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RESUMO

ALMEIDA, lan Rocha de. Remocéo do fungicida Carbendazim por adsor¢cdo em
carvao ativado granular. 2023. Tese (Doutorado em Recursos Hidricos e Saneamento
Ambiental) — Instituto de Pesquisas Hidraulicas, Universidade Federal do Rio Grande
Sul, Porto Alegre, 2023.

O estudo investigou a adsorc¢éo do fungicida Carbendazim (CBZ) em Carvao Ativado
Granular (CAG) através de ensaios em batelada e em fluxo continuo usando o método
de Ensaios Rapidos em Colunas de Escala Reduzida (ERCER). Os ensaios foram
realizados em meios contendo &gua deionizada somente e com adicdo de matéria
organica, além de agua pos-filtracdo de uma Estacéo de Tratamento de Agua (ETA)
de Porto Alegre. Foram analisados quais modelos de isoterma e cinética melhor se
ajustaram a adsorc¢éao do fungicida. Foi realizado um estudo da termodinamica do CBZ
em agua deionizada. Ensaios ERCER simularam a operagéo e remocédo de CBZ em
uma coluna com CAG. Nos testes foram obtidos os tempos de ruptura, saturacao, taxa
de transferéncia especifica (TTE) e taxa de utilizacdo do carvdo (TUC) nas trés
matrizes agquosas testadas. Os resultados indicaram que a isoterma de Freundlich foi
a que melhor se ajustou a adsor¢cdo do CBZ em CAG. A maioria dos experimentos
mostrou que a adsorcdo do composto foi favoravel. A remocdo do fungicida é
caracterizada como um processo exotérmico, espontaneo, com predominancia da
fisiossorcéo e a presenca de interacdes dipolo-dipolo entre a superficie do CAG e o
CBZ. Quanto a cinética, o modelo de pseudo-segunda ordem foi o que melhor se
ajustou na adsorcdo do CBZ, independente das condicdes experimentais aplicadas e
do meio no qual o CBZ estava dissolvido. A difusdo intraparticula influenciou mais na
adsorcédo do CBZ em agua da ETA. Quanto aos ERCER, o tempo de ruptura foi maior
para os experimentos em AD. Nao houve diferenca significativa entre os pontos de
saturacao obtidos para este meio e nos demais. Os valores de TUC e TTE mostraram
gue a coluna com CBZ dissolvido somente em AD apresentou maior eficiéncia do que
nas outras matrizes. De forma geral, a MON na forma de acido humico e as
substancias presentes na agua filtrada da ETA impactaram no tempo de ruptura na
coluna de CAG mas a interferéncia nao foi significativa nos tempos de saturacao.
Analisando a competicao do CBZ pelos sitios adsortivos do CAG com as substancias
presentes na agua filtrada da ETA e com a matéria organica, observou-se que essa
competicdo foi mais evidenciada nos estudos de isoterma e cinética, em que ha a
mudancas de valores dos parametros obtidos. A competicdo pelos sitios adsortivos
do CAG é controlada principalmente pela distribuicdo dos tamanhos dos poros, uma
vez que a matéria organica pode ocupar os macros e mesoporos do CAG, impedindo
0 acesso do CBZ aos microporos do adsorvente. As interagdes eletrostaticas entre a
matéria organica e o carvao ativado também podem ter interferido na adsor¢gédo do
CBZ, devido as caracteristicas do CAG e dos compostos nas condi¢cdes experimentais
aplicadas. Para os experimentos utilizando o ERCER, a competicdo pelos sitios
adsortivos do CAG nao foi considerada significativa e ha indicios de que a MON possa
ter melhorado a eficiéncia do CAG. O estudo do fouling mostrou que a MON néo
impactou significativamente a curva de ruptura do CBZ.

Palavras-chave: Carbendazim; Adsorcdo; Carvao ativado granular; Isotermas;
Cinética; Ensaios Rapidos em Colunas de Escala Reduzida.



ABSTRACT

ALMEIDA, lan Rocha de. Removal of the fungicide Carbendazim by adsorption on
granular activated carbon. 2023. Doctoral thesis (Water Resources and Environmental
Engineering) — Instituto de Pesquisas Hidraulicas. Universidade Federal do Rio
Grande do Sul. 2023.

The study investigated the adsorption of the fungicide Carbendazim (CBZ) on Granular
Activated Carbon (GAC) through batch and continuous flow tests using Rapid Small-
Scale Column Tests (RSSCT). The experimental tests were made using media
containing only deionized water and with the addition of organic matter, as well as post-
filtration water from a Water Treatment Plant (WTP). The study analyzed which
isotherm and kinetic models best fitted the adsorption of the fungicide. A study of the
thermodynamics of CBZ in deionized water was also conducted. RSSCT tests
simulated the operation and removal of CBZ in a column with GAC. It was possible to
estimate the breakthrough time, saturation time, specific transfer rate (STR), and
carbon utilization rate (CUR) in the three aqueous matrices tested. The results
indicated that the Freundlich isotherm best fitted the adsorption of CBZ on GAC. Most
experiments showed that the compound's adsorption was favorable. The removal of
the fungicide was characterized as an exothermic and spontaneous process, with a
predominance of physisorption and the presence of dipole-dipole interactions between
the surface of GAC and CBZ. Regarding kinetics, the pseudo-second-order model best
fitted the adsorption of CBZ, regardless of the experimental conditions applied and the
medium in which CBZ was dissolved. Intraparticle diffusion influenced CBZ adsorption
more in FWTP water. As for RSSCTs, the breakthrough time was longer for
experiments in post-filtration water. There was no significant difference between the
saturation points obtained for this medium and the others. The CUR and STR values
showed that the column with CBZ dissolved in post-filtration water presented greater
efficiency than the other matrices. Overall, the NOM in the form of humic acid and
substances present in filtered WTP water impacted the breakthrough time in the GAC
column. However, the interference was not significant in saturation times. Analyzing
the competition of CBZ for GAC adsorptive sites with substances present in filtered
WTP water and organic matter, it was observed that this competition was more evident
in isotherm and kinetic studies, where there was a change in the parameters' values.
The distribution of pore sizes controls competition for GAC adsorptive sites since
organic matter can occupy GAC's macros and mesopores, preventing CBZ access to
the adsorbent's micropores. Electrostatic interactions between organic matter and
activated carbon may also have interfered with CBZ adsorption due to the
characteristics of GAC and the compounds in the applied experimental conditions. For
the experiments using RSSCT, competition for GAC adsorption sites was not
considered significant, and there are indications that NOM may have improved GAC
efficiency. The fouling study showed that NOM did not significantly impact the CBZ
breakthrough curve.

Keywords: Carbendazim; Adsorption; Granular activated carbon; Isotherms;
Kinetics; Rapid Small-Scale Column Tests.
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1. INTRODUCAO E JUSTIFICATIVA

O acesso a agua potavel € um dos desafios globais, pois este € um recurso
fundamental para manutencdo da salubridade ambiental e da saude humana
(SCHWARZENBACH et al., 2010). Todavia, a quantidade e a qualidade desse recurso
natural continuamente sao impactados por ac¢des antropicas (BENNER et al., 2013).
Essas ac¢bes tém resultado na intensificacdo do lancamento de poluentes para 0 meio

natural, entre os quais 0os contaminantes de preocupagao emergente.

O interesse no estudo dos contaminantes emergentes em corpos hidricos tem
crescido ao longo dos anos, uma vez que 0s tratamentos convencionais de agua
apresentam limitagcbes na remocao desses compostos. Ha, ainda, uma caréncia
mundial no que diz respeito a regulacido da emissdo destes compostos (HALLE,
HUCK e PELDSZUS, 2015). Cada vez mais, as pesquisas apontam efeitos deletérios
desses poluentes para a salubridade ambiental e para a saude publica. Os efeitos
dependem da concentracdo e do tempo de exposicdo de organismos a esses
compostos (PAREDES et al., 2016).

Dentre os contaminantes de preocupacéo emergente, um grupo que se destaca
sdo 0s agrotoxicos, também conhecido como defensivos agricolas ou praguicidas.
Segundo a Agéncia Nacional de Vigilancia Sanitaria (ANVISA, 2019), agrotoxicos sdo
substancias aplicadas em insumos agricolas, pastagens, cuja finalidade seja alterar a
composicédo da flora ou da fauna a fim de preserva-las da acdo danosa de seres vivos
considerados nocivos, bem como as substéncias e produtos empregados como
desfolhantes, dessecantes, estimuladores e inibidores de crescimento. Nas ultimas
décadas, o Brasil tem sido um dos maiores consumidores e produtores de pesticidas
no mundo, sendo o primeiro em ambos 0s aspectos na América Latina (BARBOSA,
SOLANO e UMBUZEIRO, 2015; COELHO & ROZARIO, 2019; PRETE et al., 2017).

O Carbendazim (CBZ) € um dos agrotoxicos mais utilizados no Brasil. O CBZ
€ um defensivo agricola do grupo dos benzimidazdis (RAMA et al., 2014). Esse
composto é um fungicida sistémico aplicado nas culturas de algodéo, arroz, citros,
feijdo, maca, milho, soja e trigo (ANVISA, 2012; RAMA, 2013). O CBZ é eficiente
contra uma variedade de doencas nessas culturas causadas pelos fungos
Ascomicetos spp., Basidiomicetos e Deuteromicetos spp (COUTINHO, GALLI, MAZO,
2007).
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O CBZ ja foi detectado em amostras de agua de abastecimento da cidade de
Porto Alegre, juntamente com outros 26 agrotoxicos (BRASIL, 2020). A Agéncia
Nacional de Vigilancia Sanitaria (ANVISA) proibiu o uso deste composto (ANVISA,
2022), entretanto, a eliminagcéo do produto esta sendo gradual, uma vez que o CBZ é
largamente utilizado por agricultores brasileiros nas plantacdes de feijdo, arroz, soja e
de outros produtos agricolas importantes para a economia brasileira (PEDUZZI,
2022).

A reavaliacdo toxicologica do CBZ, realizada pela ANVISA entre 2020 e 2022,
concluiu que o fungicida apresenta potencial carcinogénico, induz mutacées em
células germinativas e pode causar toxicidade reprodutiva em seres humanos. Além
disso, a Agéncia apontou que nao foi possivel encontrar um limiar de dose segura
para a populacdo quanto as caracteristicas de mutagenicidade e toxicidade
reprodutiva (ANVISA, 2022).

Com o intuito de mitigar os impactos ao meio ambiente e & saude humana
provocados pela exposicdo de organismos as concentracdes de pesticidas
consideradas toxicas, diversos estudos tém sido realizados sobre tecnologias de
tratamento para a remocao destes compostos. Dentre as técnicas apresentadas, o
processo de adsorcdo em carvao ativado é amplamente estudado, apresentando
moderado custo de aplicacdo e manutengcdo, comparando-se outras técnicas de
tratamento avancado (CRITTENDEN et al., 1987).

Diante do exposto, o presente documento detalha a pesquisa de doutorado que
aborda a remocédo de Carbendazim por adsor¢do em carvao ativado granular, em
batelada e em fluxo continuo, em amostras com agua deionizada, agua efluente do
filtro de uma Estacdo de Tratamento de Agua (ETA) e agua deionizada com adig&o
de acido humico para investigar a interferéncia da matéria organica na adsorcao. A
tese de doutorado foi escrita no formato de artigos, que compuseram a se¢ao de

Resultados e Discussoes.
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2. OBJETIVO

2.1.0BJETIVO GERAL

Avaliar a remocéao do fungicida Carbendazim por adsor¢cdo em carvao ativado
granular (CAG) através de ensaios em batelada e Ensaios Rapidos em Colunas de
Escala Reduzida (ERCER) de leito fixo.

2.2.0BJETIVOS ESPECIFICOS

a) Determinar os parametros da cinética e termodinamica de adsor¢cdo do CBZ em
carvao ativado através de ensaios em batelada;

b) Identificar a isoterma que melhor se ajusta a adsor¢cdo do CBZ em ensaios em

batelada através de métodos ndo lineares;

c) ldentificar parametros operacionais, como os tempos de ruptura e de saturacao da
coluna de adsorc¢ao, para o Carbendazim dissolvido em agua deionizada somente, em
amostra efluente de filtro rapido de Estacdo de Tratamento de Agua, e em agua

deionizada com matéria organica;

d) Verificar se ha competicéo pelos sitios adsortivos do carvao ativado entre o CBZ e

as substancias presentes nas amostras de agua da ETA e a matéria organica.
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3. REVISAO BIBLIOGRAFICA

3.1.CARVAO ATIVADO

Nesse topico serdo abordados o uso de carvdo ativado na remocdo de

poluentes de agua potavel, com foco no uso do Carvao Ativado Granular (CAG).
3.1.1. Adsorgéo em carvéo ativado

A adsorcao € um processo de transferéncia de fase em que os atomos, ions ou
moléculas no estado gasoso, liquido ou soélido se acumulam na fase sélida. O
composto que se deposita na superficie é definido como o adsorvato enquanto o sélido
gue fornece a superficie € o adsorvente (METCALF & EDDY, 2014). Nos processos
de tratamento de &gua, a adsorcdo €, geralmente, um dos processos mais
econdmicos para reduzir as concentracdes de contaminantes dissolvidos (BENJAMIN
& LAWLER, 2013).

Diversos fatores podem influenciar no processo de adsor¢cdo de um composto
ao adsorvente, podendo-se citar as propriedades do fluido (pH, temperatura, por
exemplo), caracteristicas e concentracdo do poluente, além da presenca de outros
compostos que podem competir pelos sitios de adsorcao. A afinidade entre adsorvato
e adsorvente é essencial para a eficiéncia do processo, além de determinar os
mecanismos de adsor¢do que podem incluir troca ibnica, interacdes eletrostaticas,
precipitacdo na superficie, rea¢cdes quimicas ou a combinacao de todos esses fatores
(BONILLA-PETRICIOLET, MENDOZA-CASTILLO, DIDILIA ILEANA, 2017). A
aplicacdo de condicbes apropriadas maximiza o fator de separacdo e melhora a

eficiéncia de remocao do poluente no sistema desejado.

O carvao ativado € normalmente produzido pela decomposicdo térmica de
material carbonaceo seguido por ativagdo com vapor ou diéxido de carbono a
temperaturas elevadas (700° — 1100° C). O processo de ativacdo envolve
essencialmente a remocao de produtos de carbonizacao formados durante a pirélise,
abrindo os poros do material (RUTHVEN, 1984).

De acordo com Crittenden et al (1999), Li et al (2002) e Schoonenberg et al
(2010), a técnica de adsor¢cdo em carvdo ativado remove preferencialmente

compostos organicos hidrofébicos através de interacdes de van der Waals entre o
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carvao e o soluto. Através dessas particularidades, a remocdo de compostos mais

insolUveis e apolares sao favorecidas nos processos de adsor¢do em carvao ativado.

O processo de adsorcao pode ocorrer de forma fisica (fisiossor¢ao) ou quimica
(quimiossorcgao). As particularidades que distinguem os dois tipos de adsorcdo sao
apresentadas no Quadro 3.1. Varios estudos apontam que quase todo tipo de

processo de separacao adsortivo depende da adsorcao fisica (RUTHVEN, 1984).

Quadro 3.1 - Diferencas entre adsorcao fisica e quimica de compostos ao carvéo ativado.

Adsorcdao Fisica Adsorcdo Quimica
Baixo calor de adsorcao (duas ou trés vezes Alto calor de adsorcéo (duas ou trés vezes
menor que o calor de evaporacéo), 5 a 40 maior que o calor de evaporacgéao), 40 a 800
kJ/mol kJ/mol
N&o especifica. Altamente especifico.

Monocamada ou multicamada, sem
dissociacdo de espécies envolvidas.
Significante somente em temperaturas
relativamente baixas.

Monocamada somente. Pode envolver
dissociacé@o. Possivel em uma ampla faixa
de temperatura.

Ativada. Pode ser lenta e irreversivel.
Transferéncia de elétrons levando a
formacao de ligagcbes entre adsorvato e
adsorvente.

Rapida, ndo ativada, reversivel. Sem
transferéncia de elétrons, contudo pode
ocorrer polarizagdo do adsorvato.

Fonte: Adaptado de Ruthven, 1984.

Os processos de adsorcdo envolvem varios aspectos de engenharia, que
devem ser otimizados para maximizar a remoc¢ao de contaminantes. A Figura 3.1
mostra esses aspectos que devem estar alinhados com as propriedades texturais,
além da quimica da superficie dos adsorventes usados (BONILLA-PETRICIOLET,
MENDOZA-CASTILLO, DIDILIA ILEANA, 2017).
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Figura 3.1 - Aspectos de engenharia envolvidos no processo de adsor¢éo.

Intensificacao
do processo
de adsorcao

\\\_/

Modelagem

Fonte: Adaptado de Bonilla-Petriciolet, Mendoza-Castillo, Didilia lleana, 2017.

Quanto aos processos de adsor¢do em EstacBes de Tratamento de Agua
(ETA), a transferéncia de massa de um ou mais contaminantes (adsorvatos) é
realizada predominantemente da fase liquida para a fase soélida (JULIANO, 2010).
Nesse processo, as moléculas presentes na fase fluida sdo depositadas na superficie
do adsorvente. O carvdo ativado € o adsorvente mais utilizado em ETAs que aplicam

a adsorcao para a remocao de poluentes especificos (COELHO et. al., 2005).

A utilizacdo de carvéo ativado no tratamento de agua pode ocorrer na forma de
Carvao Ativado Granular (CAG) ou Carvao Ativado Pulverizado (CAP), dependendo
do tipo de agua bruta, da ETA e do poluente que se deseja remover. H4 uma grande
variedade de carvdes sendo fabricados e comercializados (BRANDAO & SILVA,
2006), sendo a escolha do tipo de carvao dependente dos fatores técnico-econdmicos,
de funcionalidade operacional da ETA, além de aspectos cinéticos envolvidos na
adsorcao (JULIANO, 2010).

O uso de CAP é feito visando principalmente a remocao de gosto e odor da
dgua de abastecimento, bem como na remocdo de baixas concentracbes de
pesticidas e outros microcontaminantes. A praticidade no uso deste tipo de carvao
ativado se da pela possibilidade de aplicacdo em certas épocas do ano (geralmente

quando ha floragdo de algas no reservatorio de agua bruta), bem como poder ser
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adicionado em pontos distintos ao longo das etapas que constituem o tratamento de
adgua (CRITTENDEN, 2012).

O CAG é usado principalmente na remocdo de contaminantes-traco e de
carbono organico dissolvido em pequenas concentracdes. Nesse tipo de carvéo
ativado pode haver atividade microbiana com o crescimento do biofilme na superficie
do carvédo, caso se tenham condi¢cdes adequadas. Nas ETAs, o CAG pode ser
utilizado como meio filtrante ou como adsorvente ap6s o decantador ou o filtro de areia
(CRITTENDEN, 2012).

O Quadro 3.2 mostra as principais vantagens e desvantagens do uso de CAG
e CAP, segundo Lima (2014).
Quadro 3.2 - Vantagens e desvantagens do uso dos tipos de carvao.

CAG CAP
Menor custo inicial

Regeneracao; comparado ao CAG;
Vantagens .
Recomendavel na presenca . =
. Possibilidade de alteracdo na
continua de
. . dosagem e emprego sazonal
microcontaminantes.
Dificuldade de regeneracéo;
Eventual dificuldade na
disposicéao de lodo;
Eventuais sobredosagens
Maior custo comparado ao quando aplilcado ha captacao
Desvantagens ou na unidade de mistura

CAP. P
rapida
Eventual reducgdo do tempo
de vida dos filtros de areia,
guando aplicado antes dessa
etapa

Fonte: Adaptado de Lima (2014).

A adsorgéo em carvao ativado granular tem sido utilizado para a remogéo de
contaminantes emergentes da agua (NOWOTNY et al., 2007; REUNGOAT et al.,
2011; SNYDER et al., 2007; WESTERHOFF et al., 2005). O uso dessa técnica esta
relacionado com a relativa facilidade de operacdo e manutencéo, conferindo ao CAG
um custo moderado para a remocéo de poluentes (JOSS, SIEGRIST e TERNES,
2008).

Lewoyehu (2021) comparou os custos, formacdo de subprodutos e acao
desinfetante relacionados ao tratamento da agua por carvdo ativado com outras
técnicas de tratamento avancado. A comparacdo dos custos estd apresentada no
Quadro 3.3.



17

Quadro 3.3 - Comparacéao da performance da adsorcdo por carvao ativado com outras técnicas
avancadas de tratamento de agua

Técnica de Custo/demanda Formacéo de .
" Desinfeta
tratamento energética subproduto
Adsorgaq pro carvao Moderado N&o N&o
ativado
Ozonizacgéo Baixo para moderado Sim Sim
Oxidacéo por CIO2 Baixo para moderado Sim Sim
Nanofiltragdo/ Osmose Alto NZo No
reversa
Adsorcao por zedlita Incerto N&o N&o

Fonte: Adaptado de Lewoyehu, 2021.

O CAG tem sido utilizado como uma unidade de tratamento avangado tanto
para os sistemas de abastecimento de agua quanto para os sistemas de tratamento
de esgoto. Em ETEs, o CAG é utilizado como tratamento terciario e tem demonstrado
uma boa eficiéncia na remocéao de perturbadores enddécrinos, farmacos e produtos de
cuidado pessoal (GROVER et al., 2011).

A aplicacdo do carvao ativado como adsorvente é favorecida por sua ampla
area superficial por unidade de massa, permitindo acumular grandes quantidades de
adsorvato em pequenas quantidades de adsorvente. Além disto, apresenta forte
afinidade por uma ampla gama de moléculas hidrofébicas (por exemplo, solventes,
pesticidas, substancias humicas, toxinas e compostos odoriferos gerados por algas).
Também, exibe relativa inércia em relagdo as interacdes com a 4gua e a maioria dos
solutos hidrofilicos (BENJAMIN & LAWLER, 2013).

3.1.2. Isotermas de adsorcao

Isotermas de adsor¢cdo sdo a representacdo matematica da relacdo entre a
guantidade de adsorvato extraido pelo adsorvente e a quantidade de adsorvato
remanescente na fase liquida quando a solucdo se encontra em equilibrio dindmico a
uma determinada temperatura. Nos sistemas de adsor¢éo da fase liquida para a fase
sélida, as isotermas séo importantes devido aos seguintes aspectos (PICCIN et al,
2017):

a) E possivel calcular a capacidade maxima de adsorcdo de um determinado

adsorvente em diferentes condicbes experimentais;

b) E possivel obter informacdes sobre 0s pontos de vista energéticos, estéricos e de

afinidade;
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c) Fornecer informacfes sobre o mecanismo de interacdo que ocorre entre adsorvato
e adsorvente, possivel através do formato da curva;

d) Permitir a modelagem da taxa de adsorcao, assumindo-se um equilibrio local a fim
de resolver as equacdes diferenciais parciais. Esse equilibrio local € matematicamente
descrito pelas isotermas de adsorc¢ao;

e) E possivel determinar parametros termodindmicos, como a energia livre de Gibbs
(AGY), a variacdo de entalpia (AHP) e a variacdo da entropia (AS?), importantes para

identificar a espontaneidade e a natureza do processo adsortivo.

Ruthven (1984) dividiu o formato das isotermas por adsorcao fisica em 5
classes, conforme ilustrado na Figura 3.2. O Tipo | geralmente ocorre com adsorventes
cujo tamanho do poro ndo é muito maior do que o didmetro molecular do adsorvato.
Esse formato é caracteristico pois ha a indicacdo de que ha um limite de saturacao,
resultado do preenchimento total dos microporos. Ocasionalmente, se os efeitos da

atracdo intramolecular forem grandes no sistema, a isoterma Tipo V é observada.

Figura 3.2 - Classificag@o Brunauer das isotermas.

.
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Fonte: Ruthven (1984)

Uma isoterma Tipo IV sugere a formacdo de duas camadas superficiais na
superficie plana ou na parede de um poro muito maior que o diametro molecular do
adsorvato. Isotermas Tipo Il e lll sédo geralmente observadas em adsorventes onde ha
uma grande variedade de tamanho de poros. Neste caso, hd uma progressao continua
com o0 aumento da carga da monocamada para a adsor¢do multicamada e depois para
a condensacéo capilar. O aumento da capacidade de adsorcdo em altas pressoes €
devido a condensacéao capilar ocorrendo em poros de diametro crescente a medida
gue a pressao aumenta (RUTHVEN, 1984).
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A seguir sdo apresentados os modelos de isotermas explorados na presente

pesquisa: Langmuir, Freundlich, Sips, Liu e Redlich-Peterson.
a) Modelo de Langmuir

O modelo de Langmuir foi inicialmente idealizado para representar a
quimiossor¢cao em um conjunto de sitios de adsorcao distintos (RUTHVEN, 1984). O
modelo é fundamentado nos seguintes principios, segundo Piccin et al (2017), Atkins
e De Paula (2006) e Dehghani, Karri e Lima (2021):

¢ A adsorcao nao pode ocorrer além da cobertura de monocamada;

¢ Nao ha interacdes entre os compostos na solugao;

e Os compostos sdo adsorvidos em um numero fixo de locais ativos;

e Cada sitio pode conter apenas uma molécula de adsorvato;

e O adsorvente atinge um méaximo de saturacdo dos sitios ativados;

e Todos os sitios do carvdo ativado sdo energicamente equivalentes e a
superficie é uniforme;

e A capacidade de uma molécula de adsorver em um determinado sitio é

independente da vizinhanca.

