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RESUMO

SINTESE E CARACTERIZACAO DE HIDROXIDOS DUPLOS
LAMELARES PARA ADSORCAO DE O-NITROFENOL DE SOLUCOES
AQUOSAS

AUTORA: Bianca Silva Marques
ORIENTADOR: Guilherme Luiz Dotto
COORIENTADOR: Sérgio Luiz Jahn

Neste trabalho, hidroxidos duplos lamelares (HDLS) a base de calcio-aluminio (Ca-Al), niquel-
aluminio (Ni-Al) e zinco-aluminio (Zn-Al) foram avaliados quanto a remocéao adsortiva de o-
nitrofenol de solucbes aquosas. Os materiais HDLs foram obtidos mediante rota sintética de co-
precipitacdo; e posteriormente submetidos a técnicas de caracterizacdo, a saber: MEV, FTIR,
DRX, EDS, AFM/EFM, BET e pHpcz. Os estudos de adsorcao foram realizados com base no
efeito do pH, na cinética, e no equilibrio. Além disso, analisou-se a regeneracao dos HDLs e 0
teste adsortivo de um efluente simulado. Na etapa cinética, foram empregados os modelos de
pseudoprimeira ordem, pseudossegunda ordem, ordem geral e Avrami para ajuste aos dados
experimentais. Ja nos estudos concernentes ao equilibrio, utilizaram-se os modelos de
Freundlich, Langmuir, Redlich-Peterson, Sips e Toth. A partir das técnicas de caracterizacao,
verificou-se a formacdo da estrutura tipica de hidroxidos duplos lamelares nos trés materiais
sintetizados. Nos estudos acerca do pH, obtiveram-se porcentagens méaximas de remocao entre
70 e 90% em pH 5. Para os trés materiais analisados, os dados cinéticos experimentais
obedeceram ao modelo de ordem geral. Na etapa inerente ao equilibrio, os dados experimentais
tiveram seu comportamento melhor representado pelo modelo de Sips. Ainda sobre esta etapa,
obtiveram-se capacidades méaximas de adsorgéo iguais 135 mg g %, 122 mg g e 130mg g* para
os hidroxidos duplos lamelares de Ca-Al, Ni-Al e Zn-Al, respectivamente. No estudo do
efluente simulado, alcancou-se uma remocéo de até 60% com o HDL a base de Ni-Al. Ainda,
quanto a regeneracdo dos materiais, verificou-se preservacdo da capacidade de adsor¢do
original por até quatro ciclos para o hidréxido duplo lamelar de Ni-Al, ao passo que Ca-Al e
Zn-Al exibiram reducdo significativa de suas capacidades de adsorcao a partir do segundo ciclo.
Por conseguinte, os trés hidroxidos duplos lamelares sintetizados demonstraram potencial como
adsorventes de o-nitrofenol em solugdes aquosas, sendo que o material de Ni-Al apresentou
melhor desempenho em relagdo aos estudos de efluente simulado e regeneracao.

Palavras-chave: Hidroxidos duplos lamelares. Adsorgdo. O-nitrofenol.



ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF LAYERED DOUBLE
HYDROXIDE FOR O-NITROPHENOL ADSORPTION FROM
AQUEOUS SOLUTIONS

AUTHOR: Bianca Silva Marques
ADVISOR: Guilherme Luiz Dotto
CO-ADVISOR: Sérgio Luiz Jahn

In this work, layered double hydroxides (LDHs) based on calcium-aluminium (Ca-Al), nickel-
aluminium (Ni-Al) and zinco-aluminium (Zn-Al) were evaluated at adsorptive removal of o-
nitrophenol from aqueous solutions. The materials LDHs were obtained by the co-precipitation
synthetic route; and after submitted to characterization techniques, such as SEM, FT-IR, XRD,
EDS, BET and pHpzc. At adsorption studies, the effects of pH, kinetics, equilibrium, simulated
effluent and regeneration were analysed. For kinetics step, models of pseudo-first order,
pseudo-second order, general order and Avrami were fitted to experimental data; while
Freundlich, Langmuir, Redlich-Peterson, Sips and Toth models were employed for equilibrium
data. From characterization techniques, it was verified the formation of typical layered double
hydroxide structure for the three synthetized materials. At the pH study, maximum removal
percentages were obtained between 70 and 90% at pH 5. Kinetic experimental data obeyed the
general order model for the three LDHs. In the step inherent to equilibrium, the experimental
data had its behavior best represented by the Sips model. Also, maximum adsorption capacities
obtained were equal to 35 mg g %, 122 mg g*and 130mg g* for Ca-Al, Ni-Al and Zn-Al layered
double hydroxides, respectively. At simulated effluent study, the removal up to 60% for the
LDH based on Ni-Al. At the regeneration of materials, it was verified a preservation of original
adsorption capacity up to four cycles for the layered double hydroxide of Ni-Al, while Ca-Al
and Zn-Al exhibited a significant reduction in its adsorption capacities still in the second
regeneration cycle. Therefore, the three layered double hydroxides demonstrated potential as
adsorbents of o-nitrophenol in aqueous solutions; and the material of Ni-Al showed better
performance in relation to simulated effluent and regeneration studies.

Keywords: Layered double hydroxide. Adsorption. O-nitrophenol.
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1 INTRODUCAO

Atualmente, a producéo de produtos sustentaveis em concomitancia com o fornecimento
adequado de agua as populacdes mostra-se de vital importancia, tendo em vista que 0s recursos
hidricos estdo se tornando cada vez mais escassos (AWAD et al., 2020). Nesse contexto, uma
das principais causas da poluicdo dos cursos hidricos deve-se ao descarte de grandes
quantidades dos mais diversos efluentes industriais sem o tratamento adequado.

Os compostos nitroaromaticos e fendlicos, a exemplo do o-nitrofenol, sdo encontrados
em defensivos agricolas, corantes, farmacos e quimicos intermediarios (HAMIDOUCHE et al,
2015), dentre outras aplicagdes. Tais compostos revelam-se preocupantes a comunidade
cientifica, dado seu carater altamente toxico, bem como suas propriedades de carcinogenia,
mutagenia e baixa biodegradabilidade (JUN et al, 2019; ZHANG et al, 2018). No caso do o-
nitrofenol, o limite admissivel para sua presenca em corpos d"agua varia entre 0,01 e 2,00 mg
L! (KUPETA et al, 2018). Assim, estratégias que permitam a remocéo eficiente destes
compostos do meio ambiente sdo cruciais para a manutencdo da salde humana e dos
ecossistemas aquaticos.

Desse modo, diferentes tecnologias voltadas a protecdo dos corpos aquaticos receptores
tem sido discutidas na literatura. Em geral, tais estudos encontram-se associados a etapa de
tratamento terciario de efluentes, sendo os precos de design e de operagdo considerados
essenciais para sua implementacdo em processos reais (BONILLA-PETRICIOLET, 2017). Séo
exemplos das referidas tecnologias a extracdo (FARAJI et al, 2020), a oxidacdo (COLADES et
al, 2019), a degradacéo fotocatalitica (DENG et al, 2018) e a adsor¢do (ERSAN et al, 2017).

A adsorcéo revela-se um processo atrativo para a remoc¢ao de uma multiplicidade de
solutos. Nesta operacédo, ions ou moléculas, denominados como “adsorbatos”, s&o removidos
do meio aquoso a partir de sua captacdo por uma superficie sélida, nomeada como “adsorvente”
(WORCH, 2012).

A adsor¢do oferece, dentre outras vantagens, facilidade operacional, flexibilidade e
baixo custo energético (BONILLA-PETRICIOLET, 2017).Um dos possiveis adsorventes sao
os hidroxidos duplos lamelares, materiais inorganicos estruturados em camadas, descobertos
em sua forma natural no século XIX, sendo denominados aquela época por “hidrotalcitas”
(CAVANI et al, 1991).



Os hidroxidos duplos lamelares apresentam sua formula geral constituida como [M1.x2*
M3t (OH)2]*"Axwn ™.zH20, na qual M?* e M3 correspondem a cations metalicos divalentes e
trivalentes, enquanto que A" indica a presenca um anion (MALLAKPOUR et al, 2020). Nestes
materiais, Sdo aspectos que despertam interesse em sua utilizacdo a demonstracdo de elevadas
areas superficiais, altas capacidades de troca-idnica, flexibilidade estrutural (DUAN E EVANS,
2006; CAVANI et al, 1991). Devido a estas propriedades, os hidroxidos duplos lamelares vem
sendo estudados em setores diversos da pesquisa cientifica, tais quais modificacdo de farmacos,
catalise, ceramica e remediacdo ambiental mediante remocéo de poluentes em meios aquaticos
(DUAN E EVANS, 2006; MISHRA et al 2018).
Com base nas informagdes supracitadas, o presente trabalho teve por objetivo a sintese,
a caracterizacdo e a utilizacdo de hidréxidos duplos lamelares a base de calcio- aluminio,
niquel-aluminio e zinco-aluminio na remocao de o-nitrofenol de solucGes aquosas, por meio da
operacdo de adsorcdo. O ineditismo deste estudo encontra-se amparado pela proposta de
interacdo entre adsorbato e adsorventes, cujas pesquisas correlatas na literatura apresentam

baixa incidéncia até o presente momento.



2 OBJETIVOS

2.1 OBJETIVOS GERAIS

O presente trabalho tem por intuito avaliar o desempenho de hidroxidos duplos
lamelares a base célcio-aluminio, niquel-aluminio e zinco-aluminio quanto a adsorcao de o-

nitrofenol em solugdes aquosas.

