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CHAPTER ONE 
 
 

INTRODUCTION, BACKGROUND, RATIONALE AND SCOPE OF THE 

STUDY 

 
1.1. INTRODUCTION 

The synthesis, characterization, and application of novel porous materials have 

been strongly encouraged due to their wide range of applications in adsorption, 

separation, catalysis, and sensors.  The design, synthesis, and modification of porous 

materials are in some aspects more challenging than the synthesis of dense materials.  

Therefore, new strategies and techniques are continuously being developed for the 

synthesis and structure-tailoring of mesoporous materials.1,2   

Ordered mesoporous materials, based on MCM-41 (Mobile Crystalline Material), 

are silicates obtained by hydrothermal synthesis and a liquid templating mechanism.1,2  

Such materials exhibit remarkable features such as pores with well-defined sizes and 

uniform shapes (with tunable channel diameter from 2.0 to 10.0 nm) that are ordered to 

some degree over micrometer length scales to yield arrays of non-intersecting hexagonal 

channels.  The latter structures are readily identifiable by transmission electron 

microscopy (TEM) images and X-ray powder diffraction (XRD) patterns, see Figure 1.1.  

These materials possess high surface areas of about 1000 m2/g as revealed from surface 

area measurements.  Mesoporous materials based on MCM-41 show excellent thermal,
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Figure 1.1. HRTEM images of MCM-41 with hexagonal channels.2b 

 

hydrothermal, and hydrolytic stabilities.3  The walls of the channels are amorphous SiO2, 

and the porosity can be as high as 80% of their total volume.2,3  These materials can be 

synthesized using anionic, cationic, or neutral surfactants or non-surfactant template 

pathways.  The diameter of the channels (pores) can be controlled to be within 2.0 nm to 

10.0 nm by changing the length of the template molecule.  Moreover, changing the silica 

source [e.g., fused silica, colloidal silica, tetraethylorthosilicate (TEOS)], surfactants 

[e.g., hexadecylamine (HDA), and cetyltrimethylammonium bromide (CTAB)], auxiliary 

compounds [e.g., 1,3,5- trimethylbenzene (TMB)], or reaction conditions, such as 

solvent, temperature, aging time, reactant mole ratio, and the pH of the medium, will lead 

to the production of new mesoporous systems with different pore sizes, pore volumes, 

and wall thicknesses.  At the same time, these changes will also affect the thermal, 

hydrothermal, and mechanical stabilities of the materials.1-3   

Functionalization of the surface of these mesoporous materials with organic or 

inorganic functional groups leads to new physical and chemical properties.  These 
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modified materials can be used in a variety of applications such as catalysis, adsorption, 

and separation as chromatographic column packing. 

The scope of this thesis encompasses the development, characterization, and 

applications of ordered mesoporous materials, based on MCM-41.  It is intended that this 

thesis will provide a comprehensive overview on synthesis, formation mechanisms, 

characterization, modification, and applications of mesoporous materials based on MCM-

41 in order to identify significant trends.   

In this research investigation, several ordered mesoporous materials have been 

synthesized using the previous reported procedures with some alterations.  The resulting 

products will be denoted as OSU instead of MCM-41, and there will be numbers and 

letters following the symbol (OSU) which will be explained in the following chapters.   

These materials have been characterized using several characterization techniques 

including X-ray powder diffraction (XRD), elemental analysis, diffuse reflectance 

infrared Fourier transform spectroscopy (DRIFTS), scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), elemental analysis (EA), thermogravimetric 

analysis (TGA), solid-state 29Si and 13C nuclear magnetic resonance spectroscopy 

(NMR), and surface area analysis including pore size, pore volume, and pore size 

distribution (PSD) measurements.  In addition, the as-synthesized materials have been 

subjected to derivitization reactions in order to modify their surface with functional 

groups of interest.  Their adsorption efficiency and selectivity have been determined 

along with their applications in separation of heavy and transition metal ions, radioactive 

materials, and organic compounds. 
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The first chapter provides an introduction to the fundamental aspects of 

mesoporous materials.  It includes a brief historical introduction to MCM-41, an 

overview of mesoporous materials, a brief beginning to the surfactant science, a general 

introduction to sol-gel science, a general review of modification methods for MCM-41, 

and a summary of some applications of these modified MCM-41 materials. 

In addition to the introductory chapter, the thesis contains eight other chapters.  

The second chapter encompasses a thorough review of the recent published reports of 

methods for the preparation of ordered mesoporous materials.  It also provides an in 

depth look into the chemistry involved in the mesoporous materials developed using the 

sol-gel process.  The latter was the method of choice, with the aid of templates, used to 

prepare mesoporous materials based on MCM-41 in this research work.  In addition, 

chapter two will describe in detail the synthesis and characterization of the different 

mesoporous materials that we have prepared.  Several aspects will be highlighted 

including investigations of surfactant behavior and influence of other reaction conditions 

such as pH and temperature.  Determination of the hydroxyl group concentration and the 

thermal, hydrothermal and mechanical stability of the produced mesoporous materials 

will also be discussed. 

Chapters three to nine will be concerned with the modification of the as-

synthesized mesoporous materials with functional groups of interest and the development 

of new methods for the modification of these mesoporous materials.  A comprehensive 

review of recent published reports involving the methods used for modification of these 

ordered mesoporous materials will be provided.  We prepared several modified 

mesoporous materials using variety methods (i.e. the post-synthesis grafting method and 
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the direct co-condensation method).  These chapters illustrate the synthetic procedures of 

the modified materials as well as characterization of the products.  In these chapters we 

aimed to maximize the functional group concentration on the surface.  Several functional 

groups such as thiols, amines, and carboxylic acids were added to the surface of the as-

synthesized mesoporous materials.  Features that will be highlighted include examination 

of different organic functional groups and the influence of reaction conditions such as 

catalysis, solvent (water), and temperature. 

Each of the seven chapters will include introductions to the application of the 

modified mesoporous materials in adsorption and separation of toxic materials.  For 

example, heavy metal ions, radioactive materials, and organic compounds have been 

separated using these modified mesoporous materials.  The adsorption capacity, 

selectivity, and separation efficiency will be reported, and the effect of pH of the media, 

temperature, and time on the adsorption and separation will be covered as well.  Also, the 

competition effect of some metal ions of alkali and alkaline earth metals such as sodium 

(Na), potassium (K), magnesium (Mg), and calcium (Ca) with respect to the adsorption 

and separation of heavy metal ions and radioactive materials is reported.  Various 

techniques were used in order to determine the adsorption and separation efficiency such 

as ultraviolet-visible spectroscopy (UV-Vis), inductively coupled plasma atomic 

emission spectroscopy (ICP), and atomic absorption spectroscopy (AAS).    

1.2. HISTORICAL BACKGROUND 

Porous materials are ubiquitous since, with the exception of metals and ceramics 

that are fired at high temperatures, all of the earth’s solid contents are porous to some 

extent.  As with the use of many other materials of practical importance, the applications 
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of clays, hides, wood and other porous materials do not have any well documented 

beginning and certainly date back to prehistoric times.  Such porous solids were almost 

always used by early people in the form of the natural material or with some minor 

modification (e.g., heat treatment).  For example, the ancient Egyptians used charcoal to 

purify water.4 

1.2.1. Development of Porous Materials 

Zeolites and porous silicas are among the important porous materials for their 

wide applications in separation and catalysis.  Zeolites are members of a large family of 

crystalline aluminosilicates.  They were first discovered in 1756 by the Swedish scientist 

Cronstedt when an unidentified silicate mineral was subjected to heat, these strange 

minerals was found to bubble and froth, releasing bursts of steam.  Therefore, he called 

this mineral zeolite (in Greek, zeo = boiling and lithos = stone).  In the nineteenth 

century, zeolite minerals began to be well documented although there was a lack of the 

general scientific interest.  The term molecular sieve was derived from McBain5 in 1931 

when he found that chabazite, a mineral, had a property of selective adsorption of 

molecules smaller than 5 Å in diameter.  In other words, molecular sieves retain the 

particles that fit within the channels and let the larger ones pass through.  The term 

“molecular sieves” is used to describe a class of materials that exhibit selective sorption 

properties (i.e. that are able to separate a class of a mixture on the basis of molecular size 

and shape).  However, a few years later Barrer and coworkers4b studied the sorptive 

properties of chabazite and other porous minerals and reported that nitrogen and oxygen 

could be separated using a zeolite that had been treated to provide the necessary shape 

selectivity for the discrimination between the molecular dimensions.  Later, synthetic 
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zeolites began to be used in large amounts for the production of pure oxygen from air.  

Between 1949 and 1954, Breck and coworkers4c were able to synthesize a number of new 

zeolites (types A, X, and Y) which were produced in large scale to be used for the 

separation and purification of small molecules.  Since then, the nomenclature of this kind 

of porous material has become universal.  The success of synthesizing crystalline 

aluminosilicates, in particular the emergence of the new family of aluminophosphates6 

and silicoaluminophosphates,7 made the concept of zeolites and molecular sieves more 

complicated.  In other words, zeolites are crystalline aluminosilicates with molecular 

sieve properties.   

The small pore entrances (diameters) in zeolites (e.g., 0.4 nm in zeolite A) were 

attractive for commercial applications because they provided the opportunity for selective 

adsorption based on small differences in the size of gaseous molecules.  In addition, these 

materials caught the attention of scientists who were interested in catalysis.  At the 

beginning, the oil industry was reluctant to accept the idea, since it was thought that these 

materials have pores too small to be of interest for cracking activity (break down long 

hydrocarbon molecules into gasoline and other useful products).  The zeolite marketing 

prospects were improved when Rosinski and coworkers4 showed rare earth-containing 

zeolites have the ability to handle cracking activity.  There has been, however, a 

continually growing interest in expanding the pore sizes of zeotype materials from the 

micropore region to mesopore region in response to the increasing demands in both 

industrial and fundamental studies.  Examples are the separation of heavy metal ions, the 

separation and selective adsorption of large organic molecules from waste water, the 

formation of supramolecular assembly of molecular arrays, the encapsulation of metal 



 8

complexes in the frameworks, and the introduction of nanometer particles into zeolites 

and molecular sieves for electronic and optical applications.8-10  Therefore, to meet these 

demands, numerous experiments to create zeotype materials with pore diameters larger 

than those of the traditional zeolites were carried out.  Since it was thought that most of 

the organic templates used to synthesize zeolites affect the gel chemistry by filling the 

voids in the growing porous solid, many of these attempts used larger templates.  It was 

not until 1982 that success was achieved by changing the synthesis gel compositions 

when the first so-called ultra large pore molecular sieve, AlPO4-8, which contains 14-

membered rings, was discovered.6  Indeed, this not only broke the deadlock of the 

traditional viewpoint that zeolite molecular sieves could not be constructed with more 

than 12-membered rings, but also stimulated further investigations into other ultra large 

pore molecular sieves, such as VPI-5 with an 18-tetrahedral ring opening, cloverite, and 

JDF-20.11-13  While these zeolites attracted much attention and were of scientific 

importance, they have not found any significant applications because of either their 

inherently poor stability, their weak acidity, or their small pore size (0.8-1.3 nm).  As a 

consequence, they seem to be inferior compared to pillared layered clays.  

Yanagisawa et al.14 described in the early 1990s the synthesis of mesoporous 

materials that have characteristics similar to that of MCM-41.  Their preparation method 

is based on the intercalation of long-chain (typically C-16) alkyltrimethylammonium 

cations, into the layered silicate kanemite, followed by calcination to remove the organic 

species, which is later called surfactants, yielding a mesoporous material.  The silicate 

layers condensed to form a three-dimensional structure with nanoscale pores.  29Si solid-

state NMR spectroscopy indicated that a large number of the incompletely condensed 
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silica sites Si(OSi)3(OH) (Q3) species were converted to the completely condensed silica 

sites Si(OSi)4 (Q4) species during the intercalation and calcination processes.  The X-ray 

powder diffraction gave only an uninformative peak centered at extreme low angles.  

Unfortunately, there were no further characterization data available leading to an ignoring 

of Yanagisawa et al.’s results.   

In 1992, researchers at Mobil Corporation discovered the M41S family of 

silicate/aluminosilicate mesoporous molecular sieves with exceptionally large uniform 

pore structures.  This discovery has resulted in a worldwide resurgence in this area.1,3  

The synthesis of this family of mesoporous materials is based on the combination of two 

major sciences, sol-gel science and surfactant (templating) science.  The template agent 

used is no longer a single, solvated organic molecule or metal ion, but rather a self-

assembled surfactant molecular array as suggested initially.3  Three different mesophases 

in this family have been identified, i.e., lamellar (MCM-50), hexagonal (MCM-41), and 

cubic (MCM-48) phases.  The hexagonal mesophase, denoted as MCM-41, possesses 

highly regular arrays of uniform-sized channels whose diameters are in the range of 15-

100 Å depending on the templates used, the addition of auxiliary organic compounds, and 

the reaction parameters.3,15,16  The pores of this novel material are nearly as regular as 

zeolites, however, they are considerably larger than those present in crystalline materials 

such as zeolites, thus offering new opportunities for applications in catalysis,17 chemical 

separation,18 adsorption media,19-25 and advanced composite materials.26  MCM-41 has 

been investigated extensively because the other members in this family are either 

thermally unstable or difficult to obtain.16 
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1.3. DEFINITION AND CLASSIFICATION OF POROUS MATERIALS 

The term porous material is used for all materials that are full of pores, channels, 

vessels, holes, or cavities which are deeper than they are wide and permit the movement 

of fluids or gases.  An example of a porous material is sponge.27  Porous materials created 

by nature or by synthetic design have found great utility in all aspects of human activities.  

Their pore structure is usually formed in the stages of crystallization or subsequent 

treatment and consists of isolated or interconnected pores that may have similar or 

different shapes and sizes.  Porous materials with small pore diameters (0.3 nm to 10 µm) 

are being studied for their molecular sieving properties.  The pore shape can be roughly 

approximated by any of the following three basic pore models, see Figure 1.2:27              

a) Cylindrical pores, circular in cross section, b) Ink-bottled pores, having a narrow neck 

and wide body, and c) Slit-shaped pores with parallel plates. 

 

a) b) c)  
 

Figure 1.2. Pore shapes; a) cylindrical pores, b) ink-bottled pores, and c) slit-shaped 
pores.  

 
 

Depending on the predominant pore sizes, the porous solid materials are classified 

by IUPAC to:27 
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1) Microporous materials, having pore diameters up to 2.0 nm, 

2) Macroporous materials, having pore sizes exceeding 50.0 nm, and 

3) Mesoporous materials, having pore sizes intermediate between 2.0 and 50.0 nm.  

Figure 1.3. gives a few examples of porous materials that fit into these pore size 

regimes. 

  

 
Figure 1.3. Schematic illustrating pore size distribution of some porous materials.28 
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As indicated, the pore size is generally specified as the pore width which is 

defined as the distance between the two opposite walls.  Obviously, pore size has a 

precise meaning only when the geometrical shape is well defined.  Porosity of a material 

is usually defined as the ratio of the volume of pores and voids to the volume occupied by 

the solid.27,28 

Porous materials are also defined in terms of their adsorption properties.  The 

term adsorption originally denoted the condensation of gas on a free surface as opposed 

to its entry into the bulk, as in absorption.  However, this distinction is frequently not 

observed, and the uptake of a gas by porous materials is often referred to as adsorption or 

simply sorption, regardless of the physical mechanism involved.  Adsorption of a gas by 

a porous material is described quantatively by an adsorption isotherm, the amount of gas 

adsorbed by the material at a fixed temperature as a function of pressure.  Porous 

materials are most frequently characterized in terms of pore sizes derived from gas 

sorption data, and IUPAC conventions have been proposed for classifying pore sizes and 

gas sorption isotherms that reflect the relationship between porosity and sorption.27  The 

IUPAC classification of adsorption isotherms is illustrated in Figure 1.4.27  The six types 

of isotherm are characteristic of adsorbents that are microporous (type I), nonporous or 

macroporous (types II, III, and VI), or mesoporous (types IV and V).27 
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Figure 1.4. The IUPAC classification of adsorption isotherms showing both the 
adsorption and desorption pathways.  Note the hysteresis in types IV and V. 

 

 

 

The adsorption hysteresis in figure 1.4 (IV and V) are classified and are widely 

accepted that there is a correlation between the shape of the hysteresis loop and the 

texture (e.g., pore size distribution, pore geometry, and connectivity) of a mesoporous 

material.  An empirical classification of hysteresis loops was given by the IUPAC, which 
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is based on an earlier classification of hysteresis by De Boer.27b,27c  Figure 1.5 shows the 

IUPAC classification and according to the IUPAC, type H1 is often associated with 

porous materials consisting of well-defined cylindrical-like pore channels or 

agglomerates of approximately uniform spheres.  Type H2 ascribes materials that are 

 

 
Figure 1.5. The relationship between the pore shape and the adsorption-desorption 
isotherm. 
 

 

often disordered and the distribution of pore size and shape is not well defined and also 

indicate of bottleneck constrictions.  Materials that give rise to H3 hysteresis have slit-
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shaped pores (the isotherms revealing type H3 do not show any limiting adsorption at 

high P/Po, which is observed with non-rigid aggregates of plate-like particles).  The 

desorption curve of H3 hysteresis contains a steep associated with a forced of the 

hysteresis loop, due to the so-called tensile strength effect which is a phenomenon occurs 

for nitrogen at 77 K in the relative pressure range from 0.4 to 0.45.  However, type H4 

hysteresis is also often associated with narrow slit pores.27d 

The dashed curves in the hysteresis loops shown in figure 1.5 reflect low-pressure 

hysteresis, which may be associated with the change in volume of the adsorbent, for 

example, the swelling of non-rigid pores or the irreversible uptake of molecules in pores 

of about the same width as that of the adsorptive molecule. 27d 

Porous materials can be structurally amorphous, paracrystalline, or crystalline.  

Amorphous materials, such as silica gel or alumina gel, do not possess long range order, 

whereas paracrystalline solids, such as γ- or η- Al2O3, are quasiordered as evidenced by 

the broad peaks on their X-ray diffraction patterns.  Both classes of materials exhibit a 

broad distribution of pores predominantly in the mesoporous range.  This broad pore size 

distribution limits the shape-selectivity and the effectiveness of the adsorbents, ion-

exchangers, and catalysts prepared from amorphous and paracrystalline solids.  The only 

class of porous materials possessing narrow pore size distributions or uniform pore sizes 

includes crystalline zeolites and related molecular sieves.29,30 

Macroporous solids are not widely used as adsorbents and catalysts due to their 

low surface area and large non-uniform pores.  Microporous and mesoporous solids, 

however, are widely used in adsorption, separation technology and catalysis.  Owing to 
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the need for higher accessible surface area and pore volume for efficient chemical 

processes, there is a growing demand for new highly stable porous materials.27,28   

1.4. AN OVERVIEW OF ORDERED MESOPOROUS MATERIALS (M41S) 

Meso, the Greek prefix, meaning “in between”, has been adopted by IUPAC to 

define porous materials with pore sizes between 2.0 and 50.0 nm.31  These materials have 

received widespread interest because of their potential applications as supports for 

catalysis, separation, selective adsorption, novel functional materials, and use as hosts to 

confine guest molecules.  These applications are possible due to the extremely high 

surface areas combined with large and uniform pore sizes of these mesoporous 

materials.32  Furthermore, these materials have high thermal stability and high adsorption 

capacity.  Mesopores are present in aerogels, and pillared layered clays which show 

disordered pore systems with broad pore-size distributions.  A persistent demand has 

been developed for larger pores with well-defined pore structures. 

