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RESUMO 

Este trabalho descreve a preparação, caracterização e aplicação de 

novos materiais híbridos inorgânico/orgânicos, obtidos a partir de processos de 

organofuncionalização da superfície lamelar de derivados de keniaíta, 

magadeíta e RUB-18. Os produtos obtidos foram tratados com agentes 

sililantes por diferentes métodos. Os materiais foram caracterizados por 

Espectroscopia vibracional da região do infravermelho com transformada de 

Fourier (FTIR) quanto à presença de grupos funcionais característicos. Os 

difratogramas de raio-X mostraram a cristalinidade e a microscopia eletrônica 

de varredura (SEM) forneceu pelas micrografias, a morfologia estrutural dos 

silicatos. As áreas superficiais específicas e a porosidade dos adsorventes 

foram obtidas através de cálculos de área e de volume de poros utilizando os 

métodos de BET e BJH. Espectros de ressonância magnética nuclear (RMN) 

de 29Si e 13C no estado sólido mostraram o sucesso das sínteses. Os 

resultados de análise elementar determinaram as quantidades de grupos 

orgânicos imobilizados na superfície e por termogravimetria (TGA) os 

resultados das temperaturas em que os materiais apresentaram estabilidade 

térmica. Efeitos da dosagem de adsorvente e do efeito de acidez pela variação 

de pH das soluções foram estudados para os diferentes materiais para otimizar 

as melhores condições de trabalho nos estudos de adsorção.  

As isotermas de adsorção foram obtidas por processos em batelada e os 

dados experimentais ajustados aos modelos de Langmuir, Freundlich, Sips e 

Redlich-Peterson, considerando superfícies heterogêneas. Pelo estudo cinético 

foi possível obter informações valiosas a respeito de um possível mecanismo 

de adsorção por interação eletrostática, no qual foram testados os modelos de 

ordem fracionária de Avrami, pseudo- primeira ordem, pseudo-segunda ordem 

e quimiossorção de Elovich. Os resultados obtidos mostraram a viabilidade da 

aplicação destes silicatos lamelares modificados como eficientes adsorventes 

para remoção de corantes têxteis de efluentes aquosos contaminados. 
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ABSTRACT 

This thesis describes the preparation, characterization and application of 

new inorganic/organic hybrid materials, obtained from organo-functionalization 

of lamellar surface of derivatives of keniaíta, magadeíta and RUB-18 silicates. 

The products obtained were treated with silylating agents by different methods. 

The materials were characterized by FTIR for verifying the presence of 

characteristic functional groups. The X-ray diffraction showed the crystallinity 

and scanning electron microscopy micrographs provided by the structural 

morphology of silicates. The specific surface area and porosity of the adsorbent 

was obtained by calculation of area and pore volume using the BET and BJH 

methods. Nuclear magnetic resonance spectra 29Si and 13C solid state have 

shown the success of the synthesis. The results of elemental analysis 

determined the amounts of organic groups on the surface and immobilized by 

thermogravimetric analysis (TGA) results of the temperatures at which the 

materials exhibited thermal stability. Effects of adsorbent dosage and effect of 

acidity by varying pH of the solutions were studied for different materials to 

optimize the best working conditions for adsorption.  

The adsorption isotherms were obtained by batch process and 

experimental data used to fit the Langmuir, the Freundlich, the Sips and the 

Redlich-Peterson isotherm models, considering heterogeneous surfaces. For 

kinetic models were utilized to obtain valuable information about a possible 

mechanism of adsorption in which the tested models were Avrami fractional 

order, pseudo-first order, pseudo-second order and chemisorption of Elovich. 

The results showed the feasibility of applying these lamellar silicates modified 

as efficient adsorbents for the removal of textile dyes from contaminated 

aqueous effluents. 
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1 INTRODUÇÃO 

 

 As atividades industriais são responsáveis por gerar grande volume de 

espécies nocivas em efluentes de águas residuais. Entre essas espécies, os 

corantes representam uma classe de compostos indesejáveis que inevitavelmente 

exigem um tratamento especial, pelo fato de que a simples presença desses 

compostos na água reduz a penetração de luz, impedindo fotossíntese da flora 

aquosa. Além disso, outras características associadas com muitos corantes são 

aquelas que afetam seres humanos por serem extremamente tóxicos, 

carcinogênicos e até mesmo mutagênicos. 

Uma das formas de controlar contaminações de efluentes por corantes 

provenientes da indústria têxtil é utilizar processos que removam ao máximo essas 

espécies tóxicas do ambiente aquífero. Vários métodos têm sido desenvolvidos para 

remoção de corante sintético de águas e efluentes, a fim de diminuir seu impacto 

sobre o meio ambiente.  

O procedimento mais barato e eficiente para tais processos está relacionada 

com a adsorção, onde as espécies de corante são transferidas do efluente para uma 

fase sólida. Posteriormente, o adsorvente pode ser regenerado ou ainda mantido em 

local seco sem contato direto com o meio ambiente.  

De uma série de materiais naturais e sintéticos, silicatos lamelares, e sílicas 

organofuncionalizadas têm despertado enorme interesse, devido à sua boa 

capacidade de adsorção, e boa capacidade de troca iônica, intercalações e 

possibilidade de participar de reações de organofuncionalização. Todas estas 

propriedades inferem o uso destes valiosos materiais para aplicações como 

adsorventes, trocadores iônicos, catalisadores e peneiras moleculares. 

Os silicatos lamelares hidratados, pertencentes ao grupo dos polissilicatos, 

são formados pelos materiais keniaíta, makatita, kanemita, octossilicatos e 

magadeíta e compreendem uma classe definida de compostos com diferentes 

arranjos cristalinos em lamelas. Toda a pureza destes materiais se dá pelo sucesso 

de sínteses em laboratórios, por tratamentos hidrotermais, através de condições 

controladas de tempo, temperatura, pressão, estequiometria e a razão de reagente, 

para a obtenção destes compostos, principalmente na forma sódica, 

que é o procedimento operacional preferido. Com exceção dos octossilicatos, todos 
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outros polissilicatos são encontrados naturalmente. Apesar da grande importância 

desta classe de compostos formados por lamelas, a estrutura correta de alguns 

deles ainda é desconhecida. Alguns estudos consideram que a estrutura desses 

compostos seja constituída por lamelas tetraédricas regulares de SiO4, com átomos 

de oxigênio terminal os quais podem ser neutralizados por íons sódio.  

Da mesma forma, para alterar a superfície das sílicas, um grande número 

de grupos silanol estarão disponíveis, com ligação de hidrogênio para um grande 

número de compostos orgânicos polares de bases para facilitar o processo de 

adsorção ou favorecer tanto interações como também, reações de intercalação. 

A presente investigação trata da utilização de três diferentes silicatos 

lamelares sódicos cristalinos: magadeíta (Na-mag), keniaíta (Na-ken) e o 

octossilicato ou ilerita RUB-18 (Na-RUB-18), bem como as conversão na forma ácida 

(H-mag e H-ken), além de outros novos materiais organofuncionalizados 2N-ken, 

CTA-RUB-18 e C-RUB-U. 

Estes materiais apresentam alta área superficial, alta estabilidade térmica e 

mecânica, resistência a solventes e ácidos e por apresentarem grande capacidade 

de interagir com os corantes. Por essa última habilidade, os silicatos lamelares e os 

novos materiais híbridos obtidos por reações de organofuncionalização foram 

testados como adsorventes alternativos para remoção dos corantes têxteis Azul de 

metileno (AM), Laranja Reativo 16 (LR16) e Preto Reativo 5 (PR5) de soluções 

aquosas, através do processo de adsorção em batelada. 

  

2 REVISÃO BIBLIOGRÁFICA 

2.1 Silicatos 

 Os silicatos são a principal classe de minerais em toda crosta terrestre, 

representando 25% dos minerais conhecidos. São compostos formados por 

unidades estruturais extremamente estáveis contendo tetraedros, representados por 

SiO4, que, dependendo do tipo de polimerização envolvido, pode formar diferentes 

grupos de compostos 1. 

 A estrutura dos silicatos pode consistir em tetraedros independentes, cadeias 

simples, cadeias duplas, lamelas ou armações tridimensionais 2 . Assim conforme o 
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arranjo cristalino, os silicatos podem ser agrupados em classes, conforme mostra a 

Tabela 1 e Figura 1. 

 

Tabela 1 - Classificação dos silicatos conforme arranjo cristalino dos grupos 

tetraédricos SiO4 
1 . 

 

Classe Arranjo cristalino dos tetraedros sio4 

Nesossilicatos Tetraedros isolados de (SiO4)
4- 

Sorossilicatos Pares de tetraedros de (SiO4)
4- 

Ciclossilicatos Anéis de tetraedros de (SiO4)
4- 

Inossilicatos Cadeias simples ou duplas de tetraedros de (SiO4)
4- 

Tectossilicatos Arranjos tridimensionais de tetraedros de (SiO4)
4- com os 4 

O2- ligados a outros tetraedros 

Filossilicatos Lamelas de tetraedros de (SiO4)
4- 
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Os nesossilicatos são formados por grupos independentes de tetraedros de 

SiO4
4-. As cargas negativas dos tetraedros são neutralizadas por cátions. Exemplos 

dessa classe são as olivinas, (Mg,Fe)2SiO4, as granadas, 

(Ca,Mg,Fe,Mn)3(Al,Fe,Cr)2(SiO4)3 e as pedras preciosas topázio e zirconita 3-7.  

Os sorossilicatos 3-7 são formados quando dois tetraedros SiO4
4- estão 

interligados, compartilhando um átomo de oxigênio gerando o íon (Si2O7)
6-. Estes 

minerais aparecem como epídoto, Ca5(Al,Fe)Al2O(SiO4)(SiO7)(OH), thortveítita, 

Sc2Si2O7 e hemimorfita, Zn4(OH)2Si2O7H2O.  

Os ciclossilicatos são formados quando tetraedros de SiO4
4- se polimerizam 

gerando uma estrutura com forma de anéis. Alguns exemplos são a turmalina, 

Na(Mg,Fe)3Al6(BO3)3(Si6O18)(OH)4 e o berilo3-7. 

Quando várias unidades de SiO4
4- se unem em cadeia infinita, a unidade 

estrutural é o grupo piroxênio (SiO3)
2- que dá origem aos minerais piroxênios como a 

augita, Ca(Mg,Fe,Al)(Al,Si)2O6 e o hiperstênio, (Mg,Fe)SiO3. A ligação de duas 

cadeias (SiO3)
2- produz uma cadeia dupla, com estrutura unitária (Si4O11)

6- gerando 

os minerais anfibólios como a tremolita Ca2Mg5(Si4O11)2.(OH)2 e a hornblenda, 

NaCa2(Mg,Fe,Al)5((Si,Al)8)22(OH)2. Esta classe é denominada de inossilicatos3-7. 

O compartilhamento de todos os átomos de oxigênio por silício significa a 

formação de uma estrutura tridimensional, os tectossilicatos 3-7. Alguns exemplos 

são o quartzo e o feldspato como os mais comuns e mais abundantes dessa classe. 

E por fim, o compartilhamento de três átomos de oxigênio dos vértices por 

átomos de silício, resulta em estruturas lamelares, os filossilicatos, cuja unidade é 

(Si2O5)
2-. As argilas (vermiculita, montmorilonita e caulinita) e as micas (biotita, 

K(Al,Fe)3(AlSi3O10)(OH)2 e a muscovita, KAl3(AlSi3O10)(OH)2) são exemplos dessa 

classe 3-7. 

 

2.2 Filossilicatos 

 As espécies de filossilicatos (do grego phyllos) são, atualmente, uma das que 

mais despertam interesses de pesquisadores da área de materiais lamelares1. Os 

filossilicatos constituem um grupo de minerais, com grande importância para a 

geologia, pedologia e para a indústria.  

 A estrutura cristalina dos filossilicatos apresenta camadas constituídas por 

tetraedros de silício ou alumínio (minerais argilosos, que são os aluminossilicatos) e 
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 A estrutura cristalina dos sólidos lamelares é formada por efetiva ligação 

intralamelar, principalmente ligações covalentes (pela rigidez das camadas) e 

interações fracas do tipo van der Waals, que são as presentes nas regiões  

interlamelares e favorecem reações de intercalação e organofuncionalização, uma 

vez que existe grande possibilidade de flexibilidade e da expansão do espaço 

interlamelar 13. 

 A superfície das lamelas apresenta cargas que determinam a natureza dos 

sítios ativos disponíveis para determinadas reações. Por isso é considerada uma 

característica muito importante, determinando a presença de interações hidrofílicas e 

hidrofóbicas15. 

 A acidez superficial e a porosidade de sólidos ácidos são as propriedades 

físicas que mais afetam e determinam o comportamento catalítico destes materiais, 

em função da natureza da lamela. A espessura da lamela também é um fator 

importante, pois tem relação direta com a rigidez dos constituintes lamelares. 

Existem algumas reações em que é preciso considerar essa propriedade para que 

não haja colapso do espaço interlamelar. Por exemplo, algumas reações de 

funcionalização podem modificar a estrutura lamelar organizada e esfoliar o material, 

o que pode promover uma desorganização da estrutura15,16. 

 Muitos materiais estudados são naturais, porém busca-se sempre a melhoria 

das condições sintéticas, com objetivo de obter em laboratório materiais 

semelhantes aos encontrados na natureza, ou mesmo trabalhar com materiais 

sintéticos que podem trazer vantagens por apresentar baixa ou quase nenhuma 

contaminação com outros elementos. 

  

2.4 Silicatos lamelares hidratados 

 Os silicatos lamelares hidratados, formado por um grupo de polissilicatos, cuja 

utilização vem despertando um grande interesse são uma das classes de materiais 

lamelares13,17. Eles apresentam fórmula geral Na2O·(4-22)SiO2·(5-10)H2O e são 

formados pelos materiais makatita, kanemita, magadeíta, keniaíta e octossilicato ou 

ilerita. Podem ser encontrados na natureza em lagos de alta estabilidade ou obtidos 

em laboratório através de sínteses hidrotérmicas, com exceção dos octossilicatos 

que são obtidos apenas por síntese17. 
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 Porém o interesse nesses materiais se dá pela grande possibilidade utilizá-los 

como matrizes para reações de intercalação de várias espécies químicas na região 

interlamelar com inúmeras aplicações 20,21. 

 Essas estruturas possuem diferentes arranjos tetraédricos de silício formando 

grupos siloxanos e silanóis, carregados negativamente cujas lamelas são separadas 

por cátions hidratados, que podem se tornar ácidos após reação de troca iônica17. 

Em cada unidade o átomo de oxigênio forma ponte com átomos de silício, sendo 

que a parte superficial da lamela é coberta por grupos silanóis (SiOH), os quais 

apresentam acidez de Brönsted superficial22. 

 Um maior destaque será dado aos materiais hidratados Na-magadeíta,  

Na-keniaíta e Na-RUB-18, produto sintético da família de silicatos lamelares, por 

serem os compostos utilizados neste trabalho. A magadeíta e a keniaíta natural 

foram descobertas em 1967 no lago Magadi no Kênia23. As formulações químicas 

propostas para esses materiais são Na2Si14O29·9H2O (magadeíta) e 

Na2Si22O45·10H2O (keniaíta).  

O RUB-18, apresenta dados estruturais de alguns derivados que foram 

sintetizados, como sua forma ácida, H-RUB-18, e a forma intercalada com acetona 
24. A primeira síntese data de 1964, foi feita por Iler 25, e o material passou a ser 

chamado de octossilicato, de acordo com a sua composição química, que apresenta 

razão molar SiO2/Na2O igual a 8 25,26. Porém, esse nome não refletia nenhum 

aspecto estrutural do material, e então passou a ser conhecido também como ilerita, 

em homenagem ao autor que o sintetizou. Recentemente, com a determinação 

exata da estrutura cristalina e algumas mudanças na rota de síntese em 2008 24, o 

material passou a ser conhecido como Na-RUB-18, pois foi sintetizado na Ruhr-

Universität Bochum, e este nome se tornou a tendência da literatura atual. 

 Estes materiais apresentam muitas propriedades, tais como: adsorção de 

moléculas no espaço interlamelar, troca iônica, inchamento ("swelling") e enxertia 

("grafting") 27. Dessa forma um número grande de aplicações desses sólidos 

lamelares hidratados pode ser observado, por exemplo, como adsorvente de metais 

e corantes, catalisador, trocador iônico e peneira molecular 28-31. 

 Neste trabalho, destaca-se a aplicação destes materiais com alta capacidade 

de troca iônica e de alta habilidade de remoção de contaminantes inorgânicos e 

orgânicos de águas como adsorventes de baixo custo para remoção de corantes de 

efluentes contaminados. 
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2.5 Corantes 

Nos últimos 100 anos, mais de 20.000 novos corantes foram sendo 

sintetizados e como a demanda por corantes é grande e variada 32,33, pesquisadores 

das grandes empresas fabricantes de corantes são desafiados a produzir compostos 

com propriedades particulares para os diferentes fins, como por exemplo, para 

indústrias de couro, papel, cosméticos, plásticos, alimentícia, automotiva, madeireira, 

vernizes, solventes e tintas, farmacêuticas, de saponáceos e detergentes e 

principalmente para a indústria têxtil 34. 

Somente na indústria têxtil já estão catalogados mais de 8.000 corantes 

sintéticos 33, diversidade esta justificada pelos diferentes critérios que influenciam na 

escolha de determinado corante, como por exemplo, natureza da fibra têxtil, 

características estruturais do corante e da fibra, classificação e disponibilidade do 

corante para aplicação, propriedades de fixação, custo econômico, dentre outras 

propriedades 32. 

Corantes têxteis são compostos orgânicos cuja finalidade é conferir coloração 

a um determinado substrato, ou seja, a uma determinada fibra, seja ela sintética ou 

natural. Os corantes apresentam dois componentes principais na sua estrutura: o 

grupo cromóforo, responsável pela cor e o grupo funcional que permite a fixação nas 

fibras dos tecidos 35,36. A forma da fixação da molécula do corante as fibras 

geralmente é feita em solução aquosa e pode envolver basicamente quatro tipos de 

interações: ligações iônicas, ligações de hidrogênio, de van der Walls e ligações 

covalentes 32. 

Os corantes utilizados neste trabalho foram o corante catiônico ou básico, 

Azul de Metileno (AM) obtido da Sigma (CI 52030, azul básico 9, C16H18N3SCl) para 

os materiais magadeíta, o corante reativo Laranja Reativo 16 (LR16) obtido da 

Sigma (Reactive Orange 16, CI 17757, C20H17N3O10S3Na2) para materiais keniaíta e 

o corante Preto Reativo 5 obtido da Sigma (Reactive Black 5, CI 20505, 

C26H21N5O19S6Na4) para o RUB-18. 

 Os corantes reativos são os que contêm um grupo eletrofílico (reativo) capaz 

de formar ligação covalente com grupo hidroxila das fibras celulósicas, com grupos 

amino, hidroxila e tióis das fibras protéicas e também com grupos amino das 

poliamidas. Existem numerosos tipos de corantes reativos, porém os principais 

contêm a função azo e antraquinona como grupos cromóforos e os grupos 
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clorotriazinila e sulfatoetilsulfonila como grupos reativos. Neste tipo de corante, a 

reação química se processa diretamente através da substituição do grupo 

nucleofílico pelo grupo hidroxila da celulose 35,37.  