O modelo de isoterma de Langmuir estabelece que ha uma méaxima capacidade
adsortiva do carvao, ocorrendo sua saturacdo em uma monocamada. Uma das formas
de expresséao da isoterma de Langmuir € descrita na Equacéo 1.

b. Ce
Je = qméX'Tb.Ce 1)
Em que: ge - Concentragéo de equilibrio do adsorvato no carvao ativado (Massa de
adsorvato /Massa de adsorvente); gmax - (Massa de adsorvato/Massa de adsorvente)
Ce — Concentragcdo de equilibrio do adsorvato na solucdo (Massa do
contaminante/Volume do liquido); gmax - concentragdo maxima de contaminante no
carvao ativado (Massa de adsorvato/Massa de adsorvente), e; b = constante de

adsorcdo de Langmuir do contaminante (Volume/Massa).

b) Modelo de Freundlich

A Isoterma de Freundlich foi a primeira descricdo conhecida de adsorcéo
reversivel, e esse modelo ndo se restringe a formagdo de monocamada
(FREUNDLICH, 1906 apud HARO, 2017). Segundo Freundlich (1906) apud Piccin et
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al (2017), esse tipo de isoterma pressupde que a adsorcdo ocorra de forma
heterogénea na superficie. O modelo é fundamentado nos seguintes principios
(DEHGHANI, KARRI e LIMA, 2021).

e Nao hé& saturacdo do adsorvente, o que significa que a capacidade de sor¢éo
dele aumenta exponencialmente a medida que a concentracdo do adsorvato
aumenta,;

e O modelo de Freundlich assume multicamadas de adsorvato cobrindo o
adsorvente;

e Existe a possibilidade de formar uma segunda camada antes que a primeira
seja concluida;

e Por se tratar de adsor¢do multicamadas, ocorre a interacdo dos adsorvatos;

¢ A energia de cada sitio ativo ndo é homogénea.

No trabalho realizado por Maataqui et al. (2017), a isoterma de Freundlich foi a
que melhor se ajustou a adsorcdo de Carbendazim em argilas homoionic-
montmorillonite, sendo melhor representado pelo modelo nédo-linear do que o linear.
Além disso, ha varios estudos na literatura que mostram o melhor ajuste da isoterma
de Freundlich na adsor¢céo do CBZ em CAG (JIN et al., 2013; Ll et al., 2011; PASZKO,
2006; RIZZI et al., 2020; WANG et al., 2020).

A Isoterma de Freundlich é representada pela Equacéo 2.
de = Kt. Cel/n (2)

Em que: ge - Concentracdo de equilibrio do contaminante no carvao ativado (Massa
de adsorvato/ Massa de adsorvente); Ce — Concentracdo de equilibrio do
contaminante na solucdo (Massa do contaminante/Volume); ki — constante de
equilibrio de Freundlich [(Massa do adsorvato/Massa adsorvente).(Volume/Massa do
adsorvato)¥"]. Segundo Anfar et al. (2020), o expoente 1/n indica se o processo de
adsorcao é favoravel (0,1 < 1/n < 1) ou desfavoravel (1/n > 1). Valores mais proximos

de 1 significam as condigBes mais favoraveis de adsorgéo.
c) Modelo de Sips

O modelo de Sips combina as expressdes de Langmuir e Freundlich, sendo

elaborado para modelar os sistemas de adsor¢cdo heterogéneos, contornando a
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limitacdo da crescente concentracdo de adsorvato associada ao modelo de
Freundlich. Em baixas concentra¢cfes de adsorvato, a equacao se reduz a isoterma e
Freundlich, enquanto, em altas concentragfes, o0 modelo se assemelha a isoterma de
Langmuir devido a previsdo de uma capacidade de adsor¢do em monocamada
(HARO, 2017; FOO & HAMEED, 2010). O método de Sips possui as seguintes
caracteristicas (DEHGHANI, KARRI e LIMA, 2021).

e A saturacdo do adsorvente € prevista (Qmax);

e Podem ocorrer multicamadas do adsorvato sobre o adsorvente;

e E possivel iniciar a segunda camada sem a necessidade de a primeira camada
ser concluida;

¢ Os sitios de ativacao podem ter energias diferentes;

e Podem ocorrer interagdes entre os adsorvatos em solucéao.

O modelo de Sips é expresso na Equacéo 3.

1
_ A K G ®)

de 17
1+K,.C/ms

1 ~ oL s . ~
Em que: 0 < — < 1; ge - Concentragdo de equilibrio do contaminante no carvao
S

ativado (Massa adsorvato/Massa de adsorvente); gmax - concentragdo maxima de
contaminante no carvao ativado (Massa adsorvato/Massa adsorvente); Ks — Constante
de equilibrio de Sips (Volume/Massa)'"s; Ce — Concentracdo de equilibrio do

adsorvato na solucdo (Massa/Volume); e ns — expoente de Sips, adimensional.

1
Em baixas concentracdes de adsorvato (1>> Ks.Ce/"S), o0 modelo assume a
forma da isoterma de Freundlich (Equacé&o 4). Para ns = 1, o modelo assume o formato

da isoterma de Langmuir (Equagéo 5).

1
e = Qmax- Ks- Ce/ns (4)

_ Omax- Ks: Ce

Q= T k., ©®)
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d) Modelo de Liu

O modelo de Liu € um modelo empirico que também associa as isotermas de
Langmuir e Freundlich. Possui mesmas caracteristicas do modelo de Sips com a
excecao de que o expoente da isoterma de Liu deve apresentar valores positivos (n.
> 0) (DEHGHANI, KARRI e LIMA, 2021). A Equacéao 6 apresenta o modelo de Liu

_ Amax- (kg- Ce)nL
1+ (kg Ce)™

e (6)
Em que: Kg — constante que representa a afinidade entre adsorvente-adsorvato

(Volume/Massa) e nL é o expoente de Liu, adimensional.
e) Modelo de Redlich-Peterson

O modelo de Redlich-Peterson é empirico e € representado pela Equacéo 7.

krp-Ce
1+ aRp.Cg

Qe = sendo 0 <f<1 (7)

Em que: are - a constante de equilibrio de Redlich-Peterson (Volume/Massa)®; krp - a
constante que contém a maxima capacidade de sorcdo e descreve a afinidade
adsorvente-adsorvato (Volume/Massa); 3 — expoente da isoterma de Redlich-
Peterson, adimensional. Quando =1, o modelo assume a forma da isoterma de
Langmuir (Equacéo 8), enquanto para baixas concentracées de adsorvato, 0 modelo

assume o formato linear (Equacéo 9).

__ Qmax-arp-Ce
Qe = 1+agrp.Ce (8)
de = Kgrp.Ce (9)

Em que: Krp = Qmax -arp
f) Determinacao da isoterma de adsorcéao por regressédo nao-linear

A determinacdo dos parametros das isotermas podem ser obtidos através de

meétodos de regressdo nao-linear. Da mesma forma, permite a obtencdo dos



23

parametros do método termodindmico de Van’t Hoff (ELOUAHLI et al., 2018; LIMA,
GOMES, TRAN, 2020; MAATAOUI et al., 2017; PRETE, DE OLIVEIRA, TARLEY,
2017; WEFER-ROEHL et al., 2001; ZANELLA et al., 2016). De forma geral, alguns
trabalhos afirmam que os resultados obtidos pelo método ndo-linear apresentam
resultados mais robustos e com menor erro que 0s estimados com meétodo linear
(OSMARI et al., 2013). Para a aplicacdo desse método de regressao podem ser
utilizadas ferramentas computacionais como o Solver do Microsoft Office Excel
(SUMMERS, KNAPPE and SNOEYINK, 2011).

3.1.3. Termodinédmica de adsorgéo

Através das variaveis obtidas pelas isotermas, é possivel se conhecer os
parametros termodindmicos da adsor¢dao de um composto. O método de Van't Hoff é
uma metodologia pela qual se pode estimar as variagdes de entalpia (AH, kJ/mol),
entropia (AS, J/mol.K) e energia Livre de Gibbs (AG, kd/mol) (HARO et al., 2021;
MANSOURIIEH, SOHRABI, KHOSRAVI, 2016; PRETE, DE OLIVEIRA, TARLEY,
2017; SELIN & EMIK, 2018). Os valores de AH e AS sédo calculados através da
Equacéo 10.

InK, = = - =& 10)
e = R T RT
Em que: Ke é a constante de equilibrio (adimensional), R é a constante universal dos

gases ideais (8,314 J/mol.K) e T é a temperatura (K).

A constante de equilibrio de adsorcéo pode ser expressa pela relagéo entre a
concentragdo de equilibrio do contaminante no carvao ativado pela concentracéo de
equilibrio do contaminante na solucdo (Equacéo 11). J4 os valores de AH e AS séo

obtidos a partir da inclinagéo da reta do grafico de Van’t Hoff (Equacéo 10).
Ke = =— (11)

A variacdo da energia livre (AG) é calculada pela Equacéo 12.
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AG = —RTInK, (12)

Parametros termodinamicos como o AH informam dados importantes quanto
ao processo de adsorcao. A Figura 3.3 mostra os valores de AH caracteristicos para

0S processos de fisiossor¢ao e quimiossorcao.

Figura 3.3 - Tipos de adsorcéo e as variacdes de entalpia em cada processo.

Adsorgao

S AL Fisiossorcdo Quimiossorgao JEEGER R I

== |rreversivel B=m Irreversivel

o Reversivel [ Reversivel

Fonte: Adaptado de Dehghani, Karri e Lima, 2021.

3.1.4. Cinética de adsorcdao

O estudo da cinética é importante pois permite identificar o tempo de contato
necessario para atingir o equilibrio de adsorcdo entre adsorvente e adsorvato,
representando a velocidade do processo (HARO, 2017), além da avaliagdo da
eficiéncia da adsorcdo (ZANELLA et al., 2016). Os principais modelos que descrevem
a cinética de adsorcao sédo os modelos de pseudo-primeira ordem e pseudo-segunda
ordem (HO & MCKAY, 1998), além do modelo de difusdo intraparticula. Varios
trabalhos tem abordado o estudo da cinética de adsorcdo de contaminantes
emergentes (HARO et al.,, 2021; MANSOURIIEH, SOHRABI, KHOSRAVI, 2016;
OZCAN & OZCAN, 2004; PRETE, DE OLIVEIRA, TARLEY, 2017; ABDELHAMEED et
al., 2018; ZANELLA et al., 2016).

3.1.4.1. Modelo de pseudo-primeira ordem

Esse modelo, desenvolvido por Lagergren (1898), foi a primeira equacéo de
taxa estabelecida para um sistema de adsor¢ao sélido/liquido. Nele, assume-se que
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a velocidade de remocao do adsorvato é diretamente proporcional a diferenca entre a

guantidade adsorvida e o numero de sitios ativos do adsorvente (HARO, 2017).

O modelo de pseudo-primeira ordem descreve de forma satisfatéria processos
de adsorcdo em que a etapa determinante do processo precede a difusdo superficial
(HARO, 2017). Este método avalia se a cinética de adsorcdo € majoritariamente
controlada por difusdo externa e independe da concentragéo do adsorvato (DA SILVA
et al., 2018). A Equacao 13 representa o modelo de primeira-ordem.

Qe = qe(1 —e™MY) (13)

Em que: g, — Quantidade de adsorvato removida por unidade do adsorvente no tempo
t, em Massa de adsorvato/Massa de adsorvente; g, — Quantidade de adsorvato
adsorvida por unidade do adsorvente no equilibrio (Massa do adsorvato/Massa do
adsorvente); k, — constante da taxa de pseudo-primeira ordem (Massa/Massa.Tempo)

; t —tempo de contato.
3.1.4.2. Modelo de pseudo-segunda ordem

Esse método, proposto por Ho & Mckay (1998), também descreve o processo
de adsorcéo de solido/liquido. Nele € possivel prever o processo de adsorcéo ao longo
do tempo, o ajuste satisfatério da remocdo do adsorvente no adsorvato e a
predominancia da natureza quimica do processo (HARO, 2017). A taxa de adsorcao
no modelo de pseudo-segunda ordem é dependente da quantidade da espécie
qguimica adsorvida na superficie do adsorvente e a quantidade adsorvida no estado
de equilibrio (DA SILVA et al., 2018). A Equacdo 14 mostra 0 modelo de pseudo-
segunda ordem (HO, 2006):

qezkzt

_— 14
1+ qekst (14)

qc =
Em que: k, — constante da taxa de pseudo-segunda ordem (Massa/Massa. Tempo).
3.1.4.3. Modelo de difuséo intraparticula

Em alguns processos de adsorc¢éo, a etapa que controla o processo € a difusdo
no interior dos poros (HARO, 2017). Dessa forma, Weber e Morris (1963) propuseram
um metodo em que a transferéncia de massa intraparticula € o processo limitante da

difusdo. A Equacéo 15 mostra o modelo de difuséo intraparticula.
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qe = kgi.t*> +C (15)

Em que: k;; — Constante de difusdo intraparticula (Massa/Massa.Tempo®®); C —

Constante relacionada com a resisténcia a difusdo (Massa/Massa).

Segundo Haro (2017) e Allen, Mckay e Khader (1989), o grafico obtido através
do modelo Weber-Morris pode apresentar uma multilinearidade que caracteriza 0s
diferentes estagios na adsorcéao: transferéncia de massa externa seguida por difusao
intraparticula no macro, meso e microporo. O modelo diz que se nos estagios iniciais
de adsorcdo o coeficiente linear for igual a zero, entdo a difusdo dentro do poro
controla o processo de adsorcdo. Entretanto, se o coeficiente linear for diferente de
zero, 0 processo que controla a adsorcdo pode ser uma difusdo intrafiime cuja

espessura € atribuida ao coeficiente linear.
3.1.5. Ensaios em colunas de leito fixo

Algumas variaveis, como tempos de ruptura e de saturacdo, sao importantes
para se analisar a eficiéncia de adsor¢cao de um poluente em uma coluna de leito fixo
com carvao ativado. Tipicamente, o ponto de ruptura € atingido quando o efluente
apresenta 5% da concentracgéo inicial (Co) do poluente ou quando € atingido um Valor
Maximo Permitido (VMP) proposto por uma legislacdo especifica. A Equacdo 16
mostra a descricdo matematica da curva de ruptura, que depende do tempo de ruptura
(t) ao longo da coluna de carvdo, no ponto em que ha a saturacdo do leito (Z 4« )
(HENDRICS, 2011).

C(t)Z = Zméx (16)
Em que: C(t); — curva de ruptura e Z,,;x € 0 comprimento da coluna saturada

(geralmente em cm).

O ponto de saturacdo geralmente é atingido quando o efluente (C) apresenta
90% ou 95% da concentracao inicial do poluente. Na exaustdo completa da coluna, a
concentracdo do contaminante no afluente e no efluente € a mesma (C = Co)
(METCALF & EDDY, 2014).

Outro conceito importante do processo de adsorcdo é a Regido de
Transferéncia de Massa Ativa (RTMA), também chamada de Zona de Transferéncia

de Massa (ZTM), que é a regido em que esta ocorrendo a adsor¢cdo na coluna com
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carvao ativado. Quando a agua com o contaminante atravessa a regiao do leito cuja
extensao € igual a ZTM, a concentracdo do contaminante é reduzida ao valor minimo
devido a adsorcdo deste pelo carvdo. Considerando um fluxo descendente de
adsorcao em uma coluna de CAG, inicialmente n&o ocorre adsor¢édo na camada da
coluna inferior & ZTM. A medida que as camadas superiores forem saturando, a ZTM
também vai descendo ao longo do leito até alcancar a saida da coluna, quando ocorre
a ruptura da concentragéo do contaminante. Desta forma pode-se calcular o valor do
tempo de ruptura. Prosseguindo-se com a operagao da coluna, pode-se chegar a sua

saturacao, com seu correspondente tempo (METCALF & EDDY, 2014).

A Figura 3.4 ilustra esse processo de adsor¢cdo em uma coluna de CAG,
mostrando também o deslocamento da ZTM até que a coluna como um todo esteja

saturada.
Figura 3.4 - Curva de ruptura tipica de uma coluna com CAG, mostrando o deslocamento da RTMA.
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A Figura 3.4 mostra os conceitos de Volume do Tempo de Ruptura (V1r) €
Volume de Exaustao (Ve), que correspondem aos volumes de agua tratada antes de
obtidos os pontos de ruptura e de exaustéo da coluna com carvao ativado. Em geral,
o tamanho da ZTM é dado em func¢&o das caracteristicas do carvao ativado, da taxa
de aplicacdo hidraulica e da cinética de adsorcdo do contaminante. Se a taxa de
aplicacao hidraulica for muito alta, a ZTM sera maior do que o comprimento da coluna
de carvao e o contaminante ndo sera removido apropriadamente (METCALF & EDDY,
2014).

A presenca de substancias ndo adsorviveis e biodegradaveis na agua de
alimentacdo da coluna impactam na curva de ruptura de adsor¢do do contaminante
de interesse na coluna com carvdo ativado. Os compostos nao adsorviveis
aparecerdo no efluente da coluna desde o inicio da sua operacdo. Também, a
presenca de compostos biodegradaveis possibilita o crescimento de atividade
bioldgica na superficie do carvao, impactando na relacdo C/Co, que ndo atinge a
unidade (METCALF & EDDY, 2014).

Desta forma, a presenca de compostos ndo adsorviveis e biodegradaveis faz
com que a curva de ruptura ndo se inicie no 0 (inicio da operacao da coluna) e nao
termine em 1 (C = Co) (SUMMERS, KNAPPE E SNOEYINK, 2011). Esse efeito &
comum em colunas com carvao ativado utilizados em estacdes de tratamento de agua
e esgotos devido principalmente a presenca de Carbono Organico Dissolvido
Biodegradavel (CODy). A Figura 3.5 mostra o impacto dessas substancias na curva

de ruptura.
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Figura 3.5 - Impacto da presenca de substéncias adsorviveis, ndo adsorviveis e biodegradaveis na
curva de ruptura.
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Um dos métodos para se estimar o funcionamento de uma coluna de leito fixo
de carvao ativado em escala real sdo os Ensaios Rapidos em Colunas de Escala
Reduzida (ERCER), conhecidos como Rapid Small-Scale Column Tests (RSSCT), em
inglés. Esse método consiste na determinacdo de curvas de ruptura e outros
parametros operacionais do uso de uma coluna com CAG em escala real a partir de
ensaios em escala reduzida sem o uso de métodos matematicos complexos, através
de modelos de transferéncia de massa baseados em leitos fixos (CRITTENDEN et al.,
1991).

O método foi proposto inicialmente por Crittenden et al (1987; 1986) para
determinar de forma pratica, simplificada e consistente, os parametros operacionais
de uma coluna de CAG, assim como a sua eficiéncia em escala reduzida de bancada.
O ERCER oferece dados operacionais tao relevantes quando os testes de isotermas.
Pelo fato de serem realizados em pequena escala de laboratério, € econdmico, pratico
e ndo necessita de um grande tempo de operacédo (CRITTENDEN et al 1987; 1986).

Plattner et al. (2018) utilizaram ERCER para a predigdo de um sistema de pos-
tratamento a partir da aplicacdo de outras técnicas de remocdo de pesticidas
remanescentes, como a aplicagdo de membranas. Coelho e Rozario (2019) aplicaram

essa técnica para a remocdo de 2,4-Diclorofenoxiacético (2,4-D) em amostras de
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aguas ultrapura e de agua filtrada proveniente de ETA. Em outro estudo, Voltan et al.
(2016) avaliaram a remocao dos herbicidas Diuron e Hexazinona em CAG utilizando

este método.

O ERCER utiliza o Tempo de Contato de Leito Vazio (TCLV), também chamado
de Empty Bed Contact Time (EBCT), a taxa de aplicacao hidraulica e a granulometria
do CAG para representar o processo de adsor¢ao. Algumas correlagdes também séo
realizadas, como a razdo entre os diametros médios das particulas de carvdo, com o
intuito de se prever o desempenho de uma coluna de CAG em escala real (EPA, 1996;
CRITTENDEN et al., 1991).

O método de ERCER apresenta duas formas de aplicacédo, que dependem do
modelo de difusidade intraparticula do CAG. O primeiro é o modelo de difusividade
constante, que pressupde que a difusidade intraparticula ndo depende da variacédo da
particula de CAG. O segundo € o modelo de difusividade proporcional ou néo
constante, que considera a existéncia de uma proporcionalidade linear entre a
difusividade intraparticula e o tamanho de particula de CAG (CRITTENDEN et al.,
1991). No modelo constante, é assumido que a dispersao € negligenciavel pois a taxa
de aplicacdo hidraulica é alta no ERCER e a transferéncia de massa ocorre como
resultado da difusé@o do filme. No modelo proporcional é assumido que a disperséo é
negligenciavel também devido a alta taxa de aplicacdo hidraulica, contudo a
transferéncia de massa ocorre como resultado da difuséo intraparticula (METCALF &
EDDY, 2014).

O TCLV do ERCER é determinado a partir de resisténcias de transferéncia de
massa intraparticula. Conhecendo-se a dependéncia do coeficiente de difusédo entre
poros e superficies sobre o tamanho de particula, a relacdo entre as modelagens
matematicas pode ser alcancada ao equiparar 0s grupos adimensionais que
consideram a resisténcia a difusdo intraparticula em colunas de pequena e grande
escala. Se as fragBes de vazios, densidades e capacidades aparentes sdo idénticas
para os carvdes utilizados no ERCER e em escala piloto ou real, a razdo entre os
TCLVs das colunas de pequena e grande escala podem ser determinados a partir da
Equacdo 17 (CRITTENDEN et al., 1991; CRITTENDEN, BERRIGAN e HAND, 1986).

dp red 2=X t
TCLV,eq = TCLVreal.( P ) = fed (17)

dp.rea\l treal
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Em que: TCLV,eq- TCLV na coluna de escala reduzida (min); TCLV,.y5; — TCLV na
coluna de escala real (min); d,.q — didametro medio das particulas da coluna em
escala reduzida (mm); d, rea1 — didmetro medio das particulas da coluna em escala
real (mm); X - coeficiente de dependéncia do tamanho da particula na difusividade
intraparticula, sendo 0 quando a difusividade é constante e 1 quando ela é
proporcional ao tamanho da particula; t..q — Tempo de operacao da coluna em escala

reduzida (min); t..,; — Tempo de operacéo da coluna em escala real (min).

Quando as condic¢des de difusidade intraparticula sédo consideradas constantes
(X = 0) e independentes do diametro das particulas, a expressdo que relaciona a
relagdo entre o TCLV da coluna em escala reduzida e em escala real € dada pela

Equacéo 18:

dp.red 2 tred
= (18)

TCLV,eq = TCLVreal.< -
p.rea

treal
Para esse caso de difusidade intraparticula constante, a condicao de difusidade
requer também que os numeros de Reynolds para as colunas piloto e real sejam

iguais. Dessa forma, tem-se a Equacgéao 19:

TAsred _ dp.real
TASreal dp.red

(19)

Em que: TAS,.q — Taxa de aplicacdo superficial em escala reduzida (m/h); TAS;cq —

Taxa de aplicacao superficial em escala real (m/h).

No caso em que a difusidade intraparticula é considerada proporcional (X=1),
a relacdo entre os TCLVs das colunas em escala reduzida e real é dada pela Equacéo
20.

dp.red tred

TCLV,eq = TCLV,eq . < PR )= = (20)
dp.real treal

Além das equagbes apresentadas, € utilizado o dominio da transferéncia de

massa interna sobre a transferéncia de massa externa, com o intuito de se reduzir o

tamanho da coluna operacionalizada. Para isso, considera-se que a TAS,.q pode ser

reduzida a um valor abaixo da TAS,., desde que este esteja acima da TAS minima
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na qual a coluna ERCER pode operar. Deste modo, a transferéncia de massa interna

continua dominando. Para isso, é utilizada a Equacao 21 (CRITTENDEN et al., 1991):

Rl‘ed.min €.V

TAS,eq = (21)

dp.red

Em que: Ryeqmin — NUmero de Reynolds minimo (0,5); e — Porosidade; v — viscosidade

cinematica (10® m2/s a 20° C).

A Equacao 22 é utilizada para calcular a massa de CAG na coluna ERCER,
minimizando o impacto da densidade aparente e das diferencas de porosidade entre

as colunas piloto e ERCER.

Med = Hred Prred-A (22)

Em que: M,.q — massa de CAG em coluna em escala reduzida (g); H..q - altura do
leito de CAG na coluna ERCER (cm); prreq — densidade aparente da coluna de

pequena escala (g/cm3); A — area da coluna de pequena escala (cm?2).

Quanto ao diametro de CAG utilizado em testes com coluna ERCER,
identificou-se que diametros de graos inferiores a 60 x 80 mesh conferem uma maior
perda de carga ao meio, além de reduzir o tempo de ruptura e influenciar no
coeficiente de difusdo intraparticula que decresce consideravelmente com menores
didmetros de carvédo. Desse modo, ndo é recomendado o uso de CAG com diametro
inferior a 60 X 80 mesh em colunas ERCER a né&o ser que haja mudancas da estrutura
da coluna capazes de solucionar essas limitagdes (CRITTENDEN et al., 1991).

3.1.6. Impactos da matéria organica na adsorgéao

Em condi¢cbes naturais e em estacbes de tratamento, a Matéria Organica
Natural (MON) pode estar presente em diferentes concentracfes. MON é uma mistura
complexa de compostos organicos tais como acidos fulvico e humico, acidos
hidrofilicos, e compostos especificos tais como hidratos de carbono e proteinas, todos
de origem natural (SUMMERS, KNAPPE e SNOEYINK, 2011).

O estudo do impacto da matéria organica natural na adsorcéo é de fundamental
importancia, visto que na maioria dos casos ela reduz a capacidade de adsorcao do
carvao ativado e o seu desempenho na remocéo de CPE (DOMERGUE et al., 2022).

Essa reducéo é devida a capacidade da MON em competir pelos sitios adsortivos ou
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bloqueio dos poros do CAG (ERSAN et al., 2016). Portanto, o desempenho do CAG
na remocao de um adsorvato de interesse pode ser afetado pela presenca de MON

na solucgéo.

