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Resumo     
 

 

 RESUMO 
 

Neste trabalho inicialmente foi sintetizado o precursor organoalcoxisilano 3-

anilinapropiltrimetoxisilano, APTMS, a partir da reação entre a anilina e o 3-

cloropropiltrimetoxisilano, CPTMS, usando hidreto de sódio, NaH, como ativador de base. O 

precursor inorgânico tetraetilortosilicato, TEOS, foi polimerizado na presença do precursor 

orgânico, e catalisador. Durante a etapa de polimerização dos precursores alcóxidos, foram 

investigadas as influências da temperatura, do tipo e concentração do catalisador e da 

concentração de precursor orgânico adicionado nas propriedades finais dos híbridos 

anilinapropilsilica resultantes. Os materiais híbridos foram caracterizados através das 

técnicas: espectroscopia no infravermelho (FT-IR), técnica de espalhamento de Raios-x a 

baixos ângulos (SAXS), microscopia eletrônica de varredura (SEM), isotermas de adsorção e 

dessorção de nitrogênio, análise elementar, espectroscopia de aniquilação de pósitrons 

(PALS), análise termogravimétrica (TGA), espectroscopia de elétrons dispersos (EDS). A 

potencialidade de aplicação dos híbridos obtidos como materiais adsorventes na extração dos 

cátions Cu(II), Zn(II), Cd(II) e Co(II), em solução, foi investigada usando-se isotermas de 

adsorção pelo método batelada.  

Através das técnicas de caracterização foi possível observar que as propriedades 

morfológicas dos materiais como área superficial, distribuição do tamanho de poros, forma e 

tamanho das partículas, além da estabilidade e grau de incorporação orgânica podem ser 

controladas em maior ou menor grau, dependendo da variável usada durante a polimerização 

dos precursores alcóxidos. O material apresentou propriedades promissoras como adsorvente 

seletivo para o cobre. 
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ABSTRACT 
 

 In this work, firstly, it was synthesized the 3-aminepropyltrimethoxisilane, APTMS, 

starting from the reaction between the aniline and the 3-chloropropyltrimethoxisilane, 

CPTMS, using the sodium hydride as base activator. The inorganic precursor 

tetraethylorthosilicate, TEOS, was polymerized together with the organic precursor using a  

catalyst. During the polymerization  step, it was investigated the influences of the 

temperature, type and quantity of catalyst and the concentration of the organic precursor 

added, in the properties of the resulting anilinepropylsilica xerogels. The hybrid materials 

were characterized by using elemental analysis (CHN), infrared spectroscopy (FTIR), 

scanning electron microscopy (SEM), positron annihilation lifetime spectroscopy (PALS), 

small angle x-ray scattering (SAXS), thermal gravimetric analysis (TGA), electron dispersive 

spectroscopy (EDS) and N2 adsorption dessorption isotherms. The potential application of the 

obtained hybrid materials as metal sorbent for solutions containing Cu(II), Zn (II), Co (II) and 

Cd (II), was investigated by using of batch technique. 

 From the characterization study it was possible to observe that the xerogel properties 

as surface area, pore size distribution, particle size and shape, thermal stability and organic 

contend can be controlled starting from the synthesis conditions. The anilinepropylsilica 

xerogel presents promising properties as copper selective adsorbent. 

 

 

 

 

 

 

 

 

 

 

 

  
 



Considerações Preliminares     

 

 

 CONSIDERAÇÕES PRELIMINARES 

  
 A apresentação de Teses em forma de artigos científicos, é uma tendência nacional, 

visto que, a produção científica discente tem sido um dos fatores relevantes na avaliação dos 

órgãos de fomento à pesquisa. Esta forma de apresentação, ao mesmo tempo que incentiva à 

publicação científica, possibilita a exposição e discussão dos resultados e idéias frente a uma 

comunidade científica maior. 

Frente a esta tendência, o Programa de Pós-Graduação em Química da Universidade 

Federal do Rio Grande do Sul, recentemente tem adotado e incentivado a apresentação de 

Tese em forma de artigos científicos. 

A presente Tese será apresentada sob a forma de artigos levando em consideração as 

exigências de formatação segundo as regras das revistas de publicação dos referidos artigos. 

A primeira etapa consta de uma introdução geral que trata das generalidades que justificam a 

proposta de trabalho e seus objetivos. Numa segunda etapa serão apresentados os trabalhos 

publicados e submetidos, inerentes ao trabalho desenvolvido. Numa terceira e última parte, 

será apontada uma síntese de conclusões dos trabalhos publicados, bem como um enfoque de 

aspectos fundamentais para realização de futuros estudos na área. 
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Em condições normais de temperatura e pressão, o material resultante é denominado 

de xerogel ou ambigel. Geralmente estes materiais caracterizam-se por serem pouco porosos e 

de alta densidade. 4,12

O método de secagem em condições supercríticas, consiste basicamente no tratamento 

do gel em um autoclave, sob condições críticas em presença de CO2, N2O, EtOH, etc. Os 

materiais obtidos por este processo são chamados de aerogéis e são geralmente porosos, com 

baixa densidade e grandes áreas superficiais.  

A secagem supercrítica também serve para evitar o problema das trincas, pois elimina 

a interface líquido/vapor pelo aquecimento do gel sob pressão acima da pressão e temperatura 

crítica do solvente. Neste caso, não havendo diferenças entre as interfaces vapor/sólido e 

líquido/sólido, não há tensões capilares.4

 

1.2 - MATERIAIS HÍBRIDOS ORGANO-INORGÂNICOS 

 

Materiais híbridos organo-inorgânicos têm despertado grande interesse no meio 

científico nos últimos anos 63. A ampla potencialidade de aplicação, bem como as inúmeras 

possibilidades de preparação de materiais multifuncionais com propriedades distintas e em 

muitos casos superior àquelas obtidas com o material na sua forma pura, tem colocado esta 

classe de sólidos numa posição de destaque dentro da área da ciência dos materiais 64-65. Os 

materiais híbridos surgem como uma alternativa no sentido de suprir às limitações dos 

materiais convencionais, ou seja, materiais orgânicos e inorgânicos na sua forma pura 66-67.  

Híbridos organo-inorgânicos são formados pela combinação dos componentes 

orgânico e inorgânico, geralmente através de uma relação de sinergismo, originando um único 

material com características diferenciadas daquelas que lhe deram origem 68-69. As 

propriedades adquiridas pelo material híbrido são resultantes da soma das contribuições 

individuais de seus constituintes como também da natureza química dos segmentos orgânicos 

e inorgânicos 69-72. 

Materiais híbridos organo-inorgânicos de um modo geral, podem ser divididos em 

duas classes principais:  

• Classe I: Onde a natureza química da interface orgânica-inorgânica é predominantemente 

interações. Materiais híbridos desta classe, podem ser preparados pela mistura homogênea de 

uma fase orgânica com precursores inorgânicos em um solvente comum. Durante a hidrólise e  
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condensação do precursor inorgânico, a fase orgânica permanece dispersa no meio, 

aprisionando-se nos vazios da rede inorgânica à medida que esta vai crescendo, Figura 1. 

Neste caso, as interações entre as componentes orgânica e inorgânica dá-se principalmente 

através interações do tipo van der Waals e ligações de hidrogênio 69-70. 

 Uma outra forma de se obter híbridos desta natureza, é através da policondensação da 

fase inorgânica em presença de orgânicos não hidrolisáveis, ou seja não reativos. A fase 

orgânica fica aprisionada nos vazios da rede após remoção do solvente. A imobilização de 

moléculas orgânicas (enzimas, proteínas, corantes etc.), na rede inorgânica, é feita 

preferencialmente através desse método 73-76.   

 

 
Figura1: Componente orgânico ( -n-) imobilizada na rede inorgânica (-λ-λ-λ) preparada via sol 
gel, a partir de precursores inorgânicos (-λ-) 
 
• Classe II: Onde a natureza química da interface é predominantemente covalente. Neste tipo 

de híbrido, as componente estão ligadas fortemente entre si. Híbridos dessa classe podem ser 

preparados pela reação entre um precursor inorgânico, Si(OR)4, e um precursor molecular 

orgânico, contendo grupos hidrolisáveis, R’-Si(OR)3, conforme Figura 2.69-70 

Figura 2: Representação de um material híbrido organo-inorgânico contendo ligações 

covalentes entre as fases. 
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Os híbridos sintetizados e estudados no presente trabalho são da Classe II. Existe ainda 

uma terceira classe de materiais híbridos que são formado pela combinação destas duas 

classes. Nesse caso, é necessário que o precursor molecular contenha grupos alcoxisilanos, 

R’-(SiOR)3 hidrolisáveis e grupos aceptores de hidrogênio, como por exemplo, R’= RCO. 

Nessa classe de híbridos existe uma interface covalente como também por pontes de 

hidrogênio. Abaixo está ilustrado uma híbrido dessa classe 69-70,77. 

Figura 3. Híbrido orgâno-inorgânico formado por ligações covalentes e de hidrogênio 

 

1.2.1 - Aplicações de Materiais Híbridos Organo-Inorgânicos 

  

Conforme já relatado anteriormente, neste texto, materiais híbridos organo-inorgânicos 

preparados  através  do processo sol-gel, têm se tornado um atrativo campo de estudos devido 

principalmente às propriedades destes materiais. 

A versatilidade do processo sol-gel permite controlar, nos materiais híbridos, o grau de 

incorporação orgânica, além das propriedades físicas como área superficial, distribuição do 

tamanho de poros, tamanho de partículas, etc., o que propicia a estes materiais uma 

considerável potencialidade de aplicação. Um exemplo disso, é o número crescente de artigos 

publicados nos últimos anos descrevendo a sua utilização na separação de gases 78, como 

carreadores de fármacos 79, materiais de revestimento 80, componentes ópticos 81-82, em fases 

estacionárias para cromatografia 83-84, catálise 85-86 adsorventes 87-88, como sensores 89-90, em 

processos eletroquímicos 91 etc. 

 

1.3 - MOTIVAÇÃO PARA A REALIZAÇÃO DESSE TRABALHO 

 

A preparação de materiais através do método sol-gel de síntese é simples e conhecido. 

Entretanto, o mesmo não se  pode dizer  a  respeito dos  mecanismos químicos envolvidos no  
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processo sol-gel. Embora significativos avanços no sentido de melhor compreender a química 

do processo sol-gel tenha sido possível, questões inerentes ao mecanismo das reações entre as 

espécies moleculares e os processos cinéticos e termodinâmicos dessas reações não estão 

totalmente esclarecidas. Isto deve-se às inúmeras possibilidades de ocorrência de reações 

químicas paralelas, bem como a complexidade dos mecanismos envolvidos durante a 

transição sol-gel. Como já discutido, a sensibilidade das reações químicas frente a pequenas 

variações nas condições experimentais de síntese, tem sido um fator motivador da 

investigação do processo sol-gel. Adicionalmente, na abordagem de materiais híbridos, tem-se 

uma quantidade maior de constituintes no sistema, o que o torna extremamente rico e 

fascinante sob o ponto de vista da pesquisa científica básica. 

É importante ressaltar que mesmo após decorridos anos de estudos sobre o processo 

sol-gel, a produção em escala industrial dos materiais oriundos desse processo ainda não tem 

sido possível, justamente devido às dificuldades na reprodutibilidade das propriedades dos 

materiais resultantes. 

A despeito destes fatos, fica evidente a necessidade de dilatar o conhecimento e o 

entendimento em todas as etapas envolvidas no processo sol- gel, e isso somente será possível 

conhecendo-se inicialmente a influencia das variáveis de síntese nas propriedades finais 

desses materiais. É justamente neste contexto que o presente trabalho se insere.  

O conhecimento preciso de todas as etapas envolvidas no processo sol-gel, bem como 

a influência de todas as variáveis de síntese, permitirá talvez, que no futuro possamos 

teoricamente arquitetar com precisão os processos de síntese visando propriedades finais dos 

materiais híbridos.  

A imobilização de espécies orgânicas como anilina na matriz de sílica, tem se tornado 

um campo de estudos bastante interessante. Estes sistemas que contêm anéis aromáticos 

apresentam interações do tipo π-π, como também propriedades cromóforas. Portanto, estes 

materiais podem apresentar importantes propriedades adsorventes e ópticas.  
 

1.4. - INTRODUÇÃO ÀS TÉCNICAS DE CARACTERIZAÇÃO UTILIZADAS NESTE 

TRABALHO 

1.4.1 - Medida da Área Superficial pelo Método BET 

 

 O método BET, homenagem a Brunauer, Emmet e Teller 92-93, consiste na 

determinação  do  volume de gás  adsorvido  em  uma  monocamada a  partir  da  isoterma  de  
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adsorção física, obtida à temperatura de ebulição desse gás. Geralmente usa-se N2 como gás 

sonda. 

 A isoterma de BET é regida pela equação abaixo: 

 

onde V é o volume total de gás adsorvido, Vm é o volume da monocamada, e c é definido 

como exp(Q-L)/RT, onde Q é o calor de adsorção das moléculas da monocamada, L o calor 

latente de condensação do gás, R é a constante dos gases, T a temperatura absoluta, Po é a 

pressão inicial do gás e P é a pressão de equilíbrio.    

 Geralmente são obtidos de quatro a cinco pontos entre P/Po de 0 até 0,35. O gráfico 

P/V (Po-P) em função de P/Po resulta em uma reta. A partir dos valores dos coeficientes linear 

e angular da reta, a e b, respectivamente, calcula-se a área superficial usando-se a Equação 

abaixo. 

 

SBET = [1/(a+b)] N am 

 

onde SBET é a área superficial, N o número de Avogadro e am a área da molécula sonda, no 

caso de N2, 0,162 nm2. 

 

1.4.2 - Espectroscopia no Infravermelho  

 

 A espectroscopia no infravermelho ou vibracional é uma importante técnica para 

identificação molecular. O espectro vibracional envolve: a) estiramentos, que são movimentos  

ao longo do eixo de uma ligação covalente; b) deformação angular, que consiste na variação 

do ângulo de ligações e c) modos de combinações de deformação molecular, que envolvem 

tanto deformações angulares como estiramentos. Essas últimas especialmente importantes no 

caso de anéis aromáticos. O espectro vibracional molecular poderá ser observado no 

infravermelho sempre que a vibração resultar em variação no momento dipolar molecular. A 

energia da absorção dependerá da natureza da ligação química molecular e das massas 

reduzidas dos átomos constituintes. 
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As freqüências de absorção ou bandas, são registradas em um gráfico de absorbância 

vs número de onda (1/λ). Como determinadas espécies moleculares apresentam bandas 

características e considerando que a área sob essas bandas são proporcionais à concentração 

dessas espécies, é possível não apenas identificá-las, como também quantificá-las.94

 

1.4.3 - Análise Termogravimétrica (TGA): 

 

Essa técnica de análise se baseia na perda de massa da amostra em função do aumento 

planejado de temperatura. Essa técnica permite a visualização de processos endotérmicos que 

envolvem perda de massa, como dessorção de água da superfície, sinterização e pirólise 

orgânica. 95

 

1.4.4 - Análise do Tamanho de Poros  

 

1.4.4.1 Análise de Poros Totais:  

 

Duas técnicas foram empregadas na determinação do tamanho de poros dos xerogéis. 

A técnica de Espalhamento de Raios-x a Baixos Ângulos (SAXS) 96 e a técnica de 

Espectroscopia de Aniquilação de Pósitrons (PALS) 97-98. Ambas técnicas estão baseadas no  

fato de que a matriz porosa apresenta regiões distintas de densidade eletrônica entre os poros e 

a rede sólida. Na análise por espalhamento de raios-x a baixos ângulos a heterogeneidade na 

densidade eletrônica da matriz sólida produz um espalhamento de luz que pode ser descrito 

pela lei de Guinier. Esta lei estabelece que a intensidade de espalhamento I (h) é descrita por 

ln I(h) = ln Io – (RG
2 h2) / 3, onde RG é o raio de giro e h = (4π senθ) / λ, sendo θ ângulo de 

espalhamento e λ o comprimento de onda usado. O raio de giro pode ser calculado pela 

equação RG = (3p)1/2, onde p é a inclinação do gráfico de Guinier (ln I (h) vs h2).  

No caso da espectroscopia de aniquilação de pósitrons o raio de giro é proporcional ao 

tempo de meia-vida dos pósitrons trapeados nos poros. Quanto maior o tamanho dos poros 

maior será o tempo de meia-vida.  