Este grupo de corantes apresenta como característica uma alta solubilidade 

em água e o estabelecimento de uma ligação covalente entre o corante e a fibra, 

cuja ligação confere maior estabilidade na cor do tecido tingido quando comparado a 

outros tipos de corantes em que o processo de coloração se opera através de 

ligações de maior intensidade 36. 

Os corantes catiônicos ou básicos são solúveis em água e ligações iônicas 

(atração eletrostática) são formadas entre o cátion da molécula do corante, e os 

sítios aniônicos na fibra. São fortemente ligados e não migram facilmente. Produzem 

cores brilhantes e boa resistência (exceto em fibras naturais), e apresentam uma 

variedade de cores ilimitada 32.  

 

2.6 Consequências do uso de corantes 

Com a extensiva utilização de corantes reativos pelas indústrias têxteis, 

ocorre a geração de um grande volume de efluentes contaminados durante os 

processos de tingimento têxtil. Os processos de tinturaria e lavagem são as 

principais fontes de poluição da água, sendo produzidos de 45 a 65 litros de água 

por quilograma de tecido processado 38. Esta contaminação se dá, pelas perdas 

ocorridas durante os processos de fixação da tintura às fibras e pode ser facilmente 

detectada a olho nu, sendo visível mesmo em concentrações tão baixas quanto 1 

mg.L-1 . 

 Por este motivo, uma pequena quantidade de corantes lançada em efluentes 

aquáticos promove uma alteração na coloração da água, gerando um possível 

comprometimento do sistema aquático 32. Este fato tornou-se um dos aspectos mais 

importantes do ponto de vista ambiental, uma vez que alterações ecológicas e 

toxicológicas podem ser observadas após a contaminação de efluentes geradas pelo 

uso de corantes em indústrias têxteis 39-41. 
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2.7 Tratamentos para remoção da cor de efluentes 

 O maior problema observado quando se trata de efluentes contaminados por 

corantes têxteis é com relação à alta estabilidade desses compostos, que são 

extremamente resistentes à luz e a agentes oxidantes moderados, logo o 

desenvolvimento de tecnologia adequada para o tratamento de efluentes, tem sido 

objeto de grande interesse nós últimos anos pela comunidade científica. 

Neste trabalho, será abordado o processo de adsorção como tratamento para 

remoção de corantes de efluentes contaminados. 

 

2.7.1 Processo de Adsorção 

De acordo com informações na literatura, adsorção em suspensões sólido-

líquido (adsorvente sólido e adsorvato dissolvido em solução líquida) é um dos 

métodos mais utilizados e eficientes para remoção de poluentes de efluentes 

aquosos. O processo de adsorção sólido-líquido explora a habilidade que certos 

sólidos têm de concentrar na sua superfície substâncias específicas presentes em 

soluções aquosas. Dessa forma, os componentes das soluções aquosas podem ser 

separados. O material inicial a ser adsorvido é o adsorvato, e o material sólido onde 

ocorre a adsorção é chamado de adsorvente. Devido às diferentes forças de 

interações envolvidas no fenômeno de adsorção, este é comumente distinguido em 

adsorção física (fisiossorção) ou química (quimiossorção) 42. Adsorção física, ou 

adsorção de van de Waals, é um fenômeno reversível. A fisiossorção é o resultado 

de forças intermoleculares de atração relativamente fracas entre as moléculas do 

sólido e a substância adsorvida. Esta substância adsorvida não penetra dentro da 

estrutura do cristal do sólido e não se dissolve nele, mas permanece inteiramente 

sobre a superfície 43, 44.   

Adsorção química é o resultado da interação química entre o sólido e a 

substância adsorvida. O processo pode ser reversível ou irreversível. Na 

quimiossorção as forças de interação adsorvato-adsorvente são relativamente 

superiores quando comparadas às forças observadas na adsorção física. Na 

quimiossorção há a formação de uma ligação química (covalente, iônica) entre a 

molécula do adsorvato e a superfície do adsorvente. A descoloração do efluente é o 

resultado de dois mecanismos, a adsorção e a troca iônica (sítios com cargas no 
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adsorvente) e é influenciada por fatores físico-químicos, tais como a interação entre 

adsorvato e o adsorvente, área superficial do adsorvente, tamanho de partícula, 

tamanho de poros do adsorvente, temperatura, acidez da solução do adsorvato (pH) 

e tempo de contato entre adsorvente e adsorvato 43, 44.   

A adsorção tem sido considerada superior a outros processos de 

descontaminação para reutilização de águas. Em alguns casos, o adsorvente pode 

ser no final do processo regenerado. Contudo, o primeiro passo para um processo 

de adsorção eficiente é a escolha de um adsorvente com alta capacidade de 

adsorção e elevada eficiência para a remoção do adsorvato.  

Nos últimos anos, existe uma procura no desenvolvimento de novos materiais 

capazes de remover poluentes de água contaminada. Dentre muitos adsorventes, 

neste trabalho serão utilizados os sólidos cristalinos lamelares magadeíta, keniaíta e 

RUB-18 é um produto da família de silicato em camadas, como matrizes para os 

processos de adsorção utilizados para remoção dos corantes Azul de Metileno (AM), 

Laranja Reativo 16 (LR16) e Preto Reativo 5 (RB5) de efluentes sintéticos 

contaminados. 

 

3 MATERIAIS E MÉTODOS 

3.1 Síntese dos materiais 

3.1.1 Síntese dos materiais sódicos 

Os silicatos sódicos hidratados keniaíta sódica (Na-ken), magadeíta sódica 

(Na-mag) e Na-RUB-18 foram sintetizados utilizando tratamentos hidrotérmicos em 

autoclave de teflon 19, 26, 29, 30, 45-47, 48. A uma suspensão de sílica gel foi adicionado 

hidróxido de sódio em solução aquosa nas seguintes proporções: 

Na-ken → 4 SiO2 : 2 NaOH : 35 H2O 

Na-mag → 9 SiO2 : 1 NaOH : 75 H2O 

Na-RUB -18→ SiO2 : 0,5 NaOH : 7 H2O 

 

O adsorvente Na-ken foi aquecido a 423K por 7 dias 19, 30, 47, o Na-mag a 420 

K por 72h 29, 48 e o Na-RUB-18 a 378K por 9 dias 26, 49. Os produtos foram lavados 

com água deionizada até atingir pH 7,0. Foram centrifugados e o Na-ken foi secado 
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a 333 K por 48h 19, 30, 47, o Na-mag a 320 K por 24h 29,48 e o Na-RUB-18 a 323K por 

24h 26, 49.  

 

3.1.2 Síntese dos materiais ácidos de keniaíta e magadeíta 

 Amostras de Na-ken e de Na-mag foram imersas em ácido clorídrico (0,10 

mol.dm-3 e 0,20 mol.dm-3 respectivamente) com pH próximo a 2,0 e a suspensão foi 

agitada por 5 dias. Os produtos keniaíta ácida (H-ken) e magadeíta ácida (H-mag), 

foram filtrados, lavados com água deionizada até atingir pH 7,0 e secos por 333 K 

por 48 h e 320 K por 24 h, respectivamente 19, 29, 30, 47, 48. 

3.1.3 Síntese do CTA-RUB-18 

 

Uma amostra de 2,0 g de Na-RUB-18 foi disperso em 200cm3 de 0,10 mol. 

dm-3 de uma solução aquosa de brometo de cetiltrimetilamônio (CTAB). A mistura foi 

agitada durante 3 dias à temperatura ambiente. O procedimento foi repetido 3 vezes 

até se completar o processo de intercalação, o qual foi acompanhado por difração 

de raios-X. O sólido obtido (CTA-RUB-18) foi centrifugado, lavado com etanol e seco 

a 323 K durante 24 h 26, 49.  

3.1.4 Reação de organofuncionalização para o H-ken 

Uma amostra do material H-ken foi suspenso em 15,0 cm3 de DMS 

(dimetilsulfóxido) sob fluxo de N2 a 298K por 1h.  

A seguir adicionou-se o agente silante, 3-N-trimetóxisililpropiletilenodiamina à 

suspensão, sob agitação de 1h, em atmosfera de N2 a 363K por 72h 46. O sólido 

obtido foi filtrado, lavado com DMS e acetona em um sistema Soxleth para remover 

o solvente e em seguida seco sob linha de vácuo para produzir o composto 

organofuncionalizado denominado 2N-ken 27,46. 

3.1.5 Reação de organofuncionalização para o CTA-RUB-18 

Uma amostra de 2,0 g de CTA-RUB-18 pré-sintetizado foi suspenso em 

100cm3 de tolueno, sob fluxo de nitrogênio a 343K durante 1 h. A seguir, 2,0cm3 do 

agente sililante trimethoxisilil propil uréia- (TPU – (CH3O)3Si(CH2)3NHCONH2) foi 

adicionado ao meio reacional e foi mantido por mais 96h. O produto obtido (C-CHF-
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U), foi filtrado, lavado com etanol (Synth), e seco sob vácuo a 343K durante 24 h 1, 24, 

26. 

3.2 Soluções e reagentes 

Água deionizada foi utilizada em todos os experimentos, no preparo de todas 

soluções.  

Testes preliminares foram realizados com diferentes corantes para avaliar o 

desempenho destes no processo de adsorção utilizando os diferentes adsorventes. 

Foram escolhidos três corantes para o estudo de adsorção, os quais foram os que 

apresentaram melhores resultados nos testes preliminares. 

Os corantes utilizados nos experimentos foram o corante catiônico Azul de 

Metileno (AM) obtido da Sigma (CI 52030, azul básico 9, C16H18N3SCl, apresentado 

na Figura 5) para os materiais magadeíta, o corante Laranja Reativo 16 (LR16) 

obtido da Sigma (Reactive Orange 16, CI 17757, C20H17N3O10S3Na2, apresentado na 

Figura 6) para os materiais keniaíta e o corante Preto Reativo 5 (PR5) obtido da 

Sigma (Reactive Black 5, CI 20505, C26H21N5O19S6Na4, apresentado na Figura 7) 

para o RUB-18. 

 

 

                                  

 

Figura 5 – Representação esquemática da estrutura molecular do corante catiônico 

Azul de Metileno (AM). 
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Figura 6 – Representação esquemática da estrutura molecular do corante reativo 

Laranja Reativo 16 (LR16). 

                 

 

Figura 7 – Representação esquemática da estrutura molecular do corante reativo 

Preto Reativo 5 (PR5). 

 

As soluções estoque foram preparadas pela dissolução dos respectivos 

corantes em água deionizada, rigorosamente pesados para obter a concentração de 

5000 mg.dm-3. 

As soluções de trabalho foram obtidas por diluição da solução estoque dos 

corantes para as concentrações necessárias de trabalho. 
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Para o ajuste do pH de todas soluções, foram utilizadas soluções de hidróxido 

de sódio ou ácido clorídrico 0,10 mol.dm-3. O pH das soluções foi medido utilizando 

um pHmetro Hanna modelo HI 255. 

 

3.3 Técnicas de caracterização  

3.3.1 Espectroscopia vibracional na região do infravermelho 

Esta técnica é muito importante para a avaliação qualitativa do material, uma 

vez que a estrutura inorgânica lamelar exibe características que propiciam o 

acompanhamento vibracional através do aparecimento de bandas típicas. Por 

exemplo, na região interlamelar ocorre a interação das espécies convidadas com os 

sítios ativos presentes na superfície do sólido, sendo possível acompanhar por 

infravermelho esses efeitos que afetam a estrutura original 51.  

Quando o composto cristalino lamelar sofre modificação devido à troca iônica, 

intercalação ou organofuncionalização, a integridade estrutural das lamelas é 

essencialmente mantida durante o processo e pode-se observar as vibrações 

características das moléculas orgânicas modificantes no material28,29. 

Os materiais foram caracterizados quanto à presença de grupos funcionais 

utilizando-se um espectrofotômetro vibracional na região do infravermelho com 

transformada de Fourier (FTIR), marca Bomem, modelo MB-Series. 

 A análise por FTIR consistiu em analisar pastilhas contendo as amostras 

pressionadas com KBr previamente seco e os espectros foram obtidos com uma 

resolução de 4 cm-1 com 32 varreduras acumuladas na região de 4000-400 cm-1. 

3.3.2 Isoterma de adsorção e dessorção de gás nitrogênio 

As áreas superficiais específicas e a porosidade dos adsorventes magedeíta 

sódica e ácida e keniaíta sódica e ácida foram determinadas utilizando um 

analisador de volume de adsorção, ASAP 2010, fornecido pela Micromeritrics, em 77 

K (ponto de ebulição do nitrogênio). As amostras foram pré-tratadas em 373 K por 

24 h sob atmosfera de nitrogênio, a fim de eliminar umidade adsorvida na superfície 

das amostras sólidas. Depois disso, as amostras foram submetidas a 298 K sob 

vácuo. Para os cálculos de área e volume de poros foram utilizados os métodos de 

BET e BJH.  
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3.3.3 Análise Elementar 

A análise elementar é uma técnica útil que possibilita quantificar os grupos 

imobilizados nos suportes inorgânicos com o resultado do percentual dos elementos 

carbono, hidrogênio e nitrogênio, determinando dessa forma o grau de 

funcionalização dos materiais 28,29,51.  

As medidas foram obtidas pelo menos em duplicata e realizadas em um 

analisador elementar de CHN da Perkin-Elmer, modelo 2400. 

3.3.4 Difração de Raio-X 

 A técnica de difração de raios-X é importante para a caracterização de 

materiais lamelares, possibilitando determinar as posições relativas dos átomos 

existentes na rede cristalina de um sólido e assim determinar a cristalinidade, 

estrutura e distância interplanar dos materiais. É possível também, acompanhar a 

variação da distância basal quando o material sofre alguma reação, troca iônica, 

intercalação ou modificação química 51. 

 Para obtenção dos difratogramas de raios-X dos materiais foi utilizado um 

difratômetro Shimadzu, modelo XRD 7000, na faixa de 2θ = 1,4 a 50º, com radiação 

CuKα correspondente a 1,54 Å.  

3.3.5 Microscopia eletrônica de varredura 

A microscopia eletrônica de varredura (MEV) é utilizada para análises 

microestruturais de sólidos através de imagens representativas e de fácil 

interpretação. As micrografias mostram a morfologia dos materiais, a forma das 

partículas formadas e até uma estimativa do tamanho médio que apresentam 52. 

Todos os materiais foram analisados em um microscópio JEOL modelo JSM-

6360 LV, para o estudo da morfologia dos materiais, equipado com um acelerador 

de voltagem de 5 kV a 77K.  

3.3.6 Ressonância magnética nuclear de 29Si e 13C 

A ressonância magnética nuclear é uma técnica muito utilizada para 

caracterização de estruturas lamelares, pois indica o ambiente químico para cada 

tipo de interação de átomos no composto. Assim, é possível verificar a presença de 

estruturas orgânicas no material e observar o deslocamento dos sinais após a 
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reação e modificação da superfície lamelar, além de identificar as diferentes 

vizinhanças dos átomos de silício nas amostras 51. 

Os espectros de RMN no estado sólido, com polarização cruzada e rotação 

do ângulo mágico (CP-MAS), foram obtidos por um espectrômetro de alta resolução 

Bruker AC300/P, 121 MHz, operando em freqüências de 59,6 até 100,6 MHz com 

rotações de 10 até 15 KHz, tempo de aquisição de 3,0 a 8,0 ms e tempo de contato 

de 5 ms para o núcleo de 29Si. Os deslocamentos químicos (ppm) foram 

referenciados ao tetrametilsilano (TMS). 

3.3.7 Termogravimetria 

Conforme recomendações da ICTAC (International Confederation for Thermal 

Analysis and Calorimetry), análise térmica é um grupo de técnicas em que uma 

propriedade da amostra é monitorada em função do tempo ou temperatura, 

enquanto a temperatura da amostra, em uma específica atmosfera, é programada. O 

programa deve envolver aquecimento ou resfriamento em uma taxa fixa de variação 

de temperatura. 

 Mais especificamente, pode-se definir a termogravimetria (TGA) como uma 

técnica em que a massa da amostra é monitorada em função do tempo ou 

temperatura, enquanto é programada a temperatura da amostra, numa específica 

atmosfera48 . 

As curvas termogravimétricas foram obtidas em termobalança da TA 

instruments 5100, modelo TGA 2050, com razão de aquecimento de 0,17 K.s-1, sob 

fluxo de 30 cm3
.s-1

 de nitrogênio, variando na faixa de temperatura ambiente até 

1223 K, com massa de aproximadamente 10 mg do sólido.  

3.4 Experimentos de adsorção 

3.4.1 Experimentos de adsorção em batelada 

  

Os estudos de adsorção para avaliar as formas dos adsorventes magedeíta e 

keniaíta sódicos (Na-mag e Na-ken) e ácidos (H-mag e H-ken), para remoção dos 

corantes AM (Azul de Metileno) e LR16 (Laranja Reativo 16) em soluções aquosas, 

foram realizados em triplicata, utilizando o processo adsorção em batelada. 
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Para estes experimentos, massas fixas dos adsorventes variando de 20,0 a 

200,0 mg foram suspensas em uma série de 20 cm3 de soluções dos corantes com 

concentrações que variavam de 2,00 a 1.000,0 mg.dm-3 utilizando Erlenmeyers com 

volume de 50 cm3. O contato entre os adsorventes e adsorvatos foi realizado em um 

agitador horizontal, TECNAL, com  tempo de agitação que variando entre 5 a 360 

minutos, com 150 rotações por minutos (rpm). As temperaturas foram fixadas, 

colocando esse agitador numa câmera climatizada fornecida pela Oxylab 51-54. 

Os estudos de equilíbrio foram realizados sob condições otimizadas de 210 

min a 298 ± 1K, com pH inicial das soluções dos corantes que variou de 2,0 a 10,0. 

Posteriormente, a fim de separar os adsorventes das soluções aquosas, os frascos 

foram centrifugados a 3600 rpm por 10 minutos e as alíquotas de 1,0 a 10,0 cm3 do 

sobrenadante foram devidamente diluídas. As concentrações finais dos corantes que 

permaneceram na solução foram determinadas por espectrofotometria visível, 

utilizando um espectrofotômetro Femto 600S provido de cubetas de vidro óptico com 

caminho óptico de 1,0 cm 52-54.  

Foram feitas medições de absorbância no comprimento de onda máximo do 

AM (Azul de Metileno) em λ = 660 nm, do LR16 (Laranja Reativo 16) em λ = 493 nm 

e do PR5 (Preto Reativo 5) em λ = 590 nm. O limite de detecção determinado de 

acordo com a IUPAC 55 foi de 0,09 mg.dm-3 para o AM, de 0,15 mg.dm-3 para o LR16 

e de foi de 0,14mg. dm-3 para o PR5. 