The design and synthesis of organic, inorganic, and polymeric materials with 

controlled pore structure are important academic and industrial research projects.  Many 

potential applications require specific pore size, so that the control of pore dimensions to 

within a portion of an angstrom can be the dividing line between success and failure.  

Zeolites and zeolite-like molecular sieves (zeotypes) often fulfill the requirements of 

ideal porous materials such as narrow pore size distribution and a readily tunable pore 

size in a wide range.1  However, despite the many important commercial applications of 

zeolites, where the occurrence of a well-defined micropore system is desired, there has 

been a persistent demand for crystalline mesoporous materials because of their potential 
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applications as adsorbents, catalysts, separation media or hosts for bulky molecules for 

advanced materials applications.  

Until the late 1980’s, most mesoporous materials were amorphous and often had 

broad pore size distributions.  In the early 1990s, Kresge et al.1 reported the emergence of 

a new family of so-called “mesoporous molecular sieves”, prepared by templating silica 

species with surfactant molecules leading to the formation of ordered mesoporous silica 

oxides.  These new products, known under the group name M41S, with the hexagonal 

array of pore (MCM-41), being the most prominent member, dramatically expanded the 

range of pore sizes accessible in the form of an ordered pore system.  In recent years, 

research in this area has been extended to many metal oxide systems other than silica and 

also to the novel organic-inorganic hybrid mesoporous materials. 

These new silicate materials, with well defined pore sizes of about 2.0-10.0 nm, 

surpass the pore-size constraint (< 2.0 nm) of microporous zeolites.  They also possess 

extremely high surface areas (> 700 m2 g-1) and narrow pore size distributions.  Instead of 

using small organic molecules as the templating compound, as in the case of zeolites, 

Mobil scientists employed long chain surfactant molecules as the structure-directing 

agent during the synthesis of these highly ordered materials.1  Rather than an individual 

molecular directing agent participating in the ordering of the reagents forming the porous 

materials, assemblies of molecules, dictated by solution energetics, are responsible for the 

formation of these pore systems.  This supramolecular directing concept has led to a 

family of materials whose structure, composition, and pore size can be tailored during 

synthesis by variation of the reactant stoichiometry, nature of the surfactant molecule, 

auxiliary chemicals, reaction conditions, or by post-synthesis functionalization 
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techniques.  For example, MCM-41 contains regular arrangements of hexagonal pores in 

a honeycomb arrangement, MCM-48 which exhibits cubic symmetry that can be 

envisaged as a gyroid minimal surface2,33 and MCM-50 is a layered silicate. Figure 1.6 

shows the different structures.31  

 

 
 
Figure 1.6. Schematic of the M41S materials: MCM-50 (layered), MCM-41 (hexagonal) 
and MCM-48 (Cubic). 

 

 

Following the initial announcement of MCM-41, there has been a surge in 

research activity in this area.34  Interestingly, Di Renzo et al.35 recently found a patent 

from 1971 in which a synthesis procedure similar to the one used by the Mobil group was 

described as yielding “low-bulk density silica”.  The patent procedure was reproduced, 

and the product had all the features of a well-developed MCM-41 structure, as shown by 

transmission electron microscopy, X-ray diffraction, and nitrogen adsorption.  However, 

in the original patent, only a few of the remarkable properties of the materials were 

actually described.  It was the Mobil scientists who really recognized the spectacular 

features of these ordered mesoporous oxides.   
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Scientists have postulated that the formation of these molecular sieve materials is 

based on the concept of a structural directing agent or template.  Templating has been 

defined as a process in which an organic species functions as a central structure about 

which oxide moieties organize into a crystalline lattice.8,36,37  In other words, the template 

is a structure, usually organic, around which a material, often inorganic, nucleates and 

grows in a “skin-tight” manner, so that upon the removal of the templating structure, its 

geometric and electronic characteristics are replicated in the inorganic materials.38a  The 

above definition has also been elaborated to include the role of the organic molecules 

such as:8 (a) space-filling species, (b) structural directing agents, and (c) templates.                                    

In the simplest case of space filling, the organic species merely serves to occupy 

voids about which the oxide crystallizes.  Therefore, the same organic molecule can be 

used to synthesize a variety of structures.  Structural direction requires that a specific 

framework be formed from a unique organic compound, but this does not imply that the 

resulting oxide structure mimics identically the form of the organic molecule.  In true 

templating, however, in addition to the structural directing component, there is an 

intimate relationship between the oxide lattice and the organic form such that the 

synthesized lattice contains the organic fixed into position.  Thus, the lattice reflects the 

geometry of the organic molecule.  

In M41S materials, a liquid crystal templating (LCT) mechanism has been 

proposed by the Mobil scientists in which supramolecular assemblies of surfactant 

micelles (e.g., alkyltrimethylammonium surfactants) act as structure directors for the 

formation of the mesophase, see Figure 1.7.1,3  This mechanism behind the composite 

mesophase formation is best understood for the synthesis under high pH conditions.  
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Under these conditions, anionic silicate species, and cationic or neutral surfactant 

molecules, cooperatively organize to form hexagonal, lamellar, or cubic structures.  In 

other words, there is an intimate relationship between the symmetry of the mesophases 

and the final products.3   

The composite hexagonal mesophase is suggested to be formed by condensation 

of silicate species (formation of a sol-gel) around a preformed hexagonal surfactant array 

or by adsorption of silicate species onto the external surfaces of randomly ordered rod-

like micelles through columbic or other type of interactions.  Next these randomly 

ordered composite species spontaneously pack into a highly ordered mesoporous phase 

with an energetically favorable hexagonal arrangement, accompanied by silicate 

condensation.  This process initiates the hexagonal ordering in both the surfactant 

template molecules and the final product as shown in Figure 1.7.3 

 

Silicate Calcination

PackingPathway 2

Preorganization
Pathway 1

Rod-shaped 
Micelle

Hexagonal Liquid 
Crystal

Hexagonal Array
with Silicate Layer

MCM-41 with
Cylinderical Pore

Micelle

 
Figure 1.7. Schematic model of liquid crystal templating mechanism via two possible 
pathways.3  
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Several other researchers further revised this liquid crystal templating mechanism.  

Chen et al.,38b studied this mechanism by carrying out in situ 14N NMR spectroscopy.  

They concluded that the randomly ordered rod-like organic micelles interact with silica 

species to form two or three monolayers of silica on the outer surfaces of the micelles.  

Then these composite species spontaneously self-organize into a long range ordered 

structure to form the final hexagonal packing mesoporous MCM-41.  Moreover, they 

indicated that in the case of tetraethylorthosilicate as the silica sources, the concentration 

of the surfactant should be equal to or higher than the critical micelle concentration in 

order to obtain hexagonal MCM-41 materials.   

In addition to the previous proposed mechanism, there are two other proposed 

liquid-crystal template mechanisms.  The first mechanism was suggested by Monnier et 

al.2  It is proposed that the surfactant is initially present in the lamellar phase regardless 

of the final product.  This lamellar mesophase transforms to the hexagonal phase as the 

silicate network condenses and grows, see Figure 1.8 (i).  The second mechanism was 

proposed by Steel et al.38c  They suggested that, as the silicate source is introduced into 

the reaction gel, it dissolves into the aqueous regions around the surfactant molecules, 

and then promotes the organization of the hexagonal mesophase.  The silicate first 

becomes ordered into layers between which the hexagonal mesophases of micelles are 

sandwiched.  Further ordering of the silicate results in the layers wrinkling, closing 

together, and growing into hexagonal channels, see Figure 1.8 (ii).  
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ii)i)

Silicate Layer
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Figure 1.8. Schematic diagrams of the formation mechanism of MCM-41; i) is the 
proposed transformation mechanism by Monnier et al.2 and ii) is the formation 
mechanism proposed by Steel et al.38b 
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1.4.1. Chemistry of Surfactant/Silicate Solution 

The structural phase of these materials, schematically shown in Figure 1.9, is 

based on the fact that surfactant molecules manifest themselves as very active 

components with variable structures in accordance with increasing concentrations28a  

 

Rod-Shaped

Spherical
Surfactant
Molecules

Isotropic
Micellar Phases Liquid Crystal Phases

Hexagonal Cubic Lamellar

CMC Increasing surfactant concentration
 

Figure 1.9. Phase sequence of surfactant-water binary system.28a 
 

 

At low concentrations, the surfactants energetically exist as monomolecules.  

With increasing concentration, surfactant molecules aggregate together to form micelles 

in order to increase the system entropy since this increase is the major contributor to the 

negative Δ Go.28a, 29.39  This phenomenon is rationalized in the following way.  Below the 

initial concentration threshold at which monoatomic molecules aggregate to form 

isotropic micelles which is called critical micellization concentration (CMC), the 

hydrocarbon tail constitutes a cavity in the water structure, this cavity is lined by water 

molecules which differ in their organization from that of the bulk water.  The water 

becomes more “structured”.  Furthermore, the hydrocarbon tail is less free to move in the 

solvated molecule because of the surrounding water.  On micelle formation, the bulk 
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structure of water is restored and the entropy of the water increases.  In the micelle core, 

which is essentially liquid hydrocarbon, there is greater freedom for movement and so the 

entropy associated with the hydrocarbon tails also increases.29,39  

The ability of surfactants to reduce surface or interfacial tension is expected to be 

directly related to the CMC.  As the concentration process continues, hexagonal close 

packed arrays appear, producing the hexagonal phases.39  The next step in the process is 

the coalescence of the adjacent, mutually parallel cylinders to produce the lamellar phase.  

In some cases, the cubic phase also appears prior to the lamellar phase.  The cubic phase 

is generally believed to consist of complex, interwoven networks of rod-shaped 

aggregates.40   

The formation of a particular phase in a surfactant aqueous solution at a given 

concentration depends not only on the concentrations but also on the nature of the 

surfactant itself such as the length of the hydrophobic carbon chain, hydrophilic head 

group, and counter ion in case of ionic surfactants.  Moreover, it depends on the 

environmental parameters, such as pH, temperature, the ionic strength, solvent, and other 

additives (i.e. organic compounds).  Generally, the CMC decreases with the increase of 

the surfactant chain length due to the increase of the magnitude of the negative free 

energy change of micellisation.  Increasing the ionic strength in the solution and 

increasing the valence of the counter ions lead also to the reduction in the CMC.  On the 

other hand, the CMC increases with increasing counter ion radius, pH, and temperature.  

Also, it is known that non-ionic surfactants generally exhibit lower CMC’s than ionic 

surfactants.39,40b  It is important to note that a high surfactant concentration, high pH, low 
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temperature, and low degree of silicate polymerization always supports the formation of 

cylindrical micelles as well as the hexagonal mesophases.28 

The mesophases are formed by interaction of the organic parts with inorganic 

species, and thus both components play a crucial role in the assembly.  The possible types 

of interactions between the organic and the inorganic parts that drive the formation of the 

mesophases depend on the charge on the surfactant, S+ or S-, on the inorganic species, I+ 

or I-, and the presence of mediating ions, i.e. X- or M+.  All permutations enabling 

Columbic attraction are possible, i.e. S+I-, S-I+, S+X-I+ or S-M+I-.  Subsequently, three 

other pathways were also discovered.  Neutral (So) or nonionic (No) species can interact 

with uncharged inorganic species by hydrogen-bonding (SoIo or NoIo).  Molecules with a 

covalent bond between the surfactant and inorganic parts were directly assembled (S-I), 

Figure 1.10 and Figure 1.11 illustrate the different interactions between the inorganic 

species and the surfactants.  This formulation suggests the presence of a clearly defined 

interface between the organic and inorganic parts of the material.42, 43a 
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Figure 1.10. Interactions at the interface between the organic phase (S, N) and the 
inorganic phase (I)  a-d) ionic interactions, e and f) hydrogen bonding, g) covalent bond 
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Figure 1.11. Schematic representation of the different types of silica-surfactant 

interfaces.  S represents the surfactant molecule and I, the inorganic framework.  M+ and 

X- represent the corresponding counterions.  Solvent molecules are not shown, except for 

the I0S0 case (triangles); dashed lines correspond to H-bonding interactions.43d  

 

 

The pore size in MCM-41 materials can be controlled from 1.5 to 10.0 nm by the 

hydrophobic alkyl chain length of the surfactants (altering the aggregation number and 

diameter) or with the aid of auxiliary organic compounds (i.e., trimethylbenzene) as 

spacers and fillers.  When the auxiliary organic species are added to the reaction gel, they 
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will be solubilized inside the hydrophobic regions of micelles, causing an increase in 

micelle diameter which will lead to an increase in the pore size of the final product.41  

Strong electrostatic interactions between the ionic surfactants and the inorganic species 

result in an MCM-41 matrix with pore wall thickness that is influenced by the type of 

surfactant and little by the pH conditions.  Neutral template molecules, such as primary 

amines (with carbon tail lengths between C8 and C18), have also been employed to direct 

mesoporosity in silicates.42  It is suggested that a neutral silicate would interact with 

micellar aggregates through hydrogen bonding between hydroxyl groups of hydrolyzed 

silicate species and the polar surfactant head-groups.  The resultant framework structures 

are shown to have thicker silicate walls (i.e., 1.5-3.0 nm) and therefore enhanced thermal 

and hydrothermal stability.43,44  Other newly developed methods include the use of non-

surfactant templates and copolymer precursor pathways.45,46  The non-surfactant 

templated synthesis utilizes small organic molecules such as D-glucose, D-fructose, and 

dibenzoyl tartaric acid (DBTA) as the structure-directing agent.11  By simply varying the 

concentration of the template molecules, mesoporous materials with different pore sizes 

(i.e., 2.0-10.0 nm) can be obtained.  The template can be easily removed by washing with 

water, solvent extraction, or calcination.  These products possess high surface areas of 

~1000 m2 g-1, pore volumes as large as ~1.0 cm3 g-1, and narrow pore size distributions.  

In addition to low cost, environmental friendliness, and easy removal of templates, this 

new approach also provides many other advantages such as mild synthesis conditions.47 

Since the discovery of these ordered mesoporous materials formed by the self-

cooperative assembly of inorganic species and organic surfactants, researchers have 

hoped to understand and improve their structures to obtain forms suitable for application 
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in adsorption, separation, catalysis, optical devices, and controlled polymerization inside 

their pores.48  Mesoporous silica, in its many forms, adsorbs a wide range of 

compounds.  For this reason it has been widely used in chromatographic columns for the 

adsorption and separation of chemical species.  

In the second chapter of this thesis, an overview of the preparative methods of the 

ordered mesoporous materials, based on MCM-41, will be covered and a description of 

the experimental methods that were used in this research will be provided. 

1.4.2. An Overview of Sol-Gel Science Involved in the Synthesis of Mesoporous 

Silica 

Organic/inorganic hybrid materials prepared by the sol-gel approach have rapidly 

become a fascinating new field of research in materials science.  The explosion of 

activity in this area in the past two decades has resulted in tremendous progress in both 

the fundamental understanding of the sol-gel process and the development and 

applications of new organic/inorganic hybrid materials.  Sol-gel chemistry has been 

investigated extensively since the 1970’s, when sol-gel reactions were shown to produce 

a variety of inorganic networks.49  Sol-gel reactions are those which convert an aqueous 

metal alkoxide [Mn+(OR)n] solution into an inorganic network.49  The sol-gel method is 

also capable of producing homogeneous, high purity inorganic oxide glasses at room 

temperature, much lower than the high temperatures required by the conventional glass 

manufacturing process.  For example, silica can be obtained from melt processing glass, 

but sol-gel method is more effective for the production of amorphous silica.  Another 

advantage of sol-gel procedure is its ability to produce silica1 in different forms such as 

molded gels,50 spun fibers,51 thin films,52 molecular cages,53 aerogels, xerogels,54 and 
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mesoporous materials for a variety of applications such as gas, and liquid separations, 

optical coatings, protective films, membranes, and catalysis.55-58  Therefore, changing the 

conditions of sol-gel polymerization and processing is helpful for controlling the bulk 

properties of silica.  Among the advantages of using the sol-gel method is the availability 

of its raw materials in high purity. The modification of diverse properties of the inorganic 

network resulted from sol-gel reaction is possible through the incorporation of the 

inorganic compound into different organic polymers. 

The two words sol and gel describe the sol-gel process, representing a process in 

which a sol changes into a gel.59  A sol is defined as a colloid of small particles that are 

dispersed into a liquid.  A gel, on the other hand, is a rigid non-fluid mass and is usually a 

substance made up of a continuous network including a continuous liquid phase.56,57,60,61  

Therefore, sol-gel reactions involve hydrolysis and condensation reactions of inorganic 

alkoxide monomers in order to develop colloidal particles (sol) and consequently convert 

them into a network (gel).  A metal or metalloid element bound to various reactive 

ligands represents the precursor used to synthesize the colloids.  Metal alkoxides are the 

reagents most used for this purpose due to their ease of hydrolysis in the presence of 

water.  Alkoxysilanes, such as tetramethoxysilane (TMOS) and tetraethoxysilane 

(TEOS), are extensively used for the production of silica gels.  Aluminates, titanates, and 

zirconates, however, are usually used for the synthesis of alumina, titania, and zirconia 

gels, respectively. 

Figure 1.12 displays the involved hydrolysis and condensation reactions of TEOS.  

The hydrolysis step takes place by the addition of water to the TEOS solution under 

neutral, acidic, or basic conditions. 
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Figure 1.12. Sol-gel general reaction scheme 
  

 

 

The hydrolysis step, equation 1.1 in Figure 1.12, leads to the generation of a 

silanol group (Si-OH).  The mechanism of hydrolysis is catalyst dependent while its rate 

depends on the pH parameter, the water to alkoxide ratio, and the employed solvent.   

Since alkoxysilanes are not water-soluble, an organic co-solvent is required to 

facilitate the hydrolysis step by mixing the alkoxysilane with the water in the reaction 

mixture.61 

In the second step, the silanol group condense with either an alkoxide or another 

silanol group (the forward reactions in equations 1.2 and 1.3 in Figure 1.12) to build a 

strong siloxane linkage (Si-O-Si) with the loss of either an alcohol (ROH) or a water 

molecule.  The siloxane hydrolysis and alcoholysis reactions (the reverse reactions in 

equations 1.2 and 1.3, respectively) break the siloxane bond, but along with the forward 
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reactions, the stepwise construction of the emerging network is permitted.56,57,62  As the 

number of Si-O-Si bridges increases, the siloxane particles can aggregate into a sol, 

which disperse in the solution into small silicate clusters.  Condensation of the latter 

silicate clusters leads to the formation of a network (a gel), trapping the water and the 

alcohol by-products.  Removal of these trapped molecules from the formed gel-network 

by heat treatment under vacuum yield a vitrified, dense glass network.  It is noteworthy to 

mention that hydrolysis and condensation reactions go on concomitantly, so that the full 

hydrolysis of tetraalkoxysilane to Si(OH)4 does not necessarily occur before the 

beginning of condensation reactions.56,62 

1.4.2.1. Factors Influencing the Sol-Gel Reaction 

The hydrolysis and condensation reactions are affected by several factors.  For 

example, these reactions become slower with increasing the electronegativity of the metal 

center of the alkoxide.  The most influential factors are the water-to-alkoxide ratio, the 

type and the amount of the catalyst used, the type of the organic groups attached to the 

metal atom center, and the solvent.61,62  The first three factors along with the relatively 

high electronegativity of silicon help for better control over the hydrolysis and 

condensation reactions, and thus over the structure of the resulting silica gel.56,57  

1.4.2.1.1. Water-to-Alkoxide Ratio 

It has been found that the silica content of the formed gel increases upon 

increasing the water-to-alkoxide ratio.  Accordingly, one molecule of water is required 

for each alkoxide group to achieve full hydrolysis.  Some researchers claimed that 

reesterification would occur faster than the hydrolysis reaction in case of using more than 

one molecule of water for every alkoxide group.61  However, McCormick and 
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coworkers62 worked over a wide range of water-to-alkoxide ratios and found no 

correlation between the water:alkoxide ratio and the achievement of complete hydrolysis.  