 Se for considerado que os poros são esféricos o raio do poro pode ser calculado 

aplicando-se a Equação:  

Rp = (5/3)1/2 RG

  
 



Introdução 
 

1.4.4.2 - Análise de Poros Abertos 

 

 Os porosidade devida a poros abertos foi determinada usando-se dados obtidos a partir 

de isotermas de adsorção e dessorção de nitrogênio 99. O tratamento de dados foi baseado no 

método BJH (Barret, Joiner e Halenda) 100 que utiliza a Equação de Kelvin, que no caso de 

nitrogênio, pode ser escrita como:  

 

d = 0,830 / (log (Po / P) 

 

sendo d o diâmetro de poros esféricos em nanômetros para uma dada região de P/Po. 

Considerando que a pressão de dessorção é sempre menor que a de adsorção e sendo ∆G 

expresso pela Equação ∆G = RT (ln P – ln Po), onde P é a pressão de adsorção ou dessorção, 

tem-se que para uma mesma quantidade de nitrogênio, ∆G será sempre menor na dessorção. 

Assim, a curva de dessorção é mais adequada para o cálculo da distribuição de poros. A 

equação pode ser aplicada para materiais mesoporosos (diâmetros entre 2 e 50 nm) no 

intervalo de P/Po de 0,5 até 1,0.  

 

1.4.5 - Microscopia Eletrônica de Varredura (SEM)  

  

A análise por microscopia eletrônica de varredura consiste na varredura de pontos da 

amostra com um feixe de elétrons de alta energia. Dessa interação surgem os elétrons 

secundários (choques inelásticos), que são originados abaixo da superfície da amostra a partir 

das interações do feixe eletrônico com os elétrons das camadas mais externas dos átomos. 

Esses elétrons apresentam energia menor que 50 eV e portanto, têm dificuldade de sair do 

material. Por esse motivo, a análise tem uma profundidade máxima de 50 nm. Entretanto, 

como os elétrons secundários provem de uma zona reduzida (pontual), eles permitem uma boa 

resolução para imagens de grande aumento.  

Todos os elétrons com energia maior que 50 eV são considerados elétrons 

retroespalhados do feixe original. Como o espalhamento eletrônico depende do número 

atômico dos elementos constituintes da amostra, é possível efetuar a análise elementar da 

amostra, a partir da análise dos elétrons retroespalhados. Essa análise é chamada de 

espectroscopia de elétrons retroespalhados ou EDS (energy dispersive spectroscopy).101

  
 



Objetivos 
 

 

2. OBJETIVOS 
 

O presente trabalho tem como objetivo básico contribuir para uma melhor 

compreensão do processo sol-gel, auxiliando na definição de estratégias que permitam a 

obtenção de materiais que combinem propriedades que os tornem de interesse científico e 

tecnológico.  

Entre os objetivos gerais deste trabalho estão:   

• Obter o híbrido organo-inorgânico anilinapropilsílica através do processo sol-gel; 

• Caracterizar o híbrido anilinapropilsílica; 

• Estudar a influência de algumas variáveis tais como temperatura de gelatinização, 

natureza e concentração de catalisador, quantidade de precursor orgânico adicionado, nas 

características finais do híbrido; 

• Investigar a potencialidade de aplicação do híbrido anilinapropilsílica na adsorção de 

alguns cátions metálicos de interesse ambiental.  
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Abstract 

 

Aniline/silica sol-gel material was obtained. The aniline was 

immobilized on the silica surface using Chloropropyltrimethoxysilane as 

bridge reagent. The base activator NaH was used to produce a fast SN2 

reaction between the base and the alkylorganosilane. The resulting modified 

silica was characterized by elemental analysis and infrared spectroscopy using 

an oven cell. The organic coverage on the surface was proportional to the 

organic precursor concentration. The aniline/silica materials are thermally 

stable up to 300 oC, in high vacuum.  
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Introduction 

 

 In recent years, organic modification of silica surfaces has been an 

important method to obtain solids that can be used as sorbent materials for 

SPE (solid phase extraction) stationary phase and also for chromatographic 

techniques.[1-4] The growing interest in the modification of silica with 

organic groups is due to the final properties of these materials. The organic 

functionalization of silica materials produces mechanical and morphological 

properties on the silica support, and addition to changing the chemical 

properties of the organic attached groups. As a result, the chemical behavior 

can be determined by choosing the organic group that will be immobilized on 

the silica surface.  

Grafting synthesis is a common method used for immobilization of 

organic groups on the silica surface. This process involves the immobilization 

of an organic functional group using an organosilane as an intermediate 

reagent.[3-5] Organosilanes Y3Si-R-X are very common agents used in the 

grafting process,[6-7] Y is usually a halide or alkoxy group, R a linear chain 

and X a halide group. Using a SN2 reaction, the immobilization of several 

amine organic groups, can be achieved and the resulting materials are 

thermally stable.[1,2,7] However, in this reaction step a very long reaction 

time is necessary.[7,8] Furthermore, the grafting method has an organic 

coverage limitation due to the steric effect that is related to the morphological 

properties of the silica support.  

The other possibility to obtain functionalized silicas is the sol-gel 

method. Over the decade, sol-gel synthesis has been used to obtain inorganic 

oxide networks,[9-11] More recently, the sol-gel method has been used to 

make organo-inorganic hybrid  materials.[12-15]  
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This process shows some advantages when compared to the grafting 

technique since the surface area, particle size and the organic coverage can be 

controlled. In this work we propose an easy procedure to obtain a thermally 

stable organic phase attached to the silica gel surface. The aniline 

immobilization follows the same procedure used in the grafting process. 

However, the SN2 reaction was optimized using NaH as a base activator. The 

sol-gel material obtained was very thermally stable up to 300 oC, in vacuum.  

 

 

Experimental 

 

Reagents and Solutions used are: 

 

Sodium hydride (NaH; Merck 60%), tetraethylorthosilicate (TEOS; 

Merck 99.8%), 3-Chloropropyltrimethoxysilane ((CH3O)3Si(CH2)3Cl; Merck),  

hydrofluoric acid (Merck; 48%), aniline (Merck; 99%). All dried solvents are 

analytical grade, and twice distilled water was used.  

 

Synthesis of Aniline/silica Materials 
   

Aniline was activated with sodium hydride in 10 mL of aprotic solvent 

mixture (toluene : thf) (1:1) for 30 minutes, and the (CH3O)3Si(CH2)3Cl was 

added. The quantities of aniline, NaH and (CH3O)3Si(CH2)3Cl were 

stoichiometric at the concentration range from 0.08 to 0.80 mol.L-1. The 

mixture was stirred under argon at solvent-reflux temperature during a period 

time of 1 to 10 hours. The solution was than centrifuged, to eliminate the 

byproduct sodium chloride. After that, TEOS (5 mL), ethyl alcohol (5 mL) 
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and HF (1.7 mL, 6 %) were added, under stirring. The mixture was stored for 

5 days, at room temperature, just covered without sealing, for gelation and 

solvents evaporation. The solids were then extensively washed with toluene, 

THF, acetone, ethyl alcohol and distilled water. Finally the materials were 

dried for 30 minutes in an oven at 100 oC. The dried gel was comminuted in 

an agate mortar for subsequent analysis. 

 

Infrared analysis 

 

 Self-supporting disks of the material (100 mg) were prepared, with an 

area of 5 cm2, weighing ca. 100 mg. The disks were heated to temperatures 

ranging from 100 to 400 oC, under vacuum (10-3 Torr), for 1 hour, using an IR 

cell.[7] An additional analysis was made heating the disk at 400 oC for 6 

hours. The self-supporting disks were analyzed in the infrared region using a 

Shimadzu FTIR, model 8300. The spectra were obtained with a resolution of 4 

cm-1, with 100 scans. 

 

Elemental Analysis 

 

 The organic groups grafted on the silica gel surface were analyzed, in 

triplicate, using a CHN Perkin Elmer M CHNS/O Analyzer, 2400. The 

samples were previously heated at 200 oC for 1 hour, in vacuum.  
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Results and Discussions 

 

 Synthesis 

 

 In the first synthesis step, the SN2 reaction between the aniline and 

(CH3O)3Si(CH2)3Cl was carried out in aprotic solvent mixture toluene-THF, 

using NaH as base activator as illustrated in Equations 1 and 2.  

 
NH2 -C6H5    +     NaH    →     -NH-C6H5   Na+          Eq 1  

 

(CH3O)3Si(CH2)3Cl      +      -NH-C6H5     →      (CH3O)3Si(CH2)3NH-C6H5      Eq 2 

 
After the SN2 reaction (Equation 2) gelation takes place by the addition 

of TEOS. The gelation process for aniline/silica material can be described by 

Equation 3 

 The influence of the NaH in the kinetics of the SN2 reaction was 

monitored by the analysis of the final organic content of the materials. 

Although NaH has been used for silica surface activation,[16] to our 

knowledge, this was the first time it was used as base activator in the SN2 

reaction for sol-gel synthesis. The use of sodium hydride results in a drastic 

reduction in the reaction time. The aniline content on the surface is presented 
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in the Table 1, for materials using NaH in the first step of SN2 reactions and 

for materials obtained without NaH. Five hours of reaction with NaH 

produced higher organic phase content (0.95 mmol.g-1) than 50 hours without 

NaH (0.82 mmol.g-1), for precursor concentration of 0.45 mmol.mL-1, under 

the same gelation conditions. The kinetics of this same SN2 reaction are shown 

graphically in Figure 1. When NaH was used, the highest organic content was 

reached after 5 hours. Increasing the precursor concentration to 0.80 

mmol.mL-1, and assuming the same reaction conditions, we obtain a higher 

organic content of 1.2 mmol.g-1 (Table 1). Another advantage of using NaH as 

a base activator is that the insoluble byproduct NaCl is separated from the 

organic medium by centrifugation. In the absence of NaH there is a formation 

of HCl, that reacts with the aniline, resulting in the organic anilinium salt, 

which is more difficult to separate from the organic medium.[7]  

 

Table 1 and Figure 1 

 
 
Infrared Analysis 

 

 In this work, in situ infrared spectroscopy is a useful tool to clarify how 

the organic phase is attached. The vibrational modes of aniline aromatic ring 

at ca. 1600 and 1500 cm-1 are very strong in the spectra (Figure 2). The band 

area of these absorption modes, for the spectra obtained after thermal 

treatments at several temperatures, were used to estimate the thermal stability 

of immobilized aniline on materials, with four different organic contents, and 

using NaH as base activator. The overtone band of silica at ca.1870 cm-1 was 

used as a reference band. This normalization was necessary, considering the 
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heterogeneity in the disks thickness and taking into account the position 

changes of the infrared beam. The band areas are summarized in Table 2. 

 

Figure 2 and Table 2 

 

For the materials with low organic content (up to 0.34 mmol.g-1), the 

band areas remain constant up to 400 oC in vacuum, even after 6 hours of 

treatment (see Table 2). This shows that the aniline groups present in the silica 

are stable in this temperature range. This fact can be explained by the retention 

of organic phase in closed silica pores formed during the gelation and drying. 

However, for the high organic content samples, the band areas remain 

constant up to 300 oC and decrease significantly after heat treatment at 400 oC. 

This decreasing is ca. 50 % for the sample with 0.95 mmol.g-1 of organic 

content and ca. 30 % for the sample with 1.2 mmol.g-1. This shows that, for 

the high organic content samples, some fraction part of the organic groups are 

strongly bonded on the surface and at the same time there are groups retained 

in the closed pores.  

  

 

Figure 3 

 

 Another evidence that the aniline is strongly bonded to the silica surface 

is presented in the spectra in Figure 3. The spectrum 3a was obtained for pure 

aniline, where there are two bands due to the NH2 stretching modes. After 5 

hours of the SN2 reaction between aniline and (CH3O)3Si(CH2)3Cl (0.45 

mmol.L-1) in the presence of NaH, the spectrum of the product exhibits only a 

stretching band in this region, indicating the presence of NH species. This is 
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strong evidence that SN2 reactions take place, and that covalent bonds 

between the aniline and the alkylsilane are established, as illustrated by 

Equations 2. 

In this work, organic coverage of aniline on the surface of silica was 

very extensive, ca. three times larger than that obtained by the grafting 

process.[7,17] In addition it can be easily controlled by the amount of 

precursor (see Table 1). The organic coverage is related to the sorbent 

capacity of the stationary phase in SPE (solid phase extraction) or 

chromatographic columns. Furthermore, it is known that the most densely 

covered organic phases show better hydrolytic stability.[18,19]  
 
 
 
Conclusions 

 
 The sol-gel process can be used in the synthesis of aniline attached to 

silica surfaces. The thermal stability of organic groups up to 300 oC, in 

vacuum, indicates that the aniline is covalently bonded to the surface. The 

organic coverage could be controlled by the adjusting the precursor 

concentration in the SN2 reaction. The use of NaH as base activator in the SN2 

reaction reduces by a factor of ten the reaction time, compared to that obtained 

without NaH.  

 
 
 
Acknowledgment:  F. A. P. and S. L. are indebted to CNPq for research 
grants. 
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Table 1: Organic content on the surface of the sol-gel  

materials, obtained by elemental analysis. 

Precursors 
added 

(mmol/mL) 

SN2 
Reaction 
Time (h) 

Using 
NaH 

Organic content 
(mmol/g)a

0.08 5 yes 0.18 
0.15 5 yes 0.34 
0.45 1 yes 0.18 
0.45 3 yes 0.67 
0.45 5 yes 0.95 
0.45 7 yes 0.97 
0.45 10 yes 0.95 
0.80 5 yes 1.2 
0.45 3 no 0.22 
0.45 10 no 0.32 
0.45 20 no 0.43 
0.45 50 no 0.82 

a = mmol of organic groups per gram of solid. 
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Table 2: Infrared band areas of aniline immobilized   
on the silica gel surface, heated under vacuum. 

 
Organic 
content 

(mmol/g) 

Thermal 
treatment (oC) 

  

Band area 
ratio a

0.18 
 

100 
200 
300 
400 

400 (6h) 

0.44 
0.46 
0.49 
0.45 
0.45 

0.34 100 
200 
300 
400 

400 (6h) 

0.85 
0.85 
0.88 
0.90 
0.87 

0.95 100 
200 
300 
400 

400 (6h) 

2.2 
2.1 
2.1 
1.7 
1.0 

1.2 100 
200 
300 
400 

400 (6h) 

3.9 
4.0 
3.9 
2.5 
1.1 

 
a = (band area of aniline ring at 1500 cm-1)

              (silica overton band area at 1870 cm-1 ) 
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Captions of figures 
 
 

Figure 1:  SN2 reaction kinetics monitored by the final organic content on the 

surface of material obtained from 0.45 mmol.mL-1 of the organic precursor 

concentration. 

 
 
Figure 2: Absorbance spectra of aniline/silica sol-gel materials with organic 

phase content of: I) 0.18 mmol.g-1; II) 0.34 mmol.g-1; III) 0.95 mmol.g-1;  

IV) 1.2 mmol.g-1.  The spectra were obtained in vacuum at room temperature 

after being heated at: a) 100 oC ; b) 200 oC; c) 300 oC; d) 400 oC; e) 400 oC (6 

h). The bar value is 1, 1.5, 2 and 3  for Graphics I, II, III and IV, respectively. 

 

Figure 3: Absorbance spectra: a) Pure aniline; b) 3-

anilinepropyltrimethoxysilane (SN2 reaction product, before gelation). The bar 

value is 0.1. 
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Abstract

Silicapropylaniline nanometric materials with varying organic content were obtained using a sol–gel synthesis. By

increasing the organic load, the scanning electron microscopy technique shows a slight increase in the average size of

aggregated particles. N2 isotherms and positron annihilation lifetime spectroscopy measurements show that the average

pore size decreases accompanied by a surface area reduction. FTIR thermal analysis was used to estimate the thermal

stability of the organic phase and also to detect the presence of trapped organic groups in closed pores. From the

organic coverage and surface area measurements the surface density of the immobilized organic molecules as well as the

average intermolecular distance between them could be estimated.

