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RESUMO GERAL

A agua é um recurso indispensavel a vida e a esgdl@ de um largo
espectro das atividades humanas. Entretanto, salidape e disponibilidade
tém sido afetadas pelo emprego inadequado nos dhagssificados setores.
Nesse sentido, a busca pelo desenvolvimento deegsos quimicos
ecologicamente corretos tem sido alvo de pesguaizasecentes anos, em que a
adsorcdo é apontada como uma técnica promissosa ganinimizacdo dos
impactos ambientais. Nesse processo, a utilizagdaardilominerais como
adsorventes se destaca, pelo fato de os mesmosendim toxicos e serem
economicamente viaveis. Apesar da elevada aplidati@, verifica-se que suas
eficiéncias no processo de adsor¢cdo podem ser #samhasn mediante a
realizacdo de tratamentos, com foco para o tratmmérido. Desse modo, o
presente trabalho vem contribuir com informacdesessgirias para o
entendimento do efeito do tratamento acido na tes&rudo agalmatolito e da
caulinita, bem como a influéncia das modificacG@semocao dos corantes azul
de coomassie e tropaeolina, em um processo otimizeiio emprego da
superficie de resposta. Os resultados revelaranoduetamento realizado em
ambas se mostrou bastante promissor, produzinderiaiatcom capacidades de
adsorcdo mais elevadas, quando comparados aosaisaderpartida.

Palavras-chave: Agua. Agalamatolito. Caulinita. @éxg&o. Superficie de
Resposta. Azul de coomassie. Tropaeolina.



GENERAL ABSTRACT

Water is an essential resource for all living tisingnd it is vital to a
wide variety of industrial processes. However, wajaality and availability
have been affected by its inappropriate use, cguswrldwide impacts.
Therefore, many studies have been focusing on gggplgnvironmentally
friendly chemical processes that aims to decrelasesxtent of environmental
impacts in recent years. For instance, promisinchrigues that involve
adsorption processes has gained much attentioly, lathere the use of clay
minerals as catalysts and industrial adsorbentsy pdn important role
considering the fact that they are both non toxid @conomically viable.
Despite their important applicability, it is welh&wn that the efficiency of an
adsorption processes may be increased by carryirigtreatments in the
adsorbent material (eg. acid-treated clays). Thig, present work aims at
contributing to useful information for better unskanding the effects of acid
treatments in the agalmatolite and kaolinite stmed as well as the influences
of the removal of coomassie blue and tropaeolirsdirean optimized process
applying response surface methodology. The reshitav that the treatment
applied in both clays was very promising, providhigher levels of adsorption
when compared to the starting material.

Keywords: water, agalmatolite, kaolinite, adsonptioresponse surface,
coomassie and tropaealin.
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PRIMEIRA PARTE

1 INTRODUCAO

A busca pelo desenvolvimento de processos quin@cokgicamente
corretos tem sido alvo de pesquisas nos recentss Bentre os temas que mais
vém chamando a atencdo, tem-se a questdo da rediac&Zmntaminacao
ambiental, em que os processos de catalise e adseép apontados como
alternativas economicamente favoraveis.

A maioria dos problemas ambientais tem suas sadugd@artir da
analise do ambiente, conforme podera ser obsermadpresente estudo. Os
argilominerais sao recursos de baixo custo, eleshdadancia, ecoamigaveis e
que apresentam alta capacidade de troca iGnicand@oserem téxicos, acabam
se tornando substitutos alternativos que atuaminianimacdo dos problemas de
poluicdo. Eles encontram aplica¢des no processalster¢cdo, considerado como
um dos mais simples e efetivos métodos que operam facilidade no
tratamento de efluentes nos quais os corantesgdieegados.

Apesar da elevada aplicabilidade, verifica-se q@seg minerais
argilosos podem ser submetidos a modificacdes gagestinadas a aumentar
suas eficiéncias nos processos estudados, ja guesasas atuam na alteracao
das propriedades superficiais.

Portanto, torna-se de suma importancia desenvalver pesquisa cuja
aplicabilidade esteja voltada para a obtencdo dereentes alternativos, de
valor agregado e de baixo custo que possam serdoseno meio ambiente,
sem, contudo, agredi-lo e que sejam competitivas @3 disponiveis no

mercado.
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2 REFERENCIAL TEORICO

2.1 Desenvolvimento social e a quimica verde: um vm olhar para a

problematica ambiental

A escassez de agua e o ranking da poluicdo iguadadoudanca
climatica tornaram indesejavel o desenvolvimentséoulo XXI. Desse modo,
a preocupacgdo com os problemas ambientais se mostevante entre os mais
diversos segmentos da sociedade, governos, orgémeiae outros agentes
(FARIAS; FAVARO, 2011).

Além de o crescimento exponencial da populacdo moslastilos de
vida e os usos dos recursos, o0 mesmo tem sido aodrago pela geracdo de
materiais residuarios, que criam um dos mais isigemtes paradoxos sobre as
nacdes (FARIAS; FAVARO, 2011).

Como resultado do desenvolvimento das industriagmiqas e
petroquimicas, a rapida urbanizacdo tem contribyddoa o aumento na
producdo de poluentes téxicos que interferem dedonegativa no ambiente
aquatico (KALAVATHY et al., 2009; SENTURK et al.09). Nesse sentido, a
guimica verde se destaca por enfatizar a valorizagd tratamento seguro dos
residuos soélidos e liquidos provenientes dos maergificados setores
(FARIAS; FAVARO, 2011).

Diante dos problemas ambientais abordados, o doncelie
sustentabilidade aparece em voga por preconizatisfagdo das necessidades
atuais dos seres humanos, levando em consideragda@omsequéncias
provenientes das atividades humanas que conduzemn agarodoxo entre
desenvolvimento e impactos ambientais (FARIAS; FARG 2011).
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2.2 Um levantamento sobre os corantes: a cor e os&dnio sobre a
humanidade

Como as cores sempre exerceram um fascinio soliremanidade,
registros reportados em literatura enfatizam quearantes sdo empregados
desde tempos remotos, 0s quais datam a época sténei@ do homem de
Neandertal. Por volta de 1856, foi descoberto meiro corante sintético, na
Inglaterra e, a partir de entdo, corantes sazatitis nos mais diversificados
setores, sendo aplicados por possuirem caraatasispiroprias associadas a
resisténcia a descoloracdo proveniente da exposidéa (OZER; DURSUN,;
OZER, 2007; WENG; LIN; TZENG, 2009).

Os corantes podem ser definidos como compostos nicoga
empregados na coloracdo de outras substancias segeecontram presentes,
usualmente, nas aguas de efluentes dos mais diveesores e das industrias.
Estima-se que existam mais de 100 mil tipos dentesacom produc¢éo mundial
de 700 mil toneladas, incluindo os utilizados naslUstrias téxteis, de
cosméticos, couros, alimenticias e plasticos, denfitras (OZER; DURSUN;
OZER, 2007; WENG; LIN; TZENG, 2009).

Diante da vasta quantidade de corantes empregaupspresente
trabalho, foca-se no estudo dos corantes azul dmassie brilhante R-250 e

tropaeolina.
2.2.1 Azul de coomassie: a molécula modelo em emsabioquimicos
O corante azul de coomassie brilhante R-250, @868, € um corante

ndo azo que apresenta massa molecular de 825,88 genfdrmula molecular

CusHaNsNaO;S,. Sua representacao estrutural € mostrada na Higura
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Figura 1 Representacdo estrutural do corante aerulcabmassie R-250
(BUKALLAH; RAUF; ASHRAF, 2007)

Pode ser definido como uma das formas quimicas a@upasto
trifenilmetano dissulfonato. Sendo originalmentesigieado para ser utilizado
como corante acido de las, é atualmente empregadensaios bioquimicos,
especificamente em técnicas de eletroforese e edidazeda concentracdo de
proteinas, como no caso do ensaio de Bradford (RABSHRAF;
ALHADRAMI, 2005).

2.2.2 Tropaeolina: a molécula modelo de azocorantes

Dentre as classes de corantes empregadas, osesoaaot constituem o
grupo mais extenso aplicado nas industrias téxssindo responséveis pela
coloracdo dos produtos em uma faixa que se estdedé0% a 70%.
Quimicamente, eles podem ser definidos como cormgasinstituidos por um

ou mais grupos azo (RI=N-R;), nos quais 0s grupos aromaticos podem ser
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substituidos por grupos sulfonato (s$® hidroxila (-OH), dentre outros (RIAZ
et al., 2012).

Nessa classe de corantes, a tropaeolina, tambéomderda alaranjado
I, é considerada um corante monoazo anibnico akselacida, a qual apresenta
C.l. 15510, peso molecular 350, 22 g tok férmula molecular

CieH1iNoNaG,S. Sua representacao estrutural € mostrada naF2gur

0
N:N—Q—s —o0" Na'
OH H
0

Figura 2 Representacao estrutural de tropaeoli@JBHA et al., 2012)

Esse corante se destaca por representar mais dedaSpsoducao
mundial de corantes utilizados nas indUstrias i&x@eapresentar estabilidade

térmica, fisica e quimica (ROY et al., 2003).

2.3 Os corantes e suas consequéncias: 0s processes tratamento

convencionais

Estudos relatam que a origem sintética e as esrutaomplexas
aromaticas das moléculas de corantes fazem comsgumesmos se tornem mais
estaveis e dificeis de serem removidos quandoeftientes sdo descarregados
em corpos d’agua (HAN et al., 2009; OZER; DURSUNER, 2007).

Diante disso, a presenca dessas substancias gbmnstit assunto de

grande interesse, devido aos seus efeitos adveosogjuais incluem os
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toxicoldgicos e os estéticos. Além disso, 0s setqte 0s empregam consomem
volumes substanciais de &gua, 0 que acarreta riauif@o da disponibilidade
desse recurso (HAN et al., 2009; OZER; DURSUN; OZH&ER7).

Com relacdo aos problemas ambientais no ecossistamifica-se que
0s corantes atuam no impedimento da penetracdouzlasdlar na agua,
reduzindo, desse modo, a atividade fotossinté#dam de interferirem no
crescimento da biota, sdo também responséveisnmlaparéncia da cor no
ambiente, ja que a presenca de pequenas quantigadiegnas de 1 mg't, sdo
consideradas inadequadas e indesejaveis (HAN, 2(fl9; OZER; DURSUN;
OZER, 2007). N&o obstante, os grupos organicoeptes em suas moléculas
podem reagir, formando intermediarios reativos quevocam alteracGes
morfolégicas e genéticas, tornando-os carcinogéniedou mutagénicos
(DAASSI et al., 2012; DAWOOD; SEN, 2012; GHONEIM;LDESCKY;
ZIDAN, 2011; YAN et al., 2011).

Desse modo, a remocao da cor dos efluentes guentént constitui um
problema emergente, tornando-se foco de uma anapladade de pesquisas
(HAN et al., 2009; LIU; ZHENG; WANG, 2010).

Técnicas como coagulacdo, precipitacdo quimicatragdo em
membrana, extracdo com solvente, osmose reversacespos que incluem o
Fenton, foton-Fenton e fotocatalise tém sido engitag como tratamentos
convencionais (HAN et al., 2009; LIU; ZHENG; WAN@Q10).

2.4 A adsorcao como alternativa ecoamigavel

Apesar da vasta quantidade de trabalhos que aboodatratamentos
convencionais como alternativas para a remocaomaies, é observado que 0s
mesmos sao inadequados para se tratar um grandee/de agua contaminada,

ja que sao considerados de alto custo e podemeandefetivamente utilizados
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para se trabalhar com uma ampla faixa de contateisdRAVIKUMAR et al.,
2005).

Diante disso, a adsorcao, definida como um procissn-quimico de
transferéncia de massa, passa, entdo, a ser dgpatano a técnica mais
popular e promissora por possuir caracteristicasquatas associadas a
facilidade de operagdo, viabilidade, simplicidade equipamentos, alta
eficiéncia e baixo custo. Além disso, a mesma #adh como ideal para ser
aplicada no tratamento de corantes nas formas eoaientradas (HAN et al.,
2009; LIU; ZHENG; WANG, 2010).

Na Tabela 1 apresentam-se alguns trabalhos em qaés@cao é

empregada na remocao de tropaeolina.
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Tabela 1 Adsorventes empregados na remogao detiopa

Adsorvente Q. (mg gY) Referéncia
Oxi-humolita 50 Janos et al. (2005)
Solo 3,47 Smaranda, Bulgari e
Gavrilescu (2009)
Levedura de cerveja 3,56 Wu et al. (2011)
Zedlita natural 0,63 Jin et al. (2008)
Zedlita modificada com 2% de SDBS 3,62 Jin et al. (2008)
(dodecil benzenosulfonato de sédio)
Zedlita modificada com 3 % de SDS 3,38 Jin et al. (2008)
(dodecil sulfato de s6dio)
MacroalgaStoechospermum 35,62 Kousha et al. (2012)
marginatumnatural
MacroalgaStoechospermum 71,05 Kousha et al. (2012)
marginatummodificada com
propilamina
MacroalgaStoechospermum 29,08 Kousha et al. (2012)
marginatummodificada com metanol
acidico
MacroalgaStoechospermum 34,05 Kousha et al. (2012)
marginatummodificada com
formaldeido
MacroalgaStoechospermum 14,05 Kousha et al. (2012)

marginatummodificada com acido
férmico e formaldeido

Qn=capacidade maxima removida

2.5 Adsorcao: definicdo e caracteristicas

A adsorcdo pode ser definida como um processo atesferéncia de
massa, a qual explora a habilidade de certos sOkao concentrar, na sua
superficie, substancias especificas contidas eut®d aquosas ou em gases,
resultando em uma separacao que envolve as ingsragire os componentes de
um determinado sistema (ATKINS; PAULA, 2008).

Nesse processo, as moléculas que estdo sendo iddsorsédo
denominadas de adsorvato, enquanto o materiabsddidjual ocorre a adsorcéo
€ chamado de adsorvente. Devido as diferentessfdeginteracéo envolvidas na
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adsorcdo, esta € distinguida em adsorcdo fisicasqdircdo) e quimica
(quimissor¢do) (ATKINS; PAULA, 2008).

A adsorcéo fisica é caracterizada como um procesagsivel, pouco
especifico, rapido e, geralmente, limitado peldfeano da difusédo. Nesse tipo
de adsorcdo, as moléculas de adsorvato sdo retiddimnte interacGes fracas
(10-50 kJ mot) de van der Waals ou de polarizagdo (SOMASUNDARAN,
2006).

J& a adsorcao quimica é caracterizada pela teadéedima interagdo
mais forte, envolvendo o compartiihamento de ehftrentre os compostos
adsorvidos e a superficie do adsorvente, resultanalomodificacdo da
distribuicdo das cargas eletrbnicas das moléculasreidas, cujas forcas de
ligacdo sdo da mesma ordem das liga¢Bes quimicaseryia de adsorcdo esta
compreendida entre 50 e 2.000 kJ fébrnando o processo irreversivel e lento.
Além das caracteristicas relacionadas, evidenciueeesse tipo de adsorcao é
muito especifico, sendo acompanhado por uma fateéagdo da energia de
ativacdo (ATKINS; PAULA, 2008).

2.5.1 Os modelos cinéticos

Os estudos cinéticos podem ser definidos como @nsailizados para
se determinar o tempo necessdario para alcancarudibeig, tornando-se
relevante na identificacdo do tipo e da capacidile@dsorcdo, bem como o
caminho e o indice da reacdo de um determinadenss{CESTARI et al.,
2003).

A cinética de adsor¢cdo descreve a velocidade deg&@wmdo soluto
contido na solugdo que, por sua vez, controla qpeede residéncia para a

acumulacao do adsorvato na interface sélido-liquidque se mostra ideal no
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desenvolvimento de sistemas aplicados no tratameetoefluentes (HO;
MCKAY, 1999).

Quando se realiza uma analise cinética de adsalesiem-se levar em
conta as caracteristicas fisico-quimicas do adst@ydefinidas pela estrutura e
0 tamanho dos poros; as do adsorvato, associadapeso molecular,
solubilidade, carga ibnica e natureza, e as d&&o)que incluem as analises de

pH, temperatura e concentracdo da solu¢do (CESEA&AI, 2003).

Atualmente, existem diferentes modelos cinéticapatibilizados na
literatura, dos quais se destacam o de pseudopsiragiem, pseudossegunda

ordem, difusdo intraparticula, Elovich e Avrami.

2.5.1.1 Modelo cinético de pseudoprimeira ordem

O modelo de pseudoprimeira ordem, descrito por igrge (1898),
descreve a velocidade do processo baseada nadagade adsorcéo do sélido,
no qual se verifica uma relagdo matematica dinetiee e variagéo da velocidade
de remogé&o do adsorvato em relagdo ao tempo caferarga na concentracao
de saturacdo e o numero de sitios ativos do sdlidnodelo é representado pela
Equacéo 1.

