

Estudos recentes demonstraram que as plantas de tratamento de efluentes 

convencionais, baseadas principalmente no uso de microrganismos, são inadequadas para 
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destruir efetivamente esse tipo de composto orgânico devido à sua estrutura molecular 

complexa e baixas concentrações na água
88

. Além disso, a maioria dos compostos não pode 

ser metabolizada por microrganismos  e pode até mesmo inibir a sua atividade
106

. Gracia-Lor 

et al.
117

 investigaram a ocorrência de  fármacos em influentes (água superficial) e efluentes de 

três estações de tratamento de água na província de Castellón, Espanha. A Tabela II 

apresenta os resultados do monitoramento, exemplificando que muitas dessas substâncias não 

são removidas de forma eficaz pelos tratamentos convencionais.  

 

Tabela II. Resultados do monitoramento de fármacos em influentes e efluentes de três 

estações de tratamento da província de Castellón, Espanha
117

. 

Fármacos 
Influente (n=42) Efluente (n=42) 

Máx. (µg L
-1

) Positivos (%) Máx. (µg L
-1

) Positivos (%) 

Analgésicos/ anti-

inflamatórios 

    

Paracetamol 201,3 100 n.d. 0 

4-Aminoantipirina 

(metabólito do 

metamizol) 

6,45 100 1,68 100 

Diclofenaco 1,49 100 0,74 100 

Ibuprofeno 39,8 98 ˂LOQ 33 

Cetoprofeno 1,17 100 0,62 100 

Naproxeno 3,58 100 0,72 100 

Ácido salicílico 276,7 76 236,1 26 

Estatinas/reguladores 

de lipídios 
    

Atorvastatina 0,45 100 0,16 76 

Pravastatina 0,24 26 0,17 30 

Benzafibrato 0,46 100 0,39 100 

Genfibrozil 2,12 100 1,24 100 

Antidepressivos     

Paroxetina n.d. 0 n.d. 0 

Venlafaxina 0,52 100 0,30 100 

 

A existência de traços de fármacos em água potável é um problema de saúde pública, 

uma vez que pouco se sabe sobre os potenciais efeitos da ingestão de misturas de 

medicamentos a longo prazo
118,119

. Portanto, a remoção efetiva de fármacos de efluentes 

aquosos antes da sua descarga é uma questão prioritária. 
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Tratamentos mais eficazes e específicos são necessários para reduzir o impacto 

ambiental dos efluentes. Tratamentos terciários de água incluem: sistemas biológicos para 

remoção de nitrogênio, troca iônica para remoção de íons, precipitação química para remoção 

de fósforo, destilação para remoção de compostos orgânicos voláteis, adsorção com carvão 

ativo para remoção de contaminantes orgânicos e inorgânicos, e processos avançados de 

oxidação para remoção de compostos orgânicos tóxicos refratários, baseados na geração de 

radicais, principalmente o radical OH, que é altamente oxidante. Muitos desses sistemas estão 

sendo estudados e ainda precisam ser aplicados em escala industrial, pois são necessários 

dados de qualidade acerca dos mecanismos envolvidos, da influência das variáveis 

operacionais, da cinética das reações e do design de reatores
106

. 

Entre os grupos de medicamentos mais encontrados em água estão anti-inflamatórios, 

antibióticos e analgésicos
108,120,121

. 

O diclofenaco é um anti-inflamatório pertencente à classe dos derivados do ácido 

fenilacético. Cerca de 940 ton desse medicamento são consumidas anualmente no mundo
122

. 

As plantas convencionais de tratamento de efluentes são pouco eficientes na remoção de 

diclofenaco, e a porcentagem de remoção muitas vezes é menor do que 20%
123

. 

Consequentemente, esse contaminante tem sido detectado em efluentes aquosos na Alemanha, 

na Espanha, na Canadá, no Brasil, nos Estados Unidos, entre outros
120,122,124–126

. Devido à sua 

toxicidade e à baixa porcentagem de remoção nas estações de tratamento de efluentes, o 

diclofenaco foi incluído nas Lista de Contaminantes Prioritários regulada pela Diretiva 

2013/39/EU do Parlamento Europeu
127

.  

A nimesulida é um anti-inflamatório e pertence à classe das sulfonanilidas. É 

comercializada em todo o mundo
128

, sendo um dos anti-inflamatórios mais prescritos no 

Brasil
129

. Apesar de ser um fármaco relativamente novo
130

, alguns estudos documentaram a 

sua presença em água do mar, em Portugal, em água superficial e potável, no Brasil, e em 

estações de tratamento de efluentes, na Irlanda
130–132

. Recentemente Miranda et. al.
129

 

detectaram sua presença em efluentes na região do Lago de Itaipu, em Foz do Iguaçu, Paraná. 

Estudos que indicam que a nimesulida pode causar danos ao fígado e aos rins.
128

 

 A amoxicilina é um antibiótico da classe das penicilinas e é utilizada para tratar 

diversos tipos de infecções bacterianas tanto na medicina humana como na veterinária. O 

consumo de amoxicilina é maior do que o de outros tipos de antibióticos da família das 

penicilinas por causa da sua facilidade de absorção oral
133

. Na França, por exemplo, o 

consumo de amoxicilina chegou a 333,22 ton em 2008
134

. Contudo, como ela não é 

biodegradável, inibe a fotossíntese de algas e pode afetar outros organismos menores
135

. Além 
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disso, quando acumulada por bactérias patogênicas, a amoxicilina pode aumentar sua 

resistência, levando à utilização de altas doses para o tratamento de doenças convencionais ou 

impossibilitando o seu tratamento
136

. Estudos relataram a presença de amoxicilina na faixa de 

ng a mg.L
-1

 em efluentes domésticos  e industriais
137

. 

O paracetamol é um analgésico e antipirético usado comumente para alívio de dor e 

febre. É muito popular devido à sua alta tolerância quando utilizado em doses terapêuticas. 

Contudo, altas doses e uso crônico desse medicamento podem causar danos ao fígado e aos 

rins
138,139

.  Na Espanha, por exemplo, o consumo de paracetamol no ano de 2010 foi 1065,84 

ton
134

. É um dos medicamentos mais encontrados em efluentes e água superficial 

mundialmente
140

. Paracetamol foi detectado em água superficial na Baía de Santos em 

concentrações de até 34,6 ng L
-1

 e na Baía da Jamaica (concentrações de até 156 ng L
-1

)
141

. 

 

2.2. ADSORÇÃO 

 

Muitos pesquisadores têm procurado o melhor modo para remoção de contaminantes 

orgânicos existentes no meio aquático ou em efluentes aquosos. A adsorção tem se mostrado 

um dos métodos mais competitivos, uma vez que pode ser aplicado aos processos de 

tratamento de água utilizados atualmente e não requer altas temperaturas de operação
10,142

.  

Adsorção é a acumulação de substâncias na interface entre duas fases (líquida-líquida, 

gasosa-líquida, gasosa-sólida ou líquida-sólida). A substância que se acumula na interface é 

chamada de adsorvato e o material em que a adsorção ocorre é o adsorvente
143

.   

 Dependendo da natureza das forças envolvidas, a adsorção pode ser de dois tipos: 

fisissorção (ou adsorção física) ou quimissorção (ou adsorção química). No caso da 

fisissorção, o adsorvato está ligado à superfície do adsorvente por forças de van der Waals, 

relativamente fracas. A quimissorção, por outro lado, envolve troca ou compartilhamento de 

elétrons entre as moléculas de adsorvato e a superfície do adsorvente, resultando em reação 

química
143,144

. Como é uma ligação química, é mais forte do que a fisissorção.  

Os dois tipos de adsorção diferem de várias maneiras. A diferença mais importante é a 

magnitude da entalpia de adsorção. Na fisissorção, a entalpia de adsorção é da mesma ordem 

que o calor de liquefação e usualmente não excede 10 ou 20 kJ mol
-1

. Na quimissorção, a 

mudança de entalpia é geralmente da ordem de 80 a 400 kJ mol
-1

. A fisissorção não é 

específica e ocorre entre qualquer sistema adsorvato-adsorvente, enquanto a quimissorção é 

específica
143,144

. Outro ponto importante é a espessura da fase adsorvida. Na fisissorção, ela 

pode ser monomolecular ou multimolecular e, na quimissorção, é unimolecular. O tipo de 



 

13 
 

adsorção que ocorre em um dado sistema depende da natureza do adsorvato e do adsorvente, 

da reatividade da superfície, da área superficial do adsorvato e das condições de temperatura e 

pressão da operação unitária de adsorção
143,144

. 

O mecanismo de adsorção de um adsorvato em fase líquida geralmente envolve quatro 

etapas
143,145,146

 (Figura 2): (1) Transporte do interior da solução: transporte do adsorvato 

do interior da solução para a camada externa do filme líquido que envolve a partícula do 

adsorvente (via difusão ou advecção). (2) Difusão externa: difusão do adsorvato para a 

superfície do adsorvente através do filme líquido. (3) Difusão intrapartícula: transferência 

do adsorvato da superfície da partícula do adsorvente para os sítios no interior da partícula. 

Pode ocorrer por difusão de poro, que é a difusão molecular do soluto em poros preenchidos 

com um fluido. Adicionalmente, há outro tipo de difusão intrapartícula, chamada de difusão 

de superfície. É a difusão de um soluto ao longo da superfície do adsorvente depois da 

adsorção e ocorre somente se as forças de atração da superfície não são suficientemente fortes 

para evitar a mobilidade das moléculas. (4) Adsorção: ocorre nos poros menores até atingir o 

equilíbrio.  

 
 

 

Figura 2. Transporte por difusão externa e difusão intrapartícula de um adsorvato em uma 

partícula de adsorvente.
143
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2.3. CARVÃO ATIVO 

 

Os carvões ativos são materiais porosos à base de carbono.  São formados por espaços 

moleculares (isto é, espaços ocupados por uma molécula normalmente no estado líquido) 

contidos dentro de uma rede tridimensional de camadas de grafeno defeituosas, ou seja, 

arranjos defeituosos de anéis de carbono de seis membros acomodados por anéis de outros 

tamanhos
32

.  Essa rede é tridimensional, com algumas camadas empilhadas quase 

paralelamente umas às outras, em grupos de duas ou três, dificilmente mais, conforme 

ilustrado na Figura 3A
32

. 

 A superfície dos carvões possui uma estrutura de poros que determina sua capacidade 

de adsorção e uma estrutura química que influencia sua interação com adsorvatos polares e 

não polares
144

 (Figura 3B). Possui sítios ativos nas suas bordas, deslocamentos e 

descontinuidades que determinam sua reatividade em relação a outras substâncias. Assim, o 

comportamento dos carvões ativos na adsorção não pode ser interpretado somente com base 

na sua área superficial e distribuição de tamanho de poros
144

.  

 Os carvões ativos possuem heteroátomos como oxigênio, enxofre, nitrogênio e outros 

elementos na forma de grupos funcionais e/ou átomos ligados quimicamente à sua estrutura 

(Figura 3B). Oxigênio é o elemento predominante, presente em grupos funcionais como 

carboxila, carbonila, éter, fenol, lactona e outros
147

. Os grupos oxigenados são os mais 

importantes, pois influenciam as características da superfície do material, como polaridade, 

acidez e molhabilidade
144

. Além disso, são essenciais para que o material tenha boas 

propriedades de adsorção
143,144

. 

Por serem adsorventes excelentes e versáteis, há diversos estudos sobre a aplicação de 

carvões ativos na remoção de contaminantes orgânicos de efluentes aquosos. De acordo com a 

literatura, os carvões ativos geralmente demonstram alta capacidade de adsorver fármacos e 

corantes
59,148

. A principal vantagem da utilização dos carvões ativos é que não são gerados 

produtos farmacologicamente ativos ou tóxicos durante a adsorção
106

. Além disso, carvões 

ativos produzidos a partir de resídos agroindustriais são uma alternativa de baixo custo em 

relação aos carvões ativos comerciais, apresentando capacidade de adsorção similar ou 

melhor que estes.
59

 Entre esses materiais alternativos, podem ser citados cascas de 

sementes
30,142 

e frutas
149,150

, caroços de frutas
151,152

 e caules de plantas
39

. Além disso, o 

aproveitamento desses resíduos para produção de carvão ativo é uma alternativa sustentável 

para evitar os problemas ambientais oriundos da sua disposição inadequada.  
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Figura 3. (A) Ilustração da estrutura de um carvão ativo, formada por camadas de átomos de 

carbono (camadas defeituosas de grafeno) dispostas de forma desordenada, mas com certo 

paralelismo. (B) Ilustração bidimensional das funcionalidades na superfície de um carvão 

ativo
32

.  

 

2.4. PRODUÇAO DE CARVÃO ATIVO 

 

A preparação de carvões ativos geralmente envolve dois processos: a carbonização do 

material precursor e a ativação, que podem ser realizados em uma ou duas etapas, dependendo 

do método de ativação
147,153

. Quando a carbonização é realizada sob atmosfera inerte, o 

processo é chamado de pirólise. Durante a pirólise, ocorre a decomposição térmica dos 

materiais brutos, eliminando a maior parte dos elementos que não contêm carbono, como 

hidrogênio, oxigênio e nitrogênio,  e produzindo uma massa rígida de carvão com uma 

estrutura rudimentar de poros (poros muito pequenos e fechados)
147,153

. O propósito da 

ativação é aumentar o diâmetro dos poros pequenos e criar novos poros.  Há dois tipos de 

ativação para produção de carvão ativo: física (ou térmica) e química
153

.  

Na ativação física, o material precursor primeiro é carbonizado sob atmosfera inerte e 

a seguir o carvão resultante é submetido à gaseificação com vapor d’água, gás carbônico ou ar 

a temperaturas entre 800 e 1100 ºC. Também têm sido utilizados como agentes oxidantes 

(NH4)2S2O8, HNO3 e H2O2
153,154

. 

Durante a ativação química, a etapa da carbonização e a etapa da ativação ocorrem 

simultaneamente. O material precursor é impregnado com ZnCl2, H3PO4, HNO3, H2SO4, 

NaOH, KOH, sais de ferro, etc. Então o material é submetido à pirólise a temperaturas entre 
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400 e 800 ºC e lavado para eliminação do reagente ativante. A função do agente desidratante é 

inibir a formação de alcatrão e outros produtos indesejados durante a carbonização
41,153

.  Após 

essa etapa, os reagentes inorgânicos devem ser lixiviados do materal carbonado, com lavagem 

com água, extração em sistema Soxlet ou ainda em refluxo com soluções ácidas.  

A carbonização pode ser realizada utilizando-se fornos elétricos tubulares, reatores, 

muflas e, mais recentemente, reatores colocados em fornos de micro-ondas modificados
153

.  

 

2.4.1. Ativação em forno de micro-ondas 

 

A radiação de micro-ondas está associada a qualquer radiação eletromagnética no 

intervalo de frequência de microondas de 300 MHz a 300 GHz (λ = 1 mm a 100 cm),  que se 

encontra no segmento do espectro eletromagnético entre infravermelho e ondas de rádio
155,156

. 

Micro-ondas são uma forma de energia eletromagnética em que a energia aplicada é 

convertida em calor por meio de dois mecanismos principais
155,156

. O primeiro deles é 

chamado de rotação de dipolos e está relacionado com o alinhamento das moléculas (que têm 

dipolos permanentes ou induzidos) com o campo elétrico oscilante aplicado. Quando o campo 

oscila, as moléculas mudam de direção, e a energia que foi absorvida para a orientação dos 

dipolos é dissipada na forma de calor. O segundo mecanismo é chamado de condução iônica. 

O calor é gerado por meio de perdas por fricção, que acontecem pela migração de íons 

dissolvidos quando sob a ação de um campo eletromagnético
155,156

.  

O método de preparação afeta significativamente a qualidade e o custo dos carvões 

ativos. No método de aquecimento em forno convencional, o calor gerado é transferido para 

as partículas por convecção, condução e irradiação
155

.  A superfície da amostra é aquecida 

antes da parte interna. Assim, há um gradiente de temperatura da superfície para o interior de 

cada partícula. Esse gradiente térmico impede a remoção eficaz dos produtos gasosos e, 

consequentemente, alguns compostos mais leves à base de carbono podem permanecer dentro 

das amostras, formando depósitos. Esse material depositado obstrui os poros do carvão, 

resultando em baixos valores de área superficial e volume de poros
154

. O gradiente térmico 

também leva a obtenção de carvões ativos com microestruturas heterogêneas. Para evitar esse 

gradiente térmico, uma taxa de aquecimento lenta é utilizada. Isso aumenta a duração do 

processo, resultando em um grande consumo de energia
154

.  

Utilizando-se forno de micro-ondas, é possível resolver o problema do gradiente 

térmico e do alto custo da preparação de carvões ativos.  As micro-ondas interagem 

diretamente com o interior das partículas do material compactado, proporcionando um 
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aquecimento rápido. O uso de micro-ondas permite o alcance de altas temperaturas, curtos 

tempos de processamento e, portanto, grande economia de energia
33,154

.   

 Nos últimos anos, resultados promissores tem sido obtidos pelo uso de micro-ondas 

para a preparação de carvões ativos de baixo custo, altos valores de área superficial e 

significativa capacidade de adsorção
154,156

.  

 

2.4.2. Nanocompósitos magnéticos de carvão ativo  

 

 Os carvões ativos são adsorventes bem conhecidos e amplamente utilizados 

comercialmente. Contudo, depois da sua utilização para remoção de contaminantes de 

soluções aquosas, o material fica saturado e precisa ser separado e regenerado, um processo 

que tipicamente envolve filtração ou centrifugação
43

. Por outro lado, muitos dos novos 

adsorventes desenvolvidos são nanopartículas, mas a sua remoção de soluções aquosas 

também consome tempo e a sua toxicidade é motivo de preocupação
157,158

. Um adsorvente 

ideal deveria ter as seguintes carctarísticas: (1) alta performance, (2) adsorção rápida, (3) 

baixo custo, (4) ambientalmente amigável, (5) reutilizável e (6) de fácil separação.  Em 

relação à adsorção em batelada, o mais difícil desses desafios tem sido a separação eficiente 

do adsorvente após a adsorção em meio aquoso. A recuperação do adsorvente é essencial para 

que sejam evitados problemas de poluição secundária
159

. 

 As nanopartículas magnéticas têm atraído considerável atenção na área de tratamento 

de efluentes devido à sua versatilidade (tamanho, forma, superfície), grande área superficial e 

facilidade de separação de soluções aquosas através da aplicação de um campo magnético 

externo
160

.  Em particular, óxidos de metais de transição com estruturas de espinélio, ou 

ferritas (MFe2O4, onde M = Mn, Fe, Co, Ni, Co, Zn, etc.)
161

, conforme ilustrado na Figura 4.  

 

 

Figura 4. Representação esquemática da estrutura de uma ferrita, com átomos de oxigênio em 

vermelho, tetraedros em amarelo e octaedros em verde
161

. 
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Estes materiais também possuem a vantagem de serem compostos por minerais naturalmente 

abundantes, o que viabiliza sua aplicação em escala industrial
161

. 

 Existem poucos estudos na literatura sobre a utilização de nanocompósitos de carvões 

ativos e ferritas como adsorventes de contaminantes orgânicos. A Tabela III apresenta o 

desempenho desses materiais na remoção de corantes e de tetraciclina (fármaco). 

  

Tabela III. Características e desempenho de nanocompósitos de carvão ativo e ferritas para 

remoção de compostos orgânicos de soluções aquosas. 

Adsorvente
a
 

Tamanho 

(nm) 

Área 

superficial 

(m
2
 g

-1
) 

Ms
b
                    

(emu g
-1

) 
Adsorvato 

qe
c
     

(mg g
-1

) 
Referência 

CA/CoFe2O4 14-20 463 7,6 Verde Malaquita 89 Ai et al.
162

  

CA/NiFe2O4 23 157 18,6 
Alaranjado de 

Metila 
183 

Jiang et 

al.
163

  

CA/SnFe2O4 25 110 1,9 Violeta Cristal 159 Rai et al.
164

  

CA/CoFe2O4 24 347 - 

Vermelho Direto 80 333 
Yavari et 

al.
165

 
Verde Direto 6 385 

Azul Ácido 92 625 

CA/CoFe2O4 - 1097 5,1 Azul de Metileno 99 Xu et al.
166

 

CA/MnFe2O4 - 512 10,5 Tetraciclina 262 
Shao et. 

al
167

 

a
CA=carvão ativo, 

b
saturação magnética e 

c
quantidade de adsorvato adsorvida no equilíbrio. 

 

2.6. MODELOS DE ISOTERMAS DE ADSORÇÃO 

 

Uma isoterma de adsorção descreve a distribuição do adsorvato entre a fase adsorvida 

e a fase em solução depois que o equilíbrio é atingido. Uma isoterma é característica de um 

sistema específico em uma temperatura particular
143

. Os parâmetros dos modelos de equilíbrio 

de adsorção fornecem informações úteis sobre as propriedades da superfície do adsorvente, o 

mecanismo de adsorção e as interações entre o adsorvato e o adsorvente. As isotermas podem 

ser utilizadas  para selecionar o tipo de adsorvente mais apropriado, estimar a vida útil do 

adsorvente e testar a capacidade de adsorção de um material em uma operação em fluxo 

contínuo
143

. Há diversas equações  para descrever o equilíbrio de adsorção de um adsorvato 

por um adsorvente. A mais empregada e discutida é a de Langmuir. Outros modelos de 

isotermas como o de Freundlich e o de  Liu também têm sido estudados
168

.  
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2.6.1. Langmuir 

 

O modelo de Langmuir
169

 é baseado nas seguintes hipóteses
168,170,171

: 

 

 Os adsorvatos são quimicamente adsorvidos em um número fixo de sítios bem 

definidos. 

 Uma monocamada de adsorvato é formada sobre a superfície do adsorvente quando 

ele fica saturado. 

 Cada sítio pode conter somente uma espécie de adsorvato. 

 Todos os sítios são energeticamente equivalentes. 

 Não há interações entre as espécies de adsorvato. 

 

A isoterma de Langmuir está descrita na Equação 1: 

        

max

1

L e

e

L e

Q K C
q

K C

 


 
 

(1) 

                      

onde qe é a quantidade de adsorvato adsorvida no equilíbrio (mg g
−1

), Ce é a concentração de 

adsorvato restante no equilíbrio (mg L
−1

), KL é a constante de equilíbrio de Langmuir (L 

mg
−1

) e Qmax é a capacidade máxima de adsorção do adsorvente (mg g
−1

).  

 

2.6.2. Freundlich 

 

O modelo de Freundlich
172

 é uma equação exponencial e assume que a concentração 

de adsorvato na superfície do adsorvente aumenta com o aumento da concentração. Assim, 

em princípio, a adsorção ocorre infinitamente. O modelo também assume que a adsorção 

poderia acontecer em múltiplas camadas. A equação tem uma ampla aplicação em sistemas 

heterogêneos
168,170

. A Equação 2 mostra a isoterma de Freundlich: 

 
1 Fn

e F eq K C   (2) 

 

onde KF é a constante de equilíbrio de Freundlich [mg g
−1

(mg L
−1

)
−1/nF

] e nF é o expoente de 

Freundlich (adimensional). 
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2.6.3. Liu 

 

O modelo de Liu
173

 é uma combinação das isotermas de Langmuir e de Freundlich, 

mas a hipótese de monocamada do modelo de Langmuir e a hipótese da adsorção infinita do 

modelo de Freundlich  foram desconsideradas. O modelo de Liu prevê que os sítios ativos do 

adsorvente não possuem a  mesma energia. Portanto, o adsorvente pode apresentar sítios 

ativos preferenciais para ocupação pelas moléculas de adsorvato
168

. A Equação 3 define a 

isoterma de Liu: 

 

max ( )

1 ( )

L

L

n

g e

e n

g e

Q K C
q

K C

 


 
 

(3) 

 

 

onde Kg é a constante de equilíbrio de Liu (L mg
−1

); nL é o expoente de Liu (adimensional) e 

Qmax é a capacidade máxima de adsorção do adsorvente (mg g
−1

).  

 

2.7. MODELOS DE CINÉTICA DE ADSORÇÃO 

 

Estudos de cinética são importantes no tratamento de efluentes aquosos porque 

fornecem informações sobre o mecanismo de adsorção
168

. A cinética permite que seja 

determinada  a taxa com que um determinado contaminate é removido de uma solução 

aquosa
174

.  Muitos modelos de cinética foram desenvolvidos com o objetivo de encontrar as 

constantes intrínsecas da cinética de adsorção
168

.  

 

2.7.1. Ordem geral 

 

Os expoentes de leis de velocidade de reações químicas normalmente não dependem 

dos coeficientes das equações químicas. Isso significa que a ordem da reação química deve 

ser determinada experimentalmente
175,176

. Com o objetivo de estabelecer uma lei geral de 

velocidade, a adsorção na superfície do adsorvente será tomado como a etapa determinante da 

velocidade. Assim, será considerada  a mudança do número de sítios ativos efetivos na 

superfície do adsorvente durante a adsorção e não a concentração do adsorvato na solução
177

. 

Quando a lei universal de velocidade de reação é aplicada à Equação 4, a expressão da 

velocidade de adsorção é obtida
175–177

.  
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    ( )n

N e t

dq
k q q

dt
   

(4) 

 

onde kN é a constante de velocidade, qe é a quantidade de adsorvato adsorvida no equilíbrio, qt 

é a quantidade de adsorvato adsorvida no tempo t e n é a ordem da adsorção em relação à 

concentração dos sítios ativos presentes na superfície do adsorvente. O expoente n pode ser 

um número inteiro ou racional. A Equação 5 descreve o número de sítios ativos (θt) 

disponíveis na superfície do adsorvente: 

 

1 t

t

e

q

q
    

(5) 

A Equação 6 descreve a relação entre a variável θt e a velocidade de adsorção: 

 

nt

t

d
k

dt


   

(6) 

onde k = kN(qe)
n−1

. Para o adsorvente puro, θt = 1. O valor de θt diminui durante a adsorção. 