2.2 OBJETIVOS ESPECIFICOS

e Sintetizar os hidroxidos duplos lamelares a base de Ca-Al, Ni-Al e Zn-Al;

e Caracterizar os hidroxidos duplos lamelares sintetizados;

e Avaliar o efeito do pH na adsor¢ao de o-nitrofenol por hidréxidos duplos lamelares;
e Avaliar a cinética de adsor¢ao;

e Avaliar o equilibrio de adsorcao;

e Avaliar a adsorcao em um efluente simulado;

e Avaliar a regeneragao dos hidroxidos duplos lamelares.



3 REVISAO BIBLIOGRAFICA

No presente capitulo, sera realizada, inicialmente uma abordagem acerca dos hidréxidos
duplos lamelares, contemplando os aspectos inerentes a sua definicdo, estrutura, métodos de
sintese, aplicacdes e vantagens; bem como emprego dos referidos materiais como adsorventes
na atualidade. Ainda, serdo apresentados aspectos relativos a operacdo de adsorg¢do, incluindo
fundamentos basicos de operacdo, cinética e equilibrio. Por fim, serdo tratados aspectos acerca

da adsorc¢do de orto-nitrofenol.

3.1 HIDROXIDOS DUPLOS LAMELARES

3.1.1 Definicao e estrutura

Os hidroxidos duplos lamelares (HDLs) foram descobertos em sua forma natural no ano
de 1842. Aquela época, tal material recebeu a denominacéo “hidrotalcita”, sendo constituido
por um hidroxicarbonato a magnésio e aluminio (CAVANI et al, 1991).

De acordo com Thomas e Daniel (2020), os HDLs correspondem a uma classe de
nanomateriais inorganicos em camadas. Na literatura (MALLAKPOUR et al, 2020), a formula
geral destes materiais ¢ representada por [M1x** My®* (OH)2**Axn".zH20, na qual M?* e M3*
correspondem a cations metalicos divalentes e trivalentes, enquanto que A™ indica a presenca
um anion.

Assim, os HDLs podem ser descritos a partir da alternancia entre regides de camadas
positivas e de intercamadas negativas (estas denominadas “interlamelares”). Conforme
apontam Crepaldi e Valim (2011), nas camadas positivas verifica-se a presenga de metais
divalentes, tais quais calcio (Ca®"), cobre (Cu**), magnésio (Mg>"), niquel (Ni**) e zinco (Zn*");
bem como de metais trivalentes, por exemplo aluminio (AI*"), cromo (Cr*") e ferro (Fe).
Ainda, os referidos metais distribuem-se entre si por meio de uma estrutura octaédrica.

J& nas regides de intercamada, alojam-se moléculas de dgua e anions, que constituem-
se, em geral, de haletos (Br,CI", F-, I') ou oxoanions (CO3*,NOs", SO4*") (CREPALDI e VALIM,
1998). Existe também a possibilidade de adicdo de anions complexos e organicos nas regioes
interlamelares, consoante demonstrado na literatura (MARREIROS et al (2019), GOMES et al
(2013), WANG et al (2013), VARGA et al (2016)). Por fim, conforme ressaltado por Chubar et
al (2017), a finalidade das moléculas de 4gua nas regides interlamelares constitui-se em efetuar

ligagdes de hidrogénio entre as camadas positivas.



Cabe salientar que as camadas positivas também sdo denominadas como “brucitas”
(MISHRA et al, 2018). Segundo Thomas e Daniel (2020), tal fato deve-se a similaridade na
estrutura dos HDLs em relagao a brucita, ou hidroxido de magnésio (Mg(OH)>). A estrutura da
brucita demonstra um empacotamento hexagonal de ions (OH)2, que se alterna com os ions
Mg?" (estes em estruturas octaédricas), o que possibilita a neutralizagio das camadas de
hidroxido. Assim, uma substitui¢do dos ions bivalentes na estrutura da brucita por alguns ions
trivalentes resultaria na formag¢ao de um hidréxido metalico misto carregado positivamente.
Posteriormente, a intercalagdo de anions nas regides interlamelares propiciaria a neutralizagao
das cargas e, por consequéncia, a formagdo de estrutura semelhante a de um HDL.

Outra designacdo comumente utilizada na atualidade para os HDLs é a de argilas
aniénicas. Segundo Crepaldi e Valim (2011), tal nomenclatura esta atrelada a comparacao com
o termo “argilas cationicas”, empregado para estruturas constituidas de camadas negativamente
carregadas de aluminossilicatos e que possuem cétions interlamelares neutralizando tais cargas.

A estrutura tipica de um HDL encontra-se representada pela Figura 1. Nesta, as camadas
de metais divalentes e trivalentes sdo representadas por meio de formacgfes octaédricas,

intercaladas por regides tipicas de alocacdo de anions e moléculas de agua.

Figura 1- Estrutura de um HDL.

Fonte: Crepaldi e Valim (2011)

3.1.2 Vantagens



De acordo com Duan e Evans (2006), sdo aspectos que despertam interesse na utilizacdo
de HDLs as elevadas areas superficiais e capacidades de troca-idnica oferecidas, em geral, por
estes materiais. Também, a flexibilidade em relacdo ao espaco interlamelar, possibilitaria o
acesso a diversas especies anidnicas provenientes de contaminantes do solo, de sedimentos e
da agua.

Consoante apontam Mallakpour et al (2020), nos hidroxidos duplos lamelares, as
elevadas capacidades de troca ibnica permitem que 0s anions presentes nas regides
interlamelares possam ser facilmente substituidos por outras moléculas de carga negativa. Tal
capacidade esta atrelada a fatores como a razdo entre os céations metélicos e massa molecular
de cétions e anions.

Ainda segundo Mallakpour et al (2020), os HDLs apresentam uma propriedade
denominada como “efeito-memoria”. Ao serem submetidos a aguecimentos acima de 400°C,
estes materiais degradam sua estrutura de camadas, uma vez que as moléculas de dgua e outros
resquicios organicos sdo perdidos, formando assim Oxidos de metal. Contudo, tais 6xidos, ao
serem expostos novamente a solugbes de anions, tendem a reconstruir suas as camadas
originais, retornando a estrutura de hidréxido duplo lamelar. Consoante Cavani et al (1991), o
efeito mémoria revela-se interessante em aplicagdes de remediacdo ambiental, que exijam a

eliminacdo de ions prejudiciais do meio aquoso.

3.1.3 Meétodos de sintese

Os HDLs podem ser obtidos por meio de diversas rotas de sintese. Conforme Thomas e
Daniel (2020), dependendo do tipo de anion a ser intercalado, dos tipos de cations e das
propriedades fisico-quimicas almejadas, tais quais pureza, morfologia, cristalinidade dos
materiais obtidos. Neste contexto, podem-se citar como rotas empregadas atualmente: co-

precipitacdo, troca idnica e reconstrucdo/reidratacdo (MISHRA et al, 2018).

3.1.3.1 Co-precipitagdo

A rota de co-precipitacao apresenta as vantagens de simplicidade e de baixo custo. Tal
rota de sintese caracteriza-se por uma adi¢do gradativa entre solugdes aquosas de sais metalicos
contendo cations M2* / M3, aliada & presenca de uma solugdo de agente precipitante que
contenha os anions em potencial para ocupacao das regides de intercamada (CHUBAR et al,

2017). A partir da formag&o do precipitado, este serd submetido ao envelhecimento mediante



tratamento térmico, a fim de que se obtenha a amostra de HDL adequadamente cristalizada
(THOMAS e DANIEL, 2020).

De acordo com Buktyarova (2019), sao fatores relevantes na co-precipitagao, dentre
outros, a natureza do agente precipitante, o controle de pH, a relagdo molar entre os cations
metalicos e o tempo de envelhecimento. A escolha do agente precipitante influencia no tipo de
anion a ser incorporado nas regides de intercamada da estrutura. Assim, o emprego de
precipitantes como ureia (PAGANO, 2003) e solugao de NaOH/Na>COs3 (LIU, 2013) favorecem
a inser¢do de anions carbonato (CO3%); enquanto que ha maior possibilidade de formagdo de
HDL em sua forma nitrada (NO* ) a partir da utilizagdio de hidréxido de amonio
(OLANREWAIJU, 2000; ABDERRAZEK, 2017) como agente precipitante. Ainda em relagao
a sintese promovida com emprego de ureia, Chubar et al (2017) apontam que esta ocorre de
maneira mais suave em relagdo a formagdo de HDLs a partir da neutralizacdo com alcalis, o
que reflete nas propriedades adsortivas dos materiais formados.

Consoante descrito por Bukhtiyarova (2019), o efeito do pH de sintese encontra-se
relacionado a possibilidade de formacdo de produtos paralelos indesejados, caso ndo haja
controle do referido fator durante a co-precipitacdo. Dessa forma, o pH revela-se de suma

importancia para a obtencdo de hidréxidos duplos lamelares com pureza adequada.

3.1.3.2 Troca idnica

A rota de troca ibnica consiste de um método indireto para obtencdo de HDLs. Neste
método de sintese, segundo Thomas e Daniel (2020), uma suspensdo aquosa, formada a partir
dos precursores do HDL ou do HDL pré-sintetizado, é submetida a agitacdo na presenca de um
excesso de sal do anion o qual se deseja inserir na regido de intercamada. Tal procedimento
deve ser realizado sob atmosfera inerte.

A troca de anions depende, sobretudo, das forcas eletrostaticas existentes entre as
camadas e intercamadas do HDL. Assim, de acordo com os autores, a forga de atracao entre o
anion hospedeiro original e a camada positiva do HDL deve ser menor em comparacao a atragdo

entre 0 anion desejado e camada positiva.