Estudos mostram que o peso molecular da matéria organica € muito maior do
gue as das outras substancias envolvidas em um processo adsortivo. Por isso, a MON
pode obstruir a passagem dos poros no carvao ativado, dificultando a entrada das
moléculas de substancias como os CPE aos sitios de adsorcdo (MOUSSAVI,
HOSSEINI e ALAHABADI, 2013; DOMERGUE et al., 2022). Mesmo as menores
fracbes de MON podem competir com 0s contaminantes de interesse pelos sitios
remanescentes (DOMERGUE et al., 2022). Por apresentarem tamanhos moleculares
distintos, essa competicdo pelos sitios € devida principalmente a distribuicdo dos
poros do CAG, uma vez que a matéria organica pode ocupar 0S macros e mesoporos,
impedindo o acesso do CBZ aos microporos do adsorvente. Dessa forma, o
mecanismo de competicdo € controlado pela distribuicdo dos poros do CAG
(PELEKANI & SNOEYINK, 1999). Os microcontaminantes em agua potavel estdo
usualmente presentes em concentracdes que sdo menores de trés a seis ordens de
magnitude do que matéria organica natural. Baseado somente neste fato, ndo é
surpreendente que possa haver uma reducéo significativa da capacidade de adsorgéo
do CAG na presenca de MON (DOMERGUE et al., 2022).

Outro fator de interferéncia no processo adsortivo sdo as interacfes
eletrostaticas entre a matéria organica e o carvao ativado, que podem favorecer a sua
adsorcdo. A matéria organica na forma de acido humico é carregada negativamente
na faixa de pH neutro, podendo competir com os anions da solucao pelos poros do
carvao ativado carregados positivamente (MOUSSAVI et. al., 2013). A presenca de
MON na agua interfere ainda na cinética da adsorcdo, que é influenciada pela
interacdo entre ela com moléculas-traco e a competicdo pelos sitios adsortivos do
CAG. Com isso, a MON afeta a remocado de contaminantes-alvo, reduzindo a
eficiéncia do carvéao ativado (DOMERGUE et al., 2022).

Ainda que ndo seja comum, a presenca da MON pode influenciar positivamente
na remoc¢ao de um adsorvente, melhorando a eficiéncia do CAG. Isso ocorre, pois, a
presenca de substancias humicas pode alterar algumas caracteristicas de poluentes
organicos (CARTER & SUFFET, 1982). Guillossou et al. (2020) identificaram que um
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pré-equilibrio de 24h entre os micropoluentes organicos e a matéria organica
dissolvida melhorava a sua remocdo em CAP. Os resultados mostraram a formacao
de complexos em solucao que aumentaram a remoc¢éo dos compostos, especialmente
em tempos de contato curtos com o adsorvente. Do mesmo modo, Zhu et al. (2023)
mostraram que a presenca de matéria organica dissolvida aumentava a adsorcéo de
metais pesados em CAG a concentracdes de 5 mg/L de matéria organica. O mesmo
ja foi detectado, também, em estudos de adsorcdo de CPE utilizando 4gua de ETA
como matriz (COELHO et al., 2020).

3.2.CARBENDAZIM

O Carbendazim teve o seu uso autorizado no Brasil no ano de 1985, por meio
de uma publicacdo da entdo Secretaria Nacional de Vigilancia Sanitaria (SNVS) do
Ministério da Saude (MS) (RAMA, 2013). No ano de 2009 o Carbendazim foi o 10°
ingrediente ativo de agrotoxico mais comercializado no Brasil e de 2009 a 2012
permaneceu entre 0s pesticidas mais consumidos do pais (BARBOSA, SOLANO e
UMBUZEIRO, 2015).

Na ultima década, o CBZ foi o principal pesticida usado de forma irregular no
Brasil, sendo detectado em culturas ndo autorizadas assim como acima dos niveis
méaximos permitidos pela legislacdo brasileira (RAMA et al., 2014). O intenso
lancamento de CBZ no meio ambiente, associado também ao seu grande consumo,
reflete-se no aparecimento desse produto em insumos presentes na dieta alimentar
brasileira. Bastos (2013) identificou a presenca do Carbendazim em amostras de leite
distribuido a criancas de 4 meses a trés anos de idade, frequentadoras de uma
instituicdo publica com fins filantrépicos, em concentragdes acima do limite ou no limiar
dos valores maximos permitidos pelo CODEX Alimentarius (conjunto de padrdes

alimentares adotado internacionalmente) e pela Comunidade Europeia.

Estudos anteriores detectaram a presenca de CBZ em concentracdes variadas
em ambientes aquaticos, tais como aguas superficiais, subterraneas e até agua
potavel (LI et al., 2022). Pereira (2018) aponta que o CBZ foi identificado em
mananciais de abastecimento de agua de todos os estados das Regides Sul, Sudeste
e Centro-Oeste do pais, além dos estados do Tocantins, Paraiba e Sergipe. Em alguns
desses estados foram encontradas concentragdes acima do limite permitido (120
ug/L) pela Portaria n® 888 de 4 de maio de 2021, do Ministério da Saude (BRASIL,



35

2021). Esta portaria estabelece os procedimentos de controle e de vigilancia da

qualidade da agua para consumo humano e seu padréao de potabilidade no Brasil.

O CBZ tem sido identificado em &guas superficiais de varios paises. De acordo
com um levantamento realizado por Merel et al. (2018), o CBZ estava presente em
corpos hidricos do Brasil, Chile, China, Colémbia, Dinamarca, Alemanha, Grécia,
Portugal, Roménia, Sérvia, Espanha e Suica, com concentrac¢des variando de 10 ng/L
a 6,00 mg/L.

Apesar de seu uso intenso em zonas agricolas, o Carbendazim também é
identificado em efluentes domésticos de centros urbanos. A presenca desse composto
nessas zonas pode se dar pelo seu uso em jardins, parques, ou demais areas verdes
urbanas, em que eventos chuvosos podem lixiviar o agrotéxico. Outra hipotese para
0 surgimento desse quimico em zonas urbanas é o seu uso em domicilios. Ele pode
estar em papeis ou produtos téxteis eventualmente impregnados, uma vez que o CBZ
pode ser usado como conservante de filme e de fibora (MEREL et al., 2018).

Segundo o levantamento bibliografico feito por Rama (2013), o CBZ é um
composto altamente absorvido, amplamente distribuido aos tecidos e possuindo baixo
potencial de bioacumulacdo. Pode ser biotransformado e é excretado principalmente
pela urina. Como a toxicidade aguda do CBZ é relativamente baixa, este ndo € o
principal foco de preocupacdo toxicolégica do composto, além do fato de que,
segundo a autora, o conjunto de evidéncias cientificas ndo possibilita afirmar que o

Carbendazim causa mutacdes génicas herdaveis.

Ainda segundo Rama (2013), os estudos cronicos e de carcinogenicidade
demonstraram que o CBZ apresenta potencial carcinogénico para figado de
camundongos, com dose-dependéncia. Em ratos, o composto causou aumento do
peso do figado, proliferacédo nas células parafoliculares da tireoide e atrofia testicular,
sendo este mesmo efeito identificado em caes, acompanhado da inibicdo da

espermatogénese.

A avaliagéo de risco realizada por Rama (2013) alerta que a exposigao dietética
ao CBZ pela populacao brasileira apresenta risco inaceitavel, assim como a exposi¢ao
ocupacional considerando a maioria dos cenarios de exposi¢cao dos trabalhadores no
Brasil. As evidéncias analisadas mostraram que o0 composto apresenta potencial

carcinogénico, toxico-reprodutivo e alteragcbes hormonais. Outros trabalhos
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mostraram que doses na faixa de 300-600 mg/kg de CBZ por dia podem afetar os
tecidos do figado e dos rins dos ratos e provocar alguns efeitos adversos nos

parametros hematologicos e bioquimicos destes organismos (LI et al., 2022).

Segundo Coutinho, Galli e Mazo (2007), a Pesticide Action Network (PAN,
2020) e a International Programme on Chemical Safety (IPCS, 2020), o Carbendazim
€ um composto que apresenta potencial carcinogénico, sendo considerado, também,
um possivel desregulador endocrino. Possui pequeno efeito toxico sobre a
comunidade microbiana presente no solo, porém mostrou-se letal para minhocas. E
um composto altamente toxico para a comunidade aquatica: anfibios (efeitos
genéticos e mortalidade), plantas aquéticas (reproducéo), crustaceos (mortalidade),
peixes (bioacumulagédo e mortalidade), fungos, (desenvolvimento e reproducao),
moluscos (intoxicacdo e mortalidade) e plancton (intoxicagdo, crescimento,

reproducéo e mortalidade). E pouco toxico para passaros e atoxico para abelhas.

A estrutura quimica do CBZ esta representada na Figura 3.6. Observa-se a
presenca do anel benzimidazdlico, que aumenta a resisténcia a quebra da molécula
por biodegradacédo. (POURREZA, RASTEGARZADEH and LARKI, 2015).

Figura 3.6 - Estrutura do Carbendazim.
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Fonte: Chemicalize (2021).

O Quadro 3.4 apresenta algumas caracteristicas gerais fisico-quimicas do
CBZ.



Quadro 3.4 - Caracteristicas gerais do Carbendazim.
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Propriedade Valor
Férmula CoHaN30O2
Massa Molar 191,19 g/mol
Solubilidade em agua (24° C) 29mg/LapH4;8mg/LapH7;1,49mg/LapH8
Coeficiente d(? particdo log Kow = 1,52
octanol/agua
Constante de dissociacéo pKa = 4,29
Meia-vida na agua 34 dias
Constante de Henry a 20° C 8.82 x 107
(adimensional)
Coeficiente de adsorcéo
normalizado
em funcao do contetdo 200 cm?/g
orgénico - Koc (cm3/g)
Polaridade Polar
Classe Fungicida
Classe toxicologica Medianamente téxico
IDA* 0,02 mg/Kg.dia

*Ingestéo Diaria Aceitavel.
Fonte: PubChem (2020) e Pereira (2018).

Através do Quadro 3.4 é possivel observar que o CBZ apresenta baixa
solubilidade em agua (menor do que 50 mg/L) de acordo com a International Union of
Pure Applied Chemistry (IUPAC). Isso favorece a adesdo e persisténcia desse
composto em meio suporte como o solo, por exemplo (SINGH et al., 2016). Analisando
exclusivamente essa particularidade, verifica-se que a adsor¢cdo do CBZ na superficie

do CAG é favorecida.

A meia-vida do CBZ indica que ele é bastante estavel no meio aquoso (IUPAC,
2020). Em solos, a baixa decomposicdo do CBZ faz com que o0 mesmo persista por
mais tempo, de 6 a 12 meses (SINGH et al., 2016).

O coeficiente de particdo octanol/agua indica que o CBZ possui baixa tendéncia
a se associar a fracado sélida hidrofobica, ou seja, pode ser considerado hidrofilico e
com grande capacidade de difusdo em ambientes aquosos. Isso se deve ao fato de
que o seu Log Kow ser menor do que 2,5 (ROGERS, 1996) e também pela polaridade
da molécula. Essa particularidade pode impactar na eficiéncia de remocao por
adsorcao, dependendo também das caracteristicas do adsorvente utilizado.

A constante adimensional de Henry (K’n) indica a volatilidade dos compostos,
sendo este processo expressivo para compostos com K’h>10", o que néo é verificado
para o Carbendazim. Nesse sentido, é possivel inferir que o composto ndo apresenta
uma expressiva volatilidade e que as perdas de CBZ da agua para a atmosfera séao
improvaveis (PEREIRA, 2018).
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O Coeficiente de Adsorcdo de Carbono Organico no solo (Koc) indica a
tendéncia de um composto em aderir nesse meio. Quanto maior for o valor de Koc,
maior sera a tendéncia de sor¢édo no solo, e menor serd sua mobilidade (Koc>10000
indica sorcéo forte ao solo) (PEREIRA, 2018). Dessa forma, o CBZ é considerado
moderadamente mével (BARCELO & HENNION, 1997). Essa particularidade esta em
consonancia com o coeficiente de particdo octanol/agua, mostrando que o CBZ possui

afinidade e estabilidade no meio aquoso.

O pKa permite estimar a distribuicdo de espécies idnicas (desprotonadas) e ndo
ibnicas (neutras) de determinado composto. Se o pH do meio for maior que o pKa, a
concentracdo da fracdo anibnica sera predominante. Do contrério, se o pH for menor
que o pKa, a fracdo neutra ou eventualmente protonada do composto sera
predominante. Segundo Barcel6 e Hennion (1997), compostos aniénicos tendem a ser
lixiviados mais facilmente no solo. Dessa forma, em pH préximo a neutralidade, o CBZ
pode se lixiviar com certa facilidade devido a repulséo eletrostatica com as particulas
negativas do solo. Caso o pH do meio seja inferior ao pKa, s6 haveréa interacdo de
natureza hidrofébica do composto com a matéria organica ou com minerais menos
hidrofilicos (BARCELO & HENNION, 1997).

Varios estudos identificaram a remo¢édo de CBZ por carvao ativado. Kegel,
Rietman e Verliefde (2010) verificaram que a combinacdo de osmose reversa seguida
de adsorcao por carvao ativado foi capaz de remover mais de 99% do CBZ presente

na dgua em uma ETA na Holanda, além de outros poluentes organicos emergentes.

Estudo realizado por Pereira et al. (2021; 2018) abordou a remoc¢édo do
fungicida por carvao ativado pulverizado em amostras de agua clarificada em escala
de laboratério, de alta e baixa turbidez, além da associacdo dessas amostras com
ozonizacgao e ciclo completo com posterior cloracdo. O primeiro teste de remocéao do
composto foi feito somente com o0 CBZ e os coagulantes (sulfato de aluminio, cloreto
de polialuminio e cloreto férrico); no segundo momento o teste de remocdo do
fungicida abrangeu a adicdo do coagulante associada a adsorcéo por carvao ativado
em po (CAP). No ultimo teste foi avaliada a remocado de CBZ apds coagulacao e

cloragdo com hipoclorito de sodio.

Nesse trabalho foi observado que na clarificacdo, em aguas de alta turbidez, o
cloreto férrico foi o coagulante mais eficiente na remoc¢éo do CBZ enquanto, em aguas
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de baixa turbidez, o cloreto de polialuminio se destacou em relacdo aos demais. Foi
verificado que a turbidez influencia diretamente na remocéao do fungicida, sendo maior
em aguas menos turvas. Essa é uma informacdo relevante na compreensdo do
comportamento do CBZ em ETAs, visto que em periodos sazonais em que a agua
bruta apresenta menor turbidez, a remocdo do CBZ possivelmente sera maior
considerando somente a etapa de coagulacao/floculacdo. A adsorcdo com CAP
adicionado juntamente com o coagulante ou utilizado como poés-tratamento nao

apresentou melhoria consideravel a etapa de clarificacdo como um todo.

A associacao da etapa de cloracdo com hipoclorito de sédio apds a coagulacéo
aumentou a eficiéncia na remocao de Carbendazim, alcangando concentragao inferior
ao limite de quantificacdo do meétodo analitico utilizado. Nessa etapa foram
identificados dois compostos quimicos possivelmente oriundos da degradacédo do

Carbendazim por cloracéo.

As informacdes apresentadas no trabalho de Pereira (2018) servem de base
para a predicdo do comportamento do CBZ em ETAs convencionais, ainda que a
etapa de filtracdo ndo tenha sido testada. A partir do observado, tém-se como
pressuposto de que a adicdo de carvdo ativado juntamente com a etapa de
coagulacdo ndo apresenta melhorias significativas e pode vir a reduzir o tempo de
vida util dos filtros, diminuindo o intervalo entre as retrolavagens. Uma alternativa é a
adicao de carvao ativado granular na etapa de filtracdo, visando promover uma maior

remocao do composto.

No Brasil h& varios estudos sobre o uso de carvdo ativado em escala de
bancada para a analise da remocao de outros microcontaminantes. Voltan et al (2016)
avaliaram a remocéo dos herbicidas Diuron e Hexazinona com uma coluna de CAG
em escala piloto. Os autores visaram identificar os mecanismos de transportes por
difusdo predominantes entre o carvao ativado e os contaminantes estudados. O
trabalho concluiu que a difusédo pode ser considerada constante em relacdo ao
didmetro do gréo de carvao ativado granular, ao invés de proporcional. Ao final do
experimento, foi observado que a técnica pdde remover com eficiéncia 0s

contaminantes avaliados.

Gorza (2012) avaliou a remocao dos agrotoxicos através das técnicas de pre-

oxidacao e adsorgéo em carvao ativado granular do tipo betuminoso em uma unidade
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de tratamento piloto da Companhia Espirito Santense de Saneamento (CESAN). O
estudo mostrou que a adsorcdo em CAG apresentou os melhores resultados para a
remocado de 2,4-D e 2,4-Diclorofenol (2,4-DCP), sendo uma alternativa para a
remocao desses compostos associada ao tratamento convencional em ETAS

Em estudo de remocéo de agrotéxicos de efluentes através de um biorreator
de membranas, Lopes (2019) demostrou que o CBZ foi biodegradado pelos
microrganismos com eficiéncias médias de remocdo de 69%, com um tempo de
contato de 50 — 98h. Apés a adicdo de uma coluna de carvao ativado, o CBZ foi

totalmente removido do sistema.

3.3.ANALISES ESTATISTICAS

Os testes estatisticos sdo ferramentas importantes para a analise de dados. O
método de Kruskal-Wallis, por exemplo, é um teste estatistico ndo paramétrico que
avalia se duas ou mais amostras sdo retiradas da mesma distribuicdo. E
habitualmente utilizado em varias areas de estudo, e este teste visa descobrir se um
grupo de amostras provém da mesma populacdo (GUO, ZHONG and ZHANG, 2013).
Este método é utilizado quando os dados experimentais ndo apresentam uma
distribuicdo normal e sdo adequados especialmente nos casos em que a dimensao
dos dados é pequena. Geralmente o método de Kruskal-Wallis € utilizado em
situacdes em que se quer analisar dois ou mais grupos independentes, de tamanhos

iguais ou ndo, com variavel resposta quantitativa (HOLLANDER & WOLFE, 1973).

Quanto a avaliacdo da distribuicdo das amostras, o teste de hipo6tese
paramétrico de Shapiro- Wilk (SW) de normalidade composta é um método bastante
conhecido e usado para a analise da normalidade dos dados. O teste de SW é um
dos mais conhecidos e aplicados para verificar a normalidade de uma determinada
distribuicdo quando o tamanho da amostra € pequeno (YAMANAPPA et al., 2018). A
distribuicdo normal, também chamada de Gaussiana, é importante por ser
frequentemente usada para modelar fendmenos naturais. Dessa forma, a partir do
meétodo de SW, podemos testar a hipétese nula de que uma amostra retirada de uma

populacao possui ou ndo distribuicdo normal (ROYSTON, 1982).

Um método estatistico bastante utilizado na analise de dados é o teste da
diferenca honestamente significativa (honestly significant difference - HSD) de Tukey,

que engloba comparagfes multiplas. O teste de Tukey consiste em comparar todos
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os pares de médias de uma série de dados e se baseia na diferenca minima
significativa entre elas, considerando os percentis do grupo (TUKEY, 1949;
COPENHAVER & HOLLAND, 1988). O método de Tukey é considerado rigoroso e
pratico, e ja foi aplicado no estudo de cinética e termodinAmica de adsorcdo da
Eritrosina B em carvdo ativado para andlise dos resultados gerados, a exemplo
(OKOYE, ONUKWULI and OKEY-ONYESOLU, 2019).

A correlacdo é um conceito importante e muito utilizado, e € normalmente
ensinado através de uma explicacdo por palavras ou de uma descricdo grafica
acompanhada de uma medida numérica. Um dos métodos bastante utilizados é o
método de Kendall (KENDALL, 1938). Este método pode ser representado por
visualizacOes gréaficas ou modelos matematicos, mostrando uma tendéncia ou como
os dados sdo afetados pelas por outras variaveis independentes (DAVIS & CHEN,
2007). O coeficiente de regressao de Kendall indica em que medida a variavel de
resposta pode ser aproximada por uma funcéo estritamente crescente das variaveis
preditoras (LIEBSCHER, 2021). Este método jé foi utilizado na analise de absorcéo e

lixiviagao de inseticida em solos agricolas (BROZNIC et. al., 2021).

Para se otimizar as condi¢cdes de remocédo de um determinado composto
através do processo de adsorcdo em carvdo ativado S80 necessarios ensaios
laboratoriais para identificar os melhores parametros operacionais, tais como
temperatura, tempo de contato e massa de carvao ativado empregada. A metodologia
curva de superficie resposta (Response Surface Methodology — RSM) é uma colecdo
de técnicas estatisticas e matematicas utilizadas para desenvolver, otimizar e
aprimorar processos, em que a RSM é empregada para avaliar a significancia relativa
de fatores que afetam uma resposta dos dados (ZHOU, ZHANG and CHENG, 2015).
Em linhas gerais, o objetivo da RSM é otimizar simultaneamente os niveis das
variaveis experimentais para obter o melhor desempenho do sistema (BEZERRA et
al., 2008).

Os meétodos estatisticos descritos neste topico auxiliaram nas analises

realizadas neste trabalho e foram fundamentais para as conclusdes da pesquisa.
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4. METODOLOGIA

A tese foi escrita no formato de artigos, que compuseram os capitulos referente
a sessao de resultados e discussdes do manuscrito. Cada trabalho possui introdugéo
e metodologia proprias, com resultados e conclusGes que atenderam aos objetivos
gerais e especificos. Optou-se por manter o idioma no qual os artigos foram

publicados e/ou submetidos.

O artigo “Carbendazim Adsorption on Granular Activated Carbon of Coconut
Shell: Optimization and Thermodynamics”, apresentado no item 5.1, foi publicado na
revista Revista AIDIS de Ingenieria y Ciencias Ambientales
(https://doi.org/10.22201/iingen.0718378xe.2023.16.2.82890). O artigo “Carbendazim
Adsorption on Granular Activated Carbon in Deionized and Filtered Water from
Treatment Plant - Isotherms, Kinetics, and Rapid Small-Scale Column Tests”,
apresentado no item 5.2, estd em processo de conclusdo para submissdo em um
periodico. O artigo “Adsorption of the Fungicide Carbendazim on Activated Carbon:
Analysis of Isotherms, Kinetics, Rapid Small-Scale Column Tests and Impacts of the
Presence of Organic Matter”, apresentado no item 5.3, foi finalizado e submetido para

publicacdo na revista Water Practice and Technology.

A Figura 4.1 mostra, de forma gréfica, as etapas de elaboracdo do trabalho. A
tese de doutorado foi desenvolvida durante as restricbes de trabalho presencial nas
instalacdes da Universidade Federal do Rio Grande do Sul (UFRGS) devido a
pandemia de COVID-19, que foram de 2020 a 2022. Dessa forma, o tempo de
permanéncia no laboratorio influenciou na adocéo dos tempos de contato dos testes

em batelada dos artigos, principalmente.

Outra limitagéo desta pesquisa foi quanto a troca do CAG utilizado no Artigo 1
(CAG de casca de coco) para os Artigos 2 e 3 (CAG de 0ss0), devido a granulometria
indicada na literatura para realizacdo dos ERCER. Ressalta-se que, antes da
aplicacdo do CAG de osso nos artigos, foram realizados testes preliminares em
condi¢cbes similares as realizadas com o CAG de casca de coco, que apresentaram

resultados similares aos dispostos no Artigo 1.


https://doi.org/10.22201/iingen.0718378xe.2023.16.2.82890

Figura 4.1 - Fluxograma de elaboracéo da tese de doutorado.
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*Devido as limitagdes na aplicagdo do ERCER, trocou-se CAG utilizado no Artigo 1. Também se aumentaram os tempos de contato e as dosagens de CAG.
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5. RESULTADOS

5.1.CARBENDAZIM ADSORPTION ON GRANULAR ACTIVATED CARBON OF
COCONUT SHELL: OPTIMIZATION AND THERMODYNAMICS

5.1.1. Abstract

The adsorption of the fungicide Carbendazim (CBZ) on granular activated
carbon (GAC) of coconut shell was investigated through batch tests in deionized water.
The most favorable conditions for the adsorption of CBZ were examined through the
variation of the mass of GAC, temperature, and contact time. The Response Surface
Methodology (RSM) was applied, seeking the best adsorption condition to optimize
future tests. A thermodynamic analysis was carried out using the Van't Hoff method.
The tests with the dosage of 10 mg of GAC and temperatures of 25° C and 30° C
showed higher adsorption of the fungicide. The Freundlich isotherm adjusted best to
the adsorption of the compound. The Freundlich intensity parameter had a result that
contrasted with the value of AG regarding a spontaneous change. Physisorption
predominates the adsorption of CBZ on GAC. It is an exothermic and spontaneous

process that reduces the degree of disorder of the adsorbent/solution interface.

Keywords: Carbendazim adsorption, Granular Activated Carbon, Adsorption

optimization, Response Surface Methodology, Adsorption thermodynamics.
5.1.2. Introduction

The release of contaminants from point and diffuse sources derived from human
activities impacts water quality. Among the pollutants are Contaminants of Emerging
Concern (CEC), which are chemical compounds present at low concentrations (usually
at levels of pg/L or ng/L) in water and sewage that cause risks to human health and
ecosystems (BENNER et al., 2013). They result from various human activities in urban
areas, industry, and agriculture. Pesticides, pharmaceuticals, and flame retardants are
examples of CEC that can be found in water (KUMMERER, 2011).

Interest in the study of CEC in water bodies has grown over the years,
considering their impacts on aquatic ecosystems and water sources used for human
consumption. Conventional water treatment processes have limitations in removing
several CEC, and there is a global need to regulate the emission of most of these

contaminants (HALLE et al., 2015). Studies have shown that these contaminants may
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have deleterious effects on the environment and public health, depending on the

concentration and exposure time of the organisms (PAREDES et al., 2016).

Among the CEC, a group that stands out is pesticides. According to the Brazilian
National Health Surveillance Agency (ANVISA, 2019), pesticides are substances
applied to crops, pastures, and the environment to control the action of harmful plants
and insects. They are used as defoliants, desiccants, growth stimulators, and
inhibitors. In recent decades, Brazil has been one of the largest consumers and
producers of pesticides in the world, being the first in both aspects in Latin America
(BARBOSA et al., 2015; PRETE et al., 2017; COELHO & ROZARIO, 2019).

