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RESUMO 

Fármacos são contaminantes emergentes continuamente inseridos no meio ambiente e 
frequentemente detectados em efluentes e matrizes aquáticas. Assim, tem-se buscado métodos 
avançados para a remoção eficaz de fármacos de meios aquosos. Esta tese de doutorado 
objetivou avaliar duas tecnologias preeminentes, adsorção e processo oxidativo avançado 
(POA), para tratamento de soluções contendo o contaminante farmacêutico losartana potássica, 
que é um dos anti-hipertensivos mais consumidos no mundo. Com relação à adsorção, a argila 
do tipo bentonita organofílica, Spectrogel-Tipo C, foi selecionada como material adsorvente. 
Ensaios descontínuos demonstraram que o tempo de equilíbrio de adsorção a 25 °C é de 
36,7 horas e que o perfil cinético segue o modelo de pseudossegunda ordem. A resistência à 
transferência de massa em filme externo foi identificada como etapa limitante predominante. 
Isotermas de adsorção de losartana em Spectrogel apresentaram máximas capacidades de 
adsorção pelo modelo de Langmuir de 0,082 mmol/g a 25 °C e 0,099 mmol/g a 40 °C. O estudo 
termodinâmico revelou que o processo é espontâneo e endotérmico. O metanol forneceu 
eficiência de dessorção de 65%. Comparativamente à argila Spectrogel, o carvão ativado de 
casca de coco apresentou cinética mais lenta (40 horas) e menor capacidade adsortiva a 25 °C 
(0,044 mmol/g). Análises de caracterização mostraram que a química de superfície é mais 
relevante do que propriedades morfológicas na captação do fármaco. A adsorção contínua de 
losartana foi examinada em leito fixo empacotado com Spectrogel e comparada à adsorção do 
fármaco anti-inflamatório diclofenaco de sódio nas mesmas condições experimentais. Em 
vazão volumétrica de 0,4 mL/min e concentração de alimentação de 0,15 mmol/L, obteve-se 
capacidades de adsorção no ponto de saturação de 0,020 mmol/g para losartana e 0,032 mmol/g 
para diclofenaco. Resultados teóricos baseados na teoria DFT corroboraram a maior reatividade 
química molecular do diclofenaco em relação à losartana. O modelo fenomenológico proposto, 
Dual Site Diffusion, descreveu as curvas de ruptura com elevada precisão. Alternativamente à 
adsorção, avaliou-se a oxidação catalítica de losartana via ativação de peroximonossulfato 
(PMS) usando carbono poroso dopado com nitrogênio (N-PC). A remoção de losartana foi 
atribuída a efeitos sinérgicos de adsorção e reações de oxidação. A condição de pH inicial 
próximo à neutralidade beneficiou a atividade catalítica, enquanto que a variação da 
temperatura de reação pouco impactou o processo. A presença de ácido húmico, íon bicarbonato 
e íon cloreto em solução prejudicaram a eficiência de decomposição de losartana. A taxa de 
mineralização de 70% indicou que o fármaco e seus intermediários foram em sua maioria 
efetivamente degradados no sistema N-PC/PMS. A atividade catalítica do N-PC reduziu 
expressivamente após três ciclos consecutivos, o que pôde ser relacionado às modificações de 
porosidade, composição elementar, grau de grafitização e grupos funcionais causadas pelo 
processo. Testes evidenciaram que o N-PC ativa o PMS por múltiplas vias, mas com 
predominância do mecanismo oxidativo sem radicais, que envolve a formação de complexo 
reativo ou oxigênio singlete. Em suma, o estudo demonstrou que ambos processos de adsorção 
e de oxidação são atraentes para tratar losartana, mas que ainda oferecem desafios, tais como 
eficiência, custo-benefício e sustentabilidade.  
 
 

Palavras-chave: adsorção; processo oxidativo avançado; contaminante farmacêutico; 
losartana potássica; argila organofílica; carbono poroso.  



ABSTRACT 

Pharmaceuticals are emerging contaminants that have been continuously released into the 
environment and that have been frequently detected in effluents and aquatic matrices. Hence, 
advanced methods have been pursued for the effective removal of pharmaceuticals from 
aqueous media. This thesis aimed at evaluating two preeminent technologies, adsorption and 
advanced oxidation process (AOP), to treat solutions containing the pharmaceutical 
contaminant losartan potassium, which is a most globally consumed anti-hypertensive. 
Regarding adsorption, the organophilic clay of bentonite type, Spectrogel-Type C, was selected 
as adsorbent material. Discontinuous assays showed that the equilibration time of adsorption at 
25 °C is 36.7 hours and that the kinetic profile follows the pseudo-second order model. The 
mass transfer resistance in external film was identified as the dominant rate-limiting step. 
Adsorption isotherms of losartan on Spectrogel exhibited maximum adsorption capacity from 
Langmuir model as 0.082 mmol/g at 25 °C and 0.099 mmol/g at 40 °C. The thermodynamic 
study revealed that the process is spontaneous and endothermic. Methanol provided 65% 
desorption efficiency. Compared to Spectrogel organoclay, coconut shell-based activated 
carbon showed slower kinetics (40 hours) and lower losartan adsorption capacity at 25 °C 
(0.044 mmol/g). Characterization analyzes showed that surface chemistry is more relevant than 
morphological properties in the pharmaceutical uptake. Continuous adsorption of losartan was 
examined in fixed-bed packed with Spectrogel and compared to the adsorption of the anti-
inflammatory pharmaceutical diclofenac sodium under the same experimental conditions. At 
flow rate of 0.4 mL/min and inlet concentration of 0.15 mmol/L, it was obtained exhaustion 
adsorption capacities as 0.020 mol/g for losartan and 0.032 mmol/g for diclofenac. Theoretical 
results based on DFT theory corroborated the higher molecular reactivity of diclofenac in 
relation to losartan. The proposed phenomenological model, Dual Site Diffusion, described the 
breakthrough curves with high precision. Alternatively to adsorption, it was evaluated the 
catalytic oxidation of losartan via peroxymonosulfate (PMS) activation using nitrogen-doped 
porous carbon (N-PC). Losartan removal was attributed to synergistic effects of adsorption and 
oxidation reactions. The condition of initial pH close to neutrality enhanced catalytic activity, 
whereas the variation of reaction temperature had minor impact on the process. The presence 
of humic acid, bicarbonate ion and chloride ion in solution impaired the degradation efficiency 
of losartan. The mineralization rate of 70% indicated that the pharmaceutical and its 
intermediates were mostly effectively degraded in the N-PC/PMS system. The catalytic activity 
of N-PC expressively reduced after three consecutive cycles, which could be linked to changes 
in porosity, elemental composition, graphitization degree and functional groups caused by the 
process. Tests evidenced that N-PC activates PMS by multiple pathways, but with a 
predominance of the non-radical oxidative mechanism, which involves the formation of a 
reactive complex or singlet oxygen. In summary, the study demonstrated that both adsorption 
and oxidation processes are attractive to treat losartan, but still offer challenges such as 
efficiency, cost-effectiveness and sustainability. 
 
 
Keywords: adsorption; advanced oxidative process; pharmaceutical contaminant; losartan 
potassium; organophilic clay; porous carbon.   
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tratadas de forma segura em 2016 e que o índice médio de tratamento de esgoto sanitário gerado 

não ultrapassou 46,3% em 2018. Consequentemente, há grande aporte de poluentes sendo 

introduzidos diretamente nos corpos hídricos brasileiros, cuja proporção com boa qualidade da 

água ficou menor que 70% em 2015 (AGÊNCIA NACIONAL DE ÁGUAS, 2019; BRASIL, 

2019a).  

Dessa forma, apesar de escassas as informações sobre os potenciais efeitos de fármacos 

à saúde humana e ao meio ambiente, há um consenso sobre a necessidade de melhorias nas 

condições de saneamento básico no Brasil, bem como implementação de métodos avançados 

de tratamento de água e efluentes. Este último ponto acompanha um esforço em nível mundial 

de busca por tecnologias efetivas para mitigação de contaminantes emergentes, dentre as quais 

os processos de adsorção e os processos de oxidação são apontados como promissores. Por 

exemplo, a Suíça conjectura implantar até 2040 técnicas avançadas de ozonização e/ou 

adsorção em carvão ativado em cerca de 100 das suas 700 estações municipais de tratamento 

de esgoto, visando diminuir em mais de dois terços a carga de micropoluentes orgânicos, como 

fármacos (BOURGIN et al., 2018).  

No que se refere à operação de adsorção, esta se baseia na transferência de moléculas 

adsortivas da fase fluida para a superfície de material sólido adsorvente (SING et al., 1985). O 

processo oferece flexibilidade e simplicidade de projeto, fácil operação e alta eficiência, além 

de não introduzir subprodutos ao sistema e propiciar o uso de diferentes sólidos adsorventes 

(SEO et al., 2016). O carvão ativado é o adsorvente prevalecente no uso comercial, sendo 

altamente eficiente na remoção de uma vasta gama de contaminantes orgânicos em baixas 

concentrações. Contudo, o carvão ativado comercial apresenta a desvantagem de custo 

relativamente alto, o que encarece sua aplicação em larga escala (PUTRA et al., 2009; AHMED 

et al., 2015). Assim, adsorventes alternativos e de baixo custo têm sido investigados, com 

destaque para materiais argilosos, que apresentam estabilidade química e mecânica, capacidade 

de troca iônica e abundância na natureza (BABEL e KURNIAWAN, 2003). Apesar de 

vantajoso e econômico, o processo de adsorção pode ser limitado nos casos de concentrações 

ultrabaixas de poluentes e oferece desafios relacionados à regeneração e disposição do 

adsorvente saturado. 

Como alternativa à técnica de adsorção, os processos oxidativos avançados (POAs) 

visam à completa degradação e mineralização de contaminantes emergentes a partir de geração 

de espécies altamente reativas, tais como radicais hidroxila (•OH) e sulfato (SO4•−). Entretanto, 

a formação de intermediários de reação desconhecidos é fator limitante desta tecnologia 

(ZHANG et al., 2016). A maioria dos POAs, destacadamente o processo Fenton, vale-se 
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exclusivamente de radicais •OH. Contudo, há grande interesse na aplicação de SO4•−, que tem 

maior potencial de oxidação em ampla faixa de pH e vida útil mais longa. Radicais •OH e SO4•− 

podem ser gerados simultaneamente a partir persulfatos, cuja ativação por catálise heterogênea 

se caracteriza por elevada produtividade de SO4•−, condições brandas de operação, baixo 

consumo de energia e menor risco de lixiviação metálica em comparação à catálise homogênea 

(TIAN et al., 2018a; KANG et al., 2019). No que tange aos catalisadores, materiais a base de 

carbono, tais como óxido de grafeno, carbonos porosos e nanotubos de carbono, sobressaem 

pela benignidade ambiental, elevada área específica e propriedades físico-químicas ímpares. 

Entretanto, como os carbonos puros em geral sofrem de baixa estabilidade e desempenho 

catalítico limitado, tem-se buscado sintetizar catalisadores funcionalizados com propriedades 

aprimoradas. O método de dopagem com átomo de nitrogênio, por exemplo, pode ser adotado 

para induzir propriedades eletrônicas ao material a base de carbono (PENG et al., 2018; 

AHAMAD et al., 2019; WANG et al., 2019).  

Considerando a onipresença de contaminantes farmacêuticos emergentes no meio 

ambiente e a dificuldade para a sua completa remediação, com o presente trabalho pretende-se 

contribuir na área de Engenharia Ambiental, mais especificamente para a melhoria da qualidade 

geral de matrizes aquáticas, com pesquisa em adsorção e POA como tecnologias avançadas de 

tratamento terciário (ou de polimento) para remoção de um fármaco de interesse acadêmico e 

ambiental, a losartana potássica. Enquanto que o processo de adsorção proposto oferece como 

diferencial a aplicação de argila organofílica como material adsorvente não convencional, de 

baixo custo e alternativo ao carvão ativado, o POA se distingue pelo emprego de catalisador 

ambientalmente benigno a base de carbono e sem metal. A losartana potássica foi escolhida 

como o contaminante farmacêutico a ser estudado por ser um dos anti-hipertensivos mais 

consumidos globalmente. No Brasil, a hipertensão afeta pelo menos 24% da população das 

capitais conforme levantamento do Ministério da Saúde em 2018 (BRASIL, 2019b), e a 

losartana é o segundo fármaco específico mais utilizado no país para o seu tratamento 

(MENGUE et al., 2016). O uso massivo de losartana leva à sua crescente introdução no meio 

ambiente, com consequente ocorrência em águas e efluentes, e à necessidade de estudos 

aprofundados em métodos para sua remoção. Para completar o quadro, comparativamente a 

outros fármacos, tais como propranolol, metformina e amoxicilina, a losartana potássica 

apresentou maior potencial de adsorção por argila organofílica em testes preliminares.  

Ponderando todo o exposto, fica clara a relevância deste trabalho, na medida em que se 

propõe avaliar a remoção do contaminante emergente losartana potássica de solução por duas 

técnicas avançadas diferentes, mas ao mesmo tempo promissoras, e que têm vantagens e 
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O presente trabalho foi estruturado na forma de capítulos, os quais apresentam os 

resultados de cada uma das etapas de pesquisa propostas. Os avanços na área de tratamento 

avançado de contaminantes farmacêuticos são aqui discutidos usando os artigos científicos 

oriundos da tese. Tais artigos são apresentados no formato dos periódicos internacionais nos 

quais foram publicados. Além do artigo de revisão propriamente dito para considerações 

abrangentes sobre o Estado da Arte, os três artigos originais desenvolvidos trazem revisões 

sucintas, mas específicas e relevantes, para contextualização e embasamento nos tópicos aos 

quais se propõem.  

O Capítulo 2 apresenta o artigo de revisão publicado na revista Industrial & 

Engineering Chemistry Research e intitulado “Adsorption of Pharmaceuticals from Water and 

Wastewater Using Non-Conventional Low-Cost Materials: a Review”, que traz discussão sobre 

a problemática de contaminação por compostos farmacêuticos, com relação à ocorrência, 

principais fontes, implicações ambientais e tecnologias disponíveis para remediação. Ademais, 

apresenta fundamentos teóricos sobre a tecnologia de adsorção e compila artigos disponíveis 

na literatura nos quais materiais adsorventes alternativos ao carvão ativado são empregados 

para remoção de contaminantes farmacêuticos.  

O Capítulo 3 contém o teste de afinidade, o qual é fundamental como etapa preliminar 

para definição do fármaco a ser estudado como adsorbato e o material argiloso a ser empregado 

como adsorvente não convencional. Para isto, avaliou-se a remoção de quatro fármacos de 

interesse acadêmico e ambiental, i.e., cloridrato de propranolol, cloridrato de metformina, 

losartana potássica e amoxicilina trihidratada, e três argilas do tipo bentonita, i.e., Verde-lodo 

calcinada, Fluidgel calcinada e Spectrogel – Tipo C. Considerando eficiência e capacidade de 

adsorção, selecionou-se o sistema losartana potássica e argila organofílica comercial, 

Spectrogel – Tipo C, para o estudo aprofundado de adsorção. Os resultados foram apresentados 

no 12º Encontro Brasileiro sobre Adsorção (EBA 12) no trabalho intitulado “Adsorção do 

Fármaco Losartana Potássica em Argila Organofílica Comercial: Teste de Afinidade e 

Planejamento Experimental”. 

No Capítulo 4 é apresentado o artigo publicado na revista Journal of Environmental 

Chemical Engineering e intitulado “Performance of organoclay in adsorptive uptake of 

antihypertensive losartan potassium: A comparative batch study using micro-grain activated 

carbon”. Este artigo teve como objetivo principal investigar detalhadamente a adsorção 

descontínua de losartana potássica usando a argila organofílica Spectrogel. O processo foi 

avaliado em termos de cinética e equilíbrio de adsorção, além de termodinâmica. Testes de 

dessorção foram realizados e os possíveis mecanismos de remoção foram discutidos. O 
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desempenho da argila Spectrogel foi comparado àquele obtido usando um carvão ativado 

comercial. Tanto a argila Spectrogel pré- e pós-processo, quanto o carvão ativado fresco 

tiveram propriedades físico-quimicas e texturais caracterizadas por diferentes técnicas.   

O Capítulo 5 apresenta o trabalho “Comparative adsorption of diclofenac sodium and 

losartan potassium in organophilic clay-packed fixed-bed: X-ray photoelectron spectroscopy 

characterization, experimental tests and theoretical study on DFT-based chemical 

descriptors”, que foi publicado na revista Journal of Molecular Liquids. Este artigo discorre 

sobre a adsorção monocomponente dos fármacos diclofenaco de sódio e losartana potássica em 

sistema de leito fixo empacotado com argila Spectrogel. Os efeitos de vazão volumétrica e 

concentração de entrada de cada fármaco foram inspecionados. Os testes com diclofenaco de 

sódio foram incluídos no artigo visando a uma maior relevância e abrangência na área, já que 

este fármaco teve adsorção descontínua anteriormente avaliada pelo grupo de pesquisa, no 

âmbito da dissertação de mestrado de Gabriella Simon Maia, com resultados promissores 

apresentados no artigo “Adsorption of diclofenac sodium onto commercial organoclay: Kinetic, 

equilibrium and thermodynamic study” da revista Powder Technology. O Capítulo 5 traz não 

somente testes experimentais de adsorção dos dois fármacos, mas também desenvolvimento e 

aplicação de modelos matemáticos às curvas de ruptura, caracterização da superfície externa da 

argila Spectrogel por espectroscopia de fotoelétrons excitados por raios X (XPS), e estudo 

teórico da reatividade química molecular da losartana potássica e do diclofenaco de sódio. 

O Capítulo 6 contém o artigo publicado na revista Chemical Engineering Journal com 

o título Oxidative degradation of pharmaceutical losartan potassium with N-doped 

hierarchical porous carbon and peroxymonosulfate. Neste trabalho, avaliou-se a oxidação 

catalítica de losartana potássica via ativação de peroximonossulfato (PMS) usando um carbono 

com estrutura hierarquicamente porosa dopado com nitrogênio (N-PC). Os ensaios de oxidação 

foram conduzidos durante o período de Doutorado Sanduíche da autora desta tese no 

Departamento de Engenharia Química da Curtin University (Perth, Austrália) entre 

Novembro/2018 e Abril/2019. O catalisador foi sintetizado seguindo um método simples e 

disponível na literatura e teve seu custo de produção em escala laboratorial estimado. A 

remoção de losartana potássica foi avaliada usando somente N-PC como adsorvente, usando 

somente PMS e usando a combinação de N-PC e PMS. A taxa de mineralização de losartana 

no sistema N-PC/PMS foi aferida por medida de Carbono Orgânico Total. A estabilidade e 

reutilização do catalisador N-PC foi avaliada em três ciclos. Os mecanismos de reação foram 

estudados por meio de testes de ressonância paramagnética eletrônica e testes de inibição. O 

sólido N-PC foi caracterizado por diferentes técnicas.  
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O Capítulo 7 oferece uma discussão geral sobre os principais resultados obtidos neste 

Tese de Doutorado.  

Por fim, no Capítulo 8, são relatadas as conclusões gerais desta pesquisa bem como as 

sugestões para trabalhos futuros usando adsorção ou processo oxidativo avançado para a 

remoção de contaminantes emergentes. 
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*Notas da autora sobre avanços nas legislações ambientais:  
 

Nos Estados Unidos, está em elaboração pela U.S. EPA a quinta atualização da lista 
de candidatos a contaminantes (CCL5, do inglês Contaminant Candidate List) com compostos 
que atualmente não estão sujeitos a nenhuma regulamentação americana de água potável, mas 
que são conhecidos ou previstos para ocorrer em sistemas públicos de água. A quarta 
atualização da lista data de 2016 e conta com 97 substâncias ou grupos de substâncias 
químicas e 12 contaminantes microbianos, incluindo patógenos aquáticos, produtos 
farmacêuticos e químicos, pesticidas, toxinas biológicas e subprodutos de desinfecção. Tais 
contaminantes podem exigir regulamentação futura dentro da legislação americana, Safe 
Drinking Water Act (U.S. EPA, 2016).  

Na União Europeia, a legislação prevê medidas contra a poluição das águas 
superficiais, incluindo a seleção e a regulamentação de substâncias ditas prioritárias dentro 
da Water Framework Directive (2000/60/EC) e Priority Substances Directive Directive 
(2008/105/EC) (alterado por Directive 2013/39/EU) (UNIÃO EUROPEIA, 2008; 2013; 2014). 
Atualmente, a lista de substâncias prioritárias com padrões de qualidade ambiental 
estabelecidos contém 33 substâncias ou grupos de substâncias, incluindo o pesticida atrazina 
e o detergente nonifenol, mas nenhum composto farmacêutico. Em março de 2019, a Comissão 
Europeia passou a adotar uma abordagem estratégica para fármacos no ambiente. Foram 
identificadas seis áreas de atuação, abrangendo todas as etapas do ciclo de vida de produtos 
farmacêuticos, desde o design e produção até o descarte e o gerenciamento de resíduos 
(UNIÃO EUROPEIA, 2019). Em 2005, a Comissão Europeia iniciou o projeto NORMAN, que 
constitui uma rede independente de laboratórios de referência, centros de pesquisa e 
organizações para o monitoramento de contaminantes de interesse emergente (NORMAN 
Network, 2016). 

A nível internacional, a Agenda 2030 para o Desenvolvimento Sustentável estabelecida 
pela Assembleia Geral das Nações Unidas (2015) tem como Objetivo Global 6 assegurar a 
disponibilidade e gestão sustentável da água e saneamento para todos. Planos de ação voltados 
especificamente para a problemática de resistência antimicrobiana têm sido abordados pela 
Organização Mundial da Saúde e G7/G20.  

No Brasil, a problemática dos contaminantes emergentes vem sendo amplamente 
debatida e foco de crescentes pesquisas, o que tem atraído a atenção de órgãos 
governamentais, agências reguladoras e companhias de saneamento brasileiras. Contudo, as 
legislações vigentes no Brasil ainda carecem de novos critérios de qualidade de água. Dentre 
as centenas de substâncias de preocupação emergente, somente cerca de trinta tipos de 
pesticidas são contemplados nas legislações vigentes no Brasil relacionadas à qualidade da 
água, sendo estas a Portaria do Ministério da Saúde 2914/2011 (BRASIL, 2011) que dispõe de 
padrões de potabilidade da água, e as Resoluções do Conselho Nacional do Meio Ambiente, 
CONAMA 430/2011 que tratam das condições e padrões de lançamento de efluentes, e 
396/2008 e 357/2005 sobre qualidade de águas subterrâneas e superficiais, respectivamente 
(CONAMA, 2005; 2008; 2011). 

over the world: USA,26, 27 Germany,28, 29 Italy,30 Australia,31 China,3 South Africa 32 and 

Brazil.33-36  

Regardless of being widely identified in water bodies, the majority of the emerging 

contaminants is not included in legislations related to water quality. Pioneering actions have 

been taken by the U.S. Environmental Protection Agency 37 and by European Union 38 with 

lists of priority contaminants.*   
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This condition is opposite to that of pharmaceuticals, which are individual compounds with 

unique behavior that, in very low concentrations, represent a minimal portion of the organic 

load of the effluent to be treated.4  

The uptake of trace contaminants in conventional WWTPs relies primarily upon the 

biological treatment step, especially the sorption process onto suspended solids and subsequent 

removal by decantation.50 The organic micropollutants sorption onto sewage sludge depends 

on two mechanisms: absorption (hydrophobic interactions) and adsorption (electrostatic 

interactions). The adsorption mechanism is predominant at neutral pH; however, in this 

condition, several acidic drugs present negative charge due to deprotonated carboxyl radicals, 

which impairs the adsorption process, making negligible their sorption into sewage sludge. That 

is what happens with the polar drugs acetylsalicylic acid, ibuprofen, clofibric acid and 

bezafibrate.50 In contrast, sorption through specific interactions is reported for the removal of 

basic and amphoteric drugs, such as the antibiotics ciprofloxacin and norfloxacin of the 

fluoroquinolones group.51 Since sorption processes involve the phase transfer of pollutants from 

liquid effluent to sewage sludge, it can be said that the drugs are actually removed from the 

environment only if the sludge is incinerated. As previously mentioned, land applications or 

landfilling deposition of the sludge may lead to subsequent pollution of water.44 

In addition to sorption onto sewage sludge, the process of biological degradation in 

WWTPs can lead to complete or partial removal of pharmaceuticals that are present in low 

concentrations. The affinity of pharmaceuticals and metabolites for bacterial sludge enzymes 

influences whether the compound is readily biodegradable (e.g., as ibuprofen, bezafibrate, and 

caffeine) or not or very little. This is the case of clofibric acid, carbamazepine, and diclofenac 

that were not removed (or not significantly) in WWTPs of Berlin.29 

Table 2.1 depicts the removal efficiency for different pharmaceuticals in WWTPs that 

have tertiary treatment with activated sludge. It can be noticed that removal percentages greatly 

vary with values ranging from 7% (diclofenac) to 98% (ibuprofen). Removal varies even for 

the same compound in different WWTPs.  
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Table 2.2. Parameters of pseudo-first-order and pseudo-second-order models adjusted to kinetic adsorption data obtained under experimental 
conditions of initial concentration of pharmaceutical, temperature, pH, agitation speed, maximum contact time and concentration of adsorbent 
material (clay, agro-industrial wastes, modified chitosan, biochar, or MOFs). 