Q= Qe[1-exptkit)] (1)

em que k(min®) é a constante de velocidade para a equacaordeigxiordem,
Q. e Q (mg g") s&o a quantidade de adsorvato adsorvido por dmida massa

de adsorvente em um tempo (t) e no equilibrio,eetsmmente.
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2.5.1.2 Modelo cinético de pseudossegunda ordem

O mecanismo de pseudossegunda ordem proposto pa MoKay
(1999) envolve a descricdo da cinética de adsatependente da quantidade de
sitios de adsorcdo contidos na superficie do nahtadsorvente, cuja relacdo

matemética é descrita pela equacéo 2.

k2Q%t
Qt:i (2)
1+ Qtke
em que k(g mg"' min™) é a constante de velocidade para equag&o dedsegun
ordem, e Qe Q (mg ¢g") sdo a quantidade de adsorvato adsorvido por dmida
de massa de adsorvente em um tempo (t) e no e@uilibspectivamente.

2.5.1.3 Modelo cinético de difuséo intraparticula

O modelo de difusao intraparticula, desenvolvido WWeber e Morris
(1963), foi desenvolvido no intuito de elucidar eganismo pelo qual ocorre a
remogdo de um determinado adsorvato, consideraratis@¢éo realizada em
etapas sucessivas, associadas a migracdo das lasldeuadsorvato através da
solucdo para a superficie exterior das particutaadsorvente, movimento das
moléculas de adsorvato dentro dos poros das padieyfinalmente, a adsorcao
do corante nos sitios do interior das particulaadsmrvente (MA et al2012).

Caso a difusdo intraparticula seja fator deterntinata velocidade, a

adsorcao variara com a raiz quadrada do tempoprnefdescrito pela equacéo 3.

Qt=kd\/f+C (3)
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em que Q(mg g") é a quantidade de adsorvato adsorvido por unidadeassa
de adsorvente em um tempo () kng g'min®) é a constante de difusdo e C

(mg ¢g) é uma constante do modelo associada & espesscamada limite.
2.5.1.4 Modelo cinético de Elovich

No modelo de Elovich é proposta uma cinética nd gealescreve a
adsorcdo governada pela quimissorcdo, cuja apticeg&encontra associada a
processos cinéticos lentos (HAMEED; TAN; AHMAD, B)0 A equacdo de

Elovich é, geralmente, expressa da seguinte forma:
_1
Q —Eln(lﬂfﬁt) (4)

em que Q(mg g") é a quantidade de adsorvato adsorvido por unidadeassa
de adsorvente em um tempo (t)é a taxa de adsorcéo inicial (Mg min™) ep

é a constante de dessorc¢éo (ghmg
2.5.1.5 Modelo cinético de Avrami

O modelo proposto por Avrami é aplicado na andleserocessos lentos
e que envolvam mais de um mecanismo de adsor¢c&EImA® processo é
avaliado utilizando-se a funcdo exponencial de #Wra qual envolve uma
adaptacdo do modelo cinético de decomposicao téyraanforme descrito na
equacao 5.

Q = Qe{ 1-exg- (kayt)]™ } (5)
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em que ks (min?) é a constante cinética de Avrami, numa constante
relacionada com o mecanismo de adsorcég e @ (mg g') sdo a quantidade
de adsorvato adsorvido por unidade de massa devads®em um tempo (t) e
no equilibrio, respectivamente (VARGAS et al., 2012

2.6 Isotermas de adsorcao e a modelagem dos proosss

Em geral, a isoterma de adsor¢do pode ser defioiti® uma curva que
descreve o fendmeno governado pela reten¢éo odidanle de uma substancia
em um meio poroso ou em uma fase solida em valbeesH e temperatura
constantes. O equilibrio de adsor¢éo, o qual epvalvazao entre a quantidade
adsorvida com a remanescente em solucao, é estidbetgiando o adsorvato é
colocado em contato com o adsorvente em um temficiestie (FOO;
HAMEED, 2010).

Os parametros fisico-quimicos provenientes da legde matematica
associados as suposi¢des termodinamicas fornecdaresgmentos a respeito
do mecanismo de adsorcao, das propriedades sugisréodo grau de afinidade
dos adsorventes (FOO; HAMEED, 2010).

Os modelos dispostos na literatura sdo formuladopagir de
aproximagfes fundamentais que levam em considese@posicao cinética do
estado de equilibrio dindmico entre as taxas dergdis e dessorcdo, 0S
parametros termodinamicos e a teoria potenciabcasda a caracteristica da
curva (FOO; HAMEED, 2010).

Diante dos modelos encontrados na literatura, $ecano presente

estudo, na descri¢do das isotermas de Langmuimnéiieh e Sips.
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2.6.1 Isoterma de Langmuir

Irving Langmuir (1916) desenvolveu um modelo dedsna baseado
em uma deducéo cinética, em que foi suposta agiisde moléculas em sitios
Unicos, definidos e localizados, nos quais as mtdécadsorvidas apresentam a
mesma energia, independente da auséncia ou predengatras moléculas
adsorvidas nos sitios vizinhos (ATKIN; PAULA, 2008Bua expressao

matematica é definida por

j— qm KCe

Qe =%
1+KC, ©)

em que ¢ é a quantidade de adsorvato adsorvido por unidaedenassa de

adsorvente (Mg, g, € a capacidade de cobertura da monocamada {)n g

é a constante de equilibrio (L Mgelacionada com a afinidade entre adsorvato

e adsorvente e Ca concentracéo de equilibrio do adsorvato na&olmg LY.
Apesar de ser aplicado de maneira adequada emsmritcessos de

adsorc¢éo, pode-se inferir que 0 modelo propostd_pogmuir apresenta falhas

ao relatar, principalmente, que os sitios de adsorgdo equivalentes e

simultaneamente independentes.
2.6.2 Isoterma de Freundlich

Herbert Max Finley Freundlich (1906), quimico alemfropds um
modelo de isoterma no qual sdo consideradas aagfs entre as moléculas
adsorvidas e as que se encontram em solucéo eraderieidade dos materiais
adsorventes. No modelo proposto é considerada usti@bdicdo logaritmica
dos sitios ativos, sendo favorecida quando as mlalecdo adsorvato ndo
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interagem entre si (ATKINS; PAULA, 2008). Sua exgm@& matematica é

definida por

Q. =K.Cn @)

em que G(mg L") e g (mg g') sdo, respectivamente, a concentracdo de
equilibrio do adsorvato na solucéo e a capacidadsbertura da monocamada

e K (mg™ kg* LYM e n, caracteristicos do sistema, s&o parametros
relacionados a capacidade e a intensidade da adsoespectivamente. Para um
sistema com adsorcao favoravel, o parametro n &ssgalores maiores que uma
unidade (1<n<10).

Apesar de ser bastante aplicavel, verifica-se @gse enodelo ndo se
mostra adequado para prever a saturacdo dos diasorvente, podendo
somente ser aplicado na faixa de concentracdo slenedo no qual foram
ajustados os parametros (ELEMEN; KUMBASAR; YAPAR12).

2.6.3 Isoterma de Sips

Diante das desvantagens associadas aos dois maodethasonados, foi
desenvolvido o modelo de Sips, o qual reflete abioagtdo dos modelos de
Langmuir e Freundlich. Além de o modelo ser aplitéa predicdo de sistemas
heterogéneos, é, ainda, capaz de contornar a¢anitde concentracdes mais
elevadas associadas com o modelo de FreundlichMENE KUMBASAR,;
YAPAR, 2012). A expressao matemética para esselmédiada por

_g,KC.'"

= _Im s¥e 8
1+KSCe1/m ( )

e
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em que ¢ é a quantidade de adsorvato adsorvido por unidedenassa de
adsorvente (mgY, g.é a capacidade de cobertura da monocamada tmég
(L mgHh*™ é a constante de Sips e m, um expoente relaciosado a
distribuicdo da afinidade na superficie do adsdeen

Pela andlise da equacéo referente ao modelo popgopbssivel relatar
gue,enquanto em baixas concentra¢fes de adsorvataesedp matematica se
reduz a isoterma de Freundlich, em elevadas carg@ets, o modelo proposto

por Sips (1948) prediz a adsor¢éo caracteristicaaftelo de Langmuir.
2.7 Aspectos termodindmicos do processo de adsorcao

Como a temperatura pode ser definida como um d@snedros que tém
maior efeito no processo de adsorcdo, a caradt@ozaermodindmica da
interface sélido-liquido torna-se imprescindivel emiendimento de uma ampla
faixa de problemas que envolvem a ciéncia puraapligada. No caso das
indUstrias nas quais os corantes sdao empregadomnti#&m um crescente
interesse associado as aplicacfes praticas, ja gdsorcdo de corante depende,
em larga extensao, da energia livre superficiabma. Como a andlise dos
sistemas € usualmente complicada, a investigacds ppriedades
termodindmicas pode, ainda, fornecer uma melhoorrimicdo acerca do
mecanismo de adsorcdo (DOGAN et al., 2004).

As variacGes dos parametros termodinamicos, eat@ihi®), entropia
(AS’) e energia livre de GibbAG) podem ser estimadas a partir da conducéo
dos experimentos de adsorcdo em diferentes tempmsate relacbes

termodindmicas definidas pelas equacdes que sersegu

AG = AH° -TAS® 9)
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e

AG = -RTIn K. (10)

em que R é a constante universal dos gases (8}814nbI"), T é a temperatura
absoluta (K) e K a constante de equilibrio de Langmuir (L MolOs valores
de AH° e AS’ podem ser obtidos, respectivamente, a partir dinatéo e do
intercepto de um gréfico linear entre In & 1/T (TOOR; JIN, 2012).

2.8 Dessorcdo: uma etapa adicional para regeneracd@ins adsorventes e

recuperacdo dos adsorvatos

A dessorcdo consiste de uma etapa de regeneragdaddorventes
saturados com a consequente recuperacdo dos adsadaorvidos utilizando-
se solugcbes dessorventes, o que permite auxiliaramédise do possivel
mecanismo envolvido no processo (OFOMAJA; HO, 20&IVARAJ;
NAMASIVAYAM; KADIRVELU, 2001).

2.9 A adsorcao e o desenvolvimento sustentavel

Apesar de o carvdo ativado ser apontado como onsge mais
adequado na remocdo de contaminantes, tem sidadalaem estudos, uma
reducdo na sua aplicabilidade, pelo fato de o meapr@sentar algumas
desvantagens associadas ao alto custo de produéadlifécil regeneracéo,
considerados fatores primordiais na avaliacdo @dilidade econdmica do
processo (LIN; JUANG, 2009).

De modo geral, pode-se relatar que os resultadbsfasarios na
remocado de efluentes estdo baseados em caracteriagisociadas a escolha de

materiais que tenham alta capacidade de adsorcaaquuzir a quantidade de
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adsorvente utilizada; grande area superficial agterinterna, que seja capaz de
aumentar a capacidade de adsorcdo; alta selettyidadcessaria para a
realizacdo de uma separacdo adequada; estabilifadgéca e quimica;
baixissima solubilidade, que preserve as caratiteids da adsorcdo e do
adsorvente; dureza e forca mecanica; que evitestrangulamento dos poros e
a erosdo das particulas, além de ndo permitireralizacao de rea¢des quimicas
e indesejaveis (LIN; JUANG, 2009).

Nesse sentido, pesquisas sdo desenvolvidas ndoirdai se utilizar
materiais sélidos que, além de serem capazes deveerpoluentes de aguas
contaminadas, sejam de baixo custo e regenergaid@metros considerados
ideais para o desenvolvimento sustentavel (LIN; NGA2009).

Esses materiais de baixo custo, que necessitam niepegueno
processamento ou que sejam abundantes na natazam os subprodutos ou
materiais residudrios de muitas indUstrias e opesacagricolas, materiais
naturais e bioadsorventes (LIN; JUANG, 2009). Demsses, os argilominerais
sdo apontados como alternativa bastante promigktida ZHENG; WANG,
2010).

2.10 Argilominerais: os recursos naturais com progedades fisico- quimicas

ajustaveis

Argilominerais podem ser definidos como mineraisstalinos que
ocorrem, predominantemente, em argilas, correspalada fracdo coloidal de
solos, sedimentos e rochas, que podem conter, @superficie, uma mistura de
quartzo, carbonatos, 6xidos metalicos, silicatasa&ria organica (CURI et al.,
2003).

Por serem abundantes na natureza e apresentarepniegaoles

adequadas para as areas de catalise e adsor¢éientistas tém defendido a
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ligacdo da origem da vida na Terra com a formagibiamoléculas catalisadas
por minerais argilosos naturais, desde décadasgemsgERTEM; FERRIS,
1996; GABEL; PONNAMPERUMA, 1967).

Esse fendbmeno se encontra relacionado as abordagewtsdas em
literatura, as quais sugerem que certos mineraisaécapacidade de ligar e
catalisar pequenas moléculas e formar moléculas exensas e oligdmeros,
tais como o 4cido ribonucleico (RNA), podendo, airfdcilitar a transformacéo
de RNA dentro de vesiculas. Embora a existéncigidta associada as argilas
seja tema de debate, é indiscutivel relatar quergdominerais tém uma
capacidade de adsorcao seletiva e certa ativigadbtica (ZHOU, 2011).

Do ponto de vista mineraldgico, os argilominerdie sstruturados em
laminas tetraedrais ajustadas a laminas octaedcajgs juncdes formam
camadas. As laminas tetraedrais sdo formadas fpaedeos individuais ligados
entre si pelo compartilhamento de trés oxigéniasaisacoplanares, formando

anéis hexagonais, conforme apresentado na Figura 3.

@ oxigénios ou hidroxilas
O aluminio, ferro elou aluminie
Q) silicio afou aluminic

Figura 3 Laminas tetraedrais constituintes dos lamgnerais (AGUIAR;
NOVAES, 2002)
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As laminas octaedrais, representadas na Figurdo6¢anstituidas por
ocatedros individuais (grupos de coordenacao odtaedOs, sendo Y= Al, Fe,

Mg, etc.; O=0, OH) unidos lateralmente pelo comijemento de arestas.

@ cxigénios ou hidroxilas
O aluminio, ferro efou aluminio
) silicio afou aluminio

Figura 4 Laminas octaedrais constituintes dos @muilerais (AGUIAR;
NOVAES, 2002)

Os sitios octaedrais podem estar todos preenchimofons bivalentes
(Mg?*, F€"), configurando um arranjo trioctaedral, ou um mjoadioctaedral,
quando apenas dois tercos dos sitios estdo ocupaddens trivalentes (Al,
Fe*), mantendo-se o equilibrio das cargas em ambosasss. Em algumas
espécies minerais podem ocorrer pequenas quargidads, Ti, V, Cr, Mn, Co,
Ni, Cu e Zn, bem como as hidroxilas estarem sulidéis por F, Cl e S (CURI et
al., 2003).

Os argilominerais filossilicatos podem ser divididan duas familias, as
quais incluem as de camadas 1:1 e de camadasi@uta(F7), que se encontram
associadas ao numero de laminas de tetraedrodide si de octaedros de
aluminio, respectivamente, em uma constituicdo ela anitaria da estrutura

cristalina do argilomineral (GRIM, 1962).
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(b)

Figura 5 Modelo esquematico da camada estrutusatddle um argilomineral
do tipo 1:1 (a) e 2:1 (b) (AGUIAR; NOVAES, 2002)

Enquanto os do tipo 1:1 constituem um conjunto &mmpela uniéo de
uma lamina tetraédrica com uma lamina octaédricatide pela ligacdo
eletrostética entre os oxigénios e as hidroxilagateadas adjacentes, a unido
nos argilominerais do tipo 2:1 é mantida por mesocdtions (K, C&*, Mg™,
etc.), ou grupos e laminas hidroxido-octaedraisjgianados nas entrecamadas
gue apresentam excesso de carga negativa na canpdaforcas de Van der
Waals em argilominerais e cujas estruturas nacsaptem carga (CURI et al.,
2003).
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2.10.1 Caulinita

Mineralogicamente, a caulinita pode ser definidm@am argilomineral
do tipo 1:1, com férmula estrutural /8i,05(OH),, com espacamento entre
camadas fixo e distanciamento basal proximo de B7dCURI et al., 2003).

Sua representacao estrutural € mostrada na Figura 6

Cations interlamelares,
Ap————  T0l&CUlaS de H;0 e
ligagéo de hidrogénio
entre camadas
0
o

Al

OH

Figura 6 Representacdo estrutural da caulinita
Adaptada de Magriotis et al. (2012)

A caulinita é considerada um dos argilominerais mdais ampla
ocorréncia em solos, sobretudo naqueles de domngpizal. Dentre os minerais
mais encontrados nos solos brasileiros, e que sgmnelem a fracdo argila, a
caulinita esthd sempre presente. Na area costeirAntz0Onia e no Planalto
Atlantico ela tende a ser dominante. Nos latossgesmorficamente mais
velhos do Planalto Central, sua presenca € co@siglerassim como em areas
subtropicais das regides sudeste e sul do Brasd. flEequéncia de distribuicdo é
atribuida & sua formacdo a partir do intemperisisicd de uma grande
variedade de materiais de origem (RESENDE et @D5p



39

A caulinita conta com uma vasta quantidade de agiies industriais em
adesivos, cimento, cerdmica, cosméticos, lapisede esmaltes, pigmentos em
borrachas, tintas para impressao, giz, esmaltgmeito extensor em tintas,
fertilizantes, fibra de vidro, enchimento em pléss, fundicbes, filmes
protetores de vegetais e frutas, carreadores @édigss e pesticidas, produtos
médicos e farmacéuticos, revestimentos, detergensadbdes (MAGRIOTIS et
al., 2012).