One of the most applied pesticides in Brazil is Carbendazim (CBZ), the
commercial name for methyl benzimidazole-2-ylcarbamate. CBZ is an agricultural
defensive from the group of benzimidazoles (RAMA et al., 2014). It is considered a
systemic fungicide with authorized application in Brazil for cotton, rice, citrus, beans,
apple, corn, soybean, and wheat crops (RAMA, 2013). CBZ is efficient against various
fungal diseases in these crops caused by the fungi Ascomycetes spp.,

Basidiomycetes, and Deuteromycetes spp (COUTINHO et al., 2007).

CBZ is used in agriculture to protect and eradicate several pathogens that affect
fruits, nuts, vegetables, and other crops. Also, it can be applied in post-harvest storage
and pre-planting seeds. Figure 5.1 shows the chemical structure of CBZ
(CHEMICALIZE, 2019). The benzimidazole ring provides resistance to molecule
breakdown and slow degradation, persisting in the environment for a long time
(POURREZA et al., 2015).

Figure 5.1 - Chemical structure of Carbendazim.
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Source: Chemicalize (2021).
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CBzZ is one of Brazil's most commercialized pesticide-active ingredients
(BARBOSA et al., 2015). In 2012, the American Food and Drug Administration (FDA)
detected CBZ in concentrated orange juice exported from Brazil to the United States
(YUKHANANOV, 2012). This finding caused a decline in the application of CBZ in
Brazil. In the last decade, CBZ was the main pesticide used irregularly in Brazil, being
detected in unauthorized crops and above the maximum levels allowed by Brazilian
legislation (RAMA et al., 2014).

CBZ has been identified in surface waters in several countries. According to a
survey carried out by Merel et al. (2018), CBZ was identified in water bodies in Brazil,
Chile, China, Colombia, Denmark, Germany, Greece, Portugal, Romania, Serbia,
Spain, and Switzerland with concentrations ranging from 10 ng/L to 6,000 ng/L. In
Brazil, it is not possible to assess the population's exposure to CBZ and other
pesticides due to inconsistencies in the drinking water monitoring system (BARBOSA
et al., 2015). Brazilian regulation sets an upper limit of 120 pg/L for CBZ in drinking
water (BRAZIL, 2021).

According to Coutinho et al. (2007), the Pesticide Action Network (PAN, 2020),
and the International Program on Chemical Safety (IPCS, 2020), CBZ is a compound
that has carcinogenic potential in addition to being a possible endocrine disruptor. It is
a highly toxic compound for the aquatic community: amphibians (genetic effects and
mortality), aquatic plants (reproduction), crustaceans (mortality), fish (bioaccumulation
and mortality), fungi (development and reproduction), mollusks (intoxication and
mortality) and plankton (intoxication, growth, reproduction, and mortality).

To mitigate the impacts on the environment and human health caused by the
exposure of organisms to concentrations of pesticides considered toxic, several
studies have been carried out on treatment technologies to remove these compounds.
Activated carbon has become one of the most used adsorbents to remove complex
contaminants in aqueous solutions (CRITTENDEN et al., 1987; RATHI & KUMAR,
2021).

In drinking water treatment, Granular Activated Carbon (GAC) is used as an
adsorbent to remove contaminants such as pesticides, drugs, and organic compounds
from industrial sources, among other CEC (KEARNS et al., 2020). The use of GAC is
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justified by the relative practicality of operation and maintenance and its effectiveness
compared to other treatment techniques (JOSS et al., 2008; ANFAR et al., 2020).

To optimize the removal conditions of a given compound by adsorption on
activated carbon, laboratory tests are needed to identify the best operational
parameters such as temperature, contact time, and mass of activated carbon used.
The Response Surface Methodology (RSM) is a collection of statistical and
mathematical techniques used to develop, optimize, and improve the operation of
processes (RIFl et al., 2022). RSM is used to assess the relative significance of factors
that affect a data response (ZHOU et al., 2015). This methodology aims to optimize
the levels of experimental variables to obtain the best system performance (BEZERRA
et al., 2008; RIFI et al., 2022).

RSM has been used to optimize and model the adsorption process to identify
the best operating conditions to achieve greater efficiency in removing the compound
of interest, studying the effect of parameter variation (TAKTAK et al., 2015). The RSM
is based on a multivariate nonlinear model, allowing the determination of mathematical
equations with a better correspondence with the data obtained in experimental tests
(ANFAR et al., 2020).

This research studied the removal of CBZ by adsorption on GAC in batch tests.
The GAC mass, water temperature, and contact time were varied, and the best
condition for CBZ removal was identified using RSM. The adjustment of the
experimental data to Langmuir and Freundlich isotherms was verified. The
thermodynamics of CBZ adsorption in GAC was also investigated. A literature review
did not find a similar approach for CBZ adsorption on GAC from coconut shell, the

adsorbent used in the experiments.
5.1.3. Methodology
5.1.3.1. Adsorbate and adsorbent

Adsorption tests were made using commercial GAC produced from coconut
shells. Table 5.1 indicates the characteristics of the GAC used in the experiments. The
tests were carried out with particle sizes in the range of sieves 20 x 50 mesh (0.841 x

0.297 mm). GAC was previously washed and soaked repeatedly with abundant
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deionized water to remove fine particles. In sequence, the material was dried in an

oven at a temperature of 105°C for 24 h.

Table 5.1 - Coconut shell GAC Specifications.

Specifications Value

lodine number (mg/qg) 883
Ashes (%) Max. 10
Moisture (%) Max. 10
Apparent density (g/cm?) 0.45-0.55
Granulometry (Nominal, mesh) 6x10 — 6x12 - 8x16 - 12x25 — 8x30 - 12x40 — 20x50
Hardness (%) Min. 90
Uniformity Coefficient 1,59
BET surface area (m2/g) 1,218

Primary

Micropores  ( 54,1

pore <0,8 nm)

Secondary

Micropores 345

e (0,8 nm < pore '

Pores distribution (%) <2 nm)

Mesopores (2

nm < pore <50 8,8

nm)

Macropores

2,6

(50 nm > pore)
Source: Teixeira (2014); Mavaieie Janior (2019).

Granular Activated Carbons manufactured from coconut shells have most of
their total void volume as micropores (CRITTENDEN et al., 2012). The surface area
and iodine number of GAC are, respectively, in the range of 700-1,300 m?/g and 600-
1,100 mg/g (METCALF & EDDY, 2003). The iodine number generally correlates well
with the surface area available for the adsorption of small molecules (SUMMERS et
al., 2011; NARBAITZ & MCEWEN, 2012). The values for ash, apparent density, and
uniformity coefficient are also in the range presented by these authors.

CBZ from Sigma-Aldrich with 97% purity was used. Synthetic solutions were
prepared with deionized water to a final CBZ concentration of 5.0 mg/L and neutral pH.
For this research, a concentration of 5.0 mg/L was chosen. This level of concentration
is not likely to be found in the environment, but it was believed it would allow better
monitoring of the adsorption process and the thermodynamic data. Also, this
concentration had a good fit with the curve calibration at this concentration. Analyzes
were performed in a Shimadzu High-Performance Liquid Chromatograph (HPLC)
(LC20A) equipped with a diode array detector (DAD, SPD-20AV) and an autosampler
(SIL-20A). The HPLC was operated at a 1 mL/min flow rate, and the detector was set
at A = 285 nm. The stationary phase was HyperCloneTM 5 pum ODS C18 column (4.6

mm x 100 mm, Phenomenex). The mobile phase was phosphate buffer and acetonitrile
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(75:25%). An injection volume of 20 pL was used. In these conditions, the CBZ

retention time was 2.7 min (Machado et al., 2022).

The mass of GAC used in the batch tests were 0.0; 0.2; 0.5; 1.0; 1.5; 2.0; 5.0
and 10.0 mg. The tests were carried out at temperatures of 30°C and contact times of
2h (E-1), 3h (E-2), and 4h (E-3), 25°C (E-4, E-5, and E-6, respectively for 2, 3, and 4h),
and 40°C (E-7, E-8, and E-9, for 2, 3, and 4h). The solutions containing CBZ and GAC
were stored in a Dubnoff Bath Shaker equipment, model TE-053, allowing the control
of temperature and agitation. Due to restrictions on the time of access and stay at the
laboratory due to the COVID-19 pandemic in Brazil, the variation of parameters was
restricted to 3 different temperatures and a maximum contact time of 4 hours. All

experiments were conducted in triplicate.
5.1.3.2. Adsorption Isotherms

The experimental results of CBZ adsorption on GAC were fitted to the Langmuir
and Freundlich isotherms. The R2 coefficients and trend lines were determined with
Microsoft Office Excel (MOE) 2019 software. The Solver function was used to calculate
the isotherm variables. The Langmuir and Freundlich isotherms are represented,
respectively, by Equations 23 and 24 (CRITTENDEN et al., 2012).

_ b.C, (23)
qe Qmax . 1 + b . Ce
Qe = ks .C" (24)

Where: C, is the equilibrium concentration of adsorbate in solution after
adsorption (mg/L); g, is the quantity sorbed at equilibrium (Mmg/qg); gmax 1S the maximum
adsorption capacity (mg/g); b is the Langmuir adsorption equilibrium constant (L/mg);

ks is the Freundlich constant, representing the adsorption capacity [(mg/g) (L/mg)*"];

1/n is the Freundlich intensity parameter. (METCALF & EDDY, 2003).

For comparative purposes, the linearized forms of the models were also

investigated (Equations 25 and 26).

Ce 1 + Ce (25)
de b.Gmax  Gmax

1
Ing, = Ink; + - .InC, (26)
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5.1.3.3. Thermodynamic analysis

For the thermodynamic analysis, the variations in enthalpy (AH, kJ/mol), entropy
(AS, J/mol.K), and Gibbs Free Energy (AG, kd/mol) were quantified using equations
27 to 29 (NEKOUEI et al., 2015; HARO et al., 2021). The values of AH and AS were
obtained using the Van’t Hoff graph (InKe as a function of 1/T) represented by Equation
27.

AS AH
R RT
Where: Ke is the equilibrium constant; R is the universal gas constant, 8.314

InK, = (27)

J/mol.K; and T is Temperature (K).

The adsorption equilibrium constant can be expressed by the ratio of the
equilibrium concentration of the contaminant in the activated carbon to the equilibrium
concentration of the contaminant in the solution expressed in Equation 28
(MANSOURIIEH et al., 2016; PRETE et al., 2017).

_ G
Ke - Ce (28)

The variation of free energy (AG) was calculated with Equation 29.

AG = —RTInK, (29)
5.1.3.4. Statistical analysis

Response Surface Methodology (RSM) curves were performed for each contact
time tested, totaling 3 curves. For these statistical tests, two independent variables
were adopted: Y (temperature of 25° C, 30° C, and 40° C) and X (Mass of GAC from
0.0 to 10.0 mg) and a dependent variable Z (Efficiency of CBZ removal). The quadratic
model was used to optimize the responses as a function of the independent variables.

The application of the RSM was performed with the Statistica 13.5 software.

Statistical tests were used to check if the CBZ removal percentages had
significant differences. The block design method was applied using the "Mass GAC"
treatment. The "Time" and "Temperature" factors were combined to build the block
variable. The variance model (ANOVA) was fitted to the data, and the F test was used
to test the null hypothesis of no difference between the means. Tukey's honestly
significant difference (HSD) test for multiple comparisons was used to detect which

groups differed from one another. The 5% significance level was adopted in all
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analyses (p = 0.05). Boxplot graphs were created to present the distribution of the
response variable (dependent variable). These analyzes were performed using R

software version 4.0.4.
5.1.4. Results and discussion

Table 5.2 shows the results obtained in the adsorption experiments for the
contact time, temperature, and GAC mass that were tested. The initial concentration
of CBZ was 5 mg/L CBZ.

Table 5.2 - Removal of CBZ in the adsorption tests (%).

GAC (mg)

Tests 0 02 05 1.0 15 2.0 50 10.0
E-1 0.0 11 28 65 75 10.5 23.2 298
E2 0.0 04 8.6 121 16.7 18.1 21.8 25.7
E-3 0.0 35 8.7 14.9 17.0 18.8 27.7 316
E-4 0.0 6.5 13.8 153 18.7 213 243 254
E-5 0.0 35 59 10.1 10.7 10.7 156 258
E-6 0.0 9.5 11.0 18.7 203 211 27.0 33.3
E-7 0.0 6.7 104 152 158 205 215 235
E-8 0.0 113 116 138 14.9 204 23.0 26.0
E-9 0.0 6.7 8.7 101 127 158 16.6 22.3

E-1: 2 h, 30°C; E-2: 3 h, 30°C; E-3: 4 h, 30°C; E-4: 2 h, 25°C; E-5: 3 h, 25°C; E-6: 4 h, 25°C; E-7: 2 h,
40°C; E-8: 3 h, 40°C; E-9: 4 h, 40°C;

The highest CBZ removal efficiencies occurred in tests E-3 and E-6, which
presented 31.6% and 33.3%, with a contact time of 4 h, 10 mg of GAC, and
temperatures of 30 °C and 25 °C, respectively. Contact time and carbon mass
influenced the removal efficiency of CBZ in batch tests. It is possible that the use of
the higher mass of GAC and longer contact time would improve CBZ removal by
adsorption. The block stratification shown in Figure 2 corroborates the best
performances of CBZ adsorption in tests at 25 °C and 30 °C (E-6 and E-3) and a
contact time of 4h. In Figure 5.2, blocks include efficiencies considering all GAC

masses applied in each test.
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Figure 5.2 - Distribution of stratified CBZ removal percentage by block. Each block considered
efficiencies achieved by all GAC masses applied to each box.
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Figure 5.2 shows the highest removal efficiency at E-3 and E-6, above 30%. E-
1 presented the lowest efficiency values in the second and third quartiles but showed

maximum efficiency close to 30%. Only E-5 presented an outlier.

Table 5.3 shows the difference between the averages of CBZ removal efficiency
by GAC mass, the lower and upper limits (LL and UL, respectively), and the adjusted
p-value considering the 5% significance level. The approach aimed to investigate

whether there were significant differences between the ranges of GAC masses

adopted to execute the experiments.
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Table 5.3 - Differences between treatment means (GAC mass), 95% confidence intervals (Cl), and
adjusted p-value (Tukey's HSD).

Breaks (mg) Differences LL — CI 95% UL — Cl 95% p adjusted
0.2-0 0.0548 0.0155 0.0941 0.0012
0.5-0 0.0906 0.0514 0.1299 0.0000

1-0 0.1298 0.0905 0.1690 0.0000
1.5-0 0.1503 0.1110 0.1896 0.0000
2-0 0.1747 0.1354 0.2140 0.0000
5-0 0.2228 0.1835 0.2621 0.0000
10-0 0.2705 0.2312 0.3098 0.0000
0.5-0.2 0.0358 -0.0035 0.0751 0.0985
1-0.2 0.0749 0.0357 0.1142 0.0000
1.5-0.2 0.0955 0.0562 0.1348 0.0000
2-0.2 0.1199 0.0806 0.1592 0.0000
5-0.2 0.1680 0.1287 0.2073 0.0000
10-0.2 0.2157 0.1764 0.2550 0.0000
1-0.5 0.0391 -0.0002 0.0784 0.0517
1.5-0.5 0.0596 0.0204 0.0989 0.0003
2-0.5 0.0841 0.0448 0.1234 0.0000
5-0.5 0.1322 0.0929 0.1715 0.0000
10-0.5 0.1799 0.1406 0.2192 0.0000
1.5-1 0.0205 -0.0188 0.0598 0.7216
2-1 0.0450 0.0057 0.0843 0.0144
5-1 0.0931 0.0538 0.1324 0.0000
10-1 0.1408 0.1015 0.1800 0.0000
2-15 0.0244 -0.0148 0.0637 0.5177
5-1.5 0.0725 0.0333 0.1118 0.0000
10-1.5 0.1202 0.0810 0.1595 0.0000
5-2 0.0481 0.0088 0.0874 0.0068
10-2 0.0958 0.0565 0.1351 0.0000
10-5 0.0477 0.0084 0.0870 0.0075

Most of the results showed significant differences (p < 0.05), indicating that
variations in temperature, contact time, and adsorbent mass influenced the adsorption
of CBZ on GAC. However, there were no significant differences in the concentration
intervals between 0.5-0.2 mg, 1.0-0.5 mg, 1.5-1.0 mg, 2.0-1.0 mg and 2.0-1.5 mg. In
these ranges of GAC masses, the results showed similar behaviors.

(1Pt} (1P}

Table 5.4 shows the means of CBZ removal by GAC mass. The letters “a” to “g
indicate the groupings between the treatment removals considering the significance
level of 5%. It is observed that the average of CBZ removal for 10, 5, and 0 mg
presented unique behaviors, and they are not grouped with other GAC masses. The
other masses showed similar means of removal to the upper or lower level. That was
the reason why some experiments had more than one letter ("cd", for example),

representing similar behavior to the upper or lower levels.
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Table 5.4 - Averages of % removal by GAC mass.

GAC (mg) Removal (%) Groupings
10.0 27.05 a
5.0 22.28 b
2.0 17.47 Cc
15 15.03 cd
1.0 12.98 de
0.5 9.06 ef
0.2 5.48 f
0.0 0.00 g

Tests in which 10 mg of GAC was used presented a significant difference in the
CBZ removal mean compared to all other masses (p < 0.05). The stratified block
analysis shown in Figure 5.3 indicates that the assays performed by this GAC dosage
showed greater fungicide removal. Likewise, the figure suggests an increase in the
adsorbed concentration of CBZ, with the increase in the mass of adsorbent employed.
The addition of GAC in amounts greater than 10 mg would probably result in higher

CBZ removal.

Figure 5.3 - Distribution of CBZ removal stratified by GAC in tests.
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CBZ has constant dissociation (pKa) equal to 4.29 (PUBCHEM, 2020). It means
that if the pH of the medium is higher than the pKa, the concentration of the anionic
fraction of the pesticide will be predominant, and the compound tends to be leached
more easily (BARCELO & HENNION, 1997). All batch adsorption tests were made with

pH close to 7.0, favoring leaching and reducing adsorption.
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CBZ has an octanol/water partition coefficient (log Kow) and organic carbon
adsorption coefficient in soil (Koc) equal to 1.52 and 200 cm3/g, respectively. CBZ can
be considered hydrophilic (ROGERS, 1996) and moderately mobile, with a moderate
tendency to sorption in the soil (BARCELO & HENNION, 1997).

Surface curves relating to GAC mass, contact time, and temperature were

prepared using adsorption data from Table 5.2. The results are shown in Figure 5.4.



Figure 5.4 - Surfaces curves for removal of CBZ as a function of GAC mass and temperature at 2h (a), 3h (b), and 4h (c).
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Figure 5.4a shows that the curve for 2 h presents two elevations and does not
provide evidence of the optimization of CBZ adsorption on the GAC. Hence, it is not
possible to identify a favorable condition for removing the fungicide. This behavior
probably occurred due to the short contact time, which might have prevented
consistent adsorption.

Figure 5.4b exhibits a curve flattening with increases in temperature and GAC
mass. This scenario suggests that the increase in temperature and GAC mass favors
the adsorption of CBZ. However, as shown in Table 5.2, the fungicide removal
efficiencies were not significantly different for the temperatures of 25, 30, and 40° C
(p<0.05), respectively 25.8%, 25.7%, and 26.0%. Due to results that had similar
behaviors, it was not possible to identify a tendency in Figure 5.4b.

In Figure 5.4c it is possible to observe that there is a trend in which the greatest
CBZ removal occurs at the lowest temperatures associated with the highest GAC
mass, with the removals of 33.3%, 31.6%, and 22.3%, respectively for the
temperatures of 25° C, 30° C, and 40° C. Thus, for the contact time of 4h the adsorption
of CBZ on GAC was favored at the lowest temperature (25°C), suggesting an
exothermic process, as expected for adsorption (RATHI & KUMAR, 2021). RSM
suggests that tests could be carried out at temperatures below 30°C, reducing the

number of analyzes.

Equation 30 shows the quadratic model representing Figure 5.4c. With this
equation is possible to estimate the CBZ removal, giving temperature and GAC weight.

CBZremotva (%) = 0.174 + 0.087X — 0.005Y — 0.004X? — 0.001XY + 4.577 . 1075Y? (30)

Where X is GAC mass (mg) and Y is the temperature (°C).

Table 5.5 shows the parameters and the correlation coefficients of the
Freundlich (F) and the Langmuir (L) isotherms, determined using the linear and the
nonlinear methods (Equations 23 to 26). Test E-2 (2 h, 30°C) had a poor correlation

for both isotherms, and it was not further considered for analysis.
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Parameters Test
E-1 E-3 E-4 E-5 E-6 E-7 E-8 E-9
Kf | 20.18 038 | 3x104 | 003 | 005 | 6x10° | 7x107 | 8x10%
wl un | 173 513 | 1063 | 735 | 812 | 11.73 | 12.90 | 1377
3 Rz | 078 092 | 087 | 081 | 094 | 087 0.83 0.89
£ b | 014 020 | -023 | -025 | -028 | -019 | -018 | -0.18
o [gmax | 277.78  -92.59 | -42.74 | -34.01 | -53.48 | -42.19 | -41.84 | -29.67
Rz | 041 076 | 059 | 082 | 088 | 061 0.83 0.86
K | 2.65 0.26 | 4x103 Zi%)ix 2x10° 11%1" 3.98x 107 5.68x 10r
|t um [ 155 381 | 725 | 1118 | 9.00 | 9.88 | 16.07 | 15.43
5 Rz | 075 089 | 087 | 092 | 083 | 09 0.65 0.89
= b | 108X 586X | 4.64x | 8.27x | 6.49x | 4.95x |4.28x 10 |3.42x 10
S 10 10 10°% 10 10 10 6 6
~ | gmax Sﬁﬁx 2'1%?‘ 4.1x 108 1'1%)76’( 3'1503;" 3'1‘576" 5.08x 106 | 4.13x 106
Rz | 075 095 | 093 | 070 | 073 | 092 0.50 0.67

Variable units: Kf - [(mg/g) (L/mg)¥]; b - L/mg; qmax - mg/g.

The linear model of the Langmuir isotherm showed negative values, which do
not have a coherent physical meaning (Zhiltsova et al., 2020). The nonlinear model
had determination coefficients above 0,90 (tests E-3, E-4, and E-7), a value not
reached in the linear regression model. However, some (max Values were very high
while b values were low. These values may indicate that the Langmuir isotherm is not
the most adequate to represent the adsorption of CBZ in the GAC for the analyzed

conditions.

For Freundlich isotherm, the linear model had a better fit in 4 tests. The
nonlinear equation had two higher determination coefficients. In the other two, fits for
the linear and nonlinear were equal. Overall, considering the results of the tests, the
Freundlich isotherm represented better the adsorption of CBZ on GAC than the

Langmuir isotherm.

Equation 31 shows the Freundlich isotherm for the data from E-3 test for
illustrative purposes. Figure 5.5 shows the respective Freundlich graph. The model
presents a positive concavity in relation to the axes. It shows that the greater the
concentration of CBZ, the higher the fraction of CBZ adsorbed on the GAC until

equilibrium is reached.

ge = 0.38.C.>"3 (31)
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Figure 5.5 - Freundlich isotherm for CBZ adsorption on granular activated carbon from

Equation 31.
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Freundlich's isotherm is not restricted to monolayer formation but occurs in
heterogeneous multilayer formation (HARO et al., 2021). According to Piccin et al.
(2017), the Freundlich isotherm assumes that the adsorption occurs heterogeneously
on the surface. Thus, the adsorption of CBZ on the GAC probably occurs
heterogeneously on the surface and predominantly through the formation of
multilayers. This particularity does not exclude monolayer adsorption, which can also

occur in the process.

Table 5.5 shows that almost all 1/n values were higher than unity (1/n > 1.0).
This fact suggests that fungicide adsorption on the analyzed GAC is an unfavorable
process under the conditions analyzed (maximum 4 hours of contact time) (CHEN et
al., 2003; ANFAR et al., 2020; RIZZ] et al., 2020). Comparing the data obtained with
other studies carried out with CBZ, Hgeig et al., (2019) found a value of 1/n equal to

0.38 for the fungicide adsorption on activated carbon produced from coffee grounds.

For other adsorbents, Jin et al. (2013) obtained a 1/n value of 0.71 for the
adsorption of CBZ in soils composed mainly of silt, sand, clay, and a small fraction of
organic matter, indicating that the adsorption in this medium is also favorable. The
same was identified by Li et al. (2011), with 1/n <1 for all tests carried out with Burozem
and Phaeozem soils at temperatures of 25° and 40°C. For polyethylene (PE)
agricultural soil films (WANG et al., 2020) and for Sandy, Loess, and Loamy soils
(PASZKO, 2006), the CBZ adsorption also showed values of 1/n <1. The same was
identified for the adsorption of CBZ on bentonite clay (RIZZI et al., 2020). However,



60

Kanijilal et al. (2018) measured 1/n equal to 1.57 for the biosorption of CBZ in the strain
isolated from the bacterium Brevibacillus sp. C17. Thus, the authors characterized

CBZ biosorption as an unfavorable process considering the 1/n value.

The studies that were cited showed that the coefficient 1/n of the Freundlich
model is mostly smaller than unity, indicating that CBZ adsorption is a favorable
process in activated carbon from coffee grounds and soils. It is observed that the
adsorption of CBZ in coconut GAC did not follow the trend observed in these studies,
except for the one reported on the biosorption of the fungicide in the bacterium C17.
To complement information on whether CBZ adsorption is favored in GAC for the
applied conditions, Gibbs Free Energy thermodynamic analysis is discussed in

sequence.