3.1.3.3 Substituicéo ou reidratacéo

A rota de substituicdo pode ser definida a partir da propriedade de efeito-memaria em
HDLs. De acordo com Thomas e Daniel (2020), a sintese por substituicio/reidratacao deve ser



efetuada sob atmosfera de nitrogénio inerte. A partir do contato do HDL em formato de 6xido
com uma solucdo carregada de anions, pode-se efetuar a insercdo de quaisquer espécies

anidnicas na regides interlamelares, sejam espécies inorganicas ou organicas.

3.1.4 Aplicacdes

Os HDLs, devido a vasta quantidade de combinacBes possiveis em sua estrutura, vem
sendo aplicados em ambitos diversos, a saber: remocao de poluentes ambientais, modificagdo
de farmacos, catélise, enriquecimento de materiais ceramicos, dentre outros.

Na catalise, consoante observado por Duan e Evans (2006), o interesse nos HDLS
encontra-se atrelado a flexibilidade na composicao destes materiais. Além disso, a facilidade
de sintese de HDLs propicia uma fonte variada de suportes cataliticos, precursores cataliticos
ou catalisadores, aliando baixo custo, versatilidade e potencial reciclabilidade. Para Crepaldi e
Valim (1998), o emprego de HDLs como catalisadores heterogéneos deve-se a elevada area
superficial dos mesmos. Ainda, de acordo com os autores, a forma mais comum de preparagédo
de catalisadores a partir de HDLs ocorre por meio da calcinacéo, a qual potencializa o nimero
de sitios disponiveis, bem como a area superficial do material.

Na area de farmacos, os estudos mais recentes envolvendo HDLs tém promovido a
intercalacdo e liberacdo controlada de compostos ativos a partir das estruturas de HDL, tendo
em vista a composi¢ao quimica variavel, bem como a capacidade deste materiais para intercalar
espécies de farmacos anidnicos (DUAN e EVANS, 2006).

Na érea de ceramica, os HDLs vém sendo investigados devido a sua versatilidade de
composicdo quimica e propriedades superficiais (MISHRA et al, 2018). Nesse contexto, 0
emprego de metais catidnicos de transicao representam pesquisas recentes da inddstria ceramica
com a finalidade de producdo de ceramicas coloridas.

Na adsorcao, o numero de sitios ativos e a porosidade HDLs em geral, convertem-nos
em potenciais adsorventes (CREPALDI e VALIM, 1998; MISHRA, 2018). De acordo com
Duan e Evans (2006), os possiveis adsorbatos para os HDLs correspondem em geral a espécies
de carater anionico, tanto organicas quanto inorganicas; e devido ao espaco interlamelar flexivel

dos HDLs, mostra-se possivel a alocagdo de especies moleculares polares.



3.1.5 Uso como adsorventes

Os HDLs vém sendo estudados como adsorventes em potencial, tendo em vista as

propriedades explicitadas no topico 3.1.2. Pesquisas acerca da utilizacdo destes materiais para

captacdo de substancias mediante adsorc¢do encontram-se elencadas na Tabela 1.

Tabela 1 - Emprego de hidroxidos duplos lamelares como adsorventes.

Hidro6xido duplo lamelar

Autoria Adsorbato(s)
Cations Anion intercalado
HATAMI et al (2018) Zn-Al NOs Fosfato
ZHU et al (2018) Mg-Al COs> Polihidroxifulereno
DE SA et al (2012) Ca-Al NOs- Sunset yellow FCF
GOK et al (2014) Mg-Al COs* Acido malico
ELHALIL et al (2018) Zn-Al NOs Acido salicilico
HALAIJNIA et al (2013) Mg-Al COs> Fosfato, nitrato e
sulfato
HSU et al (2019) Mg-Al COs* Cromato e fosfato
HU et al (2018) Zn-Al NOs5 Benzotriazol
LUO et al (2019) Mg-Al COs> Arsenato e fluoreto
MOURID et al (2019) Zn-Al COs> Sulfametoxazol
SUN et al (2015) Ni-Al [CeH507]3 p- nitrofenol
XIONG et al (2019) Mg-Al PmPD ! Diclofenaco sédico
VREYSEN E MAES (2008) Mg-Al CI,, CO3* e NOs Acidos himico e
falvico
ZHANG et al (2012) Ca-Al Cr Dodecilsulfato de
sodio
QIU E WANG (2017) Mg-Al COs* Borato
SEFTEL et al(2018) Zn-Al Crl Fosfatos
MOUJAHID et al (2003) Zn-Al COs* Estireno sulfonato
LV et al (2006) Mg-Al COs* Cloreto

! Poli(m-fenilenodiamina)
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3.2 ADSORCAO

Consoante descrito por Worch (2012), a adsor¢do constitui-se de um fenémeno de
transferéncia de fase fluido-sélido, comumente adotada na remocgdo de determinadas
substancias presentes em fases fluidas, sejam estas liquidas ou gasosas. Desse modo, a
substancia de interesse, a ser removida da fase fluida, denomina-se “adsorbato”; enquanto que
a superficie sélida sob a qual a o adsorbato sera depositado designa-se por “adsorvente”.

Os adsorventes podem ser materiais naturais ou sintéticos, de estrutura amorfa ou
cristalina. S&o empregados em larga escala o carvao ativado, as peneiras moleculares, a silica
gel e aalumina (LEVAN et al, 1999). Consoante Worch (2012), o adsorvente mais amplamente
empregado, sobretudo para processos relacionados a remediacdo ambiental, é o carvéo ativado.

Contudo, conforme apontam Bonilla-Petriciolet et al (2017), a busca por novos
materiais adsorventes constitui-se em uma area permanente de pesquisa, uma vez que as
propriedades texturais e quimicas de superficie sdo fundamentais para a determinacdo da
performance do material. Deste modo, as propriedades fisicas e quimicas de um adsorvente
podem ser direcionadas conforme o tipo de aplicacéo desejada.

A avaliagédo inicial quanto ao desempenho de um adsorvente pode ser efetuada tanto
pelo percentual de remogdo (R, %) quanto pela capacidade de adsor¢do (g, mg g1). O
percentual de remocéo e a capacidade de adsor¢cdo encontram-se expressos pelas equacdes 1 e

2, respectivamente:

R= (%) 100 (1)

0

(Co—C V
g= 7 (2)
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Conforme esclarecem Bonilla-Petriciolet et al (2017), no campo inerente ao tratamento
ambiental, a adsorcdo pode apresentar vantagens tais como : facilidade de operagéo,
flexibilidade, versatilidade de design e baixa requisicdo de energia. Ainda, a viabilidade
econémica do processo depende de diversos fatores, como o tipo de adsorvente, propriedades
do fluido e do adsorbato a ser removido, configuracdo operacional e possibilidade de
regeneracdo. Ja Karge e Weitkamp (2008) salientam que 0s processos adsortivos apresentam
sua viabilidade econdmica atrelada tanto a seletividade quanto a capacidade de adsorcdo do
adsorvente.

A adsor¢do pode ser convenientemente dividida em dois tipos: a fisissorgdo e a
quimissor¢do. Segundo apontado por Karge e Weitkamp (2008), existe uma dependéncia
guanto ao campo de forca na superficie solida, o qual é responsavel pela reducdo da energia
potencial de uma molécula adsorvida abaixo daquela promovida em fase fluida. A fisissorcéao
caracteriza-se por forcas de van der Waals, acrescida de contribuicGes eletrostaticas; enquanto
que na quimissorcao as forgas sdo consideravelmente mais fortes e envolvem transferéncia ou
compartilhamento de elétrons, a semelhanca de uma liga¢do quimica. Em consequéncia disso,
a quimissorcao demonstra-se alta especificidade, com energias adsortivas significativamente
maiores em relacdo a fisissorcao.

A adsorcdo ainda pode ser classificada quanto a sua configuracdo operacional.
Consoante Bonilla-Petriciolet et al (2017), podem ser empregados sistemas adsortivos em
batelada ou de forma continua. Os reatores em batelada sdo convenientes para a determinacao
de taxas de adsorcdo, capacidades maximas de adsorcdo, parametros termodinamicos, bem
como para a analise acerca das interacfes entre adsorbato e adsorvente; ao passo que 0s estudos
de adsor¢do de forma continua, efetuados em colunas, sdo Uteis para o calculo de parametros
relevantes inerentes ao aumento de escala das estruturas adsortivas, tais quais tempos de ruptura
e saturacdo, capacidade de adsorcdo em leito e parametros de transferéncia de massa.

Na atualidade, os pardmetros mais comumente avaliados em pesquisas envolvendo
processos adsortivos em batelada sdo: quantidade massica de adsorvente, tipo de meio aquoso,
pH da solugéo, tempo de contato, concentragéo de adsorbato, temperatura, agitacéo da solucéo
(MALAMIS E KATSOU, 2013; MOHAMMED et al, 2019).
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3.2.1 Isotermas de adsorgédo

O equilibrio de adsorcdo propicia uma base importante para o design da estrutura
operacional adsortiva, tanto para reatores batelada quanto continuos. Assim, o equilibrio de um
sistema € influenciado fortemente pela forca das interacdes entre o par adsorbato-adsorvente,
bem como por propriedades da solucdo, tais quais temperatura, pH ou ocorréncia de adsorbatos
concorrentes (WORCH, 2012).

Os estudo do equilibrio é promovido por meio da coleta de dados inerentes a diferentes
concentragdes de adsorbato (Ce, mg L), em contrapartida as capacidades de adsor¢do do
adsorvente (qe, mg g'!). A partir disso, podem ser analisadas as denominadas “isotermas” ou
curvas de equilibrio.