The latter result is logically correct because water is generated in situ during the reaction. 

The water-condensation step (equation 1.2 in Figure 1.12), on the basis of 

LeChâtelier’s principle, is anticipated to be hindered by increasing the water-to-alkoxide 

ratio.  However, investigations of the impact of water-to-alkoxide ratio on the 

condensation step were contrary to the theoretical expectation.  The condensation step 

was found to be accelerated upon increasing the water-to-alkoxide ratio due to the 

increase in the solubility of silica and in the concentration of the hydroxyl ion catalyst.  

Moreover, it was found that alcohol condensation to produce alcohol (equation 1.3) was 

promoted upon employing a water:alkoxide ratio less or equal to 2, while water 

condensation was promoted at higher ratios.56,57,62 

 The water-to-alkoxide also influences the structure of the resultant gel 

network.  It was established that high water:alkoxide ratios led to more rigid gel network 

via the prevention of contraction upon drying.  The latter network rigidity was a result of 

the completion of hydrolysis and the occurrence of auxiliary condensation upon the 

presence of surplus amount of water.56,57,62 

1.4.2.1.2. Type and Amount of Catalyst 

The rates and mechanisms of hydrolysis and condensation reactions are strongly 

affected by the identity of the catalyst.  In acid catalysis (Figure 1.13), the first step in 

hydrolysis (equation 1.4) is electrophilic attack of the proton on an alkoxide oxygen 

atom, leading to the development of a positive charge on it.  This electrophilic attack also 

makes the bond between the silicon center and the attacked oxygen (Si—O) more 
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polarized and facilitates its breakage for the departure of alcohol leaving group.64  The 

rate-controlling step in acid hydrolysis (equation 1.5) is an SN
2 nucleophilic attack of 

water oxygen on the silicon from the backside.  This latter nucleophilic attack results in 

the formation of a pentacoordinate transition state in which the silicon center is partially 

bonded to both of —OH2 and —OHR while the incoming group (attacking water 

molecule), the silicon center, and the leaving group (departing alcohol molecule) lie on 

an axis that is perpendicular on the plane in which the silicon center and the other three 

alkoxide groups lie.62   
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Figure 1.13. Hydrolysis mechanism of an alkoxysilane using acidic catalyst.62 

 

 

The two-step acid promotion for hydrolysis reaction and sol formation mechanism 

is known as “A2 sols”.56,57,62  The presence of bulky or long alkyl substituents decreases 

the rate of the hydrolysis reaction by hindering the Walden inversion of the SN
2 transition 

state.65  It was also found that the hydrolysis reaction was first-order with respect to water 

concentration under acidic conditions.  Accordingly, an increase in the water to alkoxide 
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ratio resulted in an increase in the rate of hydrolysis.  However, the enthalpy of the 

hydrolysis declined upon increasing extent of hydrolysis. 

The condensation rate and mechanism, as mentioned earlier, were found to 

depend on the pH of the reaction.  For instance the condensation reactions (equations 1.2 

and 1.3 in Figure 1.12) become irreversible at low pH because the solubility of silica and 

its rate of dissolution are insignificant.  The mechanism of condensation under acidic 

conditions is depicted in Figure 1.14 (vide infra).62  The first step is the fast step and is an 

electrophilic attack of the proton on the oxygen of the silanol group. This attack makes   
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Figure 1.14. Condensation mechanism of an alkoxysilane using acidic catalyst.56,62 

 

 

the silanol oxygen positively charged.  The second step is the formation of a siloxane 

bridge via the loss of a hydronium cation (the catalyst) as a result of the condensation 

between a protonated silanol group with unprotonated one.  Noticeably, the first steps in 

both hydrolysis and condensation reactions are similar.  

When a base catalyst is used for the formation of silica, the hydroxide ion serves 

as a nucleophile that attacks the silicon atom center of the tetraalkoxysilane in an SN
2 
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hydrolysis step.  The result of this step is a silanol and alkoxide ion.  Abstraction of the 

silanol proton by the hydroxide ion is the first step in the condensation process, leading to 

the formation of siloxide ion and water.  A siloxane linkage is then formed through the 

SN
2 attack of the latter ion on the silicon center of silanol.  This step regenerates the 

hydroxide ion catalyst and is the rate-determining step of the condensation reactions.  The 

hydrolysis and condensation reactions mechanisms are shown below in Figure 1.15.56,57 
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Figure 1.15. Hydrolysis and condensation mechanisms of an alkoxysilane using basic 
catalyst. 

 

 

McCormick and coworkers63 performed sol-gel reactions over a wide range of 

acid concentration.  Their results showed no effect of the acid concentration on the 
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structure of the resulting sol-gel.  This conclusion was supported by 29Si NMR 

spectroscopy study which showed that the sol-gels obtained at different concentrations of 

the acid catalyst had similar spectra, indicating their possession of similar structures.  

However, McCormick and coworkers showed that a specific amount of the acid catalyst 

was necessary to initiate the reaction.  Therefore, the existence of this minimum amount 

of the catalyst allowed the self-propagation.  In addition, on the basis of gelation time and 

the fact that condensation rate is inversely related to gelation time, it was found that 0.07 

M of acid resulted in the lowest condensation rate.56,57     

Most inorganic alkoxides hydrolyze and condensate very rapidly in the absence of 

catalyst.  In contrast, the hydrolysis of alkoxysilanes is so slow that it necessitates the 

addition of either an acid or base catalyst, see Figure 1.16. 
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Figure 1.16. Effect of catalyst on hydrolysis and condensation. 
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When an acid catalyst is employed, the rate-controlling step is the particle 

nucleation and the fast step is the hydrolysis.  This fact leads to the production of more 

linear-like networks with less siloxane bonds and high concentrations of silanol groups, 

and hence, minimally branched polymeric species. On the other hand, base catalyst 

hydrolyzes the alkoxide hydrolysis faster than a acids and prevents the quick aggregation 

of sol particles resulting in highly dense materials with fewer silanol groups in the overall 

network.56,57  

The rates of both of the hydrolysis and condensation reactions depends strongly 

on the pH parameter as shown in Figure 1.17.56,57,60,61  For instance, at pH ≈ 7, molecular 
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Figure 1.17. Effect of pH on hydrolysis and condensation rates. 

 

 

hydrolysis takes place at a slow rate, while molecular condensation occurs at a fast one.  

This inverse relationship between the rates of the hydrolysis and condensation reactions 

controls both the kinetics of the reaction and the ultimate network structure. 
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1.4.2.1.3. Type of Network Modifier 

Co-polymerization of silicon alkoxide monomers with others that have organic 

groups directly bonded to their silicon atoms leads to the formation of what is called 

organically modified silicates.  The co-polymerization process modifies the network 

connectivity.  Organic groups lead to coordination centers with functionality less than 

four and influence the reactivity of the alkoxy groups, and therefore, the connectivity of 

the sol-gel network in two ways.  The first effect is the reduction of the rate of diffusion, 

and hence, the decrease of the degree of connectivity within the network due to the 

presence of bulky alkyl groups attached to the silicon centers.  In other words, the steric 

hindrance created by the bulky groups impedes the diffusion together of partially 

hydrolyzed molecules required for the formation of siloxane bonds.  The second effect is 

an increase of the surface area of the gel polymer, as a result of the presence of the bulky 

alkyl groups.61  The higher surface area leads to higher silanol concentration in the gels.  

This produces a branching effect in the sol-gel network.  In addition to these two points, 

steric effects caused by the presence of bulky or long alkyl substituents influenced the 

rate of the hydrolysis reaction by hindering the inversion of the SN
2 transition state.64 

1.4.2.1.4. Solvent Effects 

Solvents other than water and simple alcohols are rarely used for gelation, so that 

their effect is not considered seriously.  However, addition of external solvents may 

significantly affect the hydrolysis and condensation rates.  These solvents, excluding 

water and alcohol co-solvent, are known as drying control chemical additives (DCCAs) 

and include tetrahydrofuran (THF), formamide (FA), and dimethylformamide (DMF).  
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These solvents are employed besides alcohol for slow drying of the silica monolithic gel.  

In bulk films, slow drying prevents the film from cracking.61,64 

The solvent identity can strongly influence the condensation rate.  For instance, 

protic solvents apparently have little or no effect on condensation rates in case of acid 

catalysis. On the other hand, polar, aprotic solvents, such as THF, FA, and DMF, solvate 

the protonated silanol (Si-OH2
+) under acidic conditions.  The solvation of this cation is 

possible via directing the negative end of the solvent molecule towards the cation and 

donating their lone pair electrons to the unoccupied molecular orbitals of the cation.  This 

solvation process stabilizes the transition state and increases the rate of condensation.  

The DCCAs are useful for the synthesis of inorganic, uniform gel networks within a 

membrane template because DCCAs allow molecular diffusion but postpones the 

reaction.  However, when a DCCA is absent, the overall reaction rate is high in 

comparison to the slow diffusion process, resulting in highly non-uniform geometrical 

distribution of silicate.56,57 

1.4.2.1.5. Sol Aging Effect on Network Structure 

The physical and chemical alterations which take place in wet gels due to the 

continuation of condensation reactions are termed “aging”.  However, the term “sol 

aging” identifies the permissible time duration for the prolongation of condensation 

reactions before gelation.  Sol aging is beneficial for controlling the size and the structure 

of sol polymers.  Sol aging, however, is affected by several factors such as temperature, 

dilution, and pH.  Elevation of temperature usually results in increasing reaction rate 

while increasing dilution leads to deceleration of the reaction.  The pH parameter, on the 

other hand, has a pronounced impact on the distribution of condensation products 
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because variation of pH causes changes in reaction rate, solubility of silica, and the 

distribution of silicate species.  Several spectroscopic techniques such as the silicon-29 

nuclear magnetic resonance spectroscopy (29Si NMR), small angle X-ray scattering 

(SAXS), Fourier transform infrared (FTIR) and Raman spectroscopies have been 

exploited to investigate the effect of sol aging on the size and distribution of silicate 

species when employing either an acidic or basic catalyst.  The first technique, for 

instance, revealed that increasing degree of condensation via sol aging under basic 

conditions led to gradual shift of the chemical shifts to the Q4 region (the region of fully 

condensed silicate) implying the attainment of a more cross-linked silicate.  However, the 

29Si NMR spectrum was mainly composed of Q2 and Q3 signals under acidic condition, 

even if long sol aging was applied.  This result is parallel with the acidic promotion 

mechanism in which the acid catalyst makes the condensation between the least acidic 

sites at the ends of chains and between low molecular weight species more feasible than 

between the more acidic sites at the middle of chains and between high molecular weight 

species.56,57,62 

1.4.2.1.6. Gelation and Aging Effect 

Gelation results in the “freezing” of the configuration of a sol even though the 

structure continues to develop to a small extent during the aging after gelation.  For silica 

derived from TEOS, gelation takes place after 80-85% of reaction progress.  The high 

conversion of TEOS upon gelation was explained on the basis of the formation of 

compact double three-membered rings (D3R) which were more kinetically stable than 

chain extension under the A2 sol mechanism.  However, spectroscopic studies based on 
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29Si NMR and Raman revealed the existence of cyclic species with the prevalence of 

cyclic tetramers but no evidence for the presence of cyclotrisiloxanes.56,57 

The gel is subject to spontaneous shrinkage by ejecting of the solvent from its 

pores.  This phenomenon is called syneresis, which is driven by the continuous 

condensation reactions and coarsening.  However, the rate of syneresis reaches its 

minimum at the isoelectric point (IEP) of silica, the point at which the mobility of silica 

particles is zero, because of the minimization of the rate of condensation at this point.  

Coarsening takes place because the variation of the solubility between surfaces with 

different radii of curvature.  Accordingly, smaller particles having high solubility 

dissolve and precipitate onto larger particles or on necks between particles with high 

solubility.  On the basis of the emergence of coarsening, it can be inferred that coarsening 

leads to reduction in interfacial area and increase in the strength of the network.  

However, coarsening does not occur under the A2 mechanism due to the lower solubility 

of silica under the acidic conditions.56,57 

The syneresis caused by condensation reaction is irreversible and its amount 

depends on the solvent used for gelation.  The extent of the syneresis is reflected by the 

density of the resultant gel.  Irreversible syneresis in pure TEOS gels, for instance, 

increased from 1% in pure EtOH to about 16% in pure H2O.  On the other hand, the 

density of the gels synthesized under similar conditions increased from 1.71 g/cm in the 

former solvent to about 2.18 g/cm in the latter solvent.56,57 

Reduction of the huge solid/liquid interfacial area by the gel network may also 

cause syneresis.  This kind of syneresis, however, is partially reversible.  For example, 

changing the solvent from decane to water caused a decrease in the pore size in titania 
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gels from 7.5 to 3 nm.  The pore was then re-expanded to its original size upon 

introducing decane again.  Overall, microstructural changes resulting from syneresis have 

a strong influence on the microstructural development during drying process.56,57 

1.4.2.1.7. Drying Effect  

The drying process is imperative for obtaining of dense, rigid gels.  Capillary 

tension occurs inside pores with the beginning of the drying process.  This capillary 

tension makes the gel network contract.  The network contraction quits when the 

capillary tension is balanced by the gel rigidity.  This balancing point is called the critical 

point because it establishes the final pore size and volume in the gel.  The minimum 

attainable pore size for microporous materials, for example, is established by the 

competition between the continued condensation reactions and capillary stresses.  The 

former factor causes an increasing in the rigidity of the network, and opposes the latter 

factor which serves as a collapsing mechanism.  The pore volume, under these 

circumstances, declines with the reduction in the pore size.56,57 

1.5. AN OVERVIEW OF MODIFICATION OF AS-SYNTHESIZED MCM-41 

Besides the extension from silicate to non-silica mesoporous materials, one other 

important way of modifying the physical and chemical properties of mesoporous silica 

materials has been by the incorporation of organic and inorganic components, either on 

the silicate surface, inside the silicate wall, or trapped within the channels, Figure 1.18 

illustrates the functional groups in the internal pore surface.   
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Figure 1.18. A diagram illustrating; a) unmodified pore walls and b) the presence of the 
functional groups on the pore walls. 

 

 

Introduction of organic groups (functionalization) in the mesoporous materials 

permits the tuning of surface properties (e.g., hydrophilicity, hydrophobicity, acidity, 

bascity and binding to guest molecules), alteration of the surface reactivity, protection of 

the surface from chemical attack, hydrophobization of the surface by silylation to 

preclude water attack, and modification of the bulk properties of the materials while at 

the same time stabilizing the materials towards hydrolysis.  Surface functionalized 

mesoporous materials are of great interest because of their potential applications in 

various areas such as catalysis, adsorption, chromatography, nanotechnology, metal ion 

extraction, and imprinting for molecular recognition.  For example, a mesoporous silica 

having thiol groups on the pore surface showed high adsorption efficiency for heavy 

metals such as Hg, Ag, and Cd ions.65  Sulfonic acid groups grafted on mesoporous 

materials, as another example, exhibited high catalytic activity for selective formation of 

bulky organic molecules.66   
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Mesoporous materials are interesting supports for organic functional groups due 

to their high surface area, large and uniform pore size, and narrow pore size distribution.  

While the silica framework provides thermal and mechanical stability, the surface organic 

moieties provide control of interfacial and bulk materials properties such as flexibility 

and optical properties.   

Various literature reports describe methods for functionalizing the interior pore 

surfaces of mesoporous solids such as MCM-41 and SBA-15.67-80  These hybrid materials 

are generally synthesized via two methods.81  The first one is the post-synthesis grafting 

method in which pore wall surface of the pre-fabricated inorganic mesoporous materials 

is modified with organosilane compounds after the surfactant removal.  The mesoporous 

materials possess silanols (Si-OH) groups that facilitate the attaching of the organic 

functions to the surface.  Silylation is the most commonly used reaction for the surface 

modification.80  Moreover, esterification is another reaction to carry out surface 

modification.82a,b  The silylation reaction method is achieved by one of the following 

reactions, shown in Figure 1.19.80 

 

Si OH + Cl SiR3 Si OSiR3 HCl . Base

HOR'

NH3

+

Si OH + R'O SiR3 Si OSiR3 +

Si OH + Si OSiR3 +2 2HN(SiR3)2

(1.11)

(1.12)

(1.13)

 
 
Figure 1.19. The silylation reaction for the modification of the surface of the mesoporous 
silica 
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The original structure of the mesoporous support is typically maintained after 

modification of the surface.  Silylation occurs on all surface groups of the silica including 

the free or geminal silanols.  However, hydrogen-bonded silanol groups are less 

accessible to the modification because of the formation of hydrophilic networks.82c  In the 

post-synthesis grafting method, the host materials should be completely dried before 

adding the modification precursors in order to avoid the self-condensation of the 

precursors in the presence of water. 

The second method for the modifying of the internal surface of the mesoporous 

materials is the direct synthesis.  This method is based on the co-condensation of a 

tetraalkoxysilane (siloxane) and one or more organoalkoxysilane precursors with Si-C 

bonds through a sol-gel process.  Siloxane precursors work as the main framework of the 

mesoporous materials while the organoalkoxysilane precursors contribute to the building 

of the framework and work as functional groups on the surface.68,69,71,72  The direct 

synthesis has advantage over the grafting method in which the former produce 

mesoporous materials with high loading of the functional groups.68,69 

Grafting of the mesopore surface with both passive3,82 (i.e., alkyl and phenyl) and 

reactive67 (i.e., amines, nitriles, thiol, halides etc.) surface groups has been studied.  The 

former can be used to tailor the accessible pore sizes and increase surface hydrophobicity 

while the latter for increasing hydrophilicity and permits further functionalization.  