Quando o equilíbrio é atingido, θt se aproxima de um valor fixo. Para um adsorvente saturado, 

θt = 0. A Equação 6 leva à Equação 7 após integração: 

 

    
1 0

t
t

n

t

d
k dt

 


    

(7) 

A Equação 7 leva à Equação 8: 

 

     
11

1
1

n

t kt
n

      
 

(8) 

  

Rearranjando a Equação 8, é obtida a Equação 9: 

 

           
1 1

1 1
n

t k n t


       
(9) 

 

Substituindo a Equação 5 na Equação 9 e considerando k = kN(qe)
n−1

, obtém-se a Equação 

10: 

     
1 1

1( ) ( 1) 1

e

t e n
n

N e

q
q q

k q t n



 

     

 
(10) 

 A Equação 10 é a equação de cinética de ordem geral de adsorção, sendo válida para n ≠ 

1
175–177

.  
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2.7.2. Pseudo-primeira ordem 

 

O modelo de cinética de pseudo-primeira ordem é um caso particular do modelo de 

ordem geral
175–177

. Considerando a Equação 6 quando n = 1: 

 

1t

t

d
k

dt


    

(11) 

 

Pela integração da Equação 11, é obtida a Equação 12: 

 

    1exp( )t k t     (12) 

 

Quando a Equação 5 é substituída na Equação 12 e k é substituída por k1, é obtida a 

Equação 13 ou modelo de cinética de pseudo-primeira ordem. 

 

       11 exp( )t eq q k t     (13) 

2.7.3. Pseudo-segunda ordem 

 

O modelo de cinética de pseudo-segunda ordem é outro caso particular do modelo de 

ordem geral
175–177

. Será considerada agora a Equação 10 quando n = 2: 

 

      
 2 ( ) 1

e

t e

e

q
q q

k q t
 

 
       

(14) 

 

Rearranjando a Equação 14, é possível obter a Equação 15: 

 

         
 

2

2

2 ( ) 1

e

t

e

q k t
q

k q t


 
              

(15) 

  

 2.7.4. Difusão intrapartícula 

  

 A adsorção ocorre em quatro etapas básicas, e a terceira etapa é a difusão 

intrapartícula, conforme explicado no item 2.2. 
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A possibilidade de a resistência à difusão intrapartícula afetar a adsorção pode ser 

explorada através do modelo de difusão intrapartícula, de acordo com a Equação 16:  

 

                                                t idq k t C                                                     (16) 

 

onde qt é a quantidade de adsorvato adsorvia no tempo t (min), kid é a constante de difusão 

intrapartícula (mg g
-1

 min
-0,5

) e C é uma constante relacionada com a espessura da camada de 

difusão (mg g
-1

)
168

. 

 

2.8. ESTUDOS TERMODINÂMICOS 

 

 Estudos termodinâmicos possibilitam a obtenção de importantes informações sobre a 

operação unitária de adsorção com a variação da temperatura. A mudança de energia livre de 

Gibbs (ΔG°, kJ mol
-1

) é o critério fundamental para a espontaneidade do sistema. Geralmente 

ΔG° para a fisissorção é menor do que para quimissorção. A variação de entalpia (ΔH°, kJ 

mol
-1

) indica se a adsorção é endotérmica ou exotérmica, além de fornecer informações sobre 

a magnitude da interação entre o adsorvente e o adsorvato. A variação de entropia (ΔS°, J 

mol
-1 

K
-1

) permite a obtenção de informações sobre a desordem do sistema. Essa avaliação 

pode ser feita através das Equações 17, 18 e 19
29

: 

 

o o oΔG =ΔH - TΔS                                                        (17) 

oΔG = -RT Ln(K)
                                                          (18) 

 

Combinando-se as Equações 17 e 18, obtém-se a Equação 19: 

 

                                                 (19) 

 

onde R é a constante universal dos gases (8,314 J K
-1

 mol
-1

), T é a temperatura absoluta 

(Kelvin), e K representa a constante de equilíbrio de adsorção dos modelos de isoterma. Os 

parâmetros termodinâmicos de adsorção podem ser estimados a partir da constante de 
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equilíbrio (K) do modelo de isoterma que melhor descreve os dados experimentais. O 

aumento no valor de K com o aumento da temperatura caracteriza um processo endotérmico. 

Os valores de ΔS e ΔH podem ser calculados a partir da inclinação e do intercepto da reta Ln 

(K) versus 1/T. 

 

3. PARTE EXPERIMENTAL 

 

3.1. REAGENTES E SOLUÇÕES 

 

 Todas as soluções foram preparadas com água deionizada. O corante Azul Brilhante 

FCF (Apêndice 1, Supporting Information, Fig. S1) foi fornecido pela empresa Plury 

Chemicals. Os fármacos diclofenaco (Apêndice 2, Supplementary Material,  

Supplementary Fig. 1), nimesulida (Apêndice 2, Supplementary Material,  

Supplementary Fig. 2), amoxicilina (Apêndice 3, Supplementary Material,  

Supplementary Fig. 1) e paracetamol (Apêndice 3, Supplementary Material,  

Supplementary Fig. 2) foram fornecidos pela empresa MedChem Express (Princeton, EUA) 

e  utilizados sem tratamento adicional.  

 O pH das soluções foi ajustado com o auxílio de um pHmetro (Schott Lab 850, Mainz, 

Alemanha), sendo utilizadas soluções de NaOH 0,1 mol L
-1

 e/ou HCl 0,1 mol L
-1

. 

 Para a ativação química dos carvões produzidos, foram empregados os reagentes 

sulfato duplo de alumínio e potássio KAl(SO4)2, hidróxido de potássio (KOH), hidróxido de 

alumínio Al(OH)3, cloreto de zinco (ZnCl2), e cloreto de ferro (FeCl3) da marca Vetec (Duque 

de Caxias, Brasil), e cal [CaCO3, CaO e Ca(OH)2], obtida em uma loja de materiais de 

construção.  

   

3.2. PREPARAÇÃO DOS ADSORVENTES 

 

3.2.1. Carvão ativo de casca de bacuri em forno convencional 

 

 A casca de bacuri moída (75 g) foi misturada a 50 g de componentes inorgânicos [30% 

lama vermelha, 20% cal, 10% KOH, 20% KAl(SO4)2 e 20% Al(OH)3] e 35 mL de água 

deionizada, na  proporção inorgânicos:orgânicos de 1,5 (BC-1.5), gerando uma pasta 

homogênea. A pasta foi transferida para oito moldes em forma de disco (0,06 m de diâmetro e 
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0,007 m de espessura) e seca em estufa a 120 ºC durante 10 h.  Os discos foram colocados em 

um reator de aço com suportes para os discos, o que permitiu uma distribuição simétrica de 

argônio com fluxo de 200 mL min
-1

. A seguir o material foi colocado em um forno de pirólise 

tubular, que foi aquecido até 800 ºC e permaneceu nesta temperatura por 30 min. A taxa de 

aquecimento foi de 20 ºC min
-1

. O reator foi então deixado esfriar a temperatura ambiente sob 

atmosfera de argônio (30 mL min
-1

). Os discos carbonizados foram moídos e peneirados 

(tamanho de partícula < 106 µm). Este material foi identificado como BC-1.5. De modo 

similar, outros carvões foram preparados nas proporções inorgânicos:orgânicos de 1,0 (BC-

1.0) e 2.0 (BC-2.0). Também foi preparado um material de referência sem componentess 

inorgânicos (BC-0). O procedimento para a preparação do carvão ativo está ilustrado na 

Figura 4. 

 

Figura 4. Produção dos adsorventes de carvão de casca de bacuri. 

 

 Para completar o processo de ativação química, 10 g de BC-1.5 e 200 mL de HCl 6 M 

foram adicionados a um balão de fundo chato de 500 mL. A mistura foi refluxada a 70 °C sob 

agitação magnética durante 12 h. O material sólido foi decantado, lavado com solução aquosa 

pH 2 e filtrado a vácuo.  Após, foi seco em estufa (110 ºC, 5 h) e peneirado (tamanho de 

partícula < 106 µm). O mesmo procedimento foi realizado com os materiais (BC-1.0) e 2.0 

(BC-2.0). Assim, os componentes inorgânicos foram lixiviados da matriz carbonada, 

originando os carvões ativos ABC-1.0, ABC-1.5 e ABC-2.0.  
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 Os carvões ativos preparados em forno convencional foram utilizados para adsorção 

do corante Azul Brilhante FCF (BB-FCF). 

 

3.2.2. Carvão ativo de casca de cacau em forno de micro-ondas 

 

A ativação química induzida por micro-ondas foi utilizada para preparar um carvão 

ativo de casca de cacau para remoção de dois anti-inflamatórios, diclofenaco de sódio (DFC) 

e nimesulida (NM), de soluções aquosas. Este procedimento está ilustrado no Apêndice 2 

(Fig. 1). Inicialmente foram obtidas diferentes pastas homogêneas misturando-se 100 g de 

casca de cacau moída (previamente secos a 105 ºC durante 4 h), 100 g de componentes 

inorgânicos (20% cal, 40% ZnCl2 e 40% FeCl3) e 40 mL de água deionizada com proporções 

de inorgânicos:orgânicos de 1,0 (CSC-1.0); 1,5 (CSC-1.5) e 2,0 (CSC-2.0). As pastas foram 

secas em estufa a 100 ºC durante 6 h e quebradas em pedaços menores para que pudessem ser 

colocadas dentro de um reator de quartzo (30 g). O reator foi inserido em um forno de micro-

ondas adaptado (Marca Philco, modelo PME22, 22 L, potência nominal:1200 W) com duas 

aberturas, uma na parte superior e outra na parte inferior. O reator foi posicionado 

verticalmente para que o óleo proveniente da pirólise fosse depositado no recipiente coletor 

por gravidade. Esta configuração impede que o óleo bloqueie os poros do adsorvente.  

A programação de aquecimento do sistema foi: 360 W (80 s), 480 W (80 s), 600 W 

(80 s), 960 W (160 s) e 1200 W (160 s). Foi utilizada uma vazão de N2 de 200 mL min
-1

. 

Após a pirólise, o sistema foi resfriado sob 60 mL min
−1 

de nitrogênio durante 10 min. O 

tempo total de um ciclo de pirólise foi de somente 560 s (9,33 min), e um ciclo de pirólise 

completo pode ser obtido em menos de 20 min, sendo considerados os 10 min de 

resfriamento.  Após, outros ciclos de pirólise podem ser realizados. O material obtido após a 

pirólise foi identificado como CSC-1.0. Procedimentos similares foram seguidos para a 

preparação de outros adsorventes com proporções inorgânicos:orgânicos de 0,0:1,0 (CSC-0); 

1,0:1,5 (CSC-1.5) e 1,0:2,0 (CSC-2.0). O carvão CSC-0, carbonizado sem a presença de 

compostos inorgânicos, foi utilizado como material de referência. A preparação do CSC-0 

possibilitou a investigação da influência da inclusão de componentes inorgânicos nos 

adsorventes e o efeito desses componentes na carbonização do precursor orgânico através de 

pirólise assistida por micro-ondas. 

Para completar o processo de ativação química, os compostos inorgânicos foram 

lixiviados da matriz com HCl 6 mol L
−1

. Para tanto, 10,0 g do adsorvente CSC-1.0 e 200 mL 

de HCl 6 mol L
−1 

foram adicionados a um balão de fundo chato de 500 mL. A mistura 
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permaneceu sob agitação magnética e refluxo a 90 ºC durante 8 h.  Após o resfriamento da 

amostra, foi realizada a sua filtração à vácuo. O material sólido foi lavado exaustivamente 

com água deionizada. O pH final da suspensão foi ajustado para valores entre 6,0-7,0 com 

solução de carbonato de sódio 0,1 mol L
-1

. Após, o carvão ativo foi seco em estufa a 70 ºC 

durante a noite. O adsorvente de casca de cacau obtido após a lixiviação dos compostos 

inorgânicos foi identificado como MWCS-1.0.  O mesmo procedimento de acidificação foi  

seguido para a obtenção de outros adsorventes com proporção inorgânicos:orgânicos de 

0,0:1,0 (MWCS-0); 1,0:1,5 (MWCS-1.5) e 1,0:2,0 (MWCS-2.0). O rendimento final dos 

carvões MWCS foi de aproximadamente 20%. 

 

3.2.3. Nanocompósitos magnéticos de carvão ativo 

  

 Para a preparação dos nanocompósitos magnéticos, primeiro foi necessário realizar a 

síntese dos carboxilatos metálicos. Benzoato de ferro(III), benzoato de cobalto(II), oxalato de 

ferro(III) e oxalato de cobalto(II) foram preparados misturando-se os ácidos carboxílicos 

correspondentes aos sais dos metais de transição ferro e cobalto. Por exemplo,  o benzoato de 

ferro(III) foi preparado através da mistura de nitrato de ferro(III) (8,08 g em 80 mL de água 

deionizada) e solução de ácido benzoico (7,32 g em 60 mL de água quente), seguida de 

agitação magnética durante 20 min.
178

 O pó cristalino amarelo formado foi filtrado, lavado 

cuidadosamente com água destilada quente e seco. O mesmo procedimento foi realizado para 

os outros carboxilatos, conforme a tabela encontrada no Anexo 3 (Supplementary Table 1). 

 Para a preparação do nanocompósito de carvão ativo e ferrita de cobalto 

(AC/CoFe2O4) MAC-1, inicialmente foram adicionados 10 g de carvão ativo comercial (AC) 

a uma mistura de 50 ml de solução aquosa de benzoato de cobalto(II) e benzoato de ferro(III). 

O material foi filtrado e seco (AC-1). A seguir, AC-1 foi aquecido a 600 ºC (temperatura de 

decomposição dos benzoatos)
45

 por 15 min  para facilitar a inserção das nanopartículas de 

ferrita de cobalto na matriz carbonada, originando o compósito MAC-1. O rendimento foi de 

35%. Analogamente foi preparado o nanocompósito MAC-2: foram adicionados 10 g de AC a 

uma mistura de 50 ml de solução aquosa de oxalato de cobalto(II) e oxalato de ferro(III). O 

material foi filtrado e seco (AC-2). A seguir, AC-2 foi aquecido a 260 ºC (temperatura de 

decomposição dos oxalatos)
179

 por 15 min, originando o compósito MAC-2. O rendimento foi 

de 45% depois da calcinação. 
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3.3. CARACTERIZAÇÃO DOS ADSORVENTES 

 

 O carvão ativo ABC-1.5 mostrou a maior capacidade de adsorção de BB-FCF de 

soluções aquosas. Assim, o material BC-1.5 e o carvão ativo ABC-1.5 foram selecionados 

para caracterização para que fossem investigados os efeitos da ativação química no carvão 

ativo de casca de bacuri. Da mesma forma, o carvão ativo MWCS-1.0 foi o que apresentou 

maior capacidade de adsorção de DCF e NM de soluções aquosas. Assim, o material CSC-1.0 

e o carvão ativo MWCS-1.0 foram caracterizados. 

Os carvões ativos de bacuri e cacau foram caracterizados quanto à morfologia, tipos de 

grupos funcionais, propriedades texturais, estabilidade térmica, presença de compostos 

inorgâncios e ponto de carga zero (pHpzc, do inglês point of zero charge).  

 A morfologia da superfície dos adsorventes foi verificada através de microscopia 

eletrônica de varredura (SEM, do inglês scanning electron microscopy), em um microscópio 

JEOL, modelo JSM 6060 (Tóquio, Japão). A voltagem de aceleração empregada foi de 10 

kV. As magnificação foi variável entre 1500 e 2500 vezes
31

.  

Os materiais também foram caracterizados por espectroscopia na região do 

infravermelho com transformada de Fourier (FTIR, do inglês Fourier transform infrared 

spectroscopy) em um equipamento Shimadzu, modelo IR Prestige 21 (Quioto, Japão). Os 

adsorventes e o KBr foram secos em estufa a 120 ºC durante 8 h, armazenados em frascos 

fechados e mantidos em um dessecador até o momento da análise. Os espectros foram obtidos 

com resolução de 4 cm
-1

 com 100 varreduras
180

. 

As isotermas de adsorção-dessorção de N2 foram obtidas no ponto de ebulição do 

nitrogênio líquido (-196 °C) sendo utilizado um analizador de superfície Micromeritics, 

modelo TriStar II 3020 (Norcross, EUA). Os adsorventes foram desgaseificados a 180 °C 

durante 12 h sob vácuo antes das análises. As propriedades texturais dos adsorventes foram 

avaliadas através dos métodos de BET (Brunauer, Emmett e Teller) e de BJH (Barret, Joyner 

e Halenda), respectivamente
31

.  

As análises termogravimétrica (TGA, do inglês thermogravimetric analysis) e 

termogravimátrica derivativa (DTG, do inglês derivative thermogravimetric analysis) foram 

realizadas em um equipamento TA Instruments, modelo SDT Q600 (New Castle, EUA) com 

taxa de aquecimento de 10 ºC min−
1
 e  fluxo de ar sintético de 100 mL min−

1
 (White Martins, 

Canoas, Brasil). A temperatura foi variada de 20 ºC a 1000 ºC (tempo de aquisição de 1 ponto 

a cada 5 s) com uma massa de amostra de 10,00-15,00 mg
31

.  
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Para a verificação da presença de compostos inorgânicos, as análises de difração de 

raios X (XRD, do inglês X-ray diffraction) dos adsorventes foram realizadas em um 

difratômetro Philips X’pert MPD (PANanalytical, Almelo, Holanda), operado a 40 kV e 40 

mA, com radiação Cu Kα (λ = 1.5406 Å).
26

 

O pHpzc dos carvões foi determinado através do seguinte procedimento: 20,00 mL de 

solução de NaCl 0,050 mol L
-1 

foram adicionados a vários tubos Falcon de 50 mL contendo 

50,0 mg de adsorvente. O pH das soluções foi ajustado para valores de 2,00 a 10,00 com 

soluções de HCl 0,10 mol L
-1

 e de NaOH 0,10 mol L
-1

. As suspensões foram colocadas em 

uma câmara climatizada com agitação reciprocante (Oxylab, São Leopoldo, Brasil) de 150 

rpm, a 25 °C, durante 24 h.  A seguir, as amostras foram centrifugadas a 3500 rpm durante 5 

min em uma centrífuga Excelsa II 206-BL (Fanem, São Paulo, Brasil). O procedimento de 

centrifugação foi repetido quando necessário. O pHi (pH das soluções sem contato com o 

adsorvente) e o pHf (pH do sobrenadante depois do contato com o adsorvente) foi registrado. 

O valor do pHpzc é o ponto onde a curva de ∆pH (pHf - pHi) versus pHi cruza a linha do 

zero
180

.    

Os adsorventes magnéticos foram caracterizados por FTIR (Avatar 370, Termo 

Nicolet), XRD (40 kV e 40 mA, com radiação Cu Kα λ = 1.5418 Å), SEM (JEOL, modelo 

JSM 6390LV), espectroscopia de raios-X por dispersão de energia (EDX, do inglês energy 

dispersive X-ray spectroscopy) (JEOL, modelo JED 2300), microscopia eletrônica de 

transmissão (TEM, do inglês Transmission Electron Microscopy) (Philips, modelo CM-200, 

20-200 kV, resolução 2,4 Å) e quanto às suas propriedades magnéticas utilizando-se um 

magnetômetro de amostra vibrante (VSM, do inglês vibrating sample magnetometer) 

(Lakeshore VSM 7410). 

 

3.4. ESTUDOS DE ADSORÇÃO 

 

3.4.1. Azul Brilhante 

 

Para os experimentos de adsorção, 20 mL de soluções do corante alimentício Azul 

Brilhante (BB-FCF) (150-1800 mg L
-1

) foram adicionados a 50 mg de adsorvente em tubos 

falcon de 50 mL (pH 2-10). As misturas foram agitadas por um período entre 5 e 480 min 

dentro de uma câmara climatizada com agitação reciprocante (150 rpm). A temperatura foi 

variada de 25 ºC a 40 ºC. As misturas foram centrifugadas durante 5 min para separar o 

adsorvente do adsorvato.  O procedimento de centrifugação foi repetido quando necessário. A 
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quantidade de BB-FCF remanescente nas soluções após o processo de adsorção foi medida no 

comprimento de onda máximo de 629 nm em um espectrofotômetro T90+ UV-VIS, PG 

Instruments (Londres, Inglaterra). Alíquotas do sobrenadante foram diluídas com água 

deionizada pH 2 antes das medidas espectroscópicas quando as amostras apresentaram 

valores de absorbância superiores a 2,00. A quantidade de BB-FCF removida pelos 

adsorventes e a porcentagem de remoção foram calculadas através das Equações 20 e 21. 

 

 

o f(C -C )
q= .V

m
 

(20) 

 

(21) 

 

onde q é a quantidade de adsorvato adsorvida pelo adsorvente (mg g
−1

), Co é a concentração 

inicial de adsorvato (mg L
−1

), Cf  é a concentração de adsorvato depois da adsorção (mg L
−1

), 

m é a massa de adsorvente (g), e V é o volume de solução de adsorvato (L). 

 A capacidade de adsorção do carvão ativo ABC-1.5 também foi comparada com a de 

nanotubos de carbono de parede múltipla (MWCNT, do inglês multi-walled carbon 

nanotubes) para remoção do corante BB-FCF de soluções aquosas.  

 Para elucidar a cinética de adsorção do corante BB-FCF pelos adsorventes ABC-1.5 e 

MWCNT, formas não lineares dos modelos de cinética de pseudo-primeira ordem, pseudo-

segunda ordem, ordem geral  e difusão intrapartícula foram empregadas. 

 Os modelos de equilíbrio de adsorção de Langmuir, Freundlich e Liu foram utilizados 

para análise dos dados das isotermas. 

  Estudos de dessorção foram realizados para determinar a eficiência de regeneração e 

o potencial de reutilização dos adsorventes. Os adsorventes carregados de corantes foram 

lavados com água deionizada para remover o corante BB-FCF não adsorvido e secos. Após, 

20 mL dos seguintes eluentes foram adicionados aos adsorventes: água, NaOH (0,050-0,50 

mol L
-1

), acetona (10-50%) + água (90-50%), acetona (10-50%) + NaOH 0,05 mol L
-1

 (90-

50%). As suspensões foram agitadas durante 1 h. O corante BB-FCF não adsorvido  foi 

separado do adsorvente e quantificado conforme descrito acima. O adsorvente reciclado foi 

testado novamente em três ciclos de adsorção-dessorção. 
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 Também foram realizadas simulações de efluentes da indústria de refrigerantes. A 

composição e concentrações dos componentes do efluente sintético estão descritas no 

Apêndice 1 (Table 1). 

 

3.4.2. Diclofenaco e nimesulida 

 

Para avaliar a habilidade do adsorvente MWCS-1.0 na remoção dos fármacos DCF e 

NM de soluções aquosas; 20,00 mL de solução de DCF ou NM (10,00-300,0 mg L
−1

)  foram 

adicionados a 50,0 mg de MWCS-1.0 em vários tubos Falcon de 50,0 mL. O pH das soluções 

foi variado de 7,0 a 10,0. As misturas foram agitadas por um período entre 5 e 480 min dentro 

de uma câmara climatizada com agitação reciprocante (150 rpm). A temperatura foi variada 

de 25 ºC a 50 ºC. As misturas foram centrifugadas durante 5 min para separar o adsorvente da 

solução de fármaco.  O procedimento de centrifugação foi repetido quando necessário. A 

quantidade de DCF e NM remanescente nas soluções após a adsorção foi medida nos 

comprimentos de onda máximos de 275 nm para DCF e 392 nm para NM. Alíquotas do 

sobrenadante foram diluídas com soluções aquosas de pH 7,0 para DCF e 8,0 para NM 

quando as amostras apresentaram valores de absorbância superiores a 2,00. A quantidade de 

DCF ou NM removida pelo MWCS-1.0 e a porcentagem de remoção foram calculadas através 

das Equações 20 e 21, respectivamente. 

 Também foram realizados estudos de cinética de adsorção (com aplicação dos 

modelos de cinética de pseudo-primeira ordem, pseudo-segunda ordem e ordem geral) e 

isotermas de adsorção (modelos de Langmuir, Freundlich e Liu).  

 O adsorvente MWCS-1.0 foi utilizado no tratamento de dois efluentes hospitalares 

simulados. Acomposição e as concentrações do efluente A e do efluente B estão no Apêndice 

2 (Supplementary Table 1). 

 

3.4.3. Amoxicilina e paracetamol 

 

Para os estudos de adsorção do fármacos amoxicilina (AMX) e paracetamol (PCT) 

com os adsorventes magnéticos, 20 mL de solução de AMX ou PCT (70,00 - 2000,00 mg L
-1

) 

foram adicionados a 30,0 mg de carvão ativo em tubos Falcon de 50 mL em diferentes valores 

de pH (4,00-10,0). As misturas foram agitadas entre 1 e 300 min a 150 rpm e a temperatura 

foi variada de 25 a 50 ºC. Após as misturas foram centrifugadas a 10.000 rpm durante 5 min. 