De acordo com a literatura (GILES E SMITH, 1973), a classificacdo de isotermas
mostra-se necessaria ao tratamento tedrico e a interpretacdo do processo. Assim, a classificacao
fornecida por Giles e Smith (1973), consoante apresentado na figura 2, divide os
acontecimentos experimentais em hipdteses de acordo com aspectos tanto de curvatura quanto
de inclinacdo inicial das isotermas. Deste modo, as curvas de equilibrio podem ser divididas
nas classes S, L, H e C. A simbologia “L” denota comportamento de Langmuir, “H” faz meng¢ao
a “elevada afinidade” e “C” esta associado a “parti¢do constante”. Isotermas podem ainda ser
subdivididas nos grupos 1, 2, 3, 4 ou “maximo”, 0S quais tém por base as variacOes

comportamentais subsequentes.

Figura 2-Sistema de classificagédo de isotermas.
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A relacdo entre a quantidade adsorvida e a concentracdo de equilibrio é determinada
experimentalmente em temperatura constante, sendo que aos dados obtidos séo posteriormente
ajustados a modelos de equilibrio que tentem descrever o comportamento do sistema (WORCH,
2012). Segundo Cherkasov (2020), tais modelos variam em relagéo ao significado fisico, bem
como pelo nimero de parametros e precisdo na descrigdo dos dados.

Dentre as diversas propostas tedricas para ajuste de dados experimentais inerentes ao
equilibrio, podem ser citadas as seguintes: Freundlich, Langmuir, Sips, Redlich-Peterson,
Dubinin-Radushkevich e Toth.

3.2.1.1 Freundlich

O modelo de isoterma de Freundlich (FREUNDLICH, 1907), assume que a adsor¢do
ocorre por meio de uma interface heterogénea, sendo que a quantidade adsorvida cresce
infinitamente em relacdo aos crescimento na concentracdo de adsorbato (AL-GHOUTI E

DA’ANA, 2020). Para fase liquida, tal isoterma encontra-se representada pela equacao 3:

q,.~keC. ™" @3),

sendo ke a constante de Freundlich ((mg g *)(mg L) "™) e 1/ne o fator de heterogeneidade

(adimensional).

3.2.1.2 Langmuir

O modelo de Langmuir (LANGMUIR, 1918) considera adsorcdo homogénea na
superficie do adsorvente. Além disso, 0os atomos ou ions adsorvidos apresentam-se em forma
de monocamada na superficie do adsorvente (AL-GHOUTI E DA’ANA, 2020). O referido

modelo encontra-se representado pela equacao 4:

_ quLCe
¢ 1+(k Ce) (4),

onde gm (Mg g*) corresponde a maxima capacidade adsortiva e ki (L mg ™) refere-se a constante

de Langmuir.
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3.2.1.3. Redlich e Peterson

A isoterma de Redlich e Peterson (REDLICH E PETERSON, 1959) foi desenvolvida
como um modelo empirico de trés parametros, combinando elementos de Freundlich e
Langmuir em sua construgdo. Representa o equilibrio de adsor¢do ao longo de intervalos de
concentracdo mais largos. Devido a sua versatilidade, pode ser aplicada tanto em sistemas
homogeneos quanto heterogéneos (AL-GHOUTI E DA’ANA, 2020). A isoterma em comento
é apresentada na equacéo 5:

G
e 1+(appCe)P (5).

onde kre (L g1) e are (L mg )P sdo constantes do modelo, ja o parametro B representa um

exponente com valores variaveis entre 0 e 1.

3.2.1.4 Sips

O modelo de Sips (SIPS, 1948) também utiliza-se de trés pardmetros, resultantes da
combinagédo entre modelos mais elementares. Assim, em concentragdes baixas de adsorbato, a
isoterma de Sips assuma a forma do modelo de Freundlich, enquanto que em concentragdes
mais elevadas prevé-se um comportamento de adsor¢do constante em monocamada similar ao
predito no modelo de Langmuir. Consoante Sepehr et al (2016), a partir da identificacdo do
problema no modelo de Freudlich, inerente ao aumento continuo da quantidade adsorvida em
funcdo do aumento de concentracdo de adsorbato, Sips propds uma equacdo semelhante em
formato a equacdo de Freundlich, porém que pudesse predizer o comportamento de Langmuir
em concentragdes mais elevadas de adsorbato. A isoterma de Sips é apresentada na equacao 6:

_ qS(kSCe)m
4™ T scom ©),

sendo que gs (mg g*) equivale a capacidade maxima de adsorcdo de Sips, ks (L mg™?) é

constante do modelo e o parametro m representa um exponente adimensional.

3.2.1.5Toth
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A isoterma de Toth (TOTH, 1981) também constitui-se de um modelo empirico de trés
parametros, modificado a partir do modelo de Langmuir. Segundo Al-Ghouti e Da’ana (2020),
o referido modelo é empregado na descricao de sistemas adsortivos heterogéneos, satisfazendo
tanto baixas quanto altas concentracdes de adsorbato. O modelo de Toth estd expresso na
equacéo 7:

_ broCe
9e = 470 T3 lorocy 27170 @)

onde gro (mol g1) representa a capacidade maxima de adsorcdo de Toth, bro (L mol™?) é a

constante de Toth e D corresponde ao expoente do modelo.

3.2.2 Cinética de adsorcéo

O estudo da cinética de adsorcdo propicia a obtencéo de informac@es acerca das taxas
de adsorcédo, da performance do adsorvente e de mecanismos inerentes a transferéncia de massa;
de maneira que o conhecimento do comportamento cinético do sistema mostra-se fundamental
para posterior design de sistemas adsortivos em maior escala (WANG E GUO,2020).

Neste contexto, a etapa cinética de adsor¢do pode ser explicada tanto por modelos
reativos quanto difusivos. Os modelos de adsor¢ao reativos originam-se de reacfes quimicas e
baseiam-se na adsorcdo enquanto fenémeno Unico (BONILLA-PETRICIOLLET et al, 2017).
Ja nos modelos difusivos, conforme descrito por Karge e Weitkamp (2008), existe a
consideracao de uma série de etapas, de modo que as taxas de adsorcdo sejam, em linhas gerais,
controladas pelas resisténcias difusionais concernentes a transferéncia de massa até os sitios
adsortivos.

Como modelos reativos aplicaveis aos sistemas de adsorcdo em batelada, podem-se

citar: pseudoprimeira ordem, pseudossegunda ordem, Elovich, ordem geral e Avrami.

3.2.2.1 Pseudoprimeira ordem

O modelo de pseudoprimeira ordem (LAGERGREN, 1898) é comumente empregado
em operacOes de adsor¢éo rapidas, isto &, com alcance de equilibrio reacional entre vinte e trinta
minutos (BONILLA-PETRICIOLET, 2017). O modelo de pseudoprimeira ordem encontra-se

expresso pela equagéo 8, na qual:

qr = q1(1 — exp(—k11)) ®),
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onde g: e g (mg g) sdo as capacidades de adsorcdo no equilibrio e no tempo t (min),

respectivamente; enquanto que ki(min™) corresponde a constante de taxa reacional do modelo.

3.2.2.2 Pseudossegunda ordem

O modelo de pseudossegunda ordem (HO E MCCKAY, 1998) encontra-se representado
pela equacdo 6. De acordo com Lima (2017), a vantagem em relacdo ao modelo de
pseudoprimeira ordem, é de que o modelo de pseudossegunda ordem pode sofrer menor

influéncia em relagdo ao erro experimental aleatorio.

t
T (1/k2a22)+ (t/qz)

qe (9)1

Na equacdo 9, gz e q: (mg gt) correspondem, respectivamente a capacidade de adsorgio
associada ao modelo e ao tempo t (min), respectivamente. Ja a constante k, (g mgmin™)

representa a constante da taxa reacional de pseudossegunda ordem.

3.2.2.3 Ordem geral

O modelo de ordem geral (ALENCAR et al, 2012), conforme explicitado por Ribas
(2016), € empregado com o intuito de estabelecer uma equacdo de lei geral para a taxa de
adsorcdo, de modo que o processo de adsorcao na superficie do adsorvente é assumido como a
etapa determinante da taxa de adsorcdo. O modelo de ordem geral encontra-se representado
pela equacdo 10:

_ _ an
dct = dn [kn ()" 1t(n—1)+1]1/ (-1 (10)'

onde kn (mint (g mg™1)™!) € a constante da taxa reacional de adsorcio; n representa a ordem
da adsorcdo com relacdo a concentragdo efetiva dos sitios de adsorcéao disponiveis na superficie
do adsorvente; e gn e q: (Mg g™*) correspondem as capacidades de adsorcdo no equilibrio e no

tempo t, respectivamente.

3.2.2.4 Avrami
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O modelo reacional de Avrami (AVRAMI, 1939) consiste em um modelo semiempirico,
cuja descrigdo fundamenta-se na cinética de decomposicdo térmica (LOPES et al, 2003);
destoando, deste modo, dos modelos de reacéo tradicionais. O modelo de Avrami encontra-se

expresso pela equagéo 11:

qr = qav (1 — exp(—kyyt)"4") (11),
sendo kav (mint) a constante cinética de Avrami, gav € g: (mg g™*) capacidades de adsorgao no

equilibrio e no tempo t (min), respectivamente; e n o expoente fracionario de Avrami.

3.2.3 Adsorcao de o-nitrofenol

Resquicios de produtos nitroaromaticos sdo comumente encontrados em residuos
agricolas e industriais, uma vez que tais compostos podem ser empregados em uma vasta gama
de aplicacdes, tais como na producdo e uso de defensivos agricolas, corantes, farmacos e
quimicos intermediarios (HAMIDOUCHE et al, 2015). O orto-nitrofenol (o-nitrofenol ou 2-
nitrofenol), assim como outros compostos de sua natureza, apresenta carater altamente toxico,
que pode ser danoso aos organismos vivos mesmo em concentracGes baixas.