Adsorbent 
Experimental 
conditions 

Pharmaceutical 
Initial 
concentration 
(mg/L) 

Pseudo-first order Pseudo-second order 
Reference 𝑸𝒆 

(mg/g) 
𝒌𝟏 (min-1) R² 

𝑸𝒆 
(mg/g) 

𝒌𝟐 
(g/(mg.min)) 

R² 

Bentonite (Clay) 

22 ºC, pH not 
adjusted, 
150 rpm, 60 min, 
0.25 g/L 

Ciprofloxacin 

20 
25 
30 
40 

4.78 
9.38 

17.35 
28.4 
2.29 

0.0387 
0.0434 
0.0460 
0.0658 
0.0098 

0.4928 
0.8541 
0.7787 
0.8178 
0.1099 

73.53 
91.74 

107.53 
138.89 
14.53 

0.0183 
0.0138 

0.00733 
0.00518 
0.08638 

0.9989 
0.9998 
0.9981 
0.9999 
0.9771 

Genç and 
Dogan77 

Natural clay (mixture 
smectite and kaolinite) 

25 °C, 250 rpm, 
6 h, 1 g/L 

Ibuprofen 
Naproxen 
Carbamazepine 

50 
 

1.0030 
1 
1 

0.0360 
0.0060 
0.0030 

0.242 
0.171 
0.050 

37 
37 
40 

0.0018 
0.0008 
0.0012 

0.999 
0.997 
0.999 

Khazri, et 
al.78 

Tetrabutylammonium -
montmorillonite (Clay) 

25 °C, 160 rpm, 
16 h, 4 g/L 

Flurbiprofen 245 a 1.77336 610.6625 0.976 2.34421 0.054449 0.999 
Akçay, et 

al.76 
Tetrabutylammonium -
montmorillonite (Clay) 

40 °C, 160 rpm, 
16 h, 4 g/L 

Flurbiprofen 245 a 0.73524 3492.9895 0.873 1.67199 0.1277301 0.998 
Akçay, et 

al.76  

Grape stalk 20 °C, pH=6.0, 
30 rpm, 6.66 g/L 

Paracetamol 20 0.00409 1.692 --- --- --- --- Villaescusa, 
et al.79 

Acid activated red mud 
28 °C, pH=7, 
200 rpm, 75 min, 
50 g/L 

Ciprofloxacin 50 19.25 0.125 0.941 20.14 0.748 0.997 
Balarak, et 

al.80 

Magnetic-molecularly 
imprinted polymer based 
on chitosan/Fe3O4 

200 rpm, 2 h,  
2 g adsorbent/L 

Carbamazepine 100 46.0725 0.4979 0.9802 50.2544 0.00635 0.9908 
Zhang, et 

al.81 

Cross-linked chitosan-
zinc microparticles 

37 °C, pH=6.5, 
300 min,  
1 g adsorbent/L 

Ciprofloxacin 

25 
50 
100 
200 
300 
400 

0.07 
0.01 
0.14 
0.17 
0.33 
0.44 

6,220 
920 

4,370 
1,150 
3,220 

12,200 

0.9940 
0.1068 
0.6522 
0.1009 
0.7236 
0.8153 

15.64 
30.30 
78.74 

153.84 
222.23 
326.31 

660 
2070 
1470 
4440 
350 
10 

0.7373 
0.9883 
0.9891 
0.9903 
0.9669 
0.9620 

Reynaud, et 
al.82 
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cont. Table 2.2           
Biochar derived from rice 
straw (Biochar-500) 

Room temperature, 100 min, 
0.5 g adsorbent/L 

Ibuprofen --- 98 0.00000542 0.92 165 230 0.99 Salem and 
Yakoot83 

Commercial bone char 30 ºC, pH=7.0,  Naproxen 
50 
100 
200 

1.120 
2.769 
2.979 

0.0179 
0.0072 
0.0109 

0.94 
0.99 
0.96 

1.037 
0.129 
0.198 

0.0173 
0.0022 
0.0033 

0.913 
0.990 
0.980 

Reynel-Avila, 
et al.84  

Primary paper mill sludge 
(PS800-150-HCl) 

18 °C, pH=7–7.5, 90 rpm, 
500 min, 2 g adsorbent/L 

Methanesulfonate 250 83 0.28 0.9635 0.006 87 0.9862 
Ferreira, et 

al.85 

Cr-based MOF (MIL-101) 
25 °C, pH=4.5, 10 min-12 h, 
100 g adsorbent/L 

Naproxen  
10 
13 
15 

-- 
-- 
-- 

-- 
-- 
-- 

-- 
-- 
-- 

94.7 
113.3 
121.8 

0.00145 
0.00147 
0.00155 

0.984 
0.985 
09996 

Hasan, et al.86 

Al-based MOF [MIL-
53(Al)] 

29.85 °C, pH=6.4, 48 h,  
1 g adsorbent/L 

Dimetridazole 40 2.54 0.0079 0.58 38.402 0.0302 0.999 Peng, et al.87 

Methanol activated Cu-
based MOF (HKUST-1) 

25 °C, pH=7.5, 10 min-2 h, 
0.1 g adsorbent/L 

Sulfachloropyridazine 
20 
40 

-- 
-- 

-- 
-- 

-- 
-- 

160 
286 

0.0062 
0.0022 

1 
0.999 

Azhar, et al.88 

Chloroform activated Zr-
based MOF  
(UiO-66) 

25 °C, pH=5.5, 250 rpm, 
5 min-2 h, 0.1 g adsorbent/L 

Sulfachloropyridazine 
5 
25 
45 

-- 
-- 
-- 

-- 
-- 
-- 

-- 
-- 
-- 

50 
220 
404 

0.088 
0.061 
0.022 

1.00 
0.998 
0.999 

Azhar, et al.89 

a Solution of water and methanol 
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Table 2.3. Langmuir isotherm parameters for pharmaceuticals adsorption onto clay materials at certain experimental conditions of temperature, 
pH, agitation speed, contact time, initial concentration of adsorbate solution, and concentration of clay material. 

Clay Modification 
S 

(m²/g) Operating conditions Pharmaceutical 
KL 

(L.mg-1) 
𝑸𝒎 

(mg.g-1) 
Reference 

Commercial 
montmorillonite KSF 

Acid treatment --- 30 °C, initial pH=3.0, 7 h,  
4 g adsorbent/L 

Trimethoprim 0.00017 129.51 Bekçi, et al.95 

Commercial 
montmorillonite K10 

Acid treatment --- 
25 °C, 150 rpm, 6 h, 𝐶0=116.13-

377.42 mg/L, 4 g adsorbent/L 
Trimethoprim 

0.00004 
 

75.66 Bekçi, et al.96 

Natural mixture of smectite 
and kaolinite 

Purified with NaCl 
solution 

69.5 
25 ºC, pH=6, 250 rpm, 6 h,  

1 g adsorbent/L 

Ibuprofen 
Naproxen 
Carbamazepine  

0.72993 
2.32558 
0.68493 

3.52 
2.87 
3.40 

Khazri, et al.78  

Bentonite --- 91.627 
30 °C, pH=2.31, 200 rpm, 8 h, 𝐶0=300 mg/L,  

2-30 g adsorbent/L 
Amoxicillin 0.0074 53.9315 Putra, et al. 122 

Bentonite --- 23 
24.85 °C, 17-24 h,  𝐶0=10-100 mg/L,  
0.5 g adsorbent/L 

Promethazine 
Triflupromazine 
Trimethoprim 
Carbamazepine 
Ibuprofen 

0.00061 
0.00094 
0.00034 
0.00003 
0.00003 

151.98 
145.56 
100.00 
92.08 
16.41 

Salihi and 
Mahramanlıoğlu98 

Bentonite --- --- 
Initial pH=4.5, 150 rpm, 30 min, 𝐶0=50-500 mg/L,  

2.5 g adsorbent/L 

Ciprofloxacin 
 

0.27 147.06 Genç, et al.99 

Bentonite --- 67 
20 °C, pH=6, 4 h, 𝐶0=18-

110 mg/L, 0.25 g adsorbent/L 
Ciprofloxacin 0.24 337.55 Roca Jalil, et al.100 

Reactorite --- 10 
pH=4-5, 150 rpm, 24 h, 𝐶0=50-

1000 mg/L, 5 g adsorbent/L 
Tetracycline 

Not 
informed 

140 Chang, et al.101 

Exfoliated vermiculite Thermal treatment --- 
20 °C, pH=7, no agitation, 72 h, 𝐶0=1-30 mg/L, 130 g/L 

Gemfibrozil 
Mefenamic acid 
Naproxen 

0.00471 
0.00232 
0.2054 

1.0509 
2.0202 

0.06566 
Dordio, et al.102 

Lightweight expanded clay 
aggregates (LECA) 

Thermal treatment --- 
20 °C, pH=7, no agitation, 

144 h, 𝐶0=1-30 mg/L,  
130 g adsorbent/L 

Gemfibrozil 
Mefenamic acid 
Naproxen 

0.6489 
0.421 

0.5738 

0.01991 
0.02368 
0.01553 

Dordio, et al.102 

Na- montmorillonite 
organoclay 

Non-modified  
Cation TMAa 

Cation DDTMAb 

Cation HDTMAc 

84 
73 
6 
9 

25 °C, pH=5.5, 24 h,  𝐶0=0-644.43 mg/L,  
0.133 g adsorbent/L 

Tetracycline 

0.00731 
0.00601 
0.00187 
0.00338 

341.77 
554.54 
888.87 
740.43 

Liu, et al.103 
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cont. Table 2.3        

Bentonite organoclay Cation HDTMAc 3.79 
30 °C; 250 rpm; 60 min; 𝐶0=10-

500 mg/L, 4 g adsorbent/L 
Amoxicillin 3.701 27.85 Zha, et al.104 

Illite organoclay Cation CTAd  51 
24 h, 𝐶0=159.07-636.28 mg/L, 

20 g adsorbent/L 
Diclofenac 0.12573 15.91 Sun, et al.105 

Montmorillonite 
organoclay 

Cation CTAd 65 
24 h, 𝐶0=159.07-1590.7 mg/L, 

3.5 g adsorbent/L 
Diclofenac 0.10058 318.14 Sun, et al.105 

Montmorillonite 
organoclay 

Cation BDTMAe 

Cation HDTMAc 
--- 

25 °C, pH=6.5, 50 rpm, 24 h, 𝐶0=10-2000 mg/L 
Diclofenac 0.0078 

0.0049 
55.67 
50.64 

De Oliveira, et al.106 

Bentonite organoclay Cation DMAf 0.31 
30 °C, 250 rpm, 24 h, 𝐶0=31.813-954.39 mg/L,  

10 g adsorbent/L 
Diclofenac 0.1927 36.58 Maia, et al.107 

Aluminum pillared sericite 
organoclay 

Cation HDTMAc  
Cation AMBAg 

0.93 
1.71 

25 °C, pH=7.1, 24 h, 𝐶0=1-
20 mg/L, 0.2 g adsorbent/L 

Diclofenac 
0.003724 
0.001954 

0.845 
2.295 

Tiwari, et al. 123 

aTMA: tetramethylammonium; bDDTMA: dodecyltrimethylammonium; cHDTMA: hexadecyltrimethylammonium; dCTA: cetyltrimethylammoium; eBDTMA: benzyl 
decyltrimethylamcmonium; fDMA: dialkyl dimethylammonium; AMBA: alkyldimethylbenzyl ammonium chloride 
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Table 2.4. Langmuir isotherm parameters for pharmaceuticals adsorption onto biochars at certain experimental conditions of temperature, pH, 
agitation speed, contact time, initial concentration of adsorbate solution, and concentration of biochar material. 

Biochar source 
Pyrolysis conditions (temperature, time 
and atmosphere) and posterior 
modifications 

S 

(m²/g) Operating conditions Pharmaceutical 
KL 

(L/mg) 
𝑸𝒎 

(mg/g) 
Reference 

Torrefied loblolly pine 
chip  

300 °C 
15 min 
Pure nitrogen gas 
Activated by NaOH 

1360 
Room temperature, pH=7, 

500 rpm, 7 d, 𝐶0=20 µmol/L, 
0.005-0.04 g adsorbent/L 

Diclofenac 
Naproxen 
Ibuprofen 

5.89 
8.9 
8.2 

372 
290 
311 

Jung, et al.108  

Torrefied loblolly pine 
chip  

300 °C 
15 min 
7% oxygen and 93% nitrogen gas 
Activated by NaOH 

1151 
Room temperature, pH=7, 

500 rpm, 7 d, 𝐶0=20 µmol/L, 
0.005-0.04 g adsorbent/L 

Diclofenac 
Naproxen 
Ibuprofen 

3.19 
10.9 
6.81 

214 
228 
286 

Jung, et al.108  

Rice straw 

600 °C 
6 h 
Oxygen-limited conditions 
- 

29.6 
25 °C, pH=6, 150 rpm, 24 h, 𝐶0=0-200 mg/L, 2.5 g 

adsorbent/L 
Sulphamethoxazole 0.016 1.963 Li, et al.109 

Alligator flag 

600 °C 
6h 
Oxygen-limited conditions 
- 

7.1 
25 °C, pH=6, 150 rpm, 24 h, 𝐶0=0-200 mg/L,  

2.5 g adsorbent/L 
Sulphamethoxazole 0.024 3.650 Li, et al.109  

Sludge from sludge 
concentration tank at a 
sewage treatment plant 
(FN) 

550 °C 
1h 
Nitrogen atmosphere 
Rinsed with HCl 

217.1 
25 °C, 170 rpm, 96 h,  𝐶0=10-100 mg/L, 

6 g adsorbent/L 
Gatifloxacin 0.49 20.6 Yao, et al.110 

Dehydration sludge from 
dairy wastewater plant 
(MT) 

550 °C 
1h 
Nitrogen atmosphere 
Rinsed with HCl 

248.6 
25 °C, 170 rpm, 96 h, 𝐶0=10-

100 mg/L, 6 g adsorbent/L 
Gatifloxacin 0.48 20.3 Yao, et al.110  

Bone char 
Commercial bone char produced from 
bovine bones 

74 
30 ºC, pH=7, 24 h, 𝐶0=20-

250 mg/L, 10 g adsorbent/L 
Naproxen 0.053 3.351 

Reynel-Avila, et 
al.84 
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Table 2.5. Langmuir isotherm parameters for pharmaceuticals adsorption onto chitosan at certain experimental conditions of temperature, pH, 
agitation speed, contact time, initial concentration of adsorbate solution and concentration of chitosan material. 

Chitosan Characteristics 
S 

(m²/g) Operating conditions Pharmaceutical 
KL 

(L/mg) 
𝑸𝒎 

(mg/g) 
Reference 

>85% degree of deacetylation 
Particle size <100 μm 
Particle size >350 μm 

4.56 
0.74 

26 °C, pH=7, 15 rpm, 
24 h, 2.22 g adsorbent/L 

Ketotifen 
Fumarate 

0 
0.1 

6629 
3236 

Alkhamis, et al.111 

>85% degree of deacetylation 
Particle size <100 μm 
Particle size >350 μm 

4.56 
0.74 

26 °C, pH=10, 15 rpm, 
24 h, 2.22 g adsorbent/L 

Ketotifen 
Fumarate 
 

147.3 
79.3 

5 
14 

Alkhamis, et al.111 

Magnetic-molecularly imprinted 
polymer based on chitosan/Fe3O4 

--- 98.5 
25 °C, 200 rpm, 2 h, 𝐶0=10-200 mg/L,  

2 g adsorbent/L 
Carbamazepine 0.0715 88.294 Zhang, et al.81 

Magnetic chitosan/Fe3O4 
composite particles   

--- 3-50 
pH uncontrolled, 2h, 𝐶0=10-200 mg/L,  

2 g adsorbent/L 
Diclofenac  0.08078 31.47145 Zhang, et al.112  

Magnetic chitosan/Fe3O4 
composite particles with core-
brush topology (CD-MCP) 

Reacted with monomer 2-methyl 
acryloyloxyethyl trimethyl 
ammonium chloride  

8.48 
25 °C, 140 rpm, 12 h, 𝐶0=20-200 mg/L 

Diclofenac 
Sodium 
Tetracycline 
Hydrochloride 

0.107 
0.045 

196 
50.1 

Zhang, et al.113 

Graphite oxide/poly(acrylic acid) 
grafted chitosan 

--- < 3 
25 °C, pH=3, 160 rpm, 
24 h, 𝐶0=0-500 mg/L,  

1 g adsorbent/L 
Dorzolamide 0.119 233 Kyzas, et al.114 
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Table 2.6. Langmuir isotherm parameters for pharmaceuticals adsorption onto agro-industrial based materials at certain experimental conditions 
of temperature, pH, agitation speed, contact time, initial concentration of adsorbate solution and concentration of adsorbent. 

Residue Modification 
S 

(m²/g) Operating conditions Pharmaceutical 
KL 

(L/mg) 
𝑸𝒎 

(mg/g) 
Reference 

Isabel grape 
bagasse 

--- 2 
22 °C, natural pH=5, 50 rpm, 72 h, 𝐶0=5-30 mg/L, 0.2 g adsorbent/L 

Diclofenac 
sodium  

0.02 76.98 
Antunes, et 

al.115 

Carbon black  
(BP-1300) 

--- 511 
20 °C, 40 rpm, 10 days, 𝐶0=50 mg/L, 

0.044-1.111 g adsorbent/L 
Naproxen  
Ketoprofen 

1.17 
1.34 

90.51 
82.17 

Cuerda-
Correa, et 

al.116 

Grape stalk --- --- 
20 °C, pH=6, 30 rpm, 48 h, 𝐶0=20 mg/L, 

3.33-33.33 g adsorbent/L 
Paracetamol 1.3 2.18 

Villaescusa, et 
al.79 

Grape stalk 
In natura 
Modified by phosphoric 
acid action 

6.23 
4.21 

Room temperature, pH=2.0, 60 min, 𝐶0=20-5000 mg/L, 25 g adsorbent/L (in 
natura), 15 g adsorbent/L (modified) 

Caffeine 
0.001 
0.007 

68.633 
96.401 

Portinho, et 
al.117 

Red mud Acid activation  28.7 
28±2 °C, pH=6.5 ± 0.2, 200 rpm,  

75 min, 50 g adsorbent/L 
Ciprofloxacin 0.038 19.12 

Balarak, et 
al.80  

Coal fly ash Treated with 6 M NaOH 17.5 
30 °C, pH not adjusted, 100 min,  𝐶0=40-140 mg/L, 40 g adsorbent/L Ciprofloxacin 0.1226 1.443 Zhang, et al.118 

Primary paper 
mill sludge  
(PS800-150) 

Pyrolyzed at 800 °C for 
150 min. 

209.12 
25°C, 50 rpm , 𝐶0=5 mg/L,  

0.1-2.5 g adsorbent/L 
Citalopram  
 

2.9 19.6 
Calisto, et 

al.119 

Primary paper 
mill sludge 
(PS800-150) 

Pyrolyzed at 800 °C for 
150 min. 209.12 

25.0 ± 0.1 °C, 80 rpm, 𝐶0=5 mg/L, 
0.15-4.0 g adsorbent/L 

Carbamazepine 
Oxazepam 
Sulfamethoxazole 
Piroxicam 
Cetirizine 
Venlafaxine 
Paroxetine 

2.7 
34 
2.9 
30 
11 
3.3 
0.7 

12.6 
7.8 

1.69 
5.82 
8.2 
8.5 
38 

Calisto, et 
al.120 

Primary paper 
mill sludge 
(PS800-150-
HCl) 

Pyrolyzed at 800 °C for 
150 min and washed with 
1.2 M HCl 

414 25 ± 1 °C, 50 rpm, 0.1-0.5 g adsorbent/L 
Carbamazepine 
Paroxetine 
Oxazepam 

14.41 
26.68 
26.96 

17.48 
23.99 
20.07 

Calisto, et 
al.121 

Primary paper 
mill sludge  
(PS800-150-
HCl) 

Pyrolyzed at 800 °C for 
150 min and washed with 
1.2 M HCl 

414 
18 °C, 90 rpm, 𝐶0=100-500 mg/L,  

2 g adsorbent/L 
Methanesulfonate 0.4 

93Ferreira, et 
al.124Ferreira, et 

al.124  
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Table 2.7. Langmuir isotherm parameters for pharmaceuticals adsorption onto metal-organic frameworks (MOFs) at certain experimental 
conditions of temperature, pH, agitation speed, contact time, initial concentration of adsorbate solution, and concentration of adsorbent. 

MOF 
S 

(m²/g) Operating conditions Pharmaceutical 
KL 

(L/mg) 
𝑸𝒎 

(mg/g) 
Reference 

Cr-based MOF (MIL-101) 3014 
25 °C, pH=4.5, 12 h, 𝐶0=10-15 mg/L, 100 g 

adsorbent/L 
Naproxen 
Clofibric acid 

2.92 
0.029 

132 
244 

Hasan, et al.86 

Acidic Cr-based MOF (AMSA-MIL-101)  2322 25 °C, 12 h, 𝐶0=10-15 mg/L, 100 g adsorbent/L 
Naproxen 
Clofibric acid 

1.60 
0.018 

93 
105 

Hasan, et 
al.125 

Basic Cr-based MOF (ED-MIL-101) 2555 25 °C, 12 h, 𝐶0=50-150 mg/L, 100 g adsorbent/L 
Naproxen 
Clofibric acid 

3.25 
0.024 

154 
347 

Hasan, et 
al.125 

Al-based MOF [MIL-53(Al)] 1401 29.85 °C, pH=6.4, 48 h, 1 g adsorbent/L Dimetridazole 0.0512 467.3 Peng, et al.87 
Methanol activated Cu-based MOF 
(HKUST-1) 

1700 25 °C, pH=7.5, 2 h, 𝐶0=20-100 mg/L, 0.1 g adsorbent/L Sulfachloropyridazine 0.40 348 Azhar, et al.88 

Chloroform activated Zr-based MOF 
(UiO-66) 

1155 
25 °C, pH=5.5, 250 rpm, 2 h, 𝐶0=5-100 mg/L, 0.1 g 

adsorbent/L 
Sulfachloropyridazine 0.75 417 Azhar, et al.89 
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Table 2.8. Thermodynamic parameters for adsorption of different pharmaceuticals by non-conventional low-cost adsorbents (clay, biochar, 
chitosan, agro-industrial wastes and MOFs).  