Multiple grafting has also been investigated.  In order to minimize involvement of the 

external surface in reaction processes and to optimize selectivity, researchers have tried 

to graft to the external surface first through passive groups, before functionalizing the 

internal silanol groups.83  Co-condensation using ionic,71 neutral surfactant,84 and non-
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surfactant templates85 have all been demonstrated.  Each of the two functionalization 

methods has certain advantages.  If uniform surface coverage with organic groups is 

desired in a single step, the direct method may be the first choice.  It also provides better 

control over the amount of organic groups incorporated in the structure.  However, 

products obtained by post-synthesis grafting are often structurally better defined and 

hydrolytically more stable.  Although pore sizes can be controlled to some extent by both 

methods, it is more easily achieved by grafting.68,69 

A recent development in functionalization of mesoporous materials has been the 

study of organic-inorganic species covalently bonded inside the mesoporous wall 

structure.  The surfactant templated synthesis of these materials uses a precursor that has 

two trialkoxysilyl groups connected by an organic bridge.86-88  The new technique allows 

stoichiometric incorporation of organic groups into silicate networks, resulting in higher 

loading of organic functional groups than by the grafting or direct synthesis method.  The 

only major problem with this approach is the lack of chemicals that have the two 

trialkoxysilyl groups.86-88  By introducing suitable functional groups onto the surface of 

these mesoporous materials, tunability of the mechanical, surface chemical, electronic, 

optical, or magnetic properties of the hybrid composite may be possible.86,88 

In the chapters three to nine, we will report the synthesis of modified mesoporous 

materials with different functional groups (e.g., amino, thiol, carboxyl, vinyl, and other 

interesting functional groups) using the two methods of functionalization.  Moreover, 

these chapters will include characterization methods and the results and discussion of the 

interesting results. 
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1.6. AN OVERVIEW OF THE APPLICATION OF MCM-41 IN 

ENVIRONMENTAL POLLUTION CONTROL PROCESSES 

Contamination of water streams by transition metals, heavy metals, and 

radioactive compounds (e.g., nickel, copper, lead, mercury, cadmium, uranium, and 

thorium) remains a concern in the field of environmental remediation.  These materials 

enter the environment through a variety of avenues that include: mining, nuclear power 

plants, and industrial processing plants.  Furthermore, some natural waters contain 

naturally high concentration levels of metals.89  The presence of even low concentrations 

(ppb) of some heavy metals or radioactive substrates in natural water systems can have a 

harmful effect on both wildlife and humans.  However, at these low concentrations of 

metal ions the sample often requires pre-concentration before analysis can be undertaken.  

Adsorption onto solid substrates (e.g., activated carbons, zeolites, aluminas, and silicas) 

provides one of the most effective means for adsorption, separation and removal of trace 

pollutants (heavy metal ions, radioactive compounds, etc.) from aqueous streams.89-91  A 

wide variety of novel materials can be prepared through the chemical modification of 

ordered mesoporous materials, MCM-41, since numerous organic and inorganic 

functionalities can be used for this purpose.  In addition to their use in chromatographic 

separations that forms the main body of chapter four, they have been increasingly used as 

heterogeneous catalysts in liquid phase organic reactions.  It is the characteristics of these 

materials, such as their viability and environmental safety, which makes them alternatives 

to traditional absorbent materials such as activated charcoal and zeolites.  Their use as 

efficient materials for the selective adsorption and separation, and high capacity uptake of 
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trace metals from aqueous systems is due to their unique characteristics such as high 

surface area, large pore size and presence of reactive groups on the surfaces.89,92   

Many of the more recent advances have been focused in the use of modified 

silicas for clean technology.  One area of research in which modified silicas are used for 

clean technology applications, other than catalysis, is in the adsorption, separation, 

removing and analysis of trace components in aqueous systems.  A wide variety of 

analytical techniques have been developed to separate and determine trace metal 

concentrations in natural water.89  Several methods have been employed in the adsorption 

and separation of metal ions from aqueous solutions, such as activated charcoal, zeolites, 

clays, solvent extraction using a chelating agent 90 and the use of polymeric resins.91  

These methods suffer from a number of drawbacks.  The use of activated charcoal, 

zeolites and clays showed low loading capacities and relatively small metal ion binding 

constants.92  However, the use of chelating reagents (i.e. iminodiacetate resin) is time 

consuming, whereas organic resins possess low surface area and low mechanical 

stabilities, and the time taken for the metal ion to be complexed can be of the order of 

hours.  Conventional methods such as precipitation are unfavourable especially when 

dealing with large volumes of matter which contains heavy metal ions in low 

concentration.  Typically these ions are precipitated as hydrated metal oxides or 

hydroxides or sulfides using calcium oxide.  Precipitation is accompanied by flocculation 

or coagulation, and one major problem is the formation of large amounts of sediments 

containing heavy metal ions.  In addition, these methods are often unselective towards the 

metal being analyzed, with interference from alkaline earth metals being particularly 

problematic.93  In recent years, the use of modified mesoporous silica in the pre-
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concentration and separation of trace metal ions has been investigated.94-96  Modified 

silica gels offer the advantages of high surface areas and increased chemical and 

mechanical stability.  Nitrogen-containing organic groups have been shown selectively to 

bind first row transition metals from solutions.97,98  Thus, Marshall and Mottola 93  

prepared an immobilized quinolin-8-ol complex for the pre-concentration and separation 

of copper(II) ions.  By varying the pH of the solution, a variety of transition metal(II) 

ions could selectively be extracted, even in the presence of alkali and alkaline earth metal 

ions.  This makes the material useful for separation and analysis of trace metals in natural 

waters where alkaline earth metals would be expected. 

Separation of transition metals, heavy metal ions or radioactive materials from 

aqueous streams is one of the most significant and fascinating problems to be challenged, 

severely hampered by the presence of a large excess of competing ionic species.  

Therefore, the materials to be used for the adsorption and separation of these toxic 

substances are required to be specific enough to discriminate the transition metals or 

heavy metal ions or the radioactive compounds from other benign metal cations such as 

Mg2+.  The criteria can be met by the smart choice of the functional groups and 

environmental conditions.  For example, there are factors that affect the adsorption and 

selectivity such as the pH and ionic strength of the water medium, the concentration ratio 

of the metal ion to the adsorbent, and the agitation time.95,96,98   

A suitable sorbent should fulfill some preliminary conditions: 1) cheap and easily 

available, 2) high capacity for toxic metals at the actual pH-value of the wastewater, 3) 

effective separation of sorbent from water phase after sorption of the targeted materials.  

In other words, the sorbent should be insoluble in water, 4) it should be stable against 
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physical and chemical degradation in order to permit long-term recycling procedures and 

to avoid contamination of the water, and 5) it must have a rapid rate of uptake .95-98      

The last part of chapters three to nine of this thesis will show in detail the 

application of our modified mesoporous materials in adsorption, separation, and 

removing of toxic materials.  Moreover, the effect of competitive ions and pH of the 

medium, and selectivity will be considered in this study. 
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CHAPTER 
TWO 

 
  

SYNTHESIS OF MESOPOROUS MATERIALS BASED ON MCM-41 SILICAS 

 
 
Abstract 

We describe a simple method for controlling the channel diameter of the 

mesoporous molecular sieve MCM-41 in the range from 40.9 to 51.1 Å and the wall 

thickness in the 15.2-21.1 Å range while using the same gel mixture.  This is achieved by 

varying the synthesis temperature from 25-100 oC and reaction times from 1-14 days.  

The mole ratio, use of catalyst, and additives used were also varied.  The unit cell 

parameter, channel diameter, thickness of the channel wall, surface area, degree of 

polymerization and grain morphology were monitored by X-ray diffraction, N2 

adsorption, solid state 29Si magic-angle-spinning NMR,  Fourier transform infrared (FT-

IR) spectroscopy, UV-Visible spectrophotometer, scanning electron microscopy (SEM) 

and transmission electron microscopy (TEM). 

Mesoporous materials with wider and thicker-walled channels and higher degree 

of polymerization are prepared at room temperature and at longer reaction times.  The 

thick-wall mesoporous material, designated OSU-6, has higher thermal, hydrothermal 

and mechanical stabilities, and higher surface area than conventionally prepared MCM-

41 silica.  The material with the thickest channel wall (21.1 Å) can withstand calcination 

to nearly 1000 oC with little structural damage.  We suggest a mechanism for the increase
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of wall thickness and channel diameter.  Fascinating morphological features involving 

tubes and vesicles, up to 1500 nm in diameter are observed. 

2.1. INTRODUCTION 

2.1.1 Background 

 Mesoporous silica materials made by the use of self-assembled surfactants as 

templates have attracted a lot of interest in recent years.  The family of highly ordered 

mesoporous siliceous materials, designated as M41S (MCM-41, MCM-48 and MCM-50), 

has the highest priority as new potential molecular sieves and supporting materials.1,2  

Parallel to the development of M41S materials, many other ordered mesophases with 

similar properties have been synthesized (e.g., HMS,3,4 FSM-16,5 PCH,6 SBA,7 MSU,8 

and KIT.9)  Several research groups have reported successful applications of these semi-

crystalline silica zeolites.  Mesostructured silicas with incorporated or grafted functional 

active groups or transition metals have been reported to have outstanding selective 

separation and catalytic activities because the porous network facilitates mass transfer of 

reactants to the active sites.4 

The discovery of mesoporous MCM-41 materials by researchers at Mobil in 1992 

has stimulated research in separation, selective adsorption, stationary phases in 

chromatography, pre-concentration of trace metals, heterogeneous catalysis,10 

in biochemistry as immobilization supports for enzymes,11 in membranes, sensors, and in 

biological applications (immobilization, recognition, drug delivery, etc.),11 agents for 

sequestering nuclear waste heavy metals, luminescent materials for laser and optical 

devices applications12 and controlled polymerization inside their pores.13  The presence of 

large and tunable uniform pores opens up the possibility for shape-selective conversions 
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of bulky molecules and pharmaceutical products.14  Furthermore, surface-modified 

mesoporous molecular sieves might find other potential applications, such as gas15 and 

liquid chromatographic separations.  For this latter application, different methods have 

been tested to synthesize mesoporous silica particles with spherical shapes and a narrow 

pore size distribution.16,17 

The usual procedure for the formation of mesostructured silica is to employ 

surfactants as the structure-directing agents and a simple organosilicate compound, such 

as tetramethylorthosilicate (TMOS) or tetraethylorthosilicate (TEOS), as the silica 

source.  These can be regarded as tetraesters of silicic acid, Si(OH)4 which polymerizes 

very easily and has never been isolated.  The silicic acid esters are often referred to as 

alkoxides.  They are not soluble in water, but can be dissolved in a mixture of water and a 

water miscible organic solvent.  They are hydrolyzed when the pH is reduced or 

increased causing the ester bond to cleave, generating an alcohol and a free silanol group.  

The silanol group is reactive and undergoes condensation reactions with other silanol 

groups.  Depending on the pH and the presence of salts, the condensation may lead to 

particle growth and/or gelation via processes that are relatively well understood.18 

The structure formed is influenced by a number of parameters: choice of precursor, 

choice of surfactant, presence of specific ions, condensation rate, which in turn, is mainly 

governed by the pH and the temperature used.  It seems that a low reaction rate favors 

formation of a well-ordered crystalline material. For instance, faceted single crystals of 

mesoporous materials with cubic geometry were obtained by running the reaction for one 

week at 0 °C, instead of shorter time at room temperature in which case a less ordered 

product was obtained.19  It is likely that the control of crystal morphology that can be 
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obtained by low temperature is due to the reaction then proceeding under 

thermodynamically controlled conditions, which is not always the case otherwise.20 

2.1.2. Properties (Advantages and Disadvantages) 

The mesoporous materials initially appeared to be the holy grail sought after by 

zeolite chemists of the time.  They possessed extremely high surface areas and easily 

accessible, regular arrays of uniform pores.  Most importantly, the pore sizes exceeded 

those attainable in zeolites and they could be tuned in the nanometer range (15-100 Å) by 

choosing an appropriate surfactant templating system, sometimes with a co-solvent or 

swelling agent.  Moreover, it is possibly to functionalize their surfaces for particular 

applications.  Thus, novel catalysts, sorbents, sensors, and host materials for large guest 

molecules were envisioned.  Furthermore, MCM-41 has a rigid structure and so avoids 

the swelling problems encountered with some other adsorbents.  However, the original 

mesoporous silicates and aluminosilicates exhibited a number of limitations, including 

lower thermal, hydrothermal and mechanical stability and lower reactivity than zeolites 

with comparable compositions.  They possessed relatively thin walls, which prevented 

incorporation of secondary pores within the walls, they only formed fine particles, and 

they have low amounts of hydroxyl groups.21  Yet, the ability to manipulate structures of 

porous solids on a nanometer scale in a controlled way proved to be so important to the 

research community that many of these limitations have been addressed and overcome in 

the last few years.  For example, the hydrothermal stability of mesoporous silicates has 

been improved by adding salts to the synthesis mixture,22 or by producing materials with 

thicker walls.3,7,8,23-29  Structures with uniform pore sizes can now be formed throughout 

most of the mesopore size range.21 
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The advantages of ordered silicate mesoporous materials for separation 

applications include a regular array of uniform pores, controllable pore size, and the 

ability to functionalize the surface for particular separations.30  Potential separation 

applications for MCM-41 include mercury removal from waste streams.31,32  However, 

the stability of these materials in aqueous solutions is of concern.  Although the 

properties of M41S materials have been widely investigated, only limited studies have 

been performed after their exposure to aqueous solutions.  Most of these studies have 

focused on the hydrothermal stability of the materials by assessing their structure before 

and after treatment in boiling water for up to 48 h.33,34  However, it is important that the 

pore structure integrity is retained throughout repeated adsorption and regeneration cycles 

(generally performed around room temperature) if these materials are to be economically 

employed in separation processes involving aqueous solutions.  Recent work has shown 

that the M41S materials are modified by prolonged exposure to water and water vapor, 

leading to decrease structural regularity, pore shape uniformity, pore size, and pore 

volume.34-37  Basic solutions in particular cause major loss of structure with much larger 

pores and decreased surface areas found in materials immersed for short periods, e.g., 

several hours.38,39  Little change was observed in the properties for materials exposed to 

neutral or acidic solutions over periods up to 48 h.38,39  Water immersion was found to 

have greater impact on the structure as the temperature of the solution was increased in 

the range 298-373 K.22  This low stability restricts the life of M41S materials in aqueous 

solutions, and has limited the range of applications for these materials. 

Gusev et al.,40 reported experimental data on the mechanical stability of the silica 

mesoporous material MCM-41.  Using X-ray diffraction and nitrogen adsorption they 
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showed that the ordered mesoporous structure of MCM-41 can be affected considerably 

by mechanical compression at pressures as low as 850 atmospheres and essentially can be 

destroyed at 2200 atmospheres. 

2.2. LITERATURE REVIEW 

Bearing in mind large-scale industrial applications, one has to take into account 

the critical conditions imposed on molecular sieves.  It is recognized that the thermal, 

hydrothermal, and mechanical stabilities are crucial parameters for potential applications.  

The powders are usually compressed into pellets and have to withstand extreme reaction 

and regeneration conditions.  Moreover, these materials have to have a high number of 

hydroxyl groups on the surface in order to use them for further modification and 

functionalization reactions. 

The MCM-41 materials consist of uniform, hexagonal arrays of mesopores with 

pore diameter between 20 and 100 Å.  They show extraordinary high surface areas and 

narrow pore size distributions.1,2  The ability to grow size and shape specific forms of 

ordered mesoporous solids, such as hexagonally ordered MCM-41 silica, by subtle 

modifications of the synthesis conditions is an important consideration in the use of these 

new materials for technological applications.  The pore size of MCM-41 can be 

controlled by varying the alkyl chain length of the surfactant molecules used as template 

in the synthesis or by adding auxiliary hydrocarbons to the synthesis mixture, such as 

alkylated benzene (e.g., trimethylbenzene), which are solubilized into the internal 

hydrophobic region of the templating aggregates (micelles) which will increase the size 

of the micelle, also pore size uniformity and long range structural ordering of MCM-41 

can be modified by changing the pH when preparing the gel.1,2,41-43  Moreover, the 
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hydrothermal and mechanical stabilities can be modified by changing the reaction 

conditions such as pH, temperature, aging time, and composite ratio of silica.  MCM-41 

can be synthesized in different morphologies including rods, thin films, spheres, and 

curved shapes.44 

 Many synthesis methods and post treatment methods for MCM-41 have been 

published from 1992 to date.  Some other mesophases similar to MCM-41 have also been 

developed such as SBA-n,7,26 MSU-n,3,8 and KT-n.9  Synthesis of MCM-41 mesoporous 

materials has been accomplished using a variety of routes. 

The aim of this investigation was the synthesis of mesoporous silica materials 

based on MCM-41 with high surface areas, large pore sizes, narrow pore size 

distribution, and high thermal, hydrothermal, and mechanical stabilities.  Another 

important objective is to have high hydroxyl group content in the resulting materials.  In 

order to obtain these goals, several factors that affect the characteristics of the MCM-41 

were studied and the effect of each factors on the final product were defined. 

2.2.1. Synthesis Components 

2.2.1.1. Source of Silica 

A silicon atom in a silica or silicate product can be attached to between zero and 

four other silicon atoms via siloxane (Si-O-Si) bonds.  TEOS and other simple alkoxides 

are examples of silica sources that do not contain any siloxane bonds and colloidal silica 

is an example of a source of silica where the majority of silicon atoms have four 

neighbors linked by siloxane bonds.  The silicon atoms on the periphery of the silica 

nanoparticle usually have three siloxane bridges and one silanol group.  The coordination 

pattern is usually determined by 29Si-NMR and it is customary to use Si(Qn) as the 
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nomenclature for signals from silicon atoms coordinated by n siloxane bonds.  Thus, 

TEOS gives only the Si(Qo) signal and colloidal silica gives mostly the Si(Q4) signal.  

Water glass can show all five signals, with signals from higher coordination increasing 

with increasing SiO2 to Na2O ratio, i.e., decreasing pH.  It has been shown that silica 

sources that display Si(Q4) signals are unsuitable as starting materials for the synthesis of 

mesoporous materials.  For instance, colloidal silica and high ratio water glass were 

found not to give a mesoporous material under conditions where low ratio water glass 

and TEOS gave hexagonal mesoporous silica.45  However, if the colloidal silica was first 

treated with alkali to reach a SiO2 to Na2O ratio of two, it could be used as a starting 

material for mesoporous silica.  This silica source gave no Si(Q4) NMR signal.  Klotz et 

al.,46 showed the importance of the Si(Qn) distribution in the formation of ordered 

mesostructured silica and the effects of aging the synthesis solution on the Si(Qn) 

distribution.  They found that a solution with a predominance of Si(Q1) species in the 

initial stage of the synthesis resulted in an ordered mesophase and that the disappearance 

of the order was related to the presence of Si(Q3) species in the initial stage of the 

synthesis.  It thus seems that the presence of low condensed, Si(Qn<3), species in the 

initial synthesis solution is a prerequisite for obtaining ordered mesoporous silica. 

2.2.1.2. Surfactants and Additives 

Several different experimental procedures for the preparation of mesostructured 

silica covered a wide variety of different surfactants and additives.  The choice of 

surfactant is very important because it governs the size of the pores, as well as the 

thickness of the walls, and the symmetry of the mesoporous material.  The two main 

classes used are cationics and nonionics.  Anionic surfactants, which constitute the largest 
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surfactant class, have rarely been employed as a template for mesostructured silica,47  

whereas the fourth surfactant class, zwitterionics, do not seem to have been used at all 

with inorganic silica sources.  There are also examples of the use of combinations of 

surfactants from different classes, such as cationic and nonionic.48  Cationic surfactants of 

the type CnH2n+1(CH3)3N+X–, with n being 12–16 and X being Br or Cl, were used in the 

first experiments to produce mesoporous silica from an alkoxide precursor1,2 and similar 

surfactants have been used in a large number of subsequent reports with TEOS or other 

organosilicates as the starting material.  Cationic surfactants have also been employed for 

the preparation of mesoporous silica from an inorganic silica source and most of these 

studies have been performed under neutral to alkaline conditions,49-53 although examples 

from the acidic side have also been published.45 

Kresge and coworkers1,2 reported the first self-assembly process to synthesis MCM-41 

involving electrostatic interaction between positively charged quaternary ammonium 

micelles as surfactant (S+) and inorganic silica anions (I-) as framework precursors.  They 

suggested a liquid crystal templating mechanism where surfactant molecules act as 

templates.  This method applied an ionic surfactant route.  The synthesis experiment was 

done under acidic conditions and at temperatures of about 100 oC.  The surfactant was not 

recovered, but simply burned off by calcinations at elevated temperatures.  The resulting 

MCM-41 showed hexagonal arrays of one dimensional pores with pore size ranging 

approximately from 1.5 to 10 nm and a surface area of ~ 1000 m2/g.  Since then, 

researchers have aimed to expand the synthesis conditions in order to improve these 

materials and identifying synthesis mechanisms.  Huo et al.,54 reported a generalized 

approach to the synthesis of periodic mesoporous materials using cationic and anionic 
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surfactants under a range of pH < 7 and pH 10-13.  They reported that, the cationic 

surfactants (S+) are useful for the structuring of negatively charged inorganic species (I-).  