A Tabela 2 elenca estudos acerca da remocao de o-nitrofenol por meio de adsor¢édo, bem
como as respectivas concentrag@es iniciais de adsorbato (Co, mg L) e capacidades maximas

de adsorcao obtidas ao final do processo (g, mg g2).

Tabela 2 - Adsorcdo de o-nitrofenol.

Autoria Adsorvente Co (mg L?) q(mgg?)
ARASTEH et al Nanotubos de carbono de paredes 30 35
(2010) multiplas
HAMIDOUCHE et Geocompdsito hibrido a base de 20 12,5
al (2015) argila-pilar e carvéo ativado
KUPETA etal (2018) Biomassa de pinha reticulada com 100 53
poliuretano
CHEN et al (2017) Estrutura organica metalica Cr- 100 225
BDC
DALLA NORA et al Hidroxidos duplos lamelares: Zn-Al 60 70 e 50,

(2020) e Mg-Fe respectivamente
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4 RESULTADOS E DISCUSSAO

Os resultados do presente trabalho encontram-se apresentados por meio de um artigo,
publicado em 18 de maio de 2020 na revista Journal of Alloys and Compounds, de qualis Al

na &rea de engenharias II.

e ARTIGO: CA-AL, NI-AL AND ZN-AL LDH POWDERS AS EFFICIENT
MATERIALS TO TREAT SYNTHETIC EFFLUENTS CONTAINING O-

NITROPHENOL.

CA-AL, NI-AL AND ZN-AL LDH POWDERS AS EFFICIENT MATERIALS TO
TREAT SYNTHETIC EFFLUENTS CONTAINING O-NITROPHENOL

Bianca S. Marques ?, Keterli Dalmagro 2, Kelly S.Moreira®, Marcos L.S.Oliveira © %" Sergio L.
Jahn & Thiago A. de Lima Burgo °, Guilherme L. Dotto &~

& Chemical Engineering Department, Federal University of Santa Maria-UFSM, Santa Maria,
Brazil
b Department of Physics, Federal University of Santa Maria-UFSM, Santa Maria, RS, Brazil

¢ Department of Civil and Environmental, Universidad De La Costa, Calle 58 #55-66,
080002, Barranquilla, Atlantico, Colombia
d Faculdade Meridional IMED, 304-Passo Fundo, RS, 99070-220, Brazil

* Corresponding author. Department of Civil and Environmental, Universidad De La
Costa, Colombia.

** Corresponding author. Chemical Engineering Department, Federal University of Santa
Maria-UFSM, Brazil.

E-mail addresses: msilva@cuc.edu.co (M.L.S. Oliveira), guilherme_dotto@yahoo.
com.br (G.L. Dotto).

ABSTRACT

Powdered layered double hydroxides (LDH) based on calcium-aluminum (Ca-Al), nickel-
aluminum (Ni-Al), and zinc-aluminum (Zn-Al) were synthesized with the purpose to evaluate
the removal of o-nitrophenol from synthetic effluents by adsorption. It was verified that Ca-Al,
Ni-Al, and Zn-Al LDHs presented a typical layered structure con firming the successful

synthesis. o-nitrophenol adsorption on the LDH powders was favored at a pH of 5.0, being

attained removal percentages from 70 to 90 %, depending on the material. Kinetic experimental
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data obeyed the general order model, while, Sips represented the experimental equilibrium
behavior of the three materials adequately. The maximum adsorption capacities were 135.1 mg
g%122.1 mg g and 130.3 mg g* for Ca-Al, Ni-Al, and Zn-Al LDHs, respectively. For
simulated effluent, it was attained a removal of up to 60.3% using Ni-Al LDH. In a general way,
the layered double hydroxides based on Ca-Al, Ni-Al, and Zn-Al exhibited an interesting
potential as adsorbent materials for the treatment of simulated effluents containing o-
nitrophenol. Ni-Al is preferred due to its better performance in the treatment of simulated

effluents and higher regeneration potential.

Keywords: Adsorption; General order; Layered structure; Nitrophenol; Simulated effluent
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1. Introduction

Phenol and its derivatives, such as o-nitrophenol, are present in several productive
sectors, with applications for petrochemicals, pharmaceuticals, dyes, petroleum refineries,
insecticides, herbicides, and explosives [1]. According to the United States Environmental
Protection Agency (USEPA) [2] estimation, 10 to 15 million pounds of o-nitrophenol are
produced annually, aiming to synthesize o-aminophenol, o-nitroanisole, and other materials.
However, it is important to highlight the risks associated with the presence of o-nitrophenol in
industrial effluents and agricultural wastes associated with contamination of near watercourses
due to its toxicity even at low concentrations [3]. The potential damage for environmental and
human health is owing to some particular characteristics of the said compounds, as water
solubility and the possible formation of substituted species [4]. Yet, literature has related a
degradation resistant greater for o-nitrophenol than other similar species as m-nitrophenol and
p-nitrophenol, with complete degradation equivalent to a 64-day period [2], leading the USEPA
to include o-nitrophenol at the highest toxic pollutants list [5]. An admissible limit related to
literature for o-nitrophenol in natural waters refers to the range between 0.01 and 2.0 mg L [6].

Aiming to protect the human health and environment in relation to the toxic properties
of o-nitrophenol, water treatment technologies currently available to remove this compound
include extraction [7], photocatalytic degradation [8], electrochemical oxidation [9] and
adsorption [10]. This last one has advantages as ease of operation, low-energy requirements
and flexibility [10], and because this, there are many types of research in this field, using several
types of adsorbents, as carbon materials [11], metal-organic frameworks [12], modified resins
[13] and agricultural residues [14].

An alternative possibility of adsorbent to uptake o-nitrophenol from waters is the use of
layered double hydroxides (LDH). Also called as hydrotalcite-like systems or anionic clays,
these materials are commonly represented by the general formula [M?* 1.« M**x (OH)2] (A™
)x/N.zH20, where M?* and M®" are divalent and trivalent metal cations, while A™ represents an
n-valent anion. Thus, these materials are characterized by the alternation of layers formed by
metallic divalent (for example, Mg?*, Ni?*, Ca®* or Zn?*) and trivalent (as AI**, Fe3* or Cr®")
cations and interlayers containing exchangeable anions (such as CO3?", NOzand CI") and water
molecules. For this reason, LDHSs presents a great number of possible compositions and metal-

anion combinations that can be synthesized [15].
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Among its particular advantages, layered double hydroxides offer a large interlayer
surface to host diverse anionic species [16], high chemical stability, and compositional
flexibility [15]. In adsorption, these materials demonstrate a different uptake mechanism in
comparison with classic adsorbents, owing to the presence of exchangeable anions in the
interlayer and water molecules weakly bound, which could be eliminated preserving the
structure. Previous studies with LDHs presented interesting quantitative values for anions
removal, including nitrates, phosphates, and sulfates [17-19], pharmaceuticals [20-22], and
dyes [23-25]. However, studies relating specifically to adsorptive interaction of onitrophenol
and layered double hydroxides remain few until now.

This research has evaluated the performance of calcium-aluminum (Ca-Al), nickel-
aluminum (Ni-Al), and zinc-aluminum (Zn-Al) layered double hydroxides as adsorbent
materials for onitrophenol removal from aqueous effluents. The LDHs were synthesized, and
their structure was elucidated by conventional and advanced techniques. After, Ca-Al, Ni-Al,
and Zn-Al LDH powders were applied for o-nitrophenol adsorption in bench trials, in which
pH effect, kinetics, and equilibrium were analyzed. The LDH powders were also tested in the
treatment of simulated effluents comprising o-nitrophenol and other components. Lastly, Ca-
Al, Ni-Al, and Zn-Al LDH powdered adsorbents were subjected to regeneration cycles in order
to verify the possibility of reuse.

2. Materials and methods
2.1. Reagents

The o-nitrophenol (CAS number 88-75-5, chemical formula 2(NO,) C¢H,OH, molar
mass 139.11 g mol?) was provided by Hiedel-de Haen Research Chemicals. Materials
employed for synthesis of the layered double hydroxides, as aluminum nitrate
(AI(NO3)39H20), calcium nitrate (Ca(NOz3)2.4H20), nickel nitrate (Ni (NO3)..6H20), zinc
nitrate (Zn(NO3),.6H,0), sodium carbonate (Na.COs) and sodium hydroxide (NaOH) were
purchased from Sigma-Aldrich. Yet, technical grade urea (CHsN20) was acquired from

Farmaquimica S.A. All experimental procedures were carried out with distilled water.
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2.2.  Synthesis of Ca-Al, Ni-Al and Zn-Al LDH powders

For the synthesis of layered double hydroxides based on Ca-Al, Ni-Al and Zn-Al, it was
applied the co-precipitation route [15], which consists in a slow addition of a solution (A) with
the target anion to be intercalated, into a second one (B), this containing the solution of divalent
and trivalent metal cations. For precipitation of the LDHSs, another step is carried out using an
inorganic base or urea, which supports the pH increase, and consequently, the structure
formation.

The synthesis of Ca-Al LDH was adapted from Cao et al. [26]. In brief, an aqueous
solution containing Ca(NOz3).4H20 (0.8 M) and AI(NO3)39H20 (0.4 M) was prepared (solution
A). Subsequently, solution A was added to an aqueous solution composed by NaOH (1.6 M)
and Na>.COz (0.1 M) (solution B). The resulting solution was mixed with a magnetic stirrer for
1 h and then aged at 80 C for 24 h.