Adsorbent Pharmaceutical T (°C) 𝑲𝑪 (-) ∆𝑮 (kJ/mol) ∆𝑯 (kJ/mol) ∆𝑺 (J/(mol.K)) Reference 

Bentonite organoclay Amoxicillin 
20 
30 
40 

– 
– 
– 

2.83 
2.85 
2.86 

2.28 -1.868 Zha, et al.104 

Montmorillonite KSF Trimethoprim 
23 
38 
50 

2.338 
1.739 
1.430 

-2.087 
-1.428 
-0.960 

-14.233 -41.145 Bekçi, et al.95 

Natural clay (mixture smectite and 
kaolinite) 

Ibuprofen 
 

20 
40 
60 

1 
1.14 
1.67 

-0.00729 
-0.34079 
-1.43395 

10.50 30 Khazri, et al.78 

Natural clay (mixture smectite and 
kaolinite) 

Naproxen 
 

20 
40 
60 

1.00 
1.30 
2.22 

-0.01214 
-0.69273 
-2.21293 

11.05 30 Khazri, et al.78 

Natural clay (mixture smectite and 
kaolinite) 

Carbamazepine 
20 
40 
60 

1 
1 

1.48 

-0.0092 
-0.28326 
-1.10217 

8.01 20 Khazri, et al.78 

Isabel grape bagasse Diclofenac sodium 

22 
30 
42 
50 

0.30 
0.16 
0.10 
0.08 

2.99 
4.57 
6.10 
6.81 

-36.86 -135.85 Antunes, et al.115 

Sericin Ibuprofen 27 25100a -133.342 19.312 151,232 Verma and Subbiah128 

Chitosan-based magnetic composite 
particles 

Diclofenac sodium 
15 
25 
35 

22400b 
34000 b 
14500 b 

-24.0 
-25.9 
-24.5 

-16.6 -183 Zhang, et al.113 

Chitosan-based magnetic composite 
particles 

Tetracycline 
hydrochloride 

15 
25 
35 

12900 b 
20100 b 
31000 b 

-22.7 
-24.6 
-26.5 

32.5 192 Zhang, et al.113 

Graphite oxide/poly(acrylic acid) 
grafted chitosan 

Dorzolamide 
25 
45 
65 

99.02 
399.01 
999.04 

–11.39 
–15.84 
–19.41 

48.54 0.201 Kyzas, et al.114 

Biochar derived from rice straw Sulphamethoxazole 
15 
25 
35 

--- 
-11.28 
-11.86 
-12.43 

5.3 57.58 Li, et al.109 
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cont. Table 2.8        

Biochar derived from alligator flag Sulphamethoxazole 
15 
25 
35 

– 
– 
– 

-9.75 
-10.24 
-10.74 

4.37 49.05 Li, et al.109 

Commercial bone char Naproxen 
20 
30 
40 

– 
– 
– 

-0.33 
-0.72 
-1.22 

75.11 230.0 Reynel-Avila, et al.84   

Fe3O4/coffee composite Tetracycline 
25 
55 
85 

1.36 
1.21 
1.09 

-0.7661 
-0.5093 
-0.2522 

-3.317 -8.56 Oladipo, et al.129 

Methanol activated Cu-based MOF  
(HKUST-1) 

Sulfachloropyridazine 
25 
35 
45 

0.40 
0.41 
0.61 

-28.8 
-29.8 
-40.9 

4.0 110.3 Azhar, et al.88 

Chloroform activated Zr-based MOF  
(UiO-66) 

Sulfachloropyridazine 
25 
35 
45 

0.75 
0.41 
0.16 

-30.4 
-29.8 
-28.3 

-60.6 -100.9 Azhar, et al.89 

a: mol-1
, b: L/mol 
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The characteristics of BTCs are expressed by several parameters, such as: breakthrough 

time (𝑡𝑏, min); volume of treated effluent until 𝑡𝑏 (𝑉𝑏, L); breakthrough adsorption capacity; 

(𝑞𝑢, mg/g); saturation/exhaustion time (𝑡𝑠, min); volume of treated effluent until 𝑡𝑠 (𝑉𝑒𝑓, L); 

saturation adsorption capacity (𝑞𝑠, mg/g); and length of mass transfer zone (𝑧𝑀𝑇𝑍, cm). The 

breakthrough point is generally settled according to the target quality of the final effluent, hence 

it varies from one paper to another. This is also true for saturation point, the settlement of which 

may fluctuate from 𝐶 𝐶0⁄ =0.9 to 𝐶 𝐶0⁄ =1.  

Table 2.9 exhibits experimental breakthrough data for continuous adsorption of 

pharmaceuticals onto different nonconventional materials, as well as the parameters reported 

for the Thomas model adjustment. 
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Table 2.9. Parameters of fixed bed adsorption of pharmaceuticals onto non-conventional low-cost adsorbents under certain operational conditions 
(length-inner diameter ratio (𝑳 𝑫𝒊⁄ ), pH, temperature, bed height (𝒛), adsorbent weight (𝒎), flow rate (𝑭), superficial velocity (𝒖)) and the 
parameters from Thomas model. 

Adsorbent Pharmaceutical 
Operational 
parameters 

𝑪𝟎 
(mg/L) 

𝒕𝒃 
(min) 

𝑽𝒃 
(mL) 

𝒒𝒖 
(mg/g) 

𝒕𝒔 
(min) 

𝑽𝒆𝒇 
(mL) 

𝒒𝒔 
(mg/g) 

𝒛𝑴 
(cm) 

𝑲𝑻𝒉 
(mL/mg/min) 

𝒒𝑻𝒉 
(mg/g) 𝑹𝟐 Reference 

Pyrolyzed 
paper mill 
sludge 

Methanesulfonate 

𝐿 𝐷𝑖⁄ =13/1;  
pH=7-7.5; 18 °C; 𝑧=4.5 cm; 𝐹=56 mL/(min.m²) 

upwards; 𝑢=5.5×10-5 m/min 

100 
250 
400 

170a 
80a 
57a 

748 
352 
251 

– 
– 
– 

310d 
155d 
93d 

– 
– 
– 

87 
102 
125 

– 
– 
– 

0.49 
0.4 
0.4 

85.6 
107.5 
124 

0.99 
1 

0.99 

Ferreira, et 
al.85 

Fe3O4/Coffee 
composite 

Tetracycline 

𝐿 𝐷𝑖⁄ =40/2; pH=5; 
25 °C; 𝑧=8 cm; 𝐹=3.3 mL/min; 𝑢=0.01 m/min 

50 
100 
200 

140.5 
126.8 
87.3 

– 
– 
– 

– 
– 
– 

231.9e 
205.4e 
140.8e 

770 
610 
460 

33.5* 
50.5* 
70.7* 

3.15 
3.06 
3.00 

0.042 
– 
– 

298.3 
– 
– 

0.991 
– 
– 

Oladipo, et 
al.129 

Biochar 
derived from 
mung bean 
husk 

Ranitidine 
hydrochloride 

𝐿 𝐷𝑖⁄ =35/1; pH=2; 
28 °C; 𝑧=3 cm; 𝐹=2 mL/min 

downwards; 𝑢=0.03 m/min 

100 
150 
200 

110b 
80b 
63b 

– 
– 
– 

– 
– 
– 

– 
– 
– 

– 
– 
– 

10.476f 
11.429f 

12f 

1.308 
1.4 

1.424 

– 
– 
– 

– 
– 
– 

– 
– 
– 

Mondal, et 
al.139 

Sepiolite clay Caffeine 

𝐿 𝐷𝑖⁄ =30/0.6; 
25 °C; 𝑚=1.6 g; 𝐹=0.6 mL/min 

downwards; 𝑢=0.02 m/min 

0.84 
1.77 
2.9 

17982c 
13158c 
12036c 

– 
– 
– 

4.99 
8.67 

14.09 

40200g 
36090g 
27666g 

– 
– 
– 

6.21 
13.11 
18.99 

2.16 
3.72 
2.84 

– 
– 
– 

– 
– 
– 

– 
– 
– 

Sotelo, et 
al.9 

Aluminum 
pillared 
AMBA 
modified 
sericite 

Diclofenac 

𝐷𝑖=1 cm; pH=7.1; 𝑚=0.5 g; 𝐹=1 mL/min 
upwards; 𝑢=0.01 m/min 

5 

– 110 – – – – – 0.00648 1.056 – 

Tiwari, et 
al.123 Aluminum 

pillared 
HDTMA 
modified 
sericite 

– 170 – – – – – 0.0125 0.561 – 

a 𝐶 𝐶0⁄ =0.1; b 𝐶 𝐶0⁄ =0.50; c 𝐶 𝐶0⁄ =0.10; d 𝐶 𝐶0⁄ =0.95; e 𝐶 𝐶0⁄ =0.949; f 𝐶 𝐶0⁄ =0.90; g 𝐶 𝐶0⁄ =1; * 𝑞𝑠 given in mg.  
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The authors verified the lowest amount adsorbed for carbamazepine (32 mg/g), possibly 

because this drug was in its neutral form, while ibuprofen and naproxen were both protonated. 

Kinetics study showed that experimental data followed the pseudo-second-order model 

(Table 2.2) and thermodynamic evaluation indicated that the process was spontaneous and 

endothermic in nature (Table 2.8). 

Na-rich Mt was tested as an adsorbent of sulfonamide and tetracycline antibiotics from 

synthetic effluent and field wastewater effluent. Under environmental pH conditions, 

adsorption capacity was negligible for sulfonamides, but high for tetracyclines.147 Sotelo, et al.9 

and Álvarez, et al.148 studied fixed-bed adsorption of caffeine using natural sepiolite clay 

(Minclear SG36). The system performance evaluation indicated that breakthrough time 

(𝐶 𝐶0⁄ =0.1) decreased with decreasing mass of adsorbent, increasing volumetric flow rate and 

increasing inlet caffeine concentration (Table 2.9). Moreover, the process was found to be 

intraparticle mass transfer controlled. From the Bohart and Adams model, the adsorption 

capacity was of 3.98 mg/g, which is considerably inferior to that informed for the granular 

activated carbon-caffeine system, 155.6 mg/g.144 

Aiming at increased removal efficiencies of negatively charged organic contaminants 

and/or nonpolar and hydrophobic persistent contaminants, clays have been chemically and 

physically modified to synthesize different adsorbents.10, 149 When submitted to thermal 

treatment, clay minerals may be dehydrated and dihydroxylated. As a result of partial loss of 

adsorbed and hydration water, the material becomes more hydrophilic and has a higher surface 

acidity and may also have altered plasticity and macro- and microporosity.150 Recently, Dordio, 

et al.102 conducted studies about gemfibrozil, mefenamic acid, and naproxen adsorption onto 

lightweight clay materials, namely lightweight expanded clay aggregates (LECA) and 

exfoliated vermiculite. From Table 2.3, vermiculite exhibited higher maximum adsorption 

capacities; nevertheless, considering that LECA provided superior absolute removals, the 

authors concluded that a combination of the two materials would be promising. Maia, et al.151 

used Verde-lodo bentonite calcined at 500 °C and obtained a caffeine removal percentage of 

approximately 90%. Recent studies report the use of this same calcined clay to successfully 

remove metallic ions (silver and copper) from single and binary aqueous solution.152, 153 

Clays may also be modified by acid activation using a mineral acid solution, commonly 

HCl or H2SO4. Although the obtained material is in part dissolved, it presents an enhanced 

porous structure, and higher specific surface area, and surface acidity.154 Bekçi, et al.95,96 

examined trimethoprim uptake using two different acidic commercial clays: KSF and K10, 

respectively. KSF presented higher adsorption capacity (Table 2.3) and the estimated 
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thermodynamic parameters (∆𝐺, ∆𝐻 and ∆𝑆) (Table 2.8) revealed that trimethoprim sorption 

onto this clay is spontaneous, exothermic and favorable. Moreover, the process might involve 

physical adsorption, since the calculated ∆𝐺 values varied between -20 and 0 kJ/mol. Besides 

thermal and acid washing, smectite clays, especially Mt, have been modified by organic 

molecules that are introduced to the interlayer space or adsorbed onto the surface to synthesize 

organoclays.155  

Organoclays have higher affinity for organic compounds and can be prepared using 

small organic cations (e.g., benzyltriethylammonium (BTEA), tetramethylammonium (TMA), 

or trimethylphenylammonium (TMPA)); organic cations with long alkyl chain (e.g., 

hexadecyltrimethylammonium (HDTMA)); and singular organic modifiers (e.g., chelating 

reagents, cationic polymers, and nonionic surfactants, ionic liquids, or more than one type of 

organic modifier).149, 156 

The ionic liquid 1-hexadecyl-3-methylimidazolium chloride was recently employed by 

Sun, et al.157 to modify the clays Mt and illite for chloramphenicol antibiotic uptake. The 

sorption followed a linear isotherm for both modified illitte and Mt, with distribution 

coefficients up to 14 L/kg and 179 L/kg, respectively. The same research group105 prepared 

modified Mt and illite using cationic surfactant cetyltrimethylammoium bromide (CTAB) for 

diclofenac uptake. Modified Mt showed higher diclofenac adsorption capacity than modified 

illite, as illustrated in Table 2.3 for the surfactant loading level of 2.0 of cation exchange 

capacity.  

Diclofenac adsorption was also studied by De Oliveira, et al.106 using Mt modified with 

two different cationic surfactants and Table 2.3 reveals that the values obtained for maximum 

adsorption capacity were lower than those reported for CTAB-modified Mt. In common, both 

Sun, et al.105 and De Oliveira, et al.106 verified that pseudo-second-order model satisfactorily 

correlated kinetic data of diclofenac adsorption. Conversely, Maia, et al.107 obtained better 

fittings for the pseudo-first-order model when using, as adsorbent, commercial organoclay 

(Spectrogel), which is functionalized by dialkyl dimethylammonium (DMA) surfactant. From 

Table 2.3, the value of maximum adsorption capacity of diclofenac from the Langmuir model 

obtained at 30 °C was approximately 36.58 mg/L.  

Batch and column reactor operations studies on diclofenac adsorption were conducted 

by Tiwari, et al.123 using aluminum pillared sericite modified with HDTMA (Al-AMBA-

sericite) or AMBA (alkyldimethylbenzyl ammonium chloride) (Al-HDTMA-sericite). 

Equilibrium data were well fitted by the Langmuir isotherm model, for which the monolayer 

adsorption capacity was estimated as 0.845 mg/g and 2.295 mg/g for Al-AMBA-sericite and 
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traditional adsorbents, such as activated carbon. The main difference between these materials 

is that while biochar is produced by heating biomass under a restricted supply of oxygen and at 

temperatures usually bellow 700 °C, activated carbon is “activated” by steam or chemicals at 

higher temperatures (superior to 700 °C).159 Given the substantially lower costs of biochar, the 

traditional adsorbent granular activated carbon could be replaced by or augmented with biochar, 

aiming for the reduction of water treatment costs.163 

Different materials can be pyrolyzed to produce biochar, including agricultural wastes 

and nonconventional materials such as waste tires, plants and algae, municipal and industrial 

solid waste, bones, bioenergy residues, and food waste.164 To exemplify, Yao, et al.110 prepared 

biochars with sludge from sewage and industrial wastewater treatment plants. The authors 

verified that they are efficient adsorbents of gatifloxacin, considering that more than 96% of 

the pharmaceutical was removed from the aqueous phase using most of the prepared biochars. 

Although the Freundlich model best fitted all experimental results, Table 2.4 presents values of 

highest maximum adsorption capacities from the Langmuir model (> 20 mg/g) obtained for two 

sludge-derived biochars.  

Jung, et al.108,165 used biochars derived from torrefied loblolly pine chip for the single- 

and multisolute adsorption of different pharmaceuticals. From single adsorption data, the 

maximum adsorption capacities followed the order diclofenac > naproxen > ibuprofen for 

biochar pyrolyzed with pure nitrogen (N-biochar). The opposite order was reported for biochar 

pyrolyzed with 7% oxygen with 93% nitrogen gas (O-biochar). Salem and Yakoot83 conducted 

a study using biochars from rice straw pyrolyzed at distinct temperatures (400, 500 and 600 °C) 

and noticed that the one pyrolyzed at 500 °C (Biochar-500) yielded the highest ibuprofen 

removal. Regarding kinetic modelling, pseudo-second order was considered the best fitting 

model since it had calculated 𝑄𝑒 values similar to experimental data and an R² value (0.99) 

higher than pseudo-first-order (0.92). Twenty-seven different biochars, prepared from pine 

bark, fiber, bamboo, peanut hull, Brazilian pepper, and various woods, were tested as 

adsorbents by Mitchell, et al.166 Six of the biochars well removed florfenicol, while ceftiofur 

was adsorbed by 15 of them.  

Recently, Mondal, et al.139 prepared stem activated biochar derived from mung bean 

husks for ranitidine hydrochloride removal in fixed-bed columns. The influence of operation 

parameters on breakthrough curves were analyzed and the highest adsorption capacity of 

12.38 mg/g was obtained at 2 mL/min flow rate, 200 mg/L inlet concentration, and 3 cm bed 

depth (Table 2.9). The dynamic behavior of the column was better described by the Yoon-

Nelson model than by the Bohart-Adams or Thomas models. 
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of chitin produces chitosan, which is considered a promising environment-friendly adsorbent 

material, since it presents adsorption properties, nontoxicity, high biodegradability, 

biocompatibility, and large availability, representing a low-cost alternative to activated 

carbon.173 The molecular structure of chitosan is rich in amino and hydroxyl functional groups, 

which are capable of adsorbing a variety of molecules, from organics to metal ions, 

contaminants commonly found in wastewater. Besides being highly selective toward pollutants, 

chitosan is chemically stable, highly reactive, and has exceptional chelation behavior.7 

However, the development of chitosan-based materials as adsorbents at the industrial-scale is 

challenging, because the origin of the polysaccharide and the degree of deacetylation influence 

adsorption properties. Moreover, the characteristics of the materials can lead to column fouling 

and hydrodynamic restrictions, preventing large-scale columns operation.7 

Chitosan particles were employed by Alkhamis, et al.111 for the sorption of ketotifen 

fumarate. According to Table 2.5, sorption capacity was higher at pH 7 than 10, due to the 

swelling ability of chitosan. Regarding uptake mechanisms, ketotifen fumarate might have been 

absorbed both into the bulk structure of the material and on its surface. On one hand, the 

inherent attractive physicochemical characteristics of chitosan enable its use as adsorbent in 

raw form, but on the other hand, chitosan has modifiable positions in its chemical structure and 

can be grafted or cross-linked to form materials with better properties, including resistance to 

extreme conditions and enhanced adsorption capacity.174 

Aiming at improved water treatment efficiency, magnetic carrier technology has been 

applied, such as by the introduction of Fe3O4 into chitosan biopolymer gel particles.113 Zhang, 

et al.81 synthesized a magnetic molecularly imprinted polymer based on chitosan- Fe3O4 

composite and applied it for carbamazepine removal from Millipore water. Kinetic data were 

better fitted to the pseudo-second-order equation than to the pseudo-first-order equation (Table 

2.2), indicating that carbamazepine adsorption was predominantly chemical. Assays carried out 

using real water samples (tap water, river water, and final sewage effluent water) revealed the 

feasibility of selective sorption of carbamazepine by the prepared adsorbent.  

Later, Zhang, et al.112 used magnetic chitosan derivatives to investigate the effects of 

ionic strength and natural organic matters on pharmaceuticals adsorption (diclofenac, clofibric 

acid, and carbamazepine) from aqueous media. There was no sorption reported for 

carbamazepine, due to the amide group and higher pKa value, and high sorption affinity for 

diclofenac and clofibric acid. The isotherm curve of the latter was better fitted by the Freundlich 

equation, while the Langmuir equation better described diclofenac data with an estimated 

maximum adsorption capacity of approximately 31.47 mg/g (Table 2.5). 
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Zhang, et al.113 synthesized several chitosan-based magnetic composite particles with a 

core-brush structure by grafting different polymeric branches onto chitosan-Fe3O4. The 

adsorption behavior of the materials was examined for the uptake of diclofenac sodium and 

tetracycline hydrochloride from single and binary solute solutions. Particles prepared by the 

reaction with the monomer 2-methyl acryloyloxyethyl trimethylammonium chloride (CD-

MCP) were selected as the best adsorbent and experimental isothermal equilibrium data of the 

pharmaceuticals was best represented by the Langmuir model (Table 2.5). Thermodynamic 

analysis (Table 2.8) revealed that both adsorption processes were spontaneous ((∆𝐺 < 0 and 

driven by entropy increase ((∆𝑆 > 0), but diclofenac adsorption was exothermic and of 

tetracycline hydrochloride endothermic. 

Reynaud, et al.82 prepared cross-linked chitosan-metal microparticles using iron or zinc 

ions and showed that these materials are promising adsorbents for hospital wastewater 

containing ciprofloxacin. The authors observed that the presence of metal strongly enhances 

antibiotic uptake and higher adsorption capacities were provided by chitosan–Fe(III) and 

chitosan–Zn(II) microparticles. Kinetic data were better modeled by the pseudo-second-order 

equation than by pseudo-first-order equation, as evidenced in Table 2.2, which presents kinetic 

parameters obtained for ciprofloxacin adsorption onto chitosan–Zn(II) microparticles. 

Kyzas, et al.173 investigated pramipexole dihydrochloride adsorption using chitosan 

cross-linked with glutaraldehyde (Cs) and two further modified chitosan derivatives: grafted 

with N-(2-carboxybenzyl) groups (CsNCB) and grafted with sulfonate groups (CsSLF). The 

best adsorption behavior was verified for CsSLF, followed by CsNCB and Cs, and the optimum 

pH value was 10. More complex modifications in chitosan were performed by Kyzas, et al.114: 

chitosan cross-linked with glutaraldehyde and grafted with poly(acrylic acid) was further 

functionalized with graphite oxide (GO/CSA). The final nanocomposite material was used for 

the adsorption of dorzolamide from biomedical synthetic wastewaters and a removal capability 

of 92% was obtained at pH 3 (optimum value). Experimentally, higher temperatures enhanced 

pharmaceutical adsorption. This behavior was corroborated by thermodynamic analysis: 

increasing absolute values of ∆𝐺 with increasing temperature and positive values of ∆𝐻. Table 

2.8 presents thermodynamic parameters reported for the initial concentration of 20 g/L. ∆𝐺 

values were negative, indicating that the process is spontaneous, while ∆𝑆 values were positive, 

reflecting the affinity of the adsorbent toward dorzolamide, conjointly with greater degree of 

freedom of the adsorbed species. 

Recently, Kyzas, et al.175 used chitosan derivative grafted with sulfonic groups and 

cross-linked with glutaraldehyde for the adsorption of pramipexole dihydrochloride. The 





Capítulo 2: Revisão bibliográfica  58 

 

paracetamol. Grape stalk was shown to be the most effective adsorbent and the pseudo-first-

order model (Table 2.2) and Langmuir isotherm (Table 2.6) were applied to model adsorption 

kinetic and equilibrium data, respectively. 

Oladipo, et al.129 verified that coating waste coffee residue with Fe3O4 confers magnetic 

separability, improved surface area, and consequent enhanced the adsorption capacity of 

tetracycline (up to 285.6 mg/g). While the Langmuir model better described the isotherms, the 

pseudo-second order model better fitted the kinetic data, suggesting the chemical nature of 

tetracycline adsorption onto the Fe3O4/coffee composite. According to Table 2.8, the process is 

exothermic (∆𝐻<0), spontaneous (∆𝐺<0), and accompanied by decreased randomness at the 

solid–liquid interface (∆𝑆<0). Dynamic studies of tetracycline adsorption revealed that 

breakthrough time increased with increasing bed height, decreasing flow rate, and decreasing 

influent concentration. The Thomas model was shown to suitably describe the process with R2 

values higher than 0.99 for all the evaluated conditions (Table 2.9). 

Industrial wastes that have been investigated as pharmaceutical adsorbents include fly 

ash and those from the aluminum industry and paper industry, as well as other materials. Fly 

ash is a waste byproduct material originated from coal combustion in thermal power plants. It 

finds applications on road construction and bricks and cements manufacturing, but it can also 

be employed as efficient adsorbent of organic pollutants, due to the high percentage of silica 

and alumina.141, 177 

Zhang, et al.118 presented modified coal fly ash as a promising adsorbent of 

ciprofloxacin, claiming that the material is cheaper than other alternative adsorbents, such as 

clay minerals, and can offer relatively larger adsorption capacities. Swarcewicz, et al.179 

inspected a mixture of soil and coal fly ash for carbamazepine adsorption from water–ethanol 

solution. Batch assays showed that when the content of coal fly ash in the soil was beyond 30% 

the mean removed amounts of the pharmaceutical were higher than 92.8%. 