 

A quantidade dos corantes adsorvido e a porcentagem de remoção dos 

corantes pelos adsorventes foram calculadas mediante a aplicação das Equações 

(1) e (2), respectivamente: 

 

 

o f(C C )
q .V

m


  

(1)

o f

o

(C -C )
%Remoção=100.

C
 

(2)

 

 

onde q é a quantidade do corante adsorvido (mg.g-1); Co é a concentração inicial do 

corante colocado em contato com os adsorventes (mg.dm-3), Cf é a concentração 
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dos corantes (mg.dm-3) após o processo de adsorção, V é o volume de solução dos 

corantes (dm3) colocado em contato com os adsorventes e m é a massa (g) dos 

adsorventes. 

 

3.4.2 Modelos cinéticos de adsorção 

 

O estudo cinético de adsorção é importante no tratamento de efluentes 

aquosos porque ele fornece informações valiosas a respeito do mecanismo de 

adsorção 56.  

Vários modelos foram desenvolvidos para encontrar as constantes intrínsecas 

das taxas cinéticas de adsorção. Tradicionalmente, as cinéticas de adsorção dos 

adsorvatos são descritas pelas expressões originalmente desenvolvidas por 

Lagergren 57. Uma cinética de adsorção simples é a equação de pseudo-primeira 

ordem, dada abaixo: 

 

f te

dq
 = k .(q - q )

dt         (3) 

 

Na qual qt é a quantidade de adsorvato sorvida em qualquer tempo t (mg g-1), 

qe é a quantidade adsorvida no equilíbrio (mg g-1), kf é a constante da taxa de 

pseudo-primeira ordem (min-1), e t é o tempo de contato (min) entre o adsorvente e o 

adsorvato. A integração da equação (3) nas condições de contorno, qt = 0 em t= 0, e 

qt= qt em t=t origina: 

 

Ln (qe-qt) = Ln(qe) – kf.t       (4) 

  

Após rearranjar essa equação numa forma não linear, a equação cinética de 

pseudo-primeira ordem 57 torna-se: 

 

qt= qe.[1- exp(-kf.t)]        (5) 

 

A cinética de adsorção de pseudo-segunda ordem 58 baseia-se em: 
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2t
s e t

dq
 = k .(q -q )

dt         (6) 

 

Na qual, ks é a constante da taxa de pseudo-segunda ordem (g mg-1 min-1). A 

integração da equação (6) com as condições de contorno, qt = 0 em t = 0, e qt = qt 

em t = t dá origem a: 

 

2
s e

t
se

k .q .t
q = 

1+q .k .t          (7) 

 

A taxa inicia de adsorção (ho, expressa em mg g-1 min-1) pode ser obtida 

quando t aproxima-se a zero. 

 

ho = ks.qe
2         (8) 

 

A equação de Elovich é aplicada para cinética de quimissorção 59. Essa 

equação tem sido aplicada satisfatoriamente em alguns processos de quimissorção 

e tem sido aplicada com sucesso em processos de cinética de adsorção lenta 60. A 

equação cinética é válida para sistemas nos quais a superfície do adsorvente é 

heterogênea e é formulada como:  

 

t
t

dq
 = α.exp(-βq )

dt         (9) 

 

Integrando essa equação nas condições de contorno, qt = 0 em t =0 e qt = qt 

para t = t, origina-se: 

   

o ot

1 1
q = Ln (t + t ) - Ln(t ) 

β β        (10) 

Na qual  é a taxa inicial de adsorção (mg g-1 min-1) e  é uma constante 

relacionada ao grau de cobertura e a energia de ativação envolvida no processo de 

quimissorção (g mg-1) e  to = 1/αβ. 

Se t for muito maior que to, a equação cinética pode ser simplificada como:  
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β
1

qt  Ln(α.β) + 
β
1

Ln(t)        (11) 

 

Apesar dos modelos cinéticos de pseudo-primeira ordem e pseudo-segunda 

ordem serem os modelos cinéticos de adsorção mais comumente empregados nos 

trabalhos de cinética de adsorção, a determinação de alguns parâmetros cinéticos 

tais como, as possíveis mudanças das taxas de adsorção em função da 

concentração inicial do adsorvato e do tempo de contato entre adsorvente e 

adsorvato, como também a determinação de modelos cinéticos de ordem fracionária 

ainda precisam ser melhores explorados na literatura. Dessa forma, uma equação 

cinética alternativa de ordem fracionária foi proposta, na qual se fez uma adaptação 

à função exponencial de Avrami, utilizada para estudar cinética de decomposição 

térmica 56 

 

 = 1- exp[-(kAV.t)]n        (12) 

 

Na qual α é a fração de adsorção (qt/qe) no tempo t, e kAV é a constante 

cinética de Avrami (min-1), e n a ordem fracionária do processo de adsorção que está 

associada as mudanças de ordem de adsorção de acordo com o tempo de contato 

entre o adsorvente e o adsorvato 59 

Inserindo-se α na equação 12, a equação cinética de adsorção de Avrami 

pode ser descrita como: 

 

qt= qe.{1- exp[-(kAV.t)]n}       (13) 

 

A possibilidade da resistência da difusão intra-partícula afetar a cinética do 

processo de adsorção é geralmente avaliado pelo modelo de difusão intra-partícula 
61:  

Ct .k q idt          (14) 

 

Na qual kid é a taxa de difusão intra-partícula (mg g-1 min-0.5), e C é a 

constante relacionada com a espessura da camada de difusão (mg g-1). 
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Quando se constrói um gráfico de qt versus t  espera-se um comportamento 

linear. Entretanto, às vezes o processo é regido por múltiplas etapas e taxas de 

adsorção, originando múltiplas retas. 

3.4.3 Isotermas de adsorção 

As isotermas de adsorção são requisitos básicos para o planejamento de 

qualquer sistema de adsorção. As isotermas expressam a relação existente entre a 

quantidade de adsorvato removido da fase aquosa e a quantidade de adsorvato 

remanescente na solução a uma temperatura constante 62.  

A descrição matemática precisa da capacidade de adsorção no equilíbrio é 

indispensável para previsões fidedignas de parâmetros e comparações quantitativas 

do comportamento de adsorção para diferentes sistemas. Esses parâmetros de 

isotermas frequentemente podem fornecer informações sobre mecanismos de 

adsorção, propriedades da superfície e afinidades do adsorvente 62.  

O modelo de isoterma de Langmuir é baseado nas seguintes pressupostos 63: 

 Os adsorvatos são quimicamente adsorvidos em um número fixo bem definido 

de sítios; 

 um sítio ativo somente interage com uma espécie de adsorvato; 

 todos os sítios são energeticamente equivalentes; 

 não ocorrem interações entre as espécies de adsorvatos. 

A isoterma de Langmuir é dada pela equação: 

 

eL

eLmax
e

C.K1
C.K.Q

q



                       (15) 

 

Na qual, Ce (mg dm-3) é a concentração do sobrenadante após o sistema ter 

entrado em equilíbrio, KL é a constante de equilíbrio do processo de adsorção (dm3 

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

a formação de uma monocamada de adsorvato sobre o adsorvente. 

O modelo de isoterma de Freundlich64 assume que a concentração do 

adsorvato na superfície do adsorvente aumenta infinitamente com a concentração 

do adsorvato. Teoricamente, esse comportamento é amplamente aplicado a 

sistemas heterogêneos. 
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Esse modelo segue um comportamento exponencial dado pela equação: 

 

F
e

1/n
F eq  = K .C         (16) 

 

Na qual KF é a constante relacionada com a capacidade de adsorção  

[mg g-1(mg dm-3)-1/n] e nF é o expoente de Freundlich (adimensional). 

Outro modelo de isotermas de adsorção é o modelo empírico Sips 65, que é 

uma combinação matemática dos modelos de isotermas de Langmuir e Freundlich.  

O modelo de Sips segue a equação: 

 

S

e
S

1/n
S emax

1/n
S e

Q .K .C
q

1 K .C


         (17) 

 

Na qual KS é a constante de equilíbrio de adsorção de Sips (mg dm-3)-1/nS e 

Qmax é a capacidade máxima de adsorção (mg g-1), e nS é o expoente de Sips 

(adimensional). Em baixas concentrações de adsorvato esse modelo assume a 

forma de Freundlich, enquanto que em altas concentrações assume a forma de 

adsorção de Langmuir em monocamadas.  

O modelo de isoterma de Redlich-Peterson 66 é estabelecido pela equação 

empírica: 

e

RP e
g

RP e

K .C
q

1 a .C


   na qual  0 < g  1    (18) 

 

Na qual, KRP e  aRP são as constantes de Redlich-Peterson, dadas em  

(dm3 g-1) e (mg dm-3)-g, respectivamente, e g é um número adimensional 

denominado por expoente de Redlich-Peterson, cujo valor deve ser entre zero e um. 

Essa equação é reduzida para uma forma linear de isoterma, caso ocorra baixa área 

de cobertura (g = 0), ou à isoterma de Langmuir com g = 1. 
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4 CONCLUSÕES 

 

Os silicatos cristalinos lamelares, magadeíta sódica e ácida (Na-mag e H-

mag), keniaíta sódica e ácida (Na-ken e H-ken) e o octossilicato sintético Na-RUB-18 

representaram uma boa alternativa como adsorventes para remoção dos corantes 

Azul de Metileno (AM), Laranja Reativo 16 (LR16) e Preto Reativo 5 (PR5), 

respectivamente. 

Além disso, observou-se a eficiência do enxerto de moléculas orgânicas nas 

lamelas livres do H-ken transformando-se em 2N-ken e do Na-RUB-18 em CTA-

RUB-18 e C-RUB-U. O sucesso é devido primeiramente a expansão do espaço 

basal pela inserção dos agentes sililantes no processo de interação eletrostática. 

Todas as matrizes inorgânicas apresentaram capacidade de intercalar os 

corantes nas lamelas livres da matriz na superfície sólido/líquido quando as 

amostras estavam em soluções aquosas, considerando sempre a otimização de 

cada processo com relação ao ajuste de pH, tempo de agitação, dosagem do 

adsorvente e tempo necessário para saturar os centros disponíveis localizados na 

superfície do trocador iônico. 

Pelos resultados texturiais dos adsorventes de área superficial específica pelo 

método BET e porosidade pelo método BJH, pode-se confirmar que os adsorventes 

H-ken e Na-ken, H-mag e Na-mag, apresentam características de materiais 

cristalinos lamelares com predominância de mesoporos (do tipo H3 pelo método 

BJH) o que explica a cinética de adsorção ser lenta para todos adsorventes. 

Os resultados obtidos de cristalinidade por difração de raio-X e morfologia por 

microscopia eletrônica de varredura, possibilitaram determinar parâmetros  

estruturais importantes, como a distância basal e a presença de grupos na 

superfície, respectivamente, para todos os adsorventes caracterizados neste 

trabalho. Para os compostos organomodificados, adiciona-se ainda a análise 

elementar, que permitiu determinar o grau de imobilização obtido. 

Quatro modelos cinéticos foram utilizados para ajustar os dados 

experimentais, ordem fracionária de Avrami, pseudo-primeira ordem, pseudo-

segunda ordem e quimissorção de Elovich. Dos resultados de aplicação dos 

modelos, obteve-se que para o adsorvente keniaíta os melhores ajustes foram 

obtidos pelos modelos de ordem fracionária de Avrami e de quimiossorção. Para o 

adsorvente magadeíta, o melhor ajuste foi o do modelo cinético de ordem fracionária 
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de Avrami, bem como para o adsorvente RUB-18. Isso possibilitou a aplicação do 

modelo de difusão intrapartícula que permite avaliar a resistência de transferência de 

massa por difusão pelas partículas do corante nos poros dos adsorventes sugerindo 

que o mecanismo pode seguir taxas múltiplas de adsorção. 

 Os dados de adsorção do corante LR16 no adsorvente keniaíta foram 

ajustados ao modelo de isoterma de Sips, obtendo-se uma capacidade máxima de 

adsorção de 70,7 mg.g-1. Com base nestes resultados supõe-se que o corante têxtil 

usa mais de um centro da molécula da base diamina que foi enxertada na superfície 

quando estas interagem com os nitrogênios básicos disponíveis. Isso é esperado, 

uma vez que o corante possui um grupo sulfonato e um grupo sulfona na superfície, 

os quais tem cargas negativas capazes de interagir com os grupos diamina com 

cargas positivas do material organomodificado. 

Para o adsorvente magadeíta, os dados de adsorção do corante Azul de 

Metileno foram ajustados a todos os modelos de isotermas, com exceção ao modelo 

de Freundlich, onde os valores de qe foram coincidentes para os modelos de 

Langmuir, Sips e Redlich-Peterson. As capacidades máximas de adsorção foram 

331 e 173 mg.g-1 para magadeíta sódica e ácida, respectivamente. Devido a 

quantidade adsorvida para o adsorvente na forma sódica ser superior ao da forma 

ácida, o mecanismo de adsorção é facilitado pelo processo de troca iônica com o 

corante, não só devido à ligação iônica característica do Azul de metileno, mas 

também por que o processo ocorre com uma expansão favorável do espaço basal 

entre as lamelas.  

Para o adsorvente RUB-18, dos modelos de isoterma de adsorção, obteve-se 

melhor ajuste dos dados experimentais, ao se aplicar o modelo de isoterma de Sips. 

A capacidade máxima de adsorção foi de 76.77 mg.g-1 (0.0774 mmol.g-1). Com base 

nestes resultados, supõe-se que o corante têxtil utiliza mais de um centro básico da 

molécula de uréia que interage com os nitrogênios básicos disponíveis na superfície 

do adsorvente. Isto é esperado, uma vez que o corante tem dois grupos sulfonato e 

dois grupos sulfato-etil-sulfona, todos com cargas negativas que interagem com os 

grupos amina do material organomodificado positivo.  

Conclui-se então, que esses adsorventes podem ser aplicados para remoção 

de corantes têxteis de efluentes contaminados, uma vez que os resultados obtidos 

favoreceram a adsorção dos corantes mesmo em processos com mais de um ou 

dois estágios, porém com características importantes para a elucidação dos 
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possíveis mecanismos de adsorção destes silicatos cristalinos lamelares, magadeíta, 

keniaíta e RUB-18. 
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a b s t r a c t

Crystalline layered sodium kenyaite was exchanged to proton kenyaite when reacted with hydrochloric
acid solution, providing a new surface with available silanol groups that are able to couple with N-3-tri-
methoxysilylpropylethylenediamine silylating agent, after prior expansion of the basal distance with the
polar organic solvent dimethyl sulfoxide. The resulting organofunctionalized nanomaterial (2N-Ken) was
characterized by elemental analysis, infrared spectroscopy, X-ray diffraction, carbon and silicon nuclear
magnetic resonances in the solid state, surface analysis, porosity, thermogravimetry, and electron scan-
ning microscopy. The quantity of silylating agent incorporated into the nanospace, calculated from the
nitrogen elemental analysis, was determined as 0.48 mmol g�1, after expanding of the acidic precursor
basal distance from 1.62 to 1.99 nm. The presence of a covalent silicon–carbon bond of the organosilyl
moiety on the inorganic layered structure was confirmed through nuclear magnetic resonance. This
new nanomaterial has the ability to extract the Sumifix Brilliant Orange 3R textile dye from aqueous solu-
tion, using a batchwise process. The effects of stirring time, adsorbent dosage, and pH on the adsorption
capacity demonstrated that 4 h is enough to reach equilibrium at 298 ± 1 K under pH 4.0. Based on error
function values (Ferror) the data were best fitted to fractional-order and chemisorption kinetic models
when compared to pseudo-first-order and pseudo-second-order kinetic models. The equilibrium data
were better fitted to the Sips isotherm model.

� 2009 Elsevier Inc. All rights reserved.

1. Introduction

Kenyaite is a member of the family of hydrous layered silicates,
which is also constituted by makatite, kanemite, RUB-18, and mag-
adiite [1]. With the exception of RUB-18, all other materials were
first found in nature, magadiite and kenyaite being discovered at
Magadi Lake, Kenya, in 1967 [2]. From a synthetic point of view,
the compounds are generally obtained in the sodium form, as
found for the pristine materials. The kenyaite chemical composi-
tion Na2O�22SiO2�10H2O presents an interlayer distance on the or-
der of 2.00 nm. Its structural details were first elucidated through
nuclear magnetic resonance of sodium and silicon nuclei; however,
its refined structure remains unknown [1,3]. The other members of
the family, makatite [4], kanemite [5], and RUB-18 [3], have al-
ready had their structures determined, where charge neutrality is
maintained through the hydrated sodium counterion distributed
inside the layered framework. These arrangements of hydrated so-
dium ions and silanol surface groups are also observed for both
magadiite and kenyaite [1,2].

In general, the available silanol groups disposed on any layered
surface, such as seen with the proposed kenyaite structure, enable

the attachment of organic molecules onto the inorganic polymeric
structure, as already observed in the case of natural talc [6], syn-
thetic phillosilicate [7], and mesoporous silica [8]. This behavior
suggests that a great variety of novel synthesized materials can
be obtained through chemical modification of the surface using
different methodologies, such as the sol–gel process, solvent
evaporation, and the conventional reflux method. It is possible
to design molecules grafted to nanomaterials with established
functionalities and different possibilities of practical applications
[9].

Recently, the interlayer space of kenyaite has been modified by
different alkyl methoxysilanes and the synthesized materials ob-
tained were used as supports to evaluate the possibility of surface
modification [1], as a convenient material to obtain new polymer-
layered nanocomposites with thermal, mechanical, and moisture
absorption retardation properties [10]. Also, the modified nano-
composites show great ability to remove divalent cations and hea-
vy metals from aqueous solution [11].

Interest in the adsorption of dyes from aqueous solution is
growing, due to their wide applicability for coloring different
industrial materials. However, these activities are responsible for
generating large volumes of hazardous species in their wastewater
effluents [12–14]. In this context, there is a growing interest in
finding new adsorbents for dye removal from aqueous solution.
Among these, are natural zeolite [15], fly ash [16], red mud [16],
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nonactivated unburned carbon [17,18], organofuncionalized silica
gel [19], and also layered silicates [20,21]. Considering the last
class of adsorbents, magadiite was used as an adsorbent for dye
removal from aqueous solutions and normally the adsorption pro-
cess was carried out by conventional ion exchange processes
[20,21]. The possibility of an organomodification reaction prior
to dye adsorption would increase the capacity of adsorption by
the organofunctionalized material. For this purpose kenyaite was
chosen as a source of layered silicate, since its surface contains a
high degree of regularly distributed silanol groups that favor org-
anomodification reactions. Also its structure maintains its struc-
tural features in the final process, due to a layer thickness of
1.77 nm [1].

The present investigation deals with grafting of a diamineprop-
ylsilane moiety between the layers of kenyaite, which was further
employed for removal of Sumifix Brilliant Orange 3R textile dye
(SBO) from aqueous solution. This dye is widely employed for dye-
ing silk and cotton textiles. Therefore there is a great interest in
removing Sumifix Brilliant Orange 3R from textile wastewater
industries. Structural and chemical features associated with the
silane grafted on the layered structure are presented, as well as
the kinetics and equilibrium parameters of the batch dye adsorp-
tion method.