The analysis of thermodynamic parameters considered the 3.37 mg/L CBZ
concentration present in water after 4 h of contact time at 30° C and 10 mg of GAC.
Applying this value to Equation 31, the concentration of CBZ adsorbed on the GAC
(ge) was 193.43 mgCBZ/gGAC. Substituting the values of ge and Ce in Equations 27,
28, and 29, the enthalpy, entropy, and Gibbs Free energy could be calculated. The
data are presented in Table 5.6, considering the temperature variations of 25, 30, and
40 °C and 4h contact time for AG.

Table 5.6 - Thermodynamic parameters of Carbendazim adsorption on GAC.

AG (kJ/mol) AH (kJ/mol) AS (J/mol.K)
25°C 30°C 40°C
-9.62 -10.20 -8.03 -37.31 -91.84

Table 5.6 shows that the enthalpy variation in the CBZ adsorption process is
negative, indicating that the adsorption of CBZ in coconut shell GAC is an exothermic
process. The negative value of AG indicates the reaction is favorable. Similar results
were found for adsorption of other pesticides on activated carbon, such as Atrazine,
Methoxychlor, Parathion-methyl (GUPTA et al., 2011), and Fenitrothion (LULE &
ATALAY, 2014).

The study by Wang et al. (2019) showed that the adsorption of CBZ on straw
activated carbon was also characterized as an exothermic and favorable process. The
same was identified in the adsorption of CBZ on activated carbon produced from coffee
grounds (HGEIG et al., 2019), Burozem, and Phaeozem type soils (LI et al., 2011),
and with nano-carbon (PRETE et al., 2017). Concerning enthalpy and Gibbs free

energy, the adsorption of CBZ on GAC is in accordance with reported research.
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The negative values of AG indicate that the adsorption of CBZ in GAC is a
spontaneous process for all temperatures used. The lowest AG occurred in the test
performed at the temperature of 30 °C, and the free energy decreased at 25 °C and
40 °C.

It was observed that the favorable characteristic of the CBZ adsorptive process
contrasts with the 1/n values of the Freundlich equation, which was higher than unity.
In this research, it has been suggested that adsorption of the compound onto the
adsorbent is a favorable process (CHEN et al., 2004; ANFAR et al., 2020; RIZZ| et al.,
2020). Therefore, the analysis of CBZ adsorption process in GAC must include not

only the 1/n Freundlich coefficient but also the variation of the Gibbs free energy.

According to Zanella et al. (2016) and Yu et al. (2004), Gibbs Free Energy
values between 0 to —20 kJ/mol and -80 to -400 kJ/mol generally characterize,
respectively, physisorption and chemisorption processes. The values of Gibbs Free
Energy measured in this study were in the range -8.03 and -10.20, suggesting that

CBZ adsorption on GAC was predominantly governed by physisorption.

Physisorption or physical adsorption occurs when the adsorbate binds to the
surface of the adsorbent due to less strong chemical bonds, such as the van der Waals
forces. It is a process that occurs more quickly than chemisorption, and there is usually
the formation of multilayers. Physisorption is a reversible process that occurs at low
temperatures (RATHI & KUMAR, 2021). According to Ruthven (1984), some
characteristics of physisorption are low heat of reaction; monolayer or multilayer
adsorption; no dissociation of species involved; significant process only at low
temperatures; and without electron transfer. Added to these characteristics is the
predominance of permanent or induced dipole-dipole interactions between the
adsorbate molecules and the adsorbent (DELLE SITE, 2001). The exothermic
characteristic of CBZ adsorption on GAC, the predominance of physisorption, and the
reasonable adjustment to the Freundlich isotherm suggest that the mentioned aspects

characterize the fungicide adsorption on the studied activated carbon.

Positive values of AS indicate that the reaction increases the degree of disorder
in the solid/solute interface during adsorption (NEKOUEI et al., 2015; HARO et al.,
2021), with a strong affinity between the adsorbate and the adsorbent (ZANELLA et
al., 2016). The value obtained for AS, -91.84 kJ/mol, indicates a reduction in the degree
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of disorder between the surface of the activated carbon and the CBZ molecules after

adsorption.
5.1.5. Conclusions

The results showed that variations in temperature, contact time, and adsorbent
mass influenced the adsorption of CBZ into GAC. The tests with 10 mg of GAC dosage
presented greater efficiencies for fungicide removal. GAC dosages used in the

experiments showed statistically significant results in most cases.

The application of RSM methodology found that, for the longest contact time,
the adsorption of Carbendazim in coconut shell GAC was more efficient at
temperatures of 25 and 30°C, characterizing an exothermic process that was later
confirmed by thermodynamic analysis. The RSM curves indicated that adsorption at
25 °C and 30 °C and a contact time of 4h would achieve higher fungicide removal than
at higher temperatures.

The Freundlich isotherm adjusted better to the adsorption of CBZ on GAC. In
the larger part of the tests, satisfactory results were obtained by both linear and
nonlinear regression models. It was found that the adsorption of the fungicide occurs
predominantly in a heterogeneous and multilayered way. The Freundlich 1/n
parameter presented information that contrasted with the thermodynamic analysis
regarding the promotion of CBZ adsorption on GAC. The results diverge from previous
studies that investigated the adsorption of CBZ on activated carbon and other
adsorbents. Thus, the analysis of spontaneity should consider not only the 1/n
Freundlich parameter but also the variation of the Free Energy of Gibbs, based on the
conditions applied in this study. For AG, this study agreed with previous investigations

regarding the spontaneity of the adsorptive process.

At temperatures ranging from 25° C to 40° C, the adsorption of CBZ in GAC was
spontaneous. Physisorption seems to be the dominant process, with dipole-dipole
interactions between the GAC surface and the fungicide. The AS value indicated a
reduction in the degree of disorder at the adsorbent/solution interface. The fungicide

adsorption on activated carbon is a reversible process without electron transfer.

The results presented in this article contribute to a better understanding of CBZ
adsorption on GAC, providing support for ongoing works that aim to achieve higher
CBZ removal by activated carbon in water.
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5.2.CARBENDAZIM ADSORPTION ON GRANULAR ACTIVATED CARBON IN
DEIONIZED AND FILTERED WATER FROM TREATMENT PLANT -
ISOTHERMS, KINETICS, AND RAPID SMALL-SCALE COLUMN TESTS

Highlights

e Bovine bone GAC removed Carbendazim in both aqueous matrices.

¢ Freundlich isotherm and pseudo-second-order equation fitted the adsorption
of CBZ on both matrices.

e Intraparticle diffusion played a significant role in FWTP.

e CBZ breakthrough was achieved earlier in FWTP than in DW, while column
saturation occurred at similar times in both matrices.

e The substances present in the FWTP interfered in CBZ adsorption but did not

compromise the fungicide removal.
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5.2.1. Abstract

Carbendazim (CBZ) adsorption on bovine bone granular activated carbon
(GAC) was investigated in deionized water (DW) and filtered water from a treatment
plant (FWTP). The study included isotherms, kinetics, and rapid small-scale column
tests (RSSCT). Statistical methods were applied to compare the results and verify the
interference of substances in filtered water in adsorption. The Freundlich model

represented better the fungicide adsorption in DW and FWTP, although other models
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evaluated also fitted the data. For the kinetics study, all models evaluated fitted well
the CBZ adsorption in FWTP, while the pseudo-second-order was the best fit for the
adsorption of CBZ on DW. Intraparticle diffusion played a significant role in FWTP. In
RSSCT tests, the CBZ breakthrough was reached faster in FWTP, while the column
saturation occurred at similar times in DW and FWTP. The substances present in the
FWTP interfered in the adsorption of CBZ on bone GAC but did not compromise the

fungicide removal.

Keywords: Carbendazim, filtered water, activated carbon adsorption, isotherms,

adsorption kinetics, rapid small-scale column tests.
5.2.2. Introduction

Contaminants of emerging concern (CEC) are chemical compounds present at
low concentrations in water bodies, sanitary sewage, and sometimes in treated water
for human consumption. They can be harmful to human health and aquatic
ecosystems. CECs are released into the environment because of human activities.
Generally, they are not regulated in drinking water or the environment. Many pesticides
are included in the category of CEC (KUMMERER, 2011).

Carbendazim - methyl benzimidazole-2-ylcarbamate (CBZ) is a pesticide from
the benzimidazole group (RAMA et al., 2014). It is widely used in Brazil to control-crop
diseases caused by the fungi Ascomycetes spp., Basidiomycetes, and
Deuteromycetes spp. (COUTINHO et al., 2006). CBZ is a fungicide with carcinogenic
potential and an endocrine disruptor (COUTINHO et al., 2006). In the last decade, CBZ
was Brazil's most irregularly applied pesticide. The fungicide was detected in
unauthorized crops and frequently above the maximum levels allowed by Brazilian
legislation in surface water. (RAMA et al., 2014).

Recently, the Brazilian National Health Surveillance Agency (ANVISA) banned
using CBZ in Brazil (ANVISA, 2022). According to the Agency, the toxicological re-
evaluation of CBZ concluded that it has carcinogenic and reproductive toxicity
potentials to humans besides inducing germ cell mutations. In addition, the Agency
pointed out that it was not possible to find a safe dose threshold regarding the
characteristics of mutagenicity and reproductive toxicity (ANVISA, 2022). However, the
elimination of the product will be gradual since CBZ is widely used by Brazilian farmers
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in the plantations of beans, rice, soybeans, and other important agricultural products
(PEDUZZI, 2022).

Several studies have analyzed advanced treatment technologies for removing
CECs from drinking water to mitigate the health impacts caused by the exposition.
Adsorption on activated carbon is a technique that has been widely studied for the
removal of microcontaminants from water. It is very efficient and has low operation and
maintenance costs comparing to other advanced water treatment techniques.
(SUMMERS et al., 2011).

Adsorption isotherms tests are essential for analyzing the performance of
activated carbon in removing a certain adsorbate. Isotherms are the mathematical
representation of the amount of adsorbate extracted by the adsorbent and the amount
of adsorbate remaining in the liquid phase when the solution is in dynamic equilibrium
at a given temperature (METCALF & EDDY, 2014).

Kinetic models have been used to evaluate and analyze experimental data to
investigate the sorption mechanism and control steps such as mass transport and
chemical reaction processes. The pseudo-first-order, the pseudo-second-order, and
the intraparticle diffusion models are among the most studied kinetic models (HARO
et al., 2021; HO & MCKAY, 1998).

One method that can be used to predict the performance of full-scale granular
activated carbon filters is called Rapid Small-Scale Column Tests (RSSCT). According
to Crittenden et al. (1991), RSSCT presents the following advantages: 1°) the tests
take a fraction of time and costs when compared to pilot studies; 2°) they predict
accurately full-scale GAC performance concerning the specific contaminant being
tested, and 3°) small volumes of water are required. The similarity between RSSCT
and full-large-scale column is obtained by setting conditions that result in identical
adsorbate transport. RSSCT can evaluate the breakthrough curve, GAC selection,

empty-bed contact time (EBCT), and saturation.

This research investigated the removal of CBZ by adsorption on Granular
Activated Carbon (GAC) through isotherm, kinetics, and RSSCT tests. The
experiments were performed in two different aqueous matrices: deionized water (DW)
and effluent from a rapid sand filter from a drinking water treatment plant (FWTP). The

study also investigated the interference of substances present in FWTP in the
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adsorptive process. The interference analysis covered the comparison of the results
obtained for both matrices and the statistical analysis of the data.

5.2.3. Methodology
5.2.3.1. Granular Activated Carbon

The granular activated carbon used was produced from bovines’ bones by
Bonechar Company, Brazil. The diameter of the grains used in the experiments was

60 x 80 mesh. Table 5.7 shows the characteristics of the activated carbon.

Table 5.7 - Bone GAC Specifications.

Properties Specifications
Carbon 9-11%
Acid-soluble ash <3%
Insoluble ash 0.7
Tricalcium phosphate 70 - 76%
Calcium carbonate 7-9%
Calcium sulfate 0.1-0.2%
pH 85-95
Point of zero charge (PZC) 8.40
Total specific surface area (BET N?) 57.78 m3/ g
Carbon surface area 50 m3/g
Iron <0.3%
Pore size 0.48 - 14.93 nm
Pore volume 0.0077 cm3/g
lodine number 93 mg/g
Humidity < 5%
Apparent density 0.60 —0.70 g/lcm?
Hardness > 80
Aspect Granulated and powdered solid
Smell odorless

* Except Point of Zero Charge (PZC), BET specific surface area and pore volume.
Source: Bonechar (2021).

The PZC was calculated by the 11- point method by varying the pH from 2 to 12
using 1 N solutions of HCI and NaOH (GIACOMNI et al., 2017). Total specific surface
area analysis and pore volume quantification followed the BJH/DH method in a
Quantachrome NovaWin equipment using the temperature of 77.350 K, molar mass of
Nitrogen of 28.013 Kg/Kmol, cross-section of 16.20 A2, net density of 0.808 g/cc and
Boer's method of calculation (DE BOER et al., 1966). The pore sizes of the carbon
ranged from 0.5 to 15 nm, with a volume of 0.0077 cm?/g, characterizing the carbon as
microporous (METCALF & EDDY, 2014). The complete characterization of the GAC

was described and discussed in section of the results and discussions.
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5.2.3.2. Filtrated Water from the Drinking Water Treatment Plant (FWTP)

Two aqueous matrices were used to analyze the efficiencies of CBZ adsorption
on GAC. These matrices were deionized water and effluent from a rapid sand filtration
in a drinking water treatment plant. It was possible to compare a medium in which there
was no competition for the adsorptive sites of the GAC (DW) to another, where different

compounds present in water would try to occupy the sites intended for CBZ removal.

The water used in the tests was collected from the effluent of a rapid sand filter
from the Moinhos de Vento Water Treatment Plant, located in Porto Alegre, Brazil. The
collected material was characterized to identify components that might have competed
with CBZ for the GAC sites. The parameters analyzed were pH, color, turbidity,
alkalinity, free residual chlorine, monochloramine, dichloramine, total organic carbon
(TOC), conductivity, and ions. Table 5.8 shows the methodology and equipment used

for each parameter.

Table 5.8 - Parameters and analytical methods used to characterize the FWTP.

Parameter Analytical Method
pH Digimed DM-22 pHmeter
Apparent Color (mg Pt-Co/L) Pro-Analise UV-1600 Spectrophotometer
Turbidity Hach 2100N Turbidimeter
Alkalinity Standard Methods 2320 B
Chlorine Standard Methods 4500CI F
TOC NPOC 10.m Control L Report.
Conductivity Digimed DM-32 Conductivimeter
lons Eco IC Metrohm 2.925.0020

5.2.3.3. Carbendazim

The Carbendazim was acquired from Sigma-Aldrich with 97% purity. The
concentrations were determined with a Shimadzu LC20A High-Performance Liquid
Chromatograph (HPLC) equipped with a diode array detector (DAD, SPD-20AV) and
autosampler (SIL-20A). The concentration of CBZ used in the experiments was 5 mg/L,
dissolved in deionized (DW) and filtered (FWTP) waters. The experiments were
performed at a pH range between 7 and 8. This concentration of CBZ was determined
due to better monitoring of the adsorptive process and has already been used in similar

experiments with higher concentrations (LI et al., 2022).
5.2.3.4. Preliminary study with pH

A preliminary study was conducted to identify the pH at which the activated
carbon would present the best performance. 5 mg/L CBZ in DW and 1 g/L bone GAC
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concentration were used at pHs 2, 4, 6, 8, and 10. A Student's t-Test was applied to
verify whether there were significant differences between the pHs. A previous analysis

using the Shapiro-Wilk test found that the results followed a normal distribution.
5.2.3.5. Adsorption isotherms

In isotherm tests, different concentrations of activated carbon (0.25, 0.50, 1.00,
2.00, and 5.00 g/L) were placed in Schott flasks containing 100 mL of water with a
constant concentration of CBZ (5 mg/L). The flasks were placed in a water bath in
shaker equipment at 25°C for 24 hours. After this period, aliquots were removed from
the flasks, passed through filters with a pore size of 0.45 pum, and analyzed. The
experiments were performed in triplicate, in DW, and FWTP.

The results were analyzed to determine which isotherm, Langmuir, Freundlich,
Sips, Liu, or Redlich-Peterson (Equations 32 through 36, respectively), best fitted the
experimental data. The isotherm parameters were determined through the nonlinear

method using the Solver tool of Microsoft Office Excel 2019.

~ b.C, (32)
qe - qmax. 1+b.Ce
de = Kt. Cel/n (33)
1
e Ko €0 (34)
qe = —1/
1+ K. Ce ns
. = dmax (kg Co)™ (35)
e — np,
1+ (kg.Ce)
ke G (36)
Qe = —%
1+ ARp- Ce

Where: C, = equilibrium concentration of CBZ in solution after adsorption (mg/L); q. =
adsorbed amount of CBZ at equilibrium (mg/g); qmsx = Maximum adsorption capacity
(mg/g); b = Langmuir equilibrium adsorption constant (L/mg); ks = Freundlich constant,
[(mg/g) (L/mg)*"]; 1/n = Freundlich intensity parameter; Ks = Sips equilibrium constant
(L/mg)¥"s; ns = Sips exponent, dimensionless; Ky = constant representing the
adsorbent-adsorbate affinity (L/mg); n. = Liu exponent, dimensionless; arr = Redlich-
Peterson equilibrium constant (L/mg)®; kre = constant incorporating the maximum
sorption capacity and describing the adsorbent-adsorbate affinity (L/mg); and B =

exponent of the Redlich-Peterson isotherm, dimensionless.
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5.2.3.6. Kinetics

The kinetics study was conducted for 24h in the same shaker and temperature
(25°C) used in the isotherm’s tests. Aliquots were collected from Scott flasks containing
100 mL of CBZ 5 mg/L solution with 1 g/L of GAC (constant concentration of
adsorbent). Samples were collected at 0, 10, 20, 30, 60, 120, 120, 180, 240, 300, and
360 min. The experiments were performed in triplicate, in DW and FWTP.

The kinetics parameters were determined using the nonlinear method of
Microsoft Office Excel 2019 via the Solver function. The pseudo-first-order, pseudo-
second-order, and intraparticle diffusion models (Equations 37, 38, and 39,
respectively) were evaluated to estimate the best fit.

qe = qe(1 —e™Mb) (37)
2k, t
qe = _Ge X2t (38)
1+ qck,t
gt = ki 495+ C (39)

Where: q, = quantity of adsorbate removed per unit of adsorbent in time t (mg/qg); q. =
guantity of adsorbate adsorbed per unit of adsorbent at equilibrium (mg/g); k,; = first
order rate constant (mint); t = contact time (min); k, = second-order rate constant

(g/mg.min); kq; = intraparticle diffusion constant (mg/g.min®%); C = linear coefficient.

According to the intraparticle diffusion model, the linear coefficient (C) in
Equation 39 is equal to zero if diffusion within the pore controls the adsorption process
in the initial stages of adsorption (AHMED & THEYDAN, 2012).

5.2.3.7. Rapid Small-Scale Columns Tests (RSSCT)

Parameters from a full-scale column were used to determine those of the bench-
scale column. The Empty Bed Contact Time (EBCT) for the small column was
calculated using Equation 40 (CRITTENDEN et al., 1991; 1986).

d 2—X

_ p-sc

EBCT,. = EBCT}. <—> (40)
d-p.lc

Where: EBCTs. = EBCT in the small-scale column (min); EBCT,. = EBCT in the large
column (min); d, sc = mean particle diameter of the small-scale column (mm); d, ;. =
mean particle diameter of the large-scale column (mm); x = coefficient of dependence
of particle size on intraparticle diffusivity, being 0 when diffusivity is constant (CD) and
1 when diffusivity is proportional (PD) to particle size.
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Crittenden et al. (2012) suggest that the hydraulic loading rate (HLR) and the
EBCT in adsorptive beds should be, respectively, 120 to 360 m3/m?.day- and 5 to 30
minutes. EBCT of 5 min and HLR of 120 m3/mz2.day (0.083 m3/m2.min) were adopted
for the full-scale column. Applying the 5 min EBCT and the proper diameters for small
and large-scale columns in Equation 40, a time of 0.72 min was obtained for the small-
scale. With the HLR and EBCT values, the small-scale column height was calculated

using Equation 41.

He. = HLR. .EBCT,, (41)

Where: H. = small-scale bed height (m); HLR. = small-scale hydraulic loading rate,
120 m3/m2.day.

Equation 42 was used to calculate the flow rate for the small-scale adsorptive
column. According to Summers, Knappe & Snoeyink (2011), for constant diffusivity
(CD), the flowrates vary from 50 to 150 mL/min; for proportional diffusivity (PD), the

flow rates vary from 5 to 20 mL/min.

Qred = HLRpeq - Ared (42)
Where: Q,.q = flowrate (mL/min); and A,.4 circular section area of the column in small-

scale (cm2).

The internal diameter of the column used was 1.20 cm. Table 5.9 details the

design parameters for RSSCT, with the corresponding values for a small and full-scale

column.
Table 5.9 - RSSCT parameters and dimensions and the equivalent values for full-scale.
Parameter Unit Full Scale Small-scale
GAC Granulometry Mesh 8 x 30 60 x 80
The average d_|ameter of the mm 1.49 0.21
grains
EBCT Min 5 0.72
. . m3/m2.day 120 120
Hydraulic loading rate oy . 0.083 0083
Flow rate mL/min - 9.42
Apparent density g/cm?3 0.65 0.65
GAC bed volume cmd - 6.82
GAC bed height cm - 6.03

Breakthrough time and EBCTis using results measured in the tests made it

possible to calculate STR and CUR using Equations 43 and 44.

tbreakthrou h
STR = —~caxtnroush

~ EBCTys . pgyc (43)
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1
CUR = —
STR (44)

Where: STR = specific transfer rate (cm?/g); p.,. = density of bone GAC, equal to 0.65

g/cm3; and CUR = carbon use rate (g/L).

Due to laboratory restrictions for night work, analyses could not be performed in
this period, resuming in the morning of the following day. For this reason, there was a
12 hours gap, during which no samples were collected. The experiments lasted 28
hours, after which the saturation points were reached. For the breakthrough and
saturation times, 5% and 90% of the initial CBZ concentration were considered,

respectively. The experiments were performed in quadruplicate.
5.2.3.8. Statistical treatment of the data

Statistical analyses were performed to verify the result's consistency and
analyze the interference in the adsorptive process of substances present in the FWTP,
compared to the DW. Correlation and significance tests were performed using the
software R version 4.0.4. For the correlation test, the Kendall method was applied,
aiming to identify if there was a linear correlation between the applied doses of GAC

and the remaining concentrations of CBZ.

The results obtained from isotherms, kinetics, and RSSCT in DW and FWTP
matrices have been tested for the significance tests. Also, the results obtained for all
the GAC dosages and contact times within the same agueous matrices were analyzed

using the Kruskal-Wallis method. For all significance tests, p < 0.05 was adopted.

The results from DW and FWTP analyses considering the same doses of GAC
and contact times were compared to determine whether there were significant
differences, indicating interferences of substances present in the FWTP compared to
the DW. The approach encompassing the results within the same matrix was made to
validate the methodology. This was also applied to confirm whether there would be a
significant difference between the concentrations of CBZ and the dosages of CAG and

contact times applied.
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5.2.4. Results and discussion

5.2.4.1. Characterization of the activated carbon

The considerations in this topic refer to Table 5.7, which shows the GAC

characterization.

The presence of calcium carbonate, calcium sulfate, and tricalcium phosphate
in the GAC may favor the adsorption of organic matter. Bivalent cations such as
calcium can interact with organic matter, increasing its adsorption capacity by forming
complexes (SUMMERS, KNAPPE & SNOEYINK, 2011).

The bulk density value is in the same range as bituminous, lignite, and coconut
shell-activated carbons (0.35 to 0.65 g/cm3) (SUMMERS, KNAPPE & SNOEYINK,
2011). Compared to the values recommended by AWWA (2005) for adsorption on
granular activated carbon in water supply systems, the specific surface area value (58
m?/g) is lower than suggested (600 - 1,000 m?/g). This is also observed for the iodine
number, lower than 600 to 1,100 mg/g cited by Metcalf & Eddy (2014). Although these
parameters are indicators of the adsorptive capacity of activated carbon, laboratory-
scale or pilot-scale experiments can best predict the performance of GAC in adsorbing
specific contaminants (SUMMERS, KNAPPE & SNOEYINK, 2011).

The experiments occurred in the pH range in solution between 7 and 8, below
the PZC of 8.4, a value found in previous studies for activated carbon (MIYITTAH et
al., 2016). Thus, the carbon surface showed a slightly cationic characteristic, more

prone to adsorb substances with anionic nature.

The pKa allows the estimate of the distribution of ionic (deprotonated) and non-
ionic (neutral) species of a given compound. If the pH of the medium is greater than
the pKa of the compound, the concentration of the anionic fraction of the chemical will
be predominant. Otherwise, if the pH is lower than the pKa, the compound's neutral or
possibly protonated fraction will be predominant (BARCELO & HENNION, 1997). The
pKa of CBZ is 4.53 £ 0.07 (MAZELLIER et al., 2002), and the anionic form prevailed
in the 7 — 8 pH range of the DW and FWTP media used in the experiments. On the
other hand, the surface of GAC has a cationic characteristic (MAZELLIER et al., 2002).
Thus, considering the configuration of the GAC and CBZ surface molecules, there may

be an electrostatic attraction between the compounds, favoring adsorption.
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Crittenden et al. (2012) state that molecules with a molar mass of around 102

g/mol have a particle size of less than 0.01 nm. Considering that the molar mass of
CBZ is 191.19 g/mol and the porosity of GAC varies between 0.48 - 14.93 nm, it can
be concluded that the CBZ molecules could access the pores of GAC.

5.2.4.2. Filtered Water Characterization

Table 5.10 shows the characterization of the water collected from the treatment

plant's rapid sand filter.

Table 5.10 - Physicochemical characteristics of the filtered water from treatment plant (n=3).