2.10.2 Agalmatolito

Do ponto de vista geolégico, o agalmatolito é déficomo produto da
alteracéo hidrotermal de rochas vulcanicas acidateemediarias em condicdes
pré-metamorficas mesotermais e que tem teoresdearide corindon, muscovita
e polimorfos A}SiOs (principalmente andaluzita e cianita), como milugyia
primaria, e diasporo, pirofilita e caulinita, commneralogia retrometamorfica.
A pircofilita aparece em destaque como o constieuimjoritario (ROMANO,
1990).

A pirofilita pode ser definida como um argilominemo tipo 2:1,
mantido em coeséo devido as interacfes de van dalsW forcas eletrostaticas
estruturais, o que Ihe confere uma fraca coesaixa dureza. E constituida por
tetraedros de $ie 2/3 de octaedros de silicio, sendo represem@daformula
estrutural AJSi;O:0(0OH),. Devido a auséncia de substituicdo isomoérfica, é
caracterizada por apresentar uma carga liquida aléiam de ndo possuir cations
entrecamadas, nem tendéncia a expansao, mantamsl@sgacamentos basais
em 0,92 nm. Ocorre em rochas metamorficas, sendinada da alteracé@o
hidrotermal de feldspatos e raramente encontradactms (ROMANO, 1990).

Sua representacao estrutural € apresentada na Figur
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Figura 7 Estrutura cristalina da pirofilita (ESTRURA..., 2013)

Os agalmatolitos apresentam atributos fisicos, igosre mineralégicos
gue os tornam excelentes materiais industriaisagdis na fabricacdo de tintas
latex e a 6leo, na formulacgdo de plasticos, ponegdes, porcelanas, carregadores
de perfumes, obras de artes plasticas, decoracéditieios, fabricacdo de
cimentos, além de atuarem no impedimento da geratgiancrustacfes
prejudiciais na fabricacdo de papel e serem emgosgaa fabricacdo de sabbes
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e sabonetes, como carga, apos a saponificacdormacfio de base (HARBEN,
2002).

2.11 Aplicagcbes ambientais dos argilominerais

Nas ultimas décadas, as argilas vém sendo utikzanadiversas areas,
que abrangem tanto o meio cientifico como o tegiotd(TEIXEIRA-NETO;
TEIXEIRA-NETO, 2009).

Estudos recentes exploram suas possiveis aplicapbas barreiras na
imobilizacdo de poluentes orgéanicos téxicos e depostos oriundos das mais
diversificadas atividades humanas, as quais ataamo ¢ontes de contaminagéo
(FOO; HAMEED, 2010).

Como sdo abundantes nas areas aquaticas e tefrestraminerais
argilosos podem adsorver espécies anidnicas, @E®ne neutras (LIN;
JUANG, 2009). Estas potencialidades sdo decorrettesuas propriedades
fisico-quimicas ajustaveis, associadas a naturexa ahtions trocaveis, a
distribuicdo granulométrica das particulas, a d@specifica e a porosidade,
dentre outras (TEIXEIRA-NETO; TEIXEIRA-NETO, 2009).

Sendo conhecidos e familiares desde os primérdiosivlizacédo, os
minerais argilosos tém estruturas lamelares quenif|n que atuem como
receptores de adsorvatos e ions centrais (TEIXENEAQ; TEIXEIRA-NETO,
20009).

2.11.1 As superficies dos minerais argilosos e adoa da elucidacdo dos

mecanismos dos processos estudados

Como os minerais argilosos contam com uma elevplitzabilidade nas

areas de catalise e adsor¢éo, pesquisas sdo degtaw/00 intuito de promover
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um entendimento acerca de suas superficies, as geanitem elucidar os
mecanismos dos processos em que atuam. Geralmeirterais argilosos
apresentam muitos grupos atrativos caracteriséopsua estrutura, nomeados
sitios ativos ou grupos funcionais superficiaiss godem participar de reacfes
com as espécies ao redor. Em argilominerais, osnogsncluem os grupos
hidroxila, os acidos de Bronsted e de Lewis e tismsitrocaveis interlamelares.
Quando sdo consideradas as reacfes de protonagd@speotonagcdo na
superficie dos filossilicatos, o foco é direciongdoa os oxigénios superficiais,
em vez de ions metalicos (HUSSIN; AROUA; DAUD, 2p11

Apesar de todas as aplicagdes abordadas em relag@rgilominerais,
estudos revelam que os mesmos podem passar poficapdits estratégicas

destinadas a aumentar e intensificar suas perfaesg@zHOU, 2011).

2.12 Processos de modificacdo de argilominerais

Os processos de modificacdo de argilominerais poslemdefinidos
como tratamentos destinados a promover o ajustuae propriedades fisico-
guimicas, produzindo, desse modo, materiais deéteucidez, area superficial,
porosidade e estabilidade térmica (BARRIOS et &P95; MORALES-
CARRERA et al., 2009).

Os minerais argilosos, uma vez modificados, adguingotencial
promissor para serem aplicados em setores tecnok)gtom possibilidade de
preparar materiais hibridos e multifunicionais, smmpdsitos, materiais 6ticos
ndo lineares, condutores, materiais fotoativos aomagnéticos, aditivos
poliméricos, trocadores ibnicos e eletrodos, aléntatalisadores e adsorventes
(TEIXEIRA-NETO; TEIXEIRA-NETO, 2009).

De modo geral, pode-se dizer que os resultados re®n&am

promissores quando sdo empregados processos queeeanma modificacdo das
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lamelas individuais que, quando empilhadas, compdengrdos do mineral
(TEIXEIRA-NETO; TEIXEIRA-NETO, 2009).

Resultados adequados sdo encontrados quando sdegedgs 0S
tratamentos quimicos que envolvem intercalacaayipilcdo, organofilizacao,
ativacao basica e tratamento acido, foco do pregesibalho (BARRIOS et al.,
1995; MORALES-CARRERA et al., 2009).

2.12.1 Tratamento acido

A ativagdo 4cida, utilizada como um dos tratamemolnicos para
melhorar a area superficial e as propriedades itedisl de argilominerais,
consiste na lixiviagdo das argilas naturais cordduiorgéanico, geralmente HCI
ou H;SQ,, por diferentes tempos e temperaturas, levandoaadesagregacéo da
estrutura, a eliminacdo das impurezas e a disswldgd camadas externas,
alterando sua composicdo quimica e estrutural (CBEAL et al., 2009;
MORALES-CARRERA et al., 2009; VACCARI, 1998).

Além disso, este procedimento é responsavel patitwib os cations
alcalinos e/ou alcalino-terrosos presentes na tasdrucristalina ou cations
intercalados trocaveis por iong®. Como consequéncia, podem aparecer sitios
superficiais de dois tipos, 0s quais sdo classifissem externos, detentores de
superficies acessiveis e que podem ser abertas peboesso de
desaluminizacéo, e os formados nas superficiesegi@®es laminares residuais
da argila, acessiveis apenas na presenca de uenofCRISTOBAL et al.,
2009; MORALES-CARRERA et al., 2009).

Como a condicdo O6tima de tratamento se mostra depen da
composi¢ado quimica, do nivel de hidratacdo e, ijpdhmente, da natureza dos
cations trocaveis, este tratamento varia de acocdmn os diferentes
argilominerais utilizados (TEIXEIRA-NETO; TEIXEIRAETO, 2009;
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VACCARI, 1998). Ainda de acordo com resultados dbdps em literatura, a
intensidade do tratamento acido deve ser escatfédaordo com a aplicagéo do
material, para que as propriedades mais importajesn ajustadas da melhor
maneira (TEIXEIRA-NETO; TEIXEIRA-NETO, 2009).

Como a superficie torna-se totalmente acidica, a®nmais preparados
sdo aplicados nos mais diversificados setores, uass gncluem processos
industriais, como a alquilagdo de fendis, a polimado de hidrocarbonetos
insaturados e a clarificacdo de 6leos comestiMEBEIETNKAM et al., 2011;
TEIXEIRA-NETO; TEIXEIRA-NETO, 2009).

2.15.1.1 Estudo das modifica¢des produzidas em dgghinerais submetidos

ao tratamento acido

De acordo com abordagens relatadas em literaturataomento acido é
capaz de produzir modificagcBes na natureza e natidade de sitios ativos que,
associadas ao aumento da area superficial, s@mdarhental relevancia para a
atividade fisico-quimica da superficie (BOUDRICHElg, 2011).

Diante disso, estudos sdo desenvolvidos com oiwbjee se avaliar as
propriedades superficiais das argilas modificadagjuais incluem as quimicas
e as morfoldgicas, essenciais para explicar azag#io desses materiais para
uma dada aplicacao.

No intuito de atender a estes objetivos, Boudrigteal. (2011)
submeteram as amostras de attapulgita ao tratamentcacido cloridrico nas
concentracdes de 0,5; 1; 3 e 5 mdl Ds autores verificaram que o tratamento
realizado com a solugdo de 1 mof Iproporcionou um aumento na &rea
superficial especifica, a qual passou de 1Z5gpara 399 rhg”. Efeitos
contréarios foram observados quando foi utilizadzsoacentracdo de 5 mol'L

De acordo com os autores, os resultados podentrimnidos a conexdo dos
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sitios ativos criados apés o tratamento &cido, lemo a deposicdo de
impurezas insolaveis, definindo, desse modo, @imahto com solucdo de 1
mol L™ como o mais adequado na purificacdo da attapudgiia preservacio de
sua estrutura.

Ja o trabalho de Pentrak et al. (2012) foi desemmicom a finalidade
de investigar o tratamento acido em trés esmectitds caulinitas, sistema
constituido por ilita e esmectita e ilita. Paraojs2,5 g das amostras foram
colocadas em contato com 250 mL de HCI 6 mblém gue os sistemas foram
mantidos sob refluxo na temperatura de 95 °C, exgata uma das amostras de
esmectita, na qual o mesmo foi realizado na tertyrarde 80 °C, em intervalos
de tempo compreendidos entre 1 e 36 horas. Ostadesl apontaram que a
decomposicdo da estrutura dos minerais argilososetidos ao ataque &cido
resulta na mudanca de suas cargas superficiais, wenaque podem ser
observados decréscimos na capacidade de troca.ibnic

Com a finalidade de verificar o efeito do tratanserfcido nas
propriedades morfolégicas, texturais e quimicasaillgdas camaronianas, para
serem aplicadas no refino de o6leos vegetais, Ngaminet al. (2011) as
submeteram a ativacdo com acido sulfirico, nasertracdes de 0,5; 1; 2 e 4
mol L, na temperatura de 80 °C, raz&o solido/liquidoeltdmpo de agitacéo
correspondente a 2 horas. Os autores verificaraodratamento acido das trés
argilas resulta em modificacBes cristalograficagerturais, nas quais se
observaram a destruicdo parcial de suas estrutwasioca de cations
interlamelares por ions*Ha remocdo de cétions octaédricos, a dissolucdo de
camadas tetraédricas e a formacado de silica an@ofecomitantemente, foram
verificados diminuicdo na capacidade de troca c&i#) aumento na area
superficial especifica e mesoporosidade dos meetudados. Os resultados
apontaram que as esmectitas sdo mais sensiveiviachio acida do que as

caulinitas.
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De modo geral, pode-se dizer que o tratamento dcitlz a mudancgas
na estrutura cristalina de 1:1 e 2:1 nas camadadidato devido a dissolu¢éo
de ions estruturais e/ou rearranjo da estrutureal@ente, este comportamento
€ observado em varios minerais sob tratamento &cidolvendo a destruicdo da
estrutura e a formacao de 6xidos de silicio (NGUEAM et al., 2011).

2.15.1.2 AplicagBes como adsorventes

Uma vez modificadas, as argilas submetidas aoniexito acido
encontram uma vasta quantidade de aplicacdes,edastguais foca-se, neste
estudo, na utilizacdo das mesmas no processo decads

Bhattacharyya e Gupta (2006) investigaram a remdg&oions Ni" e
CU** nas argilas caulinita e montmorillonita ativadasncacido. As amostras
foram submetidas ao tratamento acido com soluc&t,8@, 0,25 mol [*, por 3
horas, na razdo de massa de argilomineral (g):melue solu¢do &cida
correspondente a 1:100. Os resultados apontaram @dsor¢cdo dos dois ions
se mostrou superior para as duas argilas estudadagrme analisado na
Tabela 2.

Tabela 2 Resultados obtidos para a adsorcdo deeCN* em caulinita e
montmorillonita naturais e submetidas ao trataméntdo. Adaptada
de Bhattacharyya e Gupta (2006)

Argilomineral Cu **(mg g") Ni " (mg g%
Caulinita 4,3 7,1
Caulinita acida 5,6 9,9
Montmorillonita 25,5 21,1

Montmoriloonita acida 28,0 21,3
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Enquanto isso, nos trabalhos desenvolvidos poreLinang (2009), foi
avaliada a influéncia do tratamento acido na remaogs surfactantes cloreto de
hexadecilpiridina (catiénico), dodecil sulfato del® (anibnico) e Triton X-102
(n&o-ibnico) em montmorillonita. O procedimento twancom a imerséo de 100
g do argilomineral em 1 litro de solucao de acildoidrico na concentracao de 6
mol L*, por 2 semanas, a 60 °C , seguida de agitac&80pminutos. Os autores
verificaram que a adsor¢cdo dos surfactantes seguiardem: anidnico>
catibnico> ndo ibnicos. Comparada ao material ajta ativagdo acida da
argila aumentou particularmente a adsorcado doadarftes ndo idnicos, o que
pode ser atribuido ao aumento da &rea superfigjgdoffica e a dissolugdo dos
ions AF* e Fé", durante o processo de ativacdo acida (LIN; JUAREBY).

O trabalho de Eloussaief e Benzina (2010) foi desleido no intuito
de verificar a influéncia do tratamento acido nagilas verde e vermelha
aplicadas na remocéo de ions'PBs amostras naturais foram submetidas ao
refluxo com solucdo de HCI (6 mol*), por 4 horas, na temperatura de 75 °C.
Os resultados obtidos se mostraram bastante prameéssuma vez que foram
verificados aumentos nas quantidades maximas relamvpassando de 28,3 mg
g* para 40,2 mg§ quando o tratamento foi realizado na amostrargiaa
verde e de 13,2 mg'gara 26,8 mg'§ quando a argila vermelha foi submetida
ao tratamento Acido.

Ja Frini-Srasra e Srasra (2010) buscaram estudaef@tos das
modificacdes produzidas na argila palygorskitasiania, na remocéo de £d
Para tanto, as amostras do argilomineral foram stilas ao tratamento acido
com solucdes de acido cloridrico nas concentragéez mol I e 4 mol L e
em condic¢des de refluxo, considerando uma raz@edsa de argilomineral (g):
volume de solucao &cida (mL) correspondente a EdOdiferentes tempos de
contato. Os resultados encontrados mostraram gapacidade de adsorcao de

fons Cd* se mostrou superior, passando de 90 thgpgra a amostra de argila
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natural para 118 mg'gpara a amostra de submetida ao tratamento compasol
4cida de 4 mol £, em um tempo de contato correspondente a 10 horas.

No trabalho desenvolvido por Bhattacharyya e Guf@@ll) foi
investigada a adsorcao de Cu (ll) nas argilasmigaule montmorillonita naturais
e submetidas ao tratamento acido realizado em g@eslide refluxo com
solugdo 0,25 mol L, por 3 horas, em uma razio massa de adsorvente ()
solucdo acida correspondente a 1:100. Para as aluastras analisadas, a
capacidade de adsorcdo foi aumentada, verificamdgte as quantidades
maximas removidas foram de 9,2 my 40,1 mg &, 31,8 mg ¢ e 32,3 mg g,
para as amostras de caulinita e caulinita tratadaécido, respectivamente.

No trabalho desenvolvido por Sales et al. (2018)végificado que a
capacidade de adsor¢éo de eteramina passou de 84, mg caulinita natural,
para 27 mg @, para a caulinita submetida ao tratamento acidgyeopode ser
atribuido a dissolucéo parcial do mineral argilogsultado das condigBes mais

severas nas quais foi realizado o tratamento.

2.16 Superficie de resposta: a quimiometria aplicad na modelagem dos

Processos

A metodologia de superficie de resposta € umadaaté otimizacdo
baseada em planejamentos fatoriais que foi intiddymor G. E. Box, na década
de 1950, e que, desde entdo, tem sido utilizada goande sucesso na
modelagem de diversos processos industriais (BAXNTER; HUTER, 1978).