2. Materials and methods

2.1. Synthesis of Na-kenyaite

The hydrated sodium silicate kenyaite was synthesized by
hydrothermal treatment in a Teflon autoclave with autogenous
pressure. A suspension of silica gel (Fluka) was added to a
0.10 mol dm�3 sodium hydroxide (Nuclear) solution in the molar
ratio 4SiO2:2NaOH:35H2O, corresponding to 20.0 g of silica,
6.68 g of sodium hydroxide, and 100 cm3 of deionized water. The
gel obtained was transferred to the autoclave and treated at
423 K for 7 days. The synthesized Na-kenyaite (Na-Ken) was fil-
tered, washed with deionized water to pH 7, and dried at 333 K
for 48 h [10,22].

2.2. Synthesis of H-kenyaite

A sample of 3.0 g of Na-Ken was immersed in 0.10 mol dm�3

hydrochloric acid (Nuclear), the pH was maintained near 2, and
the suspension was stirred for 5 days. The resulting layered silicic
acid (H-Ken) was filtered, washed with deionized water to pH 7,
and dried at 333 K for 48 h [10].

2.3. Organomodification reaction

A sample of 3.0 g of H-Ken was suspended in 15.0 cm3 of di-
methyl sulfoxide (Quimis) under a nitrogen flow at 298 K for 1 h.
The silanol groups from the inorganic layers of H-Ken are not easily
reached due to the narrow interlayer distance. Therefore, to over-
come this hindrance, prior treatment with organic solvents, such
as dimethyl sulfoxide, N-methylformamide, or N, N-dimethylform-
amide, is necessary, in order to enlarge the original distance,
favoring the organofunctionalization reaction [11]. Then, 2.0 cm3

of the silylating agent N-3-trimethoxysilylpropylethylenediamine
((CH3O)3Si(CH2)3NHCH2CH2NH2, Aldrich) was added to the sus-
pension and stirred for 1 h. After that, the suspension was stirred
under a nitrogen purge at 363 K for 72 h. The solid obtained was
filtered, washed with dimethyl sulfoxide and with acetone (Synth)
in a Soxhlet system, to remove the pillaring solvent, and then dried
on a vacuum line to yield the immobilized compound, denoted as
2N-Ken [11].

2.4. Characterization

Carbon, nitrogen, and hydrogen contents were determined on a
Perkin–Elmer 2400 Series II microelemental analyzer, and at least
two independent determinations were performed.

The X-ray diffraction patterns were obtained with a Shimadzu
Model XD3A diffractometer with 2h in the 1.4–50� range, using
Cu Ka 1.54060 Å radiation.

The infrared spectra were performed on a Bomem Model MB
FTIR spectrophotometer, using KBr pellets, in the 4000 and
400 cm�1 region, with resolution of 4 cm�1, by accumulating 32
scans.

The nuclear magnetic resonance spectra were recorded with a
Bruker AC300/P solid state high-resolution spectrometer, by using
cross-polarization and magic angle spinning (CP-MAS). The fre-
quencies were 59.6 and 75.5 MHz, with rotational frequencies of
15 and 26 kHz, and acquisition times of 3.0 ms and 0.8 s for the
29Si and 13C nuclei, respectively. Chemical shifts were referenced
to tetramethylsilane.

The surface analyses and porosity were carried out with a volu-
metric adsorption analyzer, ASAP 2010, from Micromeritrics, at
77 K (boiling point of nitrogen). The samples were pretreated at
373 K for 24 h under a nitrogen atmosphere, in order to eliminate
moisture adsorbed on the solid sample surface. After that, the sam-
ples were submitted to 298 K in vacuum, reaching the residual
pressure of 10�4 Pa. For area and pore calculations the DBET and
BJH methods were evaluated.

The thermogravimetric curves were obtained on a TA Instru-
ments 5100, with a heating rate of 0.167 K s�1, under 1.67 cm3 s�1

of an argon flow, varying from room temperature to 1273 K, with
an initial mass of approximately 10.0 mg of solid.

A Jeol 6360-LV scanning electron microscope was used for
studying the morphology of the materials, previously suspended
in acetone and then sputter-coated with a thin conducting layer
of gold for 400 s.

2.5. Solutions and reagents

Deionized water was used throughout the experiments for all
solution preparations.

The reactive dye Sumifix Brilliant Orange 3R textile dye also
know as Reactive Orange 16 (C.I. 17757; C20H17N3O10S3Na2,
601.54 g mol�1, kmax = 493 nm; see Scheme 1) was obtained from
Sigma with a dye content of 50%. It was used without further puri-
fication. SBO has one sulfonate group and one sulfato-ethyl-sulfone
group; both have negative charges even in highly acidic solutions,
because their pKa values are lower than zero [13,23].

The stock solution was prepared by dissolving accurately
weighed dye in distilled water to a concentration of 5000 mg dm�3.
The working solutions were obtained by diluting the dye stock

Scheme 1. Molecular structure of Sumifix Brilliant Orange 3R (SBO).
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solution to the required concentrations. In order to adjust the pH of
the solutions, 0.10 mol dm�3 sodium hydroxide or hydrochloric
acid solutions were used, using a Hanna (HI 255) pHmeter.

2.6. Batchwise adsorption procedure

The adsorption studies to evaluate the 2N-Ken for SBO dye re-
moval from aqueous solutions were carried out in triplicate using
a batch adsorption procedure. For these experiments, fixed
amounts of adsorbent varying from 20.0 to 200.0 mg were sus-
pended in a series of 50 cm3 glass flasks containing 20.0 cm3 of
dye solution with concentrations that varied from 2.00 to
1000.0 mg dm�3. These suspensions were stirred for suitable times
from 5 to 360 min. The isotherms clearly demonstrated that a well-
established plateau was obtained and the equilibrium studies
determined in these optimized conditions were 4 h at 298 ± 1 K,
with the initial pH of the dye solutions ranging from 3.0 to 8.0.
Subsequently, in order to separate the adsorbents from the aque-
ous solutions, the flasks were centrifuged at 3600 rpm for
10 min, as already described in other works [12–14,19], and ali-
quots of 1.0–10.0 cm3 of the supernatant were properly diluted.
The final concentrations of the dye remaining in solution were
determined by visible spectrophotometry, using a Femto spectro-
photometer provided with 1.0 cm path-length optical-glass cells.
Absorbance measurements were made at the maximum wave-
length of SBO dye 493 nm. The SBO detection limit using the spec-
trophotometric method, determined according to IUPAC [24], was
0.15 mg dm�3. The amount of the dye uptake and percentage of
dye removal by the adsorbent were calculated by applying Eqs.
(1) and (2), respectively,

q ¼ ðCo � Cf Þ
m

� V ; ð1Þ

% Removal ¼ 100 � ðCo � CfÞ
Co

; ð2Þ

where q is the amount of dye uptake by the adsorbent (mg g�1); Co

is the initial SBO concentration in contact with the adsorbent
(mg dm�3), Cf is the dye concentration (mg dm�3) after the batch
adsorption procedure, V is the volume of dye solution (dm3) in con-
tact with the adsorbent, and m is the mass (g) of adsorbent.

2.7. Kinetic and equilibrium models

The kinetic equations corresponding to Avrami, pseudo-first-or-
der, pseudo-second-order, Elovich, and intraparticle diffusion
models [25] are given in Table 1. The isotherm equations corre-
sponding to Langmuir, Freundlich, Sips, and Redlich–Peterson
models [25] are listed in Table 2.

2.8. Statistical evaluation of the kinetic and isotherm parameters

The kinetic and equilibrium models were fitted by employing a
nonlinear method, using the nonlinear fitting facilities of the soft-

ware Microcal Origin 7.0. In addition, the models were also evalu-
ated by an error function, which measures the differences in the
amount of dye uptake by the adsorbent predicted by the models
and the actual q measured experimentally [26].

Ferror ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXp

i

qi model � qi experimental

qi experimental

 !2

� 1
p� 1

� �vuut ; ð3Þ

where qi model is the value of q predicted by the fitted model for each
point, qi experimental is the value of q measured experimentally for the
same point, and p is the number of experiments performed.

3. Results and discussion

3.1. Adsorbent characterization

The X-ray diffraction pattern of sodium and acidic kenyaites,
Na-Ken and H-Ken, shown in Fig. 1 (curves a and b), reveals peaks
at 2h values of 4.51� and 5.45�, respectively, related to the diffrac-
tion of the (001) crystal surface of the layered silicate [27]. These
values are in agreement with a layered structure with average
lamellar distances of 1.96 and 1.62 nm, in agreement with pub-
lished results [27]. The decrease in the basal spacing is expected,
in agreement with the loss of solvated sodium ions in the exchange
process, due to the smaller solvated proton size. Grafting of N-3-
trimethoxysilylpropylethylenediamine to the H-Ken surface causes
a swelling of silicate layers to 1.99 nm, clearly viewed by the shift
in the d001 reflection to lower 2h value of 4.43� (Fig. 1c).

As the exchange process takes place, the silanol groups distrib-
uted on the inorganic layers are able to form covalent bonds in the
organofunctionalization, giving 2N-Ken. Under these conditions
the immobilized agent offers pendant organic chains with attached

Table 1
Kinetic adsorption models.

Kinetic model Nonlinear equation

Avrami qt = qe � {1 � exp[�(kAV � t)]nAV}

Pseudo-first-order qt = qe � [1 � exp(�kf � t)]
Pseudo-second-order qt ¼

ks �q2
e :t

1þqe �ks �t

ho ¼ ks � q2
e

Initial sorption rate
Elovich qt ¼ 1

b lnða � bÞ þ 1
b lnðtÞ

Intraparticle diffusion qt ¼ kid �
ffiffi
t
p
þ C

Table 2
Isotherm models.

Isotherm model Equation

Langmuir qe ¼ Qmax �KL �Ce
1þKL �Ce

Freundlich qe ¼ KF � C1=nF
e

Sips qe ¼
Qmax �KS �C1=ns

e

1þKS �C1=ns
e

Redlich–Peterson qe ¼ KRP �Ce
1þaRP �Cg

e
, where 0 6 g 6 1

Fig. 1. X-ray diffraction patterns of sodium kenyaite (a), acidic kenyaite (b), and
organomodified material 2N-Ken.
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basic centers, which are potentially protonated in acidic aqueous
solution, to be used in applications, for example, of adsorption with
appropriate dyes. As the pristine silicic acid does not favor the en-
trance of the reagent inside the interlayer nanospace to perform
the anchoring process, the polar organic solvent dimethyl sulfoxide
was used to expand the original basal distance sufficiently to
accommodate the anchoring agent, as previously reported
[10,11]. From the elemental analysis of the immobilized material,
giving the results C, 4.28%; H, 0.58%; and N, 1.34%, the amount of
agent incorporated inside the inorganic support was calculated,
based on the amount of nitrogen, to give 0.48 mmol g�1.

Organofunctionalization of the silica gel surface normally uti-
lizes two of the alkoxide groups for each covalently bonded mole-
cule, while the remaining free group can be hydrolyzed during the
washing process [28]. As the silicic acid surface has an amount of
2.0 mmol g�1 of silanol groups free for reactions [11], then 2N-
Ken may use three groups for this attachment. The XRD pattern ob-
tained demonstrates an increase of expansion of 0.37 nm in rela-
tion to the H-Ken starting material. The maximum length of the
diamine pendant group was estimated with the software ACD/
LABS version 11.0, to be 0.957 nm, with the layer thickness for
kenyaite structure of 1.77 nm [1], and consequently a basal dis-
tance of 2.73 nm is expected. Based on this structural arrangement
it was possible to estimate a molecular orientation of 46.9� inside
the layers. This angle was calculated through Eq. (4), where dexp is
the value obtained from XRD, assuming that dcalc is 2.73 nm for a
perpendicular orientation of 90� and a represents a vetorial
superposition:

a ¼ arcsenðdexp=dcalcÞ: ð4Þ

The scanning electron microscopy results of pristine sodium kenya-
ite and chemically modified kenyaite are shown in Fig. 2, demon-
strating lamellar morphology domains. The common plates of
typical particles of sodium kenyaite are observed. In the case of
the chemically modified surface, the presence of spherical nodules
suggests the effectiveness of silylating agent attachment [11].

The infrared spectrum of the as-synthesized sodium kenyaite
presents typical bands due to the physisorbed water in the inor-
ganic framework, shown by the stretching frequency m(OH) at
3470 cm�1 and the bending band d(OH) at 1632 cm�1 [11,30].
The weak band at 3738 cm�1 is attributed to free silanol groups
of the silicate surface [29], the shoulder at 1250 cm�1 can be attrib-
uted to the asymmetric stretching mode of the Si–O–Si [29] bond,
and the bands at 1090 and 1055 cm�1 are assigned to m(Si–O)
stretching vibrations [29]. The bands corresponding to the water
vibrations decreased in intensity in the acidic form of the material,
since the water of hydration is removed, in agreement with the in-
crease in the silanol stretching frequency [29]. The organofunction-
alized kenyaite showed bands in the 2967–2824 cm�1 region, due
to m(C–H) stretching vibrations [10], from the silylating agent at-
tached to the surface [10].

The surface areas obtained for sodium and acidic kenyaite were
12 ± 1 and 11 ± 1 m2 g�1, with pore diameters of 15 ± 1 and
30 ± 2 nm, respectively, and the organomodified surface gave an
area of 13 ± 1 m2 g�1 with a pore diameter of 22 ± 1 nm. As ob-
served, the surface areas for the pristine form, the acidic form,
and the material after the organofunctionalization reaction are rel-
atively low, with pore diameter values in agreement with those
found for typical mesoporous materials, with nitrogen adsorption
isotherms that correspond to H3 type IV [30]. Despite the reduced
surface area, the diamine sites should still be accessible for dye
adsorption, since the material retains an appreciable pore size.

The 29Si NMR spectra give additional information about struc-
tural features of these proposed silicates. The spectrum for sodium
kenyaite has two signals, at �97.0 and �107.0 ppm, due to the
presence of Q3, (SiO)3Si–O�, and Q4, (SiO)4Si, units, respectively,
which are associated with the connectivity between the layers
[31], as shown in Fig. 3A (curve a). For the acidic form the surface
silanol groups change the silicon environment and a displacement
of Q3 and Q4 signals is observed to give the peaks at �107.0 and
�113.0 ppm [31], as shown in Fig. 3A (curve b).

The organofunctionalized compound, with the organic pendant
chain covalently bonded to the surface of the silicate layer, main-
tained the inorganic framework structure, as expected, with a little
displacement of the Q3 and Q4 signals in relation to the starting
precursor at �101.0 and �110.0 ppm, respectively, as shown in
Fig. 3A (curve c). In addition, on grafting of the diamine groups,
the appearance of two new signals is observed, due to T2 and T3

environments [10], at �58.0 and �67.0 ppm, respectively. The T2

signal is obtained through replacement of alkoxide by silanol
groups, and the presence of T3 species may determine condensa-
tion between adjacent alkylsilyl groups to tetrahedral coordination
of organosilicate units. A reduction of the Q3 (�107.0 ppm) signal
intensity was also observed with an increase in the signal intensity
of the Q4 (�113.0 ppm) peak. This confirms the attachment of the
diamine groups to the silanol groups of the interlamellar silicate
surface.

Evidence of the alkylsilyl groups grafted at the interlamellar
surface of the layered polysilicate kenyiate is given through 13C
NMR, as shown in Fig. 3B. The long pendant chain covalently
bonded in 2N-Ken showed a complex spectrum, by presenting C1
and C2 carbon atoms from the silane coupling reagent nearest to
the silicon atom that appeared at 10 and 22 ppm, respectively.
The peaks at 52 and 57 ppm are assigned to the third and fourth
carbon atoms directly bonded to the NH group, followed by a peak
at 39 ppm, from the fifth carbon atom bonded to the terminal NH2

group [11] (see Fig. 3B).

3.2. Effects of acidity on adsorption

One of the most important factors in adsorption studies is the
effect of the acidity of the medium [32]. Different species being ad-Fig. 2. Scanning electron microscopy of Na-Ken (A) and 2N-Ken (B) samples.
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sorbed on diverse adsorbents will present divergent ranges of suit-
able pH regions for adsorption. The effects of initial pH on SBO dye
adsorption capacity using 2N-Ken adsorbent were evaluated with-
in the pH range from 3.0 to 8.0, as shown in Fig. 4A. The amount of
dye adsorbed (q) was constant for pH ranging from 3.0 to 4.5. Tak-
ing into account that industrial effluents containing dyes present
pH values of about 4.0–5.0, the pH of the dye solution was kept
at 4.0 for all remaining experiments. It should be noted that the fi-
nal pH of the dye solutions after the adsorption procedure de-
creased by approximately 0.5.

3.3. Adsorbent mass

The investigation of the mass of adsorbent for dye removal from
aqueous solution was carried out using adsorbent masses ranging
from 20.0 to 200.0 mg, by fixing the initial concentration and vol-
ume of SBO solutions at 70.0 mg dm�3 and 20.0 cm3, respectively.
The highest amount of dye removal was attained for adsorbent
masses of at least 50.0 mg of adsorbent, as shown in Fig. 4B (at
left). For adsorbent masses higher than these values, the dye re-
moval remained almost constant. The increase in the percentage
of dye removal with adsorbent masses can be attributed to in-
creases in the adsorbent surface areas, augmenting the number
of adsorption sites available for adsorption [33]. On the other hand,

the increase in the adsorbent mass promotes a remarkable de-
crease in the amount of dye uptake per gram of adsorbent (q), as
shown in Fig. 4B (at right), an effect that can be mathematically ex-
plained by combining Eqs. (1) and (2):

q ¼ % Removal � Co:V
100 �m : ð5Þ

As observed from Eq. (5), the amount of dye uptake (q) and the mass
of adsorbent (m) are inversely proportional. For a fixed dye percent-
age removal, the increase of adsorbent mass leads to a decrease in q
values, since the volume (V) and initial dye concentrations (Co) are
always fixed. These values clearly indicate that the adsorbent mass
must be fixed at 50.0 mg, the mass that corresponds to the mini-
mum amount of adsorbent that leads to constant dye removal.

3.4. Kinetic studies

Studies of adsorption kinetics are an important feature to be
considered in aqueous effluent treatments as it provides valuable
information on the mechanism of adsorption processes [13]. In
attempting to describe the SBO dye adsorption by the adsorbent,
four kinetic models were tried, as shown in Fig. 5A. The kinetic
parameters for the best models are listed in Table 3. Thus, only
the Avrami fractionary kinetic order and Elovich chemisorption
models are depicted in Table 3. The pseudo-first-order and pseu-
do-second-order kinetic models are not shown in this table
because they presented Ferror values at least five times higher than
the Avrami fractionary kinetic model.

Fig. 3. (A) 29Si MAS NMR of Na-Ken (a), H-Ken (b), and 2N-Ken (c) crystalline
layered compounds. (B) 13C NMR of the organomodified derivative 2N-Ken.