As quantidades de AMX e PCT remanescentes nas soluções foram medidas em comprimentos 
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de onda de 228 e 245 nm, respectivamente. A quantidade de AMX ou PCT removida e a 

porcentagem de remoção foram calculadas através das Equações 20 e 21, respectivamente. 

 Estudos de cinética de adsorção e isotermas de adsorção foram realizados conforme o 

item 3.4.2.   

 Dois efluentes hospitalares simulados foram tratados com os carvões ativos 

magnéticos para testar a sua capacidade de adsorção desses materiais em meios contendo 

outros fármacos, sais e compostos orgânicos. A composição e as concentrações do efluente A 

e do efluente B estão no Apêndice 3 (Table 1). 

 

3.5. AVALIAÇÃO ESTATÍSTICA DOS PARÂMETROS DE CINÉTICA E DAS 

ISOTERMAS DE ADSORÇÃO 

 

O ajuste não linear para os dados de cinética e de equilíbrio de adsorção foram 

realizados utilizando-se Simplex e o método de aproximação sucessivas pelo algoritmo de  

Levenberg-Marquardt. Essas ferramentas estatísticas estão disponíveis no recurso nonlinear 

fitting do software Microcal Origin 9.0.  

O coeficiente de determinação (R
2
), o coeficiente de determinação ajustado (R

2
adj) e o 

desvio padrão dos resíduos (SD, do inglês standard deviation) foram utilizados para avaliar a 

adequação dos modelos
180,181

. O desvio padrão dos resíduos é uma medida da diferença entre 

as quantidades teórica (obtida através do modelo ajustado) e experimental adsorvidas. As 

expressões matemáticas de R
2
, R

2
adj e SD estão apresentadas nas Equações 22, 23 e 24, 

respectivamente. 

 

   

 

2 2n n

i,exp i,exp i, exp i, model2 i i

2n

i,exp i,expi

q -q - q -q
R =

q -q





 

∑ ∑

∑
 

(22) 
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 
 

(23) 
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i

q - q
SD= 

n-p




 
  

(24) 

onde qi,model representa cada valor de q teórico individual predito por um dado modelo;  

qi,exp representa cada valor de q experimental individual; expq  representa a média dos valores 
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experimentais de q; n representa o número de experimentos; p representa o número de 

parâmetros do modelo
180,181

. 

 

4. CONCLUSÕES 

 

As três seções a seguir apresentam as as conclusões desta tese de acordo com cada 

artigo científico publicado.  

 

4.1. CARVÃO ATIVO DE CASCA DE BACURI PARA REMOÇÃO DE AZUL 

BRILHANTE FCF 

 

Nesta parte do trabalho, foi produzido um carvão ativo de casca de bacuri via pirólise 

em forno elétrico convencional para remoção do corante alimentício Azul Brilhante FCF (BB-

FCF) de soluções aquosas e efluentes simulados. Casca de bacuri moída e componentes 

inorgânicos foram misturados à temperatura ambiente.  A mistura foi aquecida a 800 ºC sob 

condições inertes. Os materiais obtidos BC-1.0, BC-1.5 e BC-2.0 (carvões) foram tratados 

com solução de HCl 6 M e refluxados por 12 h para a obtenção dos carvões ativos ABC-1.0, 

ABC-1.5 e ABC-2.0, respectivamente. A acidificação lixiviou os components inorgânicos da 

matriz carbonada, o que foi confirmado através das análises de BET, XRD, TGA, SEM e 

FTIR. A capacidade de adsorção de ABC-1.5 foi comparada com a de MWCNT. Em pH 2, os 

tempos de equilíbrio foram de 45 min (ABC-1.5) e 90 min (MWCNT) para a remoção de BB-

FCF de soluções aquosas. O modelo de cinética de ordem geral foi o que melhor descreveu a  

adsorção. Fases lineares múltiplas foram obtidas a partir do modelo de difusão intrapartícula. 

Os dados das isotermas se ajustaram melhor ao modelo Liu. As capacidades máximas de 

adsorção de BB-FCF a 50 ºC foram 647,9 e 231,5 mg g
-1

 para ABC-1.5 e MWCNT, 

respectivamente. Os parâmetros termodinâmicos de adsorção foram calculados. Com base na 

magnitude da entalpia de adsorção, a interação entre o corante BB-FCF e os dois adsorventes 

foi adsorção física. Foi possível regenerar os adsorventes com uma mistura de 50% de 

acetona e 50% de solução de NaOH 0,050 mol L
-1

. ABC-1.5 é um adsorvente promissor para 

o tratamento de efluentes da indústria de bebidas, pois removeu 95,88% de diferentes corantes 

e outros componentes. 
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4.2. CARVÃO ATIVO DE CASCA DE CACAU PARA REMOÇÃO DE 

DICLOFENACO E NIMESULIDA 

 

Neste trabalho foi estudada a utilização de carvão ativo de casca de cacau produzido 

através de pirólise assistida por micro-ondas para remoção de fármacos de soluções aquosas e 

de efluentes hospitalares simulados.  A casca de cacau moída e componentes inorgânicos 

foram misturados à temperatura ambiente. Esta mistura foi aquecida em um forno de micro-

ondas adaptado. Foi possível realizar a pirólise em menos de 10 min de aquecimento. O 

carvão de casca de cacau foi obtido em um único estágio devido à presença dos sais 

inorgânicos, que são condutores de micro-ondas. Os materiais carbonados CSC-1.0, CSC-1.5 

e CSC-2.0 foram tratados com HCl para serem obtidos os adsorventes MWCS-1.0, MWCS-

1.5 e MWCS-2.0, respectivamente. A acidificação lixiviou os inorgânicos da matriz 

carbonada, melhorando a sua capacidade de adsorção. O carvão ativo MWCS-1.0 foi o que 

apresentou o melhor desempenho na remoção dos fármacos diclofenaco e nimesulida de 

soluções aquosas.  A remoção dos fármacos de soluções aquosas em pH 7,0 (diclofenaco) e 

8,0 (nimesulida) atingiu o equilíbrio em 223,14 min (diclofenaco) e 45,46 min (nimesulida), 

respectivamente. O modelo de cinética que melhor descreveu a adsorção foi o de ordem geral. 

As quantidades máximas adsorvidas de diclofenaco e nimesulida a 25 ºC foram 63,47 e 74,81 

mg g
−1

, respectivamente. O carvão ativo MWCS-1.0 constitui uma alternativa eficiente para a 

remoção de DCF e NM de efluentes hospitalares. Esse adsorvente removeu 95,58% do 

efluente simulado, uma mistura com diferentes compostos orgâncios em um meio com altas 

concentrações de açúcar e sal.  

 

4.3. CARVÃO ATIVO MAGNÉTICO PARA REMOÇÃO DE AMOXICILINA E 

PARACETAMOL 

 

Nanocompósitos de carvão ativo e ferrita de cobalto AC/CoFe2O4, MAC-1 e MAC-2, 

foram preparados através de um método de pirólise simples utilizando-se uma mistura de 

benzoatos de ferro(III)/cobalto(II) e oxalatos de  ferro(III)/cobalto(II), respectivamente. Estes 

nanocompósitos foram utilizados como adsorventes para remoção de amoxicilina (AMX) e 

paracetamol (PCT) de soluções aquosas e efluentes hospitalares simulados. Os materiais 

foram caracterizados por FTIR, XRD, SEM, EDX, TEM e VSM. A cinética de adsorção foi 

avaliada através dos modelos de ordem geral, pseudo-primeira ordem e pseudo-segunda 

ordem. Para AMX, o modelo de ordem geral foi o que melhor descreveu os dados de cinética 
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e, para PCT, o modelo de  pseudo-primeira ordem possibilitou o melhor ajuste. Os dados de 

equilíbrio foram avaliados utilizando-se os modelos de Langmuir, Freundlich e Liu. Para os 

dois fármacos e os dois adsorventes, o modelo que melhor descreveu os dados das isotermas 

de adsorção foi o de Liu. A entalpia, a entropia e a energia livre de Gibbs foram determinadas 

através dos dados das isotermas de Liu de 25 a 50 ºC. Também foi proposto um mecanismo 

de adsorção para AMX e PCT com base na estrutura dos adsorventes,  nos dados de cinética, 

equilíbrio e termodinâmicos. A interação entre os adsorvatos com os nanocompósitos 

magnéticos devem ser majoritariamente por forças de van der Walls (interações hidrofóbicas, 

interações π–π), ligações de hidrogênio e interações polares do oxigênio e hidrogênio do 

adsorvato com os grupos polares do adsorvente. Os adsorventes magnéticos MAC-1 e MAC-2 

foram utilizados com sucesso no tratamento de efluentes hospitalares simulados, removendo 

pelo menos 93,00% (MAC-1) e 96,77% (MAC-2) de um meio contendo nove fármacos, dois 

açúcares, dois compostos orgânicos e oito inorgânicos. 
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Research Article

Comparison of a Homemade Bacuri Shell
Activated Carbon With Carbon Nanotubes for Food
Dye Removal

The shell of bacuri together with inorganic components [red mudþ limeþKOHþ
KAl(SO4)2þAl(OH)3] at different ratios of 1.0 (BC-1.0), 1.5 (BC-1.5), and 2.0 (BC-2.0) were
pyrolized at 1073K. To complete the chemical activation process, the inorganic
components were leached from the carbonaceous matrix through acidification with
6M HCl under reflux to obtain ABC-1.0, ABC-1.5 and ABC-2.0. ABC-1.5 showed the
highest adsorption capacity among these adsorbents. Fourier transform IR spectrosco-
py, scanning electron microscopy, N2 adsorption/desorption curves and X-ray
diffraction were used to characterize BC-1.5 (precursor) and ABC-1.5 (activated carbon).
The analyses indicate that the majority of the inorganic compounds were leached from
the carbonaceous matrix, resulting in an activated carbon with a high surface area and
pore volume, suitable for dye adsorption. The sorption capacity of ABC-1.5 was
compared with multi-walled carbon nanotubes (MWCNT) for removal of Brilliant Blue
food dye (BB-FCF) from aqueous solutions. The general order kinetic model described
well the adsorption process. The maximum amounts of BB-FCF removed at 323 K were
647.9 and 231.5mgg�1 for ABC-1.5 and MWCNT, respectively. In addition, ABC-1.5 and
MWCNT were applied for the treatment of two simulated effluents.

Keywords: Adsorption; Carbonaceous matrix; General order kinetic; Nonlinear isotherms;
Simulated beverage effluents
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1 Introduction

Population growth increases the demand for industrial products
globally. A number of industries such as foodstuff and textile
industry, paper and pulp mills, cosmetic, food, leather, and rubber
industry, etc., apply dyes to their products [1, 2]. The production and
consumption of these products result in dye-laden wastewater [3, 4].
Dye-loadedwastewater is unsafe for aquatic organisms. It impedes

light penetration to aquatic plants and reduces the photosynthetic
rate of plants [5]. Generally, the presence of dyes in the environment
affects all living organisms [6] because dyes have toxic and
carcinogenic properties [7]. The treatment of an effluent containing
synthetic dyes is a difficult task [8–10] because these dyes have a
complex aromatic molecular structure, which make them highly
stable and non-biodegradable [10, 11]. Strict regulations imposed by
the government of some countries have led to the treatment of
industrial effluents before they are released into the environ-
ment [12–16]. The search for environmental friendly techniques for

the removal of dyes from wastewater arises from the strict
regulations imposed on these industries [17, 18].
Adsorption is a common and effective technique for purification

of dye-laden wastewater [17, 18]. In addition, adsorption is a simple
technique. Similarly, low cost adsorbents are available [2–4, 12, 13].
Adsorption is a process by which pollutants are transferred from the
effluent to a solid phase thereby minimizing the bioavailability of
the pollutants to the living organisms [19, 20]. After the effluents
have been treated, they can be released into the environment [21, 22]
or used for industrial processes that require water of low purity.
Another advantage of the adsorption technology is that the
adsorbents can be regenerated and reused [23, 24].
Activated carbons are known for their excellent adsorption

characteristics becauseof their enhancedpore structures. Thisunique
propertymakes activated carbons as one of thematerialsmostly used
for the treatment of industrial wastewater [25, 26]. Major determi-
nants of the ability of activated carbons to adsorb pollutants from
aqueous solutions are: the nature of organicmaterial used to prepare
the activated carbon [27, 28] and the experimental conditions of the
activation processes [29, 30]. Chemical activation of activated carbons
utilizes H3PO4, ZnCl2, KOH, NaOH, H2SO4, and K2CO3, etc. [27, 28, 31].
The chemical activation process requires that the raw materials
and inorganic activating agents are mixed properly in an aqueous
medium. The mixture is dried in the oven and carbonized
(673–1073K). The inorganic components can be leached from the
activated carbon using water or acidic solutions [27, 28]. This
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procedure, however, could not yield a homogeneous distribution of
the inorganic components with the organic carbonaceous materials
because of the problems associated with the drying of impregnated
organic components [27, 28].
The bacuri shell is a residue of the bacuri fruit. Bacuri shell

corresponds to 60–70% of the driedweight of the bacuri fruit [32]. The
annual production of bacuri in Brazil is about 500000–tons/year.
Therefore, the ice-cream industry in Brazil generates large quantities
of bacuri shells, most of which are discarded in aquifers and the
environment [32]. The accumulation and decomposition of the bacuri
residues lead to the generation of various chemicals and micro-
organisms that can contaminate the environment. Therefore, it is
important to find industrial applications for this waste to avoid
environmental disasters.
This paper reports the chemical activation of activated carbons

prepared from powdered bacuri shells and inorganic components
[30% red mudþ 20% limeþ 10% KOHþ 20% KAl(SO4)2þ 20% Al(OH)3]
with ratiosof1.0, 1.5, and2.0 thatwerepyrolyzedat1073Kunder inert
atmosphere.Thecarbonizedmaterials (BC-1.0, BC-1.5, andBC-2.0)were
acidified with 6M HCl to obtain chemically activated bacuri carbons
(ABC-1.0, ABC-1.5, ABC-2.0). According to preliminary adsorption
experiments, ABC-1.5 exhibited the best adsorption capacity among
the three adsorbents. The adsorption capacity of multi-walled carbon
nanotubes (MWCNT), an efficient adsorbent [14, 23, 33–35] for the
removal of toxic pollutants from aqueous solutions, was compared
with the adsorption capacity of ABC-1.5. ABC-1.5 and MWCNT were
used for the removal of Brilliant Blue food dye (BB-FCF) from aqueous
solutions.

2 Materials and methods

2.1 Solutions and reagents

All solutions were prepared using deionized water. The food dye
(C.I. Brilliant Blue FCF, BB-FCF; purity >85%; C37H34N2O9S3Na2;
792.84 gmol�1; lmax¼ 629nm; Supporting Information Fig. S1) was
supplied by Plury Chemicals and used without purification. BB-FCF
was used in this study because it is largely used by the Brazilian Food
industries.
A stock solution, 5 g L�1, of BB-FCF was prepared and different

working solutions were prepared by diluting the stock solution.
0.1MNaOH and 0.1MHCl were used to adjust the pH of the solutions
using the Schott model Lab 850 set pH meter.

2.2 Adsorbents

Multi-walled carbon nanotubes (MWCNT) were supplied by Hwnano
(China; outer diameter 8–20nm; length 5–15mm; carbon content
>99%; amorphous carbon <2%). The adsorption capacity of MWNCT
was compared with bacuri shell activated carbon.
The activated carbon adsorbent was prepared using the following

steps: 75 g powdered bacuri shell, 50 g inorganic components (30%
red mudþ 20% limeþ 10% KOHþ 20% KAl(SO4)2þ 20% Al(OH)3), and
35mLwater weremixed properly to yield a homogeneous paste with
a ratio of 1.5 (BC-1.5). The homogenous paste was transferred into
a mold disc (diameter, 0.06m; thickness, 0.007m). The resulting
material was wet-shaped, dried at room temperature overnight and
thereafter dried in an oven at 393 K for 10h. Subsequently, eight
dried discs were placed in a coiled stainless reactor that allows a
symmetric gas distribution and ensures a homogeneous gas rate

(argon at 200mL/min) [29]. This process prevented formation of
unhomogenised carbonised materials. The reactor inside the
tubular furnace was later heated at 293 Kmin�1 until 1073 K, and
left at 1073 K for 30min. Afterwards, the pyrolyzed carbon material
was cooled down to room temperature under argon (30mL/min).
Thereafter, the carbonized discs were milled, sieved (particle size
�106mm) and stored until use. This carbon composite adsorbent
was labeled BC-1.5. Similarly, other carbon materials with the ratio
of 1.0 (BC-1.0) and 2.0 (BC-2.0) were prepared. A carbonized material
that served as a reference (BC-0, without inorganic compounds) was
also prepared.
To complete the chemical activation process of the carbon

adsorbent, 10 g BC-1.5 were given into a 500mL boiling flask and
200mL of 6M HCl were added. The mixture was stirred on a
magnetic stirrer and refluxed at 343 K for 12h. The slurry was cooled
down and filtered under vacuum using a 0.45mm membrane in a
polycarbonate Sartorius system. The solid material was properly
washed with water (pH 2), dried in an oven at 383 K for 5 h, milled
to particle sizes �106mm and stored until use. The acidification
process leached the inorganic components from the carbon
adsorbent. The bacuri activated carbon that was obtained after
acidification was labeled as ABC-1.5.

2.3 Characterization of BC-1.5 and ABC-1.5

The textural properties, thermal stability and morphology of ABC-
1.5 were compared with the precursor BC-1.5. The comparison

Figure 1. XRD patterns of (A) BC-1.5; (B) ABC-1.5.
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revealed the improvement in the characteristics of ABC-1.5 due to
acidification.
Surface morphologies of BC-1.5 and ABC-1.5 were investigated

using scanning electron microscopy (SEM) (JEOL microscope, model
JSM 6060, Tokyo, Japan) [30].
BC-1.5 and ABC-1.5 were also characterized using Fourier

transform IR spectroscopy (FTIR) (Shimadzu Spectrometer, IR
Prestige 21, Kyoto, Japan). The adsorbents and KBr were dried in
an oven at 393 K for 8h, stored in capped flasks and then kept in a
desiccator before FTIR analysis. The spectra were obtained with a
resolution of 4 cm�1 with 100 cumulative scans [30].
The N2 adsorption–desorption isotherms of BC-1.5 and ABC-1.5

were performed at liquid nitrogen boiling point (77 K) using a
surface analyzer (Micrometrics Instrument, TriStar II 3020). The
adsorbents were degassed at 453 K for 12h under vacuum before
analysis. The specific surface areas and pore size distributions of
the adsorbents were evaluated using Brunauer-Emmett-Teller (BET)
analysis, multipoint technique, and Barret-Joyner-Halenda analysis,
respectively [34].
Thermogravimetric (TGA) and derivative thermogravimetric (DTG)

curves of BC-1.5 and ABC-1.5 were obtained on a TA Instruments
model SDT Q600 (New Castle, USA) with a heating rate of
283 Kmin�1 at 100mLmin�1 of synthetic air flow (White Martins,
Canoas, RS, Brazil). The temperature of the analysis varied from 293
to 1273K (acquisition time of 1 point/5 s) using an amount of
10–15mg of solid per analysis [29].
X-ray diffraction (XRD) (Philips X’pert MPD diffractometer,

Netherlands)was determinedat 40kVand40mAwithCuKa radiation
(l¼ 1.5406 Å) of BC-1.5 and ABC-1.5. Measurements were done with a
scanning step width of 0.05�/s over the 2u range of 10–70� [30].
The determination of the point of zero charge (pHpzc) is briefly

described below. 20mL 0.050mol L�1 NaCl solution was added to
50mL Falcon tubes containing 50mg of the adsorbent and capped
instantly. The pH values of the solutions were adjusted from 1 to
10 with 0.1M HCl and/or 0.1M NaOH. The suspensions were
agitated and equilibrated in a thermostatic shaker at 298 K for
48 h. The suspensions were centrifuged at 10 000 rpm for 10min.
The pHi of the solutions without adsorbent and pHf of the
supernatant after contact with the adsorbents were determined
and recorded. The value of pHpzc describes the condition when
the electrical net particle charge becomes zero [24].

2.4 Batch adsorption studies

The adsorption capacity of ABC-1.5 was compared with MWCNT.
20mL of BB-FCF solution (150–1800mgL�1) was added to 50mg
adsorbent in 50mL Falcon tubes at different pH values (2 to 10). The
mixtures were agitated between 5 and 480min inside a thermostatic
shaker (Oxylab, S~ao Leopoldo, Brazil) between 298 and 323K. The
mixtures were centrifuged at 10 000 rpm for 5min (UniCen M,
Herolab centrifuge, Stuttgart, Germany) to separate the adsorbents
from the dye solutions. Aliquots of the supernatant were diluted
with deionised water (pH 2) before spectroscopic measurement
when necessary.
The residual BB-FCF in the solution after adsorption was

quantified at a maximum wavelength of 629nm using UV/Vis
spectrophotometry (T90þUV-Vis spectrophotometer, PG Instru-
ments, London, UK).
The amount of BB-FCF removed by the activated carbon and

the percentage of removal were calculated Eqs. (1) and (2),

respectively

q ¼ ðCo � Cf Þ
m

V ð1Þ

%Removal ¼ 100� ðCo � Cf Þ
Co

ð2Þ

where q is the amount of dye adsorbed by the adsorbent inmgg�1, Co
is the initial dye concentration (mg L�1), Cf is the dye concentration
(mg L�1) after the batch adsorption process, m (g) is the mass of
adsorbent, and V is the volume of the dye solution (L).
Desorption experiments were investigated using the following

procedure: the dye-laden adsorbents were washed with water to
remove any unadsorbed BB-FCF. Subsequently, 20mL aqueous
solutions (water; 0.05–0.5mol L�1 NaOH; 10–50% acetoneþ 90–50%
water; 10–50% acetoneþ 90–50% 0.05M NaOH) was added to the dye-
loaded adsorbents and agitated for 1h. The desorbed BB-FCF was
separated from the adsorbent and quantified as described above. The
recycled adsorbent was again tested for three new adsorption–
desorption cycles.

2.5 Quality assurance and statistical evaluation of
models

All experiments were carried out in triplicate to ensure reproduc-
ibility, reliability, and accuracy of the experimental data. The
relative standard deviations of all measurements were <5% [21].
Blanks were run in parallel and corrected when necessary [22].
The BB-FCF solutions were stored in glass bottles, which were

cleaned by soaking in 1.4mol L�1 HNO3 for 24h [23], rinsing with
deionized water, drying, and storing them in a suitable cabinet.
Standard dye solutions (10–220mgL�1) were used for calibration

in parallel with a blank. The linear analytical calibration curve was
performed on the UV-Win software of the T90þ PG Instruments
spectrophotometer. All analyticalmeasurements were carried out in
triplicate, and the precisions of the standards were < 3% (n¼ 3). The
detection limit of BB-FCF was 0.14mg L�1 with a signal/noise ratio of
3 [24]. A total of 80mgL�1 of the BB-FCF standard solution was used
as a quality control after every five measurements to ensure
accuracy [25].
Nonlinear methods with successive interactions calculated by

the Levenberg–Marquardt method were used to fit the kinetic and
equilibrium data. Interactions were also evaluated using the
Simplex method, based on the nonlinear fitting facilities of the
Microcal Origin 9.0 software. A determination coefficient (R2), an
adjusted determination coefficient (R2adj) and the standard
deviation (SD) were used to evaluate the suitability of the
models [17, 18]. Standard deviation is a measure of the differences
between the theoretical and experimental amounts of dye
adsorbed. The R2, R2adj, and SD are represented in Eqs. (3) to (5),
respectively.

R2 ¼
Pn

i qi;exp � �qi;exp
� �2

�Pn
i qi;exp � qi;model

� �2

Pn
i qi;exp � �qi;exp
� �2

0
B@

1
CA ð3Þ

R2adj ¼ 1� ð1� R2Þ n� 1
n� p� 1

� �
ð4Þ
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SD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
n� p

� �Xn
i

qi;exp � qi;model

� �2
s

ð5Þ

where qi,model represents the individual theoretical q value predicted
by the model; qi,exp represents the individual experimental q value;
�qexp is the average of the experimental q values; n represents the
number of experiments; p represents the number of parameters in
the fitting model [17, 18].

2.6 Kinetic models

Pseudo-first order [36], pseudo second-order [36], general order
kinetic [37], and intra-particle diffusion [37] models were used to
analyze the kinetic data. The respectivemathematical expressions of
these models are presented in Eqs. (6) to (9).

qt ¼ qeð1� expð�k1tÞÞ ð6Þ

qt ¼ qe �
qe

ðk2ðqeÞt þ 1Þ ð7Þ

qt ¼ qe �
qe

ðkNðqeÞn�1tðn� 1Þ þ 1Þ1=1�n
ð8Þ

qt ¼ kid
ffiffi
t

p þ C ð9Þ

2.7 Equilibrium models

Langmuir, Freundlich, and Liumodels are represented in Eqs. (10) to
(12), respectively [30]. These models were used for the analysis of
equilibrium data in this work.

qe ¼
QmaxKLCe
1þ KLCe

ð10Þ

qe ¼ KFC
1=nF
e ð11Þ

qe ¼
QmaxðKgCeÞnL

1þ ðKgCeÞnL
ð12Þ

2.8 Simulated soft-drink effluents

Two simulated effluents, similar to the industrial soft-drink
effluents, were prepared with pH 3. Three dyes that are commonly
used as food colorants, together with other chemicals that are
regularly used in the production of soft-drinks, were included in
the synthetic effluents. The compositions and concentrations of the
effluents are shown in Table 1 [38–40].