A mesma € composta por duas etapas distintas, agmiel e
deslocamento, que sdo repetidas quantas vezes foeemssarias, com 0
objetivo de atingir uma regido 6tima da superfigiestigada (BOX; HUNTER,;
HUTER, 1978).
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Nesse tipo de metodologia, a variavel de respostainteresse €
influenciada por diversas varidveis independentedatores. Na maioria dos
problemas em superficie de resposta, a forma dacioslamento entre as
variaveis dependentes e independentes é descoalgaiiante dessa situagéo,
deve-se, em primeiro lugar, encontrar uma aprox@magara o verdadeiro
relacionamento entre a variavel resposgp € as variaveis independentes
(fatores) (BARBETTA,; RIBEIRO; SAMOHYL, 2000).

Dado um processo ou sistema com varias variaveisfdtores) de
entrada, X = (X X, ..., %) € uma variavel de saida (ou resposta) y, a anadis
superficie de resposta consiste em planejar unriexgeto que permita estimar
uma equacao de regressao, o vetor de paranfeti@sliando a significancia
estatistica de seus componentes e estudar o camento da fungdo f (BOX;
HUNTER; HUTER, 1978).

A técnica de planejamento fatorial fornece um sigpempirico para que
a superficie de resposta possa correlacionar évea independentes com as
dependentes por meio de um ndmero minimo de engaesciado a andlise de
superficie de resposta, o planejamento fatoriamfterfornecer informacdes
confiaveis do processo e, a0 mesmo tempo, minimigapirismo que envolve
as técnicas de tentativa e erro (BOX; HUNTER; HUTE®&/8).

Assim, a otimizac&o consiste de um procedimentoeguelve as etapas
de delineamento estatistico experimental, a estimados coeficientes no
modelo matematico, a predicdo de respostas e ficae#io da adequabilidade
do modelo (CHATTERGE, 2012).

A modelagem, normalmente, é feita ajustando-se lnedamples a
respostas obtidas com planejamentos fatoriais @ne@mentos fatoriais
ampliados. O deslocamento é realizado ao longo atoinhio de méxima
inclinacdo de um determinado modelo, a qual descaneva trajetéria na qual a
resposta varia de forma mais pronunciada (BOX; HERTHUTER, 1978).
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Geralmente, é utilizada uma regressao polinomiabai®o grau em
alguma regido das variaveis independentes em querdfica uma aplicacéo
bem adequada do modelo de regressdo polinomialedendo grau, cuja

representacdo € mostrada na equacédo 11.

K K k-1 K
y=B+ ZBiXi + ZBiiXi2 + ZZBinin te (11)
i=1 =1 =1 i

em que y é a resposta predfigéuma constant@j é o coeficiente lineafiii € o
coeficiente quadratic@ij € o coeficiente de interacdoego erro associado ao
modelo (HASAN; MELO; MELO FILHO, 2005).

Além de reduzir o tempo gasto na realizacdo dosrerpntos, a
otimizacdo por superficie de resposta conta com riimnmero de ensaios
destinados a determinar 0s niveis 6timos que, mwEzes, se mostram
condizentes com as reais condi¢cdes (RAVIKUMAR gt24105).

De modo geral, pode-se analisar a superficie deosés como uma
combinacdo de técnicas matematicas e estatistitiaadas para desenvolver,
aumentar e otimizar os processos por meio da diaignificativa dos fatores
isolados e combinados (GARG et al., 2008).

2.17 Aplicacdo da superficie de resposta na adsooza

A otimizag&o por meio do planejamento fatorial élise por superficie
de resposta se mostra aplicavel a uma grande aremrthecimento (BOX;
HUNTER; HUTER, 1978).

No caso da adsorcdo, a aplicagdo do delineamenperimental
estatistico pode resultar no aumento do rendimgmtproduto e na reducao da

variabilidade do processo, custos e tempo. Alémogliselatos encontrados na
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literatura apontam que os métodos convencionaierpatfio ser adequados na
avaliacdo do processo, por levarem em conside@i&acéo dos parametros e
nao levar em conta a interacdo dos mesmos (GARG, &008; RAVIKUMAR
et al., 2005).

Diante disso, pesquisas tém sido desenvolvidasitoitd de aplicar a
combinacao do planejamento fatorial com a superfieiresposta na otimizacao
do processo de remogéo de contaminantes das retirgadi classes. Na Tabela

3 apresentam-se alguns desses trabalhos.



Tabela 3 Trabalhos de adsor¢ao envolvendo a scigedt resposta como metodologia para a otimizdggwocesso

Adsorvente Adsorvato Variaveis Referéncia
Hibrido de carbono/cinza Vermelho reativo e pH, temperatura, tamanho de particula e Ravikumar et al. (2005)
(1:1) marrom acido tempo de contato
Biomassa agricola Ni = Quantidade de adsorvente, pH e velocidade Garg et al. (2008)
de agitacao
Carvéo ativado com acido cu’ Tempo de contato, concentragdo inicial deKavalathy et al. (2009)
fosférico adsorvato, quantidade de adsorvente,
temperatura e pH
Bagaco de cana tratado Cr (VI) Quantidade de adsorvente, pH e velocidade Garg et al. (2009)
de agitacao
Protease cisteina obtida do Papaina pH, temperatura e concentracao inicial de  Su et al. (2009)
latex do mamao papaina
Carvéo ativado produzido da Alaranjado G Tempo de contato, quantidade de Arulkumar,
espécie arbéreBhespesia adsorvente e concentragdo de corante Sathishkumar e
populnea Palvannan (2011)
Carvéo ativado Cr (VI) pH, concentracao inicial de Cr (VI), Arulkumar,
guantidade de adsorvente, tempo de contato Sathishkumar e
e temperatura Palvannan (2011)
Flores quimicamente tratadas Cr (V1) pH da solucao, concentracgéo inicial de Cr Jain, Garg e Kadirvelu

pertencentes a espécie
Helianthusannus

(V1) e quantidade de adsorvente (2011)

Nanocompdsito magnético

Cristal violeta

Temperatura, pH da solugéo, corregab Singh et al. (2011)
inicial de corante e quantidade de

adsorvente

Material obtido de
Parthenium hysterophorus

Azul de metileno

Concentragéo inicial de corantgngidade Chatterjee et al. (2012)
de material adsorvente, pH e temperatura

Zs
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3 OBJETIVOS

Diante do que foi exposto, objetivou-se, nesteallah 1) preparar
adsorventes a base de agalmatolito e caulinitamedo de tratamento quimico
realizado com acido; 2) caracterizar os materiaispgrados mediante as
técnicas de difracdo de raios X (DRX), fluorescénde raios X (FRX),
espectroscopia na regido do infravermelho com foemada de Fourier (FTIR),
determinacao dos sitios acidos, area superficj@atfica ($er), potencial zeta
(P2) e energia dispersiva de raios X (EDS); 3)caplo planejamento composto
central com a finalidade de estudar a influéncia parametros concentracao
inicial, massa de adsorvente e pH no processo sergib; 4) otimizar as
condicBes do processo pelo emprego da superficrespmsta e 5) estudar a
reutilizagdo dos materiais empregados no procesadao.

A fim de alcancar os objetivos estabelecidos, eat®lho apresenta, na

segunda parte, os resultados obtidos por meictigesr



63

SEGUNDA PARTE — ARTIGOS

ARTIGO 1

OPTIMIZATION BY RESPONSE SURFACE METHODOLOGY OF THE
ADSORPTION OF COOMASSIE BLUE ON NATURAL AND ACID-
TREATED CLAYS

Priscila F. de Sale§ Zuy M. Magriotis®*, Marco A. L.S. Rossf, Ricardo
F.Resendd Cleiton A. Nune$

% Departamento de Quimica, Universidade Federal derds 37200-000,
Lavras, MG, Brazil

b Departamento de Ciéncia dos Alimentos, Universiddderal de Lavras,
37200-000, Lavras, MG, Brazil

*Corresponding author. Tel: +55 35 38291889; fab% 85 38291812

E-mail addresses: priscila.ferreirasa@yahoo.com.br (P.F. de Sales);
zuy@dgi.ufla.br (Z.M. Magriotis), marcoalsrossi@gatcom (M.A.L.S.Rossi),
ricardoflar@hotmail.com (R.F. Resende), cleitons@dca.ufla.br (C. A. Nunes)

Artigo aceito para a revista Journal of Environmartlanagement

Article history:

Received 31 May 2013
Received in revised form
16 August 2013
Accepted 31 August 2013



64

Available onlinel6 October 2013
ABSTRACT

The effect of acid treatment on natural agalmaal&N) and natural
kaolinite (KN) was investigated, together with thefluence of those
modifications on the removal of Coomassie Blue (CB¢. The process was
optimized using the Response Surface MethodologdRdeveloped by the
application of the quadratic model associated wiib Central Composite
Design. Adsorption was promoted by initial CB cantcation of 25 mg L, pH
2 and adsorbent mass of 0.1 g. The adsorptioniéinstudy carried out in
optimized conditions established that the equilitiritimes were 1 h for AN and
AA (treated agalmatolite), 4 h for KN and 2 h foAKtreated kaolinite). The
kinetics data for AN, KN and KA were best fitted ttee pseudo second order
model, whilst for AA, the result pointed to the pde first order model. In the
isotherm of adsorption the maximum quantities wabrained with reference to
11.54 mg ¢,9.84 mg ¢, 22.89 mg g and 30.68 mg §for the samples AN,
AA, KN and KA respectively. The data fitting showttat the Sips model was
the most satisfactory for all the adsorbents. Thkutated thermodynamic
parameters showed that the process was spontamecals the adsorbents,
endothermic for the KN and KA samples, exotherrmoicAN and AA, involved
the disorganization of the adsorption system fag KN and KA and its
organization for the AN and AA samples. The ressitewed that the KN and
KA samples were more appropriate for use as adatebe

Keywords:
Agalmatolite
Kaolinite

Acid treatment

Response surface methodology
Coomassie Blue
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1. Introduction

Dyes may be defined as organic compounds used lar ather
substances, and usually found to be present inesfflwater from many sectors
of industry (Wang et al., 2010; Weng et al., 2009bm a vast number of dyes
in use, the use of Coomassie Brilliant Blue R 26@ingled out; defined as a
non-azo dye. Its complex aromatic structure mehatit becomes more stable
and difficult to remove when its effluent is disofped into water bodies (Wang
et al.,, 2012; Han et al., 2009). As with other dy#scan be seen that its
extensive uses can cause environmental and ecospstdlems, as not only do
they inhibit the penetration of sunlight into watezducing photosynthesis, but
they are also responsible for the unsightly appeasraof the coloring the
environment (Wang et al.,, 2012; Han et al., 200%us, the removal of the
color has become one of the most pressing probberdsthe focus of a wide
variety of researches. Techniques such as coagulathemical precipitation,
membrane filtration, extraction with solvent, reseerosmosis and advanced
oxidation processes have been used in the treatwheontaminated water (Liu
et al., 2010; Han et al., 2009).

However, those methods are considered high-cost raag note
effectively used to treat a wide range of contamingRavikumar et al., 2006).
In this context, adsorption comes to the fore asnlost popular and promising,
as it has suitable characteristics as regardsofageeration, viability, simplicity
of equipment, high efficiency and low cost. Amorte tadsorbents studied,
attention has become drawn to natural materialaliepof removing pollutants
from contaminated waters yet at the same time lowast. Clay minerals are
indicated as an amply suitable alternative, with tise of agalmatolite and of

kaolinite most prominent.
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Agalmatolite may be defined as a metamorphic rooknmosed of
pyrophyllite, a type 2:1 clay mineral in associatiwith muscovite, kaolinite,
diaspore, kyanite, tourmaline, quartz and feldspaigse application in industry
is related to the presence of certain accessorgnals (Nabetani and Shikazono,
2002).Kaolinite is defined as a hydrated aluminilioade structured in type 1:1
layers whose basal distance is approximately 7.2n8l which has a great
number of applications (Magriotis et al., 2010).

In general, it can be seen that the potential ay chinerals for use in
field of adsorption stems from their adjustable gpbgchemical properties,
associated with capacity for cation exchange, doanetric distribution of
particles, specific area and porosity, among othi#rgs (Ptacek et al., 2011,
Karaoglu et al., 2010).

Despite all the ideal characteristics, the efficierof natural clay
minerals can generally be augmented by undertakesiments, the results of
which are promising when the processes of inteticala pillaring, acid
activation and hydrothermic processing are usedaifBbharyya and Gupta,
2009, 2008). Acid activation consists of leachingtlee natural clays with
inorganic acid, usually HCI or 480, for different times and at different
temperatures, leading to possible structural mcatifoin, elimination of
impurities and dissolution of external layers (€l et al., 2009). Once
modified, clays subjected to acid treatment finchst range of applications,
among which their use in adsorption optimized byspgeise Surface
Methodology stands out.

Response Surface Methodology can be defined as péimipation
technique introduced by G.E. Box in the 1950s, thase two distinct stages e
modeling and displacement e which are repeatedaay times as necessary in
order to reach an optimal area of investigatedasetf The modeling is normally

done by fitting simple models and generally linearquadratic e to responses
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obtained with factorial designs or augmented fagkatesigns (Chatterjee et al.,
2012). In combination with response surface ang|yfsictorial design enables
the supply of reliable information about the pracesd at the same time
minimizes the empiricism of trial-and-error techueg (Box et al., 1978). The
combination of both in the optimization of adsaoptihas been investigated in
recent years,with prominence to studies of the keinof the dyes Basic Blue 69
and Acid Blue 125 (Ravikumar et al., 2005), MetimdeBlue (Chatterjee et al.,
2012; Liu et al., 2012), CrystalViolet (Singh et @011); Reactive Red 3GL and
Acid Brown29 (Ravikumar et al., 2006); Reactive &4 (Su et al., 2009) and
Malachite Green (Kousha et al., 2013).

In view of this, the present work seeks to invegtgthe influence of
three parameters: initial adsorbate concentratideprbent mass, and pH of the
solution, on the removal of the dye Coomassie Biusamples, both natural and
acid-treated, of agalmatolite and kaolinite, udRepponse Surface Methodology
(RSM), with subsequent analysis of the effectsaftact time and temperature
on the removal of the dye, with the possible reafghe adsorbents used in tests
of desorption.

2. Materials and methods
2.1. Adsorbate

The adsorption tests were carried out using, asrbdte. The dye
Coomassie Brilliant Blue R 250 (C.I.: 42660, cheahiormula: GsHi,NaO,S,,
MW: 825.98 g mol-1, max: 550 nm) was supplied byT#E. The three-
dimensional structure optimized using the basetfons B3-LYP and 6e31 G
delineated in the Gaussian 0.9 program are show#iginl. The solutions used

in the experiments were diluted from a dye solutibnoncentration 1 g'L.
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2.2. Adsorbents

The natural kaolinite was supplied by Mineradoraoca e Minérios
of ljaci, Minas Gerais. The natural agalmatoliteswgiven by the company:
Magnesita Refratario S.A. of Onca do Pitangui, Miterais.

The acid treatment was carried out on the two ctagerals using
sulfuric acid solution at 2 mol L concentration, for 3 h, at a temperature of
25°C, under agitation. For this, the solid/liquadio used was 1:20 (1 g of one of
the clay minerals to 20 mL of acid solution). Aftezatment, the samples were
subjected to vacuum filtration with type Il water teutral pH and dried in an
oven at 100 °C, for 24 h. The samples were thererater and sieved in a 0.42
mm mesh sieve (35 Tyler). The samples originatiognftreatment of the AN

and KN samples were denominated AA and KA, respelsti

2.3. Characterization of the adsorbents
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The X-ray diffraction analysis (XRD) was carriedtan a Phillips
diffractometer with angular variation 0p2CoKa radiation = 1.78896A, at 30
kV voltage and 30 mA current, with sweep speed.6f® min™ in an angular
zone between 5 and 90°.The acidity of the adsonpaterials was determined
using 0.1 g of the adsorbents and 20 mL of sodiwdndxide solution (0.01 mol
L™). The systems were kept under agitation at 70 rpm,
for 3 h, followed by titration with a solution ofytirochloric acid at the same
base concentration. The specific surface area ofaAN KN was determined
through adsorption/desorption of nitrogen (-196 G6ipg the Brunauer-Emmet-
Teller method. The analyses were conducted in tleedwheritics model ASAP
2020 apparatus. The Fourier Transform Infrared tspswopy analysis (FTIR)
was carried out using KBr pellets (2 mg of sample200 mg of KBr). The
analyses were carried out in the range between 4080400 cm, resolution 4
cm?® and 32 scans, using Bruker, series Vertex 70 Vipeggnt. Chemical
composition was identified by Energy Dispersiveay-iSpectroscopy (EDS) in
Quantax X Flash 5010 Bruker apparatus.