Fig. 4. (A) Effect of pH on the adsorption. (B) Effect of mass of adsorbent on the
percentage of removal and amount of SBO dye adsorbed.
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The fractional and chemisorption kinetic models were suitably
fitted, presenting low error function values and also high R2 values.
The lower the error function, the lower the difference of the q cal-
culated by the model from the experimentally measured q
[25,33,34]. It should be stressed that only analysis of R2 values
for the establishment of a given model is not enough. The error
function evaluates the differences associated with each individual
point fitted by the model, in relation to each measured experimen-
tal point. On the other hand, R2 measures the differences associated
with each individual point in relation to the average fitted curve
[25,33,34].

Additionally, it was verified that the qe values found in the frac-
tional order were in good agreement with the experimental data.
For pseudo-first-order and pseudo-second-order models, the qe fit-
ted values were not coincident with the qe experimental value. This
result indicates that the fractional-order and chemisorption kinetic
models better explain the adsorption process of SBO uptake by 2N-
Ken adsorbent.

Analysis of the values of the kinetic parameters represented in
Table 3 indicates that the kAV values showed a variation lower than
3.8%, when the initial concentration of the adsorbate increased
from 80.0 to 150.0 mg dm�3. On the other hand, the percentage
of variation of a (initial adsorption rate) was 87.9%, when the initial
concentration level of the SBO was increased from 80.0 to
150.0 mg dm�3. Therefore, the fractional kinetic model provides a

constant rate parameter which is much better for comparison of
different kinetic constants, using several adsorbates and adsor-
bents, as already observed in other publications [13,25,34].

Taking into account that the kinetic results fit very well into the
Avrami fractional kinetic model, listed in Table 3 and Fig. 5A, the
intraparticle diffusion model was plotted in order to verify the
influence of mass transfer resistance on the binding of SBO to
2N-Ken adsorbent, as indicated by the values listed in Table 3
and shown in Fig. 5B.

The possibility of intraparticle diffusion resistance affecting
adsorption was explored using the appropriate intraparticle diffu-
sion model [34]. Thus, the diffusion constant, kid (mg g�1 h�0.5, see
Table 1), can be obtained from the slope of the plot of qt (uptake at
any time, mg g�1) versus the square root of time. Fig. 5B shows the
plot of qt versus t1/2, with multilinearity for the dye using 2N-Ken
adsorbent. This result implies that the adsorption processes in-
volve more than a single kinetic stage or sorption rate [34]. The
adsorbent exhibits three stages, which can be attributed to three
linear parts, as shown in Fig. 5B. The first linear portion was attrib-
uted to the diffusional process of SBO to the adsorbent surface
[34]; hence, was the fastest sorption stage. The second linear por-
tion is attributed to intraparticle diffusion, which was a delayed
process [35]. The third stage may be regarded as the diffusion
through smaller pores, which is followed by establishment of equi-
librium [34], which was obtained within 4 h for all systems
studied.

Fig. 5. Kinetic curves. Conditions: temperature 298 K; pH 4.0; mass of adsorbent
50.0 mg; initial SBO concentration 80.0 mg dm�3.

Table 3
Kinetic parameters for SBO removal using 2N-Ken as adsorbent.

Fractional order 80.0 mg dm�3 150.0 mg dm�3

kAV (h�1) 2.61 2.71
qe (mg g�1) 33.9 59.8
nAV 0.291 0.292
R2 0.9979 0.9999
Ferror 1.65 � 10�2 2.72 � 10�3

Chemisorption
a (mg g�1 h�1) 5037 9465
b (g mg�1) 0.297 0.169
R2 0.9975 0.9991
Ferror 1.81 � 10�2 8.53 � 10�3

Intraparticle diffusion
ki,2 (mg g�1 h�0.5)a 6.56 7.07

Conditions: temperature fixed at 298 K; pH 4.0; adsorbent mass: 50.0 mg.
a Second stage.

Fig. 6. Equilibrium models. Conditions: temperature 298 K; pH 4.0; mass of
adsorbent 50.0 mg; contact time 300 min.
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3.5. Equilibrium studies

The adsorption isotherm describes the amount of adsorbate up-
take by the adsorbent and the adsorbate concentration that should
remain in solution [35]. Therefore, a lot of equations for analyzing

experimental adsorption equilibrium data are available. The equa-
tion parameters of these equilibrium models often provide some
insight into the adsorption mechanism, the surface properties,
and the affinity of the adsorbent. For this purpose the Langmuir,
Freundlich, Sips, and Redlich–Peterson isotherm models [35] were
assayed.

The isotherms of SBO adsorption on 2N-Ken adsorbent were ob-
tained, by using the best experimental conditions, as shown in
Fig. 6, and the data of the fitted models are presented in Table 4.
Based on the Ferror, the equilibrium data only fit the Sips isotherm
model well when using this adsorbent for sorption of this dye. On
the other hand, all other tested models failed in fitting the iso-
therm curve, as shown by the low R2 as well as high Ferror values,
indicating that for this specific case the Langmuir, Freundlich,
and Redlich–Peterson isotherm models were not suitably fitted.
The lower the error function (Ferror), the smaller the difference of
the q calculated by the model from the experimentally measured
q [25,33,34]. As noted earlier, only analysis of R2 values for the
establishment of a given model is not enough; use of the error
function that evaluates the differences associated with each indi-
vidual point fitted by the model is also necessary [25,33,34].

Taking into account the Sips isotherm, the maximum amount of
the dye uptake was 70.7 mg g�1 that corresponds to 0.12 mmol g�1.
From the point of view of the exchanger process at the solid/liquid
interface, the SBO has sulfonate and sulfate-ethyl-sulfonate groups
(negative charges) to ionically interact with the protonated nitro-
gens attached to the pendant chain covalently grafted on the
silicate layer (see Scheme 2). This interactive process is favored at
pH < 4 (see Fig. 4A), when the basic nitrogen atoms are easily pro-
tonated to acquire a positive charge. In general for the adsorption
process, the degree of adsorption depends on both the active sites

Table 4
Isotherm parameters for SBO adsorption, using 2N-Ken as adsorbent.

2N-Ken

Langmuir
Qmax (mg g�1) 77.5
KL (dm3 mg�1) 0.103
R2 0.9285
Ferror 0.122

Freudlich
KF ðmg g�1ðmg dm�3Þ�1=nF Þ 28.0
nF 5.22
R2 0.7176
Ferror 0.246

Sips
Qmax (mg g�1) 70.7
KS ððmg dm�3Þ�1=ns Þ 0.0124
nS 0.518
R2 0.9966
Ferror 0.0249

Redlich–Peterson
KRP (dm3 g�1) 7.97
aRP (mg dm�3)�g 0.103
g 1.00
R2 0.9288
Ferror 0.122

Conditions: temperature 298 ± 1 K, contact time 240 min, at pH 4.0, and mass of
adsorbent 50.0 mg.

Scheme 2. Mechanism of adsorption of SBO by 2N-Ken adsorbent.

404 B. Royer et al. / Journal of Colloid and Interface Science 336 (2009) 398–405



Author's personal copy

of the adsorbent and the adsorbate properties. The results obtained
suggest that the textile dye uses more than one basic center of the
grafted trimethoxysilylpropylethylenediamine molecule, during
the interactive process [11], as it might be expected for a favorable
adjustment of its size inside the pores of the adsorbent to
counteract the opposing charges when saturated an amount of
0.48 mmol g�1 is retained.

4. Summary

When as-synthesized sodium kenyaite was transformed to the
corresponding acidic form, the available silanol groups demon-
strated efficiency in coupling a silylating agent into the free inter-
layer cavity. The success of the grafting of the organic molecules
depends first on prior basal distance expansion through the polar
solvent dimethyl sulfoxide. Structural features related to silicon
nuclear magnetic resonance in the solid state showed carbon–sili-
con covalent bond formation, supporting the attachment of the
pendant organic chains to the inorganic layer, by reaching the final
interlayer distance of 1.99 nm. The available protonated basic
atoms extract the Sumifix Brilliant Orange 3R textile dye from
aqueous solution using the batchwise process. The dye adsorption
data were adjusted to the Sips isotherms model and the kinetic
data were fitted to fractional-order and chemisorption kinetic
models. For this interactive process the basic protonated nitrogen
atoms were saturated to give plateaus represented by the maxi-
mum number of moles adsorbed, for example, 70.7 mg g�1

(0.12 mmol g�1), given by the Sips isotherm. Based on these re-
sults, it is supposed that the textile dye uses more than one basic
center of the grafted diamine molecule when interacting with
the available basic nitrogens to reach 0.48 mmol g�1. This is ex-
pected, since the dye has one sulfonate group and one sulfato-
ethyl-sulfone group, both of which have negative charges to inter-
act with the positive diamine groups of the organomodified mate-
rial. However, this interaction may happen with different
protonated diamine groups. It is also necessary to consider the size
of the dye molecules, despite the large pore size of the host.

5. Notations

5.1. Greek letters

a the initial adsorption rate (mg g�1 h�1) of the Elovich
equation

b Elovich constant related to the extent of surface coverage
and also to the activation energy involved in chemisorp-
tion (g mg�1)

aRP Redlich–Peterson constant (mg dm�3)�g

C constant related with the thickness of the boundary layer
(mg g�1)

Cf dye concentration at the end of the adsorption (mg dm�3)
Ce dye concentration at equilibrium (mg dm�3)
Co initial dye concentration put in contact with the adsorbent

(mg dm�3)
g dimensionless exponent of Redlich–Peterson equation
ho the initial sorption rate (mg g�1 h�1) of the pseudo-sec-

ond-order equation
kAV Avrami kinetic constant (h�1)
kf pseudo-first-order rate constant (h�1)
KF the Freundlich constant related to adsorption capacity

(½mg g�1ðmg dm�3Þ�1=nF �)
kid intraparticle diffusion rate constant (mg g�1 h�0.5)
KL Langmuir affinity constant (dm3 mg�1)

KRP Redlich–Peterson constant (dm3 g�1)
KS the Sips constant related to the affinity constant

ðmg dm�3Þ�1=ns

ks the pseudo-second-order rate constant (g mg�1 h�1)
m mass of adsorbent (g)
nAV a fractional reaction order (Avrami) which can be related

to the adsorption mechanism
nF dimensionless exponent of the Freundlich equation
nS dimensionless exponent of the Sips equation
q amount of the dye adsorbed by the adsorbent (mg g�1)
qe amount of adsorbate adsorbed at the equilibrium (mg g�1)
Qmax the maximum adsorption capacity of the adsorbent

(mg g�1)
qt amount of adsorbate adsorbed at time t (mg g�1)
t time of contact (h)
V volume of dye put in contact with the adsorbent (dm3)
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Sodic and Acidic Crystalline Lamellar Magadiite Adsorbents
for the Removal of Methylene Blue from Aqueous
Solutions: Kinetic and Equilibrium Studies
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Claudio Airoldi2
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The present study reports the feasibility of two synthetic crystal-
line lamellar nano-silicates, sodic magadiite (Na-mag) and its
converted acidic form (H-mag), as alternative adsorbents for the
removal of the dye methylene blue (MB) from aqueous solutions.
The ability of these adsorbents for removing the dye was explored
through the batch adsorption procedure. Effects such as the pH
and the adsorbent dosage on the adsorption capacities were
explored. Four kinetic models were applied, the adsorption being
best fitted to a fractionary-order kinetic model. The kinetic data
were also adjusted to an intra-particle diffusion model to give two
linear regions, indicating that the kinetics of adsorption follows mul-
tiple sorption rates. The equilibrium data were fitted to Langmuir,
Freundlich, Sips, and Redlich-Peterson isotherm models. The
maxima adsorption capacities for MB of Na-mag and H-mag were
331 and 173mg g�1, respectively.

Keywords adsorption; magadiite; methylene blue; nanomaterial;
phyllosilicate

INTRODUCTION

Industrial activities are responsible for generating large
volumes of hazardous species in their wastewater effluents
(1). Among those species, dyes represent an undesirable
class of compounds that inevitably require special treat-
ment, due to the fact that the simple presence of these
compounds in water reduces light penetration, precluding
photosynthesis of aqueous flora (2). In addition, other
features associated with many dyes are those that affect
humans, such as allergies, dermatitis, skin irritations, can-
cers, and mutagenicity (3–5). On the other hand, colored
waters are aesthetically objectionable for drinking and
other normal purposes (6). As expected, when industrial

effluents contain traces of dyes, a purification operation
before being released to the environment is required (2,6).

Several methods have been developed for synthetic dye
removal from waters and wastewaters in order to decrease
their impact on the environment. The most inexpensive and
efficient procedure for such operations is related to adsorp-
tion (7–11), because the dye species are transferred from
the water effluent to a solid phase, with a consequent
decrease in the effluent concentration to reach as close as
possible to a minimum amount (7–11). Subsequently, the
adsorbent could be regenerated or kept in a dry place
without direct contact with the environment (7–11).

From a series of inorganic natural (8,9) and synthetic
materials (10–12), layered silicates and silicic acids have
aroused enormous interest due to their exceptional adsorp-
tions, cation-exchange properties, intercalations, and
organofunctionalization abilities (12). All these properties
infer the use of these materials for valuable potential
applications as adsorbents, ion exchangers, catalysts, and
molecular sieves.

The layered silicic acid families constituted of kenyaite,
makatite, kanemite, octosilicate, and magadiite and com-
prise a defined class of compounds with distinct layered
arrangements. All these pure crystalline layered materials
are successfully synthesized in the laboratory by hydrother-
mal treatment, through controlled conditions of time,
temperature, pressure, stoichiometry, and reagent ratio,
to obtain these compounds principally in the sodic form,
which is the preferred operational procedure. With the
exception of octosilicate, all other polysilicates are also
found naturally, for example, in highly alkaline lakes (13).

Despite the great importance of this class of layered
compounds, the correct structure of magadiite still remains
unknown. Some studies consider it to be built up of regular
sheets of SiO4 tetrahedra, with terminal oxygen atoms
neutralized by sodium ions (14). To obtain crystalline
magadiite in the acidic form, the original sodium cations
must be ion-exchanged with hydrochloric acid (15).
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Similarly, to derivatize the silica surfaces (16), a large num-
ber of silanol groups are available, which hydrogen bond to
a large number of organic polar basic compounds (17) to
aid the adsorptive process or favor interaction as inter-
calation reactions take place (18).

The present investigation deals with the crystalline
lamellar silicate sodic magadiite (Na-mag) and its con-
verted acidic form (H-mag), as alternative adsorbents for
removal of methylene blue (MB) from aqueous solutions,
using a batch adsorption procedure. Methylene blue is an
organic dye belonging to the phenothiazine family. It is
mainly used for coloring bast (soft vegetable fibers such
as jute, flax, and hemp), paper, leather, mordant cotton,
silk, and wool (19). Due to its large application for coloring
different industrial materials, there is a constant interest in
removing it from aqueous solutions.

MATERIALS AND METHODS

Synthesis of Magadiite Material

Sodium magadiite (Na-mag) was synthesized using
hydrothermal conditions as described previously (20).
Briefly, a suspension of silica gel (Merck) and sodium
hydroxide (Vetec) in an aqueous solution, with a molar
ratio of SiO2:NaOH:H2O equal to 9:1:75, was heated at
420K for 72 h in a sealed Teflon-lined vessel. The white
product was then washed with water until the pH reached
near neutral conditions, in order to remove the excess of
hydroxide. The solid was centrifuged and dried at 320K
for 24 h. The acidic form (H-mag) was prepared at room
temperature, over 24 h, by suspending the precursor
Na-mag in 0.20mol dm�3 hydrochloric acid (20).

Characterization

The X-ray diffraction patterns were obtained on a Shi-
madzu model XD3A diffractometer, with 2h varying from
1.4 to 55�, using nickel filtered Cu Ka (1.54 nm) radiation.
Infrared vibrational spectra were obtained on a
MB-Bomem FTIR spectrometer, after pressing with KBr,
accumulating 32 scans in the 4000 to 400 cm�1 region at
a resolution of 4 cm�1(21).

The NMR spectra were obtained on a Bruker AC300=P
solid-state high-resolution spectrometer, using cross-polari-
zation and magic angle spinning (CPMAS), at a frequency
of 59.6MHz with a rotational frequency of 15kHz, acquisi-
tion time of 6ms, and contact time of 5ms for the 29Si
nucleus. Chemical shifts were referenced to tetramethylsilane.

SEM images were recorded using a Jeol model JSM-6360
LV scanning electron microscope, equipped with a field
emission electron gun operated at 77K and 5kV. The sam-
ples were deposited under a thin layer of a vitreous support
and dried with an acetone solution, sputter deposited prior
to SEM analyses, and the resolution achieved was <5 nm.

The specific surface areas for the samples were deter-
mined by the BET (Brunauer, Emmett, Teller) multipoint

technique using a volumetric apparatus (22) with a
nitrogen probe. Pore size distribution was obtained by
nitrogen adsorption–desorption isotherms, determined at
the liquid nitrogen boiling point, using a volumetric
apparatus connected to a turbo Edwards vacuum line sys-
tem, employing a mercury capillary barometer (22). The
data analyses were made by the BJH (Barret, Joyer,
Halenda) method.

Thermogravimetric curves were obtained with a thermo-
balance from TA instruments 5100, TGA 2050 model,
under a flow of dry nitrogen 30 cm3 s�1 and at heating rate
of 0.17K s�1.

The point of zero charge (pHpzc) for both adsorbents
was measured through mass titration (23) methods.

Solutions and Reagents

Deionized water was used throughout the experiments
for all solution preparations.

The analytical grade cationic dye, methylene blue (MB)
(C.I. 52030, basic blue 9, C16H18N3SCl, as shown in
Scheme 1) was obtained from Sigma and was used without
further purification. The stock solution was prepared by
dissolving accurately weighed dye in deionized water to
obtain a concentration of 5000mgdm�3. Other solutions
were obtained by diluting the stock dye solution to the
required concentration. To adjust the pH of the solutions,
0.10mol dm�3 sodium hydroxide or hydrochloric acid
solutions were used. The pH of the solutions was measured
using a Hanna (HI 255) pH meter.

Batchwise Procedure

The adsorption studies to evaluate the magadiite adsor-
bents in sodic (Na-mag) and acidic (H-mag) forms for MB
dye removal from aqueous solutions were carried-out in
triplicate using the batch adsorption procedure. For these
experiments, fixed amounts of adsorbents varying from
20.0 to 200.0mg were suspended in a series of 20.0 cm3 of
dye solution with concentrations that varied from 2.00 to
1000.0mg dm�3 using 50 cm3 glass flasks. These suspen-
sions were stirred for suitable times from 5 to 360min for
kinetic experiments. The isotherms clearly demonstrated
that a well-established plateau was obtained. The equili-
brium studies were carried out using the optimized condi-
tion of 210min at 298� 1K. The pH of the dye solutions
ranged from 2.0 to 10.0. Subsequently, in order to separate
the adsorbents from the aqueous solutions, the flasks were
centrifuged at 3600 rpm for 10min, and aliquots of 1.0 to

SCH. 1. Structural formula of methylene blue.
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10.0 cm3 of the supernatant were properly diluted. The final
concentrations of the dye that remained in the solution
were determined by visible spectrophotometry, using a
Femto spectrophotometer provided with 1.0 cm path
length optical-glass cells. Absorbance measurements were
made at the maximum wavelength of MB dye of 660 nm.
The MB detection limit using the spectrophotometric
method, determined according to IUPAC (24), was
0.09mg dm�3.