� 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

The synthesis and characterization of hybrid
organic–inorganic xerogel powdered materials
have received great attention in past years [1–3].
These materials present properties related to the
matrix as well as the organic phase, which can be
combined in order to obtain new materials [4,5].
The sol–gel method is an important route to pre-
pare such materials using alkoxysilanes R-Si(OR)3
and tetraethylorthosilicate (TEOS) or tetrame-
thylorthosilicate as precursors. The polyconden-
sation of alkoxysilanes can be described in three

steps: (i) hydrolysis; (ii) silanol condensation and;
(iii) silanol–alcohol condensation [3,6–8]. The rel-
ative simplicity and versatility of the sol–gel pro-
cess, when compared to covalent-bonding methods
to obtain hybrid materials, associated with low
cost, are responsible for its extensive utilization.
The possibility of obtaining different physico-
chemical characteristics like surface area, particle
shape and size, porosity and organic functional-
ization grade, are some advantages of this process
[6,9]. Therefore several researchers have been using
the sol–gel method to obtain silica chemically
modified by organic groups. These new materials
present interesting physical and chemical proper-
ties allowing their use as sorbents, sensors, elec-
trodes, membranes, etc [1,3,6,10–12]. However a
detailed characterization is necessary for a better
utilization.
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The adsorption–desorption isotherms are fre-
quently used in xerogels pore size distribution
studies [9,12–15], for distinguishing materials with
different pore diameters (dp), microporous dp < 2
nm, mesoporous 2 < dp < 50 nm and macropor-
ous dp > 50 nm, according to the accepted classi-
fication [16,17]. For nanometric xerogel materials,
presenting a fraction of micropores or small mes-
opores, positron annihilation lifetime spectroscopy
(PALS) can be used as a complementary technique
to monitor the average size of the pores [18,19].
Other techniques like electron microscopy [12,13,
17], nuclear magnetic resonance [15,20], and in-
frared spectroscopy (FTIR) [13,21–23] have also
been used in the characterization of sol–gel mate-
rials. A recent paper reports that the infrared band
areas of organic phase, obtained by FTIR thermal
analysis on hybrid xerogels, could be used to es-
timate the fraction of trapped organic groups in
closed pores [24].
In a previous paper we proposed a synthetic

method for obtaining silicapropylaniline in a sat-
isfactory way, using NaH as a base activator for
the synthesis of anilinepropyltrimethoxysilane
(APTMS) precursor which reduces the reaction
time by a factor of 10 [25]. In this paper, a char-
acterization of this hybrid organic–inorganic xe-
rogel silicapropylaniline nanometric material is
presented. Characterization was carried out using
N2-isotherms, CHN elemental analysis, scanning
electron microscopy (SEM), PALS, and FTIR
thermal analysis using an oven cell.

2. Experimental procedures

2.1. Sol–gel synthesis

The sol–gel method used in this work has al-
ready been described elsewhere [25]. Aniline was
activated with sodium hydride in 10 ml of aprotic
solvents (toluene:THF) (1:1) for 30 min, and
(CH3O)3Si(CH2)3Cl (CPTMS) was added. Quan-
tities used were stoichiometric CPTMS, aniline
and NaH, corresponding to, 1.5, 4.5, 8.0 and 10.0
mmol for synthesis A, B, C and D, respectively.
The mixture was stirred under argon at solvent-

reflux temperature for a period of 5 h. The ob-
tained APTMS was then used as sol–gel precursor
reagent, in concentrations of 0.15, 0.45, 0.80 and
1.0 mol L�1 for synthesis A–D, respectively. Af-
terwards, TEOS (5 ml), ethyl alcohol (5 ml), HF
(0.1 ml) and water in stoichiometric ratio with Si
r ¼ 4=1 (1.6 ml), were added to the precursor so-
lutions, under stirring. The condensation occurs by
a nucleofilic catalytic process using fluoridric acid,
[1,22,26] at pH between 7 and 9. The mixtures were
stored for 5 days, just covered without sealing, for
gelation and solvent evaporation. The gel was then
washed with 50 ml of solvents: toluene, THF, ac-
etone, dichloromethane, ethyl alcohol, distilled
water and ethyl ether. This process was repeated
five times for each solvent. The solid was finally
dried for 30 min in an oven at 100 �C. The re-
sulting powders formed were comminuted in an
agate mortar for subsequent analysis.

2.2. Infrared measurements

Self-supporting disks of the material, with an
area of 5 cm2, weighing �100 mg, were prepared.
The disks were heated for 6 h to temperature
ranging from 100 to 400 �C, under vacuum (10�3

Torr), using an IR cell [27]. The self-supporting
disks were analyzed in the infrared region using an
FTIR spectrometer. The spectra were obtained
with a resolution of 4 cm�1, with 100 scans.

2.3. Elemental analysis

The organic groups present were analyzed using
a CHN/CHNS/O analyzer, in triplicate, after
heating at 100 �C, under vacuum, for 1 h.

2.4. N2-isotherms

The nitrogen adsorption–desorption isotherms
of previous degassed solids, at 150 �C, were de-
termined at liquid nitrogen boiling point in a vol-
umetric apparatus, using nitrogen as probe. The
specific surface areas of xerogels were determined
from the t-plot analysis and pore size distribution
was obtained using BJH method [28].
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2.5. Scanning electron microscopy

The materials were analyzed by SEM with 20
kV and 60 000� of magnification. The average
particle sizes were obtained by choosing and
manually marking the diameter of a minimum of a
hundred spherical particles in each image. The
average diameters and the standard deviations
were determined by using the Quantikov software
[29].

2.6. Positrons annihilation measurements

The positron annihilation lifetime spectrometer
was a standard fast-fast coincidence apparatus
based on plastic scintillator mounted on photo-
multipliers powered by a high voltage supplier at
2300 V. It provides a time resolution �280 ps full
width at half maximum, using a 22Na positron
source with �4:0� 105 Bq of activity. The radio-
isotope was sandwiched between two 7 lm thick
foils of Kapton polymer. The channel width of

multi-channel analyzer was 46 ps/channel. Each
lifetime spectrum contains �1:3� 106 counts. The
resulting pore diameters were calculated from the
lifetime of trapped positrons, obtained by using
the positronfit-extended program [30]. Three spec-
tra were recorded for each sample. The experi-
mental uncertainty for the PAL parameters was
found to be around �0.05 ns for s3 and between
�0.6% and �1.1% for I3.

3. Results

Images obtained by SEM show very similar
spherical particles. It was possible to observe that
the average size of aggregated particles undergoes
a slight increase from sample A to D. The average
diameter increases from 99 nm for the synthesis A
to 129 nm for synthesis D, with a standard devi-
ation of 17 and 24 nm, respectively (Fig. 1). These
average diameters and standard deviations were
calculated using the Quantikov software [29].

Fig. 1. SEM images of silicapropylaniline xerogels obtained from the synthesis A and D, with 60 000� magnification.

Table 1

SEM, positron annihilation and surface area results

Samplesa Organic precursor

added (mmol)b
Aniline/Si ratioc Positron lifetimed

(�0.05 ns)
Pore diameters

averaged (�0.05 nm)
Surface area

(m2 g�1) (�5%)
A 1.5 0.06 60.86 3.36 175

B 4.5 0.17 58.08 3.26 160

C 8.0 0.27 25.65 2.10 154

D 10.0 0.31 17.90 1.82 143

a Samples obtained from synthesis A, B, C and D.
bVolume of precursor solution added was 10 ml.
c Considering total silicon.
dObtained from PALS.
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Surface area results are shown in the Table 1. It
can be observed a surface area decrease by in-
creasing the organic precursor. The pore size dis-
tribution is showed in the Fig. 2. In the sample A
with a lower organic loading two distinct pore
diameter regions were observed, with the maxi-
mum in �3.5 and 7.5 nm. By increasing the or-
ganic loading there is an evident decrease in the
proportion of the pores with higher size. In the
region of small pores (maximum �3.5 nm) the or-
ganic loading causes a shift to lower diameters.
For evaluation of small size pores, PALS was

also used. The average pore diameters obtained
from PALS are shown in Table 1. The average
pore diameter undergo a decrease from materials
obtained from synthesis A to D, i.e. the pore di-
ameter decreases with the increasing of the organic
precursor added, in the sol–gel synthesis.
Infrared spectroscopy allows the coverage of

the silica surface by aromatic aniline groups to be
verified. The modes of aniline aromatic ring at
�1600 and 1500 cm�1 are very strong (Fig. 3),
therefore the band area of these absorption modes
was used to estimate the thermal stability of or-
ganic groups present on the silica surface and the
trapped organic fraction in the closed pores could
also be estimated (Table 2). The infrared band
areas were almost constant up to 300 �C, although
further thermal treatment (400 �C) results in a
band area decrease. These band decreases were
used to monitor the aniline desorption from the
silica surface. The overtone band of silica at �1870
cm�1 was used as a reference band. This normal-
ization was necessary, considering the heterogeneity

Fig. 2. Pore size distribution for anilinepropylsilica xerogels

obtained by BJH method. The bar value is 0.01.

Fig. 3. FTIR absorbance spectra for xerogel materials, ob-

tained at room temperature, from synthesis A, B, C, and D,

after heating in vacuum, for 6 h. The bar value was 0.17, 0.7, 1

and 1, for spectra A, B, C and D, respectively.

Table 2

Infrared band areas of aromatic anile ring band on silicapro-

pylaniline materials, heated under vacuum

Synthesis Thermal

treatment

(�C)

Band area

ratioa

(�5%)

Remaining band

area percent

(�5%)
A 100 0.44 100

200 0.40 91

300 0.40 91

400 0.34 77

B 100 2.1 100

200 2.1 100

300 2.0 95

400 1.0 47

C 100 3.9 100

200 3.8 97

300 3.8 97

400 1.3 33

D 100 2.6 100

200 2.5 96

300 2.5 96

400 0.63 24

a Band area of aniline ring at 1500 cm�1=silica overton band

area at 1870 cm�1.
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in disk thickness and taking into account the po-
sition changes of the infrared beam.

4. Discussion

Since SEM shows a little change in the size of
the aggregated particles size for samples obtained
from different organic concentrations (Fig. 1).
Nucleation effects that cause notable variation in
particle size and consequently changes in the sur-
face area were not too significant. However the
surface areas of samples with high organic content
were significantly lower than those of sample A,
indicating a low organic content (Table 1), as al-
ready reported in the literature [21].
The surface area decrease with the increasing

concentration of organic precursor was accompa-
nied by an average pore size reduction, which was
determined by N2 adsorption–desorption iso-
therms (BJH calculations) [28] as well as by PALS
[30] (Table 1). The observed average pore diameter
decrease with the organic loading could be due to
surface organic coverage of the pores resulting in a
partial reduction in the pore free volume [31,32],
and according to the literature the pore-blocking
effect occurs preferentially in the larger pores [33].
From the pore size distribution obtained from N2

isotherms (Fig. 2) it was also observed that the
coverage occurs preferentially in larger pores, since
a drastic reduction in the pore fraction was evident
from sample A to D. However the organic pore
coverage occurs also in the small pores, because
there is a shift in average pore size for smaller
values (Fig. 2) which was confirmed by PALS
(Table 1). This hypothesis could explain the sur-
face area reduction. It is important to note that the

positron annihilation spectroscopy technique pro-
vides only the average pore diameters, and is sen-
sitive to both, open and closed pores [18,19]. On
the other hand, the N2 adsorption–desorption
measurements are only related to open pores and
the BJH method allows the calculation of the pore
size distribution for the mesopore size range [28].
From infrared spectroscopy, it can be observed

(Fig. 3 and Table 2) that the organic groups are
stable up to 300 �C, in high vacuum, for all sam-
ples, indicating that organic groups are strongly
bonded to the surface, in the covalent form. After
further treatment (400 �C) the aniline band areas
undergo an evident decrease, indicating that at this
temperature the organic phase desorbed from the
surface. However even after heating up to 400 �C
the spectra show a residual aniline band, inter-
preted by taking into account the presence of en-
capsulated organic phase in closed pores. This
residual fraction of trapped aniline could be esti-
mated from the band area values, for all samples
(Table 2) and was higher for synthesis A and lower
for synthesis D, i.e. the remaining organic phase
percent, trapped in close pores, decreases with the
increase of organic precursor added, once the
precursor APTMS concentration increases from A
to D. These results could be explained considering
that for lower APTMS/TEOS mol ratio i.e. for the
samples with low organic loading, a more cross-
linked inorganic silica structure is formed [34,35],
resulting in a larger fraction of organic entrapped
groups in closed pores. It is important to reinforce
that in sample A, the organic content is very low,
in absolute value (see band area values in Table 2
and CHN analysis in Table 3), and these data are
not related to the porosity of the inorganic matrix
as a whole.

Table 3

Organic groups distribution on silica surface

Synthesis Organic contenta

(mmol g�1) (�6 %)
Nf organic coverage

(mmol g�1) (�8 %)
Surface area (m2 g�1)

(�5%)
d (groups/nm2)

(�5 %)
l (nm) (�5 %)

A 0.26 0.04 175 0.138 2.69

B 0.71 0.35 160 1.79 1.31

C 1.10 0.74 157 2.84 0.59

D 0.80 0.61 143 2.57 0.62

d, surface density of the attached molecules; l, average intermolecular distance.
aObtained from CHN elemental analysis.
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In Fig. 3, the spectra I and II corresponding to
the samples obtained from synthesis A and B,
show a broadening in the infrared absorption
bands. This broadening could be interpreted tak-
ing into account the presence and/or proximity of
trapped species, like propylaniline immobilized,
unreacted aniline and toluene solvent used in the
APTMS synthesis, remaining in closed pores.
FTIR spectra allows the calculation of the or-

ganic coverage i.e. organic groups which are really
on the surface, in opened pores [24], and these
results are summarized in Table 3. Assuming that
organic groups cover the surface uniformly, the
surface density of attached molecules, d, can be
defined as [24]

d ¼ ðNf NÞ=S;
where Nf is the organic coverage (mol g�1), N is
the Avogadro number and S is the specific surface
area. Nf was obtained by subtracting the organic
trapped groups fraction from the total organic
content.
The average intermolecular distance l, is defined

by

l ¼ ð1=dÞ1=2

These distances were calculated using the coverage
organic values, since surface area measurements
are related only to opened pores. As the surface
density of the attached molecules increases for
materials obtained from synthesis A to C, the in-
termolecular distance decreases achieving the
value of �0.60 nm for synthesis C and D with
molecular loading of 1.10 and 0.80 mmol g�1, re-
spectively (Table 3). This is an evidence that the
saturation condition in the opened pores surface
was attained [24]. Possible errors in FTIR analysis,
caused by heating of the inorganic matrix, like
sintering, were neglected, since these errors should
decrease with increasing organic loading.

5. Conclusions

Silicapropylaniline xerogels were prepared. In-
creasing the organic loading results in a slight in-
crease in average aggregated particles size. A
decrease in average pore diameter and a surface

area reduction with the organic content were ob-
served. These results were explained by pore vol-
ume decrease caused by an increase in organic
group density in the pores. The FTIR results show
that the organic phase is thermally stable up to 300
�C indicating that the aniline groups are chemi-
cally bonded on the surface in the covalent form.
The xerogel materials present closed pores, and the
fraction of the trapped organic phase in closed
pores decreases with increasing the organic pre-
cursor concentration. The propylaniline coverage
saturation is reached for an intermolecular dis-
tance of �0.6 nm.
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Abstract. Anilinepropylsilica xerogel was obtained by using an appropriate organosilane and
tetraethyl orthosilicate as precursor reagents. The gelation was carried out using HF and NaF as
catalysts. The presence of Na+  (when NaF was used) resulted in a decrease in the final organic content
of the materials. This effect was interpreted as an inhibition of the organosilane polycondensation
possibly due to the Na+  interaction with the SiO-  groups of the hydrolyzed organosilane. The
presence of Na+  also results in morphological changes in the xerogels.

Keywords. Xerogel - Sodium fluoride - Hybrid powders - Nanometric materials - Sol-gel

Introduction
Nanoparticles have unique electronic, optical and magnetic properties because of their small size and
large surface areas. Owing to these characteristics, the nanometric materials present great potential
applications in different areas, like catalysis, microelectronics, nonlinear optics, separation science,
etc. [1, 2, 3, 4]. Among these materials, the hybrid organic-inorganic silica xerogels have received
great attention in the last few years [3, 4, 5, 6, 7, 8]. The relative simplicity and versatility of the
sol-gel process, if compared with other covalent-bonding methods for obtaining hybrid materials,
associated with the possibility of controlling the morphological properties, like particle shape and size,
surface area, and organic functionalization grade, are some advantages of this process [9, 10, 11].
Thus, the sol-gel method has motivated several researchers to develop new materials, using different
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precursors and synthesis conditions. The sol-gel method consists of the hydrolysis (Eq. 1) and
condensation of alkoxysilanes in general using acidic, basic or nucleophilic catalysts (Eqs. 2a, b) that
results in a cross-linked silica network.