3 Results and discussion

3.1 Preparation of bacuri shell activated carbon
and preliminary experiments of adsorption

Lime (CaCO3þCa(OH)2þCaO) was used as one of the inorganic
components in the preparation of bacuri carbon adsorbents to
avoid impregnation of the carbonaceous material with aqueous

solution [19, 28]. Lime in the presence of water forms a paste that
holds together all solid constituents [17, 30].
In this study, the inorganic components used as activating

agents include lime, red mud, KOH, Al(NO3)3, and KAl(SO4)2 [19, 29,
30]. Red mud has been used as adsorbent for dye removal [12, 41]
and also in the formulation of carbon composite materials [29].
Similarly, the use of KOH [19] and aluminium salts [42] as activating
agents for the preparation of activated carbons has been reported.
All inorganics contribute to catalyze the oxidation reactions of the
organic matrix and they also helps on sintering of clay minerals to
form high porosity materials [17, 29].
The dried discs were placed inside a stainless reactor and

pyrolyzed at 1073 K under inert conditions. The stainless reactor
was placed vertically for proper delivery of the tar (by gravity) into
the recipient vessel [17, 30]. This arrangement prevented the tar
from blocking the pores of the carbon adsorbent [30]. The bacuri
carbon adsorbents produced after this step were labeled as BC-1.0,
BC-1.5, and BC-2.0 with ratios of 1.0, 1.5, and 2.0, respectively. BC-0,
a control adsorbent, without the presence of inorganics.
A total of 6M HCl was used to leach the inorganics from the

carbonized adsorbents (BC-1.0, BC-1.5, and BC-2.0). The inorganic
components present on the carbon material have the tendency to
hydrolyze the organic precursor (bacuri shell) during the
pyrolysis stage, and subsequently enhance the release of some
organic components that could weaken the expanding molecules
of the carbon materials during the pyrolysis [28]. However, the
inorganic components of the carbon material also occupy a
volume in the carbonaceous matrix preventing the shrinkage of
the particles during the pyrolysis [28]. After the pyrolysis, the
carbonaceous material was treated with HCl, leaching out
inorganic components and increasing the porosity and surface
area of the activated carbon obtained [17, 29, 30].
BC-0, BC-1.0, BC-1.5, BC-2.0, ABC-0, ABC-1.0, ABC-1.5, and ABC-2.0

were utilized for adsorption studies of 400mgL�1 BB-FCF from
aqueous solutions with an agitation time of 1 h. The percentages of
removal are provided in Supporting Information Fig. S2. The
percentages of removal of BB-FCF using BC-0 and ABC-0 are quite low.
The carbonization of the powdered bacuri shells produced an
enormous amount of tar-oil that blocked the pores of the
synthesized carbon material [17, 29, 30]. It was necessary to leach

Table 1. Chemical composition of the simulated soft-drink

effluents [38–40]

Concentration (mg L�1)

Dyes Effluent A Effluent B
Brilliant Blue–FCF (l¼ 629nm) 70 140
Tartrazine yellow (l¼ 420nm) 20 40
Red 40 (l¼ 533nm) 20 40

Acidulates and preservatives
EDTA 10 15
Sodium sulphite 20 30
Sodium bicarbonate 100 100
Benzoic acid 70 100
Tartaric acid 100 150
Phosphoric acid 100 150
Ascorbic acid 200 300
Citric acid 200 300
Sucrose 5000 5000
pHa) 3 3

a) pH of most soft drinks.
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the inorganic constituents from the carbonaceous material to
increase the percentage removal of BB-FCF because all ABC
adsorbents exhibited higher sorption capacities compared to the
corresponding BC adsorbents.
ABC-1.5 was used for all experiments because it showed the highest

removal efficiency for BB-FCF during the preliminary experiments.
The adsorptive capacity of MWCNT was compared with ABC-1.5.

3.2 Characterization of BC-1.5 and ABC-1.5

The precursor, BC-1.5, was used to investigate the effects of chemical
activation on the bacuri shell activated carbon.
ABC-1.5 and BC-1.5 were chosen for characterization as ABC-1.5

showed the highest removal capacity for BB-FCF from aqueous
solutions.
The textural properties obtained from N2 adsorption–desorption

curves for BC-1.5 and ABC-1.5 are as follows: superficial area (SBET),
18.5 and 530.2m2 g�1; average pore diameter (Barret-Joyner-
Halenda), 11.9 and 7.32 nm; and total pore volume, 0.057 and
0.696 cm3 g�1. It could be observed that the pore size diameter
distribution of ABC-1.5 is higher compared to BC-1.5. The maximum
peak at 3.68 nm in BC-1.5 was shifted to two maximum peaks at 3.91
and 8.70 nm in ABC-1.5. However, considering just the value of the
average pore diameter, BC-1.5 possesses a higher pore diameter than
ABC-1.5. Similarly, it was noticed that BC-1.5 and ABC-1.5 show
mesopores (pores with a diameter of 2–50nm) to adsorb BB-FCF from
aqueous solutions [1], and a minor fraction of macropores (pores
with a diameter >50nm). The textural properties of BC-1.5 and

ABC-1.5 revealed that acidification of BC-1.5 yielded ABC-1.5 with
better textural characteristics for dye adsorption [30]. Acidification
of BC-1.5 increased the surface area and total pore volume of ABC-1.5
by 28.7-fold and 12.2-fold, respectively.
The XRD patterns of BC-1.5 and ABC-1.5 are presented in

Fig. 1A and B, respectively. The peaks of BC-1.5 (Fig. 1A) are assigned
to KNa1.2Al2O2(CO3)2 � (H2O)2.16, Na8[AlSiO4]6(NO2)(CO3)0.5, Fe, Fe3O4,
TiO2, SiO2, Fe2SiO4, CaSO4 � (H2O)0.67, and CH3K. The XRD patterns of
BC-1.5 matched with the inorganic components in red mud [30] and
activating agents used to prepare BC-1.5. On the other hand, the XRD
patterns of ABC-1.5 (Fig. 1B) indicated an amorphous material with
a wide band between 14 and 35� that corresponds to amorphous
carbon, and small amounts of aluminium titanium silicate
(Al4Ti2SiO12), titanium oxide (TiO2) and silicon oxide (SiO2), shown
in Fig. 3B, that remained in ABC-1.5 even after the leaching process.
The peaks of ABC-1.5 are characterized by smaller intensities unlike
the peaks of BC-1.5. This observation indicated that the acidification
process removed the inorganic components from the bacuri carbon
precursor. Similarly, the textural features discussed above are
in agreement with the XRD data. In summary, a carbon material
(ABC-1.5) characterized with higher pores volumes, higher superfi-
cial area and lower crystallinity was obtained when the inorganic
components were leached from the precursor.
Figure 2 shows the thermogravimetric profiles of BC-1.5 and

ABC-1.5. There peaks in the DTG curve of BC-1.5 reflect: the
elimination of water at 56 and 89�C; 256�C, the decomposition of the
organic contents of BC-1.5 at 328 and 404�C; a tiny peak at 631�C;
and a shoulder at 693�C that corresponds to the decomposition of
the carbon structure. The TG curves can be categorized into three
parts. The first part from 22.0 to 233�C showing a mass loss of 7.11%
assigned to the loss of water. The second part from 233 to 442�C
reflecting a mass loss of 17.18% assigned to the decomposition of
the carbonaceousmatrix [25]. The third part from442 to 1000�Cwith
a mass loss of 6.49% (skeleton decomposition) assigned to residual
carbon. A residual mass of �69.2% was obtained from 22 to 1000�C.
This mass was allocated to the inorganic components of the
precursor and undecomposed carbonaceous materials.
The thermogravimetric profiles of ABC-1.5 are different to BC-1.5

(Fig. 2). For ABC-1.5, the residual mass is 35.26% (from 22 to 1000�C),
which means that the acidification leached most of the inorganic
components from the precursor. This observation is in agreement
with the XRD data discussed above. Two decomposition parts (47 and
441�C) were observed in the DTG curves for ABC-1.5. There are four
regions in the TG curves of ABC-1.5 using DTG. From 22 to 80�C with
amass loss of 12.11% assigned to water. The humidity of ABC-1.5 was
higher compared with BC-1.5 due to HCl(aq) treatment. Furthermore,
from 80 to 353�C showing a mass loss of 4.84% assigned to water
captured in the carbonaceous matrix. A mass loss of 46.31% was
observed for 353 to 526�C, attributed to the decomposition of
the carbon skeleton. Finally, an additional mass loss of 1.48% was
observed for 526 to 1000�C.
The SEM images of ABC-1.5 and its precursor are presented in

Fig. 3. The fibrous property of BC-1.5, a feature of lignin cellulosic
materials [2, 4, 24], was lost during pyrolysis and the roughness of
the carbon materials is visible (Fig. 3). The main difference between
the SEM images of BC-1.5 and ABC-1.5 is that the granules of BC-1.5
are larger than those of ABC-1.5. This observation could be attributed
to the acidic treatment of BC-1.5 that leached the majority of the
inorganic components, leaving the granules with a spherical shape.
Additionally, the surface of ABC-1.5 is rougher compared to BC-1.5.Figure 2. TGA and DTG curves of (A) BC-1.5; (B) ABC-1.5.
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Fourier transform IR (FTIR) spectroscopy was used to identify the
functional groups possessed by BC-1.5 and ABC-1.5, and the groups
that were responsible for the adsorption of BB-FCF. The FTIR spectra
of the adsorbents were recorded between 4000 and 400 cm�1

(Table 2). Table 2 shows the band assignments of the functional
groups of BC-1.5 and ABC-1.5. [18, 20–25]. The FTIR spectra of BC-1.5
and ABC-1.5 are slightly different from each other (see Supporting
Information Fig. S3). ABC-1.5 shows minor vibrational bands
compared to BC-1.5. The Si-O stretch of silicates is obvious in
BC-1.5 at 991 cm�1 unlike in ABC-1.5 (at 1105 cm�1). The functional
groups O-H (alcohols, phenols), aromatic rings, C�O (alcohols), Si�O
(silicates), and C�H (aromatics, aliphatic chains) are present in
BC-1.5 and ABC-1.5 carbonmaterials. The FTIR data are in agreement
with those of XRD discussed in Fig. 1.

3.3 pH dependence studies

The optimum pH of a dye depends on the type of the adsorbent.
Therefore, the pH of the solution is one of the influential factors
affecting the adsorption of a dye on an adsorbent [1, 2, 4, 6, 18, 24]. pH
values in the range of 2 and 10 were investigated for the removal of
BB-FCF from aqueous solutions (300mgL�1) using ABC-1.5 and
MWCNT (Supporting Information Fig. S4). For adsorption of BB-FCF

by ABC-1.5, the percentage of removal decreased from 99.4% (pH2) to
28.5% (pH10). It was noted that from pH 2 to 3, the decrease of the
removal of BB-FCF by ABC-1.5 was <0.9%. Therefore, the optimum pH
values ranged from 2 to 3 for ABC-1.5. The percentage of removal of
BB-FCFusingMWCNTdecreasedfrom86.0%(pH2) to74.3%(pH10).The
difference in the behavior of both adsorbents for the adsorption of
BB-FCFwith respect to thepHof thedyesolution isquiteremarkable. It
can be noted that the percentage of removal of the food dye is higher
for ABC-1.5 within the pH range of 2–3. However, for pH 3.5–10, a
decrease in the percentage of removal of the adsorbate is evident (see
Supporting Information Fig. S4). The percentage of removal of BB-FCF
using MWCNT is lower compared with ABC-1.5 at lower pH values.
This observation becomes contrariwise at higher pH values.
The pHpzc values of ABC-1.5 and MWCNT were responsible for the

remarkable behaviors of the adsorbents with respect to the pH of the
dye solutions. The pHpzc values of ABC-1.5 and MWCNT are 2.31 and
6.85, respectively, as shown in Supporting Information Fig. S4. If an
adsorbent shows pH<pHpzc, the surface of the adsorbent will be
positively charged [24]. The BB-FCF possesses sulphonic groups that
are negatively charged in aqueous solutions even in acidic media
(Supporting Information Fig. S1). Hence, adsorption of BB-FCF will
take place when the surface of the adsorbent is positively charged.
For ABC-1.5 and MWCNT, the electrostatic interactions occurred at
pH< 2.31 and<6.85, respectively. The lower the pH of the adsorbate
solution in relation to pHpzc, themore positively charged the surface
of the adsorbent [18, 20, 24]. For the subsequent experiments, the pH
of the BB-FCF solution was fixed at pH 2 for both adsorbents. This
result is also in agreement with the literature for adsorption of
different anionic dyes on different adsorbents [1, 6, 17, 18, 20–26].
The final pH values of BB-FCF solutions after adsorption were

determined. These values varied from 2.1 to 2.3 for ABC-1.5 and
from 4.5 to 5.0 for MWCNT. The DpH values (pHfinal – pHinitial) of
MWCNT with a neutral solid surface (pHpzc 6.85) varied from 2.5 to
3.0 but the DpH values of ABC-1.5 with an acidic solid surface (pHpzc

2.31) varied from 0.1 to 0.3. The smaller the difference of the
initial pH of the adsorbate solution and the pHpzc of the adsorbent,
the lower is the variation of the pH of the adsorbate solution
during the adsorption process.

Figure 3. SEM images of (A) BC-1.5 magnification
1000�; (B) BC-1.5 magnification 2000�; (C) ABC-
1.5 magnification 1000�; (D) ABC-1.5 magnifica-
tion 2000�.

Table 2. FTIR vibrational bands of BC-1.5 and ABC-1.5. Assignments

are based on literature [18, 20–25]

Band (cm�1) Assignment

BC-1.5
3330 O�H stretch
1541 Rings mode of aromatic
1404 CH2 bending
991 C�O stretch of alcohols or Si�O stretch of silicates
868, 665 CH out of plane bends of aromatic rings

ABC-1.5
3300 O�H stretch
1585 Rings mode of aromatic
1105 C�O stretch of alcohols or Si�O stretch of silicates
970 800 CH out of plane bends of aromatic rings
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3.4 Kinetic studies

To elucidate the kinetic of adsorption of BB-FCF onto ABC-1.5 and
MWCNT, nonlinear forms of pseudo-first order, pseudo-second order,
and general order kinetic models were employed. Supporting
Information Fig. S5 and Table 3 show the kinetic plots and the fitting
parametersof thekineticmodels, respectively. Standarddeviation(SD)
values were used to explain the suitability of the nonlinear kinetic
models. The smaller the difference between qtheor and qexp, the lower
the value of SD [17, 18, 20–26] (Eq. (5)). It is known that the number of
parameters innonlinear equations determines the bestfit of data [43].
This observation (the number of fitting parameters, p term in Eq. (5))
was taken into considerationwhile evaluating SD. For comparison, SD
of theminimumvaluewasused todivideSDofeachmodel (SDratio). A
generalorderkineticmodelhas the lowestSDratiovalues.TheSDratio
values of the pseudo-first order kineticmodel varied from 3.95 to 5.88
and from 2.63 to 3.55 for ABC-1.5 and MWCNT, respectively. The SD
ratio values of the pseudo-second order model varied from 3.15 to
5.14 (ABC-1.5) and from 3.94 to 4.25 (MWCNT). The general order
kinetic model best described the adsorption process of BB-FCF onto
ABC-1.5 and MWCNT, because it exhibited lowest SD ratio values.
The general order kinetic model assumed that the order of the

adsorption process must follow the same pattern of a chemical
reaction, where the order of reaction is experimentally deter-
mined [29, 30, 34, 37] and not being predicted by a given model.
Regarding the adsorption of BB-FCF, the kinetic of ABC-1.5 was

faster compared with MWCNT. The half-life (t1/2), the time required
to attain 50% of qe (amount adsorbed at equilibrium), was obtained
by interpolation of the kinetic plots. The values of t1/2 are given in
Table 3. The t1/2 values of the general kinetic model only have
physical meaning because the model gave the best fit of the
experimental data. The t1/2 values of the adsorption of BB-FCF onto
ABC-1.5 are 87.3% lower compared to MWCNT.
The intra-particle diffusion model [37] was used to investigate the

influence of mass transfer resistance on the binding of BB-FCF onto

ABC-1.5 and MWCNT (Table 3 and Supplementary Fig. S6). The intra-
particle diffusion constant, kid (mgg�1min�0.5), can be obtained from
the slope of the plot of qt vs.

ffiffi
t

p
(Supporting Information Fig. S6).

Adsorption often requires more than one adsorption step [29, 30]. This
observation explained the reason why the plots of qt vs.

ffiffi
t

p
for the

adsorption of BB-FCF onto ABC-1.5 and MWCNT exhibited three linear
phases. There are three phases of the adsorption process for ABC-1.5 and
MWCNT, where each one is allocated to each linear phase of the plots
(Supporting InformationFig. S6). Thefirst linearphase is the fastest. This
phase describes the process by which dye molecules diffuse into the
surface of the adsorbents [29, 30]. The secondphase is a delayed process,
which describes intra-particle diffusion [29, 30]. The third phase
describes diffusion through smaller pores. This phase is obtained after
equilibrium [29, 30]. Perusing through the first data point of the third
phase, the minimum equilibrium contact time for ABC-1.5 to adsorb
BB-FCF is 45min, but the equilibrium time is 90min for MWCNT.
The difference between the equilibrium times is consistent with the
t1/2 values and initial sorption rates presented in Table 3.
The contact times of 75 and 120min were used for adsorption

experiments of BB-FCF on ABC-1.5 and MWCNT, respectively. To
ensure that equilibrium is attained between the dyemolecules (even
at higher concentrations) and the adsorbents, the contact time was
raised by 30min [29, 30].

3.5 Equilibrium studies

The adsorption equilibriummodels give the informative parameters
that explain surface properties, adsorption mechanism and
interaction between the adsorbent and adsorbate. In this work,
Langmuir, Freundlich, and Liu [30] isotherm models were utilized
for the analysis of isothermal data.
The isothermal experiments were carried out at 298–323K using

the optimum experimental conditions stated earlier (Table 4 and
Supporting Information Fig. S7). Supporting Information Fig. S7
shows the adsorption isotherms for BB-FCF onto ABC-1.5 and

Table 3. Kinetic parameters of BB-FCF adsorption onto ABC-1.5 and MWCNT. Conditions: temperature, 298K; pH, 2; mass of adsorbent, 50mg

ABC-1.5 MWCNT

400mg L�1 600mgL�1 400mgL�1 600mgL�1

Pseudo-first-order
k1 (min�1) 0.1896 0.1888 0.1094 0.1088
qe (mgg�1) 152.8 231.9 112.8 122.2
t1/2 (min) 3.66 3.67 6.34 6.37
R2adj 0.9918 0.9930 0.9947 0.9935
SD (mgg�1) 3.214 4.533 2.055 2.469

Pseudo-second-order
k2 (gmg�1 min�1) 0.002637 0.001731 0.001731 0.001579
qe (mgg�1) 157.3 238.8 117.5 127.4
t1/2 (min) 2.41 2.42 4.92 4.97
R2adj 0.9948 0.9946 0.9882 0.9907
SD (mgg�1) 2.564 3.960 3.074 2.957

General order
kN [h�1 (gmg�1)n�1] 0.02369 0.02171 0.02972 0.02267
qe (mgg�1) 154.6 234.5 113.8 123.6
n 1.484 1.458 1.319 1.376
t1/2 (min) 3.04 3.08 5.76 5.70
R2adj 0.9995 0.9998 0.9992 0.9995
SD (mgg�1) 0.8128 0.7706 0.7811 0.6964

Intra-particle diffusion
kid,2 (mg g�1min�0.5)a) 4.631 10.15 4.197 4.523

a) Second phase.
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MWCNT at 323 K. Considering the SD values (Table 4) between 298
and 323 K the Liu model best described adsorption equilibrium
data of BB-FCF onto ABC-1.5 and MWCNT. The values of the SD ratio
of the Langmuir model ranged from 2.57 to 91.93 (ABC-1.5) and
from 20.23 to 36.67 (MWCNT) while those of the Freundlich model
ranged from 11.57 to 120.2 (ABC-1.5) and from 3.49 to 13.43
(MWCNT).
The Qmax values, maximum amounts of BB-FCF adsorbed at 323 K,

were 647.9 (ABC-1.5) and 231.5mg g�1 (MWCNT). The values of Qmax

of ABC-1.5 at all experimental temperatures were ca. 2.73 times
higher than those of MWCNT. According to the literature, MWCNT
is one of the best adsorbents for dye removal from aqueous
solutions [14, 23, 33–35]. However, comparing the kinetic and
equilibrium data of BB-FCF onto ABC-1.5 andMWCNT, ABC-1.5 shows
higher adsorption capacities and faster kinetic rates than MWCNT.
The adsorption characteristic of a low-priced ABC-1.5 would allow
its large scale applications for industrial wastewater treatment
compared to the expensive carbon nanotubes.

3.6 Thermodynamics studies

Equations (13) to (15) were used to evaluate the Gibb’s free energy
change (DG�, kJmol�1), enthalpy change (DH�, kJmol�1), and entropy
change (DS�, Jmol�1 K�1), respectively.

DG� ¼ DH� � TDS� ð13Þ

DG� ¼ �RTlnK ð14Þ

Equation (15) was derived from Eqs. (13) and (14).

lnK ¼ DS�

R
�DH�

R
1
T

ð15Þ

where R is the universal gas constant (8.314 J K�1mol�1); T is the
absolute temperature (K); K represents the adsorption constants of
the isotherm fits (Kg – Liu equilibrium constant) obtained from the
isotherm plots. Various adsorption equilibrium constants (K) can be
obtained from different isotherm models [16, 18, 21–26, 29, 30, 34–
37, 44, 45]. Similarly, thermodynamic parameters can be evaluated
from Liu equilibrium constant (Kg) as reported earlier [18, 21, 22, 24,
29, 30, 34, 37].
Calculations from the slope and intercept of the linear plot of lnK

versusT�1 results inDH� andDS� values, respectively.TheR2adj valuesof
the plots are >0.99, an indication that the values of DH� and DS� are
reliable. Table5 shows the thermodynamicparameters. It canbenoted
that an increase in the temperature led to a decrease in Kg, which
means that the process of adsorption is exothermic [18]. Although the
Qmax value increased (see Table 4) as the temperature increased, the
process of adsorption was exothermic. Several authors calculated KD
(distribution constant), and the value of this constant really increases
as the Qmax value increases [46]. However, if KD is calculated for all
points of the isotherm, it is impossible to find a unique value for this

Table 4. Isotherm parameters of BB-FCF adsorption using ABC-1.5 and MWCNT. Conditions: pH, 2; adsorbent mass, 50mg; contact time, 75min

for ABC-1.5, and 120min for MWCNT

298K 303K 308K 313K 318K 323K

ABC-1.5
Langmuir
Qmax (mg g�1) 427.4 435.6 434.0 484.5 459.5 495.5
KL (Lmg�1) 0.2499 0.2737 0.3501 0.2478 0.3718 0.3257
R2adj 0.9955 0.9760 0.9601 0.9712 0.9475 0.9483
SD (mgg�1) 9.082 21.06 26.24 24.67 30.64 32.82

Freundlich
KF (mg g�1 (mg L�1)�1/nF) 198.7 200.8 211.3 225.0 238.0 250.0
nF 7.071 6.970 7.393 7.048 8.058 7.784
R2adj 0.9081 0.9524 0.9753 0.9683 0.9887 0.9883
SD (mgg�1) 40.88 29.71 20.65 25.89 14.20 15.63

Liu
Qmax (mg g�1) 440.2 482.1 518.4 557.0 600.3 647.9
Kg (Lmg�1) 0.2448 0.2155 0.1889 0.1669 0.1451 0.1271
nL 0.8033 0.5823 0.4605 0.5312 0.3594 0.3698
R2adj 0.9993 0.9999 0.9999 0.9999 0.9999 0.9999
SD (mgg�1) 3.532 0.2472 0.4220 0.4289 0.3333 0.4682

MWCNT
Langmuir
Qmax (mg g�1) 124.5 130.9 136.6 142.8 149.6 149.6
KL (Lmg�1) 0.4732 0.4520 0.5579 0.7037 1.047 1.047
R2adj 0.9453 0.9350 0.9310 0.9376 0.9359 0.9359
SD (mgg�1) 8.400 9.533 10.17 9.944 10.44 10.44

Freundlich
KF (mg g�1 (mg L�1)�1/nF) 68.26 74.34 80.93 89.14 98.89 98.89
nF 9.667 10.22 10.96 12.12 13.56 13.56
R2adj 0.9863 0.9915 0.9948 0.9970 0.9981 0.9981
SD (mgg�1) 4.209 3.438 2.786 2.184 1.800 1.800

Liu
Qmax (mg g�1) 156.1 172.1 190.7 209.6 231.5 231.5
Kg (Lmg�1) 0.1932 0.1743 0.1500 0.1352 0.1199 0.1199
nL 0.3406 0.2962 0.2491 0.2106 0.1774 0.1774
R2adj 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999
SD (mgg�1) 0.3134 0.2600 0.3557 0.4262 0.5160 0.5160
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constant, and it is necessary tomake extrapolation to infinite dilution
inorder toevaluate thevalueofKD.TheextrapolatedKDvalue isapplied
to Eq. (15) to compute the thermodynamic parameters. However, a
good linear relationship for KD versus 1/T could not be obtained.
Therefore, in the thermodynamic calculations, the Liu equilibrium
constant [18, 21, 22, 24, 29, 30, 34, 37] with R2adj >0.99 was used.
The magnitude of enthalpy can be used to classify the interaction

between adsorbate and adsorbent as either chemical or physical
adsorption. The physical adsorption is <40 kJmol�1 [47]. The values
of enthalpy of adsorption of BB-FCF using ABC-1.5 and MWCNT
correspond to physical adsorption [47]. The values of enthalpy
change (DH�) are negative, indicating that the interaction between
BB-FCF and adsorbents is an exothermic process. The adsorption of
BB-FCF onto ABC-1.5 as well as MWCNT is a spontaneous and a
favourable process because the values of DG� are negative. The
positive values of DS� indicate an increase in the randomness at the
solid/liquid interface. The dye dissolved in water presents coordi-
nated water molecules, which are displaced to the bulk solution
when the dye is adsorbed in the solid phase. Therefore the enthropy
of the system is increased [48, 49].