On the other hand, anionic surfactants (S-) such as alkylsulfonate surfactants, have been 

employed for structuring cationic inorganic species (I+).  Organic-inorganic combinations 

with identically charged partners (i.e., S+ and I+ or S- and I-) are possible, but then the 

formation of the mesostructures is mediated by the counter-charged ions which must be 

present in stoichiometric amounts S+X-I+ (where X- = Cl- or Br-) or S-M+I- (where M+ = 

Na+ or K+) mechanisms have been demonstrated.54,55  It was concluded in cases where the 

degree of condensation of the oligomeric ions, which form the walls, is low, the removal 

of the surfactants (templates) leads to the collapse of the ordered mesostructures.  

Moreover, the study showed clearly that similar surfactants in acidic medium produce 

mesoporous structures with similar, but slightly larger d-spacings than those obtained by 

basic medium synthesis.56 

Shio et al.,52 prepared fine mesoporous silica powders by adding an acid to a 

solution of a mixture of sodium metasilicate and a surfactant of the type 

CnH2n+1(CH3)3N+Cl–, with n being 18 or 22.  The procedure gave particles with not only 

the pore diameter and the specific surface area varying with the length of the long alkyl 

chain of the surfactant but, also the particle size and shape.  Stearyl (n = 18) gave a pore 

diameter of 3.0 nm and a specific surface area (BET surface) of 1050 m2 g–1 while 

behenyl (n = 22) gave a pore diameter of 3.5 nm and a surface area of 900 m2 g–1.  Since 

in the liquid crystal that serves as a template for the mesoporous material the surfactants 

assemble in head-out double layers, the pore diameter should reflect twice the length of 

the hydrophobic tail of the surfactant because the pores should equal the size of the 
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hydrophobic domains of the liquid crystal.  The values obtained, 3.0 and 3.5 nm, are 

perfectly reasonable for alkyl chains of 2 × 18 and 2 × 22 carbon atoms.  While the 

powder particles made with the stearyl-based surfactant were cubes with a dimension of 

around 100 nm, the particles made with the behenyl-based surfactant were rod-like with a 

length of 300–500 nm and a diameter of ca. 50 nm. 

Setoguchi et al.,45 performed the synthesis of hexagonal mesoporous silica by 

adding water glass to a highly acidic solution of different cationic surfactants.  Two 

surfactant series were tested, CnH2n+1(CH3)3N+X–, with n being 14, 16 or 18 and X being 

Cl or Br, and C16H33Pyr+X–, with Pyr being pyridyl and X being Cl or Br.  Both the mean 

pore diameter and the d-spacing obtained from X-ray diffraction increased with 

increasing alkyl chain length of the first series of surfactants, which is in accordance with 

expectations since, as mentioned above, the pore diameter should reflect twice the length 

of the hydrophobic tail of the surfactant.  The overall highest quality product was 

obtained with hexadecylpyridinium chloride as the surfactant. 

Recently a cationic Gemini surfactant, (C12H25N+(CH3)2–(CH2)2–N+(CH3)2 

C12H25) 2Br–, was used for making mesoporous silica with cubic geometry (space group 

Ia3d) from sodium silicate.50  Gemini surfactants are known to self-assemble at much 

lower concentration than their monomeric counterparts so they should be interesting as 

structure-directing agents.  The material obtained was of high quality as evidenced by 

small angle X-ray diffraction, determination of specific BET surface area (991 m2 g–1), 

and by assessment of the pore size distribution.  It would have been interesting to 

compare the results with corresponding experiments using the monomeric surfactant, i.e., 

C12H25N+(CH3)3 Br–. 
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It is noteworthy that the surfactant counterion seems not to be of importance.  

Similar structures are reported for chloride and bromide as counterion.  This is somewhat 

surprising since the physical chemistry of a self-assembled cationic surfactant in water is 

usually strongly influenced by the choice of counterion.  Bromide is, for instance, more 

strongly bound than chloride or acetate to micelles and monolayers of cationic 

surfactants, which leads to differences in critical micelle concentration at lower 

concentration and in phase behavior at higher concentration.  The reason why the 

surfactant counterion is not important in the formation of mesoporous silica is probably 

that formation of the mesoporous material involves a cooperative interaction between the 

surfactant cation and a growing silicate prepolymer, as discussed below.  Thus, the type 

of counterion is not important since it is being replaced by silicate, which then serves as 

an inorganic, polymeric counterion for the surfactant.18 

Tanev et al.,3 have synthesized mesoporous MCM-41 using a neutral surfactant 

templating route (SoIo).  In the neutral surfactant templating approach, a self-assembly 

between neutral surfactants So (e.g., primary amine) and neutral inorganic precursors Io 

(e. g., tetraethyl orthosilicate (TEOS)) is based on hydrogen bonding.  This approach 

affords mesostructures with larger wall thicknesses, small scattering domain sizes, and 

complementary textural mesoporosities.  The thicker pore walls improve the thermal and 

hydrothermal stability of the mesopore framework, and the small crystallite domain size 

introduces textural mesoporosity, which facilitates accessing the framework-confined 

mesopores.  A great advantage of this synthesis route with respect to that developed by 

Mobil researchers was that the neutral pathway allows for the facile recovery of the 

template from the mesopores by simple solvent extraction and the formation of 
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frameworks with a much higher surface silanol concentration compared to those of their 

electrostatically assembled and calcined counterparts.56  Complete template recovery is 

not possible for MCM-41 prepared using the conventional approach because of the strong 

electrostatic interactions between ionic surfactants and the charged framework.1,2 

Corma et al.,57 studied the preparation of mesoporous materials, MCM-41, under 

highly acidic synthesis conditions.  They reported that the formation of S+X-I+ type 

interactions occurred and that the removal of the surfactant is easy by simply washing 

with water at room temperature.  The facile removal of the surfactant indicates the weak 

interaction between the surfactant and the inorganic silica.  They suggest that the 

mesostructures are formed by IoX-S+ interactions, giving a neutral structure instead of the 

positively charged framework that was proposed previously by Huo and coworker.54 

Sayari et al.,58 reported the effect of the length of the hydrocarbon chain of the 

surfactant on the pore sizes and the final structure.  They concluded that the pore size can 

be tailored by changing the length of the hydrocarbon chain.  In other words, increasing 

the length will lead to an increase in the pore size.  In their experiment 

alkylhexadecyldimethylammonium derivatives, i.e., (C16H33)(CnH2n+1)(CH3)2N+ were 

used and they concluded that a hexagonal phase was obtained for n = 1, 3, 5, 7, while a 

lamellar phase was obtained for all other templates, see Figure 2.1. 
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Figure 2.1. Influence of another alkyl chain length (n) of (C16H33)(CnH2n+1)(CH3)2N+ on 
the mesophase and the d100 spacing. 
 

 

The d100 spacing of the hexagonal MCM-41 increases by ~ 2.45 Å with the 

increasing of the carbon number (n) by one atom, which is much higher than the 1 Å 

/Carbon atom reported by Beck et al.2  In the latter study, the alkyl chain lengths of 

quaternary ammonium surfactants (CnH2n+1)(CH3)3N+ (n = 8,9,10,12,14,16) were found 

to result in MCM-41 materials that exhibited increasing XRD d-spacing (d100) and an 

increase in pore size of 1 Å /Carbon atom with increasing length of the surfactants. 

One other possibility to expand the pore size of the mesoporous materials is the 

addition of organic molecules into the synthesis medium, in particular 1,3,5-

trimethylbenzene (mesitylene).  Beck et al.,2 studied the effect of the addition of the 

auxiliary organic, mesitylene (MES), to MCM-41 synthesis mixtures on the pore size.  

This study indicated a proportional increase between the amount of the mesitylene added 

with both the pore sizes and the d-spacing of the XRD d100 peak.  However, above a 

certain concentration of the additive, the resulting MCM-41 had wide pore size 



 73

distribution.  However, Ulagappan and Rao59 reported the synthesis of MCM-41 with 

different pore sizes utilizing alkanes of different chain lengths together with the 

surfactant as a template.  The characterization of the results suggests that the surfactant 

molecules in the micelle are fully extended and the size of such micelles increased with 

the chain length of the n-alkane at least until the molecule has 15 carbon atoms, as shown 

in Figure 2.2. 

 

Figure 2.2. Schematic drawing of a micelle of surfactant molecules: (a) in the absence of 
a solubilizing agent and (b) in the presence of n-alkanes as solubilizing agents.59 
 
 

Namba et al.,60 prepared silica MCM-41 materials hydrothermally by using 1,3,5-

trimethylbenzene or 1,3,5-triisopropylbenzene as an auxiliary chemical.  The BJH pore 

size of MCM-41 increased up to 12 nm with increasing amounts of mesitylene.  

However, MCM-41 materials prepared with mesitylene displayed irregular pore 

arrangements and a half of these materials exhibited low thermal and hydrothermal 

stabilities.  On the other hand, MCM-41 materials prepared with 1,3,5-

triisopropylbenzene as an auxiliary chemical displayed regular pore arrangements and 

high thermal and hydrothermal stabilities, but their BJH pore sizes did not go over 4.0 

nm.  MCM-41 prepared with a 3:1 mixture of 1,3,5-triisopropylbenzene and mesitylene 
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displayed regular pore arrangements and high thermal and hydrothermal stabilities.  Its 

BJH pore size was 4.7 nm. 

Moreover, Namba et al.,61 prepared MCM-41 materials hydrothermally by using 

template mixtures of hexadecyltrimethylammonium/dodecyltrimethylammonium with 

various molar ratios.  The MCM-41 materials thus prepared were highly ordered and their 

pore sizes can be finely controlled by changing the molar ratio of the two surfactants.  

However, removal of surfactants requires high temperature which leads to low hydroxyl 

group concentration.  Also they did not show high thermal, hydrothermal and mechanical 

stabilities. 

Nonionic surfactants containing polyoxyethylene chains, either block copolymers 

of the polyoxyethylene-polyoxypropylene-polyoxyethylene type (often referred to as 

EO–PO–EO polymers) or fatty alcohol ethoxylates, CnH2n+1-(EO)m, with n typically 

being 12–18 and m being 5–8, have been widely used as structure-directing agents in the 

formation of mesoporous silica using TEOS or other alkoxides as the silica source.25,62-65  

These types of nonionic surfactants have also been used in the synthesis of mesoporous 

silica from inorganic silica sources and both hexagonal and cubic structures have been 

prepared.17,66-74  The nonionic surfactants have most often been used under acidic to 

neutral conditions.  The hydrophilic–lipophilic balance of these surfactants is strongly 

affected by the temperature, which makes it possible to govern the type of liquid 

crystalline structure formed in water solutions by temperature adjustments. 

Kipkemboi et al.,75 have demonstated how the mesostructure obtained with EO–

PO–EO block copolymers as structure-directing agents is influenced by the temperature 

and by the hydrophilic domain length.  An increase in temperature leads to dehydration 
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of the polyoxyethylene chains, causing a reduction of the size of this block.  This results 

in a change of the spontaneous curvature of the surfactant film.  For low surfactant 

concentrations increase temperature will lead to a transition from less elongated to more 

elongated micelles while for high surfactant concentration a transition from micellar 

cubic, via hexagonal and lamellar, to bicontinuous cubic liquid crystals occurs.  One 

would expect that the temperature-controlled mode of self-assembly in solution would be 

transferred to the corresponding structures in the mesoporous material.  This has been 

found to be the case for TEOS as the silica source.75 

Shrinkage of the hydrophilic domains of the templating surfactant means that the 

volume where the silica wall is being formed is reduced. This would be expected to lead 

to thinner walls of the mesoporous material. It is now experimentally verified that this is 

true, i.e., an increase in temperature for systems based on surfactants containing 

polyoxyethylene chains leads to a decrease of the wall thickness.  The mesopore diameter 

is only slightly affected by variations in temperature; however, because it is governed by 

the size of the hydrophobic domain i.e., the PO block, which is not much influenced by 

the temperature.75 

Coleman and Attard76 studied the effects of surfactant concentration on the 

regularity and morphology of mesoporous silica prepared in the tetramethyl orthosilicate 

(TMOS)/Brij 56/HCl (0.5 M) system.  For a fixed weight ratio of 1.8 TMOS:1.0 Brij 56, 

they found that very low surfactant concentrations gave a disordered structure but when 

increasing the surfactant concentration the order rapidly increased and resulted in a 

hexagonal mesopore structure.  On further increasing of the surfactant concentration the 

hexagonal structure became progressively more disordered and wormhole-like structures 
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were obtained.  When reaching a surfactant concentration that would give lyotropic 

phases in the surfactant/water binary system, the order of the mesoporous silica structure 

returned upon increasing the surfactant concentration, and reached a maximum at the 

same ratio as the hexagonal phase appeared in the binary system.  At higher surfactant 

concentrations the order of the mesoporous silica structure again decreased.  Taking into 

account that the presence of HCl and SiOx(OH)4−2x species will induce (relatively small) 

changes in the binary phase diagram these can be used as useful guides for predicting the 

mesoporous structure of the silica.  In the synthesis of mesoporous silica from micellar 

solutions the order was found to depend much on the surfactant concentration.  Here the 

addition of the silicate precursor results in phase separation in the form of small domains 

having a pseudoliquid crystal structure that act as a mold for the forming silica network.  

However, for both routes it is only possible to obtain ordered mesostructures through the 

correct proportions of TMOS, surfactant and water. 

2.2.1.3. Role of Acid and Base Catalysts (pH) 

The pH of the medium plays a crucial role in the synthesis of M41S materials.  By 

controlling the pH of the initial synthesis mixture, MCM-41 materials with increased wall 

thicknesses of 16 to 27 Å were prepared.77  Ryoo et al.,42 reported the synthesis of highly 

ordered MCM-41 by adding acetic acid to the reaction system to shift the equilibrium 

between the reactants and the mesophases formed toward the desired direction.  They 

suggested that the MCM-41 phase was in dynamic equilibrium with the reactants.  

Therefore, the addition of acid to the reaction mixture was proposed to neutralize the 

hydroxyl and shift the equilibrium toward the positive direction. 
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Ryoo et al.,22 reported that improved hydrothermal stability could be achieved by 

adjusting the gel pH several times during the hydrothermal crystallization process.  

However, this pH adjustment is a tedious process and the high pressure crystallization 

reaction has to be interrupted repeatedly. 

Sierra et al.,17 reported that isometric particles of mesoporous SiO2 could be 

synthesized between 25 °C and 45 °C from reaction mixtures containing silicic acids, 

NaCl and a nonionic surfactant (Triton X 100).  The particle size decreases from some 

tens of micrometers to < 1 µm when the pH increases from 1.85 to 6.0.  At pH < 3.5, a 

glassy material forms that cements particles together.  The particle size distribution 

narrows at higher pH and at long reaction times (several days).  A spheroidal shape is 

favored by low pH and high temperature, and a more polyhedral shape appears at high 

pH that is independent of the temperature.  This behavior could be related to the 

polycondensation rate of the silicic acids, the lifetime and disorder of the micelles, or to 

the micelles-silicic acid interactions. 

Coustel et al.,77 reported that the control of aluminosilicate activity during 

synthesis of MCM-41 leads to thicker pore walls, and hence to improved thermal and 

hydrothermal stabilities.  The most probable model for formation of MCM 41 materials 

assumes aggregation of silica-coated micelles and the thickness of the silicate coating at 

the micelle surface can be varied by changing the activities of the aluminosilicate units in 

solution. 

On the alkaline side, Kim et al.,66,67,68 have developed a synthetic method using nonionic 

surfactants, such as tri-block copolymers and alcohol ethoxylates, and a reaction solution 

at near neutral pH conditions.  The surfactant together with acetic acid, used in an amount 
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equimolar to the hydroxide content of the sodium silicate, was added to a sodium silicate 

solution to create the reactive solution.  At molar ratios of H2O/Si = 230 and surfactant/Si 

= 0.008–0.017 the procedure resulted in a thermally stable 2D hexagonal mesostructured 

silica, MSU-H.  The reaction time was 20 hours at fixed temperatures of 308, 318 and 

333 K, where the different temperatures generated different pore sizes in the hexagonal 

structure. 

Increasing the pH increases the charge density of the silica.  This favors 

electrostatic interactions between the surfactants and the silica, which can be taken 

advantage of when using cationic surfactants.  Han et al.,49 used a mixture of two cationic 

surfactants as a template for the synthesis of rod-like mesoporous silica with hexagonal 

symmetry.  In the procedure, ethyl acetate was added to a dilute solution of a mixture of 

sodium silicate and the surfactants to obtain the desired pH due to hydrolysis of the ester.  

The reaction was allowed to proceed at 353 K for 72 h, followed by calcination.  The 

reported specific BET surface area was about 760 m2 g–1. 

Several papers deal with synthesis under very acidic conditions and the results 

obtained are generally good.  Setoguchi et al.,45 reported that their acidic synthesis 

generated the largest mesopore volume and the highest surface area with cationic 

surfactants.  Studies on the use of nonionic surfactants under acidic conditions have been 

reported by Kim et al.69,70  By using di- and tri-block copolymers together with sodium 

metasilicate as the silica source, different mesostructures, such as 2D hexagonal, 3D 

hexagonal, and 3D cubic, were obtained.  With blends of different amphiphilic block 

copolymers and through variations in the hydrophilic–hydrophobic balance achieved by 
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changing the size of the hydrophilic blocks, the mesostructured phase was controlled with 

considerable accuracy. 

The possibility of controlling the morphology of mesostructured particles has 

been investigated in several publications using sodium silicate as the silica 

source.71,72,78,79  Experiments using the tri-block copolymer Pluronic P123 as a nonionic 

surfactant resulted in a monodisperse rodlike SBA-15 structure with high mesoscopic 

order.  Only a very limited range of synthesis conditions could be used, however.  The 

molar ratio of SiO2/HCl/P123/H2O was 1/7.84/0.0017/252 and the reaction was run at 

303 K for 6 hours.72  There are also reports on the formation of single crystals of 

mesoporous silica with a reaction mixture composed of cationic 

surfactant/SiO2/NaOH/H2SO4 in a molar ratio of 1/2.15/1.67/4.35–8.90 in a very dilute 

water solution under static conditions for 2–4 days at 30 °C.  Chao et al.,78,79 produced 

SBA-1 mesoporous silica in the form of single crystals.  The crystal shape (spheres, 

decaoctahedrons or cubes) was governed by varying the pH between 1 and 2.  The results 

were explained by the fact that both the dilute conditions and the pH used, which is close 

to the isoelectric point of SiO2, leads to a slow condensation rate.  From the viewpoint of 

crystallization kinetics, the crystal morphology is determined by the relative rate of 

growth of different crystal faces, with the slow-growing surface dominating the final 

shape. 