Si(OR)4+H2O→ (RO)3Si−OH+ROH (1)

≡ SiOH + OH− Si ≡→≡ Si−O− Si ≡ +H2O (2a)

≡ Si−OH+RO− Si ≡→≡ Si−O− Si ≡ +ROH (2b)

The fluoride ion is a very efficient nucleophilic catalyst [2, 6, 12, 13] and it is used in different forms,
like HF, NH4F, NaF, etc. When sodium fluoride is used, changes in some properties of the gel have

been observed [14, 15, 16, 17, 18) These changes were attributed to the ion-dipole interactions of the 
Na+  with water, that causes an inhibition in the silane hydrolysis [15]. However, the effect of the
presence of Na+  in the xerogel synthesis is not completely understood.

In this work, the influence of Na+  on the anilinepropylsilica xerogel synthesis was studied. The
influence of Na+  was observed in the organic final content of the xerogel materials using CHN
elemental analysis and FTIR spectroscopy. The changes in the xerogel morphological properties were
investigated by using N2 adsorption desorption isotherms and scanning electron microscopy (SEM) 

techniques.

Materials and methods

Sol-gel synthesis

The sol-gel method used in this work has already been described elsewhere [19]. Aniline was activated
with sodium hydride in 10 ml of a mixture of aprotic solvents (toluene/tetrahydrofuran 1:1) for 30 min,
and the (CH3O)3Si(CH2)3Cl (CPTMS) was added. The quantities used were stoichiometric for

CPTMS, aniline and NaH; the values were, 1.0, 4.0 and 9.0 mmol. The mixture was stirred under
argon at solvent-reflux temperature for a period of 5 h. The product of the reaction,
anilinepropyltrimethoxysilane (APTMS), was used as an organic precursor. The quantities of APTMS
were 1.0, 4.0 and 9.0 mmol for syntheses 1, 2 and 3, respectively. Tetraethyl orthosilicate (TEOS)
(5 ml), ethyl alcohol (5 ml), HF or NaF (3.0 or 8.0 mmol) and water (1.6 ml), in stoichiometric ratio 
H2O/Si of 4:1, were added to the precursor solutions, under stirring. The condensation occurs in a

basic environment at a pH between 7 and 9 (Table 1). The pH of the solutions was determinated using
universal indicator papers, supplied by Merck, pH range 0-14. Fluoridric acid was added owing to the
catalytic properties of the fluoride [2, 12, 13]. The mixtures were stored for 5 days, and were just
covered without sealing, for gelation and evaporation of the solvents. The gel was then washed with
toluene, tetrahydrofuran, methyl alcohol, water and ethyl ether, and finally dried for 30 min in an oven
at 100 °C.

Table 1. Synthesis conditions, CHN and electron dispersive spectroscopy (EDS) elemental analysis,
and surface area results
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Sample
Anilinepropyltrimethoxysilane
added (mmol)

Catalyst
added 
(mmol)

Gelation 
pH(±1)

CHN
analysis 
(mmolg-1)a

EDS
analysis
Na atom 
(%)

Surface
area 
(m2g-1)  

H1 1.0 HF (3.0) 7 0.26 - 363

Na1 1.0 NaF (3.0) 9 - 0.63 470

H4 4.0 HF (3.0) 7 0.71 - 339

Na4 4.0 NaF (3.0) 9 0.50 0.99 378

H9 9.0 HF (3.0) 9 1.10 - 232

Na9 9.0 NaF (3.0) 9 1.18 1.72 224

Na9b 9.0 NaF (8.0) 9 0.75 2.02 413

aMillimoles of aniline groups per gram of xerogel

FTIR analysis

Self-supporting disks of the material, with an area of 5 cm2, weighing 100 mg, were prepared. The
disks were heated for 1 h at 200 °C, under vacuum (10-3 torr), using an IR cell [17, 20]. The
self-supporting disks were analyzed in the IR region using a Shimadzu FTIR, model 8300. The spectra
were obtained with a resolution of 4 cm-1, with 100 cumulative scans.

CHN elemental analysis

The organic phase present on the xerogels was analyzed using a CHN elemental PerkinElmer M
CHNS/O analyzer, model 400. Triplicate analysis of the samples, previously heated at 100 °C under
vacuum for 1 h, was carried out.

Scanning electron microscopy

The materials were analyzed by SEM using a JEOL model JSM 5800, with 20 kV and  60,000 

magnification.

Electron dispersive spectroscopy elemental analysis

The electron dispersive spectroscopy (EDS) analysis was made using a Noran detector with a JEOL
model JSM 5800, with 20 kV and acquisition time of 100 s and  60 magnification.

Surface area

The specific surface areas of the previous degassed solids at 150 °C, under vacuum, were determined
by the Brunauer-Emmett-Teller [21] multipoint technique on a volumetric apparatus, using nitrogen as
a probe [22]. Homemade equipment with a vacuum line system employing a turbomolecular Edwards
vacuum pump was used. The pressure measurements were made using a capillary Hg barometer and
also an active Pirani gauge. The results were frequently compared with an alumina standard reference.
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Pore size distribution

The pore size distribution was obtained from the nitrogen adsorption-desorption isotherms, determined
at the boiling point of liquid nitrogen, using the volumetric apparatus already described [22]. The
xerogel materials were previously degassed at 150 °C in a vacuum. The data analysis was made using
the Barret-Joyner-Halenda (BJH) method [23].

Results
The CHN technique was very important in this work because it allowed the determination of the
organic grade of the xerogel materials. It was observed by CHN analysis (Table 1) that for sample
Na1, prepared with a low amount of organic precursor and 3 mmol NaF, the organic groups were not
incorporated in the gel, but for the sample H1, prepared without NaF, 0.26 mmolg-1 was incorporated.
An increase in the organic content for the samples obtained by addition of a greater amount of the
organic precursor was also observed (Table 1). However, for the sample Na4, for which NaF (3 mmol)
was used as a catalyst, a lower organic content was observed (0.50 mmolg-1) when compared with
sample H4 catalyzed with 3 mmol HF (0.71 mmolg-1). In the Na9 and H9 samples, the decrease in the
organic incorporation, produced by the Na+  present, is not observed (Table 1). Comparing samples
Na9 and Na9b, the organic final content is lower for sample Na9b, catalyzed with a greater amount of
NaF (8 mmol) (Table 1).

It was demonstrated recently [10, 17] that FTIR spectroscopy could be used to estimate the content of
organic groups present in hybrid xerogels. This technique was also used in this work and the IR
spectra of the xerogels, previously heat-treated at 200 °C, are shown in Fig. 1. The aniline ring
vibrational mode intensities at 1,600 and 1,500 cm-1 were used as additional evidence of the
incorporation of organic groups. In general, the aniline band intensities increase with the organic
loading. However, it was observed that Na+  causes a decrease in the aniline band intensities when
comparing samples with the same quantity of APTMS precursor added (Fig. 1). For sample Na1, with
a lower quantity of organic precursor added, these bands were not observed, confirming that the
organic groups were not incorporated, in accordance with the CHN results. 
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Fig. 1. Absorbance IR spectra of the anilinepropylsilica xerogel samples, obtained at room
temperature: a H1; b Na1; c Na4; d Na9. The bar value is 0.5

The pore size distribution of the xerogels obtained by the BJH method [23] is presented in Fig. 2. No
significant changes in the pore radii can be observed for the samples where NaF was used as a catalyst
and the pore radius was smaller than 2 nm. However, when HF was used as a catalyst, the sample with
a lower organic loading (sample H1) showed two distinct pore radius regions with the maximum near
2 and 4 nm (Fig. 2). By increasing the organic loading, there is an evident decrease in the proportion of
larger pores. In the region of small pores (maximum near 2 nm) the organic loading causes a shift to
lower radii. The surface area results are presented in Table 1. In general, there is a surface area
reduction with increasing organic loading. 
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Fig. 2. Pore size distribution for anilinepropylsilica xerogels obtained by the Barret-Joyner-Halenda
method. The bar value is 0.01

The SEM images reveal morphological differences between the samples obtained with different
catalysts, HF or NaF. The xerogels obtained using HF as a catalyst have spherical particles, even
regarding some pH deviation between 7 and 9 (Table 1); however, for the samples with NaF as a
catalyst, the images are different and the particles shape is not defined. The images obtained for
samples H4 and Na4 are shown in Fig. 3; the particle shape differences are evident. In both kinds of
samples, no significant changes were observed when a high organic precursor concentration was used. 
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Fig. 3. Scanning electron microscopy images of anilinepropylsilica xerogels obtained with  60,000

magnification: a H4; b Na4

Discussion
A hypothesis found in the literature to explain the influence of Na+ in sol-gel synthesis is to consider
the ion-dipole interaction of Na+  with water that could be responsible for the hindering the TEOS
hydrolysis reaction [15]. In the present work this fact does not seem to be significant, because the
quantity of Na+  ion added is 7 times lower than TEOS and 30 times lower than water. It is improbable
that the ion-dipole interaction produces a significant change in the hydrolysis process in these
conditions. If we consider an average of six water molecules in the Na+  ion-dipole interaction sphere,
as has been proposed [15, 24, 25] about 70 mmol water molecules, corresponding to 80% of the water
added, remain outside this domain, and they are able to promote the hydrolysis reaction.

In this work we propose that the Na+ should interact with the hydrolyzed SiO-  species [26, 27]
preferentially with the organosilane. For instance, in the H1 and Na1 samples, where the same APTMS
precursor quantity was added (1.0 mmol), a marked influence of the Na+  on the final organic content
of the xerogel was observed (Table 1). Considering the quantity of NaF added (3.0 mmol) and that
there are three SiO-  species for each APTMS, sample Na1 has a SiO- /Na+  ratio of 1.0; thus, the
APTMS SiO-  groups are not available to produce a cross-linked framework with the TEOS. Therefore
no organic groups were incorporated (Table 1) and no aniline IR band could be observed (Fig. 1).
Nevertheless, for sample H1, with the same amount of APTMS added, but without Na+ , an organic
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phase was incorporated in the matrix (Table 1, Fig. 1). For the Na4 and Na9 samples, the SiO- /Na+

ratios were 4.0 and 9.0, respectively. Thus, for these samples, SiO-  groups are available to produce the
polycondensation with the TEOS and an increase in the organic loading with the SiO- /Na+  ratio was
observed. For samples Na9 and Na9b, where the SiO- /Na+  ratio was decreased from 9.0 to 3.4 by 
Na+  addition, similar behavior, i.e. a decrease in the organic loading, was observed (Table 1, Fig. 1).
If the Na+  is bonded to the SiO-  groups of the hydrolyzed APTMS, the increase in the organic content
also results in an increase in the metal loading, as observed by the EDS technique (Table 1).

The preference of Na+  for organosilane instead of TEOS can be explained by considering the
nucleophilic character of these species. The hydrolyzed APTMS should be more nucleophilic than the
hydrolyzed TEOS, since the organic R group can produce an inductive donator effect.

The differences in the pore radii observed from the BJH analysis are evidence that the Na+  ion also
produces some morphological effect, and they are also supported by the SEM analysis where the
images obtained show different particle shapes for samples that use different fluoride catalyst
precursors. These morphological differences are probably due to a particle growth inhibition in the
gelation process, produced by the SiO-  Na+  interaction, in agreement with the mechanism already 
proposed.

The surface area data seem just to be influenced by the organic content, for the majority of the
experiments, where the same quantity of catalyst was added (3.0 mmol). The decrease in the surface
area with the organic loading could be due to the surface organic coverage of the pores that results in a
partial reduction in the accessibility to the pores [10, 17]; however, when a greater amount of NaF
catalyst was added (sample Na9b), a higher surface area value was observed. Thus, the surface area is
also influenced by the presence of Na+ . This result is additional evidence of the influence of Na+  on
the morphological properties of the xerogels. Additionally, the greater amount of fluoride ion added in
the Na9b sample could not be discarded as another influence in the increase in the surface area
observed [14, 28]

Summary
We propose that the presence of Na+  in the xerogel gelation process produces an inhibition in the
polycondensation of organosilane precursors, that results in a lower organic loading in the xerogel
material. This effect is possibly due to a preferential interaction of the metal with the hydrolyzed
organosilane group instead of the hydrolyzed TEOS. The presence of Na+  also has a morphological
influence on the xerogels.

Acknowledgement./phead1> F.A.P. thanks CNPq for his grant. 
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Abstract 

  

 A FTIR thermal analysis was used for hybrid anilinepropylsilica xerogel obtained 

from three different organic precursor amount, using HF and NaF as catalyst in the sol-gel 

process. The aniline ring vibrational mode at 1500 cm-1 of attached aniline groups was used 

to obtaining the relative aniline content in the xerogel materials after been submitted to 

thermal treatment at temperature range from 100 to 400 oC. This technique allowed to 

evaluate the thermal stability of organic phase. The organic coverage on the surface and the 

fraction of trapped organic groups in closed pores can be also evaluated. 

 

 

 

Key words: infrared thermal analysis, sol-gel, anilinepropylsilica, fluoride catalyst, NaF 

catalyst 

 



 Introduction  

 

Organofunctionalized silica materials have received a special attention in the last 

years due to the great potential applications specially in separation science as adsorbents for 

SPE (solid phase extraction) or stationary phase for chromatography.[1-5] The sol-gel 

method [6] has been an important route to prepare these materials using alkoxysilanes R-

Si(OR)3 and tetraethylorthosilicate (TEOS) or tetramethylorthosilicate (TMOS) as 

precursor. The polycondensation of alkoxysilanes can be described in three reactions: i) 

hydrolysis; ii) silanol-silanol and silanol-alcohol condensation.[7-10] The simplicity and 

versatility of the sol-gel process for obtaining organofunctionalized silica materials, 

associated with the possibility of controlling the morphological properties, like surface 

area, particle shape and size, and organic functionalization grade, are some advantages of 

this process.(8,11) In the polycondensation reaction, fluoride ion is very used as nucleofilic 

catalyst [10,12-13] and it can be utilized in different forms like HF, NH4F, NaF, etc. When 

sodium fluoride is used, changes in the morphological properties of the gel have been 

observed [14-16] and they are not completely understood. 

The thermal analysis is a useful tool to study the interaction strength between the 

attached groups and the surface of matrix.[1,17-23] Among the thermal analyses the TGA 

(thermal gravimetric analysis) is widely used in these systems because this technique 

allows also an evaluation of the organic content attached to the surface. However by using 

TGA is difficult to differentiate between the organic desorbed groups and water mass loss 

produced by the dehydroxylation reaction of the surface, that take place with the 

temperature increasing.[24-26] Additionally the fraction of organic groups trapped in 

closed pores can not be evaluated. For materials containing organic groups that present 

characteristic infrared absorption bands these difficulties can be overcome. It was already 

demonstrated in recent paper [11] that the infrared analysis can be used to estimate the 

comparative organic content in organofunctionalized silica materials because the infrared 

band areas of the immobilized groups are related to the organic content. In this work, we 

have used the FTIR thermal analysis that allows the investigation of the organic groups 

attached to the surface, using their specific infrared band. It is possible to evaluate the 

thermal stability and also the fraction of trapped organic groups in the closed pores of the 



materials. In this work it was studied the anilinepropylsilica xerogel that was synthesized 

using two different catalyst precursor, HF and NaF. 

 

Experimental 

 

Synthesis anilinepropylsilica xerogels [27] 

Aniline was activated with sodium hydride in the 10 mL of the aprotic solvent 

mixture (toluene:thf) (1:1) for 30 minutes and then the chloropropyltrimethoxysilane 

(CPTMS) was added. The quantities used were stoichiometric for CPTMS, aniline and 

NaH. The product of reaction, anilinepropyltrimethoxysilane (APTMS) was used as organic 

precursor of the xerogel in the concentration of 1.2, 4.0 and 9.0 mmol.L-1 for the synthesis 

1, 2 and 3, respectively. The mixture was stirred under argon at solvent-reflux temperature 

during a period of 5 hours. After that, 5 mL of tetraethylorthosilicate (TEOS), 5 mL of 

ethyl alcohol, 1.6 mL of water (stoichiometric ratio H2O/Si = 4) and HF or NaF (4 mmol), 

were added to the precursor solutions, under stirring. The pH values of the mixtures were 

basic ca. 9.   The mixture was stored during 5 days at room temperature just covered 

without sealing, for gelation and evaporation of solvent. The gel was then washed with 

toluene, thf, methyl alcohol, water and ethyl ether. The resulting material was dried for 30 

minutes in an oven at 100 οC and comminuted in an agate mortar for subsequent infrared 

analysis.  

 
Infrared thermal analysis 

 

Self-supporting disks of the material to be analyzed were prepared, with an area of 5 

cm2, weighting ca.100 mg. The disks were heated in a temperature range from 100 to 400 
oC under vacuum (10-3 Torr), from 1 to 6 hours. The IR cell used in this work present two 

sections, an oven that consists of an electrical filament on the external wall of the cell and 

another section with two KBr windows for submitting the sample to the infrared beam, 

using a mobile support. The two sections are pressed together using a viton o-ring. The 

sample can be heated up to 400 oC`, under vacuum and then moved to the infrared beam. 