Parameter Mean Variance Standard Deviation
pH 7.6 1.6 1.3

Turbidity (uT) 0.30 <0.01 0.03
Apparent Color (uH) <0.01 <0.01 <0.01
Free residual chlorine (mg/L) 0.08 <0.01 0.06
Monochloramine (mg/L) 0.10 <0.01 0.05
Dichloramine (mg/L) 0.20 <0.01 <0.01
Alkalinity (mgCaCOs/L) 10.83 0.08 0.29
TOC (mg/L) 3.12 <0.01 <0.01
Conductivity (uS/cm) 107 <0.01 0.01
Sodium (mg/L) 5.47 1.60 2.57
Lithium (mg/L) 0.00 0.00 0.00
Ammonium (mg/L) 1.40 0.29 0.08
Potassium (mg/L) 3.86 0.36 0.13
Magnesium (mg/L) 3.38 0.13 0.02
Calcium (mg/L) 0.48 0.43 0.18
Fluoride (mg/L) 1.22 <0.01 0.01
Chloride (mg/L) 17.48 0.01 0.12
Bromide (mg/L) 0.43 <0.01 0.03
Nitrite (mg/L) 0.00 0.00 0.00
Nitrate (mg/L) 1.71 <0.01 0.01
Sulfate (mg/L) 5.33 <0.01 0.03
Phosphate (mg/L) 0.00 0.00 0.00

The measured values of turbidity, apparent color, sodium, fluoride, chloride,

nitrite, nitrate, and sulfate in the filtered water complied with the requirements
established by the Potability Ordinance N° 88/2021 (BRAZIL, 2021), which states the

maximum contaminant levels (MCL) in drinking water. The presence of small chlorine

concentrations in filtered water is due to the inter-chlorination of decanted water

practiced in the water treatment plant. According to the plant operator, the practice

inhibits biofilm formation in the filters.
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The Potability Ordinance does not regulate alkalinity and total organic carbon.
The alkalinity concentration in filtered water is low, requiring alkalinization after water
disinfection. The total organic carbon concentration indicates the presence of organic

matter, which competes for the adsorption sites in the activated carbon.

Considering that the carbon surface was positively charged, the adsorption of
cations in water was probably low due to electrostatic repulsion. Hence, competition
for the GAC adsorptive sites may have occurred between CBZ, organic matter, free
and combined residual chlorine and anions. The physical-chemical characteristics of
the filtered water sample were compatible with what was expected from sand filter

effluent.
5.2.4.3 pH Tests

Figure 5.6 shows the percentage removal of CBZ in GAC as a function of pH.
The best performance of the GAC was in an acidic medium (pH 2 and 4) compared to
neutral (6 and 8) and basic (10) mediums. The lowest CBZ removal occurred at pH 10,

above the PZC (8.4). The highest removals were 92% when pH was between 2 and 4.

Figure 5.6 - CBZ removal relative to pH.
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Thus, for the conditions analyzed, the best performance of CBZ removal by
GAC occurred when the carbon surface presented cationic characteristics, ranging
from 74 to 92%, depending on the pH of the medium.

Table 5.11 shows the results from the application of the T-test to identify
significant differences between the analyzed samples. For pH 8, there was no
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significant difference in results compared to pH 2, 4, and 6. Considering this result, the
operational convenience, and conditions close to those measured in the FWTP (pH
7.6), the isothermal, kinetics, and RSSCT experiments were performed in the pH range

between 7 and 8.

Table 5.11 - T-test result for samples at different pH.

p-valor

pH 2 4 6 8

4 0.8308

6 0.0142 0.0014

8 0.1968 0.1518 0.8743

10 0.0096 0.0066 0.0870 0.2456
legend
> 0.05 Ho The difference between the averages equals zero
<0.05 Hi The difference between the means is not equal to zero

5.2.4.4. Isotherms

The results of the isotherm tests are presented in Table 5.12. The correlations
were high for all isotherm models in deionized water (DW), while Freundlich was the
best fit for adsorption in filtered water from the treatment plant (FWTP). For
comparative purposes, the Freundlich isotherm was adopted for the adsorption of CBZ
in DW.

Table 5.12 — Isotherm parameters estimated from experimental results.

Model Parameter CBZ in DW CBZin FWTP
ke (mg/g)(L/mg)¥/n 60.49 61.65
Freundlich 1/n 0.67 0.52
R2 0.98 0.95
gmax (Mg/g) 159.10 114.80
Langmuir b (L/mg) 0.49 1.57
R2 0.97 0.89
gmax (Mg/g) 159.10 869,460.22
. Ks (L/mg)¥ns 0.49 2.18 x 105
Sips ns 1.00 1.00
R2 0.98 0.86
gmax (Mg/g) 198,424.95 18,940.63
Liu Kg (L/mg) 3.76 x 106 8.02 x 107
n. 0.67 0.40
R2 0.96 0.89
are (L/mg)® 0.00 101,352.15
. krp (L/mg) 32.72 6,797,750.23
Redlich-Peterson R 0.00 062
R2 0.93 0.92

The high values for gmax, arp and krp for FWTP may indicate that these isotherm

models could not be the most adequate to represent the adsorption of CBZ in GAC for

the analyzed conditions. These peculiarities and given the R2 it was considered that
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the Freundlich model best describe the adsorption of Carbendazim on both matrices.
The mathematical models for DW and FWTP are described in Equations 45 and 46,

respectively. Figure 5.7 shows the plots from the application of these equations.

qe = 60.49 x C,*¢7 (45)
ge = 61.65 x C,*°? (46)

Figure 5.7 - Freundlich isotherms for CBZ tests in DW and FWTP.
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For the same range of equilibrium concentration (Ce), the amount of CBZ
adsorbed per gram of GAC (qge) is higher in deionized water than in filtered water. This
was expected since no substances competed for adsorption sites in DW, contrary to
FWTP. It can be seen that the adsorption capacity of the adsorbate by the GAC (Qe)
increases as the equilibrium concentration increases. Although the adsorption was
interfered with, the removal of CBZ was satisfactory in both matrices. Thus, bovine

bone CAG was efficient in removing CBZ in both matrices.

The parameter 1/n was less than unity for both matrices analyzed, suggesting
that the adsorption of CBZ on bone GAC is a favorable process (ANFAR et al., 2020).
This agrees with previous studies conducted with CBZ on other adsorbents (JIN et al.,
2013; LI et al., 2011; PASZKO 2006; RIZZI et al., 2020; WANG et al., 2020). The
Freundlich isotherm assumes that a heterogeneous, multilayer formation occurs on the
carbon surface. However, this aspect does not exclude monolayer adsorption, which
can also occur in the process (HENDRICKS, 2011).
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Table 5.13 presents the results from the correlation test applying the Kendall
method, analyzing the variables "GAC dosages" and "CBZ concentrations" at

equilibrium for each matrix.

Table 5.13 - Result from application of the Kendall method for the variables GAC dosages and CBZ

concentrations.
Matrix Correlation coefficient — 1
DW -1.00
FWTP -1.00

The results show a strong negative correlation between GAC dosages and final
CBZ concentrations for both DW and FWTP. This indicates an inverse relationship
between the dosage of GAC and the CBZ concentration at equilibrium, i.e., the higher

the dosage of adsorbent applied, the lower the remaining CBZ concentration.

Table 5.14 shows the significance test of the difference in results for the
dosages of GAC within the same aqueous matrix. The test was applied to validate the
dosages, certifying whether they would show different results to justify their use for the

isotherm test.

Table 5.14 - Analysis of the significance of the difference in results for different dosages of
GAC within the same matrix.

Matrix p-value
DW 5.91 x 10%® (<0.05)
FWTP 8.10 x 1016 (<0.05)

According to these results, the adopted doses of GAC (0.25, 0.50, 1.00, 2.00,
and 5 g/L) presented significant differences in the final concentrations of CBZ after 24
h for both agueous matrices. Thus, the experimental conditions used were validated

by the statistical analysis and can be replicated in other similar experiments.

Table 5.15 shows the results of significance tests comparing the results
measured in both aqueous matrices for each dosage of GAC. This methodology was
used to analyze the interference of substances present in filtered water from the

treatment plant in the adsorptive process.

Table 5.15 - Analysis of the difference between the aqueous matrices for the same GAC dosage (p<
0.05).
GAC dosage 0.25 0.50 1.00 2.00 5.00
p-value <0.01 <0.01 0.01 <0.01 0.03

The results show that all dosages of GAC had significant differences when
comparing deionized water with filtered water. It can be inferred that the adsorption

process removed different fractions of CBZ for each dosage in DW and FWTP
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matrixes. As the experimental conditions were identical (contact time of 24h,
temperature of 25° C, and similar dosages of GAC), this difference was due to
substances present in filtered but not in deionized water. From statistics, it can be
concluded that substances present in FWTP interfered in the adsorption of the
fungicide, corroborating the results obtained in isotherm tests.

5.2.4.5. Kinetics

The results of the experiments investigating the adsorption kinetics are
presented in Table 5.16. For CBZ in deionized water, the second-order kinetics was
the best fit for the adsorption process (R? = 0.94). The first-order and second-order
kinetics fitted well for the experiment using the FWTP matrix (R?2 = 0.99). For
comparison purposes, the pseudo-second-order model was adopted for the adsorption
of CBZ on FWTP. The intraparticle diffusion played an essential role in the initial stages
of the adsorption process (C = 0) in FWTP but not in DW (R2 = 0.78).

Table 5.16 - Results of the CBZ kinetics adsorption experiments using deionized water and filtered
water from the treatment plant.

Model Parameter CBZin DW CBZin FWTP

Ki (t2) 0.049 0.011

First order ge (MgCBZ/gGAC) 4.157 5.231
R2 0.94 0.99

Kz (tY) 0.017 0.002

Second order ge (MgCBZ/gGAC) 4.462 6.745
R2 0.98 0.99

Kait 0.189 0.302

Intraparticle diffusion C 1.419 0.000
R2 0.78 0.96

Equations 47 and 48 show the kinetic models that best fitted the adsorption of
Carbendazim in deionized water and the FWTP matrix, respectively. Figure 5.8 shows

the graphs obtained from these equations.

034xt
_ __oRXt 47
= T 008xt (47)

0,07xt
_ _OU/Xt 48
= T 001xt (48)
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Figure 5.8 — Pseudo-second-order adsorption kinetics of CBZ on DW and FWTP.
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In the initial stages of the adsorptive process, the adsorption capacity of CBZ by
GAC was higher on DW. However, over time the adsorption capacity of CBZ by GAC
on FWTP increased and exceeded the value of g: for DW for identical periods of the
test. This may have been because the substances present in FWTP may have
hindered the adsorption of CBZ, but the pores of the GAC remained available for the

adsorption of the fungicide.

Hgeig, Novakovic & Mihajlovic (2019) found that the pseudo-second-order
equation had the best fit for the adsorption of CBZ and herbicide Linuron on GAC.
Using GAC as an adsorbent, the adsorption of the 3-blocker Atenolol was also best
represented by pseudo-second-order kinetics. (HARO et al., 2017). Cao et al. (2011)
found that the adsorption of the pesticide p,p'- and o,p'-Dichlorodiphenyltrichloroethane
(DDT) in sediments also followed a pseudo-second-order kinetics. The same was
identified for the adsorption of the insecticide Fenitrothion and the herbicide Trifluralin
on organo-zeolites and activated carbon (LULE & ATALAY, 2014). The best fit of the
pseudo-second-order equation for the adsorption of CBZ on DW and FWTP is similar
to previous studies with the fungicide and other CEC, using activated carbon and other
adsorbent types. In addition, it was observed that the pseudo-first-order equation also
fitted well with the adsorption of CBZ. Other studies in the literature were not found to

support the adsorption of CBZ as a pseudo-first-order kinetics process.

The intraparticle diffusion on GAC was stronger when the fungicide was diluted

in FWTP when compared to DW. Besides, the deviation from the graph origin may
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have occurred due to the difference in the mass transfer rate in the initial and final
phases of adsorption for DW (AHMED & THEYDAN, 2012; DEL VECCHIO et al.,
2019). The coefficient of determination for intraparticle diffusion (R? = 0.78) indicates
that this model did not fit the adsorption of CBZ on GAC in DW as well as in FWTP (R?
= 0.96). For DW, other interaction mechanisms must simultaneously control the
adsorption process (HARO, 2019).

Applying the values of kdi and C from Table 5.16 to equation 39, the intraparticle
diffusion model for FWTP is shown in Equation 49.

qe = 0.30xt% (49)

Figure 5.9 shows the relationship between the mass of CBZ adsorbed by unit
mass of activated carbon and time, according to Equation 49. Two distinct steps of the
adsorption of CBZ on GAC can be observed. The first step (Phase 1) is related to the
adsorption on the external surface of the adsorbent and represents the boundary layer
effect, being linear and passing through the origin. The second region (Phase II)
represents intraparticle diffusion. The phase representing the equilibrium in the
adsorptive process, in which the amount adsorbed is constant (Phase Ill), was not
observed (DEL VECCHIO et al., 2019; RUIZ et al., 2010). Hence, the phase related to
intraparticle diffusion is more significant, exerting greater predominance in adsorption
than the boundary layer effect (this may have occurred because the equilibrium was

not reached).
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Figure 5.9 - Graphic illustration of intraparticle diffusion in the adsorptive process of CBZ in GAC in
filtered water.
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Larger GAC particles result in slower adsorption kinetics. In general, adsorption
kinetics is inversely proportional to the square of the GAC particle diameter (KENNEDY
et al., 2015). GAC used in the experiments was microporous (Table 5.7). Thus, it is
hypothesized that the carbon pores did not function as a limiting factor on the

adsorption kinetics of CBZ.

A study by Hgeig, Novakovic, & Mihajlovic (2019) showed that the adsorption of
CBZ on activated carbon also showed a high correlation coefficient for the fit of
intraparticle diffusion. In this case, the model does not start from the origin of the initial
adsorption stages. The authors concluded that adsorption on the external surface of
the GAC exerted a more considerable influence in the initial stages, and intraparticle
diffusion played a limiting role in adsorption. This conclusion differed from what was

identified in the present study of CBZ adsorption on bone GAC.

Table 5.17 shows the results from the correlation test applying the Kendall
method. It was analyzed the variables "Time" and "CBZ concentrations" for each
matrix.

Table 5.17 - Result of applying the Kendall method for the variables time and CBZ concentrations.
Matrix Correlation coefficient — 1

DW -0.75
FWTP -0.96
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There is a negative correlation between the variables "time" and "CBZ
concentrations”. Thus, the longer the contact time, the lower the concentration of CBZ
remaining in the solution for both matrices. This was already expected since previous
studies used equilibrium times of 2 to 24 h for CBZ adsorption (JIN et al., 2013; LI et
al., 2011; PASZKO, 2006; RIZZI et al., 2020; WANG et al., 2020). The correlation
coefficient was higher in DW than in FWTP. This can be explained because in DW

CBZ does not compete with other substances for adsorption.

Table 5.18 shows the results of the significance test performed for the results
obtained for the contact times of CBZ with GAC within the same aqueous matrix. The
approach was applied to validate the times employed, certifying whether they would

show different results to justify their use for the kinetics test.

Table 5.18 - Analysis of the significance of the difference in results within the same matrix.

Matrix p-value
DW 2.62 x 10° (<0.05)
FWTP 1.30 x 105 (<0.05)

The p-value values showed that the contact times employed (0, 10, 20, 30, 60,
120, 180, 240, 300, and 360 min) presented significant differences in the final
concentrations of CBZ for both agueous matrices. Thus, the experimental conditions
used were validated from the statistical point of view by presenting significant and
distinct results. It can be replicated in other similar experiments as well as the

methodology used in the isotherm study.

Table 5.19 shows the results of significance tests comparing the results
obtained in the two aqueous matrices for each contact time of the CBZ with the applied
dosage of GAC. This methodology was also used to analyze the interference of

substances in the filtered water from the treatment plant in the adsorptive process.

Table 5.19 - Analysis of the difference between the aqueous matrices for the same GAC dosage (p<
0.05).
Time 10 20 30 60 120 180 240 300 360
(min)

p-value 0.13 0.10 0.02 0.01 0.83 0.19 0.15 <0.01 <0.01

The results showed no significant differences in most of the time intervals
collected. In the initial stages of adsorption, the removals of CBZ in DW and FWTP
were similar (10 and 20 minutes). After 5 hours after the experiment began, the results
showed a significant difference between the two tested conditions (DW and FWTP),

showing the interference in adsorption.
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Table 5.20 and Figure 5.10 shows the results measured in the Rapid Tests in

Small-Scale Columns for each time the samples were collected.

Table 5.20 - RSSCT results for the Carbendazim (CBZ) tests in deionized (DW) and filtered water
from the treatment plant (FWTP).

T (min) DwW FWTP

C/co CICo

0 0.00 0.00
60 0.00 0.03
120 0.01 0.05
180 0.03 0.11
240 0.02 0.10
300 0.04 0.11
360 0.05 0.13
1080 0.34 0.37
1140 0.42 0.42
1200 0.57 0.55
1260 0.67 0.65
1320 0.82 0.73
1380 0.92 0.79
1440 0.99 0.86
1500 1.00 0.95
1560 1.00 1.00
1620 1.00 1.00
1680 1.00 1.00

Figure 5.10 — RSSCT breakthrough curves of CBZ dissolved in DW and FWTP.
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Analyzing the RSSCT results and comparing them with the kinetics data, it is
observed that the breakthrough time is longer for the CBZ configuration in DW. In
comparison, the saturation time is slightly longer for CBZ in FWTP (higher gt of GAC
over time, evidenced in kinetics tests). At the beginning of the adsorptive process, the
adsorption capacity of CBZ by GAC was higher in the configuration with DW. However,
the adsorption capacity of CBZ by GAC in FWTP water increases over time. This is
evidenced in both kinetics and RSSCT tests. This particularity may be one reason for
the longer time required to saturate the column of GAC in FWTP compared to the DW.
There is a slight difference in adsorption velocity between the configurations analyzed,

corroborated by the kinetics results.

It is possible that NOM could have sensibly improved the efficiency of GAC in
removing CBZ. This is possible because some organic compounds change their fate
in the presence of humic substances (CARTER & SUFFET, 1982). Such results have
already been reported in previous studies with CEC in FWTP (COELHO et al., 2020).

Table 5.21 summarizes the breakthrough and saturation times and shows the
values of the specific transfer rates (STR) and carbon utilization rates (CUR) calculated
by Equations 43 and 44. The table also shows the volumes of water treated at the
breakthrough and saturation points, calculated by multiplying the flow rate (9.42 L/min)
and the breakthrough and saturation times. The results were different for deionized
and filtered water, indicating that the substances present in the FWTP interfered with
the adsorption of CBZ in the GAC column compared to DW. This was also observed

in the isotherm and adsorption kinetics tests.

Table 5.21 - Values of specific transfer and carbon utilization rates, based on the breakthrough and
saturation times.

Treated Saturation Treated
T Breakthrough | volume at the . volume at the STR CUR
ests . . . time .
time (min) breaking (min) saturation (cm3/g) (g/L)
point (L) point (L)
DW 360 3.39 1,440 13.56 110.77 9.03
FWTP 120 1.13 1,500 14.13 36.92 27.08

STR and CUR are parameters used to analyze the performance of the GAC in

contaminant removal. The higher the STR values and, consequently, the lower the
CUR values, the higher the efficiency of the GAC and the more economical its
application in water treatment (KEMPISTY et al., 2022; KENNEDY et al., 2015). In this
case, the highest GAC efficiency was in the CBZ removal in DW.
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Coelho & Rozéario (2019) used RSSCT to study the adsorption of 2,4-D on
activated carbon. The initial concentration of 2,4-D was 7,0 mg/L, and the authors
found a breakthrough time of 1,349 minutes (22 hours and 29 minutes) in ultrapure
water. This value was higher than the breakthrough measured with CBZ in this study,
implying higher STR and lower CUR. For this paper, the maximum 2,4-D value allowed
by Brazilian legislation according to the Ministry of Health was adopted as the breaking

point.

Mavaieie Jr. & Benetti (2021) used the same methodology to remove organic
matter in water, measured by the total organic carbon concentration and absorbance
to ultraviolet radiation at 254 nm. The column dimensions were identical to those used
in this experiment. For an EBCT of 5 minutes, the breakthrough occurred at the

experiment's initial stage.

Using the RSSCT method, Voltan, Dantas and Paschoalato (2016) obtained a
CUR of 10.7 mg/L in removing the herbicides Diuron and Hexazinone by GAC (initial
concentrations of 1.00 and 0.28 mg/L, respectively). For this paper, the maximum
Diuron and Hexazinone values allowed by Brazilian legislation according to the
Ministry of Health was adopted as the breaking point. Kennedy et al. (2015) identified
CUR of 9 mg/L for the removal of 30 CEC with varying concentrations (8.10 to 2.70
mg/L) by full-scale GAC column. Although the RSSCT method has been applied to
many contaminants, its specific use for CBZ removal was not found in the literature.
CBZ removal by GAC, as measured in this study, was generally lower than for other
contaminants, such as 2,4-D e Diuron. The resulting CUR values were in the
magnitude of g/L, while in the articles reviewed, most showed CUR were in the order

of mg/L.

Table 5.22 shows the results obtained from the correlation test applying the
Kendall method to the measured RSSCT data, analyzing the variables "Time" and

"CBZ concentrations" for each matrix.

Table 5.22 - Results from the correlation test applying the Kendall method to the variables time and
CBZ concentration in the RSSCT.

Matrix Correlation coefficient = T
DW 0.80
FWTP 0.85

The values in Table 5.22 show a positive correlation between time and CBZ
concentrations. This means that the more extended the RSSCT operation time, the
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higher the concentration of CBZ effluent from the columns for both matrices. This fact
was already expected since, over time, there was the filling of the adsorption sites of
the GAC by CBZ and other solutes present in the sample for FWTP. The correlation

coefficient obtained for both matrices was similar.

Table 5.23 shows the significance test for the results measured in the RSSCT
at different sampling times within the same agueous matrix. The approach was applied
to validate the intervals employed, attesting whether they would show different results
to justify their use for RSSCT.

Table 5.23 - Analysis of the significance of the difference in results within the same matrix.

Matrix p-value
DW 6.24 x 108 (< <0.05)
FWTP 9.89x 107 (< <0.05)

The p-values show that the time intervals used for collection (1h) presented
significant differences in the effluent concentrations of CBZ for both aqueous matrices.
Thus, the experimental conditions used were validated from the statistical point of view

by presenting significant and distinct results with time.

Table 5.24 shows the results of significance tests comparing the concentrations
measured in the two aqueous matrices for each collection time. This methodology was
also used to analyze the interference of substances present in the filtered water of the

FWTP in the adsorptive process.
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Table 5.24 - Analysis of the difference between the aqueous matrices for the same GAC

dosage (p< 0.05).
Time p-value
0

60 0.74
120 0.04
180 0.02
240 0.15
300 0.08
360 0.08
1080 0.81
1140 0.62
1200 0.14
1260 0.05
1320 0.14
1380 0.10
1440 0.10
1500 0.10
1560 0.27
1620 0.82
1680 0.03

The results of the Kruskal-Wallis test shown in Table 5.24 indicated a
statistically significant difference between the times of 120, 180, and 1680 min (p <
0.05). 120 min was the breaking point in the test with FWTP and the significant
difference also observed in the sample that was in sequence (180 min) may indicate a

change in the adsorption dynamics of CBZ on GAC in FWTP.

There was no significant difference, comparing DW and FWTP, in the times at
which the breakthrough and saturation points were observed in DW (360 and 1,440
min, respectively) and the saturation point for FWTP (1,500 min). This fact shows that
the dynamics of CBZ adsorption on GAC are similar at these points for the two
matrices. Although saturation occurred earlier in DW than in FWTP, the difference
between the matrices was insignificant. From a statistical point of view, the saturation
points between the different matrices were similar. Thus, it can be considered that the
column that received CBZ in DW had a better performance compared to FWTP, due

to the similar saturation time and the longer time needed to reach the breaking point.
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5.2.5. Conclusions

Isotherms, kinetics, and RSSCT tests showed that low concentrations of
Carbendazim were achieved by adsorption in granular activated carbon made from
bovine bones. The Freundlich isotherm fitted well with deionized and filtered water from
the treatment plant. The model parameters changed according to the aqueous matrix,
DW or FWTP. In both matrices, the Freundlich 1/n parameter indicated that the
adsorption of CBZ in GAC was a favorable process. The adsorption capacity of CBZ
on GAC was higher in the experiments using DW than in FWTP. This was expected
since filtered water had more substances competing for the adsorptive sites of GAC.
Besides the Freundlich isotherm, other models analyzed also fit the adsorption of CBZ
in DW, as shown by their correlation coefficient. In filtered water, Freundlich's

correlation was higher than other isotherm models.

For kinetics, it was found that the pseudo-second-order model was the best fit
for the adsorption of CBZ on GAC in both matrices. The results showed that in the
initial stages of the adsorptive process, the adsorption capacity of CBZ by GAC was
higher in the configuration with DW. However, over time the adsorption capacity of
CBZ by GAC in FWTP increased for the same experimental times. The same trend
also occurred in the RSSCTs. This may have happened because the substances
present in FWTP may have hindered the adsorption of CBZ, but the pores of the GAC
were available for the adsorption of the fungicide. It is also possible that NOM could
have sensibly improved the efficiency of CAG in removing CBZ in these experiments.
The data indicated that the pore size of the GAC was not the limiting factor in the
adsorption of CBZ. Intraparticle diffusion was more important in the adsorptive process
occurring in FWTP than DW.

RSSCT showed that the time required to reach the breakthrough in DW was
longer than in the FWTP matrix. However, the times to column saturation for DW and
FWTP were similar. From statistics analysis, there was no significant difference
between the saturation points for the RSSCT experiments in DW and FWTP.