2.4. Experimental design

To study the effect of the parameters: initial @ntcation, adsorbent
mass and pH of the solution on the removal of CBhensamples of AN, AA,
KN and KA, experiments were carried out using Can€omposite Design
(CCD). For design, N is defined as the number peexnents and consists df 2
factorial points with 2n axial points and nc cehpaints where n is the number
of independent variables. For the three variabtedied, the design involved
eight factorial points, six axial points and threentral points used for the
purpose of estimating experimental error and tipeodcibility of the data. In
this way, the total number of experiments with thiee variables was 17. The
responses obtained for the adsorption of CB orsdineples of AN, AA, KN and
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KA were correlated using the most appropriate matkeleloped from the
polynomial second degree equation, the equationwhich is as follows
(Chatterjee et al., 2012).

K k k-1 k
Y=o+ Axt Y Aod+ 3 A +e @
i=1 i=1 i=1 j=1

In which y is the predicted respongg;, a constantf;, the linear
coefficient;f;, the quadratic coefficieng;, the coefficient of interaction; arxl
the error associated with the model. All the stigt$ tests were applied at 95%
confidence.

The Chemoface program, version 1.4 (Nunes et @2 was usedin
order to delineate the experimental design, as aglo optimize the systems

through estimation of the statistical parameters.

2.5. Adsorption experiments

The adsorption of the dye CB was carried out irched and conducted
in accordance with the factorial design descrilext.each 5 mL of dye solution
at the known concentrations and pH adjusted wittHKIDL mol L solution or
concentrated hydrochloric acid, predetermined dtiesitwere placed in 10 mL
flasks. The mixture was kept under agitation at 08 in an Incubator Shaker
at a temperature of 25 for 24 h. The supernatants were collected andratgal
by using a centrifuge for 5 min with rotation capending to 1540xg (3000
rpm). The remaining concentration of dye was deteeth using UVevis
spectroscopy at 550 nm and the quantity of dye vechevas defined using the

following equation:
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C -C,

%R = x100 )

in which G, is the initial dye concentration (mg‘Land G is the concentration

of dye (mg L) at time t.All the experiments were carried outliplicate.

2.6. Kinetics of adsorption
To determine the time in which the systems reacbedilibrium, a
kinetic study was carried out on the time interbatween 5 min and 24 h in

conditions optimized and defined by use of the RSM.

2.7. Adsorption isotherms

The adsorption isotherms of CB on the AN, AA, KNdakA samples
were determined in the range of concentrations émtwi0 and 2000 mg™L
with the other parameters (pH, quantity of mass aaglilibrium time)
maintained at optimized conditions. The amount y¢ demoved per mass of

adsorbent was calculated using the equation:

_(G-C)V
- m

Q 3)

in which equation, Qe (mg™y is the amount of dye adsorbed per mass of
adsorbent in equilibrium, Co and Ce are the inidald in-equilibrium dye
concentrations (mg 1), V is the solution volume (L) and m is the adsmtb

mass (g).
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2.8. Desorption

The desorption of CB adsorbed on samples AN, AA, & KA was
carried out using 0.1 molLHCI solution and an adsorbent mass (g): acid
solution volume (mL) ratio of 1:10. The systems evkept under agitation for 2
h at 120 rpm. The adsorbents were subjected toimgsimd vacuum filtration
and oven drying at 50 °C for 2 h. The regeneratistrdbents were used in two
subsequent cycles of adsorption-desorption. At ¢hel of two stages of
desorption the samples were subjected to Attenubteéal Reflectance (ATR)
analyses in the range of 4000 tto 400 crit, with resolution of 4 cthand 32

scans.

3. Results and discussion
3.1. Characterization of the adsorbents

XRD was used in order to determine the constitpdaises of the clay
minerals, as well as to verify the structural chemgtemming from the acid
treatment. The results are presented in Fig. 2. Gdsal spacing value was

calculated in accordance with Bragg's Law:

2dsen < theta >=)n 4)

in which d is the basal distance (A), theta is #imgle of diffraction, is the
wavelength of the incident radiation (A) and nhis brder of diffraction.
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Figure 2 XRD analysis: AN and AA (A), KN and KA (B)

It can be seen that the acid treatment causeduatied in the intensity
of the peaks, which may be associated with a plesdiistortion of the
arrangement of the constituent ions of the octatlednd tetrahedral layers
(Panda et al., 2010). Also, the basal distancesalichange, indicating that the
materials maintained their crystallinity. The résuf the XRF analysis of the

natural materials are shown in Table 1.



Table 1 Chemical Composition of AN and KN
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Constituent AN KN
% %
Sio, 80.44 52.75
Al,O4 16.42 43.13
Fe0, 0.61 3.05
MgO - 0.46
Na,O 0.23 0.09
K,O 2.30 0.52

It is shown that the samples are principally conegosf oxides of silica

and aluminum, typical of clay minerals. The higbStontent of the AN sample

may be attributed to the presence of pyrophylittmposed of 67% SiCand

28% ALOs. The marked quantity of quartz associated withlthve aluminum

content allows the AN sample to be classified asekb (Nabetani and

Shikazono, 2002).

The EDS analyses (Table 2) showed that the sanggkescomposed

principally of silica and aluminum, confirming XREsults.

Table 2 Elementary chemical composition of the €lay

Element AN (%) AA (%) KN (%) KA (%)
Aluminum 11.43 13.61 24.84 23.69
Iron - - 2.01 2.16

Fluorine 0.75 - - -

Potassium 3.92 4.13 0.80 0.72
Titanium 0.56 1.07 1.30 1.34
Oxigen 49.74 49.63 49.01 49.10
Silicon 33.60 31.56 22.04 22.97

The high percentage of oxygen in all the sampl&ge® to their being

composed of oxides. The highest amount of potassiuagalmatolite sample

can be attributed to the fact that the clay mintrdde originated from muscovite
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(KAISi;AIO o(OH,F),), whereas kaolinite is the result of hydrolysis of
potassium plagioclase (KAIgds), where all the potassium is broken by the
action of water. These components remained predorhafter the AN and KN
samples were subjected to acid treatment. Uporyzngl the effect of acid
treatment on the KN sample, it is proven that tlegcentage quantity of
aluminum was reduced, thus altering the Si/Al ratlich went from 0.89 for
the KN sample to 0.97 for the KA sample. Duringdaattivation, exchangeable
cations are replaced by protons and a part of edtahcations dissolve creating
new acid sites in the structure (Pushpaletha g2@05; Eloussaief and Benzina,
2010). The opposite phenomenon is observed wheAlthsample is subjected
to acid treatment, where it is seen that the Siéib was reduced from 2.94 for
the AN sample to 2.32 for the AA sample. Althoubk tetrahedral layer is less
soluble in acid, it was observed that the AN sanipleomposed of a large
quantity of quartz, thus impeding the acid attaokttte octahedral layer. Apart
from that, this sample is composed of pyrophyllaeype 2:1 clay mineral. As
the octahedral layer is located between the twaletral silica ones, the attack
on the alumina would be inhibited. Also detected|dsser quantities, through
EDS, were titanium in all the analyzed samplesieomin the samples KN and
KA samples. The remained quantities of these elégsnafter acid treatment
allows us to infer that they are located insidelémeellar layers.

The specific surface areas of the AN and KN samgii¢sined by means
of adsorption/desorption analysis of &t -196 °C were, respectively, 1§ gil
and 25 M g® The results allow classification of the KN sampls highly
crystalline kaolinite, given that its specific aisaituated between 15 and 58gn
! Such results match well with the XRD, the pedkstuch are well defined. For
the AN sample, the results allow classificatiothaf sample as roseki, because for
this type, the area is approximately 18gh (Nabetani and Shikazono, 2002).

The FTIR results are presented in Fig. 3 and inelrab
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It can be seen that the spectra obtained from ahéral and the treated
samples exhibit similarities, although a minimurmitiution in the intensity of
the bands is noted, relating to the distortion fexibility of the tetrahedral and
octahedral layers that make up the structure gflimerals (Maké et al., 2006).

A

\ \

. ﬁ\m
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Wavenumber (cﬁ'1)

"‘\
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‘\
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Figure 3 FTIR spectra: AN and AA (A), KN and KA (B)
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Table 3 Vibrational modes of the functional groopshe clays

Sample Bond Identified Bands References
AN/ATA Al-OH 3674/3626 (Mako et al., 2006)
O-H of free 3440/1635 (Cristébal et al., 2009)
water
Si-O 1032/682/475 (Cristébal et al., 2009)
Si-O-Al 777/535 (Mako et al., 2006)
KN/KA Al-OH 3697/3620/910 (Mako et al., 2006)
O-H of free wate 3450/1641 (Cristébal et al., 2009)
Si-O 1121/1028/470/434/692 (Cristébal et al., 2009)
Si-O-Al 800/748/536 (Mako et al., 2006)

The results from the acid-basic titration for detiging the acidity of
AN, AA, KN and KA are shown in Table 4.

Table 4 Acidity of the clays
Sample Acidity (mmol H'/g of adsorbent)
AN 0.71
AA 0.73
KN 0.82
KA 0.86

Comparing the AN and KN samples, it is seen that<N sample had a
higher acidity than the AN sample, which may beitaited to the presence of
Lewis sites, characterized by the greater quaafitctahedral aluminum, in line
with the XRF analysis. It can be seen that acidttnent resulted in small
changes in the starting materials, which is assetiaith moderate conditions
in which treatment was carried out. These resulés ansistent with those

obtained by other characterizations.



3.2. Fitting of the models to the response surfaces
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Response Surface Methodology was employed with dha of

modeling, optimizing and evaluating the interactffect of the variables of the

process of removing the dye CB on samples of AN, KN and KA.

The experimental design matrix applied is showTable 5 together

with the median values observed for the adsorptibthe dye in an analysis

carried out in duplicate.

Table 5 Matrix containing the results for the agsion of CB by clays

Mass of Initial
Assay pH adsorbent concentration of Adsorption of CB (%)
() dye (mg L)
AN AA KN KA
1 4 0.025 25 61.84 66.82 75.95 82.91
2 10 0.025 25 40.50 33.74 93.49 91.98
3 4 0.100 25 80.09 90.60 97.66 98.39
4 10 0.100 25 86.03 86.75 91.76 98.15
5 4 0.025 75 30.04 40.90 68.28 69.48
6 10 0.025 75 23.20 25.37 77.11 82.06
7 4 0.100 75 58.96 68.57 79.09 88.32
8 10 0.100 75 48.44 48.22 88.44 92.51
9 7 0.0625 50 52.46 56.42 85.78 84.93
10 7 0.0625 50 41.95 54.45 84.73 87.35
11 7 0.0625 50 42.28 55.10 85.26 87.36
12 2 0.0625 50 99.42 97.33 99.23 98.86
13 12 0.0625 50 79.79 77.11 85.45 87.84
14 7 0.0001 50 4.84 8.49 22.07 10.01
15 7 0.1200 50 40.09 69.78 77.57 66.39
16 7 0.0625 8 78.00 81.16 95.98 92.40
17 7 0.0625 92 19.36 18.86 90.68 91.96

3.3. Analysis of the effect of process variables

An analysis of the effects of variables on adsorptivas carried out

using Pareto’s charts (Anupam et al., 2011). Thaltg obtained for the removal
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of CB on AN, AA, KN and KA are shown in Fig. 4(AjB), (C) and (D),

respectively.

p=0.05 p=0.05
Initial concentration of adsorbate(x1) -108.4589 Mass of adsorbent() 505181
Mass of adsorbent(2) (% 93.1176 Initial concentration of adsorbate(x1) | i }2&.2724
pHEG) | }34 5591 X253 }15 4349
x| 62014 X173 :]44042
X172 :|E 6041 pHE3) } 4243
X1 [1.3455 (A) X1 }1 4546 (C)
0 20 40 60 80 100 120 a 20 40 €0 80
Standardized Effect (absolute value (1)) Standardized Effect (absolute value ()
p=0.05 p=0.05
Mass of adsorbent(x2)| Jaz 1047 Mass of adsorbent(?) ; 81743
Initial concentration of adsorbate(x1)| 1538133 Initial concentration of adsorbate(x1) . }7 6923
pHES) | © }ZB 7945 X253 ]»A 4697
xise| ‘9 2526 X173 } 085
xa| sts X150 :Iw 9393
X1ma Fasssz (B) pH(XE)):IW 3650 (D)
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Standardized Effect (absolute value (1) Standardized Effect (absolute value (1))

Figure 4 Pareto’s charts for the adsorption of GBAB (A), AA (B), KN (C)
and KA (D)

Analyzing the Pareto’s charts for samples AN and, AAcan be seen
that the most influential factor in the dye remolbglsample AN was the initial
concentration; for the sample subjected to acidhttnent the amount of
adsorbent mass was shown to be the dominant pamarhethe case of AN, a
negative effect on the removal of the dye can lee &y the increase of its initial
concentration.

As well as this parameter appearing as the secarst important in the
removal of CB by sample AA, it can be seen thatpieentage removal of dye
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is less decreased when the initial dye concentrasoincreased showing that
sample AA is more effective in dye removal whelisitmore concentrated. In
addition, a direct relationship can be seen betwhenpercentage quantity of
dye removed and the mass of adsorbent, the formaéergoing an increase.
Among the parameters analyzed, it can be seeffidhtite two adsorbents used,
pH is shown to be the third most influential, anithva negative effect on dye
removal. Analyzing the effect of the variables fiye removal on samples of
KN and KA, it can be seen that the quantity of masdefined as the most
influential parameter. Additionally, it can be sdabat an increase in the initial
dye concentration is less influenced when the K#nma is employed as
adsorbent, thus leading to validation of acid treatt, as this would permit the
adsorption of slightly higher concentrations of tdsorbate. When the three
parameters are analyzed, the effect of pH is shtwie irrelevant in an
experiment carried out with 95% confidence. To dmire the optimal
conditions for an adequate removal, the systemse waptimized by the
application of the Response Surface.

The quality of the fit to the Response Surfaces evaduated by analysis
of variance (Table 6), which indicates significeegressions for/to the quadratic
models considering the values of b significant, netll the fvalues close to 1,
being respectively 0.9778; 0.9674; 0.8274 and @&8#3%n were employed AN,
AA, KN and KA as adsorbents of CB.

The highest values of F (43.9563 for AN; 38.0936 A&\, 4.7925 for
KN and 5.9848 for KA) for the regressions (beyoralues of p < 0.0001)
indicate that most of the variation in responsadgquately explained by the
guadratic models. The coefficients of the modets,weell as the respective
results of the significance tests, are shown inldd@b The three individual
parameters involved in adsorption (initial concatitm (X;), adsorbent mass
(X2) and pH (%)) show significance for AN, KN and KA. It can been,
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however, for AA, the initial concentration provedrelevant. When the
parameters in combination are analyzed, it candes shat the interaction of
initial concentration with pH proved insignificaint the adsorption study carried
out on samples AN, AA and KA. In the case of intdéin between the
parameters: initial concentration and mass, theultesobtained indicate

insignificant when the adsorption is carried outddy and KA.
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Table 6 Coefficients and significance tests of\thgables obtained for the CB
adsorption by clays

Sample Term Coefficient Error T P
AN b 148.8663 1.7621 84.4830 1.4008X10
X1 -0.8655 0.0327 -26.4757 0.0014
X5 848.3121 20.5517 41.2771 5.8641%10
X3 -29.1266 0.2899 -100.4626 9.9066%10
X* X, -1.2827 0.1942 -6.6041 0.0222
X* X -0.0033 0.0024 -1.3455 0.3107
Xo* X3 26.2222 1.6185 16.2014 0.0038
X2 0.0036 2.4542x1Hh 14.8283 0.0045
X2 -4.974x16 109.0746 -45.5970 4.8063x10
X2 1.8603 0.0170 109.1599 8.3911%10
AA o} 110.5613 3.4346 32.1909 9.6362%10
X1 -0.0285 0.0637 -0.4476 0.6982
X, 971.0655 40.0575 24.2418 0.0017
X3 -21.4564 0.5651 -37.9695 6.9291%10
X1* X, -3.5027 0.3786 -9.2526 0.0115
X1* X3 0.0017 0.0047 0.3698 0.7470
Xo* X3 27.1222 3.1547 8.5975 0.0133
X2 -0.0035 4.784x16 -7.3062 0.0182
X2 -4.287x16 212.5989 -20.1668 0.0024
X3 1.2190 0.0332 36.6977 7.4172%10
KN b 75.0379 1.7963 41.7730 5.7258%10
X1 -0.9207 0.0333 -27.6174 0.0013
X, 1425.9 20.9507 68.0590 2.1582%10
X3 -4.7194 0.2956 -15.9681 0.0039
X* X, 0.2880 0.1980 1.4546 0.2830
X1* Xg 0.0109 0.0025 4.4092 0.0479
Xo* X3 -25.4667 1.6499 -15.4349 0.0042
X2 0.0067 2.5018x1H 26.6112 0.0014
X, -7.980x16 111.1925 -71.7686 1.9409x40
X3 0.4234 0.0174 24.3728 0.0017
KA b 83.5868 4.7904 17.4488 0.0033
X1 -1.0933 0.0889 -12.2965 0.0065
X5 1612.0 55.8710 28.8523 0.0012
X3 -7.8794 0.7882 -9.9970 0.0099
Xo* X, 1.0187 0.5280 1.9293 0.1935
X* X 0.0132 0.0066 2.0050 0.1828
Xo* X3 -19.6667 4.40000 -4.4697 0.0466
X2 0.0082 6.6718x1H 12.2962 0.0065
X2 -9.952x16 296.5266 -33.4718 8.9137x10
X4 0.6157 0.0463 13.2882 0.0056
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3.4. Analysis of response surfaces
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Figure 5 Response surface plots of adsorption dgpaersus the effect of the
initial concentration of CB and mass of adsorbenthe adsorption of
CB by AN (A) and AA (B)

On the response surfaces for the effect of in@iBl concentration and
mass of AN and AA at pH 7 (Fig. 5(A) and (B)), @&rcbe seen in both cases that

an increase in the initial concentration of the dgduced the percentage of dye
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removed when the quantity of mass is held consfdris may be because for a
fixed mass, the increase in initial concentratieads to saturation of the
surfaces of the adsorbent materials, so that tbeyod adsorb any more. Apart
from that, it is possible to observe that an inseei the quantity of adsorbent
material brings a higher percentage removal, whiety be attributed to the
increase in available surface area, and consequeintl exposure of the
adsorption sites necessary for the removal of tfee Wl can further be inferred
that acid treatment was appropriate for CB remobaktause it allowed the
process to be more effective, since the optimatiitimms were associated with a
higher percentage removal. Such findings are linkedcid leaching action in
the reduction of organic material thought to betaimed on the surface of the
adsorbent materials, thus boosting the adsorptiocess.