Thus the sample is not exposed to the external environmental.[28] The equipment used was 



a Shimadzu FTIR, model 8300. The spectra were obtained with a resolution of 4 cm-1, with 

100 scans. The materials obtained by using HF and NaF as catalyst precursors were 

designated XHFn and XNaFn, respectively, where n specify the synthesis. 
 

Results  

 

The vibrational mode of aniline ring at 1500 cm-1 is very strong in the spectra, so the 

band area of this absorption was used to estimate the thermal stability of the immobilized 

aniline groups on the silica surface. The silica overtone band at ca. 1865 cm-1 was used as a 

reference band.[11] This normalization was necessary, considering the heterogeneity in the 

disks thickness and taking into account the position changes of the infrared beam. 

The FTIR spectra of xerogels obtained at room temperature, previously heat treated 

for 6 hours, at temperature range from 100 to 400 oC, are shown in the Figures 1, 2 and 3 

for the synthesis 1, 2 and 3, respectively. In the XNaF1 sample, prepared with low amount 

of organic precursor (synthesis 1) and NaF as catalyst, the organic groups were not 

incorporated in the gel (Figure 1). For the XHF1 sample, prepared without NaF, the organic 

phase was incorporated, because the aniline band modes are present in the spectra even 

after thermal treatment (Figure 1 and Table 1). Since the organic band areas are related to 

the organic content, for the synthesis 2 and 3, where a greater precursor amount was added, 

it was observed an increasing in the organic content (Figures 2, 3 and Table 1). However, 

for the sample XNaF2, which NaF was used as catalyst, a lower organic content was 

observed when compared with the sample XHF2 catalyzed with HF (see Table 1). In the 

XNaF3 and XHF3 samples the decreasing in the organic incorporation, produced by Na+ 

presence, is not observed (Table 1).  

 The relative remaining organic grades obtained using the band area values (Table 

1), are presented in the Figure 4. Six values were obtained for each temperature of 

treatment (1-6 hours) for each sample. All the samples maintain 100 % of the organic 

content after heat treatment up to 200 oC for 6 h. The organic grade begins to decrease for 

samples obtained from synthesis 2 and 3 after thermal treatment at 300 oC (Table 1). This 

decreasing was more visible for the XNaF2 and XNaF3 (Figure 2 and 3). All the samples 



present a remaining organic grade even after heat treatment up to 400 oC for 6 hours. This 

remaining organic grade was inversely related to the organic content (Figure 4). 

 

Discussion  

 

 Considering that the organic band areas are related to the organic content of the 

xerogel materials, we observed that the organic content was related to the amount of the 

organic precursor added, since the band areas increase from synthesis 1 to 3 (Table 1). It 

was also observed that the Na+ presence reduces the organic content for the samples from 

synthesis 1 and 2, with low amount of organic precursor added (Figures 1,2 and Table 1). 

 The relative remaining organic grade indicates the thermal stability of the organic 

attached groups. The great organic thermal stability observed for the samples heat treated 

up to 300 oC is an evidence that these groups are strongly bonded to the surface in the 

covalent form. Further thermal treatment up to 400 oC produces a partial organic desorption 

from the surface, as observed by the area reduction (Table 1 and Figure 4). It was possible 

to observe that the samples catalyzed with NaF present lower thermal stability than the 

samples synthesized without sodium. It is more evident for the synthesis 3 where the 

organic grade decreasing begins at 300 oC for XNaF3 sample while for the XHF3 this 

decreasing occurs after heating up to 400 oC (Figure 4). Therefore the more stable organic 

phase was obtained by using HF as catalyst and high organic precursor concentration ie. for 

XHF3 sample. This fact can be explained taking into account that the more concentrated is 

the APTMS precursor, closer will be the reactive organic methoxysilane groups and easier 

the linkage process occurs.[11] Therefore for larger concentration of APTMS added, more 

thermally stable is the organic phase, since a more linked organic structure was formed in 

the gelation process. The Na+ influence was interpreted as an inhibitor of the organosilane 

linkage by avoiding its proximity.[29] This interpretation may explain also the absence of 

the infrared organic band in the XNaF1 sample, obtained from synthesis 1, with lower 

organic precursor concentration and catalyzed by NaF. 

 All the samples present a residual fraction of organic groups even after thermal 

treatment for six hours at 400 oC (Table 1 and Figure 1-4). This fact can be only explained 

taking into account the retention of the organic phase in closed silica pores formed during 



the polycondensation and drying process. Considering the band area values found for the 

sample XHF1, after heat treatment at 400 oC, we can deduce that 85 % of the organic 

groups are trapped in closed pores (Figure 4). The samples obtained from the synthesis 2 

present a lower fraction of organic trapped groups, 50 and 41 % for XHF2 and XNaF2, 

respectively. For the samples with higher organic loading the trapped organic groups 

fraction was the lowest, 24 and 27 % for XHF3 and XNaF3, respectively (Figure 4 and 

Table 1). Therefore the increasing in the organic content results in a decreasing in the 

fraction of organic trapped groups. 

From the band areas of the FTIR spectra it was possible calculate the relative 

organic coverage ie. organic groups that are really on the surface, in opened pores. It was 

obtained subtracting the band area corresponding to the organic trapped groups from band 

areas of  the organic total content. The resulting organic coverage is presented in the Figure 

5. As the organic loading increases with the organic precursor concentration added (from 

synthesis 1 to 3) and simultaneously occurs a decreasing in the occluded porous fraction, 

the samples that present higher organic coverage are those obtained from the synthesis 3. 

The crescent organic coverage with the organic loading (Figure 5) was interpreted 

considering that the increasing in the APTMS/TEOS precursor ratio produces a less cross-

linked silica network that results in a larger fraction of opened pores.[30-32]  

 

Conclusions 

  

 The FTIR thermal analysis technique was very effective to find the better synthesis  

conditions for anilinepropylsilica xerogel material, regarding to achieve a higher organic 

content, organic coverage and thermal stability. These characteristics, that are important for 

materials with potential applications in separation sciences, were obtained using high 

organic precursor amount and HF as catalyst.  
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Table 1: Infrared band areas of aniline ring mode at 1500 cm-1 on xerogel materials 
and the relative remaining organic grade calculated from these band areas. 

 
Temp. 
(oC) 

 
Time 
(hour) 

Band area of aniline mode at 1500 cm-1 / Abs.cm-1 1
(Relative remaining organic grade / %) 

  XHF1 XHF2 XNaF2 XHF3 XNaF3 

100 6 0.34 2.02 0.54 2.54 2.32 

200  

 

1  

2 

3 

4 

5 

6 

0.40 (100) 

0.39 (98) 

0.39 (98) 

0.40 (100) 

0.39 (98) 

0.40 (100)  

2.06 (100) 

2.06 (100) 

2.07 (100) 

2.06 (100) 

2.04 (99) 

2.06 (100) 

0.60 (100) 

0.59 (98) 

0.60 (100) 

0.58 (97) 

0.57 (95) 

0.57 (95) 

2.61 (100) 

2.61 (100) 

2.61 (100) 

2.63 (101) 

2.63 (101) 

2.51 (96) 

2.65 (100) 

2.63 (99) 

2.63 (99) 

2.61 (98) 

2.61 (98) 

2.55 (96) 

300 

 

1  

2 

3 

4 

5 

6 

0.42 (105) 

0.40 (100) 

0.42 (105) 

0.41 (103) 

0.42 (105) 

0.41 (103) 

2.03 (99) 

2.04 (99) 

2.03 (99) 

2.02 (98) 

2.00 (97) 

1.98 (96) 

0.53 (88) 

0.52 (87) 

0.48 (80) 

0.48 (80) 

0.48 (80) 

0.46 (77) 

2.50 (96) 

2.51 (96) 

2.51 (96) 

2.52 (97) 

2.49 (95) 

2.46 (94) 

2.48 (94) 

2.23 (84) 

2.32 (88) 

2.14 (81) 

2.11 (80) 

2.09 (79) 

350  1  

2 

3 

4 

5 

6 

0.41 (103) 

0.38 (95) 

0.38 (95) 

0.40 (100) 

0.40 (100) 

0.39 (98) 

1.86 (90) 

1.77 (86) 

1.67 (81) 

1.44 (70) 

1.43 (69) 

1.41 (68) 

0.46 (77) 

0.40 (67) 

0.42 (70) 

0.40 (67) 

0.38 (63) 

0.40 (67) 

2.43 (93) 

2.41 (92) 

2.38 (91) 

2.31 (89) 

2.17 (83) 

2.17 (83) 

1.47 (55) 

1.43 (54) 

1.16 (44) 

1.01 (38) 

0.95 (36) 

0.89 (34) 

400 

 

1  

2 

3 

4 

5 

6 

0.37 (93) 

0.36 (93) 

0.35 (88) 

0.35 (88) 

0.34 (85) 

0.34 (85) 

1.30 (63) 

1.31 (64) 

1.20 (58) 

1.20 (58) 

1.03 (50) 

1.04 (50) 

0.25 (41) 

0.26 (43) 

0.24 (40) 

0.24 (40) 

0.25 (41) 

0.25 (41) 

1.80 (69) 

0.73 (28) 

0.63 (24) 

0.64 (25) 

0.63 (24) 

0.63 (24) 

0.91 (34) 

0.85 (32) 

0.79 (30) 

0.73 (28) 

0.71 (27) 

0.71 (27) 
1 = band areas normalized with the silica overton band at 1865 cm-1

 



Captions of Figures 

 

Figure 1: Infrared spectra of xerogel samples obtained by synthesis 1, after heating in 

vacuum, for 6 hours at: a) 100, b) 200, c) 300, d) 350 and d) 400 oC. The bar value is 0.2 

and 0.1 for the spectra of the xerogels XHF1 and XNaF1, respectively. 

 

Figure 2: Infrared spectra of xerogel samples obtained by synthesis 2, after heating in 

vacuum, for 6 hours at: a) 100, b) 200, c) 300, d) 350 and d) 400 oC. The bar value is 1 and 

0.4 for the spectra of the xerogels XHF2 and XNaF2, respectively. 

 

Figure 3: Infrared spectra of xerogel samples obtained by synthesis 3, after heating in 

vacuum, for 6 hours at: a) 100, b) 200, c) 300, d) 350 and d) 400 oC. The bar value is 1 for 

the spectra of the xerogels XHF3 and XNaF3. 

 

Figure 4: Relative remaining organic grade calculated from the relative band area of the 

infrared aniline band at 1500 cm-1 in relation to the thermal treatment of the xerogels 

obtained from synthesis 1-3 using HF and NaF as precursor catalysts. For each temperature 

of treatment six measurements were made (1-6 h). 

 

Figure 5:  Relative organic content and organic coverage of the xerogel materials calculated 

from the band areas of the infrared aniline mode at 1500 cm-1. 
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Abstract  

 

 Anilinepropylsilica hybrid powder was synthesized by a sol-gel route in basic 

medium using HF as catalyst. The effect of the amount of HF catalyst on the morphologies 

and on organic content was studied. The xerogels were characterized using FTIR, SEM and 

N2 adsorption-desorption isotherms. The increase in the HF quantity results in an slight 

increase in organic content and changes in the particle size, surface area and pore structure.  
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Introduction  

 

The sol-gel method is an attractive route to prepare hybrid organic-inorganic silica 

based materials.(1-4) These materials present interesting properties that provide them 

applications as sorbents, sensors, catalysts, optical and electrochemical devices.(5-8) The 

sol-gel synthesis can be performed at room temperature. The resulting materials exhibit 

good homogeneity and purity. This process consists of hydrolysis and polycondensation of 

metal alkoxides. In general, acid, basic or nucleofilic catalysts, that influence in the 

resulting crosslinked silica network are used. (9-11) Among the nucleofilic catalysts the 

fluoride ion has been often used, mainly in the form of HF.(12-14) However, it is reported 

that little changes in the parameters of the sol-gel synthesis, can result in great 

modifications of morphologies of the final materials.(11,14-18) In this context, the study on 

the synthesis conditions and resulting properties, is very important to understand these 

systems. 

In this work the influence of the fluoride catalyst content on the properties of 

anilinepropylsilica xerogel was investigated. Infrared spectroscopy was used to identify the 

presence of the organic and inorganic phases. The organic phase content was obtained from 

CHN elemental analysis and the morphologies of xerogel were investigated using scanning 

electron microscopy and N2 adsorption-desorption isotherms.  

 

Experimental 

 

Synthesis of anilinepropylsilica xerogel  

The sol-gel synthesis used in this work has already been described elsewhere.(19) 

Firstly the organic precursor anilinepropyltrimethoxysilane (APTMS) was obtained as 

follows: Aniline was activated, for 30 minutes, with hydride using a mixture of aprotic 

solvents, toluene (5.0 ml) and THF (5.0 ml), and the 3-chloropropyltrimethoxysilane 

(CPTMS) was added. The amounts of aniline, NaH and CPTMS added were stoichiometric 

(8 mmol). The mixtures were stirred for 5 hours under argon at reflux temperature. The 

solution was centrifuged at 5000 rpm, for 20 minutes, in order to separate the NaCl, and the 

supernatant containing the APTMS was used as organic precursor in the gelation process. 
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In a second step, the sol-gel reaction was performed: The follow reagents were added, 

under stirring, to the solution containing the organic precursor (APTMS): 5 ml of 

tetraethylorthosilicate (TEOS), 5 ml of ethyl alcohol, 1.6 ml of water and 0.5, 1.0, 1.5, 3.0 

and 4.0 mmol of HF for samples A-E, respectively. The gelation occurs on basic 

environment at pH between 9 and 10 (Table 1). The pH of solutions was measured using 

Universal indicator papers, supplied by Merck, pH range 0-14. The mixtures were stored 

for 5 days, just covered without sealing. The gel was then washed with toluene, THF, 

methanol, water and ethyl ether, and finally dried for 30 minutes in an oven at 100 οC.  

 

Elemental Analysis 

 The organic phase content was obtained using a CHN Perkim Elmer M CHNS/O 

Analyzer, model 2400. The analysis was made in triplicate, after heating the materials at 

100 oC, under vacuum, for 1 hour.  

 

Infrared Analysis 

Self-supporting disks of the samples were prepared with 5 cm2 of area, weighing 

ca.100 mg. The disks were heated at 200 oC, under vacuum (10-3 Torr) (1 Torr = 133.3 Pa), 

for 2 hour, using an IR cell.(20) The self-supporting disks were analyzed in the infrared 

region using a Shimadzu FTIR, model 8300. The spectra were obtained at room 

temperature with a resolution of 4 cm-1, with 100 scans. 

 

Scanning Electron Microscopy 

The materials were analyzed by scanning electron microscopy (SEM) in a Jeol 

equipment, model JSM 5800, with 20kV and 60000x of magnification. The average particle 

sizes were obtained by choosing and manually marking the diameter of a minimum of a 

hundred spherical particles in each image. The average diameters and the standard 

deviations were determined by using the Quantikov software.(21) 

 

Pore size distribution 

 The pore size distribution was obtained by the nitrogen adsorption-desorption 

isotherms, determined at liquid nitrogen boiling point, using a homemade volumetric 

 4



apparatus, connected to a turbo molecular Edwards vacuum line system, employing a Hg 

capillary barometer and also an active Pirani gauge. The apparatus is frequently checked 

with alumina standard reference. The xerogel materials were previously degassed at 150 oC, 

in vacuum, for 2 hours. The data analysis was made using the BJH (Barret, Joyner, and  

Halenda) method.(22) 

 

Surface Area 

 The specific surface areas of the previous degassed solids at 150 oC, under vacuum, 

were determined by the BET (Brunauer, Emmett and Teller) (23) multipoint technique in 

the volumetric apparatus, cited above, using nitrogen as probe. 

 

 

Results and Discussion  

 

The infrared spectroscopy has been an important tool in the hybrid xerogel 

characterization.(24) Figure.1 shows a typical infrared spectrum of hybrid xerogel 

materials, obtained at room temperature, after heat treatment at 200 oC, in vacuum. It shows 

the peaks of both organic and inorganic phases. The organic component can be identified 

by the bands at 1600 and 1500 cm-1 corresponding to the aniline ring modes,(24) bands at 

2930 and 3050 cm-1 attributed to aliphatic and aromatic C-H stretching modes, respectively 

and the N-H stretching at 1410 cm-1.(19) The inorganic silica component can be identified 

from the silanol stretching bands with a maximum near 3615 cm-1, the Si-O-Si modes 

observed below 1250 cm-1 and also the typical overtone bands near 1870 cm-1.(25-27) The 

presence of the organic phase in the sample heat treated at 200 oC in vacuum is an evidence 

that it is thermally very stable.(4,24). 