Batch desorption studies were carried out by agitating
20.0 cm3 of 200.0mg dm�3 MB solutions (pH 8.5) with
60.0mg of Na-mag and H-mag adsorbents for 60min.
The remaining liquid phase was separated from the solid
phase, and the dye loaded adsorbents, were first washed
with water for removing the non-adsorbed dye. Then, the
dye loaded adsorbents were agitated with 25.0ml of
aqueous solutions (0.01–0.25mol dm�3 NaOH; 0.01–
0.50mol dm�3 KCl; and 0.01–0.25mol dm�3 HCl) up to
1 h. The desorbed dye was separated and estimated as
described above.

The amount of dye uptake by and the percentage of dye
removal from the adsorbents were calculated by applying
Eqs. (1) and (2), respectively:

q ¼ ½ðCo � Cf Þ � V �=m ð1Þ

%Removal ¼ ½100 � ðCo � Cf Þ=ðCoÞ� ð2Þ

where q is the amount of dye uptake by the adsorbents
(mg g�1); Co is the initial MB concentration in contact with
the adsorbent (mg dm�3), Cf is the dye concentration
(mgdm�3) after the batch adsorption procedure, V is the
volume of dye solution (dm3) in contact with the
adsorbent, and m is the mass (g) of adsorbent.

Kinetic and Equilibrium Models

Kinetic equations corresponding to Avrami (25), pseudo
first-order (26), pseudo second-order (27), Elovich (28),
and the intra-particle diffusion model (29) are given in
Table 1.

The isotherm equations corresponding to Langmuir
(30), Freundlich (31), Sips (32), and Redlich-Peterson
models (33) are listed in Table 2.

Statistical Evaluation of the Kinetic and
Isotherm Parameters

The kinetic and equilibrium models were fitted by
employing the nonlinear method, using the nonlinear
fitting facilities of the software Microcal Origin 7.0. In
addition, the models were also evaluated by an error
function, which measures the differences in the amount
of dye uptake by the adsorbent predicted by the models
and the actual q measured experimentally (34).

Ferror¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXp
i

ðqimodel�qiexperimental=qiexperimentalÞ
2 �ð1=p�1Þ

vuut
ð3Þ

where qi model is the value of q predicted by the fitted
model, qi experimental is the value of q measured experimen-
tally and p is the number of experiments performed.

RESULTS AND DISCUSSION

Adsorbent Characterization

The synthesized crystalline compounds Na-mag and
H-mag (20) were characterized through X-ray diffraction
(XRD) patterns, as shown in Fig. 1a. The expected lamellar
structure for Na-mag is in agreement with the signals at 2h
5.7, 11.4 and 17.1�, to give 1.55, 0.78, and 0.52 nm, which
correspond to the indexed (001), (002), and (003) diffrac-
tion planes, respectively (13). Additional signals at 2h of
23 to 30� to give the 3.83 to 2.94 nm range are also charac-
teristic features related to the crystalline layered com-
pound. When the precursor material is acidified to
prepare H-mag, the corresponding signal due to the inter-
layer distance changes to 2h 7.3� that corresponds to
1.17 nm, as shown in Fig. 1a, clearly indicating a decrease
of the interlayer distance, as the sodium cation is
exchanged by a proton, not only due to the difference in
size, but also to the large hydration of the sodium ion (12).

TABLE 1
Kinetic adsorption models

Kinetic model Non-linear equation Ref.

Avrami qt¼ qe{1� exp[�(kAVt)]
nAV} (25)

Pseudo-first order qt¼ qe[1� exp(�kft)] (26)
Pseudo second order qt ¼ ðks � q2e � tÞ=ð1þ qe � ks � tÞ (27)

ho ¼ ksq
2
e

initial sorption rate
Elovich qt¼ (1=b)Ln(ab)þ (1=b)Ln(t) (28)
Intra-particle
diffusion

qt ¼ kid �
ffiffi
t
p
þ C (29)

TABLE 2
Isotherm models

Isotherm model Equation Ref.

Langmuir qe¼ (Qmax �KL �Ce=1þKL �Ce) (30)
Freundlich qe ¼ KF � C1=nF

e (31)
Sips qe ¼ ðQmax �KS � C1=ns

e =1þKS � C1=ns
e Þ (32)

Redlich-
Peterson

qe ¼ ðKRP � Ce=1þ aRP � Cg
eÞ (33)

where 0� g� 1
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The infrared spectrum of Na-mag presents a wide band
due to O�H stretching vibrations, which is attributed to
the interlayer water bonded to the acidic centers on the
inorganic layers and reinforced by the silanol groups in
the 3640 to 3590 cm�1 range, followed by the out of plane
vibration in the 1660 to 1628 cm�1 interval (15) as shown in
Fig. 1b. The absorption bands of the layered silicate frame-
work are located in the 1400 to 500 cm�1 region. The bands
at 1000 to 1250 cm�1 are attributed to SiO4 group vibra-
tions with strong asymmetric stretching at 1075 cm�1,
assigned to Si-O-Si (tas Si�O�Si) and also to the terminal
Si�O� (t Si�O�) bonds. The symmetric Si�O�Si

(ts Si�O�Si) stretching vibrations are located in the 700
to 950 cm�1 region and the corresponding deformation
bands for Si�O�Si and O�Si�O (d SiO) are sited in the
400 to 700 cm�1 interval (35). When sodium ions are
exchanged by protons, the same bands for the inorganic
framework are maintained, with a highly intense peak at
701 cm�1 in agreement with sodium replacement. Pro-
nounced bands related to silanol groups occurred in the
3200 to 3750 cm�1 range (12,35), as shown in Fig. 1b.

29Si NMR spectra in the solid state for sodic and acidic
magadiites are shown in Fig. 1c. Through the distribution
of groups containing silicon atoms on the surface it is

FIG. 1. A- X-ray diffraction patterns (XRD); B- IR spectroscopy; C- 29Si NMR; D- N2 adsorption=desorption isotherms; E- thermogravimetric

curves, F- derivative thermogravimetric curves, for Na-mag and H-mag.
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possible to understand the characteristic structure of the
inorganic layered matrices. For the sodium magadiite
(Na-mag) spectrum a Q3 signal at �99.2 ppm was
observed, which is related to the HOSi(OSi)3 species in
the silicate sheet; however, the strongly hydrogen bonded
water molecules result in a broad peak, and for the acidic
form (H-mag) this signal is located at� 101.1 ppm. For
Q4 signal, Si(OSi)4, three peaks are observed in sodium
magadiites at �109.2, �111.2, and �114.3 ppm respectively
(15), while for acidic magadiite, those Q4 signals were
located at 110.9, �113.5, and �114.1 ppm. Each magadiite
layer presented equal numbers of sodium cations or pro-
tons to counter the negative charge on the oxygen atoms,
being as a result, neutral structures. For acidic magadiite
distinguishable siloxane and silanol groups can be defined
(12), which were identified by the signal displacement of
the peaks.

The BET surface area results for sodic and acidic maga-
diites were 25.1� 0.1 and 16.9� 0.1m2 g�1, respectively.
Those crystalline layered materials present a smooth
hysteresis that corresponds to the H3 type, which are asso-
ciated with split-shape pores between parallel plaques.
From the BJH method average pore diameters for sodic
and acidic magadiites of 25� 1 and 19� 1 nm were
obtained, respectively, showing a non-homogeneous pore
distribution. After matrix acidification, the lamella are
going to be closer together as was confirmed by X-ray dif-
fraction patterns and, consequently, a decrease in surface
area and average pore diameter for acidic magadiite is
expected (20). These adsorption=desorption isotherms are
shown in Fig. 1d for sodic and acidic magadiites.

The thermogravimetric and derivative curves for sodium
and acidic forms for both magadiites are shown in Figs. 1e

and 1f, respectively. When sodic and acidic magadiites are
heated distinct masses are lost, as clearly demonstrated
through the derivative curves. Thus, from the curve for
Na-mag (Fig. 1e), the highest loss, shown through the deri-
vative curve (Fig. 1f), presents two peaks at 339 and 382K.
These inflections could be interpreted as related to loss of
water molecules bonded through hydrogen bonds to other
similar molecules, as well as those bonded to inorganic sila-
nol groups on the surface and finally to those bonded to the
sodium ions located in the interlayer cavity, to give a total
of 15.6% that corresponds to 9.2moles of water (20).
Although the general appearance of the thermogravimetric
curves is similar, differences in the amount of water and in
the temperatures of water release could be related to mea-
surement conditions, when compared with other reports
(15,36). Two other not well-defined mass losses were also
observed for the sodium matrix at 565 and 855K, which
were attributed to inorganic framework silanol dehydroxy-
lations to form siloxane bonds. The replacement of sodium
by proton ions causes a modification of hydration capabil-
ity of the sample. The thermogravimetric curves present a
much lower mass loss for H-mag, as shown in Fig. 1e,
which reflects in the respective derivative curve, as shown
in Fig. 1f, by presenting a value of 1.6%, to give only
0.80moles of water, as expected from the absence of Naþ

ions in the interlayer space. Very weak signals are present
at 628K, as was also previously observed (20).

The micrographs for sodic and acidic matrices are
shown in Fig. 2. By comparing these images, it is possible
to observe that the general morphology of the precursor
Na-mag matrix is maintained even after acidic treatment
to obtain H-mag. The existence of plaques (12) is clearly
viewed, as expected for such layered materials.

FIG. 2. SEM for Na-mag (A) and H-mag (B).
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Effects of Acidity on Adsorption

One of the most important factors in adsorption studies is
the effect of the acidity of the medium (37). Different species
will present divergent ranges of suitable pH depending on
which adsorbent is used. The effects of initial pH on MB
dye adsorption capacity using sodic and acidic magadiite
were evaluated within the pH range of 2 to 10, as shown in
Fig. 3a. Dye removal increased significantly with the pH, ran-
ging from 2.0 to 8.0 and 2.0 to 8.5 for sodic and acidic maga-
diites, respectively. For Na-mag, the variation of the amount
of MB removal was lower than 0.3% for pH values ranging
from 8.0 to 10.0. For H-mag in the pH 8.5 to 10.0 interval
the variation in the percentage of removal was lower than
0.8%. Therefore, the best pH interval for MB adsorption
on both sodic and acidic magadiite was from 8.5 to 10.0.

The point of zero charge (pHPZC) obtained for Na-mag
and H-mag were 4.5 and 3.7, respectively. For pH values
higher than pHPZC the adsorbent presents a negative sur-
face charge. The higher amount of MB dye adsorbed by
the two adsorbents at pH values higher than 8.5 can be
explained by considering the electrostatic interactions
between the surface charge of the adsorbents, which

became negatively charged at pH> 4.5 and >3.7, for
Na-mag and H-mag, respectively (pH >pHPZC), with the
positively charged MB dye. Based on these data, for both
adsorbents, the pH value was fixed at 8.5.

Adsorbent Dosage

The adsorbent dosage investigation for dye removal
from aqueous solution was carried out using masses of
both adsorbents ranging from 20.0 to 200.0mg, by fixing
the initial concentration and volume of MB solutions at
500.0mg dm�3 and 20.0 cm3, respectively. It was observed
that higher amounts of dye removal were attained for
adsorbent masses of at least 60.0mg of each adsorbent,
as shown in Fig. 3b. For adsorbent masses higher than
these values, the dye removal remained almost constant.
The increase in the percentage of dye removal with the
adsorbent mass can be attributed to the increase in the
adsorbent surface areas, augmenting the number of
adsorption sites available for adsorption (6,21,34). On the
other hand, the increase in the adsorbent mass promotes
a remarkable decrease in the amount of dye uptake per
gram of adsorbent (q), as shown in Fig. 3c, an effect that

FIG. 3. Effect of pH on MB adsorption (200mgdm�3); B- Effect of adsorbent mass on the percentage of MB removal (500mgdm�3) from aqueous

effluents; C- Effect of adsorbent mass on the amount of dye adsorbed. Contact time was fixed at 240min.
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can be mathematically explained by combining Eqs. (1)
and (2) to give:

q ¼ ð%Removal � Co � VÞ=ð100 �mÞ ð4Þ

As observed from Eq. (4), the amount of dye uptake (q)
and the mass of adsorbent (m) are inversely proportional.
For a fixed dye percentage removal, the increase of adsor-
bent mass leads to a decrease in q values, since the volume
(V) and initial dye concentrations (Co) are always fixed.
These values clearly indicate that the adsorbent masses
must be fixed at 60.0mg for both sodic and acidic

magadiites, masses that correspond to the minimum
amount of adsorbent that leads to constant dye removal.

Kinetic Studies

Studies of adsorption kinetics are an important feature
to be considered in aqueous effluent treatments as they pro-
vide valuable information on the mechanism of adsorption
processes (21,34). In attempting to describe the dye adsorp-
tion by both adsorbents, four kinetic models were fitted, as
shown in Figs. 4a and 4b. The kinetic parameters for the
fitted models are listed in Table 3.

FIG. 4. Kinetic models for MB adsorption.
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The Avrami fractionary kinetic order was suitably fitted,
presenting low error function values and also high R2

values, for the two initial concentration levels of the dye
with both adsorbents. The lowest error function is followed
by similar differences in calculated q values, by considering
the experimentally measured model (34). It should be
stressed that only the analysis of R2 values for the estab-
lishment of a given model is not enough, because the error
function evaluates the differences associated with each
individual point fitted by the model, in relation to each
measured experimental point. On the other hand, the R2

value measures the differences associated with each indivi-
dual point in relation to the average fitted curve (34).

Additionally, it was verified that the qe values found in
the fractionary-order were in good agreement with the
experimental data. For all other models, the q values were
not coincident with the qe experimental values. These
results indicate that the fractionary-order kinetic model
best explains the adsorption process of MB uptake by
Na-mag and H-mag adsorbents.

By analyzing the values of the kinetic parameters
depicted in Table 3, it should be mentioned that the kAV

values showed a variation lower than 1.3%, when the initial
concentration of the adsorbate increased from 500 to
750mgdm�3.

The Avrami kinetic equation has been successfully
employed to explain several kinetic processes of different
adsorbents and adsorbates. The Avrami exponent (nAV)
is a fractionary number related with the possible changes
of the adsorption mechanism that take place during the
adsorption process (6,21,25,28,38–43). If the mechanism
of adsorption follows only an integer-kinetic order, the
adsorption could follow multiple kinetic orders that are
changed during the contact of the adsorbate with the
adsorbent (38–43). The nAV is a result of multiple kinetic
orders for the adsorption procedure.

Taking into account that the kinetic results fit very well
into the Avrami fractionary kinetic model for the dye using
Na-mag and H-mag adsorbents, listed in Table 3 and
Figs. 4a and 4b, the intra-particle diffusion model (29),

TABLE 3
Kinetic parameters for MB removal using Na-mag and H-mag adsorbents. Conditions: temperature 298� 1K at

pH 8.5 and mass of adsorbent 60.0mg

Na-mag H-mag

500mg dm�3 750mg dm�3 500mg dm�3 750mgdm�3

Avrami
kAV (min�1) 0.0149 0.0151 0.0157 0.0159
qe (mg g�1) 169 240 156 170
nAV 1.42 1.41 1.30 1.29
R2 0.9998 0.9997 0.9997 0.9998
Ferror 0.0685 0.0810 0.0721 0.0780
Pseudo-first order
kf (min�1) 0.0125 0.0127 0.0137 0.0140
qe (mg g�1) 180 254 163 177
R2 0.9852 0.9858 0.9911 0.9917
Ferror 0.424 0.366 0.216 0.185
Pseudo-second order
ks (gmg�1min�1) 5.00 � 10�5 3.00 � 10�5 6.00 � 10�5 6.00 � 10�5
qe (mg g�1) 234 330 208 225
ho (mg g�1min�1) 2.75 3.27 2.59 3.04
R2 0.9704 0.9709 0.9770 0.9773
Ferror 0.515 0.453 0.298 0.265
Elovich
a (mg g�1min�1) 6.02 8.64 6.06 6.74
b (gmg�1) 0.0202 0.0143 0.0227 0.0210
R2 0.9564 0.9563 0.9618 0.9615
Ferror 1.41 1.23 0.829 0.745
Intra-particle diffusion
ki (mg g�1min�0.5) 19.3 25.9 16.5 18.0

�First stage.
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was plotted in order to verify the influence of mass transfer
resistance on the binding of MB to both adsorbents, as
indicated by the values listed in Table 3 and shown in
Figs. 4c and 4d.

The possibility of intra-particle diffusion resistance affect-
ing adsorption was explored using the appropriate model
(29). Thus, the diffusion constant, ki (mgg�1min�0.5), can
be obtained from the slope of the plot of qt (uptake at any
time, mgg�1) versus the square root of time. Figures 4c and
4d show the plots of qt versus t1=2, with multi-linearity for
the dye using Na-mag and H-mag adsorbents. These results
imply that the adsorption processes involve more than a sin-
gle kinetic stage or sorption rate (43). The adsorbents exhib-

ited two stages, which can be attributed to two linear parts,
involving Figs. 4c and 4d. The first linear part can be attrib-
uted to intra-particle diffusion, which caused delay in the pro-
cess. However, the second stage may be regarded as the
diffusion through smaller pores, which is followed by the
establishment of equilibrium (43).

Equilibrium Studies

The adsorption isotherm describes the amount of adsor-
bate uptake by the adsorbent and the adsorbate concentra-
tion that should remain in solution. Therefore, a lot of
equations for analyzing experimental adsorption equili-
brium data are available. The equation parameters of these
equilibrium models often provide some insight into the
adsorption mechanism, the surface properties and the affi-
nity of the adsorbent. For this purpose the Langmuir (30),
the Freundlich (31), the Sips (32), and the Redlich-Peterson
(33) isotherm models were assayed.

The isotherms of MB adsorption on both adsorbents
were performed, by using the best experimental conditions,
as shown in Fig. 5, and the data of the fitted models are
presented in Table 4. Based on the Ferror, the equilibrium

FIG. 5. Isotherm models for MB adsorption from aqueous solutions on

Na-mag and H-mag adsorbents using the batch adsorption procedure at

298� 1K, adsorbent mass of 60mg; pH fixed at 8.5 for contact time of

210min. A- Na-mag and B- H-mag.

TABLE 4
Isotherm parameters for MB adsorption using
Na-mag and H-mag as adsorbents. Conditions:
Temperature 298� 1K, contact time 210min, at

pH 8.5 and mass of adsorbent 60.0mg

Na-mag H-mag

Langmuir
Qmax (mg g�1) 331 173
KL (dm3mg�1) 0.369 0.352
R2 0.9952 0.9978
Ferror 0.0401 0.0236
Freudlich
KF(mg g�1(mg dm�3)�1=nF) 145 88.7
nF 5.14 8.01
R2 0.8848 0.8153
Ferror 0.185 0.194
Sips
Qmax(mg g�1) 335 174
KS ((mg dm�3)�1=ns) 0.381 0.379
nS 1.06 1.08
R2 0.9956 0.9988
Ferror 0.0421 0.0129
Redlich-Peterson
KRP (dm3 g�1) 129 62.8
aRP (mg dm�3)�g 0.410 0.373
g 0.987 0.995
R2 0.9956 0.9980
Ferror 0.0410 0.0203
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data fit very well all the isotherm models for both adsor-
bents, with the exception of the Freundlich model. For
Na-mag, the results fit slightly better to the Langmuir iso-
therm model and for H-mag to the Sips isotherm model,
whose results were corroborated by the R2 value.