Fig. 6(A), (B), (C) and (D) show the response sefabtained by
interaction of the effects relating to quantityaafsorbent and pH, in which the

initial concentration at the central point was ddeged to be 50 mgt.
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Figure 6 Response surface plots of the adsorptgadity versus the effect of
mass adsorbent and pH on the adsorption of CB by(AANAA (B),
KN (C) and KA (D)

The results obtained by response surface showet rttaimum
adsorption was obtained when working with the emrgpH values studied by
the experimental design, corresponding to minimuin2and maximum 12.
Such values are greater for an adsorbent mass 10fg.0.The increase in
efficiency in dye removal with increase in amoumtaglsorbent is probably
associated with an optimal surface area of adsonaterial containing pores
with available volumes when a large quantity ofaatdent is used, so supplying
more functional groups and active adsorption skekesser percentage removal
can also be observed for a mass of less than 0.@%igh may be linked with
the opposite effect. It can be verified that pH dat have a significant effect
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when quantity of mass is fixed, thus allowing thmdeience that when the
combination of these parameters is analyzed, atigorpvill appear more
dependent on availability of adsorption sites tharthe ionization of functional
groups or of dye molecules. For sample AA, (Fid)R(it can be seen that the
ideal condition is related to the acid pH valuegel to 2). In an acid medium,
the positive surface charge may be associatedthéttadsorption of Hions in
centers of negative charge and the adsorptiontibwted to the electrostatic
interaction between the positively-charged adsdrbeaterial and the dye
molecule with global charge of -1 (Fig. 1). It ierified that, to the extent that
the pH of the solution in increased, more dye mdksx are found to be
negatively charged and as the zeta potential of mimerals tends to become
more negative as the pH of the medium increasegiibtés et al., 2010), it is
shown that electrostatic repulsion between the corapts adsorbent/adsorbate
hinders the removal of the dye. Nevertheless, @$e observed that adsorption
tends to increase at pH values close to the maxistuaied (pH =12). In this
case, it may be assumed that attraction is takiacepbetween the Ohbns of
the solution and the positively-charged carbon atminthe CB molecule,
allowing formation of a C-OH bond represented bycture V in Fig. 7 similar
to the mechanism proposed in the study of dye CBOGEhial et al., 1993).
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Figure 7 Resonance forms of free ionic forms of &&d form, structure I,
green form, structure Il; blue forms, structurdsaid IV; Pink forms,
structure V and VI (Chial et al., 1993)

So, it is verified that the increase in percentdge removal may be
attributed to the interaction mechanism throughrbgdn bonds between the
hydroxyls of the Aluminol (AIOH) and Silanol (SiOHjroups remaining in the
clay minerals and the OH group of the dye structure

Fig. 8 presents the combination of the parametsitsal concentration
and pH, with the mass at central point considendabt0.0625 g of KN.
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pH 00
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Figure 8 Response surface plots of the adsorptgadity versus the effect of
initial concentration and pH on the adsorption &f 6y KN

It can be seen that the greatest percentage rernsooptimized in lower
concentrations of dye and at acid pH values. When effect of initial
concentration is evaluated, it is seen that theselessemoval at higher
concentrations may be attributed to competitionwbeth the molecules for
adsorption sites contained on the surface of tlserbént materials. The greater
adsorption at acid pH values may be related toefleetrostatic interaction
mechanism between positively charged adsorbentrialatand

the dye structure, which shows a negative liquadbgl charge.

3.5. Optimization of adsorption conditions

As well as proposing a suitable method of undedsteyithe mechanism
of a system or process, the response surface anplyxedure is also able to
determine the optimum conditions or the regiontf@ factors when a certain

operational specification is met (Ravikumar et 2006).
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With this in mind, starting from the experimentasults and the
construction of Response Surfaces, conditions wdefimed for analysis of the
influence of the parameters contact time and teatpex on removal of the CB
dye in AN, AA, KN and KA. For all the adsorbentaudied, and based on
economic viability and practicality, there wereidefl as ideal conditions: CB
concentration of 25 mgl, pH of the solution equal to 2, and 0.1 g mass of

adsorbent.

3.6. Influence of contact time

To verify the equilibrium time of the systems, Kioe of adsorption
study were carried out over a time interval froomih to 24 h. The equilibrium
is achieved in a relatively short time for all tesorbent samples, which may be
attributed to the existence and availability ohege number of adsorption sites,
which are gradually occupied as the contact tineeemses, until equilibrium is
reached, which is identified as 1 h for samplesakid AA, 4 h for KN and 2 h
for KA.

3.6.1. Kinetic models
The kinetics studies may be defined as tests nages®r the

establishing the mechanism of adsorption. Thereently are different kinetic
models available in the literature, and the majarftthem show that the kinetics
of adsorption can be described by models of psdirdb order (Lagergren,
1898), pseudo second order (Ho and Mckay, 1999yiéH (Juang and Chen,
1997) and intraparticle diffusion (Weber and Mqri®63), whose non-linear
equations are described in Equations (5)-(8), ictamdy.

Q= Q1 - exp(kit)] ®)
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: szezt
Qt_1+ Qtkz ©)
Q =kgVt +C (7)
Q = Sin(1+aR)
B (8)

Where k is pseudo-first order rate constant;i& pseudo-second order
rate constant; kis intraparticle diffusion rate constant; pare Elovich’'s
constants and C is diffusion constant.

The results of the experimental data adjustedg¢artbdels are shown in
Table 7.
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Table 7 Adjustment of the experimental data tokihetic models

Kinetic Model AN AA KN KA
Pseudo-first order
Q. (mg gY 1.2006 1.1881 1.1912 1.2176
ky (R 65.8879 49.8031 42.9683 45.0364
r 0.9993 0.9994 0.9955 0.9996
Standard error 0.0116 0.0110 1.004xt0  8.616x10
Pseudo-second order
Q. (mg g% 1.2025 1.1885 1.1953 1.2209
k,( g mgth™) 851.8937 916.3582 235.3729 352.2802
R 0.9994 0.9993 0.9959 0.9998
Standard error 0.011 0.0116 9.085x10  5.096x10
Intraparticle
diffusion
c (mg ¢®) 0.9964 0.9608 0.9357 1.0060
Kq( mg g'h®d 0.0688 0.0745 0.0883 0.0714
R 0.3433 0.3638 0.4282 0.3517
Standard error 0.2919 0.2964 0.2020 0.1871
Elovich
a (mg g h) 1.722x18  1.577x10 1.400x16  1.707x10
B (g mg") 18.99 19.29 19.12 18.72
R 0.9557 0.9605 0.9757 0.9601
Standard error 1.1754 1.1680 0.05798 0.09373

It can be seen that for the AN, KN and KA samplles,data proved best
fitted to the pseudo second order model. In coptriiswas verified that
adsorption on the AA sample followed the pseudst forder kinetic model,
suggesting that modification of the tetrahedralelahhas a more significant
influence on the kinetics of adsorption. Theseltesuggest that the capacity of
adsorption is related to the entry of moleculesCéf into specific sites in a
pseudo-chemical reaction, in which the limiting gfan the adsorption would
be the exchange of electrons between adsorbentdsarbate (Hasan et al.,
2008). The analysis of the constants of velocitxeaded that adsorption on KA
was 1.5 times greater than for KN, justifying thse wf acid treatment.
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3.7. Isotherms of adsorption

In general, an isotherm of adsorption describes phenomenon
governed by the retention or mobility of a subseaircsolid phase at constant
temperature (Foo and Hameed, 2010). The experiingata were fitted to the
models of Langmuir (1918), Freundlich (1906) an@sS{1948), whose non-

linear equations are shown in Equations (9)-(11).

Q :QmKLCe
e
1+K,C, ©
Q. = KFCe% (10)
— QmKsCel/m
e 1/m
1+K_C, 1)

In which Q, is maximum adsorption capacity; Kis Langmuir's
constant; K, n are Freundlich’s constants ang K are Sips’s constants. It can
be seen that the experimental data were best fittéde Sips model (Table 8),
indicating that the process of CB removal involagsorption on heterogeneous
surfaces with an energetic distribution of actiitess(Vieira et al., 2012). The
results also showed that the acid treatment prabuackverse effects on CB

removal.
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Table 8 Adjustment of the experimental data toishéherm models

Isotherm Adsorbents
AN AA KN KA
Qm exp.(mg §) 11.54 9.84 22.89 30.68
Langmuir
Qn (mg g% 12.0669 11.0878 25.0177 34.0120
K. (L mgh) 0.0982 0.0300 0.0132 0.0129
R 0.9327 0.9832 0.9931 0.9882
Erro padrdo 2.0176 0.9682 1.2355 2.1567
Freundlich
Ng 4.7193 3.2647 2.4412 3.5255
K (mg T PLYF gty 3.3655 1.5969 2.9317  4.6525
R 0.8395 0.9283 0.9810 0.9661
Standard error 3.0394 1.9709 2.0430 3.6361
Sips
Qm(mg g% 11.3197 9.9447 28.6669 35.6211
Ks(L mg?h)*s 5.4585x10° 0.0007 0.0297  0.0234
Ns 0.0720 0.4298 1.3469 1.1805
R 0.9828 0.9956  0.9956 0.9885
Standard error 1.1156 0.5567 1.0586 2.3060

Whilst it can be seen that the experimental quantitdye removed by
the agalmatolite was reduced from 11.54 rifgtg 9.84 mg g with the acid
treatment, in the case of treatment of kaolinitérenease from 22.89 mg'do
30.68 mg ¢ was verified. The results presented suggest thdttaatment was
more promising on the kaolinite sample becausetédamore effectively in the
modification of acidity and of surface morphologyhile in the agalmatolite
sample a substantial amount of quartz was provénichncould inhibit CB
removal at higher concentrations. It can also lferied that the modification of
the tetrahedrdhyer produces a structural configuration in theosldent that acts
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negatively on the adsorption of CB at higher cotregions than those evaluated

with the response surface.

3.8. Thermodynamic study

As temperature is one of the parameters that camcise greater
influence on the adsorption process, the thermadimaharacterization of the
solid-liquid interface is important to the understang of the adsorption
mechanism. Therefore, the effect of temperaturedsorption of CB on AN,
AA, KN and KA was studied at temperatures of 253&°C, 45 °C and 55 °C.
The Gibbs free energ\G) can be calculated from Equations (12) and (13).

AG = AH® - TAS® (12)

AG = -RTIn Kc (13)

in which K_ is defined as Langmuir’s equilibrium constant (blif). Combining
Equations (12) and (13), Equation (14) is obtained:

b e
R RT

InK, = (14)

It can be seen in Table 9 that all values obtailoed\G are negative,
indicating the spontaneity of the process and tteatgaffinity of CB for the
adsorbent samples used.

The positiveAH® values and correspondents at approximately $41.0

and 100.78 for KN and KA, respectively, indicateatththe process is
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endothermic and chemical in nature. The increase adsorption with
temperature is associated with the raising of fiffesion rate of molecules of
adsorbate, with a higher quantity of molecules wsitfficient energy to undergo
interaction with active surface sites, or even wvilte dilation of the internal
structure of the adsorbent materials (Hameed anudatih 2009; Dogan et al.,
2004). The positive values afS° indicate an increase in the level of disorder of
the species adsorbed, possibly associated witkeithrges in the configuration
of the adsorbate molecules and of the surface ef atisorbent materials
(Hameed and Ahmad, 2009; Lian et al., 2009). Conteffects were observed
when evaluating the adsorption of CB on the AN AAdsamples, where it was
verified that the process of dye removal involvadedation of energy,
characterizing an exothermic process. The resunliicate that there is less
interaction between the CB molecules and the sarfaicthe AN and AA
materials, explainable by the large amount of quedntained in the samples.
The negative values a&fS° indicated that an adsorption was configuredhickv
a more orderly arrangement of CB dye moleculesvsliied, which lost degrees
of freedom in the adsorption.

Table 9 Thermodynamic parameters of adsorptionBb¢ clays

sample  T(K) N el (k) ot S
(Lmg™) (kJ mol”) (kJ mol”) (J K™ mol~)

AN 298 0.0982 -22.82 -113.373 -283.73
308 0.0611 -25.98
318 0.0054 -23.15
328 0.0398 -20.31

AA 298 0.0300 -23.53 -57.705 -114.67
308 0.0029 -22.38
318 0.0044 -21.23
328 0.0027 -20.09

KN 298 0.0132 -22.69 141.060 549.49
308 0.0543 -28.18

318 0.4864 -33.68
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328
KA 298
308
318
328

2.0800
0.0129
0.0126
0.2342
0.3070

-39.17
-22.01
-26.13
-30.26
-34.38

100.779 412.06

3.9. Reuse test

One of the stages of evaluation of the economidiltg of the

adsorption process consists of regenerating theratatl adsorbents by

desorption .The percentage removal of CB usingdbadent materials in two

cycles of adsorption is shown in Fig.9.

100

80

404

Adsorption of CB (%)

204

Figure 9 Reuse test of the adsorbents

2
Use of adsorbent

3

AN
I AA
I KN
N KA

After the 3 use, the percentage of CB adsorbed diminished %#.52
53.7%, 3.99% and 7.73% for AN, AA, KN and KA, restreely.

The comparative analyses of CB adsorption on trsorhent samples

after the first and third uses were accompanieATR (Sl). The deformation of
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the bands located at 1028 tmnd 470 cril can be seen, and the disappearance
of that at 536 cm Similar effects were observed for the AA samplih the
1032 cnt and 777 cm bands being deformed. This deformation was
accompanied by the disappearance of the 535 lwand. The observed effects
can explain the results obtained, as these baedssapciated with the vibrations
characteristic of functional groups which possiklst as active sites for the
adsorption of CB. For the KN sample, it can be ghanthe spectra after 1st and
3% use show similarity, with bands of the same iritgnsuggesting that the
proposed methodology of reuse kept the active sitest, maintaining the
efficiency of CB removal. Although the adsorptigrestrum for after the8use

is similar to the one for the'luse for the KA sample, it is found that the
intensity of the bands is

diminished, which matches with the experimentalilitssobtained for a greater
reduction in the efficiency of adsorption for thé Ikample, compared to the KN

sample.