Among wastes from the aluminum industry, there is red mud, which is generated from 

bauxite processing for the production of alumina. Although red mud is a serious pollutant, after 

some treatment, it can be used for water treatment. Recently, an acid activated red mud was 

used by Balarak, et al.80 for ciprofloxacin removal from synthetic wastewater and a removal 

efficiency as high as 96.5% was reached. By comparison with the pseudo-first-order, the 

pseudo-second-order kinetic model represented experimental results more satisfactorily with 

correlation coefficients up to 0.997 (Table 2.2) 

Regarding paper industry waste, Calisto, et al.119 prepared different alternative 

adsorbents based on pyrolyzed primary and biological paper mill sludge. The derivatives from 
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primary paper mill sludge were most effective for antidepressant citalopram uptake and the 

material pyrolyzed at 800 °C for 150 min (PS800–150) presented the highest Langmuir 

maximum adsorption capacity of 19.6 mg/g (Table 2.6). It is worth highlighting that this was a 

promising result, since obtaining effective, cheap, and environmentally friendly carbon 

adsorbents without employing chemical or physical activation is a feasible way of valorizing 

subproducts, such as those from the paper industry. Posterior studies report the use of the same 

pyrolyzed primary pulp mill sludge, PS800-150, for the adsorption of several pharmaceuticals 

from single solutions.120, 180 

Recently, Calisto, et al.121 employed PS800-150 washed with 1.2 M HCl (PS800-150-

HCl) for single, binary, and ternary adsorption of carbamazepine, oxazepam, and paroxetine 

from ultrapure water. Concerning the single component system, the obtained values of 

Langmuir maximum adsorption capacity are displayed in Table 2.6. In the mixtures, individual 

reduced maximum adsorption capacities were obtained for most of the pharmaceuticals, which 

could be related with competitive effects. Acid-washed pyrolyzed primary and biological paper 

mill sludge were employed by Ferreira, et al.124 for comparison with powdered activated carbon 

(PAC) in methanesulfonate removal (fish anesthetics). Although PAC displayed higher 

adsorption capacities, the authors posit that the alternative adsorbents offer advantages, such as 

production without activating chemicals, null costs of the precursors, and possible elimination 

of managing costs of residues (sludge) from the paper industry. 

Later, Ferreira, et al.85 performed studies in continuous mode using the same acid 

washed pyrolyzed biological paper mill sludge for methanesulfonate removal. It was shown 

that decreasing concentration and influent flux lead to greater volumes of treated effluent at 

breakthrough time, and the values obtained for total adsorption of the bed were high as 

125 mg/g (Table 2.9). The models of Thomas, Yoon–Nelson, Clark, and Yan were applied to 

describe the breakthrough curves, and the latter was found to be the most adequate. 

Carbon blacks are small particle size carbon pigments made of the thermal 

decomposition of hydrocarbons recovered from waste tires. Although carbon blacks have less 

developed porous texture than other carbon adsorbents, which could cause reduced adsorption 

capacities, these materials have mostly macro- and mesoporous textures, which makes them 

suitable for organic pollutant adsorption. For instance, Cuerda-Correa, et al.116 used carbon 

blacks for the adsorption of naproxen and ketoprofen, the first being better removed from Milli-

Q water than the latter (Table 2.6). The same behavior was noticed when using river water as 

the aqueous matrix; however, in this case larger adsorption capacities were obtained, possibly 

because of the presence of solid matter in suspension that may act as coadsorbent. 
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and equilibrium data was well represented by the Langmuir isotherm (Table 2.7). Adsorption 

performance of the MOFs was compared to that of AC, and the decreasing removal efficiency 

followed the order MIL-101 > MIL-101-Fe > activated carbon. 

Later, Hasan, et al.125 functionalized MIL-101 with an acidic group (AMSA-MIL-101) 

and basic group (ED-MIL-101) and tested the adsorption efficiency for naproxen and clofibric 

acid removal in batch tests. The MOF ED-MIL-101 offered the highest removal efficiency in 

terms of adsorption rate and adsorption capacity (Table 2.2 and Table 2.7). Acid–base 

interactions between adsorbent and adsorbates were suggested to explain the adsorption 

mechanism. Seo, et al.64 also employed MIL-101 for naproxen adsorption. However, the 

authors functionalized MIL-101 with H-donor functional groups such as −OH and −NH2. The 

importance of H-bonding mechanism was verified, and the highest adsorption capacity was 

obtained for MIL-101-OH (185 mg/g at 25 °C). 

Seo, et al.187 further modified MIL-101(Cr) by grafting urea or melamine on its open 

metal sites and tested the adsorption of three nitroimidazole antibiotics (dimetridazole, 

metronidazole, or menidazole). Although presenting lower specific surface area in comparison 

to pristine MIL-101, urea-MIL-101 and melamine-MIL-101 offered the highest adsorbed 

quantities of nitroimidazoles. The H-bonding between −NH2 of the modified MOFs and −NO2 

of the antibiotics was indicated as the main adsorption mechanism. Dimetridazole removal was 

also investigated by Peng, et al.87, but using a highly flexible Al-based MOF [MIL-53(Al)]. The 

obtained saturated adsorption capacity from the Langmuir model was of 467.3 mg/g (Table 

2.7), which was associated with the reinforced van der Waals interaction between dimetridazole 

and the framework of MIL-53(Al). It was reported a fast kinetics, being that 90% of 

dimetridazole was removed within the first 10 min of contact.  

Hasan, et al.188 investigated Zr-based MOFs as adsorbents of diclofenac sodium. The 

authors used virgin MOF, UiO-66 (UiO stands for University of Oslo), and modified MOFs, 

SO3H-UiO-66, and NH2–UiO-66. Experiments were also carried out with activated carbon for 

comparison purposes. The best adsorption performance was given by SO3H-UiO-66, the 

adsorption capacity of which was up to 13-times higher than that of AC. 

Azhar, et al.88 carried out batch studies on adsorptive removal of sulfachloropyridazine 

antibiotic from wastewater using a Cu-based MOF that was activated with methanol (HKUST-

1). While adsorption kinetics data were best represented by the pseudo-second-order model, the 

Langmuir isotherm best fitted equilibrium data with a maximum adsorption capacity of 

384 mg/g at 25 °C (Table 2.7). According to Table 2.8, the process was found to be 

thermodynamically spontaneous and endothermic. It was also noticed that some interactions, 
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decrease in adsorption performance. The authors highlight that economic efficiency has to be 

addressed in this case, since pyrolyzed paper mill sludge derives from a waste product and its 

preparation costs can be lower than the regeneration costs. 

Shan, et al.193 employed the technique of ball milling not only to prepare ultrafine 

magnetic biochar (biochar/Fe3O4), which effectively adsorbed carbamazepine and tetracycline, 

but also to degrade the adsorbed pollutants on the spent adsorbent. The degradation efficiency 

was up to 99% for tetracycline adsorbed on spent biochar/Fe3O4 (3 h ball-milling), and up to 

98.4% for carbamazepine (6 h of ball-milling with quartz sand addition). Although the authors 

did not study adsorbent regeneration, their results show that ball milling can be an effective 

technique to degrade adsorbed pollutants, aimed at reducing environmental risk related to 

disposal of spent adsorbents. 

Reguyal, et al.194 prepared magnetic biochar from pine sawdust for sulfamethoxazole 

removal and tested adsorbent regeneration using water (<4% desorption) and eight organic 

solvents (∼45–67% desorption). Hence, solvent polarity was found to play an important role in 

the regeneration process, and the authors suggest that thermal or chemical regeneration could 

be more suitable for desorbing sulfamethoxazole from spent magnetic biochar. 

In addition to the continuous mode, studies on the regeneration of spent low-cost 

nonconventional adsorbents have also been carried out in batch mode. Zhang, et al.81 showed 

that magnetic molecularly imprinted polymers based on chitosan–Fe3O4 can be effectively 

regenerated by methanol/acetic acid and used at least in 10 cycles for carbamazepine adsorption 

without prejudices in adsorption capacity. Regeneration studies with similar magnetic chitosan 

adsorbent was also performed by Zhang, et al.112 However, these authors employed a thermal 

process and found out that nanopowder Fe3O4 can be recovered to be reused in the synthesis 

again. In the work of Zhang, et al.113 after diclofenac and tetracycline adsorption, chitosan-

based magnetic composite particles with core-brush topology were separated under magnetic 

field and a solution of ethanol and water with NaOH was used for the desorption of the 

pharmaceuticals. Five adsorption–desorption cycles were performed and decreasing adsorption 

efficiencies were obtained in the first cycles.   

Kyzas, et al.173 and Kyzas, et al.114 examined reuse ability of different grafted chitosan 

adsorbents for pharmaceuticals removal. Desorption tests were performed in batch mode with 

deionized water with pH-adjusted values. At optimum desorption pH, sequential cycles of 

adsorption–desorption were performed and both studies report reduction of adsorption 

efficiencies, which was attributed to several reasons, such as adsorbent degradation, gradual 

saturation of active sites/groups and gradual blocking of active sites by impurities. 
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diameter fixed-beds, aiming full scale design. The scale-up studies can be done through 

different approaches, including computer simulation,204, 205 rapid-small scale column tests, and 

response surface methodology.206 Pratt, et al.207 defend the idea that the best way to predict 

long-term performance of adsorption systems is by full-scale field tests under specific 

continuous-flow conditions. 

Adsorption columns should provide maximum separation of the solute and the fluid phase 

of which the solute is initially part. Important operational parameters, such as breakthrough 

curves behavior and mass transfer zones, are optimized in pilot scale column studies, which 

link laboratory and practical adsorption applications. In column scale-up, adsorbent properties, 

such as shape, size, and density, must be taken into account in order to avoid operational 

problems, including hydrodynamic limitations or column fouling. The position of solution 

feeding is another operational aspect to be considered in column design. Although downward 

flows are usually adopted, upward flows offer more uniform pollutant distribution and 

minimize pressure gradients and potential of fouling adsorbent. In addition, when the solution 

is fed in the bottom of the column, smaller adsorbent particle sizes can be used, reduced 

volumes of adsorbent are necessary and increased adsorption rates can be obtained.197, 208 

To the best of the authors’ knowledge, no study in the literature evaluates the removal of 

pharmaceuticals at pilot column using nonconventional low-cost adsorbents. The pilot scale 

studies available are restricted to evaluate the performance of PACs209, 210 or GACs211 for 

adsorption of several pharmaceuticals. Researches on full-scale pharmaceutical adsorption are 

even scarcer than pilot scale studies. Until the moment of this review, the studies are restricted 

to evaluate full-scale adsorption by GAC.212 The greatest difficulty on changing the scale of an 

adsorption system is because it is an unsteady-state process.204 

Therefore, the use of adsorbents other than ACs for pharmaceuticals removal in practical 

adsorption systems for water purification, or even in pilot scale studies is still not common. 

Nevertheless, the increasing number of laboratory-scale studies on this subject only in the last 

five years indicates that it is a matter of time before nonconventional low-cost adsorbents start 

to be tested in large scale applications. 

The transference of adsorption processes using nonconventional low-cost adsorbents 

from lab-scale to industrial applications is difficult for several reasons: (i) the sorption 

properties of low-cost adsorbents highly depend on their origin; (ii) the demand at commercial 

level controls the availability of the resource for industrial users; (iii) physical and chemical 

pretreatment methods that improve sorption capacity of the materials may not be cost-effective 

at large-scale nor ecofriendly; (iv) effectiveness of the treatment depends on the type of the 
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cost and reuse ability of adsorbents such as clays, biochars, chitosans, agro-industrial wastes, 

and MOFs have been rarely reported, being that it is practically impossible to perform a 

comprehensive comparison among these materials. An analysis of regeneration capability and 

cost benefit is essential for assessing environmental and economic significance of adsorption 

processes. 

Concluding, despite an increasing number of studies published on nonconventional low-

cost adsorbents for pharmaceutical removal, there is still lack of knowledge on their practical 

application. In addition to further studies on fixed-bed adsorption, adsorbent regeneration, and 

cost assessment, publications that reflect real systems are also necessary, since the majority of 

the current studies employ synthetic solutions or monocomponent solutions, at concentrations 

higher than that usually detected in the environment. Hence, several points still need to be 

explored for industrial application. Future studies should examine multicomponent adsorption, 

treatment of real wastewaters, continuous adsorption, and adsorption regeneration. 
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Tabela 3.1. Valores de quantidade adsorvida, 𝒒, e porcentagem de remoção, %𝑹, obtidos por 
testes de afinidade em triplicata de diferentes fármacos com argilas Verde-lodo calcinada, 
Fluidgel calcinada e Spectrogel. 

Fármaco 

Verde-lodo calcinada Fluidgel calcinada Spectrogel Tipo-C 𝑞.10³ %𝑅 𝑞.10³ %𝑅 𝑞.10³ %𝑅 

(mmol/g) (%) (mmol/g) (%) (mmol/g) (%) 

Cloridrato de 
propranolol 

– – 0,93 ± 0,05 10,2 ± 0,5 8,89 ± 0,01 98,0 ± 0,1 

Cloridrato de 
metformina 

– – 1,44 ± 0,07 14,6 ± 0,7 4,02 ± 0,20 40,6 ± 2,1 

Losartana 
potássica 

2,56 ± 0,55 29,3 ± 6,2 0,06 ± 0,11 0,7 ± 1,2 8,65 ± 0,03 98,7 ± 0,3 

Amoxicilina 
trihidratada 

– – 3,24 ± 0,68 35,2 ± 7,4  3,12 ± 0,2 33,9 ± 0,2 

 

Os testes de afinidade utilizando a argila Verde-lodo como adsorvente forneceram 

resultados confiáveis apenas para a losartana, por isso, não são exibidos os dados para os demais 

fármacos. Esse fato pode ser associado a erros de leitura de concentração no UV-vis, levando 

em conta que, com a adição da argila Verde-lodo, as soluções aquosas de fármaco apresentam 

coloração bastante avermelhada, o que pode afetar as medidas, mesmo tomando-se o cuidado 

de fazer o branco.  

Conforme Tabela 3.1, a adsorção de losartana pela argila Fluidgel calcinada foi a menos 

favorável, sendo que a porcentagem de remoção se limitou a 1%. Por outro lado, elevadas 

capacidades de adsorção foram verificadas para os fármacos cloridrato de propranolol e 

losartana potássica quando utilizada a argila organofílica Spectrogel como adsorvente. As 

porcentagens de remoção nestes casos chegaram a 98% para o propranolol e 99% para a 

losartana, sendo as maiores obtidas nas condições avaliadas. Isso pode ser relacionado ao fato 

de que a argila Spectrogel, ao contrário das demais, apresenta caráter organofílico que favorece 

a remoção dos fármacos (compostos orgânicos). 

Com base nos resultados dos testes de afinidade, na continuação do estudo de adsorção 

de fármacos no presente trabalho será empregada a argila comercial organofílica Spectrogel 

Tipo-C como material adsorvente para a remoção dos fármacos losartana potássica. Como 

destacado anteriormente, a losartana potássica é um anti-hipertensivo popularmente usado no 

mundo todo, e tem tido ocorrência detectada em estações de tratamento de água, efluentes 

industriais, água marinha e até mesmo água potável (LARSSON; DE PEDRO e PAXEUS, 

2007; GROS; RODRÍGUEZ-MOZAZ e BARCELÓ, 2012). Apesar destas condições, tanto 
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• Adsorption kinetics 

Adsorption kinetics was examined with adsorbent dosage fixed at 6 g/L, without pH 

adjustments. In several Erlenmeyer flasks, 0.24 g of Spectrogel was poured into 40 mL of 

losartan solutions with initial concentration of 𝐶0=0.1, 0.07, 0.04 mmol/L. The flasks were 

constantly agitated for pre-determined time intervals (0–3240 min) in shaker (25 °C, 200 rpm). 

The kinetics using µGAC was inspected in the same operational conditions for 𝐶0=0.1 mmol/L. 

After determining the residual losartan concentration by UV-VIS, the quantity adsorbed at 

certain time, 𝑞𝑡 (mmol/g), was computed by Eq. 4.2: 𝑞𝑡 = (𝑉 𝑚⁄ )(𝐶0 − 𝐶𝑡) (4.2)  

where: 𝑉 (L) = solution volume; 𝑚 (g) = adsorbent mass; 𝐶𝑡 (mmol/L) = concentration at time 𝑡. 
• Adsorption equilibrium 

For equilibrium study, 6 g/L adsorbent dosage was also adopted and 𝐶0 varied between 

0.004–3.00 mmol/L. The flasks were agitated at 200 rpm for 48 hours in shaker at constant 

temperatures of 15, 25, and 40 °C. A comparative isotherm using µGAC was assessed at 25 °C. 

The quantity of losartan adsorbed at equilibrium, 𝑞𝑒 (mmol/g), was established by Eq. 4.3: 𝑞𝑒 = (𝑉 𝑚⁄ )(𝐶0 − 𝐶𝑒) (4.3)  

where: 𝐶𝑒 (mmol/L) = losartan equilibrium concentration in solution. 

• Adsorption thermodynamics 

Based on equilibrium data, we estimated the thermodynamic parameters of Gibbs energy 

change ∆𝐺 (kJ/mol), enthalpy change ∆𝐻 (kJ/mol) and entropy change ∆𝑆 (J/mol/K) by 

Eq. 4.4: ln 𝐾𝐶 = −∆𝐺𝑅𝑇 = ∆𝑆𝑅 − ∆𝐻𝑅𝑇  (4.4)  

where: 𝐾𝐶 = thermodynamic equilibrium constant (-); 𝑅 = 8.314 J/mol/K = universal gas 

constant; 𝑇 = temperature (K). 

Different approaches have been adopted for the calculation of the dimensionless 

equilibrium constant 𝐾𝐶. Herein, we used the method from Ghosal and Gupta [30] (Eq. 4.5), 

which is applicable when adsorption isotherms are satisfactorily defined by Freundlich model 

with 𝑞𝑒 in mg/g and 𝐶𝑒 in mg/L.  𝐾𝐶 = 𝐾𝐹𝑀𝑊(1000 𝑀𝑊⁄ )(1−1/𝑛) (4.5)  

where: 𝐾𝐹 (mg/g).(L/mg)1/n = Freundlich isotherm constant; 𝑛 (-) = Freundlich heterogeneity 

factor; 𝑀𝑊 (g/L) = mass of water per liter at given temperature.   
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• Desorption tests 

Three different organic eluents were tested for losartan desorption from Spectrogel 

organoclay: ultrapure water, ethanol (Dinâmica, Brazil, ≥ 99.5%) and methanol (Êxodo 

Científica, Brazil, ≥ 99.8%). They were chosen based on previous studies [31, 32]. 

After achieving adsorption equilibrium, contaminated Spectrogel was separated from 

losartan solution by filtration and dried at ambient temperature (~25 °C) for 48 h. Desorption 

assays were run in triplicate inserting 0.3 g of contaminated adsorbent into 50 mL of eluent in 

shaker (200 rpm, 25 °C, 48 h). The quantity of desorbed losartan was monitored by UV/VIS 

and desorption efficiency, 𝐷𝑒𝑠 (%), was computed by Eq. 4.6: 𝐷𝑒𝑠 = (𝐶𝑑𝑉𝑑) (𝑞𝑒𝑚𝑑)⁄ ∙ 100 (4.6)  

where: 𝐶𝑑 (mmol/L) = concentration of losartan after desorption tests; 𝑉𝑑 (L) = volume of 

eluent;𝑞𝑒 (mmol/g) = equilibrium adsorption capacity; 𝑚𝑑 (g) = mass of pharmaceutical-

loaded adsorbent. 

• Mathematical modelling 

The kinetic results of losartan adsorption were modelled by the equations of pseudo-first 

order (PFO) [33], pseudo-second order (PSO) [34], external (film) diffusion [35], surface 

diffusion (Boyd’s model) [36], and pore diffusion [37]. The equilibrium models of Langmuir 

[38], Freundlich [39] and Dubinin-Radushkevish [40] were chosen to reproduce the isotherms. 

These equations are detailed in supplementary material (Tables S4.1 and S4.2).  

Nonlinear fitting procedure was performed in OriginPro 8 software and the adjustment 

quality was judged by coefficient of determination, 𝑅2 (Eq. 4.7), and corrected Akaike 

information criterion, 𝐴𝐼𝐶𝑐 (Eq. 4.8) [41]. 𝑅2 = 1 − [∑ (𝑌𝑖 − �̂�𝑖)2𝑁𝑖=1 ∑ (𝑌𝑖 − 𝑌)2𝑁𝑖=1⁄ ] (4.7)  

𝐴𝐼𝐶𝑐 = 𝑁. ln (∑ (𝑌𝑖 − �̂�𝑖)2 𝑁⁄𝑁𝑖=1 ) + 2𝑝 + 2𝑝(𝑝 + 1) (𝑁 − 𝑝 − 1)⁄  (4.8)  

where:  𝑁 = quantity of experimental observations; 𝑌𝑖 = experimental value; �̂�𝑖 = estimated 

value; 𝑌 = average value of experimental results; 𝑝 = number of parameters +1 (variance 

component). 
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Figure 4.3. (a) N2 adsorption/desorption isotherms, (b) XRD spectra and (c) FT-IR spectra of 
fresh Spectrogel, Spectrogel after losartan adsorption and fresh µGAC, (d) influence of pH on 
zeta potential of fresh Spectrogel. 
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cont. Fig. 4.3. 
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Table 4.2. Properties of Spectrogel (before and after losartan adsorption) and µGAC. 

 Spectrogel Spectrogel+Losartan µGAC 𝑆𝐵𝐸𝑇 [a] (m²/g) 0.140 0.143 567.290 𝑉total [b] (cm³/g) -- -- 0.284 𝑉micro [c] (g/cm³) -- -- 0.232 𝑉meso [d] (g/cm³) -- -- 0.052 𝜌true [e] (g/cm³) 1.644 1.631 2.005 

d001 [f] (nm) 1.29 1.29 -- 
[a] Specific surface area by BET method, [b] Total pore volume at 𝑃/𝑃0=0.95, [c] Micropore volume 

from t-plot report, [d] Mesopore volume estimated by 𝑉total − 𝑉meso, [e] True density by helium 

picnometry, [f] Basal interlayer distance from XRD spectra 

 

From Table 4.2, the true density of Spectrogel was not meaningfully affected by losartan 

adsorption as it continued as low as 𝜌true=1.6 g/cm³ after usage. µGAC also presented low 𝜌true 
of 1.9989 g/cm³, because of its great total volume induced by high porosity. Other AC prepared 

from coconut shells presented similar 𝜌true values [44]. 

Fig. 4.3b exhibits the XRD patterns. It can be discerned that Spectrogel is predominantly 

amorphous, which did not change subsequently to losartan adsorption. The basal interlayer 

distance is 1.29 nm either prior- or post-process (Table 4.2). This d001 is close to that expected 

for bentonite clays, i.e., d001~1.5 nm [45]. Further estimates of crystallinity degree of Spectrogel 

are hampered by its complexity, triggered by the fact that most details of its synthesis are not 

supplied by the manufacturer (such as DMA loadings, functionalization method, and degree of 

impurities).  

Concerning µGAC, the XRD spectrum depicts two broad peaks at 23° and 43°, which are 

ascribable to nanoscale graphite units [43].  

Fig. 4.3c depicts FT-IR spectra of µGAC, fresh and contaminated Spectrogel, and pure 

losartan. The pattern of µGAC presents characteristic peaks of alcoholic or phenolic groups. 

The strong and broad band at 3442 cm-1 may be accredited to the stretching vibration of bonded 

O−H functional groups, the band around 1090 cm-1 may originate from C−O stretching 

vibration, and the band at 1384 cm-1 corresponds to in-plane O−H bend [46]. Characteristic 

bands of aromatic hydrocarbons could be identified at 1600–1400 cm-1 region (skeletal 

vibrations of C–C stretching) and 900–675 cm-1 region (C–H out-of-plane bending). Similar 

spectra were previously reported for raw coconut shells and derived ACs [47]. The FT-IR 

spectra of Spectrogel samples exhibit strong absorption band near 3629 cm-1, which is 
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characteristic of Al-rich montmorillonites. This band designates stretching vibrations of inner 

OH groups coordinated to octahedral atoms. Corresponding OH bending bands were absorbed 

in 950–800 cm-1 region, which is typical of 2:1-minerals. Si–O stretching vibration can be 

spotted at 1045 cm-1. The bands in 600–400 cm-1 range reflect S–O and Al–O bending 

vibrations [48, 49]. Provided its organophilic nature, Spectrogel shows distinguished bands of 

alkylammonium cations. The strong ones at 2920 and 2850 cm-1 represent the antisymmetric 

and symmetric stretching vibrations of C–H bonds, respectively. The N–H bend of ammonium 

groups is situated at 1639 cm-1 and C–H bending vibration is found at 1471 cm-1 [46, 50]. Of 

note, FT-IR spectra of Spectrogel after use is quite similar to that of fresh Spectrogel and 

absorption bands of pure losartan could not be identified. Thus, we may presume that losartan 

adsorption does not provoke relevant modifications in the chemical functionalities of the 

organoclay.  