Taking into account that the equilibrium results were
practically coincident for the Langmuir, the Sips, and the
Redlich-Peterson isotherm models, the maximum amounts
of MB uptake were 331 and 173mg g�1 for Na-mag and
H-mag, respectively. From the viewpoint of the interacting
exchanger process at the solid=liquid interface, the adsorp-
tion of MB by the adsorbents should follow the mechanism
depicted in Scheme 2. For H-mag the adsorption follows
two steps and for Na-mag only one step is required.
For H-mag, in the first step, the lamellar silicate is
equilibrated with the aqueous solution (8.5< pH< 10.0),
where the available silanol groups loose protons, to form
interchangeable sodium silicate. In the second step for both
H-mag and for Na-mag the MB is intercalated inside the
lamella of the silicate, with an ion-exchange process
between the positively charge of dye (MB) with the sodium
cation originally bound to the silicate matrix. The
ion-exchange of the dye with the lamellar silicate occurs
with an expansion of the basal space, as previously
observed (44). Taking into account that Na-mag presents
cationic sodium ions already bonded to the layered surface,
the ion-exchange mechanism is facilitated by the entrance
of the guest (MB), a fact that explains its higher adsorption
capacity for MB.

Desorption Experiments

Desorption experiments were carried-out in order to
verify the possible ion-exchange mechanism of adsorption

SCH. 2. Mechanism of adsorption of methylene blue on Na-mag and H-mag.

FIG. 6. Desorption of MB loaded on Na-mag (a) and on H-mag (b)

adsorbents with solutions expressed by concentration in mol dm�3. Deso-

rption experiments were carried out at 298K during 1 h.
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of MB on Na-mag and H-mag adsorbents, as well as to test
the reusability of the adsorbents in industrial applications
(see Fig. 5). It was observed that NaOH did not lead to
any removal of the MB dye loaded adsorbents after 1 h
of contact time (see Fig. 6). The desorption experiments
carried-out with KCl promoted a fair regeneration of the
MB loaded Na-mag (<47%) and MB loaded H-mag adsor-
bents (<44%) after 1 h of contact (see Fig. 5). The immedi-
ate desorption (<10min) of MB from Na-mag and H-mag
was achieved by using HCl solutions (see Fig. 5). These
results reinforce the ion-exchange mechanism of adsorp-
tion of MB on Na-mag and H-mag adsorbents, already
explained above. The recuperated adsorbents were again
employed for MB dye adsorption, after regeneration of
the adsorbents with 0.25mol dm�3 of sodium hydroxide.
No significant losses of adsorption capacity (<1.5%), were
observed during the 5 cycles of adsorption=desorption
using both adsorbents.

These results are important from the economic point of
view, since industrial effluents contaminated with MB (19)
could be treated with the Na-mag and H-mag adsorbents,
using stirred tank reactors that were simulated by the batch
adsorption procedure described in this work.

Comparison of Different Inorganic Adsorbents
for MB Adsorption

A comparison of several inorganic adsorbents employed
for MB adsorption is listed in Table 5 (8,45–54). As
observed, the Na-mag and H-mag adsorbents employed
in this investigation present very high adsorption capacities
for the dye when compared with several other inorganic
adsorbents. By considering a set of eighteen adsorbents,
Na-mag presented higher sorption capacity than fifteen
of them (8,45–54), and H-mag showed to be more efficient
than eleven of this same series of adsorbents (8,45–54).
These outstanding sorption capacities place Na-mag as
one of the best adsorbents and H-mag in an intermediate
position in relation to the adsorption capacity for MB
dye removal from aqueous solutions.

CONCLUSION

The synthesized crystalline layered silicic sodic maga-
diite and its converted acidic form represent good alterna-
tive adsorbents for methylene blue removal from aqueous
solutions. Both inorganic matrices have the ability to inter-
calate the dye inside the free cavities of the matrix at the
solid=liquid interface, when the samples are suspended in
water, after establishing the best conditions of pH, in the
8.5 to 10.0 range, with a minimum shaking time of
210min, a time necessary to saturate the available centers
located on the exchanger surface and to provide a
well-defined isotherm. Good regenerations of the MB
loaded Na-mag (95%) and H-mag (93%) adsorbents were
achieved using a 0.25mol dm�3 hydrochloric acid solution,

reinforcing the ion-exchange mechanism. Four defined
kinetic models were used to adjust the adsorption and the
best fit was the Avrami (fractionary-order) model. How-
ever, the intra-particle diffusion model gave two linear
regions, which suggested that the adsorption can be also
followed by multiple adsorption rates. The maximum
adsorption capacities were 331 and 173mg g�1 for sodic
and acidic magadiite, respectively. The proposed mechan-
ism for this process can be related to the highest value
obtained for the sodic form, that is caused by the facility
of the dye to exchange, not only due to the ionic bonding
character of this cation, but also because the process
occurred in a favorable expanded basal space.
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NOTATIONS

a the initial adsorption rate (mg g�1min�1) of the
Elovich equation.

b Elovich constant related to the extent of surface
coverage and also to the activation energy involved
in chemisorption (gmg�1).

TABLE 5
Comparison of maxima adsorption capacities (MAC) of

MB on different inorganic adsorbents (Ads)

Ads
MAC

(mg g�1) Ref.

Natural zeolite 25 8
Pyrolyzed petrified sediment 2.39 45
Activated carbon 298 46
Activated carbon 345 46
Activated carbon 385 46
Activated carbon 588 46
Acid treated diatomite 126.6 47
Palygorskite clay 51.0 48
Ordered mesoporous carbon 100.0 49
Titania-silica mesoporous materials 96 50
Activated carbo-aluminosilicate 117.9 51
Activated carbo-aluminosilicate 212.5 51
Activated carbo-aluminosilicate 325.2 51
Activated spent diatomaceous earth 56.2 52
Titania nanotubes 290 53
Natural zeolite 18.3 54
Geopolymeric adsorbents from fly ash 32.0 54
H-mag 173 This work
Na-mag 331 This work
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aRP the Redlich-Peterson constant (mg dm�3)�g.
C constant related with the thickness of boundary

layer (mg g�1).
Cf dye concentration at the end of the adsorption

(mg dm�3).
Ce dye concentration at equilibrium (mg dm�3).
Co initial dye concentration in contact with the adsor-

bent (mg dm�3).
dq differential of q.
g dimensionless exponent of the Redlich-Peterson

equation.
ho the initial sorption rate (mg g�1min�1) of the

pseudo-second order equation.
kAV the Avrami kinetic constant (min�1).
kf pseudo-first order rate constant (min�1).
KF the Freundlich constant related to adsorption

capacity [mg g�1 (mg dm�3)�1=nF].
kid intra-particle diffusion rate constant

(mg g�1min�0.5).
KL Langmuir affinity constant (dm3mg�1).
KRP Redlich-Peterson constant (dm3 g�1).
KS the Sips constant related to the affinity constant

(mg dm�3)�1=ns.
ks the pseudo-second order rate constant

(gmg�1min�1).
m mass of adsorbent (g).
nAV fractionary reaction order (Avrami) which is

related to the adsorption mechanism.
nF dimensionless exponent of Freundlich equation.
nS dimensionless exponent of Sips equation.
q amount of the dye adsorbed by the adsorbent

(mg g�1).
qe amount of dye adsorbed at the equilibrium

(mg g�1).
Qmax the maximum adsorption capacity of the adsorbent

(mg g�1).
qt amount of adsorbate adsorbed at time t (mg g�1).
t time of contact (min).
V volume of dye in contact with the adsorbent (dm3).
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a b s t r a c t

The octosilicate Na-RUB-18 has the ability to exchange its original sodium with cetyltrimethylam-
monium cations. This procedure leads to interlayer space expansion, with the aim of obtaining
inorganic–organic nanostructured hybrids by chemical modification reactions. The silylating agent 3-
trimethoxysilylpropylurea was attached to the inorganic layer using heterogeneous methodology. The
new organofunctionalized material was characterized by elemental analysis, X-ray diffraction, 13C and
29Si nuclear magnetic resonances in the solid state, infrared spectroscopy, thermogravimetry and scan-
ning electron microscopy. The amount of silylating agent immobilized on surface was 2.03 mmol g−1, with
a basal distance of 2.43 nm. Nuclear magnetic resonance of 13C and 29Si nuclei evidenced covalent bond
formation between organosilyl and silanol groups at the surface. The new synthesized nanostructured
layered material was able to remove the textile dye Reactive Black 5 from aqueous solution, followed
through a batchwise process. The effects of stirring time, adsorbent dosage and pH on the adsorption
capacity demonstrated that 150 min is enough to reach equilibrium at 298 ± 1 K at pH 3.0. Based on error
function values the data were best fitted to fractional-order kinetic models and compared to pseudo-
first-order, pseudo-second-order and chemisorption kinetic models. The equilibrium data were better
fitted to the Sips isotherm models.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Industrial activities are responsible for generating large volumes
of hazardous species contaminating wastewater effluents [1]. Even
more pronounced is the effluent contamination by colored rejects,
which cause serious problems of environment pollution [2,3]. As a
result, the interest in textile dye removal from aqueous solution has
grown, as has the development of synthetic materials that could be
used for this purpose [1–4]. These materials must have wide appli-
cabilities, not only for discoloring different industrial wastewater,
but also due to interesting structural aspects that lead to better
results compared to natural and other commonly used sorbents
[5,6].

Normally the sorption process was carried out by conventional
ion exchange procedure [7]. The possibility of chemically modified
different surfaces increases capability of dye sorption presented
by those synthesized organofunctionalized materials, as previously
assigned [2,4].

RUB-18 is a member of the hydrous layered silicate family, also
composed of makatite, kanemite, kenyaite and magadiite [8]. With

∗ Corresponding author. Tel.: +55 51 3308 7175; fax: +55 51 3308 7304.
E-mail addresses: eder.lima@ufrgs.br, profederlima@gmail.com (E.C. Lima).

the exception of RUB-18, these silicates were first discovered in
nature. From the synthetic point of view this set of silicates is
also synthesized in the laboratory in the sodic form. For exam-
ple, Na8Si32O64(OH)8·32H2O with a basal distance of 1.10 nm, with
structural lamella composed of four rings connected by other five
silicon atoms [9]. The [54] cage model was first investigated with
this layered silicate. Makatite and kanemite also had their struc-
tures determined, but those for the other members of the family,
magadiite and kenyaite, remain unknown [8,10]. These silicates
present charge neutrality maintained through the hydrated sodium
counter ion distributed inside the layered framework [8,9].

The silanol groups disposed on the layered surface of the RUB-
18 structure enable silylating agents bonding, after prior exchange
of sodium with cethyltrimethylammonium cations, with the objec-
tive to expand the interlayer cavity to obtain a greater organophillic
character, favoring by this procedure covalent bond formation
between the silylating agent and the layered surface [11]. Examples
of chemical organofuncionalization of surfaces are conventional
procedures used for synthesis of natural talc phyllosilicates and
other layered materials [3,12]. On the other hand, the organofunc-
tionalized materials can be obtained by different methodologies,
such as the sol–gel process, solvent evaporation and conventional
reflux methodology [13]. The procedure leads to the design of
chosen molecules to be grafted to nanostructured materials that

0304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2010.05.019
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Nomenclature

aRP Redlich–Peterson constant (mg dm−3)−g

C constant related with the thickness of the boundary
layer (mg g−1).

Cf dye concentration at the end of the adsorption
(mg dm−3)

Ce dye concentration at equilibrium (mg dm−3)
Co initial dye concentration put in contact with the

adsorbent (mg dm−3)
g dimensionless exponent of Redlich–Peterson equa-

tion
ho the initial sorption rate (mg g−1 min−1) of the

pseudo-second-order equation
kAV Avrami kinetic constant (min−1)
kf pseudo-first-order rate constant (min−1).
KF the Freundlich constant related to adsorption capac-

ity [mg g−1(mg dm−3)
−1/nF ].

kid intra-particle diffusion rate constant
(mg g−1 min−0.5).

KL Langmuir affinity constant (dm3 mg−1).
KRP Redlich–Peterson constant (dm3 g−1)
KS the Sips constant related to the affinity constant

((mg dm−3)
−1/nS )

ks the pseudo-second-order rate constant
(g mg−1 min−1)

m mass of adsorbent (g)
nAV a fractional reaction order (Avrami) which can be

related to the adsorption mechanism
nF dimensionless exponent of the Freundlich equation
nS dimensionless exponent of the Sips equation
q amount of the dye absorbed by the adsorbent

(mg g−1)
qe amount of adsorbate adsorbed at the equilibrium

(mg g−1)
Qmax the maximum adsorption capacity of the adsorbent

(mg g−1)
qt amount of adsorbate adsorbed at time t (mg g−1)
t time of contact (h)
V volume of dye put in contact with the adsorbent

(dm3)

Greek letters
˛ the initial adsorption rate (mg g−1 min−1) of the

Elovich equation
ˇ Elovich constant related to the extent of surface cov-

erage and also to the activation energy involved in
chemisorption (g mg−1)

present established functionalities and different practical applica-
tions.

The silicate RUB-18 presents a regular layered surface and high
capacity for organofunctionalization reactions. Recently, the inter-
layer space of RUB-18 has been modified by different methoxy
and chlorosilanes and the synthesized inorganic–organic nanos-
tructured materials were successfully used for removal of divalent
cation and heavy metal from aqueous solution [13,14].

The present investigation deals with a synthesized organofunc-
tionalized RUB-18 for use as a sorbent for Reactive Black 5 textile
dye removal. Consequently, the natural and chemical aspects
related to the silylating agent grafted on the layers are presented,
together with the application of this material as sorbent for dye
removal from aqueous effluents.

2. Experimental

2.1. Synthesis of Na-RUB-18

The hydrated sodium silicate RUB-18 was synthesized by a
hydrothermal procedure [14]. Briefly, suspension of silica gel
(Fluka) and a sodium hydroxide (Nuclear) solution in the molar
ratio of SiO2:0.5NaOH:7.0H2O, that corresponds to 25.0 g of amor-
phous silica gel, 8.32 g of sodium hydroxide and 53 cm3 of deionised
water was transferred to a Teflon-lined autoclave with autogeneous
pressure and treated at 378 K for 9 days. The as-synthesized Na-
RUB-18 was filtered, washed with deionised water until neutral
pH and dried at 323 K for 24 h [14–16].

2.2. Synthesis of CTA-RUB-18

A sample of 2.0 g of Na-RUB-18 was dispersed in 200 cm3 of
0.10 mol dm−3 of an aqueous solution of cetyltrimethylammonium
bromide (CTAB). The mixture was stirred for 3 days at room tem-
perature. The procedure was repeated 3 times until completing
the intercalation process, which was followed by X-ray diffraction.
Finally, the solid obtained (CTA-RUB-18) was centrifuged, washed
with ethanol and dried at 323 K for 24 h [14,16].

2.3. Organofunctionalization

A sample of 2.0 g of the as-synthesized CTA-RUB-18 was sus-
pended in 100 cm3 of toluene under nitrogen flow at 343 K for 1 h.
Then, 2.0 cm3 of the silylating agent 3-trimethoxysilylpropylurea
(TPU, (CH3O)3Si(CH2)3NHCONH2) was added to the reaction
medium, which remained for another 96 h. The obtained product
(C-RUB-U) was filtered, washed with ethanol (Synth), dried under
vacuum at 343 K for 24 h [4,14,15].

2.4. Characterization

Carbon, nitrogen and hydrogen amounts were determined
on a Perkin-Elmer 2400 Series II microelemental analyzer and
two independent determinations were performed. X-ray diffrac-
tion patterns were collected on a Shimadzu model XRD 7000
diffractometer, varying 2� from 1.4 to 50◦, with CuK� radia-
tion (corresponding to 1.54 nm). Thermogravimetric curves were
obtained on a TA Instruments 5100, with heating rate of 0.167 K s−1,
under 1.67 cm3 s−1 of argon flow, from room temperature to 1273 K,
and initial mass of at least 10.0 mg of the solid.

Nuclear magnetic resonance spectra were recorded with a
Bruker AC300/P solid state high-resolution spectrometer, by cross-
polarization and magic angle spinning (CP-MAS). The frequencies
were 79.4 and 100.6 MHz, with rotational frequencies of 10 kHz
and delay times of 6.0 ms and 8.0 ms for 29Si and 13C nuclei,
respectively. Chemical shifts were referenced to tetramethylsilane.
Infrared spectra were performed on a Bomem model MB FTIR spec-
trophotometer, with KBr pellets in the 4000–400 cm−1 region and
resolution scan of 4 cm−1, accumulating 32 scans. The micrographs
were measured on a JEOL 6360-LV scanning electron microscope.
The samples were first suspended in acetone and the micrograph
was obtained after sputter coating a thin conducting layer of gold
for 400 s.

2.5. Solutions and reagents

Deionised water was used throughout the experiments for all
solution preparations.

The Reactive Black 5 textile dye (RB-5), (C.I. 20505;
C26H21N5O19S6Na4, 991.82 g mol−1, �max = 590 nm, as shown
in Scheme 1) was obtained from Sigma with a dye content of 55%.
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Scheme 1. Structural formula of Reactive Black 5 dye (RB-5).

It was used without further purification. The dye has two sulfonate
groups and another two sulfato-ethyl-sulfone group, with negative
charges even in highly acidic solutions, due to their pKa values are
lower than zero [17].

The stock solution was prepared by dissolving accurately
weighed dye in distilled water at a concentration of 5000 mg dm−3.
The working solutions were obtained by diluting the dye stock solu-
tion to the required concentrations. In order to adjust the pH of the
solutions, 0.10 mol dm−3 sodium hydroxide or hydrochloric acid
solutions were used, using a Hanna (HI 255) pHmeter.