4. Conclusions

Acid treatment produced small changes to the Initiaterials, which
may be attributed to the moderate conditions of @hig treatment. Through
Response Surface optimization it was shown thatthend KA samples could
be used in CB adsorption in a broader range of/én@bles studied, justifying
the use of acid treatment. In the kinetic studgadorption, it was noted that the
kinetic data for AN, KN and KA followed the pseudeeond order model,
whilst for the AA sample, it was found that the alatere better fitted to the
pseudo-first order model, suggesting that the
modification of the tetrahedral layer influence timteraction of the system
more significantly. The isotherm results highlightthat the acid treatment

produced distinct effects on the two clay minersihile the capacity for CB
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adsorption was increased from the KN sample tkthesample, in the case of
the AA sample, a reduction was observed. The retladsorption capacity of
AA may be attributed to modification of the tetrdra layer during acid
treatment, contributing to the formation of a stame in which the adsorbate
would have had greater difficulty interacting witte active surface sites. It may
also be mentioned that the desorption stage cotexdbto the minimization of
the residual CB concentration, which may reduceetimgronmental impacts of
its use. Regarding the re-use of the materialga# shown that the KN and KA

samples may be defined as economically viable atter
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Abstract

The comparative adsorption of Tropaeolin (Tr) ordv kaolinite (RK) and
kaolinite submitted to acid treatment (AK) was $&bwd The process was
investigated through Composite Central Design (C@BJ the influence was
verified of parameters like initial concentratiofila, adsorbent mass and the pH
of the solution. The adsorption onto both adsobemhs favored when the
initial concentration of Tr was 75 mg*LpH 4 and mass of adsorbent 0.12 g.
The kinetic, conducted in the optimized conditiams,ealed that the equilibrium
times were 3 hours and 5 minutes for RK and AKpeesively, which were
obtained with 67% and 70% of efficiency. The kinatata were better fitted to
the pseudo-second order model. The quantitiesmbved Tr by unit of mass
were 18.3 mg§and 23.2 mg gfor RK and AK, respectively. The data showed
that the Sips model was the most satisfactory lfier adsorbents used. The
calculated thermodynamics parameters showed tagirtitess was spontaneous
for both adsorbents, endothermic for AK and exattierfor RK, involving the
disorganization of the adsorption system for the & its organization for the
RK sample. The desorption step showed that AK samls more suitable as
adsorbent.

Keywords:

Kaolinite;

Acid treatment;

Adsorption;

Response Surface Methodology;
Tropaeolin.
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1. Introduction

Due to their negative effects on many life formse tlyes in effluents
are considered one of the biggest pollution problefrtoday (Ravikumar et al.,
2005). The azo dyes are one of the most extengivbetic dye groups used in
the textile industry, constituting 60 to 70% of twhole production. They are
substances characterized by the presence of omomr azo groups (R1-N=N-
R?2) substituted by aromatic groups containing swaife groups and/or hydroxyl
groups, which are considered toxic and non-biodizdie (Riaz et al., 2012).

Among the dyes belonging to this class, tropaestiimds out as being a
model molecule present in more than 15% of the ldwode production of
textiles. Although it has high applicability, resuindicate that the dye molecule
is resistant to degradation by light, the actio®efind common acids and bases
(Riaz et al., 2012). Because of this, its utiliaatican be damaging, with high
leaching potential in soils and possible contanmmadf groundwater (Sankar et
al. 2011).

In this context, research has been carried out thidghaim of promoting
an optimal removal associated with safe disposalvif@mar et al., 2005).
Biological degradation and techniques like Fentphoto-Fenton and photo
catalysis employing Ti© have been used in attempts to minimize the
environmental impacts of the use of this acid dyorfison et al., 1996).
However, these methods are unable to remove it ldelyp making it
necessary to find other techniques, of low costlagt efficiency. Among the
possible alternatives identified, adsorption is iédated for having ideal
characteristics, easy operation, high efficienay law cost (Liu et al., 2012).

In this process, the utilization of clays minerats adsorbent materials

has been validated by research, as they presegetilam exchange, low cost and
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wide availability, and are not considered toxic (&aglu et al., 2010; Magriotis

et al.,2010). Kaolinite, focus of the present studya phyllosilicate constituted
by stacking of one silicon tetrahedral sheet arel @ominum octahedral sheet,
forming a clay mineral of type 1:1, and it is usfdt adsorption as it is

chemically inert at pH values between 4 and 9 (lidaigret al., 2010).

Although clay minerals are used for the removal different
contaminants, it has been shown that removal caeffi@ently increased by
treatments employed to produce materials competitiith those available in
the market (Teixeira-Neto and Teixeira-Neto, 200%)id treatment has been
reported as ideal to produce adsorbents with highgace areas as a result of
the dis-agglomeration of particles, eliminationimipurities and dissolution of
octahedral cations (Panda et al.,, 2010). Clay ralsesubmitted to acid
treatment have a wide application, which emphasihes use in adsorption
optimized by the use of response surface. The RespBurface Methodology
can be defined as a method applicable in the stfitlye effect of the variables
that influence on response by their simultaneoustian in a limited number of
experiments (Singh et al., 2011).

In this context, the present work aims to inveséighe influence of acid
treatment on Tropaeolin adsorption by kaolinite Eyipg the Response

Surface Methodology for process optimization.

2. Materials and methods
2.1. Adsorbate

The adsorption tests were carried out using, a®rbde, the dye
Tropaeolin 000 (VETEC), whose characteristics anap@rties are shown in
Table 1. The three-dimensional structure optimizsidg the base functions B3-
LYP and 6-31 G delineated in the Gaussian 0.9 prags shown in Fig. 1. The

solutions used in the experiments were diluted framdye solution at
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Figure 1 Optimized three-dimensional structure of The dimensions of the
chemical molecule were calculated using Gaussipi@gram

Table 1 Properties and characteristics of Tropadali)

Generic name Troapeolin 000 n°2
C.. 15510
Chemical Formula Ci6H11NoNaGQ,S
Molecular weight (g mot) 350.33
Amax (NM) 481

C.l.= Colour index

2.2. Adsorbents

The raw kaolinite (RK) was supplied by the Minersd®@uimica e
Minérios of ljaci, Minas Gerais. The acid treatmer#s executed on the clay
mineral using sulphuric acid solution at 2 méi ¢oncentration, for 3 hours, at a
temperature of 25°C, under agitation. For this, ¢bkd/liquid ratio used was
1:20 (1 g of the clay mineral to 20 mL of acid sin). After the treatment, the
sample was submitted to vacuum filtration with typvater to neutral pH and
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dried in an oven at 100°C, for 24 hours. Then,sdi@ples were macerated and
sieved in a 0.42 mm mesh sieve (35 Tyler).The sardplived from the acid

treatment of RK sample was denominated AK.

2.3.Characterization of the adsorbents

The X-ray diffraction analysis (XRD) was executed & Phillips
diffractometer with angular variation of2CoKo radiation = 1.78896 A, at 30
kV voltage and 30 mA current, with sweep speed.6t90min™ in an angular
zone between 5° and 90 he acidity of the adsorbent materials was deterch
using 0.1 g of adsorbents and 20 mL of sodium hideosolution (0.01 mol L
).The systems were kept under agitation at 70 fom3 hours, followed by
titration with a solution of hydrochloric acid &tet same base concentration. The
zeta potential of the kaolinites was measured uairtpta Meter 3.0+, model
ZM3-D-G (Zeta Meter Inc). The suspensions of adsotyy ground beforehand
to below 37um, were sedimented/conditioned at a temperatu2i for two
hours, at the selected pH, in 250 mL measuringhdglis with the addition of a
2.0x10° mol L? solution of NaNGQ used as an indifferent electrolyte. The
applied tension was varied in an interval of 75-200. Twenty measurements
were made to achieve representative average paltehtie Fourier Transform
Infrared spectroscopy analysis (FTIR) was carriedusing KBr pellets (2 mg
of sample to 200 mg of KBr). The analyses wereiedrout in the range
between 4000 and400 &mresolution 4 cm and with 32 scans, using
BRUKER, series VERTEX 70 V equipment. Chemical cosifion was
identified through Energy Dispersive X-ray Speatamy (EDS) in Quantax X
Flash 5010 Bruker apparatus.

2.4. Experimental design

To study the effect of the parameters, initial @rication, adsorbent
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mass and pH of the solution on the removal of Ttlmnsamples RK and AK,
experiments were carried out using Central Compddisign (CCD). In this
way, N is defined as the number of experiments, @msists of 2 factorial
points with 2n axial points and, rcentral points where n is the number of
independent variables.

For the three variables studied, the design inwbkight factorial points,
six axial points and three central points usedstorete experimental error and
the reproducibility of the data (Arami-Niya et a@012). In this way, the total
number of experiments with the three variables luas

The responses obtained for the adsorption of Tthersamples RK and
AK were correlated using the most appropriate madeleloped from the

polynomial second degree equation, as follows:(€hgte, 2012).

k k k-1 k
y=Po+d Bxi+) BixI+D > Fxxte (1)
i=1 i=1 i=1 j=1

In the equation, y is the predicted respon&g;a constantf;, the linear
coefficient; B, the quadratic coefficienf}j, the interaction coefficient; and E,
the error associated with the model. All the stigt$ tests were applied at 95%
confidence.

The Chemoface program, version 1.4 (Nunes eR@l?), was used in
order to delineate the experimental design, as aglo optimize the systems

through estimation of the statistical parameters.

2.5.Adsorption experiments

The adsorption of the dye Tr was carried out irthe$ and according to
the factorial design described. For each 5 mL & dglution at the known
concentrations and pH adjusted with KOH 0.1 midlsblution or concentrated
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hydrochloric acid, predetermined quantities weré¢ jpul0 mL bottles. The
mixture was kept under agitation at 200 rpm in anubator Shaker at a
temperature of 25°C for 24 hours. The supernataets collected and separated
using a centrifuge for 5 minutes with rotation esponding to 1540 x g. The
remaining concentration of dye was determined u&lhgvis spectroscopy at
481 nm and the quantity of dye removed was definsithg the following

equation:

%R=S"C 00 ®)
C

where: Gis the initial dye concentration (mg'L.and G is the dye concentration
(mg LY at time t.
All the experiments were carried out in duplicate.

2.6. Kinetics of adsorption
To determine the time which systems reached thdiledum, a kinetic
study was carried out in the time interval betw&eminutes and 24 hours in

optimized conditions and defined using the respeustace.

2.7. Adsorption isotherms

The adsorption isotherms of Tr on the RK and AKngkes were
determined in the concentrations range betweenni02800 mg [}, with the
other parameters (pH, quantity of mass and equilibbrtime) maintained at
optimized conditions. The dye amount removed pessmaf adsorbent was

calculated using the equation:
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_(G-Cv
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Qe ®3)

where: Q (mg ¢") is the amount of dye adsorbed per mass of adsbwte
equilibrium, G and G are the initial and at equilibrium dye concentras (mg
L™, V is the solution volume (L) and m is the adsoomass (g).

2.8. Desorption

The desorption of Tr adsorbed in samples RK andws§ carried out
using HCI 0,1 mol [* solution, with an adsorbent mass (g): acid sautiolume
(mL) ratio of 1:10. The systems were kept undetadign for 2 hours at 120
rpm. At the end of each experiment the supernatast collected and then the
amount of removed dye was determined by UV-Vis spscopy at 481 nm.
The adsorbents were subjected to washing and vadiltuation, followed by
oven drying at 50°C for 2 hours. The regeneratesidbnts were used in three

subsequent cycles of adsorption - desorption.

3. Results and Discussions
3.1 Characterization of adsorbents

Structural changes occurred in the RK sample #fteacid treatment as
shown by XRD. Fig. 2 shows the profiles of RK and. A
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Figure 2 XRD analysis: RK and AK

The peaks were identified by calculating the bagpalking according to

Bragg’'s Law:

2dsend = n/ (4)

In this case, d is the basal distance Qs the angle of diffraction, is
the wavelength of the incident radiation (A) anig the order of diffraction. The
samples show clearly defined reflections f6r12.06°, 28.59° and 40.70° which
are characteristic of kaolinite. The peaks at 23.68d 4.78°identify the
halloisite, kaolinite's group component. The peaK&70° detects quartz as a
mineral impurity. The maintained peaks show thatttbatment does not change
the structure of RK. The reduction in intensity maeg linked to a possible
distortion of the arrangement of the constituemsioof octahedral layers
(Bertella et al., 2010; Panda et al., 2010).
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The results of the EDS analysis are shown in T2ble

Table 2 Elementar chemical composition for EDShef$amples RK and AK

Element RK AK
Aluminum 24.84 23.69
Iron 2.01 2.16
Potassium 0.80 0.72
Titanium 1.30 1.34
Oxygen 49.01 49.10
Silicon 22.04 22.97

These results revealed that the clay minerals anstituted by silicon
and aluminum, characteristics of clay minerals. Timajority of these
constituents remain after the sample acid treatment

The FTIR analysis, shown in Fig. 3, revealed tHa¢ treatment
decreased the characteristic bands of RK, idedtifi€T able 3.
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Figure 3 FTIR analysis: RK and AK

Table 3 Vibrational modes of the functional groop&RK and AK

Wavenumber (cif) Assignments
3450 Al-O-Hg; (physissorbed water)
3620 e 3697 Al-O-Hyg, (structural hydroxyl groups, octahedral)
1644 H-O-H bending (physisorbed)
910 Al-Al-OH g,
1121, 1028 Si-Ogy
745 Si-O-Algy
800 Si-Ogy
692 Si-Ogyf Si-O-Algy
536 Si-Ogy/ Si-O-Algy
470 Si-Oyy

These results may be related to the distortion flexibility of the
tetrahedral and octahedral layers that make upstheture of clay minerals
(Mako et al., 2006).
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The results from the acid-basic titration, to detee the acidity,
revealed that the AK sample had a higher acidigytthe RK sample, to which
0.86 and 0.82 mmol 1y of adsorbent were attributed, respectivelys haticed
that acid treatment changed the acidity of theaihihaterial, being related to the
dissolution of acid-soluble species present in sample, such as component
compounds of organic material, or even to the dligiem of octahedral cations
of aluminum, creating Lewis acid sites (Bhattackarand Gupta,2006; Silva
and Garla, 1999).

Zeta potential (Fig. 4), in general, shows the sdaemslency, with a

reversal of charge from positive to negative agtHencreases.
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Figure 4Zeta potential: RK (A) and AK (B)

In an acid medium, the positive surface charge beagssociated to the
adsorption of Hions in centers of negative charge, while in ddoadium, the
observed increase in negative charge of the k#elisurface is due to the
process of adsorption of hydroxyl ions at centdrpasitive charge or to the
mechanism of deprotonation of hydroxyl groups presa the surface (Hussin
et al, 2011). It can be observed that the acidrtreat caused changes regarding
to the isoelectric point (IEP), which may be asatsx with the treatment effect

that increases the acidity of the initial material.



119

3.2. Fitting of the models to the response surfaces

Response Surface Methodology was employed with dha of
modeling, optimizing and evaluating the interactifect of the variables of the
Tr dye removal process on samples of RK and AK. fifarix experimental
design applied is shown in Table 4, along with miredian values observed for

the adsorption of the dye in analysis carried oite.

Table 4 Matrix containing the results for the agsion of Tr by RK and AK

Assay pH Mass(g) C,(mg L") RK AK
1 2 0.025 25 62.49 57.45
2 10 0.025 25 42.14 42.91
3 4 0.100 25 75.61 71.76
4 10 0.100 25 63.59 61.61
5 4 0.025 75 52.86 39.06
6 10 0.025 75 32.46 32.50
7 4 0.100 75 75.62 74.85
8 10 0.100 75 66.89 73.16
9 7 0.0625 50 65.82 70.93
10 7 0.0625 50 65.12 70.99
11 7 0.0625 50 65.32 71.38
12 2 0.0625 50 81.18 76.33
13 12 0.0625 50 541 19.31
14 7 0.0001 50 0 0
15 7 0.1200 50 68.08 74.74
16 7 0.0625 8 36.27 61.39
17 7 0.0625 92 63.04 63.18

3.3 Variable effects on process

Pareto analysis is a type of tool employed to ifierthe factors that
have a cumulative effect in the system (Anupam.e@11). The results of the
variable effects are in the Fig. 5.
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Figure 5Pareto’s charts for the adsorption of Tr by RK éid AK(B)

The results revealed that mass of adsorbent wasmibst relevant

parameter for the adsorption, with positive effdotsthe samples RK and AK.

It is important to infer that an increase in pH @ased the adsorptive capacity

of Tr in the analyzed samples. The initial concatidn shows different effects

for the RK and AK samples. While the increase @ ithitial concentration of
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the Tr increases the adsorption for RK, negatifecefcan be observed in the
AK sample. It is also possible to verify that amdhg possible interactions of
the evaluated parameters, the association betvimemitial concentration and
mass of adsorbent was more relevant for the adsorpivhich shows lower
value of p and positive effects for the samplesdRid AK. With these results, it
can be inferred that the acid treatment causedgelsaim the adsorbent material,
allowing it to be applied to a wider range of vatés.

The quality of the fit to the Response Surfaces axuated through
analysis of variance, which indicates significaagressions to the quadratic
models considering the values of b, where all 2halues were close to 1, being
respectively 0.7349 and 0.8674, when RK and AK veenployed as adsorbents
of Tr. The models can be appropriately applied tiody the Tr removal
experiments, conducted with 95% confidence.

As observed in Table5, the individual parametendidi concentration
(X41), mass of adsorbent §Xand pH (3¢)) were significant in the AK adsorption.