The measurement of zeta potential (ζ) of Spectrogel is disclosed in Fig. 4.3d. The 

organoclay maintained a negative surface charge under pH conditions between 4 and 10, i.e., 

Spectrogel does not present a point of zero charge (pHPZC) within the inspected pH range. Of 

note, the ζ values became increasingly negative as pH increased.  

In general, ζ data of organoclays are related to the interactions between surfactant 

cations used in their synthesis and the clay surface. Organoclays with positive ζ are usually 

obtained with excess of surfactant concentrations proportional to the cation exchange capacity 

of the mineral, so that alkyl tails from surfactant shield the negative charges of clay surface 

[51]. Accordingly, the negative ζ values of Spectrogel suggest that this commercial organoclay 

is not prepared with excessive loadings of DMA surfactant.  

Fig. 4.4 exhibits the thermal behavior of pure losartan and Spectrogel samples. Losartan 

is thermally stable up to approximately 280 °C, then it starts degrading until 657 °C. The weight 

loss in this temperature range was about 83%. The first mass-loss of Spectrogel organoclay 

starts at around 30 °C and proceeds to near 260 °C, what may be ascribed to 

dehydration/hydroxylation of adsorbed water. Subsequently, a great mass-loss step occurs until 

560 °C with maximum degradation at 332 °C, which may relates to releasing DMA surfactant 

from the organoclay [52]. Considering the resemblance of patterns exhibited by virgin and used 

Spectrogel, it may be asserted that losartan adsorption did not significantly affect its thermal 

stability.  
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Figure 4.5. Experimental adsorption data for losartan onto Spectrogel and µGAC: (a) kinetics 
at different initial concentrations (scatter) and the fitting of pseudo-second order model (solid 
line); (b) isotherms at different temperatures (scatter) and the fitting of Freundlich model (solid 
line). 
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Table 4.4 provides the fittings of the mathematical kinetic models to the experimental 

data. Initially, we tested the models based on chemical reaction kinetics, i.e., PFO and PSO. As 

specified by the higher 𝑅2 and lower 𝐴𝐼𝐶𝑐 values, losartan adsorption kinetics onto either 

Spectrogel or µGAC was better predicted by PSO model than PFO model. The satisfactory 

adjustment is evidenced in Fig. 4.5a. The reaction rate constant of PSO (𝑘2) showed a 

downward trend with increasing initial levels of losartan in solution, as a reflect of the longer 

contact time necessary to reach adsorption equilibrium. In line with the theoretical approach, 

the good compliance of experimental data with PSO model suggests that losartan uptake may 

include a chemisorption mechanism [34, 53].  

 

Table 4.4. Parameters of the kinetic models of pseudo-first order (PFO), pseudo-second order 
(PSO), film diffusion, surface diffusion and pore diffusion for losartan potassium adsorption 
onto Spectrogel and µGAC at different initial concentrations (𝑪𝟎 in mmol/L). 

Model Parameter 
Spectrogel Spectrogel Spectrogel µGAC 𝐶0=0.04 𝐶0=0.07 𝐶0=0.1 𝐶0=0.1 

PFO 

𝑘1 (min-1) 0.016 0.008 0.006 0.003 𝑞𝑒 (mmol/g) 0.006 0.011 0.015 0.015 𝑅2 (–)  0.98 0.97 0.97 0.93 𝐴𝐼𝐶𝑐 (–) –314.49 –289.71 –271.57 –215.50 

PSO 

𝑘2 (g/mmol/min) 3.979 1.098 0.473 0.230 𝑞𝑒 (mmol/g) 0.007 0.012 0.017 0.016 𝑅2 (–) 1.00 1.00 0.99 0.97 𝐴𝐼𝐶𝑐 (–) –358.06 –323.80 –299.00 –276.19 

Film diffusion 𝐾𝐹𝑀 (m/s) 6.5E–07 4.1E–07 4.1E–07 5.9E–11 

Surface diffusion 

𝐵 (–) 0.002 0.002 0.002 0.001 𝐷𝑖 (cm²/min) 1.7E–07 2.4E–07 1.9E–07 1.2E-07 𝑅2 (–) 0.74 0.94 0.96 0.83 

Pore diffusion 

𝑘𝑖 (mmol/g/min0.5) 0.003 9.5E–05 1.5E–04 2.3E–04 𝐶 (mmol/g) 1.7E–04 0.008 0.010 0.004 𝑅2 (–) 0.97 0.95 0.93 1.00 

 

Apropos of transfer mechanisms, the equations of external, surface and pore diffusions 

were tested for losartan adsorption. Fig. S4.2 in supplementary material exemplifies the 

graphical fittings for 𝐶0=0.1 mmol/L. Of note, the mass transfer coefficients of external 

diffusion model (𝐾𝐹𝑀) were estimated from the initial stage of the kinetic profiles [35]. From 
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Table 4.5. Parameters of isotherm models fitted to equilibrium data of losartan adsorption onto 
Spectrogel at 15, 25 and 40 °C and µGAC at 25 °C. 

Model Parameter 
Spectrogel Spectrogel Spectrogel µGAC 𝑇=15 ºC 𝑇=25 ºC 𝑇=40 ºC 𝑇=25 ºC 

Langmuir 

𝑞𝑚𝑎𝑥 (mmol/g) 0.048 0.082 0.099 0.044 𝑘𝐿 (L/mmol) 4.903 10.396 27.402 10.165 𝑅2 (–) 0.97 0.97 0.97 0.84 𝐴𝐼𝐶𝑐 (–) –161.92 –167.78 –146.91 –68.01 

Freundlich 

𝐾𝐹 (mmol/g)(L/mmol)1/n 0.037 0.072 0.095 0.038 𝑛 (–) 3.347 4.090 5.448 9.617 𝑅2 (–) 0.99 0.98 0.97 0.96 𝐴𝐼𝐶𝑐 (–) –186.82 –179.44 –164.16 –82.51 

Dubinin-

Radushkevich 

𝑞𝑚 (mmol/g) 0.043 0.078 0.098 0.043 𝐾𝐷 (108 mol²/J²) 2.2E–08 1.5E–08 7.9E–09 1.9E–08 𝐸 (kJ/mol) 4.719 5.805 7.945 5.142 𝑅2 (–) 0.95 0.97 0.96 0.74 𝐴𝐼𝐶𝑐 (–) –155.99 –165.86 –98.31 –66.87 

 

On comparing the fittings for Spectrogel, Freundlich model finest correlated the 

equilibrium information of losartan adsorption onto Spectrogel (higher 𝑅2 and lower 𝐴𝐼𝐶𝑐). 

This indicates that the phenomenon occurs in multilayer on an energetically non-homogeneous 

surface. Moreover, the magnitude of 𝑛 factor in 2–10 range points to the favorable adsorption 

of losartan onto Spectrogel [57, 58]. The superior adjustment of Freundlich model was also 

noted for µGAC isotherm. 

The efficacy of Spectrogel and µGAC can be compared based on the Freundlich 

constant 𝐾𝐹, which is an indicative of the relative adsorption capacity. From Table 4.5, 𝐾𝐹 of 

Spectrogel at 25 °C surpassed that of µGAC, ergo the organoclay is best indicated for removing 

losartan. This is confirmed considering the maximum adsorption capacity from Langmuir 

equation,𝑞𝑚𝑎𝑥, which is almost two times greater for Spectrogel than µGAC. An in-depth 

search of relevant literature did not yield extra equilibrium data for losartan adsorption, what 

prevents further comparisons. Noteworthy, Genç and Dogan [59] also found improved removal 

capabilities for bentonite clay than activated carbon in adsorbing ciprofloxacin pharmaceutical.  
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not totally elucidated, this study probed the preeminent role of specific/chemical factors rather 

than surface features. Losartan removal using Spectrogel is governed by both adsorption and 

partition interactions. Summing up, the findings from this paper testify that Spectrogel is a 

propitious non-traditional adsorbent for pharmaceutical remediation. Nonetheless, it is 

demanding to further exploit the impacts of competitive adsorption and wastewater matrix, and 

to evaluate continuous adsorption in fixed-bed columns. 
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Appendix 4.A. Supplementary information  

Supplementary material related to this article can be found, in the online version, at 

doi:https://doi.org/10.1016/j.jece.2019.103562. 

 

Table S4.1. Kinetic models of adsorption. 

 Models Equation Reference 

Kinetic 

models 

Pseudo-first order 

(PFO) 
ln(𝑞𝑒 − 𝑞𝑡) = ln(𝑞𝑒) − 𝑘1𝑡 (S1) 

Lagergren 

[33] 

Pseudo-second order 

(PSO) 

1𝑞𝑒 − 𝑞𝑡 = 1𝑞𝑒 + 𝑘2𝑡 (S2) 
Ho and 
McKay 
[34] 

Film diffusion 
𝑑𝐶𝑡𝑑𝑡 = −𝐾𝐹𝑀𝑎𝑚𝑚𝑉 [𝐶𝑡 − 𝐶𝑆] (S3) Worch 

[35] 

Surface diffusion 

(Boyd’s model) 

𝐹(𝑡) = 𝑞𝑡𝑞𝑒 (S4) 

Boyd, et 
al. [71] 

𝐵𝑡 = −0.4977 − ln(1 − 𝐹) (S5) 𝐵 = 𝜋2𝐷𝑖𝑟2  (S6) 

Pore diffusion 𝑞𝑡 = 𝑘𝑖𝑡1 2⁄ + 𝐶 (S7) 

Weber 
and 
Morris 
[37] 𝑞𝑒: concentration in the solid phase at equilibrium (mmol/g); 𝑘1: first order rate constant (min-1); 𝑘2: 

second order rate constant (g/mmol/min);𝐶𝑡: concentration in the bulk solution (mmol/L); 𝐶𝑠: 
concentration at the external surface (mmol/L); 𝐾𝐹𝑀: film mass transfer coefficient (m/s); 𝑎𝑚: specific 
surface area of the adsorbent material by the BET method (m²/g); 𝑚: adsorbent mass (g); 𝑉: volume 
of solution (L); 𝐹: fraction of solute adsorbed at time 𝑡 (-); 𝐵𝑡: mathematical function of 𝐹 (-); 𝐵: 
time constant (min-1); 𝐷𝑖: internal diffusion coefficient (cm2/min); 𝑟: radius of the adsorbent particles 
(cm);𝑘𝑖: intraparticle diffusion constant (mmol/g/min0.5); 𝐶: parameter of intraparticle diffusion 
model (mmol/g). 
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Table S4.2. Isotherm models of adsorption. 

Isotherm 

models 

Langmuir 

𝑞𝑒 = 𝑘𝐿𝑞𝑚𝑎𝑥𝐶𝑒1 + 𝐾𝐿𝐶𝑒  (S9) 

Langmuir [38] 𝑅𝐿 = 11 + 𝐾𝐿𝐶0 (S10) 

Freundlich 𝑞𝑒 = 𝐾𝐹𝐶𝑒1 𝑛⁄  (S11) Freundlich [39] 

Dubinin-

Radushkevich  

(D-R) 

𝑞𝑒 = 𝑞𝑚exp(−𝐾𝐷𝜀2) (S12) 

Dubinin [40] 𝜀 = 𝑅𝑇 ln (1 + 1𝐶𝑒) (S13) 𝐸 = (2𝐾𝐷)−0.5 (S14) 

Redlich-Peterson 

(R-P) 
𝑞𝑒 = 𝑞𝑚,𝑅𝑃𝐾𝑅𝑃𝐶𝑒1 + (𝐾𝑅𝑃𝐶𝑒)𝑛𝑅𝑃 (S15) Redlich and 

Peterson [72] 

Tóth 𝑞𝑒 = 𝑞𝑚,𝑇𝐾𝑇𝐶𝑒[1 + (𝐾𝑅𝑃𝐶𝑒)𝑛𝑇]1 𝑛𝑇⁄  (S16) Tóth [73] 𝑞𝑚𝑎𝑥: Langmuir maximum adsorption capacity (mmol/g); 𝐾𝐿: Langmuir isotherm constant (L/mmol); 𝐶𝑒: concentration in the liquid phase at equilibrium (mmol/L); 𝑅𝐿: separation factor (-); 𝐾𝐹: 
Freundlich isotherm constant (mmol/g).(L/mmol)1/n; 𝑛: Freundlich heterogeneity factor (-); 𝑞𝑚: 
adsorption capacity of D-R isotherm (mmol/g); 𝐾𝐷: D-R isotherm constant (mol2/J2); 𝜀: Polanyi 
potential (J/mol); 𝑅: universal gas constant (J/mol/K); 𝑇: temperature (K); 𝐸: mean free energy of 
adsorption (J/mol); 𝑞𝑚,𝑅𝑃: adsorption capacity of R-P isotherm (mmol/g); 𝐾𝑅𝑃: R-P isotherm constant 
(L/mmol); 𝑛𝑅𝑃: R-P index of heterogeneity (-);𝑞𝑚,𝑇: adsorption capacity of Tóth isotherm (mmol/g); 𝐾𝑇: Tóth isotherm constant (L/mmol); 𝑛𝑇: Tóth index of heterogeneity (-). 

 

Figure S4.1. Pore size distributions of micro-grain activated carbon obtained by Barrett, Joyner 
and Halenda (BJH) method from N2-desorption isotherm. 

 

 

100 1000

0.00

0.03

0.06

0.09

0.12

0.15

P
or

e
vo

lu
m

e
dV

/d
lo

gD
(c

m
³/g

.Å
)

Pore Diameter, D (Å)

GAC



Capítulo 4: Adsorção de losartana potássica em banho finito 113 

 

Figure S4.2. Kinetics of losartan adsorption onto Spectrogel and µGAC at 𝑪𝟎=0.1 mmol/L 
adjusted by the mass transfer models: (a) film diffusion, (b) surface diffusion, and (c) pore 
diffusion. 
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cont. Fig. S4.2. 

(c) 
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they guarantee low outlet concentrations until the breakthrough, demand lower adsorbent 

amounts for a target treatment goal and do not require the separation of the packed 

adsorbent, which can also be regenerated and recycled [23]. To boot, fixed-bed adsorption 

systems can be easily scaled up from lab to industrial scale. Ahmed and Hameed [24] 

conducted an extensive review about pharmaceutical adsorption in continuous-flow 

systems with adsorbents like activated carbon, zeolite, silica and biochar. Comparatively 

to such traditional adsorbents, eco-friendly and natural materials have been less explored 

in fixed-bed applications, and still demand research to gather information about 

adsorption capacity, fluidynamics and column breakthrough.  

When it comes to the choice of the adsorbent, clay minerals stand out as naturally 

materials abundantly encountered in the environment. According to Awad, et al. [25], 

there is a growing research interest about clay-based adsorption of organic pollutants. 

Some studies claim that clays are able to adsorb certain pharmaceuticals more efficiently 

than activated carbon [17, 18], with the advantages of costing up to 20 times less than the 

traditional material and having better environmental disposal [25]. In addition, clays can 

be easily modified for improved properties and adsorption performance by, for example, 

calcination [26] and introduction of organic molecules [27].  

Spectrogel - Type C (denoted as Spectrogel) is a Brazilian commercial bentonite 

clay, which is chemically functionalized by the intercalation of dialkyl 

dimethylammonium cations (DMA) to generate an organophilic clay with joint 

characteristics of an inorganic layered clay and the hydrophobic medium. Spectrogel has 

already been successfully used for the uptake of benzene, toluene, xylene and other 

petroleum hydrocarbons [28-31], and had adsorption affinity checked for a multitude of 

pharmaceutical contaminants [32]. More recently, Spectrogel was tested in batch 

adsorption of DS [19] and LP [22] for kinetic, equilibrium and thermodynamic aspects. 

The organoclay showed outstanding performance in removing such compounds, 

surpassing even activated carbon. In this context, the inspection of DS and LP adsorption 

onto Spectrogel in fixed-bed mode is a promising and next fundamental step to support 

future industrial applications. To the best of the authors’ knowledge, the continuous 

adsorption of LP molecules has not yet been explored in the literature.  

Hence, this work objects examining the continuous-flow adsorption on 

organophilic clay as advanced treatment approach for the remediation of two mostly 

consumed pharmaceuticals, DS and LP. Single adsorption tests were conducted in lab-

scale fixed-bed columns packed with Spectrogel, which is a commercial organoclay with 
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it presents two pKa values due to the prevalent dissociation of imidazole ring (pKa1 = 

2.95) and tetrazole ring (pKa2 = 4.25). According to the ionization profile of Fig. 5.1b, LP 

exists mainly in cationic form at pH lower than 2.95, as zwitterionic and neutral forms at 

pH between 2.95 and 4.25 and as anionic form at pH higher than 4.25 [39].  

 

Figure 5.1. Speciation diagram of (a) diclofenac sodium (DS) and (b) losartan potassium 
(LP) as a function of pH. 
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of the Spectrogel organoclay, which displays expansion inferior to 2 mL/g in water, i.e., 

non-swelling behavior [31]. This information allowed the adsorbent in the column to be 

rinsed with ultrapure water for at least 2 h prior to the start of each test to eliminate any 

fine particulate. Then, pharmaceutical solution of known concentration was passed 

through the fixed-bed for mass transference. At pre-determined time intervals, an 

automatic fraction collector (FC203, Gilson) collected aliquots, which concentration was 

measured by UV–Vis. The assays were conducted at room temperature (~25 °C) and the 

column kept in operation until the pharmaceutical concentration stabilization at the exit. 

Two sets of tests were run. First, we kept constant the inlet concentration of DS 

or LP at 𝐶𝑖𝑛 = 0.15 mmol/L, and varied the volumetric flow rates at 𝑄 = 1; 0.7 and 

0.4 mL/min, which correspond to superficial velocities of 𝑢0 = 3.54; 2.48 and 

1.41 cm/min. After identifying the best flow rate condition, we examined the influence 

of inlet concentration at 𝐶𝑖𝑛 = 0.15; 0.10 and 0.05 mmol/L. The experimental data of 

continuous adsorption of DS and LP onto Spectrogel was plotted as breakthrough curves 

(BTCs), which relate the outlet-to-inlet concentration with time (𝐶/𝐶𝑖𝑛 vs. 𝑡). In this 

paper, the breakthrough point (𝑡𝑏, min) is settled as the instant at which the exit 

concentration attains 5% of the inlet concentration (𝐶/𝐶𝑖𝑛 = 0.05) and the exhaustion 

point (𝑡𝑒, min) as the instant at which no significant changes on the outlet concentration 

was verified. The processes were evaluated based on efficiency parameters: breakthrough 

adsorption capacity (𝑞𝑏, mmol/g), exhaustion adsorption capacity (𝑞𝑒, mmol/g), length of 

mass transfer zone (ℎ𝑀𝑇𝑍, cm), breakthrough removal percentage (𝑅𝐸𝑀𝑏, %), and 

exhaustion removal percentage (𝑅𝐸𝑀𝑒, %), which are described by Eqs. 5.1–5.5, 

respectively [42]: 𝑞𝑏 = 𝐶𝑖𝑛𝑄𝑚 ∫ (1 − 𝐶𝐶𝑖𝑛)𝑡𝑏0 𝑑𝑡 (5.1) 

𝑞𝑒 = 𝐶𝑖𝑛𝑄𝑚 ∫ (1 − 𝐶𝐶𝑖𝑛)𝑡𝑒0 𝑑𝑡 (5.2) 

ℎ𝑍𝑇𝑀 = (1 − 𝑞𝑏𝑞𝑒)𝐻𝐿 (5.3) 

𝑅𝐸𝑀𝑏 = 100 ( 𝑞𝑏𝑚𝐶𝑖𝑛𝑄𝑡𝑏) (5.4) 

𝑅𝐸𝑀𝑒 = 100 ( 𝑞𝑒𝑚𝐶𝑖𝑛𝑄𝑡𝑒) (5.5) 

where: 𝐻𝐿 (cm) = bed height; 𝐶𝑖𝑛 (mmol/L) = inlet concentration; 𝑄 (L/min) = volumetric 

flow rate; 𝑚 (g) = adsorbent amount; 𝐶 (mmol/L) = outlet concentration. 
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𝐶𝐶𝑖𝑛 = 1 − 11 + (𝐶𝑖𝑛𝑄𝑞𝑦𝑚 . 𝑡)𝐴𝑌  (5.8) 

where:𝑞𝑦 (mmol/g) = quantity of solute adsorbed and 𝐴𝑌 (dimensionless) = constant of 

Modified dose-response model.  

The model developed by Georgin, et al. [43] is called Instantaneous local 

equilibrium (ILE), and the one proposed in this work is referred as Dual site diffusion 

(DualSD). Both of these models are based on mass conservation law, and consider the 

following assumptions: thermodynamic equilibrium between the adsorbent and the liquid 

phase; isobaric and isothermal process; properties of the liquid and solid phases remain 

constant. Hence, the material balance can be mathematically represented by Eq. 5.9: 𝜕𝐶𝜕𝑡 = 𝐷𝑎 𝜕2𝐶𝜕𝑧2 − 𝑢0 𝜕𝐶𝜕𝑧 − 𝜌𝐵𝜀 𝜕𝑞𝜕𝑡  
(5.9) 

where: 𝐶 (mmol/L) = concentration of pollutant in the liquid phase; 𝑞 (mmol/g) = amount 

of pollutant at the adsorbent; 𝐷𝑎 (cm²/min) = axial dispersion coefficient; 𝑢0 (cm/min) = 

interstitial velocity; 𝜌𝐵 (g/L) = fixed bed density and 𝜀 (dimensionless) = void fraction. 

 The main assumption of ILE model is that that the mass transfer between the 

phases is quick and the local solid-liquid equilibrium is always ensured within all 

elements of the fixed-bed [43]. Thus, the adsorption rate (𝜕𝑞 𝜕𝑡⁄  term in Eq. 5.9) can be 

written as a function of the liquid phase-concentration considering the Langmuir isotherm 

equation, as shown in Eq. 5.10. Further details of ILE model are provided by [43].  𝜕𝑞𝜕𝑡 = 𝜕𝜕𝑡 (𝑞𝑚𝑎𝑥𝐾𝐿𝐶1 + 𝐾𝐿𝐶 ) (5.10) 

where: 𝑞𝑚𝑎𝑥 (mmol/g) and 𝐾𝐿 (L/mmol) are the Langmuir isotherm parameters. 

The previous studies on batch adsorption of DS and LP onto Spectrogel revealed 

that different kinetic rates control the overall process [19, 22]. Thereby, a 

phenomenological model that takes into account this behavior should be applied to 

describe the fixed-bed adsorption of these systems. The novel DualSD approach proposed 

in this work derives from the application of linear driving force (LDF) models [46, 47] 

and assumes that two types of adsorption sites exist at the surface of the adsorbent with 

different kinetic behaviors due to textural or chemical conditions. The two parallel mass 

transfer resistance components were mathematically combined, so that 𝜕𝑞 𝜕𝑡⁄  term in Eq. 

5.9 can be substituted by the following equations: 
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Although much of structural and physicochemical characteristics of Spectrogel have 

already been disclosed [19, 28-30], XPS analysis has not yet been performed.  

 In the present work, XPS was used to stablish the elemental composition of 

Spectrogel prior- and post-adsorption of DS and LP. The survey scans are portrayed in 

Fig. S5.2 in supplementary material. 

 The surface chemical composition of virgin Spectrogel is comparable to that of 

other organoclays detailed in literature [57]. Spectrogel derives from a natural bentonite 

clay, which is an aluminum phyllosilicate consisting mostly of montmorillonite mineral. 

Montmorillonite presents light cations, like Na+ and Ca2+, preferably in the interlayer 

space to balance the negative 2:1 charge [58]. During the organophilization process, such 

cations are exchanged by the organic cations of DMA surfactant to form Spectrogel. The 

wide survey scan of virgin Spectrogel reveals the absence of Ca element and trace levels 

of Na. This may be related to the naturally low incidence of such elements on the outer 

surface of the sample where XPS signal is sensitive, but it may also indicate that 

Spectrogel’s external surface had these cations replaced in some extent by DMA cations 

[40]. The occurrence of Mg was confirmed by Mg 1 s scan (Fig. S5.3 in supplementary 

material) and the corresponding Mg KLL Auger peak was recorded in the survey scans 

around 305 eV. The trace amounts of Mg in Spectrogel plausibly originate from the 

montmorillonite structure. Conversely, the intercalated DMA surfactant molecules are 

responsible for the peaks of N (~402 eV) and C (~286.5 eV) [57]. 