For Ni-Al synthesis, Li et al. [27] study was used as a reference and adapted. An aqueous
solution of 0.5 L volume, composed by Ni(NO3s).6H.0 (0.618 M) and Al (NO3)39H20 (0.249
M) and urea (9.9 M) was mixed and heated for 10 min at room temperature. Next, the solution
was submitted to aging at 100 C for 24 h.

Lastly, the Zn-Al synthesis followed the Cocheci et al. [28] work. This synthesis
consisted of the preparation of a 0.1 L Na>COz solution (1 M) and a 0.5 L precursor solution
composed by Zn(NO3),6H,0 (0.67 M) and Al (NO3)39H20 (0.33 M). The precursor solution
was gradually added to Na2COs solution by dropwise, being pH control (10.5) done by NaOH
(2 M). The solution was magnetically agitated for 3 h at room temperature.

For all the three synthesis, the precipitate was washed several times with distilled water,
concomitantly to vacuum filtration (lonlab Pumps, VAC 29, Brazil). The materials were dried
at 80 C for 12 h (Tecnal, TE-393/1, Brazil).

2.3. Characterization of Ca-Al, Ni-Al and Zn-Al LDH powders

Ca-Al, Ni-Al, and Zn-Al layered double hydroxides were characterized by scanning
electron microscopy (SEM), Fourier transform infrared spectroscopy (FT-IR), X-ray powder
diffractometry (XRD), N2 adsorption/desorption isotherms (BET, BJH), energy dispersive X-
Ray spectroscopy (EDS) and point of zero charge (pHpzc). SEM images were acquired in a Jeol
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microscopy ( JSM-6610, Japan), with a voltage of 10 kV and magnification of 100 and 10,000,
in order to verify the layered double hydroxides morphology. FT-IR vibrational spectra were
obtained in Shimadzu equipment (Prestige 21, Japan) in the range of 4000-500 cm™, aiming to
identify functional groups present on the material’s surface. XRD patterns were obtained in a
Rigaku diffractometer (Miniflex 300, Japan), to evaluate the crystallinity of the structures. N>
adsorption/desorption isotherms were obtained in a Micromeritcs analyzer (ASAP 2020, USA),
and were used to estimate the surface area (BET method), pore-volume, average pore diameter
and pore size distribution (BJH method) of the produced materials. EDS spectra were acquired
in a Jeol equipment (JSM-6610, Japan) with the aim of identifying and quantify the elemental
composition of the materials. The point of zero charge (pHpzc) was determined by the eleven
points method, according to Khormaei et al. [29].

In addition to the above mentioned conventional techniques, atomic force microscopy
(AFM) and electric force microscopy ( EFM ) of the Ca-Al, Ni-Al and Zn-Al layered double
hydroxides were performed simultaneously in a Park NX10 (Park Systems, Suwon Korea)
instrument equipped with a SmartScan software version 1.0. RTM 11a. Samples were pressed
onto double-sided scotch tapes and imaged in tapping and non-contact mode. EFM maps were
recorded with a 3 V applied to the sample holder and using a PPPEFM (Nanosensors,
Neuchétel, Switzerland) Si probe Ptir coated, with a nominal resonance frequency of 75 kHz
and 2.8 N m* force constant. Tapping mode was performed using an n-type silicon platinum-
coated probe (MikroMasch NSC16/Al-BS, Sofia, Bulgaria) with a nominal resonance
frequency of 190 kHz and 45 N m*force constant. All measurements were made under ambient
conditions at room temperature of 20 + 5 C and a relative humidity of 60 + 10%. Images were
treated offline using XEI software version 4.3.4 Build 22. RTM 1.

2.4. Use of LDH powders for o-nitrophenol adsorption: experiments

All the adsorption experiments were performed in batch (Solab, Shaker SL-222, Brazil)
with 0.05 g of LDH dosage, 0.05 L of solution volume, 298 K, and 150 rpm. These fixed
experimental parameters were determined by previous tests. Primarily, to evaluate the pH effect
(from 2 to 10), it was employed 50 mg L of adsorbate initial concentration, being the pH
adjustment done with 0.1 mol L™ of NaOH or HCI. Next, kinetic data were obtained, collecting

samples between 0 and 300 min. The equilibrium curves were constructed at the temperature
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of 298 K, using initial adsorbate concentrations equal to 10, 30, 50, 80, 100, 125, and 150 mg
L. After all the batch experiments, the samples collected were filtered, diluted, and quantified
using a spectrophotometer (Shimadzu, UV-Mini 1240, Japan) in the wavelength of 279 nm.
The adsorption capacities at the time (g, mg g*) and at equilibrium (ge, mg g?), as the

onitrophenol removal percentage (R, %) were used to verify the adsorption behavior.

2.5. Evaluation of adsorption kinetics and isotherms

The o-nitrophenol adsorption on Ca-Al, Ni-Al, and Zn-Al LDH powders was evaluated
according to the kinetic and equilibrium behaviors. For the kinetic evaluation, two (pseudo-
first-order, pseudo-second-order) and three (Avrami and general order) parameters models were
used, as presented in supplementary material, section 1 [30]. In the same way, to study the
equilibrium, two (Freundlich and Langmuir) and three (Sips, Redlich-Peterson, and Toth)
parameter models were used, as presented in supplementary material, section 2 [31]. The
models were fitted with the experimental data and statistically analyzed by well know

computational routines, as detailed in the supplementary file, section 3 [32].

2.6. Treatment of the simulated effluent containing o-nitrophenol

This step aimed to evaluate the adsorption potential of Ca-Al, Ni-Al and Zn-Al layered
double hydroxides to treat a simulated industrial effluent containing o-nitrophenol. The
effluent composition is presented in Table 1 [33]. Ca-Al, Ni-Al, and Zn-Al powders (5 g L)
were separately put in contact with the effluent, and the treatment was carried out considering
the best operational conditions obtained on previous steps of this work. For performance
evaluation, the UV-Vis spectra (Shimadzu, UV-2600, Japan) was determined before and after
adsorption, considering the wavelength range between 200 and 600 nm. Origin software
(OriginLab Corporation, EUA) was employed for the estimation of the removal percentage,

by calculation of the areas below the absorbance curves.
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Table 1. Chemical composition of the simulated effluent.

Component Concentration (mg L)
Phenols

Phenol 60.0
o0—Chlorophenol 10.0
Bisphenol A 10.0
o—Nitrophenol 10.0
p—Nitrophenol 10.0
o—Naphtol 10.0
Hidroquinone 10.0
Resorcinol 10.0

Inorganic components

Sodium sulphate 40.0
Sodium carbonate 40.0
Sodium chloride 50.0
Potasium phosphate 40.0

2.7. Regeneration and reuse of the LDH powders

The regeneration of the Ca-Al, Ni-Al, and Zn-Al layered double hydroxides was carried
on by successive and alternated cycles of adsorption and calcination in a muffle furnace. For
adsorption cycles, best conditions from previous experiments were reproduced, with original
adsorbate concentration equal to 150 mg L. In the calcination cycle, the time and temperature
were equal to 1 h and 250 °C, respectively. Adsorption/calcination cycles were repeated for 5

times.
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3.Results and discussion
3.1. Features of Ca-Al, Ni-Al and Zn-Al LDH powders

SEM images of Ca-Al, Ni-Al, and Zn-Al layered double hydroxides are shown in Fig.
1 (a,b), 1 (c,d) and 1 (e,f), respectively. Regarding the arrangement of Ca-Al (Fig. 1 (a,b)), this
material was characterized by mostly plates, resembling elongated sheets. Similar SEM images
were found by Wu et al. [34]. The SEM images of Ni-Al (Fig. 1 (c,d)) and Zn-Al (Fig. 1 (e,f))
suggest the formation of some agglomerated structures, similar to regular hexagonal particles,
that are arranged overlapping with each other. For Zn-Al LDH, the particles were smaller and
more aggregated than for Ni-Al LDH. The morphological difference between Ca-Al and the
other LDHs could be attributed to the high ionic radius of the cation Ca?*, which have more
difficulties for AI®* cations coupling, compared to Zn and Ni. It leads to a loss of octahedral
coordination by the opening of one side of the octahedron on the interlamellar domain, which
causes an additional coordinate with one interlamellar water molecule [15].

Fig. 2 shows the FT-IR spectra of Ca-Al, Ni-Al, and Zn-Al LDHs. In a general way, the
three materials presented similar behavior, with bands at 3300-3700 cm™, 1639 cm™, 1383 cm
1 and 1300-700 cm*. The broadband between 3300 and 3700 cm™ is probably associated with
OH stretching vibration of hydrogen-bonded metal hydroxide layer and interlayer water
molecules. The band at 1639 cm™ suggests the bond between carbon and oxygen present at
carbonate anion structure, while the strong band at 1383 cm™ is due to the nitrate ion [35],
indicating an incorporation of both of NO3”and CO3? anions at the interlayer region. Still, the
region between 1300 and 700 cm™ is probably relative to Metal-O stretching on the structure
layer.