 Images obtained from scanning electron microscopy show a very similar spherical 

particles for all the samples, and a typical image are presented in Figure 2. However, it was 

possible to observe that the average size of aggregated particles undergoes a decrease with 

the HF quantity added. The average diameter decreases from 155 nm for the sample A, 

catalyzed with 0.5 mmol of HF, to 125 nm for sample E, catalyzed with 4.0 mmol of HF. 
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The values obtained for all samples (A-E) are presented in Table 1. The average diameters 

and the standard deviations were calculated using the Quantikov software.(21) 

Table 1 presents some synthesis parameters and morphological data obtained from 

the N2 adsorption-desorption isotherms. It was observed that the gelation time is strongly 

influenced by the presence of the fluoride catalyst (Table 1). The increase in the amount of 

HF catalyst produces a drastic reduction in the time of gelation. The organic phase content 

increases with the amount of fluoride added (Table 1). 

Figure 3 shows typical type IV N2 isotherms obtained for the xerogel samples, 

characteristic of mesopore materials.(28-31) The plateau of each isotherm was reached 

indicating the complete filling of the pores.(30,31) In general the desorption curves present 

a hysteresis at high relative pressure. This behavior could be explained considering the 

micropores presence,(30) or occurrence of a small capillary condensation,(28-30) possibly 

due to the organics presence. Nevertheless the hysteresis analysis for hybrid material is 

difficult, due to other network effects like desordered pore structure, presence of bottle 

shape pores,(32,33) N2 network-percolation, etc.(31-33)  

Figure 4 presents the pore size distribution analysis obtained from the N2 

adsorption-desorption isotherms by using the BJH calculation.(22) It was possible to 

observe in Figure 4 that the increase in the amount of HF produces some influences in the 

xerogel pore size distribution. For the materials catalyzed with 0.5, 1.0 and 1.5 mmol of 

HF, samples A, B and C, respectively, the pore diameters are predominantly lower than 4 

nm. However for the samples catalyzed with 3.0 and 4.0 mmol of HF, samples D and E, 

respectively, the pore size distribution was broader, including pores with larger diameters, 

up to 6 nm. This larger distribution is more evident for the sample E (Figure 4). The pore 

size distribution enlargement was accompanied by the increasing pore volume (see Table 

1). Therefore the amount of HF added produces an increase in the porosity of materials. 

The increase in the pore volume by the fluoride action was already reported in silica (34) 

and aluminosilicate systems.(35) In the present work the changes are not too impressive if 

compared with these works, possibly due to the large amount of organics present in the 

xerogels.  

BET analysis shows an increase in the surface area from sample A to E. This 

surface area increasing with the amount of HF catalyst was interpreted considering two 
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components, the particle size decreasing and also the presence of a larger pore size 

distribution, as shown in Figure 4, that resulted in an increase in the pore volume of 

materials (Table 1). The increase in the pore volume by the fluoride action was already 

reported in silica (34) Nevertheless in the conditions presented in this work, all the property 

variations caused by HF action, were not so marked if compared with that produced by 

changing other synthesis parameters like pH medium,(11,14,16) solvent used (36) and 

gelation temperature.(37)  

 

 

Conclusions 

  

 The anilinepropylsilica xerogel presents spherical aggregated particles and the 

organic phase are thermally stable up to 200 oC, in vacuum. The increase in the amount of 

HF catalyst results in an increase in the amount of organics and also in the surface area. 

This surface area increase was attributed to the particle size decreasing and also the 

alterations in the pore structure with an increase in the porosity. 
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Table 1: Synthesis parameters and morphological properties. 

Sample HF catalyst 
added 
mmol 

Gelation 
medium 
pH + 1 

Elemental
analysis 

mmol g-1 a

Particle 
diameter 

nm b

Surface 
area 

m2 g-1

Pore 
volume 

(cm3.g-1) 

Gelation 
time  
hour 

A 0.5 10 1,24 155 60 0.10 20 

B 1.0 10 1,26 149 70 0.09 18 

C 1.5 10 1,38 137 75 0.11 few minutes 

D 3.0 10 1,54 129 80 0.13 instantaneous

E 4.0 9 1,54 125 93 0.17 instantaneous
 

a = mmol of aniline per gram of material. 
b = standard deviation was lower than 30 nm. 
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Caption of Figures 

 

Figure 1: Infrared absorbance spectrum of anilinepropylsilica xerogel (sample E), obtained 

at room temperature, after heating at 200 oC, in vacuum, for 2 hour. 

 

Figure 2: SEM image of anilinepropylsilica xerogel obtained from the synthesis B, with 

60000 X magnification and 20 kV. 

 

Figure 3: N2 adsorption-desorption isotherms for anilinepropylsilica xerogel samples A-E.. 

The amount of HF catalyst added was: A) 0.5 mmol; B) 1.0 mmol; C) 1.5 mmol; D) 3.0 

mmol; E) 4.0 mmol. 

 

Figure 4: Pore size distribution of anilinepropylsilica xerogel samples A-E, obtained by 

using BJH method: The amount of HF catalyst added was: A) 0.5 mmol; B) 1.0 mmol; C) 

1.5 mmol; D) 3.0 mmol; E) 4.0 mmol.   
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Abstract

The sol–gel method was employed to obtain the hybrid nanometric anilinepropylsilica material, using different temperatures

of gelation. The resulting powder materials were studied by FTIR, thermogravimetric analysis (TGA), SAXS and scanning

electron microscopy (SEM) techniques. The organic phase incorporated in the material was very thermally stable and the

gelation temperature produces morphological effects in the resulting anilinepropylsilica material. D 2002 Elsevier Science B.V.

All rights reserved.

PACS: 81.07.-b; 78.66.Vs

Keywords: Xerogel; Aniline; Thermal stability; Particle size; Pore size; Silica; Hybrid materials

1. Introduction

Over the decade, hybrid nanometric materials,

synthesized by sol–gel method using alkoxysilanes

R-Si(OR)3 and tetraethylorthosilicate (TEOS) have

been extensively studied [1–4]. This particled materi-

als present distinct optical, magnetic and electronic

properties due to its small size. These characteristics

make these material ones very promising in different

technological areas. The sol–gel method, described by

two steps, hydrolysis of the alkoxysilanes and poly-

condensation or gelation of the hydrolyzed silanes, is a

very important and attractive synthesis procedure,

since it can be performed at low temperatures, with

high homogeneity and purity of the resulting materials

[4–8]. This method allows to prepare hybrid xerogel

nanometric materials, with the control of several

physical properties. However, a little change in the

parameter conditions of the synthesis, like solvent,

catalyst or silane amount, can produce great modifi-

cations in the final properties of the materials [9–12].

In this context, the study of the synthesis conditions

and the related resulting properties is very important to

understand these systems. In this work, the aniline-

propylsilica xerogel material was obtained from differ-

ent temperatures of gelation. The thermal stability of

0167-577X/02/$ - see front matter D 2002 Elsevier Science B.V. All rights reserved.

PII: S0167-577X(02 )00396 -8
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the organic phase and some morphological properties

of the powder material were investigated.

2. Experimental

2.1. Synthesis of xerogel materials

The sol–gel method used in this work follows the

same procedures already described in details [13].

Aniline was activated with sodium hydride in 10 ml

of a mixture of aprotic solvent (toluene/THF) (1:1)

for 30 min, and the (CH3O)3Si(CH2)3Cl (CPTMS)

was added. The quantity used was stoichiometric for

CPTMS, aniline and NaH, the value was 8.0 mmol.

The mixture was stirred under argon at solvent-reflux

temperature for a period of 5 h. The product of

reaction, anilinepropyltrimethoxysilane (APTMS),

was then used as sol–gel precursor reagent, in the

concentration of 0.80 mol l� 1. After that, tetraethy-

lorthosilicate (TEOS) (5 ml), ethyl alcohol (5 ml), HF

(70 Al) and water in stoichiometric ratio with Si r = 4/

1 (1.6 ml), were added to the precursor solutions,

under stirring. The condensation occurs by a nucle-

ofilic catalytic process using fluoridric acid, [11,14]

at pH 10. The mixture was stored, just covered

without sealing, at different controlled temperatures,

20, 30, 40 and 50F 1 jC for gelation and evapo-

ration of solvent. The resulting materials were des-

ignated A, B, C and D, respectively. The gels were

then comminuted and washed exhaustively with

various solvents and finally dried for 30 min in an

oven at 100 jC.

2.2. Infrared measurements

Self-supporting disks of the material, with an area

of 5 cm2, weighing ca. 100 mg, were prepared. The

disks were heated for 1 h at 300 jC, under vacuum
(10 � 3 Torr), using an IR cell [15]. The self-support-

ing disks were analyzed in the infrared region using a

Shimadzu FTIR, model 8300. The spectra were

obtained with a resolution of 4 cm � 1, with 100 scans.

2.3. TGA analysis

The thermogravimetric analysis (TGA) was made

using a TA Instruments 5100 analyser. The curves

were recorded at a heating rate of 10 jC min � 1 in

argon atmosphere.

2.4. Surface area

The specific surface areas of the previous degassed

solids at 150 jC, under vacuum, were determined by

the BET multipoint technique on a volumetric appa-

ratus, using nitrogen as probe.

2.5. Scanning electron microscopy

The materials were analyzed by scanning electron

microscopy (SEM) with 20 kV and 80,000� of

magnification. The images were processed using the

Quantikov software [16].

2.6. SAXS analysis

The average pore radii of the samples were

obtained by using the Guinier law [17,18]. This law

establish that the scattering intensities I(h) are

described as ln I(h) = ln Io� (RG2h2)/3, where RG is

the gyration radii and h is defined as h = (4p sinh)/k,
where h is the scattering angle and k the wavelength

of the X-ray used. The gyration radii could be

calculated by the equation RG= (3p)1/2, where p is

the slope of the Guinier plot, (ln(h) vs. h2). Consid-

ering spherical pores, the pore radii were obtained by

the equation Rp = (5/3)1/2RG. The equipment used

was a Shimadzu XD3A equipment, with a Cu Ka

radiation source.

3. Results and discussion

Characteristics of the samples A, B, C and D,

obtained at 20, 30, 40 and 50 jC of gelation temper-

atures are presented in Table 1. It was observed that

the gelation time is inversely related with the gelation

temperature and it is in accordance with other results

found in the literature [19,20].

Generally, the nanometric hybrid materials

obtained from the sol–gel method present good

thermal stability of the organic phase, [12,21–24]

and it was also observed in this work. In Fig. 1,

shown is the infrared spectra of the materials obtained

after heating up to 300 jC, in vacuum, and it was
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possible to observe that the infrared aniline absorption

modes at 1600 and 1500 cm � 1 are present. These

spectra revel that the organic phase was incorporated

in all samples and it is strongly bonded to the silica

network, since the organic phase are present after this

thermal treatment. The silica overtone band at ca.

1860 cm � 1 can be also visualized in the spectra. The

aniline band at 1500 cm � 1 was used to estimate the

comparative organic loading in the xerogel materials

and the silica overtone band at ca. 1860 cm� 1 was

used as a reference band. This normalization was

necessary, considering the heterogeneity in the disks

thickness obtained for the different samples. The band

areas of the samples A, B, C and D are presented in

Table 1. An increase in the band areas from the

sample A to D was observed. Considering that the

organic band areas are related to the organic content,

the increase in the gelation temperature results in a

crescent organic loading in the materials.

The great thermal stability of the organic attached

groups can be confirmed by the thermogravimetric

analysis (TGA), presented in Fig. 2. From the ther-

mogravimetry, it was possible to observe that the

organic phase is very stable at least to heat treatment

at 400 jC, for the samples obtained in all gelation

temperatures and times. In the thermogravimetric

curves, from room temperature to 200 jC, there is a

weight loss typical of the water desorption very

common in silica materials. At 200 jC begins the

dehydroxilation, i.e. conversion of silanol in siloxane

groups, [25] and the organic phase desorption starting

only after heating up to 400 jC.
The images obtained by scanning electron micro-

scopy for the samples obtained in all gelation temper-

Fig. 1. Infrared absorption spectra of the anilinepropylsilica xerogel

after being heat treated at 300 jC, in vacuum, for 1 h. The bar value

is 0.5.

Fig. 2. Thermogravimetric curves for materials obtained from the

syntheses A, B, C and D.

Table 1

Synthesis conditions, infrared data and morphological character-

istics of the anilinepropylsilica xerogels

Sample Gelation

temperature

(jC)

Gelation

time

(h)

IR band

area

(Abs cm� 1)a

Surface

area

(m2 g� 1)

Pore

diameter

(nm)b

A 20 48 0.20 166 3.9

B 30 48 0.21 145 3.7

C 40 30 0.35 120 3.9

D 50 15 0.49 63 3.7

a Obtained from the aniline mode at 1500 cm� 1 using the silica

overtone band at 1860 cm� 1 as reference band.
b Obtained from SAXS measurements.
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atures are presented in Fig. 3. In the images of the

samples obtained from syntheses A and B, where the

gelation process was carried out at 20 and 30 jC,
respectively, the aggregated particles are not defined.

Nevertheless, for the samples obtained from the syn-

thesis C, at 40 jC of gelation temperature, there are

few spherical particles formed and finally for the

sample D, obtained at 50 jC of gelation temperature,

the SEM image shows defined aggregated of spherical

particles (Fig. 3). The average diameter of the spher-

ical particles of the sample D, obtained using the

Quantikov software [16], was achieved as 113 nm

with a standard deviation of 20.

Another morphological difference observed for the

samples synthesized at different gelation temperatures

was the BET surface area. It is possible to observe in

Table 1 that the increase in the gelation temperature

produces a decrease in the surface area. On the other

hand, no changes in the average pore diameter were

observed from the SAXS analysis (Table 1), and it is

in agreement with other papers, where the gelation

temperature do not influences the pore size [26–28].

In this case the surface area decreasing with the

organic content could be explained by the surface

organic coverage of the pores that results in a partial

reduction in the accessibility to the pores. A decrease

in the BET surface area produced by the increase of

average aggregate particle size can not be discarded.

4. Conclusions

The aniline was incorporated in a silica xerogel and

the organic phase is very thermally stable. The increase

in the gelation temperature results in a decrease in the

gelation time and in an increase in the organic loading.

The increase in the gelation temperature produces also

morphological changes in the resulting material, such

as a decrease in the surface area and the formation of

spherical aggregated particles.
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Fig. 3. SEM images of anilinepropylsilica xerogels obtained from the synthesis A, B, C and D, with 80,000� of magnification and 20 kV.
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Abstract

The metal ion adsorption properties of the microporous hybrid anilinepropylsilica xerogel were studied using divalent copper,
cadmium ions in aqueous solutions in concentrations ranging from 10−4 up to 5× 10−3 mol l−1. At low concentrations the surface of th
solid phase presents selectivity for Cu (II), even in competitive conditions. This preferential sorption ability for copper in relation to
cadmium ions was interpreted by considering the xerogel morphology.
 2003 Elsevier Inc. All rights reserved.

Keywords: Sol–gel; Metal ion adsorption; Anodic stripping voltammetry
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1. Introduction

Hybrid materials have been obtained by the immobili
tion of chelating organic groups on silica surfaces by gr
ing reactions. Among the several potential application
these materials, the use as a metal adsorbent has bee
ticed [1–3]. However, the hybrids prepared in this way rar
surpass 0.3 mmol g−1, which is very small if compared wit
organic resins. Furthermore, considerable efforts have
devoted in order to overcome the lack of selectivity p
sented by these materials [2–6].

In recent years new hybrid materials have been develo
using the sol–gel method [6,7]. Although this method
shown attractiveness due to the possibility of controlling
physicochemical properties of the resulting materials, t
are not extensively used as metal ion sorbents. There
some reports of using hybrid sol–gel materials contain
sulfur or nitrogen as donor atoms to remove metal ions
lectively from aqueous solutions [8–10].

In recent papers, we have presented a synthesis proc
to obtain a nanoparticle anilinepropylsilica xerogel [11]. T
material presented a microporous structure with the org
phase covalently bonded. In this work, the metal ion

* Corresponding author.
E-mail address: edilson@iq.ufrgs.br (E.V. Benvenutti).
0021-9797/03/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0021-9797(03)00292-3
o-

e

sorption properties of this material, anilinepropylsilica, w
investigated using copper, zinc, and cadmium in aqueou
lutions. In competitive conditions, the metal adsorption w
evaluated using anodic stripping voltammetry.