3.7 Desorption studies and mechanism of
adsorption

Desorption experiments are usually carried out to determine the
regeneration efficiency and reusability potential of adsorbents.
Therefore, desorption experiments were carried out to regenerate
ABC-1.5 and MWCNT. Water, NaOH (0.050–0.50mol L�1), acetone
(10–50%)þwater (90–50%), acetone (10–50%)þ 0.05mol L�1 NaOH
(90–50%) were used as eluents to regenerate the adsorbents (Table 6).
Desorption was not possible using water alone, because water could
only desorb 1.4% BB-FCF. Similar, NaOH solutions could not
impressively desorb BB-FCF (<15.2%) from ABC-1.5 and MWCNT.
The mixture of acetone (10–50%)þwater (90–50%) presented a
reasonable desorption capability, 34.18–78.42% BB-FCF for ABC-1.5
and 39.36–77.83% for MWCNT. The mixture of 50% acetone and 50%
0.05mol L�1 NaOHwas an excellent eluent; themixture desorbed up
to 99.85 and 99.36% of BB-FCF from ABC-1.5 and MWCNT,
respectively. These results were obtained for the first cycle of
adsorption–desorption.
The results of desorption studies were supported by the data

on pH studies and the magnitude of enthalpy changes. BB-FCF is

bonded electrostatically in ABC-1.5 and MWCNT at pH 2. By addition
of NaOH solution, the interaction between the adsorbate and
adsorbents was perturbed. There are also other interactions, such as
London forces, van der Waals interactions between the adsorbents
and the aromatic groups of the dye as reported earlier [22, 24].
Acetone was added to disrupt the existing interactions, which
exceptionally enhanced the elution efficiency. The regenerated
adsorbents (ABC-1.5 and MWCNT) using the mixture of 50% acetone
and 50% 0.05mol L�1 NaOHwere reused for the adsorption of the BB-
FCF, which attained an adsorption efficiency of approximately 95.85
and 95.36% in the second adsorption–desorption cycle, 91.14 and
90.27% in the third and 88.38 and 87.63% in the fourth cycle for
ABC-1.5 and MWCNT, respectively. It could be shown that ABC-1.5
can be easily regenerated, therefore, its usage for dye removal from
solutions is practically economical.
Figure 4 shows the proposed mechanism of the adsorption–

desorption of BB-FCF onto ABC-1.5. In the first step of the

Table 5. Thermodynamic parameters of BB-FCF adsorption onto ABC-1.5 and MWCNT. Conditions: mass of adsorbent, 50mg; pH, 2; contact

time, 75min for ABC-1.5, and 120min for MWCNT

Temperature (K)

298 303 308 313 318 323

ABC-1.5
Kg (Lmol�1) 1.941.105 1.709.105 1.498.105 1.323.105 1.150.105 1.008.105

4G (kJmol�1) �30.17 �30.35 �30.52 �30.69 �30.81 �30.94
4H� (kJmol�1) �20.97 – – – – –
4S� (J K�1mol�1) 30.94 – – – – –
R2adj 0.9983

MWCNT
Kg (Lmol�1) 6.048.104 5.455.104 4.696.104 4.232.104 3.753.104 3.318.104

4G (kJmol�1) �27.28 �27.48 �27.55 �27.72 �27.85 �27.95
4H� (kJ mol�1) �19.33 – – – – –
4S� (J K�1mol�1) 26.77 – – – – –
R2adj 0.9974

Table 6. Desorption of dye-loaded ABC-1.5 and MWCNT. Conditions:

initial BB-FCF concentration, 200mgL�1; mass of adsorbent,

50mg; pH 2; time of contact for adsorption, 120min; time of contact

between the eluent solutions and dye-laden adsorbents during

desorption stage, 60min

% Recovery

Composition of eluent ABC-1.5 MWCNT

Water 1.05 1.36
0.05M NaOH 15.12 7.56
0.1M NaOH 14.61 7.85
0.2M NaOH 13.52 8.04
0.3M NaOH 14.52 7.56
0.4M NaOH 15.06 7.57
0.5M NaOH 14.56 8.65
10% Acetoneþ 90% water 34.18 39.36
20% Acetoneþ 80% water 47.09 52.36
30% Acetoneþ 70% water 59.28 56.32
40% Acetoneþ 60% water 75.26 74.36
50% Acetoneþ 50% water 78.42 77.83
10% Acetoneþ 90% 0.05M NaOH 58.95 45.25
20% Acetoneþ 80% 0.05M NaOH 78.36 52.57
30% Acetoneþ 70% 0.05M NaOH 95.25 77.02
40% Acetoneþ 60% 0.05M NaOH 98.25 96.55
50% Acetoneþ 50% 0.05M NaOH 99.85 98.36
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mechanism, the fastest step, ABC-1.5 was submerged in aqueous
solution, pH 2, to protonate OH, C¼O, C�O�C functional groups of
the adsorbent (Supporting Information Fig. S3). In the second step
at pH 2, the electrostatic attraction of the negatively charged dye by
the positively charged adsorbents occurred. This step is proposed to
be the rate-determining step. The magnitude of the enthalpy of the
adsorption is in agreement with the existing electrostatic attraction
between the BB-FCF (negatively charged) and the adsorbent (positive
superficial charge, if pH <pHpzc). The third step is the desorption of
BB-FCF from the adsorbents using a mixture of acetone and NaOH
solution.

3.8 Simulated soft-drink effluents

To test the potentiality of ABC-1.5 and MWCNT for the treatment of
industrial effluents, two simulated soft-drink effluents were used
(Table 1). The spectra of the simulated effluents before and after the
treatment with the adsorbents were recorded between 300 and
800nm using UV–Vis spectrophotometry (Fig. 5). The percentage of
the mixture of dyes removed from the effluents is a function of the
areas under the absorption bands. In the treatment of simulated

soft-drink effluents, ABC-1.5 was found to be more efficient and
effective than MWCNT. The percentage of removal for ABC-1.5 was
95.88% (effluent A) and 90.49% (effluent B). The percentage of
removal was 79.84% (effluent A) and 68.03% (effluent B) for MWCNT.
These data showed that the usage of ABC-1.5 for the treatment of
simulated dye effluents is satisfactory compared to other adsorbents
that have been previously used [18, 21–24, 26, 29, 30, 34, 37].
However, MWCNT did not show an appreciable performance for the
treatment of simulated soft-drink effluents.

4 Conclusion

Powdered bacuri shell and inorganic components (red mudþ lime
þKOHþKAl(SO4)2þAl(OH)3)) were mixed at room temperature. The
mixture was heated at 1073K under inert conditions. BC-1.0, BC-1.5,
and BC-2.0 (carbonmaterials) were treatedwith 6MHCl and refluxed
for 12h to obtain ABC-1.0, ABC-1.5, and ABC-2.0, respectively. The
acidification process leached the inorganics from the carbonaceous
matrix, which was confirmed by BET surface area, XRD, TGA, SEM,
and FTIR spectroscopy. The adsorption capacity of ABC-1.5 was
compared with that of MWCNT. At optimum pH 2, equilibrium

Figure 4. Mechanism of adsorption–desorption of BB-FCF using ABC-1.5.
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times of 45min (ABC-1.5) and 90min (MWCNT) were obtained for the
removal of the BB-FCF from aqueous solutions. The general order
kinetic model best described the adsorption process. Multiple linear
phases were obtained from the intra-particle diffusion model. The
Liu isotherm model gave the best fit of isothermal data. Qmax of
BB-FCF adsorbed at 323 K was 647.9 and 231.5mgg�1 for ABC-1.5
and MWCNT, respectively. The thermodynamic parameters of the
adsorption process were calculated. Based on the magnitude of
enthalpy of adsorption, the interaction between BB-FCF and the
two adsorbents was a physical interaction. Efficient regeneration
of the adsorbents was possible with a mixture of 50% acetone
and 50% 0.050mol L�1 NaOH. ABC-1.5 is an efficient adsorbent
for the treatment of simulated beverage effluents because it
effectively removed 95.88% of a mixture of different dyes and other
chemicals.
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Supporting Information Fig S1. (A) Structural formula of BB-FCF and pKa values of each acidic group. (B) 

Optimized 3D structural formula of BB-FCF. The physical-chemical properties of the chemical molecule were 

calculated using MarvinSketch version 14.9.22.0. Van der Waals surface area = 991.67 A2 (pH 0--3); polar 

surface area 179.05 A2 (pH 0--3); dipole moment 194.06 Debye. 

 

 



 

 

Supporting Information Fig S2. Comparison of different bacuri carbon adsorbents for the removal of BB-FCF. 
Conditions: C = 400 mg L--1 BB-FCF, adsorbent dosage 2.5 g L--1, temperature 298 K, time of contact 60 min. 

 

  



 

 

 

 

Supporting Information Fig S3: FTIR for (A) BC-1.5 and (B) ABC-1.5.The numbers are expressed in cm--1. 

 

 

 



 

 

Supporting Information Fig S4. (A) Dependence of pH on the sorption capacity of BB-FCF on ABC-1.5 and 
MWCNT; (B) pHpzc of ABC-1.5; (C) pHpzc of MWCNT. Conditions: temperature 298 K; adsorbent mass 50 mg; 
dye concentration 300 mg L--1; 

 

 

 



 

 

 

Supporting Information Fig S5. Kinetic curves of (A) ABC-1.5 and BB-FCF at 400 mg L--1; (B) ABC-1.5 and 
BB-FCF at 600 mg L--1; (C) MWCNT and BB-FCF at 400 mg L--1; (D) MWCNT and BB-FCF at 600 mg L--1. 
Conditions: initial pH, 2; temperature, 298 K; adsorbent mass, 50 mg. 

 

 



 

 

Supporting Information Fig S6. Intra-particle diffusion. (A) 400 mg L-1 of BB-FCF and ABC-1.5 adsorbent; 
(B) 600 mg L-1 of BB-FCF and ABC-1.5 adsorbent; (C) 400 mg L-1 of BB-FCF and MWCNT adsorbent; (D) 
600 mg L of BB-FCF and MWCNT adsorbent. 

 

 



 

 

Supporting Information Fig. S7. Isothermal curves of BB-FCF on (A) ABC-1.5 and (B) MWCNT at 323 K. 
Conditions: initial pH, 2; adsorbent mass, 50 mg; contact time, 75 min for ABC-1.5 and 120 min for MWCNT. 
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h i g h l i g h t s

• Microwave-assisted cocoa shell activated carbon was prepared and characterized.
• The anti-inflammatories, diclofenac and nimesulide, were adsorbed onto MWCS-1.0.
• Adsorption maximum values are 63.47 (diclofenac) and 74.81 mg g−1 (nimesulide).
• General order kinetic model suitably explained the adsorption process.
• MWCS-1.0 was effectively used for treatment of simulated hospital effluents.
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a b s t r a c t

Microwave-induced chemical activation process was used to prepare an activated carbon from cocoa
shell for efficient removal of two anti-inflammatories, sodium diclofenac (DFC) and nimesulide (NM),
from aqueous solutions. A paste was obtained from a mixture of cocoa shell and inorganic components;
with a ratio of inorganic: organic of 1 (CSC-1.0). The mixture was pyrolyzed in a microwave oven in
less than 10 min. The CSC-1.0 was acidified with a 6 mol L−1 HCl under reflux to produce MWCS-1.0.
The CSC-1.0 and MWCS-1.0 were characterized using FTIR, SEM, N2 adsorption/desorption curves, X-ray
diffraction, and point of zero charge (pHpzc). Experimental variables such as initial pH of the adsorbate
solutions and contact time were optimized for adsorptive characteristics of MWCS-1.0. The optimum pH
for removal of anti-inflammatories ranged between 7.0 and 8.0. The kinetic of adsorption was investigated
using general order, pseudo first-order and pseu do-second order kinetic models. The maximum amounts
of DCF and NM adsorbed onto MWCS-1.0 at 25 ◦C are 63.47 and 74.81 mg g−1, respectively. The adsorbent
was tested on two simulated hospital effluents. MWCS-1.0 is capable of efficient removal of DCF and NM
from a medium that contains high sugar and salt concentrations.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The concern about the occurrence and fate of pharmaceutical
compounds in the aquatic environment is on the increase [1,2].

∗ Corresponding author. Tel.: +55 51 3308 7175; fax: +55 51 3308 7304.
E-mail addresses: eder.lima@ufrgs.br, profederlima@gmail.com (E.C. Lima).

The concern is heightened because there is no much information
about the potential effects of pharmaceuticals on living organ-
isms, though the pharmaceuticals are present at low concentrations
(ng L−1 or �g L−1) in natural waters [3]. The major problems are:
most of pharmaceuticals are polar substances with high solubil-
ity in water [3], and are not completely removed by conventional
wastewater treatment plants [4]. Therefore, a large number of the
highly used prescription drugs have been globally detected in the

http://dx.doi.org/10.1016/j.jhazmat.2015.02.026
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Fig. 1. Microwave-induced preparation of cocoa shell activated carbon.

aquatic environment [3]. In this context, there is an increasing
demand for efficient methods to remove pharmaceuticals from
wastewater [5–9].

A useful and reliable method for removal of organic compounds
from wastewater is an adsorption technology [10–13]. It is a pro-
cess in which pollutants are transferred from the effluent to a solid
phase thereby alleviates exposure of living organisms to pollu-
tants [14,15]. After effluent treatment through adsorption, it can
be released into the environment [15,16] or used for some indus-
trial processes. Adsorbents can also be regenerated after adsorption
process and reutilized [15,16].

Activated carbons are famous because they possess outstanding
adsorption characteristics due to their improved pore structures
[17,18]. Therefore, activated carbon is one of the materials mostly
used for the treatment of industrial wastewaters [19–23]. The abil-
ity of activated carbons to adsorb pollutants from aqueous solutions
depends on two major factors: experimental conditions of the
activation processes [17,18] and the nature of organic material
utilized for the preparation of activated carbon [19,20]. Activated
carbons can be prepared by physical and chemical activations
[19]. Chemical activation utilizes H3PO4, ZnCl2, KOH, NaOH, H2SO4,
and K2CO3, among others [17,18,23,24]. In the chemical activation
process, inorganic activating agent(s) and the raw materials are
thoroughly mixed in an aqueous medium. The mixture is oven-
dried (100–120 ◦C) and subsequently carbonized (400–800 ◦C)
[17,18]. The inorganic components of activated carbon are removed
using acid solutions or water [17,18]. This method does not allow
homogeneous distribution of the inorganics with the organic car-
bonaceous materials because it is difficult to dry impregnated
organic components [17,18]. To prevent nonhomogeneous distri-
bution of the inorganic activating agent on the carbon precursor,
the use of lime [1,21] mixed with the inorganic components was
recently proposed. The inclusion of lime improves distribution of
the inorganic component into the organic matrix during the pyrol-
ysis step to obtain desirable adsorbents [1,21].

Conventional tubular furnace has been widely used for pro-
duction of activated carbons via chemical and physical activation
processes [17–21]. The application of microwave irradiation as a
source of heating was recently reported [24–27]. The microwave
heating offers some advantages over conventional heating meth-
ods. Some of these advantages are: rapid temperature rise that
leads to shorter pyrolysis time for producing activated carbons
(<15 min) [27], and a remarkable decrease in energy consumption
[27]. The major difference between microwave heating and con-
ventional heating is the mode in which the heat is generated. Heat

transfer takes place by conduction in conventional furnace, but in
microwave heating energy is supplied directly to the organic pre-
cursor at molecular level, and converted the energy into heat by
dipole rotation and friction within the organic matrix [26,27].

In this work, powdered cocoa shell was mixed with inorganic
components (20% lime + 40% FeCl3 + 40% ZnCl2) with inorganic:
organic ratio of 0:1, 1:1, 1:1.5 and 1:2. Water was included in the
preparation to form a paste [21]. The paste was dried at 100 ◦C for
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Fig. 2. XRD patterns of: (A) CSC-1.0; (B) MWCS-1.0.
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Fig. 3. TGA and DTG curves of: (A) CSC-1.0; (B) MWCS-1.0.

6 h and subsequently placed in a quartz reactor, which was disposed
in a microwave oven and was heated using a heating program under
inert atmosphere. A 6.0 mol L−1 HCl was used to acidified the car-
bonized materials (CSC-0, CSC-1.0, CSC-1.5, CSC-2.0) under reflux
to obtain chemically activated cocoa-shell carbons induced by
microwave (MWCS-0, MWCS-1.0, MWCS-1.5, MWCS-2.0). In this
study, the preliminary experiments showed that MWCS-1.0 pos-
sessed the best adsorption capacity for removal of diclofenac (DCF)
and nimesulide (NM) anti-inflammatories from aqueous solutions.
Adsorption influencing factors such as initial pH of pharmaceutical
solutions, time and temperature were investigated. The adsorbents
were applied for treatment of simulated hospital wastewater efflu-
ents that are contaminated with pharmaceuticals.

2. Experimental

2.1. Chemicals, reagents and solutions

All solutions were prepared using deionized water. The
diclofenac (DCF; see Supplementary Fig. 1) and nimesulide (NM;
see Supplementary Fig. 2) were supplied by Medchemexpress and
used without purification. ZnCl2 and FeCl3 were purchased from
Vetec, and lime was obtained from a building material store. These
reagents were used for chemical activation of cocoa shell. Solutions
were prepared as described elsewhere [15,16].

2.2. Preparation and characterization of activated carbon
adsorbent

The activated carbon adsorbent was prepared using the steps
illustrated in Fig. 1: a 100.0 g of powdered cocoa shell (previously
dried at 105 ◦C for 4 h), a 100.0 g of inorganic components (20%

lime + 40% ZnCl2 + 40% FeCl3) and 40.0 mL of water were added and
evenly mixed to yield a homogeneous paste. This prepared sample
had inorganic:organic weight ratio of 1:1. The homogeneous paste
was dried in an oven at 100 ◦C for 6 h. Subsequently, a 30.0 g of
the sample was placed in a quartz reactor (see Fig. 1). The quartz
reactor was inserted in a microwave oven as shown on Fig. 1. The
atmosphere of the pyrolysis was kept constant at 200 mL min−1

of nitrogen. A collector flask was fitted in the lower part of the
quartz reactor to collect the pyrolytic oil. For heating the system, the
heating programs were: 360 W (80 s); 480 W (80 s); 600 W (80 s);
960 W (160 s); and 1200 W (160 s). After pyrolysis, the system was
cooled down under 60 mL min−1 of nitrogen for 10 min. The total
time for a cycle of pyrolysis is only 560 s (9.33 min), and a complete
cycle of pyrolysis could be obtained in less than 20 min taking into
consideration the 10 min of cooling down. After this time, other
cycles of pyrolysis could be carried out. The material obtained after
pyrolysis was named as CSC-1.0. Similar procedure was followed
for preparation of other carbon adsorbents with inorganic: organic
ratio 0:1 (CSC-0), 1:1.5 (CSC-1.5) and 1:2.0 (CSC-2.0). The CSC-
0, carbonized material without inorganic compounds, served as a
reference. To complete the chemical activation process, inorgan-
ics of CSC adsorbents were leached with a 6 mol L−1 HCl as earlier
described [21]. The final yield of MWCS activated carbon was about
20% after treatment with a 6 mol L−1 HCl. Surface morphologies
of CSC-1.0 and MWCS-1.0 were carried out using scanning elec-
tron microscopy (SEM) (JEOL microscope, model JSM 6060) [21].
The CSC-1.0 and MWCS-1.0 were also characterized using Fourier
transform infra-red spectroscopy (FTIR) (Shimadzu Spectrometer,
IR Prestige 21) [28]. The N2 adsorption–desorption isotherms of
CSC-1.0 and MWCS-1.0 were carried out using a surface analyzer
(Micrometrics Instrument, TriStar II 3020) [21]. Thermogravimetric
(TGA) and derivative thermogravimetric (DTG) curves of CSC-1.0
and MWCS-1.0 were obtained on a TA Instruments model SDT
Q600 (New Castle, USA) with a heating rate of 10 ◦C min−1 at
100 mL min−1 of synthetic air flow (White Martins, Canoas, RS,
Brazil). Temperature was varied from 20 ◦C to 1000 ◦C (acquisition
time of 1 point per 5 s) using 10.00–15.00 mg of solid [21]. X-ray
diffractions (XRD) (Philips X’pert MPD diffractometer) of CSC-1.0
and MWCS-1.0 were carried out at 40 kV and 40 mA with Cu K�
radiation (� = 1.5406 Å) [15]. The point of zero charge (pHpzc) was
obtained as described elsewhere [28].

2.3. Adsorption studies

A 20.00 mL of DCF or NM solution (10.00–300.0 mg L−1) was
added to a 50.0 mg of MWCS-1.0 adsorbent in various 50.0 mL Fal-
con tubes at different pH values (7.0–10.0). The mixtures were
agitated between 5 and 480 min inside a thermostatic shaker
(150 rpm) between 25 ◦C and 50 ◦C. The mixtures were centrifuged
for 5 min to separate the adsorbents from the pharmaceutical
solutions. The DCF and NM left in solution after adsorption were
quantified at maximum wavelengths of 275 and 392 nm, respec-
tively, using UV/Visible spectrophotometer. The amount of DCF or
NM removed by the MWCS-1.0 activated carbon and the percentage
of removal were calculated using of Eqs. (1) and (2), respectively:

q = (Co − Cf)
m

× V (1)

%Removal = 100 × (Co − Cf)
Co

(2)

q is the amount of pharmaceutical adsorbed by the adsorbent
(mg g−1); Co is the initial DCF or NM concentration in contact
with the adsorbent (mg L−1); Cf is the pharmaceutical concentra-
tion after the batch adsorption process (mg L−1); m is the mass of
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Fig. 4. SEM images of (A): CSC-1.0 magnification 1500×; (B) CSC-1.0 magnification 2500×; (C) MWCS-1.0 magnification 1500×; (D) MWCS-1.0 magnification 2500×.
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A

B

Fig. 5. Mechanisms of adsorption of (A) NM and (B) DCF using MWCS-1.0 activated carbon.

adsorbent (g); and V is the volume of the pharmaceutical solution
(L).

2.4. Kinetic models

Pseudo-first order, pseudo second-order and general order
kinetic models [29–31] were used to analyze the kinetic data. The
respective mathematical expressions of these models are presented
in Eqs. ((3)–(5)).

qt = qe × [1 − exp(−k1 × t)] (3)

qt = qe − qe

[k2(qe) × t + 1]
(4)

qt = qe − qe

[kN(qe)n−1 × t × (n − 1) + 1]
1/1−n

(5)

where t is the time of contact (min); qt is the amount of adsor-
bate adsorbed at time t (mg g−1); qe is the amount adsorbate
adsorbed at the equilibrium (mg g−1); k1 is the pseudo-first
order rate constant (min−1); k2 is the pseudo-second order rate
constant (g mg−1 min−1); kN is the general order constant rate
[min−1 × (g mg−1)n−1], n is the order of kinetic adsorption (n could
be an integral or a fractional number).

2.5. Equilibrium models

Langmuir, Freundlich and Liu models are represented in Eqs.
((6)–(8)), respectively [29,31]. These models were used for analysis
of equilibrium data in this work.

qe = Qmax × KL × Ce

1 + KL × Ce
(6)

qe = KF × Ce
1/nF (7)

qe = Qmax × (Kg × Ce)nL

1 + (Kg × Ce)nL
(8)

where qe is the amount adsorbate adsorbed at equilibrium
(mg g−1); Ce is the pharmaceutical concentration at equilibrium
(mg L−1); Qmax is the maximum sorption capacity of the adsorbent
(mg g−1); KL is the Langmuir equilibrium constant (L mg−1); KF is
the Freundlich equilibrium constant [mg g−1 × (mg L−1)−1/nF ]; Kg is
the Liu equilibrium constant (L mg−1); nF and nL are the exponents
of Freundlich and Liu model, respectively (dimensionless).

2.6. Simulated effluents

Two simulated effluents, which comprised four pharmaceuti-
cals, two sugars, urea and other inorganic components usually
found in wastewater, were prepared at pH 8.0. The compositions
and concentrations of these effluents are shown in Supplementary
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Fig. 6. UV–vis spectra of simulated hospital effluents before and after treatment
with MWCS-1.0 (A) Effluent A; (B) Effluent B. See Table 1 for composition of effluents.

Table 1. The aim of this simulated effluents is to test the sorption
capacity of the proposed MWCS-1.0 activated carbon for removal
of pharmaceuticals in a medium of high salt, sugar and organic
concentrations.