 XPS spectrum of fresh Spectrogel has noticeable peaks of C, Al and Si. The C/Si 

ratio, derived from elemental atomic concentrations, was estimated as 3.31. This value is 

comparable to those previously reported for organoclays synthesized using 

hexadecyltrimethylammonium bromide (HDTMA). For instance, ratios of C/Si = 3.41 

and C/Si < 3.35 were obtained for organoclays with HDTMA concentrations of 1.5 and 

2.0 times the cation exchange capacity (CEC) of montmorillonite, respectively [57, 59]. 

After use as adsorbent of DS and LP, Spectrogel had the C/Si ratio reduced to 2.59 and 

3.12, respectively. These variations demonstrate changes in the clay structure during the 

processes, and the more pronounced decreasing in C/Si ratio after DS adsorption suggests 

that this pharmaceutical has greater interactions with Spectrogel than LP. This will be 

further reinforced by the higher adsorption capacity of DS in comparison to LP in 

Spectrogel-packed fixed-beds.  
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 Fig. 5.2 depicts high resolution XPS spectra for C 1s, Si 2p and Al 2p of Spectrogel 

prior and post adsorption of DS and LP. The fluctuation of binding energies among 

Spectrogel samples corroborates the structural changes after the processes.  

 In the XPS C 1s scan (Fig. 5.2a), the spectrum of fresh Spectrogel was resolved 

to three peaks centered at around 282.2, 284.6 and 286.2 eV, which correspond to metal 

carbide, C–C bond in the long chain and C–N bond, respectively [59]. While C–C bond 

was not expressively changed, the metal carbide peak was displaced to 281.3 eV after LP 

adsorption and was no longer observed after DS adsorption. The spectra corresponding 

to C–N slightly increased from 286.2 eV to 286.5 eV for DS-contaminated Spectrogel 

and to 286.3 eV for LP-contaminated Spectrogel, indicating that groups containing N take 

part in adsorption. The more expressive changes in C 1s peaks of Spectrogel after DS 

uptake supports the idea of higher affinity of the organoclay in retaining DS in 

comparison to LP. The metal carbide peak in LP-loaded Spectrogel can be specifically 

assigned to SiC, which occurrence is supported by the transition centered at 101.5 eV in 

the Si 2p scan (Fig. 5.2b).  

The Si 2p scan of LP-loaded Spectrogel also presents peaks ascribable to pure Si 

element (~99.7 eV) and aluminosilicate (~102.5 eV), which are encountered in the Si 2p 

scans of fresh and DS-contaminated Spectrogel as well. Aluminosilicate was further 

verified in Al 2p spectra (Fig. 5.2c) with a peak centered at 74.4 eV for fresh Spectrogel 

and at slightly modified binding energies for samples contaminated with DS (74.6 eV) 

and LP (73.8 eV). The variation in the binding energy of Si 2p and Al 2p points to 

alterations in the structure of the organoclay intercalated with surfactant molecules [57]. 

However, it is important to stress that both Si and Al are majorly located in the interlayer 

space and, therefore, have highly sensitive detection by XPS signal, which collects 

information mainly from the first monolayers [40].  

Fig. 5.2d presents O1s spectra, which interpretation is not clear-cut, because the 

O1s binding energy of multiple compounds and species overlap and so cannot be clearly 

distinguished. However, the main peak at about 531.6 eV in O 1s scan of fresh Spectrogel 

can be assigned to O(OH) in clay structural sheets [59]. Observably, pharmaceutical 

uptake is accompanied by changes in O binding, since the main O peak was shifted by 

0.5 eV and 0.7 eV after DS and LP adsorption, respectively. So, it can be inferred that O 

groups participate in the processes.  
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Figure 5.2. XPS high-resolution spectra of C 1s (a), Si 2p (b), Al 2p (c) and O 1s (d) for 
virgin Spectrogel, Spectrogel after DS adsorption and Spectrogel after LP adsorption. 

(a) (b) 

  

(c) (d) 
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Figure 5.3. Breakthrough curves obtained for DS and LP adsorption using Spectrogel in 
fixed bed column as function of: (a, b) flow rate; and (c, d) inlet concentration. 
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cont. Fig. 5.3. 

(c) 
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Table 5.1. Breakthrough parameters obtained for the adsorption of diclofenac sodium 
(DS) and losartan potassium (LP) using Spectrogel in fixed-bed systems. 

 𝑄 (mL/min) 𝑢0 (cm/min) 𝐶𝑖𝑛(mmol/L) 

1.0 
3.54 
0.15 

0.7 
2.48 
0.15 

0.4 
1.41 
0.15 

0.4 
1.41 
0.10 

0.4 
1.41 
0.05 

DS 𝑡𝑏 (min) 7 35 123 143 221 
 𝑞𝑏 (mmol/g) 0.0006 0.0020 0.0047 0.0036 0.0029 
 𝑅𝐸𝑀𝑏 82% 73% 88% 90% 93% 
 𝑡𝑒 (min) 852 1020 1700 1920 1188 
 𝑞𝑒 (mmol/g) 0.0222 0.0292 0.0322 0.0300 0.0120 
 𝑅𝐸𝑀𝑒 23% 36% 43% 55% 70% 
 ℎ𝑀𝑇𝑍 (cm) 5.1 4.6 4.3 4.7 4.4 
LP 𝑡𝑏 (min) 3 8 32 38 85 
 𝑞𝑏 (mmol/g) 0.0002 0.0005 0.0013 0.0010 0.0011 
 𝑅𝐸𝑀𝑏 61% 78% 89% 82% 84% 
 𝑡𝑒 (min) 1195 2165 3810 4782 6960 
 𝑞𝑒 (mmol/g) 0.0104 0.0267 0.0288 0.0326 0.0267 
 𝑅𝐸𝑀𝑒 7% 15% 16% 22% 25% 
 ℎ𝑀𝑇𝑍 (cm) 5.2 5.0 4.4 4.7 5.0 

 
Fig. 5.3a and b show the effects of flow rates for fixed inlet concentrations of 

0.15 mmol/L. Distinctly, the lower the flow rate through the bed, the flatter the BTCs 

with elongated exhaustion profiles. This is because lower flow rates increase the solution 

residence time in the system and, consequently, the contact time between the Spectrogel 

and the pharmaceuticals [63]. So, reduced flow rates are expected to have favorable 

impacts on the adsorption processes. From Table 5.1, the lower the flow rate, the higher 

the breakthrough time, 𝑡𝑏, and the exhaustion time, 𝑡𝑒. For both DS and LP molecules, at 

constant inlet concentration of 0.15 mmol/L, the lowest flow rate of 0.4 mL/min led to 

the smallest values of mass transfer zone (ℎ𝑀𝑇𝑍 = 4.3 cm for DS and ℎ𝑀𝑇𝑍 = 4.4 cm for 

LP) and to the highest values of 𝑡𝑏, 𝑞𝑏, 𝑅𝐸𝑀𝑏. Thus, it is accurate to posit that 0.4 mL/min 

flow rate provided enhanced adsorption performances of DS and LP and so was selected 

for the subsequent trials. 

Fixing the flow rate at 0.4 mL/min, the influence of inlet concentration on the 

removal of DS and LP was inspected, as depicted in Fig. 5.3c and d. From Table 5.1, it is 

noted that shorter breakthrough times 𝑡𝑏 were obtained for both pharmaceuticals at higher 

inlet concentrations. This is ascribable to increased driving forces for mass transfer 

happening during adsorption at greater concentrations, which reflect in the lowest values 

of mass transfer zones (ℎ𝑀𝑇𝑍) and the highest breakthrough adsorption capacities (𝑞𝑏) 

[64]. It is seen that reducing the inlet concentration of DS caused considerably greater 

exhaustion times (𝑡𝑒) and slightly higher total removal percentages (𝑅𝐸𝑀𝑏). On the other 
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Table 5.2. Adjusted parameters of Thomas, Yoon-Nelson, Modified dose-response (MDR), Instantaneous local equilibrium (ILE) and Dual site 
diffusion (DualSD) models calculated for diclofenac sodium (DS) and losartan potassium (LP) adsorption breakthrough curves 

 Model 𝑄 (mL/min) 𝐶𝑖𝑛(mmol/L) 
1.0 
0.15 

0.7 
0.15 

0.4 
0.15 

0.4 
0.10 

0.4 
0.05 

DS Thomas 𝐾𝑇ℎ (L/mmol/min) 0.184 0.046 0.018 0.013 0.028 
 𝑞𝑇ℎ (mmol/g) 0.007 0.019 0.028 0.036 0.021 
 𝑅² 0.81 0.74 0.76 0.70 0.72 
 𝐴𝐼𝐶𝑐 –172 –195 –223 –244 –250 
 Yoon-Nelson 𝐾𝑌𝑁 (min-1) 0.028 0.007 0.003 0.001 0.001 
 𝜏 (min) 64 238 649 1266 1439 
 𝑅² 0.81 0.74 0.76 0.70 0.72 
 𝐴𝐼𝐶𝑐 –172 –195 –223 –244 –250 
 MDR 𝐴𝑌 (–) 0.9 1.1 1.2 1.0 1.1 
 𝑞𝑌 (mmol/g) 0.007 0.015 0.023 0.029 0.019 
 𝑅² 0.98 0.95 0.95 0.94 0.93 
 𝐴𝐼𝐶𝑐 –271 –277 –318 –337 –330 
 ILE 𝐷𝑎 (cm²/min) 2.18 × 109 7.51 × 109 1.45 × 109 1.11 × 109 4.58 × 109 
 𝑅² –1.95 –1.41 –1.25 –1.22 –1.01 
 𝐴𝐼𝐶𝑐 –56 –86 –98 –130 –145 
 DualSD 𝐷𝑎 (cm²/min) 0.540 0.367 0.256 0.282 0.264 
 𝛼 (–) 0.047 0.065 0.092 0.068 0.053 
 𝐾𝑆,1 (min-1) 2.47 × 10-2 1.52 × 10-2 6.69 × 10-3 6.46 × 10-3 6.20 × 10-3 
 𝐾𝑆,2 (min-1) 2.54 × 10-4 3.15 × 10-4 1.94 × 10-4 1.76 × 10-4 1.19 × 10-4 
 𝑞e,pred (mmol/g) 0.023 0.031 0.033 0.031 0.012 
 𝑅² 0.99 0.99 0.99 1.00 0.98 
 𝐴𝐼𝐶𝑐 –298 –391 –429 –533 –409 
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cont. Table 5.2. 
 Model 𝑄 (mL/min) 𝐶𝑖𝑛(mmol/L) 

1.0 
0.15 

0.7 
0.15 

0.4 
0.15 

0.4 
0.10 

0.4 
0.05 

LP Thomas 𝐾𝑇ℎ (L/mmol/min) 0.404 0.153 0.042 0.014 0.019 
 𝑞𝑇ℎ (mmol/g) 0.003 0.006 0.012 0.022 0.020 
 𝑅²  0.93 0.87 0.86 0.78 0.87 
 𝐴𝐼𝐶𝑐 –164 –178 –190 –162 –249 
 Yoon-Nelson 𝐾𝑌𝑁 (min-1) 0.061 0.023 0.006 0.001 0.001 
 𝜏 (min) 26 76 268 706 1283 
 𝑅² 0.93 0.87 0.86 0.78 0.87 
 𝐴𝐼𝐶𝑐 –164 –178 –190 –162 –249 
 MDR 𝐴𝑌 (–) 1.1 0.9 1.0 0.8 1.0 
 𝑞𝑌 (mmol/g) 0.002 0.005 0.009 0.010 0.011 
 𝑅²  1.00 0.98 0.98 0.97 0.99 
 𝐴𝐼𝐶𝑐 –263 –272 –295 –246 –375 
 ILE 𝐷𝑎 (cm²/min) 8.46 × 108 1.21 × 109 5.07 × 108 7.63 × 109 2.27 × 108 
 𝑅² –0.69 0.06 0.43 0.45 0.83 
 𝐴𝐼𝐶𝑐 –56 –95 –127 –127 –238 
 DualSD 𝐷𝑎 (cm²/min) 0.484 0.361 0.221 0.216 0.213 
 𝛼 (–) 0.056 0.071 0.099 0.081 0.096 
 𝐾𝑆,1 (min-1) 6.42 × 10-2 4.17 × 10-2 2.01 × 10-2 3.15 × 10-2 3.41× 10-2 
 𝐾𝑆,2 (min-1) 2.37 × 10-4 4.06 × 10-4 3.44 × 10-4 4.22 × 10-4 5.02 × 10-4 
 𝑞e,pred (mmol/g) 0.013 0.028 0.035 0.033 0.025 
 𝑅² 0.97 0.98 0.99 1.00 0.99 
 𝐴𝐼𝐶𝑐 –201 –268 –303 –368 –393 
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Figure 5.4. Adjustments of Thomas, Yoon-Nelson, Modified dose-response (MDR) 
Instantaneous local equilibrium (ILE) and Dual site diffusion (DualSD) models for 
breakthrough curve obtained at 0.4 mL/min and 0.15 mmol/L for DS (a) and LP (b) 
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It is noticeable that the models of Thomas and of Yoon-Nelson have equal fittings 

to the BTCs with the same values of 𝑅² and 𝐴𝐼𝐶𝑐, what occurs due to the mathematical 

equivalence between these models [65]. As it can be noted in Fig. 5.4, the models of 

Thomas and Yoon-Nelson overestimate the values of 𝐶/𝐶𝑖𝑛, especially in times below 

125 min and over 750 min. Considering the fact that the present fixed-bed systems packed 

with Spectrogel take very long times to reach adsorptive saturation, especially for DS 

molecules, the errors associated with Thomas and Yoon-Nelson models were also high. 

The MDR model presents relatively high values of 𝑅² (>0.93) accompanied by 

low values of 𝐴𝐼𝐶𝑐, and so reasonably describes the continuous adsorption data of both 

DS and LP onto Spectrogel. The MDR model was proposed to minimize the errors of 

Thomas’ model at low and high times of the breakthrough curves [35]. Even so, under 

certain conditions, Thomas model predicted the amount adsorbed by the Spectrogel-

packed bed better than MDR model. That is, some 𝑞𝑇ℎ estimates from Thomas model are 

closer to the experimental values (𝑞𝑒 of Table 5.1) than the 𝑞𝑌 estimates from MDR 

model. This suggests that the parameters from Thomas model could be used for the design 

and scale-up of DS- and LP-adsorption systems using Spectrogel aiming at large-scale 

applications. 

In the application of the ILE and DualSD models, the Langmuir isotherm data 

(𝑞𝑚𝑎𝑥, 𝐾𝐿) were retrieved from [19, 22]. From Table 5.2, ILE model does not describe 

satisfactorily any of the BTCs and presents 𝑅² as low as –1.95. The negative 𝑅² values 

indicate that ILE model deviations can be greater than the variance of the experimental 

data. A main reason for the poor fitting of ILE model is that it assumes insignificant mass 

transfer resistance through the adsorbent, i.e., null mass transfer zones within the column, 

which is a condition exactly opposite to that of our systems. As previously discussed, the 

Spectrogel-packed beds have great diffusion resistance and so elevated mass transfer 

zones relatively to the total length of the beds. Thereby, the axial diffusion coefficients 

(𝐷𝑎) provided by ILE model are unrealistic, because the hypotheses on which this model 

is based do not correspond to the reality of the systems examined in this work. 

Comparatively to ILE model, the DualSD model proposed in this work offers 

much better performance in describing the experimental curves. The improved fittings 

may be related to the fact that DualSD model considers not just one diffusion rate, but 

two, each of which showing effects at different times of the breakthrough profiles. 

According to Table 5.2, DualSD approach best correlates all DS curves, and most LP 
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Table 5.3. Comparative theoretical rate constants (𝑲𝑻𝒉) and adsorption capacities (𝒒𝑻𝒉) of Thomas model, and breakthrough time (𝒕𝒃) and 
saturation time (𝒕𝒆) reported for fixed-bed adsorption of diclofenac sodium on different adsorbent materials (conditions: 𝑫𝒊=column diameter; 𝑪𝒊𝒏=inlet concentration; 𝑸=flow rate; 𝒖=superficial velocity; 𝑯=bed height; 𝒎=mass of adsorbent). 

Adsorbent 
𝐷𝑖 𝐶𝑖𝑛 𝑄 𝑢 𝐻 𝑚 𝑡𝑏 𝑡𝑒 𝑞𝑇ℎ 𝐾𝑇ℎ Error a Reference 
cm mmol/L mL/min cm/min cm g min h mmol/g L/mmol/min -  

DMA modified-bentonite. Spectrogel b 

0.6 0.15 1 3.537 6 1.4 7 14.2 0.007 0.184 R² = 0.81 

This work 
0.6 0.15 0.7 2.476 6 1.4 35 17 0.019 0.046 R² = 0.74 
0.6 0.15 0.4 1.415 6 1.3 123 28.3 0.028 0.018 R² = 0.76 
0.6 0.10 0.4 1.415 6 1.3 143 32 0.036 0.013 R² = 0.70 
0.6 0.05 0.4 1.415 6 1.3 221 19.8 0.021 0.028 R² = 0.72 

HDTMA-modified bentonite c 1 0.031 1 1.273 – 0.5 – 26 0.060 0.162 s² = 3.2 [21] 
Al pillared HDTMA-modified bentonite c 1 0.031 1 1.273 – 0.5 – 22 0.044 0.180 s² = 5.6 [21] 
HDTMA-modified local clay c 1 0.031 1 1.273 – 0.5 – 10.3 0.025 0.379 s² = 0.99 [21] 
Al pillared HDTMA-modified local clay c 1 0.031 1 1.273 – 0.5 – 8.5 0.017 0.499 s² = 3.5 [21] 
Al pillared HDMA-modified sericite clay c 1 0.016 1 1.273 – 0.5 – 2.8 0.003 2.061 s² = 0.18 [4] 
Al pillared AMBA-modified sericite clay d 1 0.016 1 1.273 – 0.5 – 1.8 0.002 3.976 s² = 0.04 [4] 

Granular activated carbon 

1.2 0.063 3 2.653 – 0.5 13 – 0.009 2.994 R² = 0.96 

[20] 
1.2 0.063 5 4.421 – 0.5 8 – 0.008 5.758 R² = 0.96 
1.2 0.063 3 2.653 – 1.5 10.7 – 0.003 2.503 R² = 0.96 
1.2 0.314 5 4.421 – 0.5 7.2 – 0.037 1.191 R² = 0.97 

a Error analysis based on coefficient of determination (R²) or least square sum (s²); b DMA=dialkyl dimethylammonium; c HDTMA=hexadecyltrimethyl 

ammonium bromide; d AMBA=alkyldimethylbenzyl ammonium chloride. 
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Commercial granular activated carbon (GAC) was employed by de Franco, et al. [20] 

for DS adsorption in fixed-bed systems. The effects of initial concentration (10–20 mg/L), 

adsorbent mass (0.5–1.5 g) and volumetric flow rate (3–5 mL/min) on DS adsorption were 

explored by a two-level full factorial design. Analogous to the present work, the model from 

Yan, et al. [35] (MDR) well-described the BTCs of DS with average R² = 0.98. It was shown 

that decreasing flow rates, increasing concentrations and/or increasing GAC dosages caused 

increasing saturation times and consequently lower Thomas kinetic constants 𝐾𝑇ℎ due to 

broader mass transfer zones. Under distinct experimental conditions, the breakthrough times at 𝐶/𝐶𝑖𝑛 = 0.05 for GAC-packed columns varied from 7.2 to 14.6 min, whereas for Spectrogel-

packed columns were in 7–221 min range. Moreover, the DS loading capacities on GAC were 

comparatively lower than on all the organo-modified clays listed in Table 5.3. Hence, it can be 

speculated that clay-based materials can offer better prospects than GAC for the continuous 

adsorption of pharmaceuticals like DS. Previously, Sotelo, et al. [60] also verified that GAC 

was not an efficient adsorbent for DS molecules in fixed-bed systems due to steric hindrance 

effects.  

In sum, the comparison of DS adsorption capacity by Spectrogel organophilic clay and 

other materials is not straightforward, since it is highly influenced by fixed-bed adsorption 

conditions, including flow rate, inlet concentrations and bed heights (adsorbent mass). The 

analysis of Table 5.3 hints that the Spectrogel organoclay possesses removal capacity for DS 

relatively lower than some other modified clays from the literature, but higher than the 

traditional material GAC. This corroborates dynamic adsorption using modified clays as 

advantageous approach for enhanced remediation of pharmaceutical contaminants. Future 

research should focus on exploring, for example, the combination of inorgano-, organo- and 

thermal treatments to obtain advanced clay-based materials. 

The reuse of adsorbents is a crucial factor in the techno-economic assessment of an 

adsorption process, but it is rarely explored in literature for spent clays [25]. For instance, none 

of the clay adsorbents listed in Table 5.3 had regeneration tested. Regarding Spectrogel, 

previous studies verified that chemical treatment with methanol provides desorption efficiency 

of LP up to 65% [22]. However, methanol has controversial application due to high toxicity. 

On the other hand, thermal regeneration methods are prohibitive for Spectrogel systems 

considering the thermal degradation profiles of the organoclay and of the loaded 

pharmaceuticals. Remarkably, the degradation peak of Spectrogel occurs at a relatively low 

temperature of 329 °C, which is close to that of LP at 323 °C [22]. In this scenario, future 

studies should explore more complex regeneration methods to allow the reuse of spent clays, 







Capítulo 5: Adsorção de losartana potássica em leito fixo 148 

 

reach up to 97,058 mg/L [78]. This means that LP molecules have higher affinity with aqueous 

phase and so would adsorb onto Spectrogel surface with greater difficult in comparison to DS 

molecules.  

 However, it is important to mention that molecular polarity can also yield specific 

interactions and so expressively impact the adsorption performance. Some authors speculate 

that the dipole of polar molecules can point to the counter-charged surface of the adsorbent, 

promoting higher adsorption rates [79]. This does not apply to the present work, since although 

the dipole moment of LP (16.1 debye) is much higher than that of DS (5.5 debye), the latter 

was shown to be more easily adsorbed onto the organoclay. Hence, it is inferable that other 

factors interfere with the overall uptake processes of DS and LP. 

• DFT-based reactivity descriptors calculations 

Striving at greater clarity about the reasons for the distinguished behaviors of DS and 

LP adsorption onto Spectrogel, DFT theoretical calculations were implemented focusing on the 

molecular and electronic properties of the isolated adsorbate molecules. 

The geometry of a molecule consists on the three-dimensional organization of its atoms 

and is controlled by the quantum mechanical behavior of electrons [80]. In this paper, geometry 

optimization of isolated DS and LP molecules was tested by B3LYP method using both 6-

31G(d,p) standard basis set and 6-31G(d,p)++ diffuse basis set. According to Fig. S5.4 of 

Supplementary material, the latter provided lower molecular energies and thereby more stable 

conformers. The same was previously verified for LP by Mizera, et al. [56]. Stability 

calculations and vibrational analyzes were undertaken to assure that the obtained structures are 

stable and correspondent to the configurations of minimum energy. Fig. 5.5 illustrates the final 

optimized geometries of DS and LP molecules obtained by B3LYP/6-31G(d,p)++ method. It is 

noticeable that the aromatic rings in both pharmaceuticals are twisted with respect to each other 

as a consequence of repulsion interactions. Table S5.1 of supplementary material lists the 

optimized bond lengths, which quantify the average distance between the centers of two bonded 

atoms. The values obtained agree well with experimental and theoretical bond lengths from 

literature [56, 81]. 
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Figure 5.5. Optimized molecular structures of DS and LP calculated at B3LYP/6-31G(d,p)++ 
level of theory. 