The adsorption of CBZ diluted in FWTP showed that most parameters differed
from the same data generated in the experiments when DW was used, applying the
same experimental conditions. The substances in FWTP interfered with the adsorptive
process. However, this interference did not compromise the adsorption of the fungicide

on granular activated carbon.
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The results of the study contributed to a better understanding of the dynamics
of CBZ adsorption on GAC in two specific media, DW and FWTP. It showed that
activated carbon can remove CBZ from contaminated water, making it safer for

consumption.
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5.3.ADSORPTION OF THE FUNGICIDE CARBENDAZIM ON ACTIVATED CARBON:
ANALYSIS OF ISOTHERMS, KINETICS, RAPID SMALL-SCALE COLUMN
TESTS AND IMPACTS OF THE ORGANIC MATTER

Highlights
e Bovine bone GAC removed Carbendazim in both aqueous matrices.

e Freundlich isotherm and pseudo-second-order equation fitted better the

adsorption of CBZ on both matrices.

e CBZ breakthrough was achieved earlier in DWNOM, while column saturation

occurred at similar times in both matrices.

e NOM interfered in CBZ adsorption but did not compromise the fungicide

removal.
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5.3.1. Abstract

The adsorption of the fungicide Carbendazim (CBZ) on granular activated
carbon (GAC) made from bovine bone was investigated in deionized water (DW) and
deionized water with the addition of natural organic matter (DWNOM). The study
included tests of isotherms, kinetics, and Rapid Small-Scale Column Tests (RSSCT).
Statistical methods were applied, and the measured parameters were compared to
verify the interference of NOM in adsorption. The Freundlich model represented better
the adsorption of the fungicide in both matrices, although other evaluated models also
adjusted the data. For the kinetic study, all the evaluated models fitted well the CBZ
adsorption in DWNOM, while the pseudo-second-order model fitted better in DW. The
isotherm and kinetic studies showed the interference of NOM in the adsorption of CBZ
through changes in the parameters of the applied models. In the RSSCT, the
breakthrough time was faster in DWNOM than in DW. Different results were measured
for saturation times, Specific Transfer Rate (STR), and Carbon Utilization Rate (CUR).
Nevertheless, the CBZ concentrations of both matrices were considered statistically
similar for most contact times. In the fixed bed experiments, the organic matter did not
cause significant changes in the adsorption of CBZ in GAC. The presence of organic
matter, under the conditions analyzed, may have improved the efficiency of GAC in
adsorbing CBZ in isotherm, kinetic and RSSCT tests. The study showed that the
impact of fouling was negligible under the applied conditions.

Keywords: Carbendazim, natural organic matter, granular activated carbon

adsorption, isotherms, adsorption kinetics, rapid small-scale column tests.
5.3.2. Introduction

Contaminants of emerging concern (CEC) are chemical compounds that can
affect human health and the environment. They are present at low concentrations in
water bodies, sanitary sewage, and sometimes in treated water for human
consumption (WRMA, 2019). CECs are released into the environment due to anthropic
activities. One of these compounds is pesticides, substances that control pests
considered harmful to crops and disease vectors (KUMMERER, 2011). The presence
of these compounds in the environment has a common origin, mainly agricultural
activities. They reach water bodies after being dissolved or adsorbed to soil particles
and transported by catchment runoff to surface waters or infiltration to groundwater
(NOVOTNY, 2002; SELLAOUI et al., 2023).
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Carbendazim (CBZ), a pesticide from the benzimidazole group (RAMA et al.,
2014), is one of Brazil's most widely used pesticides. The Brazilian National Health
Surveillance Agency (ANVISA) has banned this compound (ANVISA, 2022). However,
its elimination is expected to be gradual since Brazilian farmers widely use CBZ in the
plantations of beans, rice, soybeans, and other important agricultural products
(PEDUZZI, 2022). Figure 5.11 shows the molecular structure of CBZ.

Figure 5.11 - Chemical structure of Carbendazim.
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Source: Chemicalize (2021).

The toxicological re-evaluation conducted by ANVISA between 2020 and 2022
concluded that the fungicide has carcinogenic potential, induces germ cell mutations,
and can cause reproductive toxicity in humans. The agency pointed out that it was not
possible to find a safe dose threshold to humans for mutagenicity and reproductive
toxicity characteristics (ANVISA, 2022). Carbendazim is on the Norman list of
emerging substances with sufficient evidence of risk, requiring the adoption of
mitigating measures (DULIO et al., 2016).

Several studies evaluated advanced water treatment technologies for removing
and controlling health and environmentally harmful CEC, such as CBZ. The adsorption
process has been used for several years to produce drinking water and treat domestic
wastewater and industrial effluents. Activated carbon is the main adsorbent used for
this purpose, both pulverized and granular, the latter being used in fixed beds. Dynamic
adsorption (which occurs in fixed beds) can be employed in the removal of natural
organic matter and CEC, with many studies proving its good performance in reducing
these compounds in water (DOMERGUE et al., 2022; SELLAOUI et al., 2023). Several

methodologies are employed in analyzing the adsorptive process, such as isotherms
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and adsorption kinetics. In fixed-bed studies, Rapid Small Scale Column Tests
(RSSCT) are often used (CRITTENDEN et al., 2012).

The adsorption isotherms are essential to evaluate activated carbon's
performance in removing a specific adsorbate. They mathematically represent the
relationship between the amount of adsorbate extracted by the adsorbent and the
amount of adsorbate remaining in the liquid phase when the solution is in equilibrium
at a given temperature (PICCIN et al.,, 2017). Kinetic models have been used to
analyze experimental data to investigate adsorption mechanism and rate. The most
studied models include the pseudo-first-order, the pseudo-second-order and the
intraparticle diffusion models (HARO et al., 2021; HO & MCKAY, 1998).

RSSCT is one of the most widely used methods for estimating the performance
of an activated carbon fixed bed column. This methodology involves the determination
of breakthrough curves and other operating parameters from small-scale tests. Fixed-
bed-based mass transfer models are applied to evaluate the performance of granular
activated carbon (GAC) at full scale from RSSCT (CRITTENDEN et al., 1991). The
shape and size of the breakthrough curve depend on several parameters, including
adsorption rate, temperature, flow rate, bed length, contaminant concentration,
presence of organic matter, and pH (DOMERGUE et al., 2022).

Under natural conditions and in treatment plants, natural organic matter (NOM)
can be present in different concentrations. NOM is a complex mixture of organic
compounds such as fulvic and humic acids, hydrophilic acids, and specific compounds
such as carbohydrates and proteins, all of natural origin (SUMMERS et al., 2011).
Humic acids are the main constituents of NOM in natural waters. They are rich in
aromatic carbon, phenolic structures and conjugated double bonds (Figure 5.12), with
molecular weight ranging from 500 to more than 10,000 (SILLANPAA, 2015; DUAN &
GREGORY, 2003; THURMAN et al., 1982).
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Figure 5.12 - Hypothetical molecular structure of humic acids.

Aliphatic
dicarboxylic
Hydroxyacid acid
- M _coH
—~—COH - i Q"‘
»CH X
HOC i, co
Phenol group
CH
HO,C ey OH -
Aromatic %\ ~~CH,
dicarboxylic OH Cl, CH, :
acid
O H3 CHZ_CHZ_ COZH
O,H Aliphatic
Aromatic 95
acid

Source: Duan & Gregory (2003)

The study of the impact of natural organic matter on adsorption is of fundamental
importance since, in most cases, it reduces the adsorption capacity of activated carbon
and its performance in removing CEC and other compounds (DOMERGUE et al.,
2022). This reduction in performance is due to its ability to compete for the adsorptive
sites or pore blockage of the GAC (ERSAN et al., 2016). Therefore, the presence of
NOM in the solution can affect activated carbon's performance in removing an

adsorbate of interest.

This research investigated the removal of Carbendazim by adsorption on
granular activated carbon through isotherms, adsorption kinetics, and RSSCT tests.
The experiments were performed in two aqueous matrices, deionized water (DW) and
deionized water solution with natural organic matter (DWNOM). Possible interference
of NOM in the adsorption was investigated by comparing the results obtained in both
matrices for each method tested (isotherms, kinetics, and RSSCT) and through

statistical data analysis.
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5.3.3. Methodology
5.3.3.1. Activated Carbon

Granular Activated Carbon (GAC) produced from bovine bones by the Bonechar
Company was used in the experiments. Grain and pore sizes were, respectively, 60 x
80 mesh and 0.48 to 14.93 nm. Because of its pore size, it is characterized as strictly
microporous (METCALF & EDDY, 2014). Table 5.25 presents the specifications of
activated carbon according to company information (Bonechar, 2021). However, the
point of zero charge (PZC), total specific surface area (BET), and pore volume values

were determined in the laboratory.

The PZC was calculated by the 11 point method by varying the pH from 2 to 12
using 1 N solutions of HCI and NaOH (GIACOMNI et al., 2017). Total specific surface
area analysis and pore volume quantification followed the BJH/DH method in a
Quantachrome NovaWin equipment using the temperature of 77.350 K, molar mass of
Nitrogen of 28.013 Kg/Kmol, cross-section of 16.20 A2, net density of 0.808 g/cc and
Boer's method of calculation (DE BOER et al., 1966).

Table 5.25 - Bone GAC specifications provided by the manufacturer*. (Bonechar, 2021).

Properties Specifications

Carbon 9-11%

Acid-soluble ash <3%
Insoluble ash 0.7
Tricalcium phosphate 70 - 76%
Calcium carbonate 7-9%
Calcium sulfate 0.1-0.2%

pH 85-95

Point of zero charge (PZC) 8.40
Total specific surface area (BET N?) 57.78 m3/ g
Carbon surface area 50 m3/g
Iron <0.3%
Pore size 0.48 - 14.93 nm
Pore volume 0.0077 cm3/g

lodine number 93 mg/g

Humidity < 5%
Apparent density 0.60 — 0.70 g/lcm?
Hardness >80
Aspect Granulated and powdered solid
Smell odorless

* Except Point of Zero Charge (PZC), BET specific surface area and pore volume
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5.3.3.2. Solution with natural organic matter

To prepare the solution containing NOM, sodium salt of humic acid from Sigma-
Aldrich was dissolved in deionized water to obtain a concentration of 5 mg/L organic
matter at pH 7. This concentration range has been previously used in experiments with
RSSCT in studies with other pesticides (PLATTNER et al., 2018). Table 5.26 presents
the specifications of humic acid according to company information (SIGMA-ALDRICH,
2023).

Table 5.26 - Humic acid specifications.

Appearance Form: flakes; Color: black, to, brown
Odor odorless
pH No data available

Melting point/freezing point

Melting point/range: > 300 °C

Initial boiling point and boiling range

> 640 °C at ca.1.013 hPa

Flammability (solid, gas)

The product is not flammable

Relative density
Water solubility

1,52 at 20 °C
369 g/l at 20 °C - Regulation (EC)
log Pow: ca.-2,08 at 23 °C - Bioaccumulation is
not expected
> 400 °C at 1.013 hPa

Partition coefficient: n-octanol/water

Autoignition temperature
Source: Sigma-Aldrich (2023).

The NOM was quantified by Total Organic Carbon (TOC) analyses performed
on a Shimadzu TOC-LCPH analyzer equipped with an automatic sample injector. The
analyses were performed by thermal catalytic oxidation at 680°C on platinum-coated
alumina beads with a continuous supply of oxygen flow. The non-purgeable organic
carbon (NPOC) method was used, and all procedures followed the standard equipment

manual.
5.3.3.3. Carbendazim

Carbendazim was purchased from Sigma-Aldrich, with a purity of 97%. The CBZ
was initially dissolved in an acidic medium (pH between 2.7 and 3.0) with 1 N H2SO4
to accelerate the compound's dissolution. Afterwards, the pH of the solution was raised
to a range between 7 and 8 by adding 1 N NaOH. The experiments were carried out
in this pH range. For the analysis of CBZ, a Shimadzu LC20A High-Performance Liquid
Chromatograph (CLAE - HPLC) equipped with a diode array detector (DAD, SPD-
20AV) and autosampler (SIL-20A) was used. The concentration of CBZ used in the
experiments was 5 mg/L, dissolved in deionized water (DW) and water containing

organic matter (DWNOM). This concentration of CBZ was used due to better
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monitoring of the adsorptive process and had already been used in similar experiments
with higher concentrations (LI et al., 2022).

5.3.3.4. pH Test

Before the tests with natural organic matter, a study was conducted to identify
the pH at which the activated carbon would perform best. This was done using 5 mg/L
of CBZ in deionized water (DW) and a concentration of 1 g/L of bone GAC at pHs of
2,4, 6,8, and 10. To check if there was a significant difference between the pHs, the
t-Student test was applied. An analysis using the Shapiro-Wilk test found that the
results of this approach had a normal distribution. The test indicated that the
performance of the GAC in CBZ removal at pH 8 did not differ significantly from that of
the acidic medium. Therefore, all experiments were performed in the pH range

between 7 and 8.
5.3.3.5. Isotherms

In the isotherm tests, variable concentrations of activated carbon (0.25; 0.50;
1.00; 2.00; and 5.00 g/L) were placed in Schott flasks containing 100 mL of water with
a constant concentration of CBZ (5 mg/L). The flasks were placed in a water bath in a
shaker equipment at 25° C for 24 hours. After this period, aliquots were removed from
the flasks, separated on filters with size openings of 0.45 um, and analyzed. The

experiments were performed in triplicate in DW and DWNOM.

The results were analyzed to determine which isotherm, Langmuir, Freundlich,
Sips, or Redlich-Peterson best fitted the experimental data (Equations 50 through 53).
The parameters of the isotherms were determined using the nonlinear method with the

Solver tool in Excel 2019.

_ b. C, -
qe_qmaX.l_I_b.Ce ( )
ge = kg.C /M (51)
1
qmax- I(S' Ce/rls
Je = —l/ns (52)
1+K,.C,
kRP. C
de= T —% = (53)
+ aRP. Ce

Where: C, = equilibrium concentration of CBZ in solution after adsorption (mg/L); q. =

adsorbed amount of CBZ at equilibrium (mg/g); qmsx = maximum adsorption capacity
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(mg/g); b = Langmuir equilibrium adsorption constant (L/mg); k¢ = Freundlich constant,
[(mg/g) (L/mg)*"]; 1/n = Freundlich intensity parameter; Ks = Sips equilibrium constant
(L/mg)¥"s; ns = Sips exponent, dimensionless; arr = Redlich-Peterson equilibrium
constant (L/mg)®; krp = constant incorporating the maximum sorption capacity and
describing the adsorbent-adsorbate affinity (L/mg); and 3 = exponent of the Redlich-

Peterson isotherm, dimensionless.
5.3.3.6. Kinetics

The kinetics assays used a shaker with constant temperature of 25°C and pH
between 7 and 8. Samples were collected in triplicate from Schott flasks containing
100 mL of solution with constant concentration of 1 g/L GAC and 5 mg/L CBZ. The
assays were performed in DW and DWNOM, with sample collection at regular times of
0, 10, 20, 30, 60, 120, 180, 240, 300, and 360 minutes.

The kinetic parameters were calculated using the nonlinear method with Excel's
Solver function. The pseudo-first-order, pseudo-second-order, and the intraparticle
diffusion models (Equations 54 to 56, respectively) were tested. The intraparticle
diffusion model considers that the linear coefficient C equals to zero if diffusion within
the pore controls adsorption in the initial adsorption stages (HARO, 2017; ALLEN,
MCKAY and KHADER, 1989).

qe = qe(1 — e ¥1h) (54)

_ gelkat (55)
=77 qek,t

q = kg .t + C (56)

Where: q; = quantity of adsorbate removed per unit of adsorbent in time t (mg/qg); q. =
guantity of adsorbate adsorbed per unit of adsorbent at equilibrium (mg/g); k, = first
order rate constant (min?); t = contact time (min); k, = second-order rate constant

(g/mg.min); kg; = intraparticle diffusion constant (mg/g.min®9).
5.3.3.7. Rapid Small Scale Column Tests

Standards from a full-scale column were applied to determine the parameters
used in the RSSCT column, as described in Table 5.27. The Empty Bed Contact Time

(EBCT) for the reduced scale was calculated using Equation 57.
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d 2—-X
EBCT,, = EBCT}.. <ﬂ> (57)
dp.lc

Where: EBCT,. = EBCT in the small-scale column (min); EBCT,. = EBCT in the large

column (min); d, s = mean particle diameter of the small-scale column (mm); djc =

mean particle diameter of the large-scale column (mm); x = coefficient of dependence
of particle size on intraparticle diffusivity, being 0 when diffusivity is constant (CD) and

1 when diffusivity is proportional (PD) to particle size.

Crittenden et al. (2012) suggest using the hydraulic loading rate (HLR) in
adsorbent beds in the range 120 to 360 m3/m2.day (0.083 m3/m2.min), and the EBCT
between 5 and 30 minutes. The design parameters considered an EBCT of 5 min and
HLR of 120 m3/m2.day for a real scale column. Applying this value in Equation 57, a

time of 0.72 min was obtained for the reduced scale.

With the HLR and EBCT values, the reduced scale column height could be

calculated using Equation 58.

He. = HLR,. .EBCT,, (58)

Where: Hq. = small-scale bed height (m); HLR. = small-scale hydraulic loading rate,
120 m3/m?2.day.

The flowrate of the reduced-scale adsorptive system was calculated using
Equation 59. According to Summers et al. (2011), the flowrates for constant diffusivity
(CD) and proportional diffusivity (PD) range from 50 to 150 mL/min and 5 to 20 mL/min,
respectively. The operating flowrate of the system, 9.42 mL/min, characterized
proportional diffusivity (X = 1 in Equation 57).

Qred = TASreq -Ared (59)
Where: Q.. = flowrate (mL/min); and A,. = circular section area of the small-scale

column (cm?).

The internal diameter of the column used was 1.20 cm. Table 5.27 details the
parameters designed for the RSSCT and the values corresponding to a full-scale

column.
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Table 5.27- RSSCT parameters and dimensions with the equivalent values for full-scale.

Parameter Unit Full Scale Small-scale

GAC Granulometry Mesh 8x30 60 x 80
Thg average diameter of the mm 1.49 0.21
grains
EBCT Min 5 0.72

. : ms3/m2.day 120 120
Hydraulic loading rate mamZh 50 50
Flowrate mL/min - 9.42
Apparent density g/cm3 0.65 0.65
GAC bed volume cm?3 - 6.82
GAC bed height cm - 6.03

From the results obtained in the RSSCT, it was possible to analyze the specific
transfer rates (STR) and carbon utilization rates (CUR) through Equations 60 and 61.

tbreakthrough
STR = ———— 60
EBCTys . pgpc (60)
1
_ 61
CUR = o= (61)

Where: STR = specific transfer rate (cm?g); p.,. = density of bone GAC, equal to

0.65 g/cm3; and CUR = carbon use rate (g/L).

The reduction in adsorption capacity caused by organic matter is known as
fouling (CORWIN & SUMMERS, 2010). To evaluate this impact on the adsorption of
CBZ on GAC, the Fouling Index equation (Equation 62) was used to compare the
breakthrough curves of the experiments performed on a reduced scale (CORWIN &
SUMMERS, 2010; KENNEDY et al., 2017).

dplc v

FI = SFY = <—> (62)
dp.sc

Where FI = Fouling index; SF = Scaling factor; and Y = Fouling factor. As the

comparison was performed between the reduced scales for both matrices, the ratio

. d .
between the GAC diameters equals 1 (dp—'lc =1), as the same diameter range was used
p.sc

(60 x 80 mesh). The Fouling Index was calculated by nonlinear analysis using the

dp.lc

Excel's Solver tool. Fixing =1, the value of Y was varied until a coefficient with the

highest R2 was found. Thus, the value of FI would be known, and the impact of fouling

measured.

Due to the limitations of access and permanence in the laboratory at night, the

analyses were not performed during this period. The experiments lasted 28 hours
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because the saturation points had already been identified by the end of this period. To
determine the breakthrough and saturation times, 5% and 90% of the initial CBZ

concentration were considered. The experiments were performed in quadruplicate.
5.3.3.8. Statistical Treatment

Statistical analyses were performed to verify the interference of DWNOM in the
adsorptive process compared to DW. The analysis included correlation, determination,
and significance tests using R software version 4.0.4. Kendall's method was applied to
identify the correlation between the applied GAC dosages and the remaining CBZ
concentrations. For the significance tests in the RSSCTs, the Kruskal-Wallis method
(p < 0.05) was used to compare the results for the different contact times in the DW
and DWNOM matrices.

5.3.4. Results and discussion

5.3.4.1. Activated carbon characterization

The considerations in this topic refer to Table 5.25, which shows the GAC

characterization.

The presence of calcium carbonate, calcium sulfate, and tricalcium phosphate
in the GAC may be a factor favoring the adsorption of organic matter and consequently
reducing the adsorption of CBZ. Bivalent cations such as calcium can interact with
organic matter, increasing its adsorption capacity by forming complexes (SUMMERS,
KNAPPE and SNOEYINK, 2011).

The density value is within the usual range for activated carbons manufactured
from lignite and coconut shell (0.35 to 0.65 g/cm3) (SUMMERS, KNAPPE, and
SNOEYINK, 2011). The specific surface area value, 57.78 m?/g is lower than that
recommended by AWWA (2005) for adsorption by granular activated carbon in water
supply systems (650 - 1,000 m?/g). This is also observed for the iodine number, whose
recommended range is 600 to 1,100 mg/g (METCALF & EDDY, 2014). Although these
parameters are indicators of the adsorptive capacity of activated carbon, the
performance of GAC is generally best evaluated through isotherm and column
experiments at the laboratory scale or pilot scale. This is particularly true for the
removal of CEC in drinking water (SUMMERS, KNAPPE and SNOEYINK, 2011).
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The experiments occurred in pH between 7 and 8, below the PZC value of 8.4
(Table 5.25). This pH value for PZC was also found in other studies for activated
carbon (MIYITTAH et al., 2016). Thus, the carbon surface showed slightly cationic
characteristics, more prone to adsorb substances with anionic characteristics, such as

organic matter.

The anionic form of CBZ predominated in the assays, considering its pKa of
4.53 + 0.07 and pH of the medium between 7 and 8 (MAZELLIER et al., 2002). Thus,
considering the configuration of the surface molecules of GAC and CBZ, there may be

an electrostatic attraction between the compounds, favoring adsorption.

Crittenden et al. (2012) state that molecules with a molar mass of around 102
g/mol have a particle size of less than 0.01 nm. Considering that the molar mass of
CBZ is 191.19 g/mol and the porosity of GAC varies between 0.48 - 14.93 nm, it can

be concluded that the CBZ molecules could access the GAC pores.

Annexl shows pictures of the GAC generated with Scanning Electron

Microscopy, highlighting the grains and the GAC pores.
5.3.4.2. Isotherms

The results of the isotherm tests are presented in Figure 5.13 and Table 5.28.
All the tested models fit the adsorption of CBZ in both DW and DWNOM. In deionized
water, the Freundlich and Sips isotherms had R? of 0.9770 and 0.9759, respectively,
slightly higher than Langmuir and Redlich-Peterson. For deionized water with organic
matter, all models had the same R2. Figure 5.13 shows that the presence of organic

matter influenced the equilibrium concentrations for each mass of GAC used.
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Figure 5.13 - Results of the tests for the DW and DWNOM experiments (means + standard deviation,
n=3).
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Table 5.28 - Parameter values and determination coefficients for the Freundlich, Langmuir, Sips, and
Redlich-Peterson isotherms.

Model Parameter DW DWNOM
Kt (mg/g)(L/mg)¥" 60.49 17.09
Freundlich 1/n 0.67 1.09
R2 0.98 0.91
gmax (Mg/g) 159.10 564,423.77
Langmuir b (L/mg) 0.49 0.00
R2 0.97 0.91
gmax (Mg/g) 159.10 869,460.22
Sips Ks (L/mg)¥ns 0.49 2.18 x 105
ns 1.00 1.00
R2 0.98 0.91
are (L/mg)® 0.00 0.00
. krp (L/mg) 32.72 19.24
Redlich-Peterson R 0.00 0.00
R2 0.93 0.91

The Redlich Petterson 3 value must be greater than 0 (0 < 3 < 1) (DEHGHANI,
KARRI and LIMA, 2021). As the fitted model results in 3=0, it may be that this model
does not adequately fit the adsorption of CBZ on GAC in DWNOM. The gmax values
were very high for DWNOM. These values may indicate that the Langmuir isotherm is
not the most adequate to represent the adsorption of CBZ on GAC for the analyzed
conditions (ALMEIDA et al., 2023). Considering these particularities and the R? values,
it was considered that the Freundlich model best describe the adsorption of

Carbendazim on both matrices.
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The Freundlich isotherm indicates the possibility of heterogeneous multilayer
formation during adsorption (HARO et al., 2021; PICCIN et al.,, 2017). Thus, the
adsorption of CBZ may also present this characteristic, with the formation of multilayers

in both tested matrices.

For comparison purposes, the Freundlich isotherm was used to represent the
adsorption of CBZ in both matrices. Equations 63 and 64 describe the Freundlich
models for the adsorption of Carbendazim on DW and DWNOM, respectively. Figure
5.14 shows the graphs obtained from the equations.

qe = 60.49 x C,*¢7 (63)
qe = 17.09x C,**° (64)

Figure 5.14 - Freundlich isotherms for the adsorption of CBZ on DW and DWNOM.
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Figure 5.14 indicates that for the same equilibrium concentrations (Ce), the
amount of CBZ adsorbed per gram of GAC (ge) is higher in deionized water than with
the presence of organic matter up to a specific equilibrium concentration (20 mg/L). At
this point, the Freundlich curve for CBZ in DWNOM crosses that of DW, indicating a
change in the adsorption dynamics of CBZ in this medium. This crossing in ge and Ce
was also observed in kinetics and RSSCT. Although the adsorption was interfered with,
the removal of CBZ was satisfactory in both matrices. Thus, bovine bone CAG was
efficient in removing CBZ in DW and DWNOM.