3. Results and discussion

3.1. Preparation of cocoa shell activated carbon induced by
microwave and preliminary experiments of adsorption

In the preparation of cocoa carbon adsorbents, lime
(CaCO3 + Ca(OH)2 + CaO) was included as one of the inorganic
components to prevent impregnation of the carbonaceous mate-
rial with aqueous solution [22,24]. After the paste being dried,
part of calcium compounds could be separated from the organic
matrix, however this did not bring any impairment to the pore
structure, surface area and pore volume, since calcium compounds
detected in the XRD diffraction pattern were eliminated by the HCl
treatment (see subsequent discussions below). Also, it is important
to point out that the MWCS-1.0 was made several times in the
laboratory and tested for the removal of DCF and NM with the same
performance (%removal and maximum sorption capacity). There
were not significantly differences observed among the activated
carbons made at different times.

Apart from lime, other inorganic components (activating agents)
used in this study are ZnCl2 and FeCl3. The activating agent com-
monly used for preparation of activated carbon is ZnCl2 [32].
Similarly, iron salts have been used as activating agents [15,21].

The paste formed was broken and inserted in the quartz reactor and
pyrolyzed using a convenient heating program under inert condi-
tions (see Fig. 1). The quartz reactor was placed vertically in the
microwave oven for delivering the tar into the recipient vessel by
gravity. This arrangement did not allow the tar to block the pores of
the adsorbent [15,21]. Similarly, it is noteworthy to say that ZnCl2
and FeCl3 allowed transmission of the microwaves to the carbona-
ceous matrix that is inert to microwaves. Therefore, the use of paste
with lime and inorganics enabled better disperse of the inorganics
in the organic matrix and facilitated the transmission of microwave
energy in the organic precursor.

The cocoa shell carbon adsorbents produced after treatment
with microwaves were labeled as CSC-1.0, CSC-1.5 and CSC-2.0 for
inorganic: organic ratios of 1.0, 1.5 and 2.0, respectively. An adsor-
bent without the inorganic portion was also prepared and labeled
as CSC-0. The preparation of CSC-1.0 allowed us to investigate the
influence of the inclusion of inorganic components in the carbon
adsorbents and the effect on the inorganics on the carbonization of
the organic precursor by microwave-assisted pyrolysis.

The inorganics were leached from the carbonized adsorbents
(CSC-1.0, CSC-1.5 and CSC-2.0) using a 6 mol L−1 HCl. The inorgan-
ics can hydrolyze the organic precursor and enhance the release
of some organic components that could weaken the expanding
molecules of the carbon materials during the pyrolysis [21]. The
inorganic portion of the carbon material, on the contrary, prevents
the shrinkage of the particles during the pyrolysis [21]. As the inor-
ganics are leached during acidification, the porosity of the carbon
material is improved [17,18,21].

The CSC-0, CSC-1.0, CSC-1.5, CSC-2.0, MWCS-0, MWCS-1.0,
MWCS-1.5 and MWCS-2.0 were used to adsorb a 50.0 mg L−1 of
DCF and NM pharmaceuticals from aqueous solutions at agitation
time of 120 min. Table 1 presents the percentages of adsorption of
the carbon adsorbents. The percentages of removal of DCF and NM
using CSC-0 and MWCS-0 are very low. In the absence of inorganics,
the cocoa shell was not carbonized by microwaves. This should be
one of the reasons why several authors [24–27] first carbonize the
organic precursors in a conventional oven to produce carbonized
material that is microwave-conductor, and then activate through
microwave induction [24–27]. For all other materials the percent-
ages of removal of DCF and NM were much higher than those of
uncarbonized CSC-0. To increase the sorption capacity of the adsor-
bent, the inorganics were leached from the carbonaceous materials.
All MWCS adsorbents show higher adsorption capacities than CSC
adsorbents. MWCS-1.0, the best adsorbent from preliminary exper-
iment, was used for the rest of our experiments.

One of the achievements of this work is the ability to produce
activated carbon via microwave-induced pyrolysis in a single stage
of pyrolysis. Another achievement is that the total time of pyrol-
ysis, which includes the time for cooling down the quartz reactor,
was less than 20 min. This procedure has advantages over already
published methods [21,24–27].

3.2. Characterization of CSC-1.0 and MWCS-1.0

In order to verify the effects of the chemical activation of the
cocoa shell activated carbon, the CSC-1.0 precursor was used to
check the improvements in the textural properties, the thermal
stability and morphology.

Taking into account that MWCS-1.0 presented the best adsorp-
tion capacity for removal of DCF and NM from aqueous solutions,
just CSC-1.0 (precursor of MWCS-1.0) and MWCS-1.0 activated
carbons were chosen for characterization purpose. The unique
properties that are relevant and informative are the surface area,
the average pore radius and total pore volume. These properties
are presented in Table 1 for all the adsorbents. It is observed
that higher surface area and higher total pore volume of adsor-
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bent increase the percentage of removal of pharmaceuticals from
aqueous solution. Comparison of the textural properties of CSC-
1.0, CSC-1.5 and CSC-2.0 (carbon materials that were not acidified
to leach inorganics) with MWCS-1.0, MWCS-1.5 and MWCS-2.0
(adsorbents that were acidified to leach inorganics) showed that
acidification produced adsorbents with better textural character-
istics for adsorption of pharmaceuticals, as already reported for
adsorption of dyes [15,21]. The surface area and total pore vol-
ume of MWCS-1.0, MWCS-1.5 and MWCS-2.0 increased by 9.3-fold
and 10.5-fold (MWCS-1.0), 9.2-fold and 10.2-fold (MWCS-1.5) and
9.5-fold and 10.8-fold (MWCS-2.0) after acidification of CSC-1.0,
CSC-1.5 and CSC-2.0, respectively.

Fig. 2A and B present the XRD patterns of CSC-1.0 and MWCS-
1.0, respectively. The CSC-1.0 sample (Fig. 2A) has the following
peaks: calcium carbonate (CaCO3; JCPDS Card 00-003-0569); zinc
aluminum silicate (Zn2Al4Si5O18; JCPDS Card 00-032-1456); mag-
nesium silicon (Mg2Si; JCPDS Card 00-035-0773); silicon oxide
(SiO2; JCPDS Card 00-033-1161); calcium iron oxide borate hydrate
(B0.5Ca4Fe2H21.5O18.5; JCPDS Card 00-049-0012); zinc aluminum
carbonate hydroxide hydrate (Zn0.61Al0.39(OH)2(CO3)0.195.H2O;
JCPDS Card 00-048-1025); calcium aluminum oxide formate
hydroxide hydrate (C0.66H20Al2Ca4O17.67; JCPDS Card 00-041-
0724); carbon iron silicon (C0.124Fe0.787Si0.089; JCPDS Card 00-047-
1293); magnesium oxide (MgO; JCPDS Card 00-004-0829). The
XRD patterns of CSC-1.0 reflect the inorganics utilized as activating
agents for the preparation of the carbon material [33]. Contrarily,
the XRD patterns of MWCS-1.0 (Fig. 2B) reflect those of amorphous
materials with a wide band (between 13◦ and 35◦) that corresponds
to amorphous carbon, and also 4 crystalline phases that were left in
the activated carbon after the leaching procedure with a 6.0 mol L−1

HCl. The mineralogical phases are: silicon oxide, zinc aluminum sil-
icate, carbon iron silicon and magnesium oxide. After treatment,
the peak intensities of MWCS-1.0 are lesser than those of CSC-1.0,
indicating that the inorganics were leached through acidification.
In addition, the XRD data are consistent with the textural prop-
erties described above. The leaching of the inorganic components
produced carbon material (MWCS-1.0) with low crystallinity, and
higher pore volume and superficial area as found in the literature
[21].

Fig. 3 shows the thermogravimetric profiles of CSC-1.0 and
MWCS-1.0. There are ample peaks in the DTG curve of CSC-1.0:
62 ◦C and 107 ◦C, the elimination of solvent; 442 ◦C and 588 ◦C,
decomposition of the organic contents of CSC-1.0. The TG curves
can be classified into four regions. The first region, from 21 ◦C to
127 ◦C, a mass loss of 10.6% is ascribed to the loss of adsorbed
water [10,11]. The second region, from 127 ◦C to 349 ◦C, a slight
mass loss of 2.7% is assigned to disappearance of water of crys-
tallization of the inorganic components present in the CSC-1.0
(see Fig. 2A) [10,11]. The third and main weight loss (34.0%), from
349 ◦C to 635 ◦C, is ascribed to the decomposition of carbonaceous

matrix [15,19]. The last part, from 635 ◦C to 1000 ◦C – a mass loss
of 11.6% (skeleton decomposition), is assigned to residual carbon
[15,19]. From 21 ◦C to 1000 ◦C, a residual mass of approximately
41.1%, which could be allocated to the undecomposed carbona-
ceous materials and inorganic components of CSC-1.0, is observed
[15,21].

The thermogravimetric profiles of MWCS-1.0 and CSC-1.0 differ
(see Fig. 3B). For MWCS-1.0, the weight loss is 91.5% (26–1000 ◦C),
an indication that acidification leached most of the inorganics
from the precursor. This remark concurred with the XRD data (see
Fig. 2B). Two decomposition peaks at 51 ◦C and 467 ◦C are observ-
able on DTG curves of MWCS-1.0. There are three segments of
weight loss in the TG curves of MWCS-1.0. A mass loss of 15.9%
(26–327 ◦C) is assigned to water molecules (adsorbed and inter-
stitials) [10,11]. The humidity of CSC-1.0 is somewhat lower than
that of MWCS-1.0 because of acid treatment. A mass loss of 72.7%
(327–551 ◦C) is ascribed to the decomposition of carbonaceous
matrix. Lastly, additional mass loss of 2.9% (551–1000 ◦C), which
could be assigned to skeleton decomposition, is observed. The
residual mass observed at 1000 ◦C (8.5%) could be linked to the
ash content of the residue of decomposed MWCS-1.0 since the
TGA/DTG curves were obtained with synthetic air.

Fig. 4 shows the SEM images of MWCS-1.0 and CSC-1.0. A char-
acteristic of lignin cellulosic materials, a fibrous appearance of
cocoa shell [28], disappeared during pyrolysis. As shown in the fig-
ure, the roughness of the carbon materials is obvious. However,
the granules of MWCS-1.0 are smaller than those of CSC-1.0. This
could be attributed to the acidic treatment of CSC-1.0 that leached
most of the inorganic components, leaving MWCS-1.0 with gran-
ules of more spherical appearance. Macro-cavities are observed
in both materials, but the cavities of CSC-1.0 are higher than
those of MWCS-1.0. Probably, these large cavities of the precur-
sor allow its breakage to form small carbon particles, after the acid
treatment.

Fourier transform infra-red spectroscopy (FTIR) is a useful tool
for identification of functional groups possessed by adsorbents, and
the groups that are responsible for adsorption of adsorbates. The
FTIR spectra of the adsorbents were recorded between 4000 and
400 cm−1 (see Supplementary Fig. 3 and Table 2).

Supplementary Table 2 shows the band assignments of
the functional groups possessed by CSC-1.0 and MWCS-1.0.
[1,13–16,19–21]. The FTIR spectra of CSC-1.0 and MWCS-1.0
slightly differ (see Supplementary Fig. 3). The MWCS-1.0 spectrum
shows lesser vibrational bands than the spectrum of CSC-1.0. The
Si O stretch of silicates is noticeable in CSC-1.0 at 995 cm−1 unlike
in MWCS-1.0 (at 1099 cm−1). The major functional groups present
in CSC-1.0 are O H (alcohols, phenols), aromatic rings, C O
(alcohols), Si O (silicates) and C H (aromatics, aliphatic chains)
while the conspicuous groups in MWCS-1.0 are O H (alcohols,
phenols), aromatic rings, C O (phenols, alcohols, carboxylic), and

Table 1
Textural properties and comparison of different cocoa carbon adsorbents for the removal of DCF and NM pharmaceuticals. Conditions: Co, 100.0 mg L−1 of pharmaceutical;
adsorbent dosage, 2.5 g L−1; temperature, 25 ◦C; contact time, 120 min.

%Removal
Sample BET surface area (m2 g−1) Average pore radius (nm) total pore volume (cm3 g−1) DCF NM

CSC-0a 1.1 1.8 0.001 0.17 0.21
CSC-1.0 67 7.6 0.030 45.23 40.25
CSC-1.5 61 8.4 0.028 40.25 39.25
CSC-2.0 57 10.6 0.025 36.54 38.25
MWCS-0 2.6 1.7 0.003 4.62 3.89
MWCS-1.0 619 4.8 0.315 97.05 98.75
MWCS-1.5 562 5.2 0.286 90.25 89.52
MWCS-2.0 541 5.5 0.270 88.56 85.23

a CSC-0 (in the absence of inorganics) was not carbonized using microwave.
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C H (aromatics, aliphatic chains). The FTIR data agreed with those
of XRD discussed in Fig. 2.

3.3. pH dependence studies

The pH of the solution is a pronounced factor affecting removal
of a pharmaceutical on an adsorbent [1,14–16,28,29]. The optimum
pH of an organic compound is a function of the type of adsorbent
being used during adsorption experiments while the solubility of
an organic compound depends on the pH of the solution. It was
observed that both DCF and NM solutions (150.0 mg L−1) precipi-
tated at pH ranging from 2.0 to 6.0. The precipitation of NM was
immediate while that of DCF occurred after 48 h. Therefore, the
pH range for pH dependence studies are from 7.0 to 10.0 for both
pharmaceuticals (see Supplementary Fig. 4). The optimum pH val-
ues for adsorption of DCF and NM onto MWCS-1.0 are pH 7.0 and
8.0, respectively.

The pHpzc value of MWCS-1.0 is 6.7. At pH 7.0 (DCF) and 8.0
(NM), the surface of the MWCS-1.0 is expected to be negative. The
estimated pKa values of DCF and NM using Marvin Sketch 14.9.22.0
software are 4.0 and 6.7, respectively. Considering conditions such
as solubility of the pharmaceuticals, the pH studies, and the pHpzc

of the adsorbent, it is expected that the mechanism of adsorption of
DCF and NM on MWCS-1.0 should not be an electrostatic attraction
that is generally admitted for adsorption of dyes [13–16]. Alter-
natively, the interaction of the pharmaceuticals with the activated
carbon should be �–� stacking [1], hydrogen bonding, and van der
Waals forces [1].

3.4. Kinetic studies

Nonlinear pseudo-first order, pseudo-second order and gen-
eral order kinetic models were utilized to explain the kinetic of
adsorption of DCF and NM onto CSC-1.0 and MWCS-1.0. Supple-
mentary Fig. 5 shows the kinetic curves while Supplementary
Table 3 presents the fitting parameters of the kinetic models.
Standard deviation (SD) values explain the suitability of each non-
linear kinetic model. The bigger the deviation of the theoretical
q value from the experimental q value, the higher the SD value
[1,10,11,14–16]. The SD of the minimum value was used to divide
SD of each model (SD ratio) to compare the fitness of each model.
General order kinetic model has the lowest SDratio values. The SD
ratio values of the pseudo-first order kinetic model vary from 11.5
to 13.0 (DCF), and 8.2 (NM). The SD ratio values of the pseudo-
second order model vary from 1.8 to 2.3 (DCF) and from 2.4 to
2.5 (NM). Therefore, the adsorption of both pharmaceuticals onto
MWCS-1.0 is best described by the general order kinetic model that
has SD ratio value of 1.0.

In the adsorption of DCF and NM, the kinetic of adsorption of NM
onto MWCS-1.0 was faster than that of DCF. The half-life (t1/2), the
time taken to attain 50% of qe (amount adsorbed at the equilibrium),
was obtained by interpolation of the kinetic curves. Supplementary
Table 3 presents the t1/2 values. Since the general kinetic model is
the best model that explains kinetic data, its t1/2 values are mean-
ingful. The t1/2 values of the adsorption DCF onto MWCS-1.0 are
between 4.1–fold and 19.7–fold higher than the values obtained
for NM. With the aids of Marvin Sketch 14.9.22.01 software, the
dipole moments of DCF and NM were calculated. These values are
19.21 and 11.52 Debye for DCF and NM, respectively. The bigger the
dipole moment, the higher the polarity of the molecule [34]. On the
account that the adsorption of an organic molecule onto active sur-

1 Calculator Plugins of the MarvinSketch Version 14.9.22.0 software, ChemAxon
(http://www.chemaxon.com), 2014, were used for structure property prediction
and calculation of physical properties of the pharmaceuticals.

face of carbon involves dehydration of the organic molecule before
being adsorbed on the solid surface, the more polar molecule will
possess a higher energy barrier to be surpassed so as to release
the water to the bulk of the solution, and the adsorption of the
adsorbate takes place onto the adsorbent surface. Therefore, the dif-
ference in polarity of the pharmaceuticals explains why the kinetic
of adsorption of NM onto MWCS-1.0 is faster than that of DCF.

To verify the time it takes to attain the equilibrium, an interpo-
lation was made on the general order kinetic model plot for both
pharmaceuticals. In this calculation, the value of qt that was 95% of
the maximum value of experimental qt was used. For DCF pharma-
ceutical, the t0.95 is 223.14 min, and for NM the t0.95 is 45.46 min.
The difference between the equilibrium times for adsorption of DCF
and NM in the MWCS-1.0 adsorbent agrees with the t1/2 values and
initial sorption rates shown in Supplementary Table 3.

For other experiments on adsorption of DCF and NM onto
MWCS-1.0, the contact times of 240 min and 60 min, respectively,
were used. The contact time was increased to ensure that equilib-
rium is attained between the pharmaceuticals and the adsorbent
at higher concentrations of pharmaceuticals [19,20].

3.5. Equilibrium studies

In this work Langmuir, Freundlich and Liu [31] isotherm models
were utilized to analyze the isothermal data.

The isothermal experiments were investigated between 25 ◦C
and 50 ◦C using the optimum experimental conditions (see Sup-
plementary Table 4 and Fig. 6). The adsorption isotherm plots of
DCF and NM onto MWCS-1.0 at 25 ◦C are presented in Supplemen-
tary Fig. 6. Between 25 ◦C and 50 ◦C, the Liu model gives the best
description of adsorption equilibrium data of DCF and NM onto
MWCS-1.0 based on the SD values (Supplementary Table 4). The
SD ratio values of the Langmuir model range from 10.87 to 14.57
(DCF), and 6.68 and 17.00 (NM) while those of Freundlich model
range from 11.08 to 14.02 (DCF) and from 5.18 to 11.98 (NM).

The maximum amounts (Qmax values) of NM and DCF removed
at 25 ◦C are 63.47 and 74.81 mg g−1 for DCF and NM, respectively.
Qmax values of NM (25–50 ◦C) are between 17.87% and 20.88%
higher than those of DCF. The rate of adsorption of NM is also faster
than that of DCF. The chemical behaviors of the pharmaceuticals
could be linked to their differences in the adsorptive characteris-
tics. The van der Waals surface area of DCF (pH 4.0–14.0) and NM
(pH 7.0–14.0) are 359.64 A2 and 406.46 A2, respectively, while the
polar surface area of DCF (pH 4.0–14.0) and NM (pH 7.0–14.0) are
52.16 and 104.12 A2, respectively [35]. Taking into account that the
polar parts of the pharmaceutical molecule interact intensely with
the polar part of the activated carbon (OH groups of phenols and
alcohols, carboxylic groups), it is expected that NM would show a
higher affinity for the polar groups present on the surface of acti-
vated carbon. This fact explains higher amount of NM adsorbed.
Therefore, the difference in sorption capacity of NM and DCF on
MWCS-1.0 is attributed to higher polar surface area that leads to
higher sorption capacity of NM compared to DCF.

3.6. Thermodynamics studies and mechanism of adsorption

The values of �H◦ and �S◦ were evaluated from the slope and
intercept, respectively, of the linear plot of Ln(K) versus 1/T as
extensively described in the literature [13,15,16,19–21,28,31]. The
R2

adj values of the plots are ca 0.99, an indication that the �H◦

and �S◦ values are accurate. Supplementary Table 5 presents the
thermodynamic parameters.

The adsorbent-adsorbate interaction can be classified into either
chemical or physical adsorption using the magnitude of enthalpy.
The physical adsorption is <40 kJ mol−1 [36]. The enthalpy values
of adsorption of DCF and NM pharmaceuticals using MWCS-1.0

http://www.chemaxon.com
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activated carbon correspond to physical adsorption [36]. �H◦ has
negative values–an indication that the interactions of both pharma-
ceuticals with the adsorbent are exothermic. The adsorption of DCF
and NM onto MWCS-1.0 is spontaneous, and a favorable process
because �G◦ has negative values. The negative values of �S◦ imply
a decrease in the randomness at the solid/liquid interface, which
should be a higher order of the interaction of the pharmaceuticals
with the activated carbon.

Based on the combined data of characterization of MWCS-1.0
as well as the kinetic, equilibrium and thermodynamic studies, it is
possible to suggest mechanisms for adsorption of DCF and NM onto
MWCS-1.0 adsorbent. The polar parts of pharmaceuticals interact
with the main functional groups of the adsorbent (OH, C O, COOH)
as depicted in Fig. 5. In addition to this, there exist other interactions
between the adsorbent and the aromatic groups of the pharmaceu-
ticals as previously stated [21,28,29]. The magnitude of adsorption
enthalpy concurs with the physical forces of attractions that exist
between the adsorbent and pharmaceuticals.

3.7. Simulated hospital effluents

MWCS-1.0 was utilized for treatment of two simulated hospital
effluents (see Supplementary Table 1). The spectra of the simulated
effluents before and after treatment with MWCS-1.0 were recorded
between 190 and 500 nm on UV–vis spectrophotometer (Fig. 6). The
percentage of the mixture of pharmaceuticals removed from the
effluent depends on the area under the absorption band. MWCS-1.0
impressively removed 95.58% of effluent A and 91.14% of effluent
B. These results indicate that MWCS-1.0 is a very good adsorbent
for removal of pharmaceuticals from hospital effluents.

4. Conclusion

Powdered cocoa shell, inorganic components were mixed at
a room temperature. The mixture was heated in a microwave
oven using a pyrolysis time lower than 10 min of heating. The
microwave-assisted pyrolysis was obtained in a single stage
because the inorganic components are microwave conductors. The
CSC-1.0, CSC-1.5 and CSC-2.0 (carbon materials) were treated with
HCl to obtain MWCS-1.0, MWCS-1.5 and MWCS-2.0, respectively.
The acidification process leached the inorganics from the car-
bonaceous matrix. MWCS-1.0 showed highest adsorption capacity
for the removal of DCF and NM pharmaceuticals from aqueous
solutions. At optimum pH 7.0 (DCF) and 8.0 (NM), the removal
of the pharmaceuticals from aqueous solutions attained equilib-
rium at 223.14 min (DCF) and 45.46 min (NM). The general order
kinetic model best described the adsorption process. The maxi-
mum amounts (Qmax) of DCF and NM pharmaceuticals adsorbed
at 25 ◦C are 63.47 and 74.81 mg g−1 for DCF and NM, respectively.
The MWCS-1.0 showed reliable outcome in the treatment of simu-
lated hospital effluents; it effectively removed 95.58% of a mixture
of different organic compounds in a medium with high salinity and
sugar contents.
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Supplementary Table 1. Chemical composition of simulated hospital effluents. 

 Concentration (mg L-1) 

Pharmaceuticals Effluent A Effluent B 

Diclofenac 20.0 40.0 

Nimesulide 20.0 40.0 

Amoxicillin 10.0 20.0 

Acetyl salicylic acid 10.0 20.0 

Sugars   

Saccharose 50.0 70.0 

Glucose 30.0 40.0 

Other Organic component   

Urea 20.0 40.0 

Inorganic components   

Ammonium phosphate 20.0 30.0 

Ammonium chloride 20.0 30.0 

Sodium sulfate 50.0 70.0 

Sodium chloride 50.0 70.0 

Sodium carbonate 50.0 70.0 

Sodium acetate 20.0 30.0 

Magnesium carbonate 50.0 70.0 

Potassium nitrate 10.0 20.0 

pH* 8.0 8.0 

*pH of hospital effluents.  
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Supplementary Table 2. FTIR vibrational bands of CSC-1.0 and MWCS-1.0. Assignments 

are based on literature [1,13-16,19-21].  

Band (cm-1)  
CSC-1.0 Assignments  
3515 O-H stretch 
1547 Rings mode of aromatic 
1406 CH2 bending 
995 C-O stretch of alcohols or Si-O stretch of silicates 
665 CH out of plane bends of aromatic rings 
MWCS-1.0  
3451 O-H stretch 
1632 Rings mode of aromatic, carboxyl groups 
1099 C-O stretch of alcohols, phenols  
799 CH out of plane bends of aromatic rings 

 

 

Supplementary Table 3. Kinetic parameters of DCF and NM pharmaceuticals adsorption onto 

MWCS-1.0. Conditions: temperature, 298 K; pH, 7.0 for DCF and pH 8.0 for NM; mass of 

adsorbent, 50.0 mg.  

 Diclofenac Nimesulide 
 100.0 mg L-1 150.0 mg L-1 100.0 mg L-1 150.0 mg L-1 
Pseudo-first-order     
k1 (min-1) 0.1357 0.04465 0.3121 0.3136 
qe (mg g-1) 37.33 45.72 38.07 54.78 
t1/2 (min) 5.11 15.52 2.22 2.21 
R2adj 0.9617 0.9711 0.9787 0.9780 
SD (mg g-1) 1.806 2.344 1.292 1.888 
     
Pseudo-second-order     
k2 (g mg-1 min-1) 6.495.10-3 1.272.10-3 0.01881 0.01310 
qe (mg g-1) 38.96 49.66 39.03 56.16 
t1/2 (min) 3.95 15.84 1.36 1.36 
R2 adj 0.9991 0.9991 0.9982 0.9979 
SD (mg g-1) 0.2792 0.4087 0.3757 0.5814 
     
General order     
kN [min-1.(g mg-1)n-1] 3.043.10-3 3.489.10-4 3.508.10-3 1.505.10-3 
qe (mg g-1) 39.52 51.63 39.84 57.49 
n 2.240 2.335 2.628 2.710 
t1/2 (min) 3.77 16.90 0.91 0.86 
R2 adj 0.9997 0.9998 0.9997 0.9997 
SD (mg g-1) 0.1574 0.1808 0.1576 0.2295 
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Supplementary Table 4. Isotherm parameters of DCF and NM adsorption using MWCS-1.0. 