(a) 

 

 

(b) 
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 It is noteworthy that the molecular size and shape of the organic contaminants can impair 

the accessibility to the adsorption sites of the surface of the adsorbent and, therefore, the overall 

adsorption performance [67]. Steric hindrance occurs when a molecule of significant size 

covers adjoining adsorption sites, preventing them from binding [5]. According to Table 5.4 

and Fig. 5.5, LP has greater length (14.556 Å) and higher molecular weight (461.01 g/mol) than 

DS (12.081 Å and 318.13 g/mol). Hence, in comparison to DS, LP molecules may cause a 

relatively greater steric hindrance, so that some of the adsorption sites of the Spectrogel surface 

become unable to effectively bind to other molecules. This factor can be related to the greater 

difficult of the organoclay in adsorbing LP in relation to DS molecules.  

 Table 5.5 lists the DFT-based reactivity descriptors obtained for the pharmaceuticals.  

 

Table 5.5. Calculated quantum chemical parameters of diclofenac sodium and losartan 
potassium by B3LYP/6-31G(d,p)++ approach 

Quantum chemical parameter Diclofenac sodium Losartan potassium 

HOMO energy (EH, eV)  –5.52 –5.81 

LUMO energy (EL, eV) –1.61 –1.89 

Energy gap (∆H–L, eV) 3.91 3.92 

Chemical potential (μ, eV) 3.56 3.85 

Chemical hardness (η, eV) 1.95 1.96 

Electrophilicity index (ω, eV) 3.25 3.79 

 

The molecular frontier orbitals HOMO and LUMO are useful quantum chemical 

descriptors, which provide information about charge transfer that occurs within the molecule. 

HOMO represents the utmost orbital holding electrons and LUMO denotes the inmost orbital 

having available sites to accommodate electrons. Hence, HOMO and LUMO energies (EH and 

EL) measure the electron donating and accepting abilities of molecules, respectively [80]. From 

these concepts, the higher the EH value, the easier to donate electrons, whereas the lower the EL 

value, the easier to gain electrons. From Table 5.5, DS presents both EH and EL values almost 

0.3 eV greater than LP does. So, it is inferable that DS has higher facility to donate electrons, 

but greater resistance to gain electrons [82]. 

Fig. 5.6 presents the 3D contours of HOMO (electron rich sites) and LUMO (electron 

deficient sites) of DS and LP molecules.  
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Figure 5.6. 3-D plots of HOMO and LUMO of (a) DS and (b) LP (Green color: negative phase; 
pink color: positive phase)  

(a) 

 

 

 

 

(b) 

 

 

  





Capítulo 5: Adsorção de losartana potássica em leito fixo 153 

 

The adsorption systems exhibited the lowest heights of mass transfer zone at the condition of 

higher inlet concentration (0.15 mmol/L) and lower flow rate (0.4 mL/min), and the proposed 

Dual site diffusion approach best correlated most of the experimental BTCs. In general terms, 

the DS adsorption capacity of Spectrogel in fixed-bed is relatively worse than other organo-

modified clays from literature, but better than granular activated carbon. The more favorable 

continuous adsorption of DS compared to LP agrees with its hydrophobic nature, low water 

solubility and better stereo-selective fit. Moreover, DFT theoretical calculations showed that 

DS owns higher chemical reactivity than LP due to lower values of HOMO-LUMO energy gap 

and molecular hardness. The present work endorses further studies regarding the fixed-bed 

adsorption of DS, LP and other pharmaceuticals by clay-based materials with the examination 

of synthetic solutions at even lower concentrations, multi-component mixtures, real samples of 

water/effluent, regeneration by advanced methods and applicability in large-scale. 
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Appendix 5.A. Supplementary information 

 

Figure S5.1. Column system used for the adsorption of diclofenac sodium (DS) or losartan 
potassium (LP) by Spectrogel organoclay 

 

 

 

Figure S5.2. Wide survey XPS spectra of Spectrogel organoclay: (a) virgin; (b) after DS 
adsorption and (c) after LP adsorption 

(a) 
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cont. Fig. S5.2. 
(b) 

 

 
 
 

(c) 
 

 
 

 

  

1000 800 600 400 200 0
0

600

1200

1800

2400

3000

N1s

Mg
Auger

Spectrogel/DS

Al2p

Si2pAl2s
Si2s

C1s

O1s

O
Auger

In
te

ns
ity

 (
c/

s)

Binding Energy (eV)

1000 800 600 400 200 0
0

600

1200

1800

2400

3000

Mg
Auger

Al2s

Al2p

Si2pSi2s

C1s

Ca2p
N1s

O1s

O
Auger

Spectrogel/LP

In
te

ns
ity

 (
c/

s)

Binding Energy (eV)



Capítulo 5: Adsorção de losartana potássica em leito fixo 156 

 

Figure S5.3. High resolution XPS: (a) Mg 1s scan of Spectrogel before use; (b) N 1s scan of 
Spectrogel after LP adsorption 

(a) 
 

 

 

(b) 
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Figure S5.4. Molecular energies of DS and LP obtained from geometry optimizations by 
B3LYP method with 6-31G(d,p) basis set and 6-31G(d,p)++ basis set.  
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Table S5.1. Bond lengths (Å) of DS and LP with optimized geometries obtained with 
B3LYP/6-31G(d,p)++ 

Diclofenac Sodium Losartan Potassium 
Atoms Bond Lenghts Atoms Bond Lenghts Atoms Bond Lenghts 
C1–C2 1.3943 Cl1–C1 1.7425 C13–C14 1.3942 
C1–C6 1.3922 C1–C2 1.3786 C13–H14 1.0855 
C1–H1 1.0841 C1–N2 1.3543 C14–H15 1.0878 
C2–C3 1.3948 C2–C3 1.4899 C15–C16 1.4063 
C2–H2 1.085 C2–N1 1.3979 C15–C20 1.4166 
C3–C4 1.3937 C3–O1 1.4396 C16–C17 1.3943 
C3–H3 1.0842 C3–H1 1.0961 C16–H16 1.0862 
C4–C5 1.4146 C3–H2 1.0933 C17–C18 1.3965 
C4–Cl2 1.7517 O1–H3 0.9673 C17–H17 1.0863 
C5–C6 1.4137 N1–C4 1.3719 C18–C19 1.3934 
C5–N1 1.3961 N1–C8 1.473 C18–H18 1.0864 
C6–Cl1 1.7627 C4–N2 1.3284 C19–C20 1.4063 
N1–C7 1.4225 C4–C5 1.498 C19–H19 1.0854 
N1–H4 1.0123 C5–C6 1.5442 C20–C21 1.4764 
C7–C8 1.4003 C5–H4 1.0949 C21–N4 1.3459 
C7–C10 1.4142 C5–H5 1.0948 C21–N5 1.345 
C8–C9 1.3947 C6–C7 1.5339 N4–N6 1.3358 
C8–H5 1.0851 C6–H6 1.0972 N5–N7 1.3596 
C9–C12 1.3947 C6–H7 1.0993 N5–K1 2.6123 
C9–H7 1.0863 C7–C22 1.533 N6–N7 1.3162 
C10–C11 1.3983 C7–H8 1.0991 N7–K1 2.5732 
C10–C13 1.5191 C7–H9 1.0985 C22–H20 1.0966 
C11–C12 1.3976 C8–C9 1.5185 C22–H21 1.0954 
C11–H6 1.0841 C8–H10 1.0936 C22–H22 1.0962 
C12–H8 1.086 C8–H11 1.0924   
C13–C14 1.5296 C9–C10 1.4009   
C13–H9 1.0968 C9–C14 1.4003   
C13–H10 1.0985 C10–C11 1.3944   
C14–O1 1.2725 C10–H12 1.0866   
C14–Na1 2.4985 C11–C12 1.4044   
C14–O2 1.2728 C11–H13 1.0862   
O1–Na1 2.2023 C12–C13 1.4019   
Na1–O2 2.2012 C12–C15 1.4912   
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life of 20 ns) [16-18].SO4•− is commonly generated from activating the peroxymonosulfate 

(HSO5− , PMS) by heterogeneous catalysis. Different metal-free carbon-sourced catalysts have 

been ultimately exploited for PMS-mediated AOPs in order to overcome the eco-unfriendly 

nature of traditional metal-based catalysts. Carbon catalysts with tailored features and enhanced 

activation performance have been obtained by inserting heteroatoms (e.g., nitrogen) into the 

carbon matrix. A myriad of papers reports the improved catalytic degradation of 

pharmaceuticals using N-doped metal-free carbocatalysts, such as graphene [19, 20], carbon 

nanotubes [21, 22] and porous carbons (PC) [23].  

Recently, Tian, et al. [24] proposed a facile and scalable method to obtain a super high-

surface area and N-doped hierarchically porous carbon. The authors employed a one-pot mild 

direct pyrolysis with low-cost and sustainable precursors: wheat flour as a low-cost biomass 

carbon source, dicyandiamide as a source of N atoms, and a mixture of K2CO3, Na2CO3 and 

NaHCO3 as green activation agents. The functionalized porous nanocarbon displayed 

outstanding PMS activation performance for efficient degradation of two persistent organic 

pollutants: p-hydroxybenzoic acid (HBA) and phenol. Nevertheless, both of these pollutants 

contain only one benzene ring as an aromatic moiety and their oxidation has been already 

widely explored in the literature [25-29]. Besides phenol and HBA [24], most recent reports on 

N-doped hierarchically porous carbons to activate PMS focus on the degradation of dyes as 

model organic pollutants [30, 31]. The catalytic oxidation of contaminants of emerging concern, 

such as pharmaceuticals, still requires more investigations.  

 In the present work, we used the N-doped hierarchically porous carbon (N-PC) for 

environmental remediation of the pharmaceutical LOS, which molecule contains imidazole, 

tetrazole, and benzene rings (Table 6.1). As far as we are concerned, LOS has not been 

previously treated using environmental benign metal-free carbocatalysts for PMS activation. 

Besides degrading LOS in the presence of PMS, N-PC itself is expected to adsorb LOS 

molecules. Therefore, we propose a novel approach for removing pharmaceuticals in low levels: 

a system with both strong catalytic oxidation ability and high adsorption ability.  

Herein, the individual/synergistic effects between adsorption and catalysis for LOS 

removal in N-PC/PMS system were examined. Kinetic assays were performed to investigate 

the influences of PMS dose, reaction temperature, pH, and coexisting ions and organic matter 

in solution on LOS removal. PMS activation and pharmaceutical oxidation were examined by 

electron paramagnetic resonance and radical quenching tests. The total mineralization rate was 

assessed. The stability and reusability of N-PC were also inspected and various characterization 

analyses were used to assess the effects of the process on the properties of the catalyst. 
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Figure 6.1. (a, b) SEM and (c, d) TEM images of fresh N-PC. (e, f) SEM and (g, h) TEM 
images of N-PC after losartan AOP. (i) and (j) HAADF-STEM images of N-PC with EDX 
elemental mapping images of N-PC before and after use, respectively. 

 

 

XPS spectrum of C1s core level (Fig. 6.2a) can be decomposed into four regions with 

binding energies around 284.5, 285.3, 286.3 and 288.6 eV, corresponding to sp² graphitic 

carbon, sp² carbon bonded to heteroatoms (C–O and/or C–N), carbonyl/quinine groups (C=O), 

and carboxyl or ester groups (O–C=O) [33, 38, 39]. Yet the sp²-hybridized carbon remains 

dominant after the reaction, its ratio reduces in 5%, which verifies the decreasing of 

graphitization and further C bonding.  

The magnified N 1s spectrum of fresh N-PC (Fig. 6.2b) shows the predominance of 

three nitrogen functionalities: pyridinic N (398 eV), pyrrolic N (400 eV), and quaternary N (401 

eV). It contains primarily pyridinic N (>50%), which dangling bond has been assigned to 

enhanced catalytic performance due to the establishment of localized sites of higher charge 
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densities (pyridine-like defects) in the carbon structure [40, 41]. The N 1s spectrum of N-PC 

after reaction contains an extra peak at 405 eV, correspondent to nitrogen-oxides (405 eV), in 

addition to pyridinic N, pyrrolic N and quaternary N.  

 

Figure 6.2. (a) High resolution XPS C 1s scan and (b) high resolution XPS N 1s scan of N-PC 
before and after use. 

(a) (b) 

 

 

The characteristic chemical bonding structure of N-PC was also determined by FTIR 

spectra (Fig. 6.3a). Although low intensity IR signals were obtained, the as-prepared catalyst 

presents peaks between 3100 and 2800 cm-1, corresponding to C–H stretches. The signal around 

2350 cm-1 represents C≡N symmetrical stretching vibration and the peaks between 2100 and 

1900 cm-1 can be accredited to C=C=C or C=C=N groups. The peaks in the 1150–1000 cm-1 

region confirm the presence of oxygen in groups such as C–O or C–O–C [33, 37, 42]. The 

absorption of C=C stretching slighted shifted from 1557 cm-1 to 1582 cm-1 at FTIR spectrum 

of N-PC after LOS degradation [33]. According to the literature, the bonding of N heteroatoms 

into the sp²-hybridized C network can be verified between 1200 and 1600 cm-1. Noteworthy, 
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major changes in FTIR spectra of N-PC after the process are observed in this region, with the 

identification of peaks at 1216 and 1516 cm-1 attributed to C–N and N–O stretching vibrations, 

respectively [42, 43]. This observation corroborates N-doped heteroatoms as important 

participants of the catalytic process.  

 

Figure 6.3. (a) FTIR spectra of N-PC before and after use in losartan degradation. (b) Nitrogen 
sorption isotherm and pore size distribution (inset) of fresh N-PC. 
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Figure 6.4. (a) LOS removal by adsorption and AOP over N-PC, (b) Effect of PMS dose on 
LOS degradation by N-PC/PMS. Experimental conditions: [LOS]0=0.04 mM, [N-
PC]=0.026 g/L, [PMS]=6.5 mM, T=25 °C. 
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cont. Fig. 6.5. 

(b) 

 

 

 

 

(c) 

 

 

 

  

0 50 100 150 200 250

0.0

0.2

0.4

0.6

0.8

1.0

L
O

S 
de

gr
ad

at
io

n 
(C

/C
0)

Time (min)

 pH 2
 pH 5.2/Control 
 pH 8
 pH 12

0 50 100 150 200 250
0

2

4

6

8

10

12

 pH 5.2/Control 
 pH 2
 pH 8
 pH 12

So
lu

tio
n 

pH

Time (min)









Capítulo 6: Degradação oxidativa de losartana potássica 180 

 

Figure 6.6. Changes of TOC removal rate during LOS oxidation over N-PC/PMS. (b) 
Reusability of N-PC for PMS-mediated AOP of LOS. Experimental conditions: 
[LOS]0=0.04 mM, [N-PC]=0.026 g/L, [PMS]=3.5 mM, T=25 °C. 

(a) 

 

 

 

(b) 

 

 

  

0 50 100 150 200 250

0

20

40

60

80
T

O
C

 r
em

ov
al

 r
at

e 
(%

)

Time (min)

0 50 100 150 200 250

0.0

0.2

0.4

0.6

0.8

1.0

L
O

S 
de

gr
ad

at
io

n 
(C

/C
0)

Time (min)

 1st run
 2nd run
 3rd run





Capítulo 6: Degradação oxidativa de losartana potássica 182 

 

Figure 6.7. (a) EPR spectra of PMS-only system (20 min) and N-PC/PMS system at different 
reaction times of losartan degradation using DMPO as spin trapping agent (▼DMPO/•𝐎𝐇, ▪ 
DMPO/𝐒𝐎𝟒•−,× HDMPO/𝐎𝐇); (b) EPR spectra of PMS-only system (30 min) and N-PC/PMS 
system at different reaction times of losartan degradation using TMP as spin trapping agent. 
Reaction conditions: [LOS]0=0.04 mM, [N-PC]=0.026 g/L, [PMS]=3.5 mM, 
[DMPO]=80 mM, [TMP]=10 mM, T=25 °C. 
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According to Eq. 6.18, the self-decomposition of PMS may generate singlet oxygen 

( O21 ), which can work together with the free radicals •OH and SO4•− for enhanced degradation 

efficiency of PMS-mediated AOPs. Moreover, N-doped carbocatalysts have been verified to 

enhance PMS activation to produce further O21  [26, 66]. In the present paper, ERP tests using 

TMP as a spin trapping agent were conducted to detect O21 . Fig. 6.7b exhibits no peaks for 

TMP alone, but the characteristic 1:1:1 triplet signal (𝛼N=16.9 G) can be observed when only 

PMS (without N-PC) was introduced into LOS solution. This spectrum may result from the 

production of TMP- O21  adducts, but may also be due to the interaction between PMS and 

TMP, which generates analogous peaks. Nevertheless, we have noticed that adding N-PC into 

LOS/PMS solution led to stronger TMP triplet-peaks, indicating that greater amounts of O21  

are generated. This finding verifies that N-PC improved PMS activation and that O21  

contributes to LOS degradation. Fig. 6.7b also shows that the intensity of O21  signals for N-

PC/PMS system is utmost at 30 min, which is consistent with LOS decomposition profile that 

has its maximum during the first 30 min (Fig. 6.4b). 

The contributions of •OH, SO4•− radicals, as well as O21 , were supplementally disclosed 

by competitive radical tests using ethanol, tert-butanol and sodium azide, as shown in Fig. 6.8. 

While EtOH is an effective scavenger of both •OH (𝑘•OH=1.2–2.8×109 M-1s-1) and SO4•− 

(𝑘SO4•−=1.6–7.7×107 M-1s-1), TBA has a much high scavenging effect for •OH (𝑘•OH=3.8–

7.6×108 M-1s-1) than for SO4•− (𝑘SO4•−=4.0–9.1×105 M-1s-1). NaN3 is an effective scavenger of O21  (𝑘 O21 =2×109 M-1s-1) [17]. 

The presence of either EtOH or TBA radical scavengers stalled LOS degradation. 

Notably, EtOH triggered greater inhibitory effect than TBA, pointing out that, although both 

•OH and SO4•− took part in LOS oxidation, the last reactive radical had a more preeminent role. 

Fig. 6.8 further reveals that, despite the lowered LOS decomposition efficiency after adding 

EtOH, a high LOS removal of 95% was still obtained within 240 min reaction time. Thus, it 

can be deduced that other oxidative pathway, which was not dependent on free radicals, 

dominated the pharmaceutical degradation. It was noted that NaN3 had a quenching effect much 

more significant than EtOH and TBA, confirming that the nonradical oxidation by O21  plays a 

major role in LOS removal. Of note, reaction temperature was found not to have a crucial 

impact on LOS degradation (Fig. 6.5a). This can be related to the greater effect of nonradical 

approach on the catalytic performance of N-PC, keeping in mind that temperature generally 

only controls electron transfer by typical radical-based processes [67].  
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Appendix 6.A. Supplementary information 

Supplementary data to this article can be found online at 

https://doi.org/10.1016/j.cej.2019.122971. 

 

Text S6.1. Analytical Procedures 

Fourier transform infrared spectrometer (FT-IR) 

FT-IR spectra were recorded from 650 to 4000 cm-1 with a 4 cm-1 resolution under force 

gauge of 80 in attenuated total reflectance (ATR) mode using the 100-FT-IR Spectrometer 

(Perkin Elmer). 

Scanning electron microscope with an energy dispersive spectrometer (SEM/EDS) 

For SEM analysis, the samples were prepared by cleaning them with ethanol (100%) 

and mounting on specimen stubs. The SEM micrographs were obtained by FEI Verios XHR 

460 equipment under electron high tension EHT=5.00 kV, InLens signal detector, aperture 

size=60 µm, working distance WD=2 mm.  

 

Transmission electron microscope (TEM) 

The TEM samples were prepared by diluting the material with ethanol (100%) under 

sonication, before dropping into copper grid. TEM micrographs were obtained on a JEOL 2100 

equipment. 

 

High angle annular dark field scanning transmission electron microscopy (HAADF-STEM) and 

energy-dispersive X-ray spectroscopy (EDX) elemental mapping 

The samples were prepared in a similar way to TEM analysis. The equipment FEI Titan 

G2 80-200 TEM/STEM was used under high tension of 200 kV. 

 

X-ray photoelectron spectroscopy (XPS) 

XPS tests were performed on a VG Multi lab 2000 spectrometer (Kratos AXIS Ultra 

DLD) under ultra-high vacuum conditions. A monochromatic Al-Kα X-ray source (1486.6 eV) 

was used at an operating power of 225 W. Survey spectra were measured at constant pass energy 

of 160 eV with 1.0 eV energy step and high-resolution spectra were acquired at constant pass 

energy of 40 eV with 0.1 eV energy step. The binding energies were calibrated based on the C 

1s line at 284.6 eV. Shirley-type background was deducted from the data and core-level spectra 

were decomposed into their components with mixed Gaussian–Lorentzian (20:80) shape lines 

employing CasaXPS software.  
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Nitrogen adsorption/desorption 

A Micromertics TriStar 3000 was used for N2 adsorption/desorption analysis at -196 °C. 

The samples were degassed at 130 °C for 4 h before the tests. 

The specific surface area was calculated by the Brunauer-Emmett-Teller (BET) model. 

The total pore volume was computed as the volume adsorbed at a relative pressure of 0.99. The 

method from the Barrett, Joyner, and Halenda (BJH) was applied to determine the pore size 

distribution. 

 

Paramagnetic resonance (EPR) 

A Bruker EMS-plus instrument and Xeon software (Bruker) were used to obtain EPR 

spectra at the following conditions: room temperature, center field 3514.7 G, sweep width 

150G, sweep time 30 s, modulation amplitude 1.0 G, receiver gain 30 dB, microwave power of 

0.01156 mW. 

The spin trapping agent, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO, 0.08 mol/L), was 

used for the detection of hydroxyl (•OH) and sulfate radicals (SO4•−). The EPR spectra were 

analyzed considering the hyperfine coupling constants of the adducts: 𝛼N=𝛼H =14.9 G 

(DMPO/•OH); 𝛼N=13.2 G, 𝛼H=9.6 G, 𝛼H=1.48 G, 𝛼H=0.78 G (DMPO/SO4•−); 𝛼N=14.7 G, 𝛼H=1.1 G (HDMPO/OH) [49, 65]. HDMPO/OH is produced from DMPO by oxidizing species 

in the system. 

The spin trapping agent, 2,2,6,6-tetramethyl-4-piperidinol (TMP, 0.01 mol/L), was 

employed to capture EPR signals of singlet oxygen (1O2). 1O2 can oxidize TMP into  2,2,6,6-

tetramethyl-4-piperidinol-N-oxyl radical, which can be detected by the characteristic EPR 

spectrum with 1:1:1 triplet signal (𝛼N=16.9 G, g=2.0054) [26].  

Regarding the experimental procedure, at determined times, 40 µL of reaction solution 

was collected, mixed with 40 µL DMPO or TMP in a vial and agitated for 15 s. Then, the 

sample was transferred to a 100 μL capillary tube for EPR analysis. 
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Figure S6.1. Wide survey XPS spectra of N-PC before and after use in losartan degradation. 

  

 

Figure S6.2. Effect of PMS dosage on pseudo-first order rate constant, k, for LOS degradation. 
Experimental conditions: [LOS]0=0.04 mM, [N-PC]=0.026 g/L, T=25 °C. Note: result at 0 min 
was not adjusted since the mixture is not homogeneous in the early stage of reaction. 

 

 

LOS degradation using 3.5 mmol/L and 6.5 mmol/L of PMS follows a pseudo-first-

order kinetic pattern (R²>0.98). However, the adjustment is not satisfactory at 0.5 mmol/L PMS 

concentration (R²=0.87), what can be associated to the distinct behavior observed at this 

condition with more accelerated initial degradation of LOS in N-PC/PMS system. This 

indicates that at 0.5 mmol/L PMS, the process is more complex and cannot be represented by 

pseudo-first-order model.  
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Figure S6.3. (a) Effect of temperature on pseudo-first order rate constant, k, for LOS 
degradation. (b) Plot of rate constant versus inverse temperature. Experimental conditions: 
[LOS]0=0.04 mM, [PMS]=3.5 mM, [N-PC]=0.026 g/L. Note: result at 0 min was not adjusted 
since the mixture is not homogeneous in the early stage of reaction. 
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Fig. S6.3a shows the fittings of pseudo-first order kinetics to LOS degradation at 

different temperatures. The rate constants obtained are very close to each other, what evidences 

the relative scant impact of temperature on the process.  
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From Fig. S6.3b, ln 𝑘 vs. 1/𝑇 plot does not follow a linear trend. This fact impairs the 

accurate calculation of activation energy from Arrhenius equation, which presupposes the 

following linear relation:  ln 𝑘 = ln 𝐴 − 𝐸𝑎 𝑅𝑇⁄  (S1) 

where: 𝑘=rate constant, 𝐴=pre-exponential factor, 𝑅=universal gas constant (8.314 J/(mol K)), 𝑇=temperature (K).  