Gross et al.,80 found that both the activation energy for annealing the surfactant/silica 

composite into a more ordered hexagonal structure and the activation energy for phase 

transition into a lamellar phase depended on the pH of the synthesis solution under 

alkaline conditions.  Materials made at a lower alkaline pH showed the lowest activation 
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energy for annealing but the highest for phase transition.  It was postulated that materials 

prepared at lower pH get a more condensed framework thus requiring hydrolysis of more 

siloxane linkages for phase transition to occur. 

Boissière et al.,81 explored a two-step synthesis approach for mesoporous MSU-X silica.  

In the first step, mildly acidic conditions (pH 2–4) were employed to avoid uncontrolled 

silica condensation and obtain a stable solution of micellar hybrid objects made of both 

surfactant micelles and small silica oligomers.  The second step of the synthesis consisted 

of the condensation of the silica particles, and was performed either by increasing the pH 

of the solution to neutral values or by addition of small amounts of fluoride.  The addition 

of fluorides leads to better control of both the nanostructure and the particle morphology. 

2.2.1.4. Temperature and Aging 

Elder et al.,82 synthesized silica molecular sieves closely related to MCM-41 at 

ambient temperature.  The resulting materials were characterized and showed high 

hydrothermal, thermal, and mechanical stability when compared with the results reported 

by Stucky et al.,83 who synthesized MCM-41 at 25 oC in an alkaline preparation and 

noted a lack of hydrothermal, thermal, and mechanical stability of this material compared 

to that obtained from a heated preparation.  Elder et al.,82 suggested that the stability of 

these materials is due to the condensation reaction which occurs during aging in the case 

of reaction at ambient temperature.  They concluded there was a relationship between 

aging and stability of the final product. 

Chen et al.,84 studied the effect of calcination on the condensation using 29Si 

NMR on MCM-41 samples and reported an increase in the number of Q4 sites over Q3 

and Q2 sites upon calcination, showing that further reactions have occurred.   
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Elder et al.,82 compared the shrinkages of the mesoporous materials prepared at 

ambient temperature and these prepared at high temperature after calcination.  They 

found more silanol groups in the sample prepared at ambient temperature than that of the 

heated one.  Moreover, the surface area measurements of the unheated preparation and 

heated preparation showed that these materials have surface areas close to each other. 

Cheng et al.,85 described a simple method of controlling the channel diameter of 

the mesoporous molecular sieve MCM-41 in the 26.1-36.5 Å range and the wall 

thickness in the 13.4-26.8 Å range while using the same gel mixture.  This is achieved by 

varying the synthesis temperature in the 70-200 °C range and/or reaction times in the 0.5-

96 h range.  MCM-41 with wider and thicker-walled channels was prepared at higher 

temperature and at longer reaction times.  Thick-wall MCM-41 has higher thermal 

stability but lower surface area.  The material with the thickest channel wall ever reported 

(26.8 Å) can withstand calcination at nearly 1000 °C with little structural damage.  The 

authors suggest a mechanism for the increase of wall thickness and channel diameter.  

Fascinating morphology features involving sealed silicate tubes and vesicles up to 1200 

Å in diameter are observed. 

Cheng et al.,86 reported that a highly crystalline MCM-41 with a very narrow pore 

size distribution (1.5 Å), high surface area (1185 m2/g), large grain size and thick channel 

walls (~ 17 Å) was prepared in alkali-free media by use of tetramethylammonium 

hydroxide as the source of base.  The properties of the product depend on the source and 

concentration of the reactants, the gel aging time, temperature, and duration of synthesis.  

The initially produced hexagonal phase is transformed into the lamellar phase and then 

into an amorphous phase.  In the 150 °C synthesis, the most stable product is amorphous 
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SiO2.  The synthesis is conveniently monitored by pH measurement.  Gel aging, during 

which a spatial distribution of silicate polyanions and micellar cations is established, is 

essential for preparing high-quality MCM-41.  Surfactants with the same cationic organic 

group but different counteranions alter the synthesis.  The degree of polymerization of 

SiO2 is also important.  Highly basic gels favor the lamellar product; when the gel is 

weakly basic the quality of MCM-41 is lower as insufficient TMAOH is available to 

dissolve the SiO2.  The result of excess SiO2 is similar but even more pronounced.  Purely 

lamellar products are made at low SiO2 concentrations, when the gel is more strongly 

basic.  The best quality MCM-41 was prepared from a gel of molar composition 

SiO2:0.19 Me4N+OH-:0.27 CTABr:40 H2O (with CTABr/SiO2 = 0.27, similar to the ratio 

in the solid product) aged at 20 °C for 24 h and synthesis lasting for 48 h. 

2.2.1.5. Hydrolysis and Condensation 

In the preparation of large-pore MCM-41 type materials, the order of adding 

swelling agents and the nature of siloxane precursors had a significant influence on the 

pore diameters.  When a swelling agent (mesitylene) was added to the template solution 

before addition of siloxane precursors, the pore size of the MCM-41 type materials did 

not increase.  However, an increase in the pore size of MCM-41 type materials was 

attained by adding the swelling agents to the reaction bottle in which TEOS was already 

partially polymerized in the template solution.  Since TEOS hydrolyzed and condensed in 

a period of ~ 20 min, the initial mesostructure was only weakly polymerized when 

mesitylene was added after 5.0 min.  The loosely condensed framework could be easily 

expanded by swelling agents within the micellar arrays.  Pore sizes of MCM-41 type 

samples could not be increased when precursors with methoxy groups were employed.33  
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Due to the fast hydrolysis and condensation of these precursors in the template solution, 

the framework became rigid quickly, which may have prevented expansion of the pore 

size.33 

2.2.1.6. Addition of Salt and Post-Synthesis Treatments  

Variations of the synthetic methods, such as addition of salt or post-synthesis 

treatments have been shown to improve the stability of M41S materials.21,30,35,38,87  The 

relatively low wall thickness of these materials contributes to their lack of stability, so 

thicker-walled materials also show improved stability.21  Modification of mesoporous 

silicates to include hydrophobic organic components on the pore surfaces or within the 

walls, either by co-condensation or post-synthesis grafting, has been found to improve 

their stability in the presence of water.21,36,88  This has also been shown to improve the 

materials' structural stability and thereby their mechanical stability under 

compression.37,88  Lim and Stein33 demonstrated that a vinyl-functionalized MCM-41 

sample prepared by post-synthesis grafting had greater hydrothermal stability than 

untreated MCM-41 when placed in boiling water for 24 h.  However, the functionalized 

sample was still noticeably degraded in this time with a significant broadening of the pore 

size distribution in the range of 3-8 nm and a 49% increase in the pore volume.  

Application of MCM-41 in separation processes involving solution contact will require 

significantly longer term stability than has been exhibited by these modified samples to 

date, with minimal changes to the porous structure.  

Kawi et al.,89 reported that the mesoporous framework of MCM-41 synthesized in 

their lab was remarkably stabilized in boiling H2O for one week by simply substituting 

structural Al into the framework or introducing nonstructural Al species onto the pore 
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surface of MCM-41.  They found that the enhancement of the stability of MCM-41 is 

attributed to two major factors: the effect of randomness in the pore structure (due to 

structural Al species in the framework) in enhancing the thermodynamic stability of the 

mesostructural framework as well as the effect of the protective surface composite layer 

(due to the nonstructural Al-species on the pore surface) in preventing the covered 

surface hydroxyl groups from undergoing hydrolysis with H2O molecules. 

Jun et al.,90 reported that the hydrothermal stability study of mesoporous silica 

molecular sieves MCM-48 increases if the as-synthesized materials containing surfactant 

are heated in an aqueous solution of salts.  Although the optimum treatment conditions 

depended on details of the synthetic procedures, this post-synthesis technique led to a 

significant improvement in the hydrothermal stability of various MCM-48 materials that 

were synthesized using cationic surfactants alone or cationic-neutral surfactant mixtures.  

These results were concluded to be due to the restructuring effects of the pore walls as 

demonstrated by magic angle spinning 29Si NMR spectroscopy, nitrogen adsorption and 

SEM. 

Ryoo et al.,22 reported that the hydrothermal stability of MCM-41 was improved 

remarkably by using various salts such as sodium chloride, potassium chloride, sodium 

acetate, and tetrasodium salt of EDTA during the hydrothermal crystallization process 

performed at 370 K.  High-quality MCM-41 samples obtained by using the salt effect 

indicated negligible structural losses as judged by X-ray diffraction during heating for 12 

h in boiling water. 

Kim et al.,91 reported on the improvement of hydrothermal stability of 

mesoporous silica using salt solutions.  The salt effect has been reinvestigated to solve 
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problems of poor reproducibility.  It turned out that the time-dependent effect was 

missing in the previous reports.  The salt effect required approximately 10 days of 

treatment at 373 K to give its full effect.  The time dependence was a critical factor for 

the improvement of the hydrothermal stability. 

Das et al.,92 reported that significant improvement in the hydrothermal stability of 

MCM-41 can be achieved by simply adding different tetraalkylammonium or sodium 

ions to the synthesis gel and without the necessity of multiple pH adjustment steps as 

mentioned by Ryoo and coworker.22  Although the exact roles of these additional cations 

are still not clear, their presence seems to facilitate increased condensation of the silanol 

groups during the formation of the mesostructure.  The highly condensed silica wall is 

considered to have better structural stability under hydrothermal treatment conditions. 

The addition of inorganic and organic salts (sodium chloride, sodium acetate, 

sodium fluoride, tetraalkylammonium ions, EDTA) during the crystallization process of 

the pure silica material22,90-92 and post-synthesis hydrothermal restructuring in water93 

were reported to enhance the stability in boiling water.  Other effective modifications are 

the complete or partial hydrophobization of the surface by silylation to preclude water 

attack.88  The structural stability of silica materials can be improved by increasing the 

wall thickness and enhancing the local ordering of the amorphous walls.94  Such thicker-

walled and more stable mesoporous silicas were prepared by using a two-step synthetic 

method or long crystallization times.  Other reports have illustrated that incorporated or 

grafted Al MCM-41 and Al MCM-48 have higher mechanical and hydrothermal 

stabilities.89,95,96 



 86

2.2.1.7. Synthetic Strategies 

As mentioned above, several other synthetic strategies for silica mesostructures 

have been successfully developed.  These materials have slightly different properties than 

M41S materials, and these differences could lead to an enhancement of the thermal, 

hydrothermal, and mechanical stabilities.  The framework wall thicknesses of HMS and 

SBA mesostructures are claimed to be consistently larger than those of MCM-41 and 

MCM-48.23,97 

Alternative synthetic approaches have been reported for the preparation of 

mesoporous silicate from layered silicates.  These materials are designated PCH6 and 

FSM5 and consist of walls that are more condensed and ordered than the walls of M41S 

materials. 

A number of stability studies have already been carried out.  The hydrothermal 

stability in boiling water has been tested on siliceous and Al-grafted MCM-4189,95 and 

pure MCM-48.90  Furthermore, the steam resistances of pure, Al-grafted,95 and Al-

incorporated96 MCM-41 and pure have been investigated.  In addition, O'Brien et al.,40 

and Hartmann et al.,98 focused on the mechanical stabilities of both MCM-41 and MCM-

48, whereas the thermal stabilities of MCM-41 and FSM were tested by Inagaki.99  

However, the various stability tests reported were performed under different conditions.  

This variation in experimental parameters makes it difficult to make a systematic 

comparison between the different tests on one hand and the several silica materials on the 

other.  In addition, the reported stability experiments were performed only on M41S 

materials.  Cassiers et al.,100 reported the first systematic and comparative study of the 

thermal, hydrothermal, and mechanical stabilities of the most important mesoporous 
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materials, in particular, the molecular sieves MCM-41, MCM-48, HMS, FSM-16, PCH, 

and SBA-15, and it can be considered as a basis for further investigations of the stability 

of mesoporous materials.  

2.2.2. Surfactants Removal 

The conventional method of surfactant removal by calcination affects the surface 

area, pore size and pore volume of the M41S material.  To avoid such shortcomings, 

several methods have been employed to extract the template molecules including solvent 

extraction101,102 and supercritical fluid extraction.103  In case of solvent extraction, a very 

large amount of organic solvent is required to extract the alkyltrimethylammonium 

templates from MCM-41 and mostly, the extraction needs to be followed by a calcination 

step to remove the remaining surfactant.  However, recently, Antochshuk and Jaroniec104 

developed an efficient extraction procedure to remove the template from MCM-41 using 

trialkylchlorosilanes.  The simultaneous removal of a surfactant template and attachment 

of trialkylsilyl groups has been successfully achieved and resulting in the synthesis of 

mesoporous hydrophobic materials of highly uniform pore structure.  One should notice 

that the resulting silica is coated with silanes.  The use of the supercritical fluid extraction 

method results in the recovery of the template and a material with improved physical 

properties compared to calcined MCM-41.  Vansant et al.,105 developed an efficient 

method extracting up to 90% of the surfactant from the mesoporous materials in acidified 

methanol.  The template could be reused several times, without degradation of the 

surfactant or the produced MCM.  Also in this case, it is shown that the extracted 

materials have a narrower pore size distribution and a larger average pore radius.  
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Although the electrostatically bound surfactant in MCM-41 can be removed by 

ion exchange,8 the exchange process requires strong acid conditions, so there is little or 

no advantage of ion exchange over surface rehydroxylation after calcination. 

The initial method for preparation of the MCMs involved high temperature 

calcination (typically 550-650 oC) to remove the ionic template.  Such a requirement 

precludes this method from the preparation of MCM-type materials containing organic 

functional groups.  Recently, Tanev and Pinnavaia published details of non-ionic routes 

to the MCMs, in which an amine3 or a polyethylene oxide8 was used as a template.  Such 

templates can be removed by extraction with hot solvents such as ethanol, and avoid the 

necessity of calcination. 

Mercier and Brown, et al.,31,106,107 used a neutral surfactant as a template to overcome the 

lack of hydroxyl group.  The neutral surfactant could be removed by solvent extraction.  

The amount of surface hydroxyl group loss by this procedure was much less than that by 

calcination or ion exchange.  Moreover, because of the absence of a framework charge, 

the surfactant molecules can be removed from the channels by solvent extraction and 

recycled.  This facile removal of the surfactant optimizes the number of surface hydroxyl 

groups that are available on the pore walls for an organosilane functionalization.106  As a 

result, repeated hydrolysis and silylation reactions were not required for this procedure. 

 

2.3. HYDROXYL (SILANOL) GROUPS AND THEIR DETERMINATION 

2.3.1. Hydroxyl Groups Identification 

The surface characteristics of silica are important in the study of functionalization 

of the silica surface via silylation reactions.  The silica surface consists of a combination 
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of different types of hydroxyl (i.e. silanol) groups and of siloxane bridges whose relative 

concentrations depend on the calcination temperature as well as on the ambient humidity 

and storage time.  The distribution of silanols on the amorphous silica surface has been 

shown to be random by simulations based on the dehydration of crystalline β-

cristobalite.108  There are isolated and geminal silanols on the silica surface which can be 

linked through hydrogen bridges depending on the distance between the silanols and the 

local geometric structure.107,109  The geminal silanols consist of two hydroxyl groups 

attached to one silicon atom, while the single isolated silanols consist of one hydroxyl per 

silicon atom.  Hydrogen-bonded hydroxyls can be further divided into weakly and 

strongly bonded hydroxyls.  The weakly bonded hydroxyls are also called internal or 

intraglobular hydroxyls which occur throughout the particle structure in almost all kinds 

of amorphous silicas.109  These bulk silanols are said to be inaccessible to water even 

though the distinction between internal and surface silanols is ambiguous.  Hydrogen-

bonded water molecules or physisorbed water may also be adsorbed onto all types of 

surface hydroxyl groups.109 

These silanol groups are often characterized by IR spectroscopy.  Different types 

of hydroxyl groups are seen in the OH-stretching region of the IR spectrum.  Isolated (Si-

OH) and geminal (Si-(OH)2) are reported at around 3740 cm−1 in the IR spectrum while 

the broad band at 3200–3600 cm−1 is assigned to hydrogen-bonded silanol species.101  

Several authors observed a shoulder of the 3740 cm−1 band at ≈ 3710 cm−1.41  A 

distinction is therefore made between the terminal silanol groups at 3740 cm−1 and the 

internal groups at 3710 cm−1. 
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2.3.2. Hydroxyl Groups Determination  

The amount of free silanol groups in comparable mesoporous materials can vary 

substantially, depending upon factors such as the use of heat, acid catalyst, aging period, 

and on how the material has been treated.  For example, treatment with base can result in 

marked increase in number of the silanol groups.  The number of reactive silanol groups, 

in turn, can be a factor in determining the capacity of the surface for chemical 

modification.  Where the modification relies on covalent derivitization of silanol groups, 

the degree of modification that can be achieved might be limited by the amount of 

reactable silanol groups that are available for reaction. 

The adsorption capacity of MCM-41 for polar molecules (e.g., H2O, methanol) at 

a relatively low vapor pressure is, to a large extent, related to the density of surface 

silanol groups (SiOH), which are also responsible for ion exchange and post-

modification, such as silylation2 and chemical deposition.110  It is, therefore, desirable to 

evaluate the surface chemistry of MCM-41 type materials qualitatively and quantitatively 

in terms of its SiOH groups. 

The hydroxyl group content of silica can be determined by several different 

chemical and physical methods.109  Thermogravimetry (TG) is an example of a simple 

and inexpensive physical method.111,112  The most important parameters to be considered 

in the thermogravimetric measurements of silica are the heating rate and the end point of 

the measurement.  It is usually preferred to keep the former as low as possible, while 

having the latter high enough to ensure a total dehydroxylation of silica.  It has been 

stated that temperatures higher than 600 °C are required to remove all intraglobular 

hydroxyls.109  When heating silica samples to 1100 °C, the amount of isolated hydroxyls 



 91

diminishes considerably, but for the removal of the rest of the silanols temperatures 

higher than 1200 °C are required.113  In the TG method, it is also important to find an 

appropriate way to distinguish between the dehydroxylation and dehydration phenomena 

in the thermograms.  The distinction can be made with the help of differential 

thermogravimetry (DTG) or differential thermal analysis (DTA).109,112  Curve fitting of 

the DTG profile reveals that the desorption of physisorbed water from silica surface is 

complete by 120 °C when heated at a rate of 10 °C min−1 in a 150 ml min−1 nitrogen 

flow.109  However, according to Zhuravlev114,115, the threshold temperature corresponding 

to a complete dehydration and the beginning of dehydroxylation is estimated to be 

190±10 °C, so a small amount of physically adsorbed water remains on the surface up to 

ca. 200 °C.  In addition, it has been shown by NMR techniques that drying at 110 °C not 

only removes the physisorbed water but dehydroxylates some of the silanol groups.116  As 

a conclusion, it seems obvious that the dehydration and dehydroxylation reactions 

overlap to some extent.  

Temperature-programmed desorption (TPD) of pyridine is another potential method for 

determining the distribution of energetically heterogeneous SiOH sites over silica 

surfaces.117-120  The lone-pair electrons of the nitrogen atom in the pyridine ring interact 

strongly with surface SiOH groups through hydrogen bonding.119  Different types of 

SiOH groups (free and hydrogen-bonded) exhibit different activation energies of 

desorption and thus can be differentiated.101 

Solid-state 29Si nuclear magnetic resonance (29Si NMR) experiments employing magic-

angle spinning (MAS) with or without cross polarization (CP) have been shown 

previously to be reliable means for quantitatively characterizing the nature of various 
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solid surfaces, in particular that of amorphous silica.121-127  The fact that the CP process 

discriminates against 29Si nuclei far away from protons makes this technique a sensitive 

method for measuring Si-OH groups.  Relaxation studies in the literature122,124,125 have 

shown that the resonances of those silicons to which OH groups are directly connected, 

and silicons in the attached silane groups (e.g., Si(CH3)3) can be measured quantitatively. 