2. Materials and methods

2.1. Sol–gel synthesis

The sol–gel synthesis used in this work has alre
been described elsewhere [11]. Aniline was activated
30 min with sodium hydride using a mixture of apr
tic solvents, toluene (5.0 ml) and THF (5.0 ml), and
chloropropyltrimethoxysilane was added. The amount
aniline, NaH, and 3-chloropropyltrimethoxysilane were s
ichiometric (10 mmol). The mixtures were stirred for 5
under argon at reflux temperature. The solution was
trifuged at 5000 rpm for 20 min, separating the byprod
NaCl, and the supernatant containing the anilinepro
trimethoxysilane was used as organic precursor in the g
tion process. To this solution was added, under stirr
tetraethylorthosilicate (TEOS) (5 ml), ethyl alcohol (5 m
water (1.6 ml) in stoichiometric ratio, H2O/Si = 4/1, and
HF (1.5 mmol). The gelation occurs on a basic environm
at pH 10. The pH of the solutions was determined using U
versal indicator papers, supplied by Merck, pH range 0–

http://www.elsevier.com/locate/jcis
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The mixtures were stored for 5 days, just covered with
sealing. The resulting material, designated as anilinepr
lsilica xerogel, was then washed with toluene, THF, met
alcohol, water, and ethyl ether and finally dried for 30 m
in an oven at 100◦C.

2.2. Metal adsorption isotherms

The adsorption isotherms of metal ions were obtaine
25◦C in water solution by a batch technique. About 0.1
of the anilinepropylsilica xerogel was immersed in 50
of metal halide solution with variable concentration. T
mixture was shaken for 1 h, considering that in previ
experiments the equilibrium was reached after 15 min.
metal ion adsorption capacity of the solid phase (Nf ), ob-
tained in the saturation plateau, was calculated by appl
the equationNf = (Na − Ns)/m, whereNa is the initial
metal quantity added,Ns is the metal quantity present in th
solution, in equilibrium with the solid phase, andm is the
weight of the solid phase. The metal ion quantities in
solution phase were determined by complexometric titra
using 0.01 mol l−1 EDTA standard solution.

2.3. Anodic stripping voltammetry

The solution containing the test ions was analyzed in
der to determine the amount of the metal ion remaining
ter the contact with the anilinepropylsilica xerogel. Anod
stripping voltammetry measurements were carried out w
Model 264A polarographic analyzer/stripping voltamme
from EG&G. Current/potential curves were recorded wit
Model RE0150 XY recorder from EG&G. The ions were r
duced on a Model 303A static mercury electrode (SMD
from EG&G. The electrochemical cell was adapted to
working electrode system with a saturated calomel e
trode as reference and a platinum wire as auxiliary electr
The aqueous solutions containing the test ions and K
0.10 mol l−1, as supporting electrolyte were deaerated w
pure nitrogen around 20 min prior to the measurements.
temperature was kept constant at 25◦C.

3. Results and discussion

The morphological properties of the hybrid xerogel us
in this work have already been reported [12]. The results
tained by using positron annihilation spectroscopy and2
adsorption–desorption isotherms showed mainly the p
ence of micropores, smaller than 3 nm. The average
diameter was 1.8 nm. The surface area and pore vol
were 140 m2 g−1 and 0.10 cm3 g−1, respectively. Further
more, the hybrid xerogel shows a high thermal stabi
indicating that the organic groups are bonded in the co
lent form [12]. However, in this kind of material there is
fraction of organics trapped in closed pores, near 25% [
The elemental CHN analysis confirms the presence of
Fig. 1. Anilinepropylsilica xerogel metal ion adsorption capacity from aq
ous solution, obtained at 25◦C, at different pH values. The bar value
0.01 mmol g−1.

Fig. 2. Metal ion adsorption isotherms from aqueous solution, at 25◦C.

organic phase in this xerogel. The achieved organic con
was very extensive, larger than that obtained by the g
ing process [3,14], 1.3 mmol of aniline groups per gram
xerogel.

Considering that the pH of the medium is an import
factor controlling the limit of extractability of the metal ion
by the solid phases, the metal uptake capacity of the hy
xerogel was first investigated at pH ranging from 2 to 8,
ing the batch equilibrium method after a shaking time
1 h. From Fig. 1 we can see that the best pH range for
adsorption of divalent copper, zinc, and cadmium ions
between 5 and 6. Thus, the ability of the hybrid xeroge
adsorb these cations through the complexation process
evaluated by isotherms, using pH 5.5. The results are sh
in Fig. 2.

It can be observed in Fig. 2 that the saturation plat
was reached for Zn (II) and Cd (II) isotherms, and the m
ion adsorption capacity values (Nf ) were 0.34 and 0.11, re
spectively. The Cu (II) isotherm will be discussed belo
The best metal adsorption capacity was observed for z
however the value was ca. four times lower than the
sorption capacity estimated from the organic content. T
fact can be interpreted by considering that a large frac
of the organics on the surface are not available due to
presence of closed pores containing entrapped organic
ter [13]. Additionally, the anilinepropylsilica xerogel use
in this work presents a predominantly microporous str
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Fig. 3. Current× potential curves for the electrooxidation of the me
present in the solution (—) before and (· · ·) after the adsorption equilib
rium.

ture [12], so that the sorption process is controlled by
ion diffusion.

Using the Giles classification scheme [15], the isothe
obtained for zinc and cadmium in Fig. 2 was similar to
subgroup 4–L type; however in the copper case, the c
seems be of the subgroup 2–C type. According to G
the C type isotherm is not common and occurs when
availability of the sites remains constant for all concen
tions up to saturation. This situation can be reproduced
microporous structure [3,15]. In the present work, the s
group 2–C-type isotherm was observed only for copper,
this fact can only be interpreted by taking into account
smaller size. The aqueous ionic radii of copper, zinc,
cadmium ions were 0.059, 0.069, and 0.095 nm, res
tively [16]. Thus the isotherm behavior was interpreted
a consequence of metal diffusion in the micropores.
copper mobility through the micropores should be higher
cause its small size.

Another interesting consequence of these results ca
obtained when the isotherms are analyzed in the low
centration range. It can be observed in Fig. 2 that be
1.8 mmol l−1, the metal uptake was higher for copper th
zinc and cadmium. In order to gain a better understand
diluted mixture solutions of ions, copper, zinc, and c
mium, were analyzed in a competitive situation. The m
ion solutions were submitted to contact with the hybrid
rogel (shaken for 1 h) and were analyzed by anodic strip
voltammetry. The strategy used in this technique was to k
the SMDE electrode polarized at−1.20 V (SCE) for 15 min
in order to reduce all metal ions present in the solutions.
ter that, the potential of the electrode shifted to more pos
values at constant sweep rate 0.10 mV s−1 in order to reox-
idize the metals. The obtained voltammetric curves, be
and after the adsorption equilibrium, are presented in Fi
The charge associated with the reoxidation of the ions
Table 1
Competitive metal ion adsorption selectivity of anilinepropylsilica xero
obtained by anodic stripping voltammetry

Metal ion solution Cu (II) selectivity (%)

Cu (II) + Zn (II) 66
Cu (II) + Cd (II) 69
Cu (II) + Zn (II) + Cd (II) 86

calculated directly from the current peaks of each spec
The electrooxidation of each metal occurs of an indepen
and specific potential. Another important result is relate
the current values obtained for metal solutions after equ
rium. The amount of the reoxidized metal was clearly low
after the contact with hybrid xerogel than that obtained
fore the contact. This means that a fraction of the ions w
adsorbed by the xerogel. However, it is clear that the am
of remaining copper ion was lower than that of the ot
ones. In order to visualize this copper affinity with the x
rogel surface, the charge values were used to estimat
selectivity,S, using the equation

(1)S (%) = QT − QEq

QT

× 100,

whereQT andQEq are the charges of metal reoxidation b
fore and after the adsorption equilibrium, respectively.

The estimated selectivity for copper ion in each solut
obtained from the band area of the voltammetric curve
presented in the Table 1. A surface selectivity for copper
is clearly observed in the studied conditions. These res
agree with those obtained from adsorption isotherms
sented in Fig. 2. Therefore, this hybrid xerogel is a promis
material for Cu (II) clean-up from water in the presence
Zn (II) and Cd (II).
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Abstract 

 

The hybrid aniline/silica material was obtained by using the sol-gel synthesis. The 

hybrid material, characterized by FTIR and N2 adsorption-desorption isotherms, shows a 

mesoporous structure. The metal ion adsorption capacity of the material was investigated 

by using the batch technique with CoCl2, ZnCl2 and CdCl2 in aqueous and ethanol 

solutions, at room temperature. It was observed that the metal ion adsorption capacity was 

strongly influenced by the solvent used. It was higher in ethanol than in aqueous solution. 

The metal adsorption capacity order was CdCl2 > ZnCl2 > CoCl2 in ethanol solution and 

the inverse order in aqueous solution. 

 

 

 

 

Key words: xerogel, hybrid material, porous material, metal sorption, 

organofunctionalized silicas.  
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Introduction 

 

The search for new sorbent materials with high metal adsorption capacity and 

selectivity have been growing in the recent years [1-3]. These sorbent materials can be 

used in analytical procedures with environmental chemistry interest. Among the large 

variety of the used adsorbents, organofunctionalized silicas are very common. Usually they 

were obtained by the immobilization of chelating organic groups on the surface by using 

grafting reactions [3-6]. However, in the last decade, a new class of organofunctionalized 

silicas arose, by using the sol-gel synthesis method. This method is based on hydrolysis 

and polycondensation of silicon alcoxides in basic or acidic medium. These new materials, 

commonly denominated as hybrid xerogels, can be obtained in mild reaction conditions, 

that allow the incorporation of organic functional chelating groups without damage, with 

controlled morphology [7-10]. The resulting hybrid xerogels, that present an homogeneous 

distribution of the organic groups on surface, are promising as metal sorbents. However, 

the sol-gel synthesis method was not extensively explored for this using. There are very 

few papers reporting hybrid xerogels used as metal sorbents [10-18] Among the cited 

papers some presented high adsorption capacity and selectivity for some pollutant metals 

like Cu+2, Hg+2 and Sr+2 [10-13]. Nowadays the extraction of metals cobalt, zinc and 

cadmium from wastewater have been also reported using different sorbents and process 

[19,20]. 

In the present work, we obtained a mesoporous aniline/silica sorbent material by 

using the sol-gel synthesis method. The hybrid material was characterized by N2 

adsorption-desorption isotherms, CHN elemental analysis and infrared spectroscopy. The 

metal adsorption capacity of this material was investigated using aqueous and ethanol 

solutions of CoCl2, ZnCl2 and CdCl2 in the concentration range from 10-4 to 10-2 mol dm-3.  
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Experimental  

 

Aniline/silica material synthesis  

The sol-gel synthesis used in this work has been already described elsewhere [21]. 

Aniline was activated, for 30 min, with sodium hydride using a mixture of aprotic solvents, 

toluene (5.0 cm3) and THF (5.0 cm3), and the 3-chloropropyltrimethoxysilane (CPTMS) 

was added. The amounts of aniline, NaH and CPTMS added were stoichiometric (8.0 

mmol). The mixture was stirred for 5 h under argon at reflux temperature. The solution 

was centrifuged at 5000 rpm, for 20 min, to separate the byproduct NaCl, and the 

supernatant containing the anilinepropyltrimethoxysilane (APTMS) was used as organic 

precursor in the gelation process. In this solution it was added, under stirring, the 

tetraethylorthosilicate (TEOS) (5.0 cm3), ethyl alcohol (5.0 cm3), water (1.6 cm3), in 

stoichiometric ratio H2O/Si = 4/1 and HF (1.5 mmol). The gelation occurs on basic 

environment at pH 10. The mixture was stored for 5 days, just covered without sealing. 

The gel was then washed with toluene, THF, ethyl alcohol, water and ethyl ether, and 

finally dried for 30 min in an oven at 100 οC.  

 
Elemental Analysis 

 The organic phase content was obtained using a CHN Perkin Elmer M CHNS/O 

Analyzer, model 2400. The analysis was made in triplicate, after heating the material at 

100 oC, under vacuum, for 1 h.  

 

Infrared Analysis 

A self-supporting disk of the sample was prepared with 5 cm2 of area, weighing 

ca.100 mg. The disk was heated at 300 oC, under vacuum (10-2 Torr) (1 Torr = 133.3 Pa), 

for 2 h, using a IR cell [22]. The self-supporting disk was analyzed in the infrared region 

using a Shimadzu FTIR, model 8300. The spectrum was obtained at room temperature 

with a resolution of 4 cm-1, with 100 scans. 

 

Pore size distribution 

 The pore size distribution was obtained by the N2 adsorption-desorption isotherm, 

determined at liquid nitrogen boiling point, using a homemade volumetric apparatus, 

connected to turbo molecular Edwards vacuum line system, employing a Hg capillary 
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barometer and also an active Pirani gauge. The apparatus is frequently checked with 

alumina standard reference. The hybrid material was previously degassed at 150 oC, in 

vacuum, for 2 h. The data analysis was made using the BJH (Barret, Joyner, and  Halenda) 

method [23].  

 

Surface Area 

 The specific surface area of the previous degassed solid at 150 oC, under vacuum, 

was determined by the BET (Brunauer, Emmett and Teller) [24] multipoint technique in 

the volumetric apparatus, cited above, using nitrogen as probe. 

 

Metal chloride adsorption isotherms  

 The adsorption isotherms of metal chloride were obtained at 25 oC in aqueous and 

ethanol solutions using the batch technique. About 0.1 g of the aniline/silica material was 

immersed in 50 cm3 of metal halide solution (Co(II), Zn(II) and Cd(II)), with variable 

concentration, at pH 5.5 for the aqueous solution. The mixture was shaken for 1 h. The 

metal adsorption capacity of the solid phase (Nf), was calculated by applying the equation 

Nf = (Na – Ns) / m, where Na is the initial metal quantity added, Ns is the metal chloride 

quantity present in solution, at the equilibrium with the solid phase, and m is the mass of 

the solid phase. The metal quantities remaining in the solutions were determined by 

complexometric titration using 0.01 mol dm-3 EDTA standard solution.  

 

 

Results and discussion 

 

The synthesis procedure of the organic precursor anilinepropyltrimethoxysilane, 

was already described.[21] In the reaction of aniline with 3-chloropropyltrimethoxysilane, 

firstly the aniline was activated with sodium hydride in aprotic solvent mixture, as 

illustrated in Equations 1 and 2. The use of NaH as base activator results in drastic 

reduction in the reaction time [21]. Furthermore, the insoluble byproduct NaCl can be 

easily separated from the organic medium by centrifugation. In the absence of NaH there is 

a formation of HCl, that reacts with the aniline, resulting in the anilinium salt, which is 

more difficult to separate from the organic medium [22]. 
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NH2-(C6H5)     +     NaH    →     -NH-(C6H5) Na+   +    H2        Eq 1  

 

(CH3O)3Si(CH2)3Cl   +  -NH-(C6H5) Na+   →    (CH3O)3Si(CH2)3NH-(C6H5)   +  NaCl  Eq 2 

 

The organic precursor obtained in the Equation 2, anilinepropyltrimethoxysilane 

was then added to the inorganic precursor solution containing TEOS, water and HF, to 

gelation. The resulting hybrid material was assigned as aniline/silica. The gelation step is 

illustrated by the Equation 3. 

  

 The organic incorporation value obtained by using the CHN elemental analysis was 

1.4 mmol of aniline groups per gram of material.  

 The immobilization of the aniline groups on the matrix surface was also confirmed 

by the infrared analysis showed in the Figure 1. It can be observed the typical spectra of 

hybrid material, with both components, organic and inorganic phases. The inorganic 

component can be identified from the Si-O-Si modes observed below 1250 cm-1, the 

typical silica overtone bands at ca. 1870 cm-1 and the silanol stretching bands above 3500 

cm-1. The organic phase  is clearly identified by the bands at 1600 and 1500 cm-1 

corresponding to the aniline ring modes, bands at 3060 and 2930 cm-1, attributed to 

aromatic and aliphatic C-H stretching modes, respectively, and also the N-H stretching at 

3410 cm-1 [21]. The presence of the organics in the samples heat treated at 300 oC, in 

vacuum, is an evidence of the high thermal stability of the organic phase, bonded in the 

covalent form as represented by the Eq 3.  