 

Figure S6.4. Effect of humic acid (HA) (20 mg/L), HCO3
− (5 mM) and Cl− (5 mM) on pseudo-

first order rate constant, k, for LOS degradation. Experimental conditions: [LOS]0=0.04 mM, 
[PMS]=3.5 mM, [N-PC]=0.026 g/L, T=25 °C. Note: result at 0 min was not adjusted since the 
mixture is not homogeneous in the early stage of reaction. 

 
 

The detrimental effect of HA addition on LOS removal is evidenced by the reduction of 

the pseudo-first rate constant from k=0.018 min-1 (control test) to k=0.009 min-1. The poor 

fittings of pseudo-first order kinetics to LOS degradation profile in the presence of HCO3
− or Cl− indicate increased complexity of reaction systems, but no further conclusions can be drawn.  
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Figura 7.1. Porcentagem de remoção de cloridrato de propranolol (PRO), cloridrato de 
metformina (MET), losartana potássica (LOS) e amoxicilina trihidratada (AMO) por argilas. 

 

 

Os estudos aprofundados de adsorção em banho finito demonstraram que a argila 

Spectrogel apresenta melhor performance de remoção de losartana do que um carvão ativado 

comercial derivado de casca de coco, que foi referenciado como µGAC. Conforme sintetizado 

na Tabela 7.1 e amplamente discutido no Capítulo 4, a Spectrogel apresenta cinética de 

adsorção mais rápida, maior valor de constante cinética e maior porcentagem de remoção do 

que µGAC nas mesmas condições experimentais. Com relação ao equilíbrio de adsorção, a 

capacidade máxima de adsorção de losartana estimada pela isoterma de Langmuir foi quase o 

dobro para a Spectrogel em comparação com o µGAC.  

Dentre outras tantas características avaliadas no Capítulo 4, o µGAC sendo um carvão 
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de cerca de SSA=567 m²/g. Por outro lado, a Spectrogel é majoritariamente não porosa com 

baixa área específica de SSA=0,14 m²/g. Desta forma, os resultados de melhor desempenho 
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Tabela 7.1. Comparação de cinética e equilíbrio de adsorção de losartana potássica usando 
argila organofílica, Spectrogel, e carvão ativado comercial derivado de casca de coco, µGAC. 

 Spectrogel µGAC 

Tempo para atingir o equilíbrio de 
adsorçãoa 

2200 min 2600 min 

Constante cinética do modelo de 
pseudossegunda ordema 

0,017 g/(mol.min) 0,016 g/(mol.min) 

Porcentagem de remoção totala 98% 94% 

Comportamento isoterma de 
adsorçãob 

Extremamente favorável Extremamente favorável 

Capacidade máxima de adsorção 
de Langmuirb 

0,082 mmol/g 0,044 mmol/g 

Capacidade de adsorção 
normalizados pela área específica 

0,59 mmol/m² 7,8×10−5 mmol/m² 

a Dados do estudo cinético de adsorção conduzido nas condições de: [adsorvente] = 6 g/L; 
[losartana] = 0,1 mmol/L; 0-3240 min; 25 °C; 200 rpm. 
b Dados do estudo de equilíbrio de adsorção conduzido nas condições de: [adsorvente] = 6 g/L; 
[losartana] = 0,004-3,00 mmol/L; 25 °C; 200 rpm; 48 horas. 

 

Dados de capacidade de adsorção normalizados pela área específica (𝑞𝑚𝑎𝑥/SSA) da 

Tabela 7.1 revelam que a argila Spectrogel tem maior superfície disponível para a adsorção, 

enquanto que o µGAC tem elevada microporosidade e consequentemente menor superfície 

acessível para moléculas de losartana. Em outras palavras, µGAC oferece efeitos de 

peneiramento molecular mais pronunciados do que a argila Spectrogel. Conforme estudo de 

otimização de geometria molecular do Capítulo 5, a losartana tem dimensão máxima de 

aproximadamente 1,46 nm. Este valor é muito próximo do limítrofe de classificação de 

microporos da IUPAC, i.e., diâmetro de poros menor que 2 nm (THOMMES et al., 2015).  

A química de superfície também pode ser invocada para elucidar a maior afinidade das 

moléculas de losartana pela Spectrogel, pois materiais argilosos são caracteristicamente mais 

ricos em sítios carregados/polares do que materiais a base de carbono como o carvão ativado. 

De fato, espectros de FT-IR (Figura 4.3c do Capítulo 4) expõem a maior abundância de grupos 

funcionais na argila Spectrogel do que no µGAC. Neste sentido, infere-se que os grupos 

funcionais da molécula de losartana podem interagir com os grupos funcionais da Spectrogel. 

Por exemplo, ligações não covalentes do tipo cátion-π podem ocorrer. Com relação a interações 

eletrostáticas, pode-se dizer que estas não têm papel determinante na remoção de losartana pela 

Spectrogel, pois na condição natural de pH da solução de aproximadamente 7.6 a superfície da 

argila apresenta-se majoritariamente negativa, bem como a molécula de fármaco que tem 
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pka=4.9. Além do processo de adsorção em si, o mecanismo de partição na fase orgânica da 

Spectrogel pode contribuir para a remoção da losartana de solução. O bom ajuste do modelo de 

pseudossegunda ordem reforça a ocorrência do mecanismo de adsorção química da losartana 

em Spectrogel, enquanto que a elevada correspondência da isoterma de Freundlich aos dados 

de equilíbrio é indicativo de processo multicamadas em superfície adsortiva energeticamente 

heterogênea. 

A possibilidade de regeneração e reuso dos adsorventes é aspecto fundamental na 

avaliação técnico-econômica de um processo de adsorção. Com relação à Spectrogel, estudos 

de regeneração térmica mostram-se proibitivos considerando o perfil de degradação deste 

material e da losartana adsorvida. Conforme Figura 4.4 do Capítulo 4, o pico de degradação da 

losartana em ~323 °C é muito próximo ao da Spectrogel em ~329 °C. No caso da regeneração 

química, o metanol mostrou eficiência de dessorção de 65%, mas tem aplicação controversa 

devido à elevada toxicidade. Neste cenário, a abordagem de disposição final da Spectrogel 

saturada com aterramento ou incineração seria a mais indicada. Isso não torna a Spectrogel 

menos atraente, pois no caso de adsorventes naturalmente abundantes e de relativo baixo custo 

como argilas, pode ser economicamente mais vantajoso adquirir novos adsorventes frescos do 

que investir em métodos de regeneração mais sofisticados, como extração supercrítica, 

degradação oxidativa ou degradação biológica.  

Até o presente momento, tanto quanto é do conhecimento da autora, não há na literatura 

outros estudos sobre a temática de adsorção de losartana potássica. Por isso, o desempenho de 

adsorção de losartana não pôde ser contrastado com adsorventes que não a argila Spectrogel e 

o carvão ativado µGAC, que foram adotados neste projeto de doutorado. Contudo, no que tange 

à argila Spectrogel, sua elevada potencialidade como adsorvente de fármacos foi estabelecida 

não somente para a losartana, mas também para o anti-inflamatório diclofenaco de sódio 

conforme estudo prévio desenvolvido pelo grupo de pesquisa (MAIA, 2017; MAIA et al., 

2019). Comparativamente, nota-se que ambos os processos de adsorção de losartana e de 

diclofenaco em Spectrogel são termodinamicamente espontâneos e endotérmicos. Já os testes 

de equilíbrio de adsorção realizados a 15 °C, que foi a temperatura em comum avaliada nos 

trabalhos, forneceram capacidade máxima de adsorção de Langmuir de 𝑞𝑚𝑎𝑥 = 0,048 mmol/g 

para a losartana e de 𝑞𝑚𝑎𝑥 = 0,086 mmol/g para o diclofenaco. A capacidade de adsorção mais 

elevada do diclofenaco indica que a Spectrogel tem maior afinidade por este fármaco do que 

losartana. Para melhor avaliar tal comportamento, foram realizados testes em modo contínuo 

usando colunas de leito fixo empacotadas com Spectrogel para a adsorção monocomponente de 
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losartana, que é o contaminante farmacêutico foco deste trabalho, bem como de diclofenaco 

para fins comparativos. 

Conforme discutido no Capítulo 5, dentro das faixas avaliadas de concentração inicial 

(0,05−0,15 mmol/L) e de vazão volumétrica de alimentação (0,4−1,0 mL/min), a condição de 

0,15 mmol/L e 0,4 mL/min foi a mais eficiente, levando em consideração os menores valores 

de altura de zona de transferência de massa no leito fixo empacotado com Spectrogel. Os 

principais parâmetros de eficiência de adsorção obtidos nesta condição de operação contínua 

são compilados na Tabela 7.2. 

 

Tabela 7.2. Parâmetros experimentais das curvas de ruptura de adsorção de losartana potássica 
e de diclofenaco de sódio em Spectrogel na condição de concentração de entrada de 
0,15 mmol/L e vazão de alimentação de 0,4 mL/min. 

 Losartana  Diclofenaco 

Tempo de ruptura, 𝑡𝑏 32 min 123 min 

Quantidade útil removida até o ponto de ruptura, 𝑞𝑏 0,0013 mmol/g 0,0047 mmol/g 

Remoção até o ponto de ruptura, 𝑅𝐸𝑀𝑏 89% 88% 

Tempo de exaustão, 𝑡𝑒 3810 min 1700 min 

Quantidade total removida, 𝑞𝑒 0,0288 mmol/g 0,0322 mmol/g 

Altura da zona de transferência de massa, ℎ𝑀𝑇𝑍 4,4 cm 4,3 cm 

 

A elevada porcentagem de remoção até o ponto de ruptura obtida para ambos os 

fármacos consolida a Spectrogel como adsorvente promissor a ser empregado em larga escala 

no tratamento de soluções com concentração de fármacos ainda mais baixas e próximas 

daquelas encontradas em amostras reais de água e efluentes, bem como misturas complexa 

multicomponentes. Contudo, destacamos que os sistemas contínuos avaliados apresentaram 

grande resistência difusional com perfis de curva de ruptura alongados e zonas de transferência 

de massa elevadas em relação ao comprimento total dos leitos empacotados com Spectrogel. 

Por conseguinte, o modelo fenomenológico proposto de difusão de dois sítios, referenciado 

como DualSD (do inglês, Dual site diffusion), apresentou elevada correlação aos resultados 

experimentais. Isso porque o modelo assume que existe não apenas uma taxa de difusão, mas 

duas, cada qual atuando em momentos distintos durante a operação dos leitos empacotados. 

Conforme a Tabela 7.2, o diclofenaco foi mais eficientemente adsorvido do que a 

losartana pela Spectrogel nas mesmas condições experimentais de operação em modo contínuo. 

Destacadamente, o sistema contendo diclofenaco apresenta tempo de ruptura mais longo e 
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maiores quantidades útil e total removidas até o ponto de ruptura e exaustão, respectivamente. 

Estes resultados corroboram aqueles obtidos nos estudos de adsorção descontínua em banho 

finito. O melhor desempenho da Spectrogel na remoção de diclofenaco do que de losartana 

pode ser relativamente elucidada invocando as propriedades físico-químicas e os parâmetros de 

reatividade química das moléculas de fármaco. Destacadamente, a molécula de losartana é 

menos hidrofóbica e mais solúvel em água do que a molécula de diclofenaco. 

Consequentemente, a losartana tem maior afinidade com a fase líquida e deve adsorver na 

superfície da Spectrogel com maior dificuldade do que o diclofenaco. Ademais, a losartana tem 

maior peso molecular de 461,01 g/mol do que o diclofenaco, que tem 318,13 g/mol. De acordo 

com cálculos de geometria otimizada, as moléculas de losartana e de diclofenaco tem dimensões 

máximas de cerca de 1,5 nm e 1,2 nm, respectivamente. Com isso, a losartana pode causar 

efeitos de impedimento estérico mais pronunciados, de forma que as moléculas de fármaco 

podem cobrir sítios adjacentes da superfície da Spectrogel, impedindo-os de se ligarem 

efetivamente a novas moléculas. Por fim, descritores moleculares das estruturas otimizadas 

mostram que a molécula de diclofenaco tem maior reatividade química, e.g., menor energia gap 

entre os orbitais HOMO e LUMO e menor dureza química, o que pode vir a favorecer sua 

adsorção pela Spectrogel. 

Em suma, os testes de adsorção demonstraram o potencial da argila Spectrogel como 

adsorvente não convencional de contaminante farmacêutico emergente. Porém, apesar de 

simples e eficaz, o processo de adsorção apresentou desafios relacionados especialmente à 

grande resistência difusional no leito fixo e à regeneração e disposição do adsorvente saturado. 

Neste sentido, este projeto de doutorado traz a avaliação de outro método avançado de 

tratamento terciário, nomeadamente um POA que visa à degradação eficiente de fármaco de 

solução, mas que tem como limitação a geração de subprodutos. Somando estudos em adsorção 

e estudos em POA, a tese oferece maior complexidade, abrangência e relevância na área 

ambiental.  

O POA avaliado, mais especificamente o processo de oxidação catalítica heterogênea 

usando carbono poroso e peroximonossulfato (HSO5
- , PMS), oferece diversos diferenciais. 

Primeiro, essa abordagem promove a geração não somente de radicais livres hidroxila •OH e 

sulfato SO4•−, mas também de oxigênio singlete O21 . Segundo, o catalisador selecionado de 

carbono com estrutura hierarquicamente porosa dopado com nitrogênio (N-PC) é inovador, 

ambientalmente amigável e tem síntese simples, inspirada na fabricação de pães utilizando 

farinha de trigo como fonte de carbono e bicarbonato de sódio como agente de inchamento, 

além de diciandiamida como fonte de átomos N e hidróxido de potássio como agente ativador 
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químico. O grupo de pesquisa da Curtin University, onde a autora desta tese realizou estágio de 

pesquisa, verificou preliminarmente que o catalisador N-PC oferece alta ativação de PMS para 

a degradação eficiente de moléculas orgânicas simples, e.g., fenol e ácido p-hidroxibenzoico 

(TIAN et al., 2018b). Isso incentivou a avaliação do sistema N-PC/PMS na oxidação catalítica 

do contaminante farmacêutico losartana potássica. 

A Fig. 7.2 mostra a porcentagem de remoção de losartana obtida usando exclusivamente 

N-PC (adsorção), PMS sozinho (oxidação) e N-PC juntamente com PMS (oxidação catalítica). 

 

Figura 7.2. Porcentagens de remoção de losartana potássica por adsorção usando N-PC, e por 
oxidação usando PMS ou N-PC e PMS. Condições experimentais de: [N-PC] = 0,026 g/L; 
[losartana] = 0,04 mmol/L; [PMS] = 6,5 mmol/L; 25 °C; 240 min. 

 

 

Notavelmente, o N-PC apresenta um elevado potencial adsorção de losartana, o que 

pode ser associado à sua elevada área específica, que é aproximadamente 1.791 m²/g, e aos 

grupos funcionais da superfície contendo nitrogênio, em especial nitrogênio piridínico. O PMS 

é um oxidante forte e quando aplicado sozinho forneceu remoção de losartana de 36%. Contudo, 

a performance de remoção aumentou significantemente para 100% com a adição de N-PC ao 

sistema. Desta forma, ficou clara a relevância do N-PC como material bifuncional que atua não 

somente na adsorção de losartana, mas também na ativação catalítica de PMS para geração 

aprimorada de espécies reativas. O papel determinante do N-PC fica ainda mais evidente ao 

considerar que a diminuição da concentração de PMS no sistema de 6,5 para 0,5 mmol/L não 

causa impacto expressivo na eliminação da losartana. Em suma, a remoção de losartana no 

sistema N-PC/PMS ocorreu por processos sinérgicos de adsorção e degradação. 
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A degradação de losartana pode ocorrer via mecanismos envolvendo radicais livres ou 

não, conforme ilustrado na Fig. 7.3. No primeiro caso, o PMS é ativado por transferência de 

elétrons do N-PC com geração dos radicais livres •OH e SO4•−. Por outro lado, o mecanismo 

sem radicais envolve a espécie altamente reativa oxigênio singlete O21 , bem como a oxidação 

direta por PMS por meio de complexo reativo. Testes de ressonância paramagnética eletrônica 

e testes de inibição revelaram que, apesar de •OH e SO4•− participarem do processo, o 

mecanismo oxidativo que não depende dos radicais livres é que tem o papel predominante na 

degradação de losartana no sistema N-PC/PMS. 

 

Figura 7.3. Ilustração das diferentes vias de reação de ativação de PMS para a degradação de 
losartana potássica em carbono poroso dopado com nitrogênio. 

 

FONTE: adaptado de DE ANDRADE et al., 2020. 

 

As características químicas aprimoradas do catalisador N-PC são essenciais na sua 

atividade catalítica. Destacadamente, a hibridização sp2 do carbono introduz elétrons livres para 

ativação de PMS, gerando •OH e SO4•−; os grupos funcionais contendo oxigênio, como 

carbonila, mediam a ativação de PMS liberando O21 ; e a dopagem com nitrogênio modifica o 

estado eletrônico da rede de carbono, criando regiões positivamente carregadas que interagem 

com o PMS criando complexos ativados que reagem diretamente com as moléculas de 

losartana.  

A avaliação da taxa de mineralização e da estabilidade do catalisador é fundamental no 

estudo de POAs. No caso do sistema N-PC/PMS, testes de carbono orgânico total revelaram 

que cerca de 70% da losartana e de seus intermediários de reação foram efetivamente 

adsorvidos ou degradados a substâncias inócuas, como dióxido de carbono e água. Os 30% 
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restantes representam os subprodutos de reação, cuja identificação foi impossibilitada por 

limitações de equipamentos e reagentes. Além disso, testes de estabilidade mostraram que o N-

PC tem capacidade de adsorção e atividade catalítica reduzidas significativamente de 100% 

para 51% após uso em três ciclos consecutivos, o que pode ser atribuído às mudanças inerentes 

na porosidade, composição elementar, grau de grafitização e grupos funcionais. 

A geração de subprodutos desconhecidos, a baixa estabilidade, e o reduzido potencial 

de reuso do N-PC são certamente fatores limitantes do processo de oxidativo avançado usando 

N-PC e PMS para a degradação total de losartana potássica. Ademais, é importante mencionar 

que o N-PC preparado é um pó extremamente fino e leve, cuja retirada de solução após o uso 

exige processos adicionais de separação como filtração ou centrifugação. Neste sentido, uma 

alternativa é a introdução de propriedades magnéticas ao catalisador; porém, o custo final do 

material bem como o potencial de contaminação secundária por lixiviação de metais durante o 

processo são certamente barreiras. Portanto, maiores pesquisas são requeridas visando ao 

desenvolvimento de adsorventes/catalisadores com bom custo-benefício, alta estabilidade 

durante o tratamento e fácil separação de solução.  

Concluindo, o presente trabalho de doutorado demonstrou que as tecnologias de 

adsorção e de oxidação catalítica são promissoras para a remediação de contaminantes 

farmacêuticos emergentes, mas com desafios e limitações inerentes sob a perspectiva de 

eficiência, custos, sustentabilidade, poluição secundária, entre outros.  
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• Análises de caracterização mostraram que a química de superfície é mais importante 

que as propriedades texturais, como porosidade e área específica, na remoção de 

losartana por Spectrogel e por µGAC; 

• O metanol forneceu uma eficiência de dessorção de 65% da losartana; porém aplicar 

a argila Spectrogel uma única vez, sem regeneração, pode ser recomendado 

considerando aspectos econômicos e ambientais;  

• A adsorção contínua de losartana em coluna de leito fixo empacotada com 

Spectrogel teve melhor desempenho, considerando menores alturas de zona de 

transferência de massa, na condição de maior concentração de alimentação 

(0,15 mmol/L) e menor vazão (0,4 mmol/L). O modelo desenvolvido neste trabalho, 

Dual site diffusion (DualSD), apresentou melhor ajuste às curvas de ruptura se 

comparado aos modelos convencionais de Thomas, Yoon-Nelson e Yan e 

colaboradores (Modified dose-response, MDR) ou o modelo fenomenológico 

proposto por Georgin e colaboradores (Instantaneous local equilibrium, ILE); 

• A análise de espectroscopia de fotoelétrons de raios X (XPS) revelou modificações 

na composição química da superfície de Spectrogel após o processo de adsorção 

contínua de losartana; 

• Nas mesmas condições de operação da coluna de leito fixo empacotada com 

Spectrogel, o fármaco diclofenaco de sódio foi mais eficientemente adsorvido do 

que a losartana. A capacidade de adsorção no ponto de saturação foi 0,020 mmol/g 

para losartana e 0,032 mmol/g para diclofenaco; 

• O maior potencial de remoção da Spectrogel pelo diclofenaco em comparação a 

losartana foi associado às propriedades físico-químicas e aos descritores de 

reatividade molecular destes fármacos. O diclofenaco tem maior hidrofobicidade, 

menor solubilidade em água, melhor ajuste estéreo-seletivo, e maior reatividade 

molecular, devido aos valores mais baixos de energia gap dos orbitais HOMO e 

LUMO e dureza molecular; 

• O catalisador N-PC foi preparado com sucesso seguindo um método simples, barato 

e disponível; 

• O N-PC foi caracterizado antes e após a degradação de losartana e verificou-se 

alterações na sua estrutura porosa, composição elementar, grau de grafitização e 

grupos funcionais;  
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• Considerando um rendimento de aproximadamente 2,75 %(m/m), o custo de 

produção do catalisador foi estimado em US$12,03/g; 

• O N-PC quando aplicado sozinho propiciou 52% de remoção de losartana por 

adsorção. O PMS isoladamente promoveu 36% de degradação de losartana. No 

sistema contendo N-PC e PMS, a losartana foi totalmente degradada após 240 

minutos de tempo de reação; 

• Verificou-se uma maior atividade catalítica em pH inicial próximo da neutralidade; 

a elevação da temperatura de reação teve impacto ínfimo no processo, e a presença 

de ácido húmico, íon bicarbonato ou íon cloreto prejudicou a decomposição de 

losartana; 

• A taxa de mineralização de 70% confirmou que a maior parte da losartana e de seus 

intermediários foram efetivamente degradados no sistema N-PC/PMS; 

• O N-PC apresentou baixa estabilidade e potencial de reuso em ciclos consecutivos 

e a remoção de losartana se limitou a 51% ao final do terceiro ciclo; 

• Demonstrou-se que o catalisador N-PC ativa o PMS através de múltiplas vias, mas 

com domínio do mecanismo de oxidação sem radicais, que envolve a produção de 

complexo reativo ou oxigênio singlete. 

 

Para dar continuidade às pesquisas relacionadas ao tratamento avançado de 

contaminantes farmacêuticos, sugere-se: 

 

• Testes de adsorção contínua em coluna de leito fixo encamisada para controle da 

temperatura, visando à maiores quantidades adsorvidas e maior produtividade; 

• Combinação de modificações orgânicas, inorgânicas ou tratamentos térmicos para 

obtenção de argilas com maiores capacidades de adsorção e estabilidade para reuso;  

• Devido à coexistência de contaminantes em águas residuais reais, são necessários 

estudos para investigar o desempenho da argila Spectrogel na presença simultânea 

de íons e matéria-orgânica, por exemplo; 

• Testes de adsorção e de oxidação utilizando soluções sintéticas com concentrações 

mais próximas às naturalmente verificadas em matrizes aquáticas contaminadas com 

losartana; 

• Testes de adsorção e de oxidação em sistemas sintéticos multicomponente, com a 

presença de outros contaminantes farmacêuticos emergentes; 
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• Avaliação da performance da adsorção e da oxidação catalítica para o tratamento de 

efluentes reais provenientes, por exemplo, de indústrias farmacêuticas; 

• Modificação do catalisador a base de carbono para maior eficiência de ativação de 

PMS e estabilidade para reuso em ciclos; 

• Avaliação do ciclo de vida do adsorvente e do catalisador propostos; 

• Estudos em combinação de tecnologias avançadas, como por exemplo, PMS ativado 

e ozonização. 
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