There was a 72% reduction in the Freundlich constant (Kr) of the isotherm with

DWNOM compared to DW. The reduction in Kt is interpreted as direct competition and
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pore blocking of the activated carbon (PELEKANI & SNOEYINK, 1999). It was
observed that the Freundlich intensity parameter (1/n) for adsorption on DW was less
than unity, indicating that the adsorption of CBZ on bone GAC was a favorable process
(ANFAR et al., 2020). This was also observed using other adsorbents (JIN et al., 2013;
Ll et al., 2011; PASZKO, 2006; RIZZI et al., 2020; WANG et al., 2020). For DWNOM,
the 1/n value slightly above one (1.09) suggested that organic matter impacted the
adsorptive process of CBZ in GAC. Changes in the value of "n" are interpreted as
changes in the distribution of energy sites of the adsorbent (PELEKANI & SNOEYINK,
1999), which means that the presence of humic acid (NOM) may affected the
distribution of the adsorptive sites of bovine bone GAC, changing the adsorption

dynamics of CBZ and the shape of the Freundlich isotherm curve.

Table 5.29 presents the results of the correlation tests applying the Kendall
method, analyzing the variables "GAC dosages" and "CBZ concentrations" at

equilibrium for each matrix.

Table 5.29 - Result of applying the Kendall method to the isotherm test.

Matrix correlation coefficient (1) determination coefficient (12)
DW -1.00 1.00
DWNOM -0.60 0.36

The values indicated a strong negative correlation between the amount of GAC
and the final concentration of CBZ in deionized water (DW). The adsorption of CBZ in
DW was inversely proportional to the dosage of GAC, i.e., the greater the amount of
adsorbent used, the lower the concentration of CBZ remaining in the solution. For
DWNOM, the value of 12 was low. Although the inverse relationship between the

adsorbate and the adsorbent remains, it was weaker than in DW.
5.3.4.3. Kinetics

The results of the experiments investigating the adsorption kinetics are shown
in Figure 5.15 and Table 5.30. For both matrices, the pseudo-second-order kinetics
best fitted the adsorption process (R? = 0.98 in DW and R? = 0.99 in DWNOM). The
pseudo-first-order kinetics also fitted the adsorption of CBZ on GAC in both DW and
DWNOM, with higher R2 obtained in the medium with organic matter. Intraparticle
diffusion was a determinant in the initial steps of the adsorption process in both
matrices. A good fit was achieved in the adsorption of CBZ on GAC for DWNOM (R2? =
0.93).
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Figure 5.15 - Results of the kinetics tests for the experiments in deionized water (DW) and
deionized water with organic matter (DWNOM) (means * standard deviation, n=3).
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Table 5.30 - Parameter values and coefficients of determination for the pseudo-first-order and
pseudo-second-order models and intraparticle diffusion.

Model Parameter CBZin DW CBZin DWNOM
K1 (t1) 0.049 0.019
Pseudo-first-order ge (MgCBZ/gGAC) 4.157 5.902
R2 0.94 0.99
Kz (t1) 0.017 0.003
Pseudo-second-order ge (MgCBZ/gGAC) 4.462 6.987
R2 0.98 0.99
Kt 0.189 0.330
Intraparticle diffusion C 1.419 0.615
R2 0.79 0.93

The pseudo-second-order kinetic models that best fitted Carbendazim's
adsorption in DW and DWNOM are shown in Equations 65 and 66, respectively. Figure

5.16 shows the relations between gt and t from these equations.

034xt

_ 65

= T 008xt (65)
0.14xt

o N e— (66)

1+ 0.02xt
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Figure 5.16 - Adsorption kinetics of CBZ in deionized water (DW) and deionized water with organic
matter (DWNOM).
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g = the amount of adsorbate removed per unit of adsorbent in time t, in mg/g.

The results showed that the adsorption capacity of CBZ by GAC was initially
higher in DW. However, after approximately 60 minutes, the adsorption capacity of
CBZ by GAC in DWNOM increases and exceeds the amount of CBZ adsorbed in DW
for the same experimental times. The same occurred in the isotherm experiments, as
illustrated in Figure 5.14. The explanation for this change in adsorption dynamics is
uncertain. One hypothesis is that, because of their larger size and molecular weight,
the organic matter particles may have dragged the CBZ molecules by adsorbing on
the GAC surface, thus increasing the concentration removed from the fungicide. Zhu
et al. (2023) showed that the presence of DOM enhanced the adsorption of heavy
metals onto GAC at 5 mg/L DOM concentrations. Thus, another hypothesis is that
NOM may have improved GAC's ability to adsorb fungicide.

The pseudo-second-order equation was also the best fit for the adsorption of
CBZ and the herbicide Linuron on activated carbon (HGEIG et al., 2019). Similarly, the
adsorption of atenolol on GAC was best represented by pseudo-second-order kinetics
(HARO et al., 2017). Cao et al. (2011) found that the pseudo-second-order equation
represented better the adsorption of p,p'- and o,p'-Dichloro-diphenyl-trichloroethane
(DDT) in sediment. The same was identified for the adsorption of the insecticide
Fenitrotione and the herbicide Trifluralin on organo-zeolites and activated carbon
(LULE & ATALAY, 2014).



109

As for the GAC intrapatrticle diffusion, it was possible to infer that it was stronger
in the adsorption of CBZ in DWNOM than DW. This can be attributed to the organic
matter, which altered the adsorption dynamics of the fungicide and generated a
deviation from the origin of the graph. The moderate coefficient of determination (0.79)
showed that intraparticle diffusion was not a step determining the speed of adsorption
of CBZ in GAC in DW.

Equation 67 represents the model of the intraparticle diffusion in DWNOM using
the data shown in Table 5.30. Figure 5.17 shows the relation between gt and t.

qe = 0,33.t%5 + 0,62 (67)

Two distinct stages of the adsorptive process of CBZ on GAC can be observed.
The first step (Phase |) was related to the adsorption on the adsorbent's external
surface and represents the linear boundary layer effect. The second region (Phase II)
represented intraparticle diffusion. The phase representing the equilibrium in
adsorption, where the adsorbed amount is constant (Phase lIl), was not observed (DEL
VECCHIO et al., 2019; HARO, 2017; RUIZ et al., 2010). Thus, for the adsorption of
CBZ, the phase related to intraparticle diffusion exerted more influence on the
adsorptive process than the boundary layer effect (this may have occurred because
the equilibrium was not reached).

Figure 5.17 — Figure illustrating the intraparticle diffusion in the adsorption of CBZ on GAC in
DWNOM, from Equation 67.
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g: = The amount of adsorbate removed per unit of the adsorbent in time t, mg/g.
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The adsorption study of CBZ on activated carbon by Hgeig, Novakovic e
Mihajlovic (2019) showed a high coefficient of determination when fitting the
intraparticle diffusion equation. As in the present study, the equation did not start from
the origin in the early stages of the adsorptive process. The authors concluded that
adsorption on the surface of the GAC had the most significant influence at the
beginning of the experiments, with intraparticle diffusion playing a limiting role in
adsorption. In the present study, it was possible that the deviation from the origin
occurred due to the difference in mass transfer rate between the initial and final stages
of adsorption (AHMED & THEYDAN, 2012; DEL VECCHIO et al., 2019).

Larger GAC particles result in slower adsorption kinetics since this is inversely
proportional to the square of the GAC particle diameter (Kennedy et al., 2015).
According to the pore size and volume shown in Table 5.7, the GAC used in the
experiments is strictly microporous. Thus, the change in adsorption dynamics is
believed to be due exclusively to the organic matter, as the pores of the carbon did not

act as a limiting factor on the adsorption kinetics of CBZ.

Table 5.31 shows Kendall's statistical test results in analyzing the variables

"Time" and "CBZ concentrations" for each matrix.

Table 5.31 - Result of application of the Kendall test relating the variables time and CBZ
concentrations in the kinetics assays.

Matrix Correlation coefficient (1) Determination coefficient (12)
DW -0.75 0.56
DWNOM -0.87 0.76

A moderate negative correlation between time and CBZ concentrations can be
observed. In both matrices, the longer the contact time, the lower the concentration of
CBZ remaining in the solution. This is consistent with previous studies that used 2 to
24 hours equilibrium times for CBZ adsorption (JIN et al., 2013; LI et al., 2011;
PASZKO, 2006; RIZZI et al., 2020; WANG et al., 2020). Although contact time was the
only variable factor (medium temperature, GAC concentration, pH, and CBZ
concentration remained constant), a low 12 value was observed for DW. Figure 5.16
shows that there was no increase in the adsorption of CBZ in DW on CAG after a

certain time, which might explain the low 12 value.
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5.3.4.4. Rapid Small Scale Column Tests

Figure 5.18, 5.19 and Table 5.32 show the Rapid Small-Scale Columns Tests
(RSSCT) results. The breakthrough time (5% Co) was longer for the GAC column in
the configuration of CBZ in DW. The column saturation time for CBZ adsorption (90%

Co) was higher with the presence of organic matter.

Figure 5.18 - Results of the small-scale column rapid tests (RSSCT) for deionized water (DW) and
deionized water with organic matter (DWNOM) experiments (mean * standard deviation, n= 4).
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Table 5.32 - Relationship between final (C) and initial (Co) concentrations for each time collected in

the RSSCT.
. CBZ in DW CBZ in DWNOM
T (min)

ClCo CICo

0 0.00 0.00
60 0.00 0.02
120 0.01 0.05
180 0.03 0.08
240 0.02 0.08
300 0.04 0.11
360 0.05 0.14
1080 0.34 0.41
1140 0.42 0.43
1200 0.57 0.49
1260 0.67 0.59
1320 0.82 0.64
1380 0.92 0.80
1440 0.99 0.91
1500 1.00 1.00
1560 1.00 1.00
1620 1.00 1.00
1680 1.00 1.00

Figure 5.19 — CBZ breakthrough curves obtained from the RSSCT for the experiments in deionized
water (DW) and deionized water with organic matter (DWNOM).
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Figure 5.20 shows the breakthrough curve in the RSSCT test with the affluent

containing only organic matter. NOM was present in the effluent of GAC column early

in the column operation. This was also observed in tests performed by Mavaieie Jr. &
Benetti (2021).
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Figure 5.20 — NOM breakthrough curve in RSSCT test in DWNOM.
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Table 5.33 presents the breakthrough and saturation times of the CBZ in DW
and DWNOM. The Specific Transfer Rate (STR) and Carbon Utilization Rate (CUR)
values calculated with Equations 60 and 61 are also presented. The results for DW
and DWNOM were distinct, with organic matter influencing CBZ adsorption in the
RSSCT assays.

Table 5.33 - Breakthrough times, saturation times, and values of specific transfer and carbon
utilization rates in DW and DWNOM.
Breakthrough Saturation time

3
Tests time (min) (min) STR (cm?3/g) CUR (g/L)
DW 360 1,440 110.8 9.0
DWNOM 120 1,500 36.9 27.1

DW = deionized water; DWNOM = deionized water with organic matter

STR and CUR are parameters used to analyze the performance of GAC in
contaminant removal. The higher the STR values and, consequently, the lower the
CUR values, the higher the efficiency of GAC and the more economical its application
in water treatment (KEMPISTY et al., 2022; KENNEDY et al., 2015). The highest
efficiency of GAC was in the configuration of CBZ in DW, in which there was no

competition for the adsorption sites.

Specific adsorption studies of CBZ using RSSCT were not found in the
literature. However, other substances have already been studied using this
methodology. Coelho & Rozario (2019) reported the removal of the herbicide 2,4-D.
They found a breaking point in ultrapure water of 1,349 minutes, higher than the time
measured in the CBZ tests and, therefore, lower CUR. The authors used an initial 2,4-
D concentration of 7 pug/L, EBCT of 0.72 min for reduced scale, a 6.5 mL/min flow rate,
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and a GAC bed height of 6 cm. For this paper, the maximum 2,4-D value allowed by
Brazilian legislation according to the Ministry of Health was adopted as the breaking

point.

In another study, Voltan et al. (2016) evaluated the removal of the herbicides
Diuron and Hexazinone in GAC and obtained a CUR of 10.7 mg/L. In this case, EBCT
values ranged from 0.0251 to 0.0548 min, with a flow rate of 1.85 mL/min and a GAC
bed height of 25 cm. For this paper, the maximum Diuron and Hexazinone values
allowed by Brazilian legislation according to the Ministry of Health was adopted as the

breaking point.

Comparing the results obtained for CUR, it is observed that the GAC showed
lower performance in CBZ removal compared to the analyzed studies. Different
operational conditions, such as GAC bed height, flow rates, EBCT, and Iinitial

concentrations of adsorbates, may have influenced the results.

As for the relationship between the experiments performed in RSSCT and the
Fouling Index (Equation 62), it was observed that the Fouling Factor (Y) had no impact
on the adsorption of CBZ, regardless of the values tested in the application of the
method. The coefficient of determination (R2) obtained was equal to 0.98 for all values
of Y modeled by the Solver. The breakthrough curve of CBZ in deionized water in GAC
multiplied by the values of each time with the Fouling Factor (SF) resulted in a
breakthrough curve identical to the one obtained with the adsorption of the compound
in DW without the addition of SF. Also, the breakthrough curve for the RSSCTs
containing CBZ and natural organic matter showed a coefficient of determination of
0.98 relative to the adsorption curve of CBZ dissolved in DW. This indicates that the
addition of a coefficient is not necessary. Thus, for the conditions analyzed, the impact

of fouling on the adsorption dynamics of CBZ in GAC was considered negligible.

Table 5.34 shows the statistical test results applying the Kendall method to the
data measured in the RSSCT trials, analyzing the variables "Time" and "CBZ

concentrations" for each matrix.
Table 5.34 - Result of applying the Kendall method to the RSSCT.
Matrix Correlation coefficient (1) Determination coefficient (12)
DW 0.80 0.64
DWNOM 0.90 0.81
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The values showed a moderate positive correlation between time and CBZ
concentrations, indicating that the concentration of CBZ in the column effluent
increases with operating time. This is the result of the filling of the adsorption sites by

CBZ and organic matter.

Table 5.35 shows the results of the Kruskal-Wallis significance tests performed

comparing the results measured in the two aqueous matrices for each collection time.

Table 5.35 - Analysis of the difference between CBZ concentrations dissolved in deionized water (DW)
and with natural organic matter (DWNOM) for the same dosage of GAC (p< 0.05).

Time p-value

0

60 0.54
120 0.04
180 0.08
240 0.25
300 0.08
360 0.08
1080 0.81
1140 0.62
1200 0.18
1260 0.08
1320 0.18
1380 0.18
1440 0.46
1500 0.65
1560 0.12
1620 0.48
1680 0.26

Table 5.35 shows that only at the time of 120 minutes there was a statistically
significant difference (p < 0.05) between CBZ adsorption in DW and DWNOM. 1t is
noted that 120 minutes was the breakthrough point in DWNOM, suggesting a change
in the CBZ adsorption dynamics in this medium. On the other hand, the breakthrough
and saturation times for the experiment in DW (360 and 1440 minutes, respectively)
and the saturation point for DWNOM (1500 minutes) had no statistically significant
differences. This trend is consistent with the fouling test results, which indicated that

the impact of organic matter was negligible in a small-scale fixed bed.

Although the interference of organic matter on CBZ adsorption was detected
through the distinct breakthrough and saturation times, STR and CUR, the final

concentrations analyzed were statistically similar. Thus, it can be considered that the
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column that received CBZ in DW had a better performance compared to DWNOM, due

to the similar saturation time and the longer time needed to reach the breaking point.
5.3.4.5. General considerations on the impact of organic matter on CBZ adsorption

After performing the isotherms and kinetics tests, it was found that the presence
of natural organic matter in the form of humic acid changed the adsorption parameters.
This result was mainly due to the physicochemical properties and interactions between
the organic matter, the pesticide, and the activated carbon. A possible explanation for
this effect was the adsorption of larger molecules of NOM on the outer surface of the
GAC, blocking the pore entrance and reducing the number of accessible adsorptive
sites (DOMERGUE et al., 2022). This process may have decreased CBZ adsorption
over time (MOUSSAVI et al., 2013). This interference was most evident in the isotherm

experiments.

Because they have different molecular sizes, the competition for the sites
observed in the experiments was mainly due to the pore size distribution of the GAC
since the organic matter can occupy the macropores and mesopores, preventing the
access of CBZ to the micropores of the adsorbent. Thus, the GAC's pore distribution
controlled the competition mechanism (PELEKANI & SNOEYINK, 1999).
Microcontaminants in drinking water are usually present in concentrations three to six
orders of magnitude smaller than natural organic matter. This implies a reduced
adsorption capacity in the presence of NOM (DOMERGUE et al., 2022)

Another interference factor in the adsorption process is the electrostatic
interactions between the organic matter and the activated carbon, which can favor its
adsorption. The organic matter in the form of humic acid is negatively charged in the
pH range in which the experiments were performed. Thus, it can compete with the
anions of the CBZ molecule for the activated carbon pores, which are positively
charged (MOUSSAVI et al., 2013). As already verified in the characterization of the
activated carbon, the presence of bivalent cations of the GAC may have favored these
electrostatic interactions and enabled the adsorption of organic matter by this process.

It is possible that NOM could have improved the efficiency of GAC in removing
CBZ. This is possible because some organic compounds change their fate in the
presence of humic substances (CARTER & SUFFET, 1982). Guillossou et al. (2020)

identified that a pre-equilibrium of 24 h between Organic micropollutants (OMP) and
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dissolved organic matter (DOM) improved their removal onto powdered activated
carbon. These results showed the formation of DOM-OMPs complexes in solution
which increased the overall removal of OMPs, especially at short contact times.
Similarly, Zhu et al. (2023) showed that the presence of DOM enhanced the adsorption
of heavy metals onto GAC at 5 mg/L DOM concentrations. Our study did not include a
pre-equilibrium period between CBZ and NOM. However, this may be a possibility for
the increase in the adsorptive capacity of CBZ on GAC in DWNOM, especially in the
RSSCT where the experiment time exceeded 24 hours.

CEC adsorption is mainly influenced by kinetic factors, which are affected by
the interaction between NOM and trace molecules. As a result, NOM impacts the
removal of target contaminants (DOMERGUE et al., 2022). Based on the obtained data
and comparison with previous studies, it was observed that organic matter interacted
with the adsorptive sites of bovine bone GAC, altering the adsorption dynamics of CBZ,

especially in the batch experiments.

The fixed-bed experiments showed different results, reflected by breakthrough
and saturation times, STR, and CUR values. However, the data generated were
statistically similar, and there was no evidence of compromise in the efficiency of the
activated carbon. The results of the kinetics and RSSCT tests may indicate an
improvement in the adsorption of CBZ due to the presence of NOM. Therefore, this
hypothesis is also valid for the data obtained. Furthermore, the fouling analysis showed
that the effect of organic matter was negligible for small-scale fixed beds.

5.3.5. Conclusions

The isotherms, kinetics, and RSSCT experiments showed that activated carbon
removed CBZ in both aqueous matrices. In the adsorption experiments for CBZ
dissolved in deionized water with organic matter (DWNOM), the four isotherm models
tested had equal determination coefficients (0.91). For CBZ dissolved in deionized
water (DW), the Freundlich and Sips models had the highest determination coefficients
(0.98). However, the Langmuir and Redlich-Peterson isotherms also fit the CBZ
adsorption with coefficients of 0.97 and 0.93, respectively. The Kr and 1/n parameters
of the Freundlich isotherm, which simultaneously fitted the adsorption of CBZ dissolved
in DW and DWNOM, varied according to the matrix, evidencing the interference in

adsorption by natural organic matter.
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For the tests with kinetics, it was found that the pseudo-second-order model
fitted best to the adsorption of CBZ on GAC in both matrices. The results showed that
in the initial stages of adsorption, the adsorptive capacity was higher in the
configuration in which CBZ was dissolved in DW. However, the adsorption capacity of
CBZ dissolved in DWNOM increased during the same experimental times of CBZ in
DW. The same occurred in RSSCT. Thus, the data show that the presence of organic
matter, under the conditions analyzed, may have improved the efficiency of GAC in
adsorbing CBZ in kinetics and RSSCT tests. Intraparticle diffusion was more intense
in DWNOM than in DW, with adsorption on the outer surface of the GAC exerting a
more significant influence. In both matrices, the pseudo-first-order model also adjusted

well the data.

The RSSCT results showed that organic matter reduced the time required to
reach a breakthrough compared to the pure aqueous matrix, evidencing a significant
difference between the results. The concentrations of CBZ effluent from the GAC bed
were different at all collection times analyzed, reflecting different saturation times, STR,
and CUR. However, there was no statistically significant difference in the breakthrough
curve for most of the data. The fouling study indicated that NOM did not significantly
impact the CBZ breakthrough curve. Thus, even with differences between the fixed

bed adsorption curves, the results were considered similar.

The results indicated that the presence of organic matter impacted the
adsorption of CBZ, changing the dynamics in the isotherm and kinetics tests. This
influence was evidenced in the different parameters obtained for all the methods
tested. For the fixed-bed experiment, most of the results were statistically similar,
although distinct data was observed. Despite having an impact on the adsorption of
the fungicide, NOM may have improved the ability to remove CBZ, especially in the
kinetics and RSSCT tests. This may have been due to a possible interaction between
CBZ and humic acid.

Based on the isotherms, kinetics, and fixed-bed studies, it is concluded that
granular activated carbon is a technique that can be used for the removal of the
fungicide Carbendazim dissolved in aqueous matrices with natural organic matter,
which is usually present in sources that serve as water supplies for human

consumption.
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6. CONSIDERACOES FINAIS

Os resultados mostraram que a isoterma de Freundlich é a que melhor se ajusta
a adsorcdo do CBZ em CAG. Dessa forma, a adsor¢cdo do fungicida ocorre
predominantemente de forma heterogénea e em multicamadas. A maioria dos
experimentos mostrou que a adsor¢cdo do composto € favoravel. No experimento de
adsorcdo do Carbendazim dissolvido em &gua deionizada em carvdo de casca de
coco, embora o parametro 1/n de Freundlich tenha sido maior que 1, o valor da
Energia Livre de Gibbs indicou que a reacgéo foi favoravel (Artigo 1). Nos experimentos
utilizando agua filtrada da ETA e agua deionizada com acido hamico, os outros

modelos de isotermas testados também mostraram bons ajustes.

A remocéao do fungicida é caracterizada como um processo exotérmico. Além
disso, a adsorcdo do CBZ €& um processo espontaneo com predominancia da
fisiossorcao e a presenca de interacdes dipolo-dipolo entre a superficie do CAG e o
fungicida. A variacao da entropia mostrou que ha uma reducao do grau de desordem
na interface adsorvente/solucdo, indicando que a adsor¢cdo do Carbendazim é um

processo reversivel e sem a transferéncia de elétrons.

Quanto a cinética de adsorcdo, o modelo de pseudo-segunda ordem é a que
melhor se ajustou na adsorcdo do CBZ em CAG. Os experimentos mostraram que
nos estagios iniciais, a adsorcdo do CBZ pelo carvdo é maior em agua deionizada.
Contudo, no decorrer do processo, a capacidade adsortiva do CAG € maior em agua
filtrada da ETA e em 4gua deionizada com matéria organica. A difusdo intraparticula
exerceu maior influéncia na adsor¢cdo do CBZ em agua da ETA. Os experimentos
mostraram que o modelo de pseudo-primeira ordem também apresentou um bom

ajuste na adsorcao do CBZ no CAG em todas as matrizes aquosas analisadas.

Quanto aos experimentos em leito fixo com ERCER, observou-se que o tempo
de ruptura foi maior para os experimentos em AD. Contudo, ndo houve diferenca
significativa entre os pontos de saturacdo obtidos para este meio e nos demais, em
gue houve competicdo pelos sitios adsortivos do CAG. Os valores de TUC e TTE
mostraram que a coluna com aplicagao de CBZ dissolvido somente em AD apresentou
melhor desempenho do que nas outras matrizes. De forma geral, a MON na forma de
acido humico e as substancias presentes na agua filtrada da ETA impactaram no
tempo de ruptura na coluna de CAG mas a interferéncia nao foi significativa nos

tempos de saturacao.
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Analisando a competicdo do CBZ pelos sitios adsortivos do CAG com as
substancias presentes na agua filtrada da ETA e com a matéria organica na forma de
acido humico, observou-se que essa competicao foi mais evidenciada nos estudos de
isoterma e cinética de adsorcdo, em que houve a mudanca de valores dos parametros
obtidos. A competicdo pelos sitios adsortivos do CAG pode ter sido controlada
principalmente pela distribuicdo dos tamanhos dos poros, uma vez que a matéria
organica pode ocupar os macros e mesoporos do CAG, impedindo o acesso do CBZ
aos microporos do adsorvente. As interacdes eletrostaticas entre a matéria organica
e o0 carvao ativado também podem ter interferido na adsor¢cdo do CBZ, devido as

caracteristicas do CAG e dos compostos nas condi¢des experimentais aplicadas.

Ainda, o continuo contato do CBZ com a matéria organica, principalmente nos
ERCER, pode ter favorecido uma combinagao entre essas substancias, melhorando
a eficiéncia do CAG em remover o fungicida. Para os experimentos em leito fixo, a
competicao pelos sitios adsortivos do CAG nao foi considerada significativa. O estudo
do fouling mostrou que a MON néo impactou significativamente a curva de ruptura do
CBZ.

Por fim, observou-se que a mudanca na dinamica de adsorcao do CBZ gerada
pela competicdo com outras substancias pelos sitios adsortivos do CAG né&o
comprometeu a eficiéncia do adsorvente, que continuou removendo o fungicida em
condicBes distintas. O estudo mostrou que a adsor¢cao por carvao ativado granular é
uma técnica avancada de tratamento de agua eficaz na remocdo do Carbendazim. A
eficiéncia pode variar de acordo com o tipo de carvdo ativado, com a forma de
aplicacdo (em batelada ou em fluxo continuo), concentracdo do adsorvente,
temperatura, pH, além da presenca de outras substancias no meio em que o

Carbendazim esta dissolvido.
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8. ANEXO 1 — IMAGENS DA MICROSCOPIA ELETRONICA DE VARREDURA

Nas imagens a seguir € possivel ver os poros e a granulometria do CAG de
Osso bovino, utilizado nos Artigos 2 e 3.
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