By means of 29Si CP/MAS NMR spectroscopy the isolated and hydrogen bonded silanol 

species are differentiated from the geminal hydroxyl groups since the former are Q3 

species with a chemical shift of around -100 ppm whereas the latter is Q2 seen at around -

90 ppm.101,123  In addition, the intensities of those silicons which are used for quantitative 

analysis are not affected by the presence of water molecules,125 and therefore preparation 

of a completely anhydrous sample is not a prerequisite.101 

In the 29Si NMR method, the silanol groups on the mesoporous surface are 

derivatized with a substituent that can be detected by 29Si NMR such as the trimethylsilyl 

group.  Silicon atoms in the this moiety show peaks at ~ 12 ppm.  After 

trimethylsilylation, a Q3 silanol is converted to a silicon atom surrounded by four other 

silicons Q4, and thus this will show peaks at around -110 ppm.  The trimethylsilyl silicon 

atom concentration is equal to the silanol concentration, so the peak area relative to the 

total of Q4
 silicons after silylation will present the percentage of silanol silicon atoms or 

at least the percent converted. 

Zhao et al.,101 used trimethylchlorosilane as silylating agent to probe the surface 

hydroxyl groups of MCM-41.  The samples were pre-treated at different calcination 

temperatures prior to silylation.  Due to dehydroxylation, the amount of isolated silanol 

groups increases with the temperature of calcination.  Also the degree of silylation was 
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found to linearly increase with increasing calcination temperature prior to silylation.  The 

IR band at around 3738 cm−1 of the silylated MCM-41 samples decreased with the 

increment of the pre-treatment temperature.  From these observations it was concluded 

that only the isolated and geminal hydroxyl groups on the surface of MCM-41 react with 

the chlorosilane.  However no direct observation leading to this conclusion was given. 

Wouters et al.,128 developed a new, alternative procedure to evaluate the degree of 

silylation from the 29Si MAS NMR spectrum.  The Q2, Q3 and Q4 resonances of MCM-41 

are usually found at around −90 ppm, −100 ppm and −110 ppm respectively, see Table 

2.1.  The silicon atom of the trimethylsilyl group is seen at around 15 ppm.  From the 

relative peak areas of the spectra, the silanol concentration [SiOH] and the degree of 

silylation [Me3Si] per gram of dry MCM-41 (mol/g) can be obtained from the formula:128 

[SiOH] = ((IQ
3 + 2 x IQ

2)/(60 x IQ
4 + 69 x IQ

3 + 78 x IQ
2)) 

[Me3Si] = ((IMe3Si)/(60 x IQ
4 + 69 x IQ

3 + 78 x IQ
2)) 

Ii represents the line intensity of the various silicon lines in the solid state 29Si MAS 

NMR spectrum.  These formulas can be rationalized when it is assumed that each 29Si 

atom has an equal contribution to the intensity, which is the case when proper relaxation 

occurs during the consecutive pulses.  The denominator of both equations relates to the 

chemical composition of the dry MCM-41 sample.  The 29Si MAS NMR signal areas are 

therefore multiplied by the respective molecular weight of Q4, Q3, and Q2.  The 

numerator weighs the Ii lines relative to the dry MCM-41.  Note that the absolute 

intensities of the Si lines are not required.128  No external reference is needed when the 

degree of silylation is determined from the 29Si MAS NMR spectrum. This is in contrast 

to the proton measurement.128 
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1H MAS NMR is a more simple and direct way of measuring the total OH content 

given a known reference sample and can approximately separate the isolated and 

hydrogen-bonded SiOH groups.127  1H MAS NMR is a bulk method able to detect all the 

OH groups in the sample. 

Previously, 29Si–1H CP/MAS NMR spectroscopy of silylated samples was used to 

determine the total silanol content of MCM-41 and amorphous silica.41  The weight gain 

due to silylation is required in this approach.  This can be determined by elemental 

analysis in an additional experiment.  Wouters et al.,128 suggest a method that can provide 

both the amount of silylating agent attached to MCM-41 and the silanol content from a 

single measurement. 

Fourier transform infrared (FT-IR) spectroscopy has been extensively used in previous 

studies to investigate the surface nature of MCM-41, see Table 2.1.41,129,130  Ishikawa et 

al.,129 recently studied the types and concentrations of SiOH groups over mesoporous 

silica FSM-16 (which is similar to MCM-41) using FT-IR and gravimetric methods.  

Both free and hydrogen-bonded SiOH groups, with O-H stretching vibration bands at 

around 3740 and 3600-3500 cm-1, respectively, were observed and the number of SiOH 

groups per nm2, αOH, was determined to be 3.3.  Llewellyn et  al.,130 reported on the 

interaction of water with aluminosilicate MCM-41 and concluded that the αOH was 1.2.  

Jentys et al.,41 reported that besides surface SiOH groups, inside the lattices, Si-OH 

groups can also be detected which gives an IR absorbance at 3715 cm-1.  Though widely 

used, FTIR cannot discriminate between single and geminal Si-OH groups and trapped 

water also is difficult.101 
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Table 2.1. Surface Silanol and Siloxane Types with Their 29Si CP/MAS NMR and FTIR 
Peak Position and Names.113,131 

29Si CP MAS 
NMR 

(Peak Position) 

FTIR Spectra 
(Peak Position) 

Assignment 
(Description) 

Structure 
(Silanol and Siloxane groups) 

Q3 
 

Single 
~ -100 ppm 

Free 
3745±10 cm-1 

(SiO-H ) 
950±10 cm-1 

(Si-OH ) 

Isolated 
(Single) 

 Si

O
H

 

Q2 
 

Geminal 
~ -90 ppm 

Free 
3745±10 cm-1 

(SiO-H ) 
 

Geminal 
Si

OO
H H

 

Q3 
 

Single 
~ -100 ppm 

Bridged 
(Hydrogen-bond) 

3715±5 cm-1 

Weakly 
interacting 

vicinal Si

O
H

Si

O
H

 

Q3 
 

Single 
~ -100 ppm 

Bridged 
(Hydrogen-bond) 

3520±20 cm-1 

Strongly 
interacting 

vicinal Si

O

Si

O
H H

Si

O
H

 

Q3 

 
~ -100 ppm 

Internal 
3650±5 cm-1 

Internal 
silanol 

(Intraglobular) 
--- 

Q4
 

 
~  -110 ppm 

1000-1100 cm-1 
(stretching) 
525±10 and 

460±10  cm-1 
(bending) 

Siloxane 
(–Si–O–Si–) 

 

Si

O

Si Si

O

 
 

 
 

Ultraviolet spectroscopy (UV) is one of the methods that have been used to 

determine the number of reactive hydroxyl (silanol) groups on the silica surface.  In this 

method a titration reagent binds substantially to reactive silanol groups on the silica 



 96

surface through an ionic interaction in a manner that is essentially stoichiometric, and the 

known binding stoichiometry between the titration reagent and reactable silanol groups is 

used to calculate the concentration of reactable silanol groups on the silica surface.  It is 

sometimes desirable to use a titration reagent for which the binding stoichiometry 

between the titration reagent and the reactable silanol groups is known, e.g., a binding 

stoichiometry of 1:1.  In order to achieve a 1:1 binding stoichiometry, the reagent radius 

should not be larger than the midpoint spacing between the silanol groups. 

Methodology can be used to determine the effectiveness of a procedure used to 

modify a silica surface.  For example, the number of free silanol groups in a material can 

be determined before and after chemical modification, and the difference used as a 

measure of the extent of reaction.  Alternatively, the number of free silanol groups can be 

determined prior to modification, and then the extent of modification determined by 

measuring the presence of the functional group that was introduced.  For example, if the 

modifying group includes a thiol moiety, the extent of modification can be determined by 

assaying for thiol content, e.g., by reaction with 5,5'-Dithio-bis(2-nitrobenzoic acid) and 

spectrophometric quantification of the colored product.  In this way, one can determine 

any correlation between the number of reactive silanol groups and extent of modification. 

The term "reactive silanol groups" refers to silanol groups that are on the silica 

surface and positioned in a manner such that they are available for chemical reaction.  

Silanol groups that are not reactive are not detected by this method, and are in most 

instances are not relevant since they will not participate in reactions with modifying 

groups or otherwise affect the chemistry at the silica surface. 
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The titration reagent can be any molecule that is capable of quantitatively binding 

to reactable silanol groups on a silica surface.  Preferably, it is a molecule that is small 

enough that it's binding to a silanol group will not shield adjacent silanol groups on the 

surface from interacting with the titration reagent.  That is, the titration reagent should be 

small enough such that its binding to a reactive silanol group does not substantially block 

any other reactive silanol group on the surface from reaction with another molecule of the 

titration reagent.  Of course, depending upon the steric properties of the molecule, e.g., 

it's 3-dimensional structure, in some cases larger molecules will function effectively. 

In addition, it is preferable that the titration reagent include a group that enables 

detection and quantification of the titration reagent.  Cyclohexylamine is a relatively 

small molecule that can be detected by UV spectroscopy since it absorbs strongly at 226 

nm.  Furthermore, the molecule reacts specifically with the silanol group under 

appropriate conditions, e.g., in the presence of cyclohexane. 

In general, a wide variety of titration reagents can be used.  Some preferred 

examples include cations, which bind to reactive silanol groups through an ionic 

interaction.  Examples are amines that are protonated (positively charged) by silanol 

groups to give ammonium cations.  The amine can be primary, secondary, tertiary or 

quaternary amines, including alkyl quaternary amines. 

When an amine or other cationic titration reagent is used, the molecule should 

include at least one R group that is detectable.  For example, this group can be an 

aromatic ring, e.g., a benzene derivative such as aniline or pyridine, or a detectable 

functional group having conjugated double bonds capable of fluorescence, e.g., 

anthracene, phenanthrene, naphthalene, etc. 
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The silanol titration solution uses titration reagent and a solvent in which the 

reagent is soluble, and in which the reagent binds quantitatively to reactive silanol 

groups.  Typically, the binding should be electrostatic as opposed to covalent binding, 

and the solvent should be chosen accordingly.  Thus, where the titration reagent is 

charged and the interaction electrostatic, the polarity of the solvent should be such that it 

promotes electrostatic interaction, e.g., of low to medium polarity.  Electrostatic 

interactions are enhanced by reduced polarity of the solvent, and reduced when the 

solvent is highly polar and/or contains salt or other charged constituents.  For example, 

this can be achieved with benzenetriethylamine by using a low molecular weight alcohol 

such as methanol as the solvent.  Other solvents of similar polarity could also be used 

provided the titration reagent is sufficiently soluble in the solvent.  In some embodiments 

an aqueous solvent is used with an organic solvent wash.  Regardless, the solvent must 

support the ionic state of the silanol and the titration reagent. 

Detection can be achieved by any of a number of techniques.  As exemplified in 

the examples, one can use a titration reagent with a detectable group that absorbs UV 

radiation.  Other modes of detection could also be used, such as visible, atomic 

absorption, atomic emission, flame emission detection, fluorescence or mass 

spectrometry.  The reagent may detect directly or a detection agent such as a color 

forming reagent may be added to make the displacement reagent detectable. 

The amount of bound titration reagent is determined by detecting the reagent in a 

manner that allows for its quantification.  For example, if the titration reagent is detected 

by absorbance, the absorbance can be used to quantify the amount of titration reagent 

using Beer's Law, which states that there is a linear relationship between absorbance and 
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concentration.  Thus, concentration of reagent can be determined using the absorbance 

coefficient, if that is known.  Alternatively, a standard of known concentration can be 

prepared, and the absorbance of bound titration reagent determined by comparison with 

the standard.  The standard and sample should be tested at a concentration wherein the 

relationship between absorbance and concentration is linear. 

Most of the silica used in chemical applications is synthetic and is generally 

amorphous.  Depending on the method and specific parameters of preparation, certain 

physical properties such as surface area, pore volume, pore size and particle size are to 

some extent controllable.  The number, size and morphology of the pores largely 

influence the water desorption.109  The ratio between the quantities of surface and bulk 

OH groups depends on the pretreatment of the sample and on the size of the silica 

globules.132  According to Zhuravlev’s data133 on over 100 different silica samples, the 

silanol number of totally hydroxylated silica is between 4.2 and 5.7 OH groups/nm2 

regardless of the origin and structural characteristics of silica.  Zhuravlev’s measurements 

were performed using a deuterium-exchange method with mass spectrometric analysis 

which is able to distinguish between the surface and bulk hydroxyls.114,133  Recently, De 

Farias and Airoldi111 showed the TGA method to be a satisfactory way to determine the 

hydroxyl group content of silica samples having different surface areas.  They heated the 

silica samples at a rate of 5 °C min−1 to 1100 °C and calculated the remaining silanol 

groups attached to silica gel at 1100 °C.  The silanol numbers in their samples, which 

were untreated or were rehydroxylated by acid treatments, ranged from 4.3 to 

6.7 OH groups/nm2.111  The silanol numbers determined by the TGA method are larger 
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than the ones determined by deuterium-exchange, because both surface and bulk 

hydroxyls are included. 

2.4. RESEARCH GOALS 

Based on the literature, the intention of this investigate was to synthesize 

mesoporous materials based on MCM-41 in both acidic and basic systems using 

hydrochloric acid to adjust the pH of the reaction in the acidic system and using aqueous 

ammonia in the basic system.  Tetraethylorthosilicate (TEOS) was used as the silica 

source.  In addition, different surfactants were explored including anionic, cationic and 

neutral ones.  The surfactant/silica mole ratio was adjusted in order to optimize the 

properties of the product.  The effect of different organic additives used such as 1,3,5-

trimethylbenzene and decane were also explored.  Temperature and aging time were 

varied from 25 to 100 oC and from 1 to 14 days, respectively. 

A simple method for quantification of the hydroxyl group content in an unknown 

silica sample was also developed.  For this, the OH groups content of a series of different 

types of mesoporous silicas were measured by the adsorption of a proper probe molecule 

such as cyclohexylamine or proton-sponge.  The results were compared those from solid 

state 29Si NMR which served as a reliable reference method. 

Previously, the fact that various stability tests were performed under different 

conditions and that each different synthesis of the same material corresponds a different 

structure with its own properties such as stability and nature of surface makes it difficult 

to systematically compare the different tests on one hand, and the several silica materials 

on the other hand.  Therefore, in this study, focus was placed on the thermal, 
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hydrothermal and mechanical stability of the most important mesoporous materials, in 

particular the mesoporous molecular sieves designated OSU-6 below. 

2.5. EXPERIMENTAL  

2.5.1. Materials 

The chemicals used in this part of the thesis are as follow:  tetraethylorthosilicate 

[(Si(OCH2CH3)4) 98.0%, Aldrich] and tetramethylorthosilicate [(Si(OCH3)4) 98.0%, 

Aldrich] as silica sources.  Cetyltrimethylammonium bromide [(CH3(CH2)15N(CH3)3Br) 

98.0%, Aldrich], n-Hexadecylsulfuric acid, sodium salt [(CH3(CH2)15OSO3
-Na+), 

contains ca. 40% Sodium Stearylsulfate, TCI America], and 1-hexadecylamine 

[(CH3(CH2)15NH2) 90.0%, Aldrich] were the templates (surfactants).  1,3,5-

trimethylbenzene [(mesitylene, (C9H12)) 98.0%, TCI] and dodecane [(C12H26) 99.0%, 

Aldrich] were the organic additives.  Cyclohexylamine [(C6H13N) 99%, Aldrich] and 

proton-sponge [1,8-bis(dimethylamino)naphthalene (C14H18N2), Aldrich] were the probe 

molecules for hydroxyl group determination.  Absolute ethyl alcohol [(C2H6O) 99.5% 

A.C.S. reagent, Pharmco, USA], isopropyl alcohol [(C3H8O) 99.8% HPLC-UV Grade, 

Pharmco, USA], hydrochloric acid (HCl), and distilled water were used as solvents.  All 

chemicals were purchased and used without further purification.  Structures of some 

starting materials are shown in Scheme 2.1. 
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Scheme 2.1. Structures of some starting materials that are used in this research 
 

 

2.5.2. Synthesis Methods 

 Mesoporous molecular sieves with the MCM-41 structure were synthesized using 

a variety of methods in order to find the best approach for obtaining high quality samples.  

The factors affecting synthesis of mesoporous materials based on MCM-41 such as silica 

sources, organic surfactants (templates), silica/surfactant ratios, additives, solvents, 
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temperatures, pH values, aging time, drying process, and template removal were varied 

for different synthetic methods as described in the literature.84 

2.5.2.1. Synthesis of Mesoporous Material (OSU-1) Using Neutral Surfactant  

The mesoporous material OSU-1 was synthesized as described below following 

the reported literature procedure by Tuel et al.,135 with some alteration.  This synthesis 

method involves preparation and mixing of two mixtures.  The first solution is prepared 

by dissolving 7.23g (0.03 mol) of the neutral surfactant 1-hexadecylamine (HDA) in 65 

ml (3.6 mol) of distilled H2O at room temperature in a 250-ml Erlenmeyer flask, 

sonicated for a few minutes and left under magnetic stirring for one hour until a white 

homogenous suspension formed.  At the same time, a second solution is prepared that 

consists of 19.5g (0.1 mol, d = 0.934 g/cm3) of the silica source, tetraethylorthosilicate 

(TEOS), 28 ml (0.6 mol) of ethanol (EtOH) and 6 ml (0.1 mol) of isopropanol (Iso-

PrOH) mixed together in a 250-ml closed Erlenmeyer flask under magnetic stirring at 

room temperature for about 30 minutes.  The two solutions were then mixed at room 

temperature under stirring for about 30 minutes in a 250-ml closed Erlenmeyer flask.  

After 5 minutes of stirring of this mixture, 4 ml of the auxiliary organic mesitylene was 

added as the last ingredient.  This amount of the mesitylene corresponded to 1:1 ratio 

with the surfactant.  After that, the stirring was stopped and the reaction was left to age 

for 14 days at room temperature under static conditions.  The gel compositions were 

SiO2: 6 EtOH: Iso-PrOH: 0.3 HDA: 36 H2O: 0.3 MES.  The resulting white solid was 

recovered by centrifugation, and washed with distilled water and ethanol (three times) in 

order to remove all the residual surfactant and additives using a fine sintered-glass filter 
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funnel.  Then, the synthesized mesoporous material was dried at room temperature under 

vacuum for around 48 hours.  The yield was 24.61g (~ 92%). 

The IR absorptions in cm-1 (KBr) are 3359(w), 3301(w), 2920(s, sh), 2850(s, sh), 

1597(m), 1467(m, sh), 1377(w), 1236(s, br), 1062(s, br), 958(m), and 795(m) cm-1.  

Solid-state 29Si CPMAS NMR δ (ppm) are -91.2(Q2), -100.6(Q3) and -109.8(Q4). 

The resulting material was given the designation OSU-1.  The organic template 

was removed using both the calcination and HCl-ethanol extraction methods.  A small 

amount (1.0g) of the obtained synthesized sample, OSU-1, was taken and washed five 

times with a hot solution of HCl-ethanol in order to remove the surfactant (HDA) and the 

mesitylene.  After washing, the material was dried under vacuum, and then characterized.  