Conditions: pH, 7.0 and 8.0 for DCF and NM, respectively; adsorbent mass, 50.0 mg; contact 

time, 240 min for DCF and 60 min for NM. 

 25°C 30°C 35°C 40°C 45°C 50°C 
Diclofenac       
Langmuir       
Qmax (mg g-1) 56.30 54.10 50.90 48.73 46.45 44.22 
KL (L mg-1) 1.310 0.9406 0.8696 0.7595 0.6317 0.5443 
R2adj 0.9780 0.9830 0.9762 0.9778 0.9775 0.9808 
SD (mg g-1) 2.406 1.967 2.231 2.130 2.089 1.838 
Freudlich       
KF (mg g-1 (mg L-1)-1/nF) 34.70 33.04 30.14 26.92 24.25 22.21 
nF 8.576 8.602 8.019 7.246 6.689 6.339 
R2adj 0.9797 0.9823 0.9772 0.9755 0.9704 0.9706 
SD (mg g-1) 2.315 2.004 2.180 2.239 2.394 2.273 
Liu       
Qmax (mg g-1) 63.47 60.77 57.87 55.01 52.25 49.61 
Kg (L mg-1) 1.131 0.8961 0.7231 0.5881 0.4779 0.4117 
nL 0.4926 0.5098 0.5185 0.5435 0.5712 0.5917 
R2adj 0.9999 0.9999 0.9998 0.9998 0.9998 0.9999 
SD (mg g-1) 0.1651 0.1809 0.1793 0.1800 0.1889 0.1280 

       
Nimesulide       
Langmuir       
Qmax (mg g-1) 68.53 64.49 62.32 60.51 47.44 45.37 
KL (L mg-1) 1.084 1.134 1.034 0.7942 1.368 1.057 
R2adj 0.9902 0.9821 0.9827 0.9849 0.9534 0.9569 
SD(mg g-1) 1.765 2.326 2.301 2.076 2.853 2.602 
Freudlich       
KF (mg g-1 (mg L-1)-1/nF) 47.72 42.75 38.28 35.99 30.47 28.35 
nF 11.22 9.732 8.403 8.027 9.044 8.616 
R2 adj 0.9883 0.9813 0.9756 0.9720 0.9939 0.9934 
SD (mg g-1) 1.927 2.376 2.733 2.827 1.032 1.015 
Liu       
Qmax (mg g-1) 74.81 71.68 68.71 65.89 62.68 59.97 
Kg (L mg-1) 1.518 1.215 0.9700 0.7735 0.6497 0.5072 
nL 0.5291 0.5243 0.5584 0.6058 0.3223 0.3406 
R2 adj 0.9998 0.9998 0.9998 0.9998 0.9998 0.9999 
SD (mg g-1) 0.2641 0.2522 0.2539 0.2359 0.1991 0.1531 
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Supplementary Table 5. Thermodynamic parameters of DCF and NM adsorption onto 

MWCS-1.0. Conditions: pH, 7.0 and 8.0 for DCF and NM, respectively; adsorbent mass, 50.0 

mg; contact time, 240 min for DCF and 60 min for NM. The values of Kg were converted to S.I. 

units using the molecular weight of the pharmaceuticals. 

 Temperature (K) 

 298 303 308 313 318 323 

DFC       

Kg (L mol-1) 3.60.105 2.85.105 2.30.105 1.87.105 1.52.105 1.31.105 

∆G (kJ mol-1) -31.70 -31.64 -31.61 -31.59 -31.55 -31.64 

∆H° (kJ mol-1) -32.71 - - - - - 

∆S° (J K-1 mol-1) -3.49 - - - - - 

R2adj 0.9980      

       

NM       

Kg (L mol-1) 4.68.105 3.74.105 2.99.105 2.38.105 2.00.105 1.56.105 

∆G (kJ mol-1) -32.35 -32.33 -32.29 -32.22 -32.28 -32.12 

∆H° (kJ mol-1) -34.69 - - - - - 

∆S° (J K-1 mol-1) -7.81 - - - - - 

R2adj 0.9983      
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Abstract Activated carbon (AC)/CoFe2O4 nanocomposites,
MAC-1 and MAC-2, were prepared by a simple pyrolytic
method using a mixture of iron(III)/cobalt(II) benzoates and
iron(III)/cobalt(II) oxalates, respectively, and were used as
efficient adsorbents for the removal of amoxicillin (AMX)
and paracetamol (PCT) of aqueous effluents. The synthesized
nanocomposites were characterized by X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FT-IR), vi-
brating sample magnetometry (VSM), scanning electron mi-
croscopy (SEM), energy dispersive X-ray spectroscopy
(EDX) and transmission electron microscopy (TEM). The
sizes of cobalt ferrite nanoparticles formed from benzoates
of iron(III)/cobalt(II) and oxalates of iron(III)/cobalt(II) pre-
cursors were in the ranges of 5–80 and 6–27 nm, respectively.
The saturation magnetization (Ms), remanence (Mr) and coer-
civity (Hc) of the MAC-2 nanocomposites were found to be
3.07 emu g−1, 1.36 emu g−1 and 762.49 Oe; for MAC-1, they
were 0.2989 emu g−1, 0.0466 emu g−1 and 456.82 Oe. The
adsorption kinetics and isotherm studies were investigated,

and the results showed that the as-prepared nanocomposites
MAC-1 and MAC-2 could be utilized as an efficient, magnet-
ically separable adsorbent for environmental cleanup. The
maximum sorption capacities obtained were 280.9 and
444.2 mg g−1 of AMX for MAC-1 and MAC-2, respectively,
and 215.1 and 399.9 mg g−1 of PCT using MAC-1 and MAC-
2, respectively. Both adsorbents were successfully used for
simulated hospital effluents, removing at least 93.00 and
96.77% for MAC-1 and MAC-2, respectively, of a mixture
of nine pharmaceuticals with high concentrations of sugars,
organic components and saline concentrations.

Keywords Carbon nanocomposites .Magnetic properties .

Adsorption . Amoxicillin . Paracetamol

Introduction

Nowadays, there is extensive attention around magnetic ma-
terials and their potential for many applications such as mag-
netic sensors, high-density recording media, catalysis (Freitas
et al. 2016), the biomedical field (Gao et al. 2006), hydrogen
storage (Yildirim and Ciraci 2005), energy storage (Sathiya
et al. 2011), flocculation (Chen et al. 2016), coagulation
(Santos et al. 2016) and adsorption of hazardous materials
(Do et al. 2011; Mehdinia et al. 2015). Nanocomposites
consisting of 3D transition metal oxides such as Fe3O4

(Ranjithkumar et al. 2014a), α-Fe2O3 (Ranjithkumar et al.
2014b), γ-Fe2O3 (Singh et al. 2012), MnO2 (Hu et al. 2011),
Mn3O4 (Ranjithkumar and Vairam 2012), CoO (Wang et al.
2014), Co3O4 (Tang et al. 2016) and NiO (Huang et al. 2007)
and mixed metal oxides, CoFe2O4 (Ai et al. 2011) and
MnFe2O4 (Podder and Majumder 2016), in a variety of struc-
tures at nanoscale, and carbon nanomaterials, such as activat-
ed carbon (Purkait et al. 2007), carbon nanotubes (Li and Yan
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2016) and graphene (Wan et al. 2016), have synthesized suc-
cessfully and have been investigated for environmental appli-
cations such as removal of hazardous chemicals and energy
storage in the electrochemical field (Sathiya et al. 2011).
Efficiencies of nanocomposite as adsorbents depend on their
high surface area, pore volume and the size of their nanometal
oxide in their carbon shell (dos Reis et al. 2016a; Gao et al.
2006).

Although the activated carbon may be one of the most
commonly used adsorbent for cleaning up polluted effluents,
adsorption of organic molecules using powder activated car-
bon has received less attention, because the separation of or-
ganic molecules adsorbed on carbon from an aqueous solution
is a time-consuming process. In this connection, magnetic
separation is an alternative technique for separating organic
compounds adsorbed on magnetic carbon particles from ad-
sorbate solution. Therefore, adsorbent combing nanotechnol-
ogy and magnetic separation techniques would remove haz-
ardous chemicals from an aqueous solution with good perfor-
mance (Ai et al. 2011).

Researchers have developed magnetic carbon iron oxide
nanoparticles from ferric nitrate in the presence of benzene
vapours to improve the stability of nanocomposites.
Ranjithkumar and Vairam (2012) and Ranjithkumar et al.
(2014a, 2014b) successfully synthesized stable activated car-
bons embedded with Mn3O4, Fe3O4 and α-Fe2O3 from metal
carboxylate by pyrolysis, respectively. Various researchers
have developed mixed metal oxide (MMO) such as
MnFe2O4 (Podder and Majumder 2016) and CoFe2O4 (Sun
et al. 2010) for the applications of adsorption and energy stor-
age among ferrites. CoFe2O4 is an interesting magnetic mate-
rial due to its moderate saturation magnetization, mechanical
hardness and excellent chemical and thermal stabilities (Tan
et al. 2007a; Tan et al. 2007b).

All these features could turn magnetic adsorbents in excel-
lent materials for adsorbing drugs in aqueous effluents. The
fast growth of pharmaceutical industries led to large dis-
charges of drugs into public waters. One concern with the fate
of pharmaceutical compounds in the aquatic environment is
enhanced because there is no information about the potential
effects of many drugs on a diverse array of living organisms,
although they are usually present at very low contents (μg L
−1 or ng L−1) in public waters (Estévez et al. 2005). The major
problems with pharmaceutical wastes are that most drugs are
polar substances with reasonable solubility in water Hu and
Wang (2016), and usually, they are not completely removed
by conventional water treatment plants (Eslami et al. 2016).
Therefore, many used drugs have been detected in public wa-
ters (Bouabi et al. 2016; Zhang et al. 2016). Taking this into
account, adsorption techniques using a suitable adsorbent
could be a good option for the removal of pharmaceuticals
from aqueous effluents (dos Reis et al. 2016a, 2016b,
Rovani et al. 2014).

In this work, the magnetic activated carbon/CoFe2O4 from
various metal carboxylate precursors was prepared and char-
acterized. These magnetic nanoadsorbents were applied to
remove pharmaceuticals from aqueous solutions and the re-
sults showed to be very efficient for amoxicillin (AMX) and
paracetamol (PCT) removal from aqueous solutions.

Materials and methods

Reactants

Powdered activated carbon (AC) (with surface area
893.83 m2 g−1), iron(III) nitrate. Nonahydrate (99.98%),
cobalt(II) nitrate hexahydrate (99.95%), oxalic acid
(99.97%) and benzoic acid (99.95%) were purchased from
Sigma-Aldrich Chemicals and used as such.

The AXL (99.50%) (see Supplementary Fig. 1) and PCT
(99.70%) (see Supplementary Fig. 2) were furnished by
MedChemexpress and used without purification.

Synthesis of metal carboxylates

Metal carboxylates, such as iron(III) benzoate, cobalt(II) ben-
zoate, iron(III) oxalate and cobalt(II) oxalate, were prepared
by mixing corresponding carboxylic acid with metal salts.

Ferric benzoate was prepared by mixing ferric nitrate
(8.08 g in 80 mL of DD water) and benzoic acid solution
(7.32 g in 60 mL of hot water) and stirring for 20 min in a
magnetic stirrer (Ranjithkumar et al. 2014a). The yellow crys-
talline powder formed was filtered and dried after washing
thoroughly with hot distilled water. The same method was
adopted for three other carboxylates, and the details are given
in Supplementary Table 1.

Preparation of magnetic activated carbons

The nanocomposites AC/CoFe2O4, magnetic activated carbon
(MAC)-1 and MAC-2, were prepared by immersing 10 g of
commercial activated carbon (AC) in a mixture of 50mL of an
aqueous solution of benzoate of cobalt(II)/iron(III) or a mix-
ture of oxalate of cobalt(II)/iron(III), respectively, with con-
stant stirring for 6 h at ambient temperature. The filtered and
dried benzoate of cobalt(II)/iron(III) entrapped AC (AC1) and
oxalate of cobalt(II)/iron(III) entrapped AC (AC2) were fur-
ther heated at 600 °C (Ranjithkumar et al. 2014b) and 260 °C
(Hermanek et al. 2006) (decomposition temperature of car-
boxylates), respectively, for 15 min in a muffle furnace to
facilitate the insertion of CoFe2O4 nanoparticles in carbon
matrix. The yields of the composites were about 35%
(MAC-1) and 45% (MAC-2) after calcination.
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Characterization of magnetic activated carbons

Using FT-IR spectra (Thermo Nicolet, Avatar 370), the func-
tional group vibrations of the nanocomposites were recorded.
Embedded α-Fe2O3 nanoparticles in carbon matrix were

identif ied by Powder XRD with CuKα radiation
(λ = 0.15418 nm) at 40 kV and 40 mA and recorded in the
region of 2θ. A field emission scanning electron microscope
(JEOL Model JSM—6390LV), an energy dispersive spec-
trometer (JEOL Model JED—2300) and a transmission elec-
tron microscope (TEM; Philips CM-200; operating volt-
ages—20 to 200 kV; resolution—2.4 Ao) were used to con-
firm the morphology and structure of the magnetic nanocom-
posite. Magnetic nature of the nanocomposites was measured
using a vibrating sample magnetometer (Lakeshore VSM
7410).

Adsorption studies

A 20.00-mL of AMX and PCTsolution (70.00–2000.0 mg L−1)
was added to 30.0 mg of activated carbon in various 50.0-mL
Falcon tubes at different pH values (4.0–10.0) (Prola et al. 2013;
Calvete et al. 2010). The mixtures were agitated between 1 and
300 min inside a temperature-regulated shaker (150 rpm) be-
tween 25 and 50 °C. To separate the adsorbents from AMX
and PCT solutions, the mixtures were centrifuged (10,000 rpm)
for 5min. After the batch adsorption experiment, the unadsorbed
AMX and PCT were measured using a T90+ PG Instruments
spectrophotometer at a maximum wavelength of 228 and
242.5 nm, respectively. The adsorbed quantity expressed as per
unit mass of activated carbon and the percentages of adsorbates
removed are given by Eqs. 1 and 2, respectively

q ¼ Co−C fð Þ
m

� V ð1Þ

%Removal ¼ 100� Co−C fð Þ
Co

ð2Þ

q is the amount of AMX or PCT adsorbed by the adsorbent
(mg g−1);Co is the initial adsorbate concentration in contact with
the adsorbent (mg L−1); Cf is the adsorbate concentration after
the batch adsorption study (mg L−1); m is the mass of adsorbent
(g); and V is the volume of the adsorbate solution (L).

Fig. 1 Powder XRD patterns of a
AC, b MAC-1 and c MAC-2

Table 1 Chemical composition of simulated hospital effluents

Concentration (mg L−1)

Effluent A Effluent B

Pharmaceuticals

Paracetamol 25.0 50.0

Amoxicillin 25.0 50.0

Diclofenac 10.0 20.0

Nimesulide 10.0 20.0

Acetyl salicylic acid 10.0 20.0

Sivastatin 10.0 20.0

Captopril 10.0 20.0

Propranolol hydrochloride 10.0 20.0

Enalapril maleate 10.0 20.0

Sugars

Saccharose 30.0 50.0

Glucose 30.0 50.0

Other organic component

Urea 20.0 40.0

Citric acid 20.0 40.0

Inorganic components

Ammonium phosphate 20.0 30.0

Ammonium chloride 20.0 30.0

Sodium sulphate 50.0 70.0

Sodium chloride 50.0 70.0

Sodium carbonate 50.0 70.0

Sodium acetate 20.0 30.0

Magnesium carbonate 50.0 70.0

Potassium nitrate 10.0 20.0

pH 7.0 7.0
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Quality control and evaluation of adsorption models

The quality assurance and statistical evaluation of the
adsorption process and applied models are shown in
supplementary material (Barbosa et al. 2000; Lima
et al. 1999, 2002, 2003, 2015; Puchana-Rosero et al.
2016).

Kinetic models

Kinetic data was analysed using pseudo-first-order,
pseudo-second-order and general order models

(Cardoso et al. 2012). The mathematical relations of
pseudo-first-order, pseudo-second-order and general

Fig. 2 SEM images of nanocomposites MAC-1 (a, b) and MAC-2 (c, d)

Table 2 Particle size, pore size and magnetic properties

MAC-1 MAC-2

Particle size (nm) 5–80 6–27

Porous size (μm) H.L/V.L 3.0–6.3/6.1–8.4 7.0–13.0/2.0–2.9

Hc (Oe) 762.49 456.82

Mr (emu g−1) 1.36 0.0466

Ms (emu g−1) 3.07 0.2989
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order kinetic models are shown in Eqs. 3, 4 and 5,
respectively.

qt ¼ qe⋅ 1−exp −k1 � tð Þ½ � ð3Þ
qt ¼ qe−

qe
k2 qeð Þ � t þ 1½ � ð4Þ

qt ¼ qe−
qe

kN qeð Þn−1 � t � n−1ð Þ þ 1
h i1=1−n ð5Þ

where t is the contact time (min); qt and qe are the
amounts of adsorbate adsorbed at time t and at the
equilibrium, respectively (mg g−1); k1 is the pseudo-

Fig. 3 TEM images of nanocomposites MAC-1 (a, c, e) and MAC-2 (b, d, f)
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first-order rate constant (min−1); k2 is the pseudo-
second-order rate constant (g mg−1 min−1); kN is the
general order rate constant [h−1 (g mg−1)n − 1]; and n
is the order of adsorption kinetics (dimensionless).

Equilibrium models

Langmuir, Freundlich and Liu models were employed
for analysis of equilibrium data. Equations 6, 7 and 8
show the corresponding Langmuir, Freundlich and Liu
models (Cardoso et al. 2012; Calvete et al. 2010; Lima
et al. 2015).

qe ¼
Qmax � KL � Ce

1þ KL � Ce
ð6Þ

qe ¼ K F � C1=n F
e ð7Þ

qe ¼
Qmax � Kg � Ce

� �nL
1þ Kg � Ce

� �nL ð8Þ

where qe is the adsorbate amount adsorbed at equilibri-
um (mg g−1); Ce is the adsorbate concentration at equi-
librium (mg L−1); Qmax is the maximum sorption capac-
ity of the adsorbent (mg g−1); KL is the Langmuir equi-
librium constant (L mg−1); KF is the Freundlich equilib-
rium constant [mg g−1.(mg L−1)−1/nF]; Kg is the Liu
equilibrium constant (L mg−1); and nF and nL are the
exponents of the Freundlich and Liu models, respective-
ly (nF and nL are dimensionless).

Simulated effluents

Two simulated hospital effluents, which consisted of nine
pharmaceuticals, two sugars, two organic compounds and
eight inorganics usually found in hospital effluents were pre-
pared at pH 5.0. The compositions and concentrations of the
components of the effluents are highlighted in Table 1. The
purpose of using simulated effluents is to test the sorption
capacities of the activated carbons for removal of mixtures
of pharmaceutical compounds in a medium that contains high
concentrations of salts and organic matter (Saucier et al.
2015a).

Results and discussion

Characterization of magnetic AC/MMOs nanocomposites

FT-IR

FT-IR spectra for the AC, the mixtures of cobalt(II) and
iron(III) carboxylates, entrapped carbon (for benzoate AC1
and oxalate AC2) and nanocomposites MAC-1 and MAC-2
are shown in Supplementary Fig. 3a–e, respectively. All the
spectra have characteristic peaks in the range of 1500–1570
and 2320–2370 cm−1 due to νC–C in AC and this corroborates
that the carbon was not decomposed in the anocomposites
MAC-1 and MAC-2 during the thermal decomposition of
the carboxylates. The vibrations at 1502 and 1518 cm−1

Fig. 4 Magnetization hysteresis
loop of nanocomposites MAC-1
(a) and MAC-2 (b) at room
temperature
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correspond to asymmetric stretching of aνC=O, and the vibra-
tions at 1311 and 1372 cm−1 are due to symmetric stretching
of aνC=O in the spectra of AC1 and AC2. The vibrational
stretching noticed at 586 and 624 cm−1 (AC1) and 659 and
589 cm−1 (AC2) in Fig. 1b, c corresponds to νM–O. These
observations indicate that all the metal carboxylates are
entrapped by AC. The peak observed at 493 and 592 cm−1

in Fig. 1d, e are attributed to νM–O of CoFe2O4 in carbon.
Moreover, untreated AC and both the nanocomposites
(MAC-1 andMAC-2) do not show any carboxylate stretching
in their spectra. This reveals that the entrapped metal carbox-
ylates are well decomposed to CoFe2O4 in carbon shell. These
results are similar to other reported values (Ranjithkumar and
Vairam 2012).

PXRD

The wide-angle PXRD patterns of AC, MAC-1 and MAC-2
(Fig. 1) indicated activated carbon embedded with a face
centred cubic spinal structure (JCPDS no. 22-1086). The me-
dium diffraction peaks in the patterns of all the samples con-
firmed that the CoFe2O4 nanoparticles were encapsulated by
carbon particles when compared with PXRD patterns of bare
CoFe2O4 nanoparticles. Moreover, the broadness of the peaks
of nanocomposites MAC-1 and MAC-2 in Fig. 1 shows that
the metal carboxylates are thermally decomposed to nano
sizes of cobalt ferrite particles in carbon shell. The rangees
of average crystal size calculated according to the Scherrer’s
formula from the FWHM of the most intense peaks ofMAC-1
and MAC-2 were 10–50 and 14–35 nm, respectively, and
these values were closely supported with TEM results.

Scanning electron microscopy

SEM images of nanocomposites MAC-1, and MAC-2 are
shown in Fig. 2, and their pores sizes are presented in
Table 2. Figure 2 shows that white diminutive particles were
well diffused in the pores of the carbon shell and were aggre-
gated well because of its paramagnetic nature. From this
study, we could not find exact size and shape of the MMO
particles in carbon shell, which suggests that the presence of
MMOs are in the nanosize range.

TEM

Detailed nanostructure and size investigations by selected area
electron diffraction patterns of as-prepared nanocomposites
MAC-1 and MAC-2 were conducted by TEM. The TEM im-
ages of nanocompositesMAC-1 andMAC-2 at different mag-
nifications are shown in Fig. 3 and reveal that the distributions
of nanoparticles are embedded in the carbon matrix. The light
coloured region is activated carbon, whereas dark coloured
spots indicate the presence of magnetic CoFe2O4

nanoparticles in the nanocomposites, due to uneven electron
penetrability. The size range and shape of embedded CoFe2O4

nanoparticles are 5–80 nm with spherical and rectangular
shapes and 6–27 nm with spherical shapes for MAC-1 and
MAC-2, respectively, and this is in good agreement with the
PXRD results. SAED pattern of nanocomposites is shown in
Fig. 3e, f and confirms that the CoFe2O4 nanoparticles are
highly crystalline for MAC-1 (Tan et al. 2007a; Tan et al.
2007b) and polycrystalline for MAC-2 (Huiqun et al. 2006).

Magnetic measurements

The magnetization measurements for the as-prepared MAC
composites were carried out using a vibrating sample magne-
tometer at room temperature with an applied magnetic field of
15 kOe, which reveals that MAC composites exhibit a clearly
hysteretic behaviour. The magnetic hysteresis loops of nano-
composites MAC-1 and MAC-2 are shown in Fig. 4a, b, re-
spectively. Saturation magnetization (Ms), retentivity (Mr) and
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Fig. 5 Effect of initial pH on the adsorption of aAMX and b PCT. Initial
adsorbate concentration was 200 mg L−1, temperature was fixed at 25 °C,
adsorbent dosage was 1.50 g L−1 and time of contact was fixed at 4 h
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coercivity (Hc) of the nanocomposites MAC-1 and MAC-2
are given in Table 2. Magnetic measurement results show that
there is a decrease in Ms and an increase in Hc of MAC com-
posites when compared with bare CoFe2O4 [Ms-94 emu g−1

(Huiqun et al. 2006)]. This observation substantiates the fact
that the metal oxide is embedded within the activated carbon.
Furthermore, the magnetic nature of the nanoparticles is char-
acterized by the ratio of remanence to saturation magnetiza-
tion (Mr/Ms), and if the ratio is larger than 25%, it clearly
indicates that the nanocomposites exhibit ferromagnetic be-
haviour, whereas, if the ratio is less than 25%, it reveals a
formation of super-paramagnetic nature at room temperature.
From this fact, MAC-1 and MAC-2 show ferromagnetic and
super-paramagnetic behaviour, respectively, substantiating
that theMs value increases with the increase of decomposition
temperature of carboxylate causes for increasing the size of
MMOs {benzoate (600 °C) and oxalate (260 °C)}
(Ehrensberger et al. 1999). These types of MACs have higher
energy required for the adsorption process of hazardous chem-
ical removal when compared with pure AC because the toxic
chemicals adsorbed by the MACs are separated easily by

magnetic separation, the filtration process can be avoided,
and time consumption can be reduced.