In particular, for Ca-Al material, it can be assigned some special vibrations between
1000 and 500 cm?, different from those present at Ni-Al and Zn-Al layered double hydroxides.
According to the literature [34], the behavior of the Ca-Al spectrum could be attributed to the
interaction between Ca?* and COs%, which is stronger than that between other divalent cations
and COs?%, thus providing more frequent vibrations. Yet, the band at 2184 cm™ presented by Ni-
Al-LDH could be due to the occurrence of cyanate anions on the structure, which has been
related in literature [36] for the synthesis of layered double hydroxides with the presence of

urea as a precipitating agent.
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The XRD patterns of the synthesized layered double hydroxides are shown in Fig. 3,
which suggests the formation of the crystalline structure. For Ca-Al material, typical
hydrotalcite peaks were identified at 26 equal to 10.1 and 20.3 corresponding to (003) and (005)
diffraction planes [24]. The peak at 29.3, not expected for an LDH structure, could be attributed
to a CaCOz3 phase formation in its calcite form (JCPDS: 5-586), which is related to the
insolubility of CaCOgz. Furthermore, Al(OH)z in its gibbsite form (JCPDS:76-1782), can be
verified by the little intensity peaks (such as 18.4, 37.5, and 47.4) distributed along the Ca-Al
XRD [37]. The presence of a reasonable amount of impurities in Ca-Al material could also be
attributed to the discrepancy in the ionic size of Ca (0.100 nm) and Al (0.054 nm) [34]. For Ni-
Al material, main characteristic peaks of layered double hydroxides peaks can be verified at 20
=10.9, 22.3, 34.5, 38.6 and 45.5 equivalent to (003), (006), (012), (015) and (018) diffraction
planes, respectively [38]. Finally, Zn-Al LDH exhibited main hydrotalcite peaks at 26 equal to
11.7,23.5, 34.6, 39.3 and 46.8, being equivalent to diffraction planes (003), (006) , (012), (015)
and (018) [39]. Other peaks with low-intensity reflection could be attributed to impurities from
the synthesis, such as that for Zn(OH)2 and Naz[Zn(OH)4] [37]. The basal spacing (d) , which
corresponds to a sum of the layer of the solid with the interlayer space [15], was estimated as
9.1 A, 8.1 A and 7.7 A, for strongest peaks of the Ca-Al (26=10.1), Ni-Al (26= 10.9) and Zn-
Al (26=11.7) layered double hydroxides, respectively. The lattice parameter c, estimated as c=
3doos [18], was determined as 27.3 A, 24.3 A, and 23.1 A, for Ca-Al, Ni-Al and Zn-Al materials,
respectively. Once the hydrotalcite solid layer thickness is approximately 4.8 A [19], the
interlayer space for Ca-Al, Ni-Al and Zn-Al was estimated as 4.3 A, 3.3 A and 2.9 A,

respectively. In general, the formation of all LDH powders was confirmed by the XRD patterns.
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Fig. 3. XRD patterns of Ca-Al, Ni-Al and Zn-Al LDH powders.

The N2 adsorption-desorption isotherms of LDH powders are compiled in Fig. 4 (a),
while the pore size distribution plot is depicted in Fig. 4 (b). Data about the textural surface
parameters, obtained by BET and BJH methods, can be verified in Table 2. According to
IUPAC classification and updates [40], Ni-Al and Zn-Al materials exhibited an 1V (a) isotherm
type, with a format more apparent for Ni-Al LDH. The referred 1V (a) classification is typical
of mesoporous materials. Fig. 4 (b) shows that Ni-Al and Zn-Al possess pore diameter
predominantly greater than 20 nm in its respective distributions. These materials are then
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composed of meso and macropores. In the case of Ca-Al LDH, a combination between 1V(a)
and V isotherms type can be verified, is the V isotherm classification commonly observed in
microporous adsorbents. This is confirmed by Fig. 4 (b), where the Ca-Al pores are mostly
distributed over the range of 0-20 nm. Table 2 data corroborate the inferences from Fig. 4,
where Ni-Al exhibits a larger format curve, indicating the largest amount of cavities available
for adsorbate species allocation, thus presenting higher specific surface area (40.53 m?g™) and

total pore volume (0.169 cm®g) in comparison with the two other layered double hydroxides.
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Table 2. Nitrogen adsorption—desorption parameters for Ca—Al, Ni—Al and Zn-Al layered

double hydroxides.
Parameter Ca-Al Ni-Al Zn-Al
Specific surface area (m?g™) 19.64 40.53 31.42
Total pore volume (cmig™?) 0.058 0.169 0.162
Average pore diameter (nm) 12.10 19.46 24.05

Fig. 5 (a), 5 (b), and 5 (c) show topography, electrostatic force, and phase-contrast AFM
maps of Ca-Al, Ni-Al, and Zn-Al LDHs, respectively. The lamellar structures assembled along
the surface is clearly identified in the electric force and phase-contrast images on both Ca-Al
and Ni-Al samples, but much smaller and irregular structures are observed in Zn-Al, which was
also confirmed with SEM technique. Surface parameters extracted from topography AFM data
reveal a significant difference for surface area and roughness average (Ra). In fact, all samples
have a surface area much larger than the geometric area (6.25 um?): 10.25 + 3.97 um? for Ca-
Al, 12.40 + 3.77 um? for Ni-Al and 10.01 * 0.22 um? for Zn-Al. Also, Ra values follow the
same order of surface area with 151 + 49 nm for Ca-Al, 191 £ 67 nm for Ni-Al, and 117 + 20
nm for Zn-Al. At some level, the microscopic structure of LDH samples must have some
participation in the removal of o-nitrophenol from aqueous solutions by adsorption, and for this,

it must be related to the performance of each material.

The EDS spectra for Ca-Al, Ni-Al, and Zn-Al layered double hydr oxides are shown in
Fig. 6, while Table 3 demonstrates the molar ratio percentages of M?*/ M** metals for calculated
synthesis reagents and EDS results. According to Fig. 6, the presence of chemical elements (Ca,
Ni, Zn, and Al) was confirmed, as well as the presence of oxygen and carbon on the three
structures. In Table 3, the molar ratio percentages of M?*/M** metals are very close, comparing
the synthesis and the EDS solid results for Ni-Al and Zn-Al materials. On the other hand, the
discrepancy between Ca-Al synthesis ratio percentage (67% - 33%) and EDS solid percentage
(45% - 55%) suggests an aluminum preferential incorporation, with the formation of crystalline
phases distinct from hydrotalcite. This behavior is in accordance with XRD previous analysis

of Ca-Al diffraction peaks.
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Table 3. Molar ratio percentage of M?* and M** in LDH structures.

Material Synthesis M2*/M3* (%) Solid EDS M?* /M3 (%)
Ca-Al LDH 67 /33 45 /55
Ni—-Al LDH 71/29 70/ 30

Zn-Al LDH 67 /33 70/30
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Lastly, points of zero charge of 8.0, 7.0, and 8.0 were found for Ca-Al, Ni-Al, and Zn-
Al, respectively (see supplementary material, Fig. S1). Therefore, at aqueous solutions with pH
< pHerzc, the layered double hydroxides should present positively charged surface, while
negative charges on the surface of LDHs should be verified for aqueous solutions with pH

greater than pHpezc.

3.2. Effect of pH on o-nitrophenol adsorption

The results concerning the pH effect over the adsorption of onitrophenol are depicted in
Fig. 7. It was determined that for the three adsorbent materials, the adsorption capacity
presented a crescent behavior from pH 2 to pH 5, reaching 39.4 mg g (78.7 % removal), 44.3
mg g (88.5% removal) and 41.6 mg g (83.2 % removal), for Ca-Al, Ni-Al and Zn-Al,
respectively. A new increase in pH from 5 to 6 led to a strong decrease in adsorption capacity.
From pH 6 to pH 10, a little decrease in adsorption capacity was observed. The low adsorption
capacities at higher pH values have been seen in literature [41,42] and could be explained by
the occurrence of higher repulsive forces between o-nitrophenolate anion (pKa = 7.23) and the
surface negatively charged of the adsorbents, due to its aforementioned pHpzc. Furthermore, at
higher pH values, there is an excess of OH" ions, which in turn, tend to compete with o-
nitrophenolate for the adsorption sites of HDL. Yet, the reduced adsorption capacities under
acid conditions (pH < 5), could be attributed to possible loss of LDH stability and consequent

damage in the structures [43]. Evidently, it was selected pH 5 for the subsequent experiments.
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Fig. 7. pH effect for o-nitrophenol adsorption on Ca-Al, Ni-Al and Zn-Al LDH powders.
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3.3. Kinetics of o-nitrophenol adsorption

The experimental kinetic points with the kinetic models ( PFO, PSO, general order, and
Avrami) are shown in Fig. 8 (a), 8 (b), and 8 (c) for Ca-Al, Ni-Al, and Zn-Al adsorbents,
respectively. The kinetic parameters relative to each kinetic fit are presented in Table 4. From
Fig. 8, it can be verified a gradual increase of adsorption capacities until 60 min. From 60 min,
the adsorption capacities do not present a meaningful variation, attaining maximum values
equal to 42.5, 45.8, and 45.7 mg g* for Ca-Al, Ni-Al, and Zn-Al materials, respectively.
Literature references, concerning to adsorption of nitrophenols have cited adsorption capacities
of 52 mg g* [4], 53.0 mg g [6], 35.0 mg g [1] and 12.2 mg g™ [5], showing that LDHs
produced in this work can achieve good performance even with relatively simple synthesis
route. According to Table 4, the general order model demonstrated best fit for all layered double
hydroxide kinetics data, with higher values of R? (0.989) and R2.4j (0.987) and lower values of
ARE (2.7%). The theoretical adsorption capacities (gn) were 44.1, 48.0, and 44.6 mg g* for Ca-
Al, Ni-Al, and Zn-Al, respectively, being in good agreement with the experimental values. For
Ni-Al adsorbent, a faster adsorption rate was observed since the ky value was higher. This can
be attributed to the favorable characteristics of the material, including its higher surface area

and pore volume.
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Table 4. Kinetic parameters for o—nitrophenol adsorption on Ca—Al, Ni-Al and Zn-Al
layered double hydroxides.