2.6. Batchwise adsorption procedure

The adsorption studies to evaluate the C-RUB-U for RB-5 dye
removal from aqueous solutions were carried-out in triplicate
using a batch adsorption procedure. For these experiments, fixed
amounts of adsorbent varying from 20.0 to 200.0 mg were sus-
pended in a series of 50 cm3 glass flasks containing 20.0 cm3

of dye solution with concentrations that varied from 2.00 to
1000.0 mg dm−3. These suspensions were stirred for suitable times
from 5 to 360 min. The isotherms clearly demonstrated that a
well-established plateau was obtained and the equilibrium stud-
ies determined in these optimized conditions were 150 min at
298 ± 1 K, with the initial pH of the dye solutions ranging from
2.5 to 8.5. Subsequently, in order to separate the adsorbents from
the aqueous solutions, the flasks were centrifuged at 3600 rpm
for 10 min, as already described in other publications [17,18], and
aliquots of 1.0–10.0 cm3 of the supernatant were properly diluted.
The final concentrations of the dye remaining in solution were
determined by visible spectrophotometry, using a Femto spec-
trophotometer provided with 1.0 cm path length optical-glass cells.
Absorbance measurements were made at the maximum wave-
length of the dye, 590 nm, and the detection limit using the
spectrophotometric method, determined according to IUPAC [19],
was 0.14 mg dm−3. The amount of the dye uptake and percentage
of dye removal by the adsorbent were calculated by applying Eqs.
(1) and (2), respectively:

q = (Co − Cf)
m

V (1)

%Removal = 100
(Co − Cf)

Co
(2)

where q is the amount of dye uptake by the adsorbent (mg g−1);
Co is the initial RB-5 concentration in contact with the adsorbent
(mg dm−3), Cf is the dye concentration (mg dm−3) after the batch
adsorption procedure, V is the volume of dye solution (dm3) in
contact with the adsorbent and m is the mass (g) of adsorbent.

2.7. Kinetic and equilibrium models

The kinetic equations corresponding to the Avrami, pseudo-
first-order, pseudo-second-order, and Elovich models are given in
Table 1 [20]. The isotherm equations corresponding to the Lang-
muir, Freundlich, and Sips models are listed in Table 2 [21].

2.8. Statistical evaluation of the kinetic and isotherm parameters

The kinetic and equilibrium models were fitted by employing a
nonlinear method, with successive interactions calculated by the
method of Levenberg–Marquardt and also interactions calculated
by the Simplex method, using the nonlinear fitting facilities of the
software Microcal Origin 7.0. In addition, the models were also eval-
uated by an error function, which measures the differences in the
amount of dye uptake by the adsorbent predicted by the models
and the actual q measured experimentally [22]

Ferror =

√√√√(
1

n − p

) n∑
i

(qi,exp − qi,model)
2 (3)

where qi,exp is the value of q measured experimentally, qi,model is
the value of q predicted by the fitted model, n is the number of
experiments performed, and p is the number of parameter of the
fitted model.

Table 1
Kinetic adsorption models.

Kinetic model Nonlinear equation

Avrami qt = qe{1 − exp [−(kAVt)]nAV }

Pseudo-first-order qt = qe[1 − exp(−kft)]

Pseudo-second-order qt = ksq2
e t

1+qeks t

ho = ksq2
e

Initial sorption rate

Elovich qt = 1
ˇ

ln(˛ˇ) + 1
ˇ

ln(t)

Table 2
Isotherm models.

Isotherm model Equation

Langmuir qe = QmaxKLCe
1+KLCe

Freundlich qe = KFC1/nF
e

Sips qe = QmaxKSC1/nSe
1+KSC1/nSe
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Fig. 1. X-ray diffraction patterns of Na-RUB-18 (a), CTA-RUB-18 (b) and of the
organomodified C-RUB-U (c) materials.

3. Results and discussion

3.1. Sorbent characterization

X-ray diffraction pattern of the Na-RUB-18, intercalated CTA-
RUB-18 and organofunctionalized C-RUB-U compounds are shown
in Fig. 1. As observed at the curve a, Na-RUB-18 shows lamel-
lar domains revealed by peaks for 2� at 8.1 and 16.1◦, related to
the diffraction of the [0 0 1] and [0 0 2] planes of the solid sur-
face, respectively [9,14]. The first peak is attributed to the basal
distance of 1.09 nm and after exchanging the interlayered sodium
ions by the cetyltrimethylammonium cations the basal distance
increased 2.70 nm, 2� being 3.3◦, as expected, favoring the step of
organofunctionalization [12,14]. The attachment of the silylating
agent N-trimethoxysilylpropylurea to the layered RUB-18 surface
causes a decrease of the precursor silicate basal distance, from
2.70 to 2.43 nm, easily viewed by the shift in the d0 0 1 reflec-
tion to greater 2� value at 3.6◦, showing also that the intercalated
cation was removed after the attachment [14]. Covalent bond for-
mation between silanol groups on the layered surface and the
silylating agent in the organofunctionalization process, disposes
attached pendant chains that could be protonated in aqueous
solutions, adding potential capability for dye sorption [2]. The ele-
mental analysis results for synthesized modified material gave: C,
9.84%; H, 2.12%; N, 5.68%, with the immobilized amount of pendant
organic groups being 2.03 mmol g−1, based on the amount of nitro-
gen obtained. This result reflects the amount of anchored organic
groups able to interact with the RB-5 textile dye. The result obtained
by elemental analysis is very near from that obtained through ther-
mogravimetry, that gave an amount of 2.09 mmol g−1 of organic
groups, which decomposed upon heating the sample. The agree-
ment between elemental analysis and thermogravimetry shows a
well behaved system [15].

Through 29Si CP-MAS NMR it is possible to determine the
connectivity of the layers [23]. The spectrum obtained for the Na-
RUB-18 shows two signals, at −99.9 and −111.1 ppm, from the units
Q3, (SiO)3Si–O−, and Q4, (SiO)4Si, respectively, due to silanol and
siloxane groups on the structure of the layered silicate, as shown
in Fig. 2A (a). For the intercalated form CTA-RUB-18, the spectrum
in Fig. 2A (b) gave the same set of signals, with little displacement
to −101.4 and −112.3 ppm, due to Q3 and Q4 groups, respectively.

Fig. 2. (A) 29Si MAS NMR of Na-RUB-18 (a), CTA-RUB-18 (b), C-RUB-U (c) and (B)
13C MAS NMR of C-RUB-U materials.

The signal between at −104.8 ppm may occur when two forms of
intercalation changes silicon environment [9,14].

The spectrum of the organofunctionalized inorganic–organic
hybrid, as shown in Fig. 2A (c), shows signals from Q3 and Q4

groups at −104.2 and −111.7 ppm, respectively. The reduction of
the Q3 signal intensity was observed together with an increase in
the signal intensity related to the Q4 signal, confirming the reac-
tion of the organic molecule with the silanol groups of the silicate
surface, being converted to Q4 sites [13]. In addition, upon cova-
lent bond formation, three new signals are related to T1, T2 and
T3 environments, at −49.4, −58.3 and −66.6, respectively. Those
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Fig. 3. FTIR spectra of Na-RUB-18 (a), CTA-RUB-18 (b) and C-RUB-U (c).

signals indicate different attachments, since T1 corresponds to
[Si(OSi)(OH)2R] to T2 [Si(OSi)2(OH)R] and T3 to [Si(OSi)3R], being
R an organic chain [2,14,24].

13C CP-MAS NMR spectrum of C-RUB-U material is shown in
Fig. 2B, with the inserted structure of the organic chain covalently
bonded to the inorganic framework [25]. The spectrum confirms
the presence of the carbon from the silylating agent anchored to the
silicate layer, and also that the surfactant was completely removed
during the washing process. The signals from the organic pendant
groups were seen at 12.4, 23.8, 43.9 and 161.5 ppm, in agreement
with the attributions, for carbon (1) attached to the silicate sheet
and chain intermediate carbons (2) and (3), with carbon (4) corre-
sponding to the functional group, respectively.

The infrared spectrum of the Na-RUB-18 layered silicate shows
the expected bands of the physisorbed water molecules on the
inorganic material, represented by �(OH) stretching frequency at
3650 cm−1 and the ı(OH) deformation band near 1630 cm−1 (see
Fig. 3a). The band that appeared at 3650 cm−1 is also attributed to
available silanol groups on the surface. The bands at the interval
of 1000–500 cm−1 are due to frequency �(Si–O) vibrations, from
the inorganic framework. Absorption bands at 797 and 670 cm−1

are related to the symmetric stretching �(SiO) of Si–O–Si groups
[2]. The intercalated compound infrared spectrum shows the same
bands related to the inorganic structure of the layer, with new
bands detected at 2920 and 2855 cm−1, associated with symmetric
and asymmetric stretching �(CH2) respectively, and at 1474 cm−1

for the symmetric deformation ı(CH2) vibrations for the interca-
lated organic cation [C16H33N(CH3)3]+ [13,16] (see Fig. 3b). The
organically modified RUB-18 structure presented bands at 2967
and at 1620 cm−1, due to �(C–H) stretching and ı(NH) deformation
vibrations, respectively, and the band at 1650 cm−1 is attributed
to �(C O) carbonyl stretching vibration, from the silylating agent
attachment at the surface [2,14,15] (see Fig. 3c).

The scanning electron microscopy of the as-synthesized sam-
ples of CTA-RUB-18 and of the organofunctionalized C-RUB-U are
shown in Fig. 4. The morphologies are similar, showing that the par-
ticles were organized forming plates typical for a layered structure
[8].

3.2. Effects of acidity on adsorption

One of the most important factors in adsorption studies is the
effect of the acidity of the medium [26]. Different species being
adsorbed on diverse adsorbents will present divergent ranges of
suitable pH regions for adsorption. The effects of initial pH on RB-
5 dye adsorption capacity using C-RUB-U adsorbent was evaluated
within the pH range from 2.5 to 8.5, as shown in Fig. 5A. The amount
of dye adsorbed (q) was constant in the pH range from 2.5 to 3.0.
From pH 3.0 to 4.0 the percentages of RB-5 dye removal decreased
by 7%. With values ranging from 4.5 to 6.0, the percentages were
practically constant. From pH 6.0 to 8.5, the percentages decreased
on the order of 32%. Based on the present data, the initial pH of all
adsorbate solutions were kept at 3.0.

The major adsorption capacity of C-RUB-U adsorbent for RB-5
adsorption occurs at pH 2.5–3.0, because at this pH range, the amino
groups of the adsorbent are protonated, facilitating the adsorption
of the negative charged dye (see Scheme 2).

3.3. Adsorbent mass

The investigation of the mass of adsorbent for dye removal from
aqueous solution was carried out using adsorbent masses ranging
from 20.0 to 200.0 mg, by fixing the initial concentration and vol-
ume of RB-5 solutions at 60.0 mg dm−3 and 20.0 cm3, respectively.
The highest amount of dye removal was attained for adsorbent
masses of at least 50.0 mg of adsorbent, as shown in Fig. 5B (at left).
For adsorbent masses higher than these values, the dye removal
remained almost constant. The increase in the percentage of dye
removal with adsorbent mass can be attributed to increases in

Fig. 4. Scanning electron microscopy of CTA-RUB-18 (a) and C-RUB-U (b) samples.



Author's personal copy

B. Royer et al. / Journal of Hazardous Materials 181 (2010) 366–374 371

Scheme 2. Mechanism of adsorption of RB-5 by C-RUB-U adsorbent.

the adsorbent surface areas, augmenting the number of adsorp-
tion sites available for adsorption [4,5,18]. On the other hand, the
increase in the adsorbent mass promotes a remarkable decrease in
the amount of dye uptake per gram of adsorbent (q), as shown in
Fig. 5B (at right), an effect that can be mathematically explained by
combining Eqs. (1) and (2):

q = %Removal · Co · V

100m
(4)

As observed from Eq. (4), the amount of dye uptake (q) and the
mass of adsorbent (m) are inversely proportional. For a fixed dye
percent removal, an increase of adsorbent mass leads to a decrease
in q values, since the volume (V) and initial dye concentrations (Co)
are always fixed. These values clearly indicate that the adsorbent
mass must be fixed at 50.0 mg, which corresponds to the minimum
amount of adsorbent that leads to constant dye removal.

3.4. Kinetic studies

Studies of adsorption kinetics are an important feature to be
considered in aqueous effluent treatments as they provide valu-
able information on the mechanism of adsorption processes [20].
In attempting to describe RB-5 dye adsorption by the adsorbent,
four kinetic models were tried, as shown in Fig. 6A and B. The
kinetic parameters for the models are listed in Table 3. Based on
the Ferror values, it was observed that the Avrami the Avrami model
provides the best fit to the data. The pseudo-first-order, pseudo-
second-order and chemisorption kinetic models presented Ferror

values at least 3.7 times higher than the Avrami fractional kinetic
model.

Additionally, it was verified that the qe values found in the
fractional-order were in good agreement with the experimental
data (see Table 3). For the pseudo-first-order, pseudo-second-order
and chemisorption models, the qe fitted values were not so coin-
cident with the qe experimental value. This result indicates that

the fractional-order kinetic model better explains the adsorption
process of RB-5 uptake by C-RUB-U adsorbent.

Analyzing the values of the kinetic parameters presented in
Table 3 indicates that the kAV values showed a variation of 5.8%,
when the initial concentration of the adsorbate increased from 60.0
to 120.0 mg dm−3. On the other hand, the percentage of variation
of kS was 68.1%, when the initial concentration levels of the RB-

Table 3
Kinetic parameters for RB-5 removal using C-RUB-U as adsorbent. Conditions: tem-
perature 298 K; pH 3.0; adsorbent mass: 50.0 mg.

Co (mg dm−3)

60.0 120.0

qe experimental (mg g−1) 24.25 44.85
Fractional order

kAV (min−1) 0.01898 0.02008
qe (mg g−1) 24.33 44.91
nAV 0.8876 0.8738
R2 adjusted 0.9998 0.9998
Ferror 0.1139 0.2241

Pseudo-first-order
kf (min−1) 0.02047 0.02182
qe (mg g−1) 23.78 43.82
R2 adjusted 0.9975 0.9968
Ferror 0.4200 0.8677

Pseudo-second-order
ks (g mg−1 min−1) 7.900 × 10−4 4.700 × 10−4

qe (mg g−1) 28.29 51.72
ho (mg g−1 min−1) 0.6321 1.257
R2 adjusted 0.9968 0.9971
Ferror 0.4764 0.8255

Elovich chemisorption
˛ (mg g−1 min−1) 1.488 2.942
ˇ (g mg−1) 0.1734 0.09513
R2 adjusted 0.9817 0.9825
Ferror 1.132 2.208
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Fig. 5. (A) Effect of pH on the adsorption. (B) Effect of mass of adsorbent on the
percentage removal and amount of RB-5 dye adsorbed. Initial RB-5 concentration
was 40.0 and 60.0 mg dm−3, for Fig. 4A and B, respectively.

5 dye were increased from 60.0 to 120.0 mg dm−3. Therefore, the
fractional kinetic model provides a constant rate parameter which
is much better for comparison of different kinetic constants, using
several adsorbates and adsorbents, as already observed in other
publications [2,4,5,17,20,21,27,28].

3.5. Equilibrium studies

The adsorption isotherm describes the amount of adsorbate
uptake by the adsorbent and the adsorbate concentration that
should remain in solution [21]. Therefore, many equations for ana-
lyzing experimental adsorption equilibrium data are available. The
equation parameters of these equilibrium models often provide
some insight into the adsorption mechanism, the surface proper-
ties and the affinity of the adsorbent. For this purpose the Langmuir
[21], Freundlich [21], and Sips [29] isotherm models were assayed.

The isotherms of RB-5 adsorption on C-RUB-U adsorbent were
obtained, by using the best experimental conditions, as shown
in Fig. 7, and the data of the fitted models are presented in
Table 4. Based on Ferror, the equilibrium data was well fitted by
Sips isotherm model when using this adsorbent for sorption of this
dye. On the other hand, the Langmuir and Freundlich models failed
to fit the isotherm curve, as shown by the low adjusted R2 as well
as high Ferror values, indicating that for this specific case the Lang-
muir and Freundlich isotherm models were not suitable fitted. The
lower the error function (Ferror) is, the smaller will be the difference
of the q calculated by the model from the experimentally measured

Fig. 6. Kinetic curves. (A) 60.0 mg dm−3, (B) 120.0 mg dm−3. Conditions: tempera-
ture 298 K; pH 3.0; mass of adsorbent 50.0 mg.

Fig. 7. Isotherm of adsorption. Conditions: temperature 298 K; pH 3.0; mass of
adsorbent 50.0 mg, time of contact 300 min.
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Table 4
Isotherm parameters for RB-5 adsorption, using C-RUB-U as adsorbent. Conditions:
temperature 298 ± 1 K, contact time 300 min, pH 3.0 and mass of adsorbent 50.0 mg.

C-RUB-U

Langmuir
Qmax (mg g−1) 54.75
KL (dm3 mg−1) 0.8833
R2 adjusted 0.8271
Ferror 1.465

Freundlich
KF (mg g−1(mg dm−3)−1/nF ) 40.91
nF 15.49
R2 adjusted 0.9943
Ferror 0.2656

Sips
Qmax (mg g−1) 76.77
KS ((mg dm−3)−1/nS ) 1.040
nS 5.181
R2 adjusted 0.9997
Ferror 0.06109

q [20–22]. Only analysis of R2 values for the establishment of a given
model is not enough, the use of the error function that evaluates
the differences associated with each individual point fitted by the
model, is also necessary [20–22].

Taking into account the Sips isotherm, the maximum
amount of dye uptake was 76.77 mg g−1, which corresponds to
0.0774 mmol g−1. From the point of view of the exchange process at
the solid/liquid interface, the RB-5 dye has negative sulfonate and
sulfate-ethyl-sulfonate groups to ionically interact with the proto-
nated nitrogens attached to the pendant chain covalently grafted
on the silicate layer, as shown in Scheme 2. This interactive process
is favored at pH < 3, as shown in Fig. 5A, when the basic nitrogen
atoms are easily protonated to acquire a positive charge. In general
for the adsorption process, the degree of adsorption depends both
on the active sites of the adsorbent and the adsorbate properties.
The results obtained suggest that the textile dye uses more than
one basic center of the grafted trimethoxysilylpropylurea molecule,
during the interactive process [30], as might be expected for a favor-
able adjustment of its size inside the pores of the adsorbent to
counteract the opposing charges. When saturated an amount of
2.03 mmol g−1 is retained.

4. Conclusion

The synthesized crystalline layered silicic compound interca-
lated with surfactant, CTA-RUB-18, demonstrated efficiency in
coupling a silylating agent into the free interlayer cavity. Thus,
the success in grafting organic molecules depends firstly on prior
basal distance expansion, which favors the intercalation process.
Structural features related to silicon nuclear magnetic resonance
in the solid state clearly illustrated carbon-(oxygen silicon) cova-
lent bond formation, supporting the attachment of the pendant
organic chains to the inorganic layer, by reaching the final inter-
layer distance of 2.43 nm. The available protonated basic atoms
extract the Reactive Black 5 textile dye from aqueous solution
through a batchwise process. The dye adsorption data was adjusted
to the Sips isotherms model and the kinetic data was fitted to a
fractional-order kinetic model. For this interactive process the basic
protonated nitrogen atoms were saturated to give plateaus repre-
sented by the maximum number of moles adsorbed, for example,
76.77 mg g−1 (0.0774 mmol g−1), given by the Sips isotherm. Based
on these results, it is supposed that the textile dye uses more than
one basic center of the grafted urea molecule when interacting
with the available basic nitrogens to reach 0.310 mmol g−1. This
is expected, since the dye has two sulfonate and also two sulfato-
ethyl-sulfone groups, all of them possessing negative charges to

interact with the positive amine groups of the organomodified
material. However, this interaction may happen with different pro-
tonated amine groups of the urea, it is also necessary to consider
the size of the dye molecules.
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