For the RK sample, the pH parameter was irrelet@rithe adsorption
study. When analyzing the combined parametersarit lse seen that that all
interactions were significant for the AK sample, esas for the RK, the

interaction between initial concentration and pHsuveelevant.
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Table 5 Coefficients and significance tests of tagiables obtained for the
adsorption of Tr RK and AK

Sample Term Coefficient Error t P
RK b, 41.3692 1.2336 33.5341 8.8807X10

X1 0.1101 0.0229 4.8101 0.0406
X5 726.8001 14.3881 50.5139 3.9167%10
X3 -0.3280 0.2030 -1.6158 0.2475

X* X, 3.0160 0.1360 22.1807 0.0020

X1* X3 0.0054 0.0017 3.1771 0.0864

Xo* X 5 22.2222 1.1331 19.6116 0.0026
X2 -0.0025 1.7182x1h -14.6336 0.0046
X2 -5.0433168 76.3627 -66.0443 2.2918x10
p 0.4244 0.0119 -35.5732 7.8930%10

AK b, 31.2379 0.8360 37.3659 7.1546%10

X4 -0.4016 0.0155 -25.8858 0.0015
X5 983.2315 9.7503 100.8407  9.8382%10
X3 4.5946 0.1375 33.4030  8.9505%10

X* X, 5.7920 0.0921 62.8576 2.5300%10

Xo* X3 0.0274 0.0012 23.7886 0.0018

X% X3 10.2889 0.7679 13.3992 0.0055
X2 -0.0018 1.1643x1h -15.8734 0.0039
X2 -7.085x16 51.7484 -136.9211  5.3737x10
X3 -0.6966 0.0081 -86.1505 1.347110

3.4. Analysis of response surfaces

Figs. 6(A) and 6(B) show the response surfacesther interaction
between the initial concentration of Tr and masth@respective samples of RK
and AK at pH 7. It is possible to observe that mcréase in the quantity of
adsorbent material brings a higher removal pergentahich may be attributed
to the increase in the available surface areacandequently, in the exposure of
the adsorption sites necessary for the dye rem@ahis et al., 2011)lt can
also be inferred that the initial concentration dhe adsorption were directly
proportional, which may be related to the diffuswfithe dye adsorbate in the
adsorbent with the concentration gradient as thendrforce (Liu et al., 2012).

When the response surface is analyzed for the ampkes, it is seen that AK
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shows a more favorable response for the concesrigatised, which makes the
treatment worthwhile.

Figs. 6(C) and 6(D) show the response surface rddaby interaction
between mass of adsorbent and pH, with the initmhcentration of dye
maintained at 50 mg L The resultsobtained showed that adsorption was
superior when the mass of adsorbent was betweesnd.D.15 g. Moreover, the
lower removal at basic pH can be related to eletdti repulsion between the
negatively charged surfaces and dye molecules ioh&ncharacter. In acidic
medium, Tr removal is associated with the elecatostattraction between the
positively charged adsorbents and Tr molecules ghidrge -1.

Fig. 6 (E) shows the interaction between initiah@entration and pH for
the AK sample, with the central point mass congiddo be 0.0625 g. It can be
seen that the highest removal percentage occursnaentrations between 50
and 75 mg [*. The decrease observed after this concentratiorbeaattributed
to the competition of molecules for adsorption ssite the saturation of the
surface functional groups (Errais et al., 2011).
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3.5 Optimization of the conditions of adsorption

The Response Surface Methodology uses experimdatal obtained
from the experimental design in order to optimizaey gprocess when the
response interest is influenced by other variafiidmtterjee et al., 2012). In this
way, starting from the experimental results and d¢bastruction of Response
Surfaces, conditions were defined for the analgfisthe influence of the
parameters contact time and temperature in renufVel dye in RK and AK.
For both adsorbents studied, and having regardctmamic viability and
practicality, ideal conditions were defined as:cdncentration of 75 mgt, pH

of the solution equal to 4, and 0.12 g mass of rdodsa.

3.6 Influence of the contact time

To verify the equilibrium time of the systems, thteidy of adsorption
kinetics was carried out over a time interval frbmminutes to 24 hours (Fig. 7).

It can be observed that equilibrium is reached mo@rs for RK and 5
minutes for AK, with 67% and 70% of removal for tlespective samples. It is
possible to establish distinct profiles. For RKe #idsorption rate is higher at the
start of the process and decreases as it approacidirium, which can be
attributed to the reduction of the available sded difficulty in joining, because
of the effect of repulsive interactions betweemmmolecules already adsorbed
in nearby sites and remaining molecules in solyti@sulting in a longer
equilibrium time (Mall et al., 2005)Regarding AK, fast equilibrium can be
associated with the existence and availability ddrge number of adsorption
sites as a result of the action of the acid treatme deagglomeration of

particles and removal of the organic matter coeigiin the RK surface.
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Figure 7Influence of the contact time on the adsorptiorToby RK (A) and
AK (B)

3.6.1 Kinetic models

The kinetic models can be defined as assays useatktermine the
mechanism of adsorption. The pseudo first orderehptbposed by Lagergren
(Lagergren, 1893)escribes a mathematical relationship betweendbkerption
rate and adsorbed amount, and is appropriate teoridesthe adsorption
mechanism of adsorbate onto liquid phasbe model is described by the

equation:

Q =Qe[1-expfki)] )

where: k (h") is the rate constant for the pseudo first ordpragion; Qand Q
(mg g") are the quantity of adsorbate adsorbed per dnitass at a time t (t)
and at equilibrium, respectively.

The pseudo second order model proposed by Ho arkaiMHo and
Mckay, 1999)involves the kinetic of adsorption that dependshef quantity of
adsorption sites on the adsorbent surface. The Inezde be mathematically

expressed by the relation:
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where: k (g mg* h™) is the rate constant for the equation of pseustmrsd
order, Qand Q(mg g") are the quantity of adsorbate adsorbed per dimitass
at a time t (t) and at equilibrium, respectively.

The intraparticle diffusion was a model developgdNeber and Morris
(Weber and Morris, 1963), and is able to elucidiagemechanism that occurs in

successive stages. Equation 6 describes the pbpusgel:

Q =kgvt+C (6)

where: k ( mg g'h®? is the diffusion constant and C (md)gs a constant
associated with the boundary layer thickness.

The model proposed by Avrami (Lopes et al., 2088)elates changes
in adsorption rate to a function of the initial centration and time. The
mathematical relation that describes the modeblismgby the equation:

Q = Qe{ 1- exd_ (Kavt )]nAV }
(7)

Where ky (h'l) is a kinetic constant of Avramianis a constant associated to
the adsorption mechanism, anda@d Q (mg g*) are the quantity of adsorbate
adsorbed per unit of mass at time t (t) and atliégiuim, respectively.

The results of the experimental data are showralier6.
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Table 6 Adjustment of the experimental data tokihetic models

Kinetic model RK AK
Pseudo-first order

Q. (mg g" 2.0352 2.1580

ki (h™) 19.2520 3860.0

r 0.9807 0.9968

Standard error 0.1083 0.0463

Pseudo-second order

Q. (Mg g") 2.0853 2.1600
k. ( g mgth™) 19.9347 1094.2821

r 0.9944 0.9968

Standard error 0.0586 0.0462

Intraparticle diffusion

c (mg g% 1.5460 1.7898

k( mg g'h®? 0.1814 0.1271

r 0.5046 0.3379

Standard error 0.4787 0.5460

Avrami

Qe(mg g% 2.0352 2.1581
Kay (Mgg™)" 12.0178 828.1263
Nay 1.6020 828.1265

r 0.9807 0.9968

Standard error 0.1127 0.0482

The very high values of the correlation coefficeeahd low estimates of
the standard error allow us to infer that the kindata of the samples used were
best fitted by pseudo second order. These resuits that adsorptive capacity
is dependent on adsorption at specific sites insaugo chemical reaction,
involving electron transfer (Al-Anber et al., 20JHasan et al., 2008; Chiou et
al., 2003). The estimates of rate constants opeido second order show that
Tr adsorption by AK is approximately 55 times fadtean for the RK sample,
justifying the acid treatment employed.
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3.7 Isotherms of adsorption

The adsorption isotherm is defined as a mathematicarelation
important in modeling analysis, which enhances tstdading of the
mechanism of adsorption (Foo and Hameed, 2010).dake obtained from Tr
adsorption on RK and AK samples were fitted tolthegmuir, Freundlich and
Sips' models.

The Langmuir model (Langmuir, 1918 a type of isotherm based in
kinetic deduction which admits that the molecules adsorbed and adhere to
the surface of the adsorbent unique sites, as etefand located, in which
adsorbed molecules have the same power, reganfltiss presence or absence

of adsorbed molecules in the neighboring sites.Mhthematic expression is:

— QmKLCe

< 1+K,C,

(8)

where: Q(mg g*) is the quantity of adsorbate adsorbed per unidsforbent
mass at equilibrium, @mg g") is the monolayer coverage capacity, (K mg

) is the equilibrium constant related to the affinbetween adsorbent and
adsorbate, and {dmg L") is equilibrium concentration of the adsorbate in
solution.

The Freundlich isotherm (Freundlich, 1906)a model that considers
the interactions between the adsorbate adsorbethantolecules found in the
solution, also considering the heterogeneity of #usorbent material. This
model can be represented by the following equation:

Qe = KC" 9)
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where Q(mg g?) is the amount of dye adsorbed at equilibrium(idg ™" g™*
LY is the Freundlich constant,(@&qg L™ is the concentration of dye at
equilibrium; and n is a constant related to thensity of adsorption.

The Sips model (Sips, 1948)ay be defined as a combination of the
expressions of Langmuir and Freundlich which wasluded to predict
heterogeneous adsorption and to achieve the liontabf the highest
concentration of adsorbate which is associated whith Freundlich model.

Equation 10 describes the model proposed:

_ QmK sCellm

Qe 1+ KSCellm

(10)

where: Q(mg ghis the amount of dye adsorbed at equilibrium,(@g g*) is
the maximum adsorption capacity of a monolayeg;i& the Sips adsorption

constant (L mg)*'™

and 1/m is the Sips exponent (non-dimensional).

The experimental data fitted to the models are showrable 7.
The results were best fitted to Sips model, indligat adsorption in
heterogeneous surfaces. The results further shaw ttie acid treatment
increased the maximum dye adsorption capacity, hichv the respective
experimental values were 18.3 mg and 23.2 mg 4 These results show that
the acid treatment was promising, because it aleatere Lewis acidic sites,
interacting with the molecules of anionic dye, besi de-agglomerating clay
particles and decreasing the negative surface elwdrBK which could repel the

dye molecules in basic pH values.
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Table 7 Adjustment of the experimental data toisbéherm models

Isotherm Sample
RK AK
Qn exp.(mg &) 18.3 23.19
Langmuir
Qn (Mg g% 21.8205 30.4652
K, (L mgY 0.0037 0.0024
R 0.9975 0.9986
Standard error 0.5297 0.5461
Freundlich
Ne 2.3294 1.9866
E 0.8675 0.6445
(mg 1-(LinF) LnF g-l)
R 0.9876 0.9894
Standard error 1.1686 1.4997
Sips
Qm(mg g% 24.6624 29.0960
Ks(L mgh)*ns 0.0071 0.0018
Ng 1.1987 0.9342
R 0.9985 0.9987
Standard error 0.4310 0.5586

3.8 Mechanism of adsorption

The dye adsorption may be associated with to tkistemce of
polyvalent metal cations (&) constituents of the terminal sites which may form
bridges between clay particles and organic anidie main mechanism is
associated with the acidity of the kaolinite, whidkereases after the clay has
been treated with acid. The positive sites arematgd from external groups Al-
OH. The acid force of those groups is associated thie polarizing power of
Al. Thus, there is a high potential for adsorptibrough strong interactions due
to the formation of hydrogen bonds between surfgrmeip acids and anions
(Errais et al., 2012). The schematic representaishown in Fig. 8.



132

VAR
O s
+ * L
! H H HH H
A IR N L B i
YY1 IY >
| T
Al Al (OH),'
ol A" e,

N NF
Figure 8 Schematic representation of the adsorptienhanism of Tr onto RK
(Adapted of Errais et al., 2012)

3.9 Thermodynamic study
The temperature effect on Tr adsorption on RK akdwas studied at
temperatures of 298 K, 308 K, 318 K and 328 K. TWibkbs free energyAG)

can be calculated from equations 11 and 12.
AG = AH°-TAS® (11)

AG = -RTInK, (12)

In the equation, Kis Langmuir's equilibrium constant (L mtl Combining

equations 11 and 12, equation 13 is obtained:
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a5 _ane
R RT

InK, = (13)

The values ofAH° andAS’ can be obtained from the slope and intercept
of a linear plot between Inkand 1/T (Toor et al., 2012).

Table 8 Thermodynamic parameters calculated forattsorption of Tr by RK

and AK
K. AG AHP AS°
Sample T Wmg?Y  Imo)  (kImold) (I K™ mol?)
RK 298 0.0037 20.18 33.60 25.03
308 0.0056 19.73
318 0.0054 -19.28
328 0.0025 -18.83
AK 298 0.0024 -16.69 25.051 140.07
308 0.0029 -18.09
318 0.0061 -19.49
328 0.0052 -20.89

It can be seen in Table 8 that all values obtaiioed\G° are negative,
indicating the spontaneity of the Tr adsorption damples RK and AK. The
positive AH® value for AK and negative for RK indicate th&ietprocess is
endothermic and exothermic to the respective samfeand RK. The positive
value of AS’ for the AK sample indicates an increase in thelle¥alisorder of
the species adsorbed, possibly associated to thegek in the adsorbate
molecules’ configuration and in the adsorbent ni@tersurface. The negative
value of AS° for the RK sample indicates a configuration ihiaki a more
orderly arrangement of the dye molecules is invilvehich lose degrees of
freedom in adsorption (Weng et al., 2009; Hameedl.et2008; Wang et al.,
2006). These results show that the acid treatmemtuged some modifications
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in the initial material, leading to alterations the characteristics of the

thermodynamic process.

3.10 Reuse test
The percentage removal of Tr using the adsorberenals in three

cycles of adsorption is shown on Fig. 9.
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Figure 9 Reuse test

After three cycles of regeneration, the removal ceetages had
undergone reductions of 39% and 24% for the RK &kl samples,
respectively. It can be observed that the AK sarspldd be used twice, as it
was found that after the first desorption, the otidt in the percentage removal
was of only 5%. Therefore, it is possible to intfeat AK seems more promising
as an adsorbent, because it presents very sudiahtacteristics for such use and

is regenerable.
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4. Conclusions
Acid treatment produced only slight changes to ithidal material,

which can be attributed to the moderate conditiohthe acid treatment. The
pseudo-second-order kinetic model rate constanthggeer for AK sample than
the RK sample, which demonstrates that acid tredtmeas able to remove
organic matter from the material, which allows mmsger interaction between
active sites and adsorbate molecules, making theeps faster. The results of
studies of isotherms and thermodynamic paramegdlect the effectiveness of
acid treatment in increasing dye adsorption, a$ asthanging the nature and
the characteristics of the system in interactidme @iesorption step showed that
the AK sample had another useful characteristiaraadsorbent since there was

only a low reduction in the percentage of adsormptalowing the first use.
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CONCLUSOES

Minerais argilosos naturais sdo bem conhecidosrdlifmes desde os
principios da civilizacdo. Por causa de seu baugio; abundancia na maioria
dos continentes, propriedades favoraveis a adscec@apacidade de troca
ibnica, eles sdo apontados como fortes candidatmsarventes, uma vez que
apresentam uma estrutura em camadas capaz dmodéeulas de adsorvato.

O planejamento experimental adotado forneceu seipernpirico
eficiente a metodologia de superficie de resposéa por sua vez, possibilitou
ajustar um modelo quadratico para estudar o proaessadsor¢cdo dos corantes
azul de coomassie e tropaeolina nas amostras teitzae agalmatolito naturais
e submetidas ao tratamento acido.

Os resultados provenientes das isotermas de adsatgdazul de
coomassie revelaram que o tratamento acido prodiieitos distintos nos dois
argilominerais estudados. Enquanto a capacidadaddercdo aumentou da
amostra de caulinita natural para a amostra tratada acido, a remoc¢éo do
mesmo pela amostra de agalmatolito tratado se owosiferior aos resultados
obtidos pela amostra natural. Tais resultados penmiconcluir que a
modificacdo da camada tetraédrica durante a ligigaacida contribuiu para a
formacg&o de uma estrutura na qual as moléculadsieato interagem de uma
maneira menos adequada com os sitios de adsorcao.

Enquanto isso, os resultados obtidos da adsorcadrapaeolina
permitiram concluir que o tratamento acido propos& mostrou bastante
promissor, uma vez que promoveu um aumento naémefid de remocado do
corante estudado. Tais resultados revelam quea@$s0 se encontra associado

as mudancgas nas caracteristicas dos sistemasezatad.
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As superficies de resposta mostram algumas contigsagalidas dos
parametros, para se obter diferentes eficiéncigramesso de descontaminagéo
ambiental.

A combinacgéo entre a adsor¢cdo em minerais argisostimizacao por
superficie de resposta permitiu que a propostantada no trabalho fosse

aplicada de maneira adequada, no ambito de susitetaede.