Average particle size was calculated from Scherrer’s for-
mula; porous size (H.L and V.L) of carbon is shown in SEM
image; and Ms saturation magnetization, Hc coercivity, Mr

Remaan and magnetization were measured at room tempera-
ture using vibrating sample magnetometry (VSM).

Effect of pH of adsorbate solution

The pH of the solution is a key factor that could affect the
adsorption of a drug on an adsorbent (Arya and Philip 2016;
Saucier et al. 2015b; Shan et al. 2016; Zhao et al. 2016). The
optimum pH of organics is a function of the chemical nature of
adsorbent, and the solubility of the organics also depends on
the pH of the solution. In this study, it was observed that for
pH values 3–10 (see Fig. 5), the percentage of removal for
AMX and PCT was practically constant within this pH inter-
val. For this reason, all the solutions were prepared in pH 7.0,
considering that a wastewater contaminated with these phar-
maceuticals would need to be neutralized before being

Table 3 Kinetic parameters for adsorption of amoxilicin and paracetamol on magnetic activated carbons (MAC-1 and MAC-2)

MAC-1 MAC-2 MAC-1 MAC-2

Amoxilicin Amoxicilin Paracetamol Paracetamol

400 mg L−1 800 mg L−1 400 mg L−1 800 mg L−1 400 mg L−1 800 mg L−1 400 mg L−1 800 mg L−1

Pseudo-first-order

kf (min−1) 0.1235 0.1238 0.3232 0.3142 0.4062 0.4069 0.5139 0.4973

qe (mg g−1) 153.5 174.5 210.4 254.9 150.1 163.6 198.9 240.5

t1/2 (min) 5.613 5.597 2.145 2.206 1.706 1.704 1.349 1.394

t0.95 (min) 24.26 24.19 9.270 9.536 7.374 7.363 5.829 6.024

R2 adjusted 0.9965 0.9961 0.9898 0.9901 0.9999 0.9998 0.9996 0.9999

SD (mg g−1) 3.183 3.798 6.082 7.330 0.5083 0.6340 1.066 0.7270

Pseudo-second-order

ks (g mg−1 min−1) 1.053.10−3 9.299.10−4 0.002320 1.851.10−3 0.004454 0.004105 0.004475 0.003515

qe (mg g−1) 165.5 188.1 220.4 267.2 155.7 169.7 206.5 250.0

t1/2 (min) 5.736 5.718 1.956 2.022 1.442 1.435 1.082 1.138

t0.95 (min) 109.0 108.6 37.16 38.42 27.39 27.27 20.56 21.62

R2 adjusted 0.9909 0.9913 0.9967 0.9964 0.9749 0.9754 0.9778 0.9768

SD (mg g−1) 5.123 5.671 3.481 4.425 6.611 7.107 8.161 10.17

General order

kN [min−1 (g mg−1)n − 1] 0.02952 0.02630 0.01706 0.01590 0.4213 0.4207 0.4253 0.4753

qe (mg g−1) 156.2 177.7 215.3 260.7 150.0 163.5 199.0 240.5

n 1.309 1.326 1.601 1.586 0.9918 0.9926 1.041 1.009

t1/2 (min) 5.494 5.475 2.000 2.066 1.710 1.706 1.333 1.390

t0.95 (min) 35.05 35.73 19.54 19.73 7.319 7.313 6.040 6.074

R2 adjusted 0.9999 0.9999 0.9999 0.9999 0.9999 0.9998 0.9997 0.9999

SD (mg g−1) 0.5145 0.5927 0.7197 0.8946 0.5093 0.6505 1.007 0.7422

Adsorbent dosage was fixed at 1.50 g L−1 , the initial pH of adsorbate solution was fixed at 7.0 and the temperature was fixed at 25 °C
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released to the environment. For the treatment with adsorp-
tion, it is not necessary to make any pH adjustments if the
solution of the effluent is within pH 3.0–10.0. This result also
reveals that the mechanism of adsorption of AMX and PCT
onto MAC-1 and MAC-2 should not be electrostatic attrac-
tion, since this mechanism is pH dependent as may be ob-
served several times in the literature (Calvete et al. 2010;
dos Santos et al. 2015).

Kinetics of adsorption

The kinetic of adsorption of AMX and PCTonto MAC-1 and
MAC-2 adsorbents was explored using nonlinear pseudo-
first-order, pseudo-second-order and general order kinetic
models. The kinetic curves and fitting parameters of the
models are shown in Supplementary Figs. 4 and 5 (AMX
and PCT, respectively) and Table 3. The fitness of each model
is explained using the values of standard deviation of residues
(SD). Lower SD value indicates smaller disparity between
theoretical and experimental q values. To compare the fitness
of eachmodel, the SD of eachmodel was divided by the SD of
the minimum value to obtain the SD ratio. For AMX, the

general order kinetic model was the best kinetic isotherm
model, showing that SD ratio values of pseudo-first-order ki-
netic models vary from 6.19 to 8.45, while those of pseudo-
second-order model vary from 4.84 to 9.96. For PCT, the
pseudo-first-order kinetic model presented the lowest SD ra-
tio. For general order kinetic model, the SD ratio ranged from
0.94 to 1.03, and for the pseudo-second-order, the SD ratio
ranged from 7.66 to 13.99. Although the pseudo-first-order
model was slightly better, the general order kinetic model
presented a suitable fitting for the kinetic data. Observing
the n exponent of general order for PCT, the n values ranged
from 0.9918 to 1.041. Therefore, it is evident that the order of
the kinetics of adsorption is very close to pseudo-first-order,
being that this kinetic model should explain the kinetics of
adsorption for PCT.

The kinetic rate constants of the kinetic models have dif-
ferent units; it is difficult to compare the rates of the kinetics of
adsorption of the different activated carbons. The half-life
(t1/2), which is the time to attain 50% of adsorption capacity
at the equilibrium (qe), was calculated by interpolation of the
fitting kinetic curve. Also for AMX, it was observed that t1/2
obtained with MAC-1 is about 2.7-fold higher than the t1/2
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Fig. 6 Isotherms of adsorption of AMX (a, MAC-1; b, MAC-2) and PCT (c, MAC-1; d, MAC-2). The time of contact was fixed at 60 and 30 min for
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obtained with MAC-2, based on the values of the general
order kinetic model. For PCT, the t1/2 obtained with MAC-1
is only 1.2-fold higher than the t1/2 value obtained with MAC-
2 (based on pseudo-first-order kinetic model). Therefore, it
can be concluded that for AMX, the kinetics of adsorption
of these pharmaceutical is faster in MAC-2. For PCT, the
differences of kinetics are not so extreme.

In order to determine the time it takes to attain equilibrium,
an interpolation was made on the general order and pseudo-

first-order kinetic plots for AMX and PCTadsorption, respec-
tively. In this calculation, the value of qt was 95% of the
maximum value of experimental qe used. This time is defined
as t0.95. For AMX, the maximum t0.95 was 35.73 and
19.73 min using MAC-1 and MAC-2, respectively (values
based on general order kinetic model). For PCT, the maximum
t0.95 values were 7.374 and 6.024 min for MAC-1 and MAC-
2, respectively. Based on these values, for further studies, the
time of contact for AMX was fixed at 60 min both for

Table 4 Langmuir, Freundlich and Liu isotherm parameters for the adsorption of amoxicillin and paracetamol onto MC-1and MC-2

AMX

MAC-1 MAC-2

25 °C 30 °C 35 °C 40 °C 45 °C 50 °C 25 °C 30 °C 35 °C 40 °C 45 °C 50 °C

Langmuir

Qmax (mg g−1) 174.8 168.5 213.7 184.4 243.3 261.3 268.1 327.5 365.9 359.0 371.9 403.8

KL (L mg−1) 0.1012 0.1795 0.09475 0.3335 0.1169 0.1296 0.1761 0.08497 0.1179 0.1533 0.2526 0.2631

R2
adj 0.9489 0.9249 0.9765 0.9115 0.9813 0.9882 0.9479 0.9871 0.9954 0.9609 0.9579 0.9744

SD (mg g−1) 12.54 13.59 10.36 17.45 10.98 9.608 17.69 12.19 6.999 21.58 23.88 19.12

Freudlich

KF(mg g−1 (mg L−1)−1/nF) 62.80 77.67 74.12 87.62 85.51 92.04 134.3 136.8 186.4 169.5 177.1 208.2

nF 5.876 7.469 5.632 7.590 5.579 5.519 9.411 7.491 9.808 8.472 8.346 9.361

R2
adj 0.9806 0.9894 0.9644 0.9862 0.9499 0.9361 0.9884 0.9396 0.9549 0.9572 0.9643 0.9643

SD (mg g−1) 7.734 5.104 12.76 6.895 17.99 22.32 8.351 26.33 21.82 22.58 21.98 22.58

Liu

Qmax (mg g−1) 224.0 235.1 245.5 257.5 269.0 280.9 339.4 358.5 378.3 399.2 421.3 444.2

Kg (L mg−1) 0.04172 0.05037 0.06185 0.07246 0.08794 0.1053 0.08407 0.1015 0.1227 0.1474 0.1761 0.2142

nL 0.4467 0.3379 0.5879 0.3158 0.6421 0.7048 0.3400 0.5382 0.7335 0.5031 0.4779 0.5179

R2
adj 0.9998 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999

SD (mg g−1) 0.6939 0.4087 0.4377 0.3080 0.3757 0.3383 0.5244 0.2607 0.3573 0.3327 0.3531 0.2919

PCT

MAC-1 MAC-2

25 °C 30 °C 35 °C 40 °C 45 °C 50 °C 25 °C 30 °C 35 °C 40 °C 45 °C 50 °C

Langmuir

Qmax (mg g−1) 173.5 130.9 172.4 171.8 150.8 191.6 227.7 251.8 239.2 269.7 283.3 285.8

KL (L mg−1) 0.03788 0.2348 0.07592 0.1011 0.1603 0.1495 0.3146 0.2492 2.549 0.9228 1.954 1.719

R2
adj 0.9986 0.9410 0.9874 0.9814 0.9743 0.9781 0.9306 0.9585 0.9150 0.9144 0.9146 0.9210

SD (mg g−1) 1.969 10.13 6.395 7.939 6.407 7.940 17.63 14.47 20.93 24.91 25.12 23.01

Freudlich

KF (mg g−1 (mg L−1)−1/nF) 48.07 53.61 55.01 61.02 85.66 93.77 112.8 128.3 137.4 144.3 160.9 285.8

nF 4.995 6.499 5.326 5.852 11.12 8.648 7.880 8.453 9.586 8.580 9.273 1.719

R2
adj 0.9119 0.9801 0.9434 0.9606 0.9979 0.9729 0.9864 0.9914 0.9916 0.9860 0.9868 0.9937

SD (mg g−1) 15.68 5.882 13.54 11.54 1.845 8.830 7.806 6.582 6.572 10.06 9.860 6.496

Liu

Qmax (mg g−1) 170.1 177.0 187.7 195.3 204.9 215.1 302.2 322.0 341.9 359.7 378.7 399.9

Kg (L mg−1) 0.03858 0.04808 0.06149 0.07720 0.09164 0.1128 0.09690 0.1205 0.1537 0.1940 0.2429 0.3011

nL 1.122 0.3916 0.6876 0.5512 0.2642 0.5307 0.3593 0.3611 0.2568 0.3086 0.2979 0.2402

R2
adj 0.9997 0.9962 0.9998 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999 1.0000

SD (mg g−1) 0.9648 2.568 0.8959 0.3815 0.4097 0.4594 0.5844 0.4325 0.4574 0.09297 0.4575 0.4819

Adsorbent dosage was fixed at 1.50 g L−1 , the initial pH of adsorbate solution was fixed at 7.0 and the temperature was fixed at 25 °C. The time of
contact was fixed at 60 and 30 min for AMX and PCT, respectively
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adsorbents and for PCT; the time of contact was fixed at
30 min for further experiments. This increase in the time of
contact is to guarantee that the equilibrium would be in fact
attained.

Equilibrium studies and mechanism of adsorption

The isothermal data were recorded between 25 and 50 °C
using the following experimental conditions: contact times
between the adsorbate and the adsorbent were fixed at 60.0
and 30 min for AMX and PCT, respectively; the initial pH of
the adsorbate solutions were 7.0; and adsorbent dosages used
were 1.5 g L−1. Figure 6 shows the adsorption isotherms of
AMX and PCT onto MAC-1 and MAC-2 at 25 °C. On the
basis of R2adj and SD values (Lima et al. 2015), the Liu model
best describes the equilibrium data of adsorption of AMX and
PCT onto two magnetic activated carbon adsorbents at all
experimental temperatures (Table 4). For AMX, the SD ratio
values of the Langmuir model range from 18.07 to 56.66
(MC-1) and 19.59 to 67.63 (MC-2). The SD ratios of the
Freundlich model ranged from 11.15 to 65.98 (MC-1) and
15.92 to 101.0 (MC-2). For PCT, the SD ratio for the

Langmuir model ranged from 2.04 to 20.81 (MC-1) and
30.17 to 267.9 (MC-2). For the Freundlich isotherm, the SD
ratio ranged from 2.29 to 30.25 (MC-1) and from 13.36 to
108.2 (MC-2). The SD ratio value of Liu isotherm model
was 1.0, which signifies that the theoretical equilibrium ad-
sorption capacity predicted by Liu model (q,i,model) is closer to
the experimental equilibrium adsorption capacity (q,i,-
experimental) (Prola et al. 2013; Ribas et al. 2014). The R2

adj

values equally agree with the SD values—a confirmation that
the Liu isotherm model is the best isotherm model for the
experimental data.

Analysing the Qmax values of the Liu isotherm, it was ob-
served that for AMX, the maximum sorption capacity of
MAC-2 was 54.6% higher, on average, than MAC-1, for tem-
peratures from 25 to 50 °C. For PCT, the maximum sorption
capacity based on the Liu isotherm was 82.8% for MAC-2 in
relation to MAC-1. Therefore, the activated carbon modified
with iron oxalate and cobalt oxalate (MAC-2) presented
higher sorption capacity than the activated carbon modified
with iron benzoate and cobalt benzoate (MAC-1).
Decomposition temperature of carboxylates [benzoate/
600 °C and oxalate/260 °C] plays a vital role in the alter of

Table 5 Thermodynamic parameters of the adsorption of amoxicillin and paracetamol onto MC-1 and MC-2 magnetic carbon adsorbents

Temperature (K)

298 303 308 313 318 323

AMX–MAC-1

Kg (L mol−1) 1.524 × 104 1.841 × 104 2.260 × 104 2.648 × 104 3.213 × 104 3.848 × 104

ΔG° (kJ mol−1) −23.86 −24.74 −25.67 −26.50 −27.44 −28.35
ΔH° (kJ mol−1) 29.54 – – – – –

ΔS° (J K−1 mol−1) 179.2 – – – – –

R2
adj 0.9991 – – – – –

AMX–MAC-2

Kg (L mol−1) 3.072 × 104 3.710 × 104 4.483 × 104 5.386 × 104 6.435 × 104 7.826 × 104

ΔG° (kJ mol−1) −25.60 −26.50 −27.43 −28.35 −29.27 −30.26
ΔH° (kJ mol−1) 29.77 – – – – –

ΔS° (J K−1 mol−1) 185.7 – – – – –

R2
adj 0.9993 – – – – –

PCT–MAC-1

Kg (L mol−1) 5.831.103 7.268 × 103 9.296 × 103 1.167 × 104 1.385 × 104 1.705 × 104

ΔG° (kJ mol−1) −21.48 −22.40 −23.40 −24.37 −25.21 −26.17
ΔH° (kJ mol−1) 34.44 – – – – –

ΔS° (J K−1 mol−1) 187.7 – – – – –

R2
adj 0.9983 – – – – –

PCT–MAC-2

Kg (L mol−1) 1.465.104 1.821 × 104 2.323 × 104 2.933 × 104 3.672 × 104 4.551 × 104

ΔG° (kJ mol−1) −23.77 −24.71 −25.74 −26.77 −27.79 −28.80
ΔH° (kJ mol−1) 36.61 – – – – –

ΔS° (J K−1 mol−1) 202.5 – – – – –

R2
adj 0.9995 – – – – –
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the nanosize of the metal oxides in the carbon matrix. Size
ranges of the metal oxides in the nanocomposites, MAC-1 and
MAC-2, were 5–80 and 6–27 nm, respectively, which are
shown in TEM images, and this fact concludes that the
nanosize of CoFe2O4 increases with the increase of decompo-
sition temperature of metal carboxylates. Therefore, the ad-
sorption capacity of MAC-2 is better than that of MAC-1.

Thermodynamic studies and mechanism of adsorption

Calculations from the slope and intercept of the linear plot of
Ln(K) versus 1/T give ΔH° and ΔS° values, respectively, as
extensively explained in the literature (Saucier et al. 2015a;
dos Santos et al. 2015; Machado et al. 2012; Prola et al. 2013;
Ribas et al. 2014). The R2

adj values of the plots are ≥0.99, a
measure of the reliability of the ΔH° and ΔS° values. Table 5
presents the thermodynamic parameters.

The interactions of adsorbents with the adsorbates can be
grouped into two using the magnitude of enthalpy: chemical
adsorption and physical adsorption. The enthalpy value of
physical adsorption is <40 kJ mol−1. The enthalpy values of
adsorption of AMX and PCT onto the MAC-1 and MAC-2
adsorbents match their physical adsorption (Sun and Wang
2010). ΔH° has positive values, which signifies that the inter-
actions of the adsorbents with AMX and PCT are endother-
mic. The adsorption of the two adsorbates onto two adsorbents
are spontaneous and a favourable process because ΔG° values

are negative. There was an increase in randomness at the solid/
liquid interface because ΔS° has positive values. The mole-
cules of the adsorbates were displaced from the bulk solution
when it was adsorbed in the solid phase. Therefore, the entro-
py of the system increased (Kyzas et al. 2013; Travlou et al.
2013).

Based on the structure of the activated carbons and on the
kinetic, equilibrium and thermodynamic data of adsorption, it
is possible to propose a mechanism of adsorption of AMX and
PCT onto the adsorbents. The interaction of the adsorbates
with the magnetic activated carbons should be governed by
van der Walls interactions (hydrophobic interactions, π–π
stacking), hydrogen bonds and polar interactions of the oxy-
gen and nitrogen groups of the adsorbate with the polar groups
of the adsorbents (dos Reis et al. 2016a, 2016b; Gupta and
Garg 2015; Kuyumcu et al. 2016; Pezoti et al. 2016;
Villaescusa et al. 2011), as depicted in Fig. 7.

Simulated industrial effluents

In order to test the performance of MAC-1 and MAC-2 ad-
sorbents on wastewater treatment, they were applied on two
simulated hospital effluents (Table 1). As shown in Fig. 8, the
spectra of the simulated effluents before and after treatment
with the four activated carbons were recorded from 190 to
600 nm by UV–Vis spectrophotometer. The areas under the
absorption bands give the percentages of the mixture of

+

Activated carbon

amoxicillin

amoxicilin adsorbed onto activated carbon

Activated carbon

paracetamol

+

paracetamol adsorbed onto activated carbon

Fig. 7 Mechanism of adsorption of AMX and PCT onto magnetic activated carbon
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pharmaceuticals removed from the effluents. MAC-1 re-
moved 97.95% (effluent A) and 93.00% (effluent B), while
MAC-2 removed 99.41% (effluent A) and 96.77% (effluents
B). The MAC-2 presented a slightly better performance for
the treatment of simulated hospital effluents. These results are
in agreement with the maximum sorption capacities discussed
above.

Conclusion

Activated carbon(AC)/CoFe2O4 nanocomposites, MAC-1
and MAC-2, were prepared by a simple pyrolytic method
using a mixture of benzoates of iron(III)/cobalt(II) and oxa-
lates of iron(III)/cobalt(II), respectively, and they were used as
adsorbents for the successful removal of amoxicillin (AMX)
and paracetamol (PCT) of aqueous effluents. The synthesized
nanocomposites were characterized by Fourier transform in-
frared spectroscopy (FT-IR), X-ray diffraction (XRD), scan-
ning electron microscopy (SEM), energy dispersive X-ray

spectroscopy (EDX), transmission electron microscopy
(TEM) and vibrating sample magnetometry (VSM). The ki-
netics of adsorption was evaluated by using nonlinear pseudo-
first-order, pseudo-second-order and general order kinetic
models. For amoxicillin, the general order kinetic model was
the best model that was adjusted to the experimental data, and
for paracetamol, the nonlinear pseudo-first-order was the best
fit kinetic model. The equilibrium data were also fit using the
nonlinear Langmuir, Freundlich and Liu isothermmodels. For
both pharmaceuticals using the two adsorbents, the best fitting
of the equilibrium data occurred for the Liu isotherm model.
The enthalpy, entropy and Gibb’s free energy of adsorption
were each determined based on Liu isotherms from 298 to
323 K. Based on the structure of the activated carbons and
on the kinetic, equilibrium and thermodynamic data of adsorp-
tion, it is possible to propose a mechanism of adsorption of
AMX and PCT onto the adsorbents. The interaction of the
adsorbates with the magnetic activated carbons should be
governed by van der Walls interactions (hydrophobic interac-
tions, π–π stacking), hydrogen bonds and polar interactions of
the oxygen and nitrogen groups of the adsorbate with the polar
groups of the adsorbents. Also, the MAC-1 and MAC-2 mag-
netic carbons were successfully used as adsorbents for treat-
ment of simulated hospital effluents, removing at least 93.00%
(MAC-1) and 96.77% (MAC-2) of a medium containing nine
pharmaceuticals, two sugars, two organic substrates and eight
inorganic contents that closely simulated hospital effluents.
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Quality control and evaluation of adsorption models 

 To ensure reproducibility, reliability and accuracy of adsorption data, some 

experiments were carried out three times (Barbosa et al., 2000). Blanks were run in 

parallel and corrected when necessary (Lima et al., 1999). The solutions of AMX and 

PCT were stored in the clean glass bottles in a dust-free cupboard (Lima et al., 2002). 

Prepared standard adsorbate solutions solutions (10.0 – 250.0 mg L-1) were used for 

calibration in parallel with a blank (Puchana-Rosero et al., 2016). 

The linear analytical calibration curve was done on the UV-Win software of the 

T90+ PG Instruments spectrophotometer. The detection limit of AMX and PCT based on 

a signal/noise ratio of 3 were 0.080 and 0.070 mg L-1, respectively (Lima et al., 2003). 

The fitness of the kinetic and equilibrium data were done using nonlinear 

methods, which were evaluated using Simplex method, and the Levenberg–Marquardt 

algorithm using the fitting facilities of the Microcal Origin 2015 software. The suitableness 

of the kinetic and equilibrium models were evaluated using a determination coefficient 

(R2), an adjusted determination coefficient (R2
adj) and the standard deviation of residues 

(SD) (Lima et al. 2015). Standard deviation of residues measures the differences 

between the theoretical and experimental amounts of phenol adsorbed. Equations 3, 4 

and 5 are the mathematical expressions for respective R2, R2
adj and SD (Lima et al. 

2015). 
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In the above equations, qi, model is individual theoretical q value predicted by the model;  

qi, exp is individual experimental q value; 
expq is the average of experimental q values; n is 

the number of experiments; p is the number of parameters in the fitting model. 

 

Supplementary Table 1. Precursor and amount of precursor for preparation of the 

iron(III) and cobalt(II) benzoate and oxalate. 

Material Precursor Amount of precursor (g) 

Ferric benzoate Ferric nitrate & benzoic acid 8.08 & 7.32 

Cobalt benzoate Cobalt nitrate & benzoic acid 5.20 & 4.88 

Ferric oxalate Ferric nitrate & oxalic acid 3.60 & 1.12 

Cobalt oxalate Cobalt nitrate & oxalic acid 2.47 & 1.06 
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Supplementary Fig 1. A)  amoxicillin, pKa values are indicatedStructural formula of
in the figure; B) amoxicillinOptimized three-dimensional structural formula of . 
The dimensions of the chemical molecule was calculated using MarvinSketch

2  
version 16.6.6.0. van der Waals surface area 476.14 A (pH 7.0);

2
Polar surface area 162.71 A  (pH 7.0); Dipole Moment 5.25 Debye;
LogP -0.04; Log D -2.31. Hydrophilic-lipophilic balance 19.72    
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Supplementary Fig 2. A)  paracetamol, pKa value is indicatedStructural formula of
in the figure; B) paracetamOptimized three-dimensional structural formula of ol. 
The dimensions of the chemical molecule was calculated using MarvinSketch

2  
ve rs ion  16 .6 .6 .0 .  van  de r  Waa ls  su r face  a rea   A (pH 7 .0 ) ;

2
Polar surface area 49.33 A  (pH 7.0); Dipole Moment 3.60 Debye;
LogP 0.91; Log D 0.91; Hydrophilic-lipophilic balance 5.57     



Supplementary Fig. 3.  FT-IR spectra of (a) AC (b) AC-1
(c) AC-2 (d) MAC-1 and (e) MAC-2.
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Supplementary Fig 4. Kinetics of adsorption of AMX onto MAC-1 (A, B) and MAC-2 (C,D). Initial AMX
-1 -1 -1concentration 400 mg L  (A, C) and 800 mg L (B, D)  Temperature was fixed at 25°C; adsorbent dosage was 1.50 g L ; 

initial pH was fixed at 7.0.
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Supplementary Fig 5. Kinetics of adsorption of PCT onto MAC-1 (A, B) and MAC-2 (C,D). Initial PCT concentration 
-1 -1 -1400 mg L  (A, C) and 800 mg L (B, D). Temperature was fixed at 25°C; adsorbent dosage was 1.50 g L ;

initial pH was fixed at 7.0.
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