Adsorbent material

Ca-Al Ni-Al Zn-Al
Pseudo—first order
q1(mg gd) 38.86 43.55 39.52
ki (min?) 0.121 0.181 0.197
R? 0.959 0.955 0.938
RZadj 0.954 0.950 0.932
ARE (%) 559  6.10 6.58
Pseudo—second order
92 (mg g9 4155 46.03 41.93
k2 (g mgt min?) 0.005 0.007 0.008
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R? 0.991 0.993 0.979
R%adj 0.990 0.992 0.977
ARE (%) 3.05 2.33 3.53
General order

gn(mg gd) 44.15  48.02 44,61
kn (min~t (g mgH)™?) 0.0005 0.0009 0.0005
n 2.666 2.601 2.846
R? 0.993 0.996 0.989
R%aj 0.991 0.995 0.987
ARE (%) 2.70 1.89 2.23
Avrami

gav (mg gt 38.86 4355 39.52
kav (mint) 0.105 0.181 0.125
NAv 1.146  1.000 1.573
R? 0.959  0.955 0.938
R%aj 0.948 0.944 0.923
ARE (%) 5.59 6.10 6.58

3.4. Isotherms of o-nitrophenol adsorption

Fig. 9 shows the equilibrium curves concerning adsorption of onitrophenol on the three layered
double hydroxides, at 298 K. Based on the literature [44], the three isotherms are of the S class,
characterized by the occurrence of an initial concave slope followed by a vertical orientation,
with the adsorption capacity limited by the achievement of a plateau. Comparing the LDH
materials, all the ones attained very similar equilibrium adsorption capacities (130 mg g1). The
equilibrium parameters (Freundlich, Langmuir, Sips, Redlich-Peterson, and Toth) are presented
in Table 5. As can be seen in Table 5, the Sips model demonstrated the best fit to experimental
data, with greater R? (0.996) and RZ;j (0.994) and lower ARE (6.5%). The parameters of affinity
(ks) and capacity (gs) from the Sips isotherm were similar for all LDHs. Comparing with the
literature [1-6], the magnitude of these values demonstrates that the powdered LDH produced

in this work have a good affinity for o-nitrophenol and high adsorption capacity.
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Fig. 9. Isotherm curves for o—nitrophenol adsorption on (a) Ca—Al, (b) Ni— Al and (c) Zn-
Al LDH powders.

Table 5. Equilibrium parameters for o—nitrophenol adsorption on Ca—Al, Ni—Al and Zn-Al
layered double hydroxides.

Adsorbent material

Ca-Al Ni-Al Zn-Al
Freundlich
ke (mg gt) (mg L) Yne 14.04 2144 20.77
1/ng 1.231 1741 1569
R? 0914 0.841 0.887
RZadj 0.900 0.814 0.868
ARE (%) 46.54 63.85 52.85
Langmuir
gm(mg g %) 388.36 202.98 233.75
ke (L mg?) 0.032 0.076 0.070
R? 0.932 0.898 0.929
RZadj 0.920 0.881 0.918
ARE (%) 44.09 5366 44.35
Redlich—Peterson
kre (L g0 11.07 11.37 1250
are (L mg )P (x10%) 2872 9267 6.423
B 2563 2214 2.424
R? 0.951 0.943 0.963
RZadj 0.932 0.920 0.949
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ARE (%) 39.90 4281 34.15
Sips
gs (mg g™) 135.08 122.07 130.31
ks (L mg™) 0.165 0.186 0.195
m 3.046 3.280 2.699
R? 0.996 0.997 0.998
RZadj 0.994 0.996 0.997
ARE (%) 6.48 426  2.60
Toth
gro (mg g?) 133.19 122.10 128.11
bro (L mg™?) 0.079 0.089 0.095
D 7596 6.675 5.633
R? 0.957 0.953 0.968
RZadj 0.940 0.934 0.955
ARE (%) 36.95 39.67 3243

3.5. Simulated effluent treatment and regeneration

Fig. 10 shows the simulated effluent UVeVis spectra before and after treatment with
Ca-Al, Ni-Al, and Zn-Al materials. For Ni-Al and Zn-Al adsorbents, it was verified a reduction
on the absorbance band’s overall wavelength range, including the main absorbance wavelength
of o-nitrophenol; this is, 279 nm [45]. The removal percentages for Ni-Al and Zn-Al, evaluated
according to section 2.6, achieved values equal to 60.3% and 35.5%, respectively. For Ca-Al
LDH, despite of decrease in absorbance between 310 and 380 nm, the general effect of
adsorption treatment was less significant, not overtaking 8.2% removal in relation to the
original effluent. Based on the aforementioned discussions, Ni-Al material was the most
effective LDH to treat the simulated effluent containing salts and phenolic compounds. Thus,
in comparison with Ca-Al and Zn-Al, the best performance of Ni-Al was in accordance with
some characteristics shown by the material, as the highest specific surface area (40.5 m? g%

and total pore volume (0.169 cm3g™).
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Fig. 10. UV-Vis spectra of simulated effluent before and after adsorption using LDH powders.

The behavior of o-nitrophenol adsorption capacity during successive
adsorption/regeneration cycles for Ca-Al LDH, Ni-Al LDH, and Zn-Al LDH adsorbents is
shown in Fig. 11. It can be seen that Ni-Al LDH preserves its original adsorption capacity for
4 cycles, while, for Ca-Al and Zn-Al, a significant decrease occurs from the second cycle. These

results indicated that Ni-Al LDH is a more stable adsorbent in terms of reusability.

140

I C2-Al-LDH]|
I Ni-Al-LDH
I 71-Al-LDH

120 A

100

80

60

q(mgg")

Number of cycles

Fig. 11. Regeneration cycles for Ca-Al, Ni-Al and Zn-Al LDH powders.
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4. Conclusion

Three layered double hydroxides named calcium-aluminum (Ca-Al), nickel-
aluminum (Ni-Al), and zinc-aluminum (Zn-Al) were successfully synthesized by a simple
route and applied as adsorbent materials for o-nitrophenol removal from aqueous effluents.
SEM and AFM confirmed the lamellar structure of all LDH, while the crystalline structure
was proved by XRD. Typical functional groups were identified by FT-IR. Ni-Al exhibited
the higher specific surface area (40.53 m? g™) and total pore volume (0.169 cm®gt), being
composed of meso and macropores.

Concerning the adsorptive potential of the LDHs, maximum adsorption capacities were
achieved at pH 5. The adsorption of onitrophenol onto the LDHs presented a fast kinetics (2 for
equilibrium), with curves best fitted by the general order model. For equilibrium studies, the
Sips model best described the experimental behavior, with maximum adsorption capacities
corresponding to 132.3 mg g?, 123.9 mg g and 129.3 mg g* for Ca-Al, Ni-Al and Zn-Al,
respectively. Ni-Al presented the best performance in the treatment of a simulated effluent
containing phenols and salts (60.3% removal), and also, presented better reusability (4 cycles).
In a general Ca-Al, Ni-Al and Zn-Al exhibited an interesting potential as adsorbent materials
for the treatment of simulated effluents containing o-nitrophenol, being the best results achieved

using Ni-Al.
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5 CONCLUSAO GERAL

Neste trabalho, hidréxidos duplos lamelares (HDLs) a base de Ca-Al, Ni-Al e Zn-Al
foram empregados na remocao de o-nitrofenol de solugbes aquosas mediante adsorcdo. Em
suma, todos os HDLs sintetizados provaram-se como materiais adsorventes em potencial, sendo
que os melhores resultados foram alcancados para 0 HDL a base de Ni-Al. A estrutura dos
materiais foi confirmada por meio das técnicas de caracterizagdo propostas. Nos estudos de
adsorcéo, o pH equivalente a 5 demonstrou-se como mais adequado aos sistemas adsortivos. A
cinética revelou uma adsorcdo de natureza rapida, com pontos experimentais melhor ajustados
pelo modelo de ordem geral. J& na etapa de equilibrio, foram atingidas capacidades méximas
de adsorcdo em torno de 130 mg g%, sendo os trés sistemas adsortivos melhor representados
pelo modelo de Sips. O hidréxido duplo lamelar a base de Ni-Al demonstrou resultados
quantitativos significativamente maiores no estudo inerente ao efluente real simulado, no qual
atingiu 60% de remocéo; bem como no estudo de regeneragdo, onde apresentou maior

capacidade de reutilizacdo (até 4 ciclos), frente aos HDLs de Ca-Al e Zn-All.
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APENDICE A - AVALIACAO DOS MODELOS DE AJUSTE

Os parametros dos modelos cinéticos e de equilibrio propostos foram obtidos por meio
do software Statistica 10.0 (STATSOFT, EUA), mediante regressdo nao linear e método de
minimizacao da funcdo minimos quadrados. A avaliacdo da qualidade dos ajustes foi realizada
por intermédio do coeficiente de indeterminacdo (R?), coeficiente de indeterminacéo ajustado
(R%j) e erro médio relativo (EMR), conforme apresentado nas equagfes (12), (13) e (14)
(DOTTO et al, 2013):

RZ — <Z£l(qi'exp = Tiem)” = Th(diemy — Qi'mdew)z) (12)
Z%(qi,exp - qi.exp)z

Ry =1— (1—R?) (Z—:;) (13)

qimodelo — Qiexp

(14)

Qi,exp

Nas equagdes (12), (13) e (14), qiexp CoOrresponde aos valores das capacidades de
adsorcdo obtidas experimentalmente, giexp representa a média das capacidades de adsorgdo
obtidas experimentalmente e gi,modelo €quivale aos valores de capacidade de adsorgéo preditos
pelos modelos de ajuste. Ainda, n e p representam, respectivamente, o nimero de pontos

experimentais e 0 nUmero de parametros de cada modelo de ajuste avaliado.