 The N2 adsorption-desorption isotherm of material is presented in the Figure 2. The 

curve was a typical type IV isotherm, characteristic of mesopore material [25,26]. The 

desorption curve presents hysteresis at high relative pressure (P/Po > 0.7) and it was 
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interpreted considering the possibility of a small capillary condensation, possibly due to 

the organics presence. The pore size distribution curve, obtained by using BJH calculus 

[23], is presented in Figure 3. It was possible to observe that the material presents a 

mesoporous structure. The surface area and pore volume obtained were 80 m2g-1 and 0.10 

cm3 g-1, respectively. 

 The shaking time condition for the metal chloride adsorption was previously 

evaluated using metal aqueous solution (10-2 mol dm-3) according to the results showed in 

Table 1. The metal adsorption equilibrium was attained after 15 minutes. Therefore we 

have considered that the shaking time used in the bath experiments (1 h) was sufficient to 

reach the sorption equilibrium. 

 The metal adsorption isotherms of the hybrid aniline/silica material obtained in 

aqueous and ethanol solutions are shown in Figure 4. Using the Giles classification scheme 

[27], the isotherm curves were similar to subgroup 4 – L type. This kind of isotherms 

appears when the metal sorption occurs in different sites [28,29]. The first plateau was 

interpreted as due to the chelating groups while the second one was interpreted as a 

consequence of the other surface sites due to some matrix heterogeneity, basic centers or 

silica matrix itself adsorption. 

 Considering only the first plateau, it was observed a higher metal adsorption 

capacity of the aniline/silica material in ethanol than in water solution. This behavior was 

already reported for grafted silicas and it was interpreted taking into account a more 

effective interaction of the surface sites with water than with ethanol molecules [30], which 

sequence of metal adsorption capacity was the same for both solvents. However, in the 

present paper, the sequence of metal adsorption capacity was CoCl2 > ZnCl2 > CdCl2 in 

aqueous solution and the inverse order in ethanol solution. The low adsorption capacity of 

organofunctionalized silicas for cobalt in organic solvents was already reported and it was 

interpreted considering the metal solvation effects and the lower enthalpy of metal 

chelation. Thermochemical data showed a drastic decrease in the enthalpy for the 

interaction of divalent cobalt with similar surface sites in organic solvents [31].  

 The best metal adsorption capacity of the material was reached for cadmium 

chloride from ethanol solution (0.49 mmol g-1). The metal adsorption capacities were 

similar to those reported by others using grafted surfaces [28,30,32,33]. Nevertheless, in 

the present work, the metal adsorption capacities were low when compared with the 

quantity of chelating groups present in the material (1.4 mmol g-1). The lower values in 
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relation to the amine sites quantity was interpreted considering the blocking pores by the 

organics [34-37] due to a large quantity of organic groups presents in closed pores or in 

inaccessible small pores that were detected in large amount, as showed in Figure 3. 

Additionally the interactions such hydrogen bond between the amine groups could reduce 

the availability of the chelating groups. 

 

 

Conclusions 

 

The hybrid aniline/silica sol-gel material was obtained with a mesoporous structure. 

The hybrid material showed positive results in metal chloride adsorption experiments, 

using Co(II), Zn(II) and Cd(II) from aqueous and ethanol solutions. The metal adsorption 

capacity sequence was CoCl2 > ZnCl2 > CdCl2 in aqueous solution and the inverse order in 

ethanol solution. The best adsorption capacity was reached for CdCl2 from etanol solution. 

 

 

Acknowledgement  

F. A. P  is indebted to CNPq for his grant. 



9

 

References 

 

1. A. M. Liu, K. Hidajat, S. Kawi and D. Y. Zhao, Chem. Commun., (2000) 1145. 

2. L. N. H. Arakaki, A. N. de Souza, J. G. P. Espinola, S. F. Oliveira and C. Airoldi, J. 

Colloid Interface Sci., 249 (2002) 290. 

3. M. E. Mahmoud and E. M. Soliman, Talanta, 44 (1997) 15. 

4. M. G. Fonseca, J. G. P. Espinola, S. F. Oliveira, L. C. R. dos Santos, A. G. Souza and 

C. Airoldi, Colloids Surf. A: Physicochem. Eng. Aspects, 133 (1998) 205. 

5. L. A. M. Gomes, P. M. Padilha, J. C. Moreira, N. L. D. Filho and Y. Gushikem, J. 

Braz. Chem. Soc., 9 (1998) 494. 

6. U. Deschler, P. Kleinschmit and P. Panster,  Angew. Chem. Int. Ed. Engl., 25 (1986) 

236. 

7. K. J. Shea and D. A. Loy, Chem. Mater., 13 (2001)  3306. 

8. F. A. Pavan, H. S. Hoffmann, Y. Gushikem, T. M. H. Costa and E. V. Benvenutti, 

Mater. Lett., 55 (2002) 378.  

9. U. Schubert, N. Hüsing and A. Lorenz, Chem. Mater., 7 (1995) 2010. 

10. H. J. Im, Y. Yang, L. R. Allain, C. E. Barnes, S. Dai and Z. Xue, Environ. Sci. 

Technol., 34 (2000) 2209. 

11. J. Brown, L. Mercier and T. J. Pinnavaia, Chem. Commun., (1999) 69. 

12. T. L. Yost, B. C. Fagan, L. R. Allain, C. E. Barnes, S. Dai, M. J. Sepaniak and Z. Xue, 

Anal. Chem., 72 (2000) 5516. 

13. B. Lee, Y. Kim, H. Lee, J. Yi, Micropor. Mesopor. Mater., 50 (2001) 77. 

14. J. Seneviratne and J. A Cox, Talanta, 52 (2000) 801.  

15. R. F. de Farias, A. G. de Souza, L. M. Nunes, and V. A. Cardoso, Colloids Surf. A: 

Physicochem. Eng. Aspects, 211 (2002) 295. 

16. M. C. Burleigh, S. Dai, E. W. Hagaman and J. S. Lin, Chem. Mater., 13 (2001) 2537. 

17. J. C. P Vaghetti,. M. Zat, K. R. S. Bentes, L. S. Ferreira, E. V. Benvenutti and E. C. 

Lima, J. Anal. At. Spectrom., 18 (2003) 376. 

18. I. M. El-Nahhal, B. A. El-Shetary, K. A. R. Salib, N. M. El-Ashgar and A. M. El-

Hashash, Anal. Letters, 34 (2001) 2189. 

19. J. S. Kim and J Yi, J. Chem. Technol. Biothecnol., 75 (2000) 359. 

20. E. I. El-Shafey, M. Cox, A. A. Pichugin and Q. Appleton, J. Chem. Technol. 

Biothecnol., 77 (2002) 429. 



10

 

21. F. A. Pavan, S. Leal, Y. Gushikem, T. M. H. Costa and E. V. Benvenutti, J. Sol-Gel 

Sci. Technol., 23 (2002) 129.  

22. J. L. Foschiera, T. M. Pizzolato and E. V. Benvenutti, J. Braz. Chem. Soc., 12 (2001) 

159. 

23. E. P. Barret, L. G. Joyner and P. P. Halenda, J. Am. Chem. Soc., 73 (1951) 373. 

24. S. Brunauer, P. H. Emmett and E. Teller, J. Am. Chem. Soc., 60 (1938) 309.  

25. S. J. Gregg and K. S. W. Sing, Adsorption, Surface Area and Porosity, Academic 

Press, London, 1982, Chapter 3 and 4. 

26. K. S. W. Sing, Adv. Coll. Interf. Sci., 76-77 (1998) 3.  

27. C. H. Giles, T. H. MacEwan, S. N. Nakhwa and D. Smith, J. Chem. Soc., (1960) 3973. 

28. W. C. Moreira, Y. Gushikem and O. R. Nascimento, J. Colloid Interface Sci., 150 

(1992) 115. 

29. T. Sismanoglu and S. Pura, Colloids Surf. A: Physicochem. Eng. Aspects, 180 (2001) 

1.  

30. A. G. S. Prado and C. Airoldi, Anal. Chim. Acta, 432 (2001) 201. 

31. C. Airoldi and E. F. C. Alcântara, J. Chem. Thermodynamics, 27 (1995) 623. 

32. A. M. Lazarin and Y. Gushikem, J. Braz. Chem. Soc., 13 (2002) 88. 

33. S. T. Fujiwara, Y. Gushikem and R. V. S. Alfaya, Colloids Surf. A: Physicochem. Eng.  

Aspects, 178 (2001) 135. 

34. F. A. Pavan, W. F. de Magalhães, M. A. de Luca, C. C. Moro, T. M. H. Costa and E. 

V. Benvenutti, J. Non-Cryst. Solids, 311 (2002) 54. 

35. B. Boury, R. J  P. Corriu and V. Le Strat, Chem. Mater., 11 (1999) 2796.  

36. L. Mercier and T. J. Pinnavaia, Environ. Sci. Technol., 32 (1998) 2749. 

37. J. C. D. da Costa, G. Q. Lu, and V. Rudolph, Colloids Surf. A: Physicochem. Eng. 

Aspects, 179 (2001) 243. 

 

 

 
 



11

 

Caption of Figures 

 

Figure 1: Infrared absorbance spectra of aniline/silica material, obtained at room 

temperature, after been heated up to 300 oC, in vacuum.  

 

Figure 2: N2 adsorption-desorption isotherms of aniline/silica material. 

 

Figure 3: Pore size distribution of aniline/silica material, obtained by using BJH method.  

 

Figure 4: Metal chloride adsorption isotherms of the aniline/silica material, obtained at 25 
oC in aqueous and ethanol solutions. 
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Table 1. Metal chloride adsorption capacity of the aniline/silica  
material in aqueous medium. 

 
Metal chloride Shaking time

(min) 
Adsorption capacity 

(mmol g-1) 
CoCl2 5 

10 
15 
30 
120 

0.24 
0.27 
0.30 
0.31 
0.31 

CdCl2 5 
10 
15 
30 
120 

0.05 
0.07 
0.11 
0.10 
0.11 

ZnCl2 5 
10 
15 
30 
120 

0.25 
0.31 
0.35 
0.34 
0.34 
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Conclusões 
 

 

5. CONCLUSÕES 
 

No presente trabalho foi obtido o precursor orgânico anilinapropiltrimetoxisilano de 

um modo satisfatório a partir da reação de anilina com 3-cloropropiltrimetoxisilano, usando-

se hidreto de sódio como ativador básico. O uso de hidreto de sódio como ativador da base 

anilina, para a reação de substituição nucleofílica, diminui drasticamente o tempo da reação.  

A partir da policondensação do precursor orgânico anilinapropiltrimetoxisilano em 

presença de tetraetilortosilicato obteve-se o xerogel híbrido anilinapropilsílica. Este xerogel 

foi obtido com diferentes frações de matéria orgânica (de 0,26 até 1,40 mmol g-1). A interface 

orgânica-inorgânica do xerogel anilinapropilsílica apresentou ligações covalentes. A fase 

orgânica mostrou-se termicamente estável, em alto vácuo, até a temperatura de 300 oC. Os 

xerogéis apresentam partículas nanométricas esféricas (ca. 100 nm) e estrutura de mesoporos. 

Uma fração de matéria orgânica encontrou-se ocluída em poros fechados. 

O conteúdo orgânico incorporado influenciou significativamente as propriedades 

morfológicas do xerogel. O aumento da incorporação orgânica resultou em diminuição na 

área superficial, volume de poros e tamanho de poros. Entretanto, observou-se um ligeiro 

aumento no tamanho das partículas primárias. Quanto maior o grau de incorporação orgânica, 

menor foi a fração de orgânicos ocluídos em poros fechados. 

Outros parâmetros de síntese também foram estudados como temperatura de 

policondensação, tipo e concentração de catalisador utilizado.  

O aumento da temperatura de policondensação resultou em maior incorporação de 

matéria orgânica, menor tempo de policondensação e menor área superficial do xerogel, além 

de propiciar a formação de partículas mais esféricas e maiores. 

Comparando-se o uso de HF e NaF como catalisador observou-se que os materiais obtidos 

usando-se HF apresentaram maior estabilidade térmica da fase orgânica. A presença do íon 

Na+, proveniente do NaF, diminui o grau de incorporação da matéria orgânica e inibe o 

crescimento das partículas primárias. Propõem-se que o íon Na+ interage eletrostaticamente 

com os oxigênios do precursor orgânico hidrolisado inibindo sua policondensação. A 

preferência do íon Na+ pelo precursor orgânico hidrolisado em relação ao ácido silícico, 

proveniente da hidrólise do tetraetilortosilicato, deve-se ao fato de que o primeiro apresenta-se 

mais nucleofílico devido ao efeito indutivo do grupo orgânico. 

  
 



Conclusões 
 

O aumento da quantidade de catalisador HF usado resultou em materiais com maior 

tamanho médio de poros e maior área superficial. 

Através do conhecimento adquirido sobre a influência das variáveis de síntese nas 

propriedades finais do xerogel, foi possível estabelecer estratégias de sínteses que permitiram 

preparar um material híbrido seletivo para extração de íons Cu(II), em solução aquosa, na 

presença de Zn(II) e Cd(II), em concentrações equimolares. O xerogel também mostrou-se 

promissor como adsorvente de cádmio, zinco e cobalto em meio etanólico. 

Com a realização deste trabalho acreditamos ter sido possível contribuir para o melhor 

entendimento das questões relacionadas a química do processo sol-gel de materiais híbridos, 

no que tange aos efeitos causados pelas variáveis aqui estudadas. Portanto, a partir dos 

resultados aqui apresentados, será possível traçar estratégias de síntese para arquitetar 

materiais com propriedades específicas, como por exemplo, grau de incorporação orgânica, 

tamanho e forma de partículas, tamanho de poros e área superficial.  

  

  

  
 



                                                                               Sugestões para Trabalhos Futuros 
 

 

6. SUGESTÕES PARA TRABALHOS FUTUROS 
 

• Otimizar a etapa de síntese do precursor orgânico, através da purificação do NaH, 

facilitando a separação do precursor orgânico de outros concomitantes indesejáveis;  

• Estudar a influência de outras variáveis tais como: quantidade de água, surfactantes, 

solvente, pH etc, durante a polimerização dos precursores alcóxidos, nas propriedades 

finais dos híbridos;  

• Conduzir estudos sobre as propriedades mecânicas e óticas dos híbridos anilina/sílica;  

• Investigar a potencialidade de aplicação dos híbridos anilina/sílica na extração de outros 

metais e poluentes como também na adsorção de compostos orgânicos de interesse 

ambiental. 
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7. ANEXOS 

 

 
TRABALHOS APRESENTADOS EM CONGRESSOS NACIONAIS E 

INTERNACIONAIS 

 

1. Estudo Comparativo de Retenção de Organoclorados em Sílica Quimicamente modificada,  

Livro de Resumos do 100  Encontro Nacional de Química Analítica - ENQA , Santa Maria, 

RS, 1999 

 

2. Synthesis of Starionary Phase Based on Silica Orfanofunctionalized With Aromatic 

Groups.  

Livro de Resumos do VIII Congresso Latino Americano de Cromatografia e Técnicas 

Afins, Buenos Aires, Argentina 2000 

 

3. Otimização da síntese de gel se sílica/anilina. 

Livro de Resumos da 23a Reunião da Sociedade Brasileira de Química, Poços de Caldas, 

MG, 2000 

 

4. Estudo da estabilidade térmica da fase estacionária sílica/p-anisidina. 

Livro de Resumos da VIII encontro de Química da Região Sul, Santa Cruz do Sul, RS, 2000 

 

5. Efeito do solvente usado nas propriedades do sólido organofuncionalizado. 

Livro de Resumos do VIII Encontro de Química da Região Sul, Santa Cruz –RS, 2000 

 

6. Termo análise no infravermelho do xerogel anilinapropilsílica. 

Livro de resumos do IX Encontro de Química da Região Sul, Londrina, PR, 2001  

 

7. Efeito da temperatura de geleificação na morfologia da anilinapropilsilica.  
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Livro de resumos do IX Encontro de Química da Região Sul, Londrina, PR, 2001  

 

8. Evidência da presença de poros fechados em géis nanométricos de sílica/anilina.  

Livro de resumos da 24a Reunião anula da SBQ, 2001, Poços de Caldas, MG.  

 

9. Estudo Morfológico do Xerogel Anilinapropilsilica. 

Livro de Resumos da  25a  Reunião da Sociedade Brasileira de Química, Poços de Caldas. 

MG, 2002 

 

10. Influência do catalisador fluoreto nas propriedades morfológicas do xerogel nanométrico 

amilinapropilsílica. 

Livro de Resumos do X Encontro de Química da Região Sul, Joinville – SC, 2002  
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