This material was labeled OSU-1-W where W indicates HCl-ethanol washing.  IR (cm-1, 

KBr) are 3746(vs, sh), 3533(m, br), 1863(w), 1692(w), 1642(w), 1213(s, br), 1027(s, br), 

962(m), and 812(m).  Solid-state 29Si CP/MAS NMR δ (ppm) are -91.4(Q2), -101.5(Q3), 

and -109.4(Q4). 

Another part of the synthesized sample, OSU-1 material, was taken and calcined 

by heating in a programmed furnace at 550 0C (according to the TGA result) in air for 12 

hours at rate of 2 oC/min in order to remove the organic species.  After cooling to room 

temperature, the calcined sample was characterized and was designated OSU-1-C where 

C indicates calcination.  IR (cm-1, KBr) are 3743(m, sh), 3635(w, br), 3541(w, br), 

1627(w), 1062(s, br), 976(m), and 808(m).  Solid-state 29Si CP/MAS NMR δ (ppm) are -

100.4(Q3) and -110.6(Q4).   
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2.5.2.2. Synthesis of Mesoporous Silica OSU-2 Using Neutral Surfactant 

The mesoporous material OSU-2 was synthesized following the same preparation 

method used for the synthesis of the mesoporous silica OSU-1 with changing of the 

organic additive.  First, a mixture was prepared by dissolving 7.23 g (0.03 mol) of the 

neutral surfactant 1-hexadecylamine (HDA) in 65 ml (3.6 mol) of distilled H2O at room 

temperature in a 250-ml Erlenmeyer flask, sonicated for a few minutes and left under 

magnetic stirring for one hour until a white homogenous suspension formed.  At the same 

time, a second solution was prepared by mixing 19.5 g (0.1 mol, d = 0.934 g/cm3) of the 

silica source, tetraethylorthosilicate, 28 ml (0.6 mol) of ethanol and 6 ml (0.1 mol) of 

isopropanol together in a 250-ml closed Erlenmeyer flask under magnetic stirring at room 

temperature for about 30 minutes.  The two solutions were then mixed at room 

temperature under stirring for about 30 minutes in a 250-ml closed Erlenmeyer flask.  

After roughly five minutes, 5.0g (0.03 mol) of the auxiliary organic dodecane was added 

to the stirred mixture.  After that, the stirring was stopped and the reaction was left to age 

for 14 days at room temperature under static conditions in the closed Erlenmeyer flask.  

The gel composition was SiO2: 6 EtOH: Iso-PrOH: 0.3 HDA: 36 H2O: 0.3 Dodecane.  

The resulting white solid was recovered by filtration and washed with distilled water and 

ethanol (three times) in order to remove all the residual surfactant and additive.  Then, the 

synthesized mesoporous material was dried at room temperature under vacuum for 

around 48 hours.  The yield of this material, identified as OSU-2, was 24.85g (~ 93%). 

The FT-IR absorptions (cm-1, KBr) are 3359(w), 3293(w), 2918(s, sh), 2850(s, 

sh), 1593(w), 1467(m, sh), 1378(w), 1232(s, br), 1072(s, br), 966(m) and 794(m).  Solid-

state 29Si CP/MAS NMR δ (ppm) are -108.9(Q4), -100.2(Q3), and -89.5(Q2). 
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The organic template was removed using both calcination and HCl-ethanol 

extraction methods.  A small amount (1.0g) of OSU-2 was taken and washed five times 

with a hot solution of HCl-ethanol in order to remove the surfactant and dodecane to give 

the material OSU-2-W.  IR (cm-1, KBr) are 3743(vs, sh), 3530(m, br), 1234(s, br), 

1053(s, br), 978(m), and 806(m).  Solid-state 29Si CP/MAS NMR δ (ppm) are -109.8(Q4), 

-100.4(Q3), and -91.1(Q2). 

Another sample of the OSU-2 silica was taken and calcined by heating in a 

programmed furnace at 550 0C in air for 12 hours at rate of 2 oC/min in order to remove 

the organic components.  After cooling to room temperature, the calcined sample was 

characterized and was designated OSU-2-C (C; calcination).  IR (cm-1, KBr) are 3739(m, 

sh), 3635(w, br), 3541(w, br), 1060(s, br), 946(m), and 807(m).  Solid-state 29Si CP/MAS 

NMR δ (ppm) are -110.4(Q4), -100.8(Q3). 

2.5.2.3. Synthesis of Mesoporous Material Using Cationic Surfactant (OSU-3) 

The mesoporous material OSU-3 was synthesized as described below.  An 

amount of 11 g (0.03 mol) of the cationic surfactant cetyltrimethylammonium bromide 

(CTAB) in 65 ml (3.6 mol) of distilled H2O at room temperature in a 250-ml Erlenmeyer 

flask, was sonicated for a few minutes and left under magnetic stirring for one hour until 

a white homogenous suspension formed.  At the same time, a second solution was 

prepared that consisted of 19.5 g (0.1 mol, d = 0.934 g/cm3) of tetraethylorthosilicate, 28 

ml (0.6 mol) of ethanol (EtOH) and 6.0 ml (0.1 mol) of isopropanol (Iso-PrOH) mixed 

together in a 250-ml closed Erlenmeyer flask under magnetic stirring at room temperature 

for about 30 minutes.  The two solutions were then mixed at room temperature under 

stirring for about 30 minutes in a 250-ml closed Erlenmeyer flask.  4.0 ml (0.03 mol) of 
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the auxiliary organic mesitylene was added after 5 minuets of stirring.  After that, the 

stirring was stopped and the reaction was left to age for 14 days at room temperature 

under static conditions in the closed Erlenmeyer flask.  The gel composition was SiO2: 6 

EtOH: Iso-PrOH: 0.3 CTAB: 36 H2O: 0.3 MES.  The resulting white solid was filtered 

off and washed with distilled water and ethanol (three times) in order to remove all the 

residual surfactant and additive.  Then, the product was dried at room temperature under 

vacuum for around 48 hours to give 28.5g (~ 93.5%) of OSU-3 silica.  The IR 

absorptions (cm-1, KBr) are 3458(m), 2918(s, sh), 2850(s, sh), 1467(m, sh), 1377(w, sh), 

1238(s, br), 1063(s, br), 958(m), 798(m), and 721(m, sh).  Solid-state 29Si CP/MAS NMR 

δ (ppm) are -109.1(Q4), -100.5(Q3), and -88.9(Q2). 

The organic template was removed using both the calcination and HCl-ethyl 

alcohol extraction methods.  A small amount (1.0g) of the OSU-3 was washed five times 

with a hot solution of HCl-ethanol in order to remove the surfactant and mesitylene.  The 

OSU-3-W silica thus obtained.  IR (cm-1, KBr) are 3741(vs, sh), 3526(m, br), 1025(s, br), 

954(m), and 799(m).  Solid-state 29Si CP/MAS NMR δ (ppm) are -109.1(Q4), -101.4(Q3), 

and -91.8(Q2). 

Another sample of the OSU-3 material was converted to OSU-3-C by calcining at 

550 oC in air for 12 hours to remove the organic species.  IR (cm-1, KBr) are 3738(m, sh), 

3628(w, br), 3538(w, br), 1060(s, br), 964(m), and 791(m).  Solid-state 29Si CP/MAS 

NMR δ (ppm) are -110.6(Q4), and -101.1(Q3). 

2.5.2.4. Synthesis of Mesoporous Material Using Anionic Surfactant (OSU-4) 

The mesoporous material OSU-4 was synthesized as described below.  First, the 

surfactant suspension was prepared by dissolving 10 g (0.03 mol) of the anionic 
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surfactant n-Hexadecylsulfuric acid, sodium salt (HDSA) in 65 ml (3.6 mol) of distilled 

H2O at room temperature in a 250-ml Erlenmeyer flask, sonicating for a few minutes then 

magnetically stirred for one hour until a white homogenous suspension formed.  At the 

same time, a second solution was prepared by mixing 19.5 g (0.1 mol) of 

tetraethylorthosilicate, 28 ml (0.6 mol) of ethanol and 6 ml (0.1 mol) of isopropanol 

together in a 250-ml closed Erlenmeyer flask under magnetic stirring at room temperature 

for about 30 minutes.  The two solutions were then mixed at room temperature under 

stirring for about 30 minutes in a 250-ml closed Erlenmeyer flask.  After five minutes, 4 

ml (0.03 mol) of the auxiliary organic mesitylene was added to the stirred reaction 

mixture.  After that, the stirring was stopped and the reaction mixture was left to age for 

14 days at room temperature in a closed Erlenmeyer flask.  The gel composition was 

SiO2: 6 EtOH: Iso-PrOH: 0.3 HDSA: 36 H2O: 0.3 MES.  The resulting white solid was 

recovered by filtration and washed with distilled water and ethanol (three times) in order 

to remove all the residual surfactant and additives.  Then, the synthesized mesoporous 

material was dried at room temperature under vacuum for around 48 hours.  The yield of 

OSU-4 was 27.9 g (~ 94.6%).  The IR absorptions (cm-1, KBr) are 3347(m), 2926(s, sh), 

2850(s, sh), 1466(m, sh), 1449(m), 1370(w), 1243(s, br), 1103(s, br), 1063(s, br), 977(m) 

and 802(m).  Solid-state 29Si CP/MAS NMR are δ (ppm) -109.4(Q4), -100.4(Q3), and -

91.1(Q2). 

The organic template was removed using both calcination and HCl-ethanol 

extraction methods.  1.0g of OSU-4 was washed five times with hot solution of HCl-

ethanol in order to remove the surfactant and the additive.  This gave the material that 

was designated OSU-4-W (W; HCl-ethanol washing).  IR (cm-1, KBr) are 3740(vs, sh), 
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3529(m, br), 1037(s, br), 960(m), and 809(m).  Solid-state 29Si CP/MAS NMR δ (ppm) 

are -109.7(Q4), -99.9(Q3), and -91.6(Q2).   

Another portion of the OSU-4 material was calcined at 550 oC in air for 12 hours 

in order to remove the organic components and produce the silica that was labeled OSU-

4-C (C; calcination).  IR (cm-1, KBr) are 3739(m, sh), 3531(w, br), 1059(s, br), 966(m), 

and 811(m).  Solid-state 29Si CP/MAS NMR δ (ppm) are -110.2(Q4) and -101.1(Q3). 

2.5.2.5. Synthesis of Mesoporous Material Using Neutral Surfactant (OSU-5)  

The mesoporous material OSU-5 was synthesized as described below following 

the same preparation method mentioned above in the synthesis of the mesoporous 

material OSU-1 with some modification in the molar ratio of the reactants, adding of 

organic additive, and use of catalyst.  This synthesis method involves preparation and 

mixing of two mixtures.  The first solution was prepared by dissolving 16.0 g (0.067 mol) 

of the surfactant 1-hexadecylamine (HDA) in 65 ml (3.6 mol) of distilled H2O at room 

temperature in a 250-ml Erlenmeyer flask, sonicating for a few minutes and then stirring 

for one hour until a white homogenous suspension had formed.  An amount of 1.0 M of 

HCl was added to the first mixture as a catalyst and until the pH of the mixture was 

around 4.5.  At the same time, a second solution was prepared by mixing 32.0 g (0.15 

mol) of tetraethylorthosilicate, 28 ml (0.6 mol) of ethanol and 6 ml (0.1 mol) of 

isopropanol in a 250-ml closed Erlenmeyer flask by magnetic stirring at room 

temperature for about 30 minutes.  The two solutions were then mixed at room 

temperature and were stirred for about 30 minutes in a 500-ml closed Erlenmeyer flask.  

After five minutes, 11.0 g (0.067 mol) of the auxiliary organic dodecane was added to the 

stirred mixture.  After that, the stirring was stopped, 100 ml of distilled water was added 
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to the mixture, the flask was swirled to mix, and then the reaction was left to age for 14 

days at 25 oC under static conditions. 

The resulting gel composition was SiO2: 4 EtOH: 0.67 Iso-PrOH: 0.45 HDA: 29.5 

H2O: 0.45 Dodecane.  The resulting solid was recovered by filtration, washed with 

distilled water and ethanol (three times) using a fine sintered-glass filter funnel.  Then, 

the synthesized mesoporous material was dried at room temperature under vacuum for 48 

hours.  Finally, the product was weighed and characterized.  The yield of OSU-5 was 

46.5 g (~ 97%).  IR (cm-1, KBr) are 3356(w), 3305(w), 2923(s, sh), 2853(s, sh), 1597(m), 

1467(m, sh), 1376(w), 1226(s, br), 1080(s, br), 964(m) and 795(m).  Solid-state 29Si 

CP/MAS NMR δ (ppm) are -108.6(Q4), -100.4(Q3), and -90.5(Q2). 

The organic template was removed using both calcination and HCl-ethanol 

extraction methods.  A small sample (1.0 g) of OSU-5 was washed five times with hot 

solution of HCl-ethanol to produce OSU-5-W silica.  IR (cm-1, KBr) are 3746(vs, sh), 

3564(m, br), 1628(w), 1090(s, br), 977(m), and 805(m).  Solid-state 29Si CP/MAS NMR δ 

(ppm) are -109.2(Q4), -100.6(Q3), and -91.4(Q2). 

Another sample of OSU-5 material was calcined at 550 oC in air for 12 hours.  

After cooling to room temperature, the calcined sample was characterized and labeled 

OSU-5-C.  IR (cm-1, KBr) are 3745(m, sh), 3635(w, br), 3533(w, br), 1213(s, br), 1061(s, 

br), 981(m), and 808(m).  Solid-state 29Si CP/MAS NMR δ (ppm) are -110.6(Q4), and -

101.2(Q3). 

2.5.2.6. Synthesis of Mesoporous Material Using Neutral Surfactant (OSU-6) 

The mesoporous material, OSU-6, was formed using neutral primary amine 

micelles and neutral inorganic species via hydrogen-bond interactions at room 
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temperature under acidic conditions.  The neutral surfactant used here is the organic 

primary amine, 1-hexadecylamine (HDA).  The procedure for the synthesis is described 

below and followed the same procedure as that for OSU-1 with some alteration in the 

mole ratio of the reactants, adding of organic additive, and use of catalyst.  The first 

solution was prepared by dissolving 16.0 g (0.067 mol) of the surfactant 1-

hexadecylamine (HDA) in 65 ml (3.6 mol) of distilled H2O at room temperature in a 250-

ml Erlenmeyer flask, sonicating for a few minutes and magnetically stirring for one hour 

until a white homogenous suspension formed.  1.0 M of HCl was added to the first 

mixture until the pH of the mixture was approximately 4.5.  At the same time, a second 

solution was prepared by mixing 32.0 g (0.15 mol) of tetraethylorthosilicate, 28 ml (0.6 

mol) of ethanol and 6 ml (0.1 mol) of isopropanol in a 250-ml closed Erlenmeyer flask 

under magnetic stirring at room temperature for about 30 minutes.  The two solutions 

were then mixed at room temperature with stirring for about 30 minutes in a 500-ml 

closed Erlenmeyer flask.  9.0 ml of the auxiliary organic mesitylene was added to the 

stirred reaction mixture after five minutes.  After that, the stirring was stopped and 100 

ml of distilled water was added to the mixture, the mixture was swirled to mix, and was 

then left to age for 14 days at 25 oC under static conditions. 

The gel composition was SiO2: 4 EtOH: 0.67 Iso-PrOH: 0.45 HDA: 29.5 H2O: 

0.45 MES.  The resulting solid was recovered by filtration, washed with distilled water 

and ethanol (three times) using a fine filter funnel.  Then, the synthesized mesoporous 

material was dried at room temperature under vacuum for 48 hours.  The yield of OSU-6 

was 44.85 g (~ 93.5%).  IR (cm-1, KBr) are 3734(w), 3291(s, br), 2926(s, sh), 2855(s, sh), 

1624(w), 1588(m), 1489(m), 1465(m, sh), 1378(w), 1192(s, br), 1074(s, br), 949(s), 
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807(s), 682(w), and 562(m).  Solid-state 29Si CP/MAS NMR δ (ppm) are -110.7(Q4), -

100.9(Q3), and -91.6(Q2). 

The organic template was removed using both the calcination and HCl-ethyl 

alcohol extraction methods.  1.0 g of OSU-6 was washed five times with a hot solution of 

HCl-ethanol in order to remove the organic components.  The product after washing was 

characterized and designated OSU-6-W.  IR (cm-1, KBr) are 3746(vs, sh), 3548(m, br), 

1633(w), 1206(s, br), 1031(s, br), 976(m), 813(m), and 704(w).  Solid-state 29Si CP/MAS 

NMR δ (ppm) are -109.7(Q4), -101.4(Q3), and -90.3(Q2). 

Another sample of OSU-6 material was calcined at 550 oC in air for 12 hours to 

remove the organic species.  After cooling to room temperature, the calcined sample was 

characterized and is referred to as OSU-6-C.  IR (cm-1, KBr) are 3744(m, sh), 3635(w, 

br), 3508(w, br), 1625(w), 1201(s, br), 1057(s, br), 975(m), and 805(m).  Solid-state 29Si 

CP/MAS NMR δ (ppm) are -109.5(Q4), and -101.6(Q3). 

2.5.3. Removal of Organic “Templates” from As-Synthesized Mesoporous Materials 

The organic “template” molecules were removed by contacting the synthesized 

mesoporous samples three to five times with a 1.0 M HCl solution in ethanol at 70 °C for 

about one hour or with a 1.0 M HCl solution in diethyl ether at 25 °C.  The solid-to-liquid 

ratio was 100 ml/g.84  The second method was to calcine the mesoporous materials at the 

temperature required for complete removed of the organics as referred by TGA 

analysis.1,2  Each method has different advantages and disadvantages.  For example, the 

calcination method will lead to highly condensed mesoporous materials that 

unfortunately have low hydroxyl group concentration on the surface.  The washing 
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method provides higher hydroxyl group concentration but decreased degree of 

condensation. 

Notably, if the main objective of the synthesis of these materials is to modify 

them with functional groups, then the first method, extraction with HCl/ethanol, will be 

recommended in order to maximize the number of available surface silanol groups in 

purely siliceous mesoporous materials.  The alternative surfactant removal methods, 

calcination and heating/washing, lead to condensation of silanol groups, resulting in 

fewer anchoring sites. 

2.6. CHARACTERIZATION OF THE AS-SYNTHESIZED MESOPOROUS 

MATERIALS   

 There are a wide variety of techniques available for the characterization of 

mesoporous silicas.  In general, they can be divided into two distinct areas; (i) 

characterization of the physical structure, (ii) chemical characterization.  Thus, through 

the combination of several techniques, an accurate picture of the mesoporous silicas can 

be obtained.  In this section a range of the most commonly used techniques will be 

discussed briefly. 

The mesoporous materials were characterized using a variety of techniques.  The 

X-ray powder diffraction (XRD) patterns were obtained on a Bruker AXS D-8 Advance 

diffractometer using Cu K  radiation (λ = 0.154056 nm) at 40 kV and 30 mA within the 

2θ range of 1.2 to 10 .  The samples were prepared as a thin, flat layer in a plastic holder.  

The main index peak (100) of MCM-41 appears at around 2 degrees (2θ), and the other 

index peaks (110) and (200) are at around 3 and 5 degrees (2θ), respectively.  Data were 
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collected with the resolution of 0.02o with step time of 8.2 sec. at 25 oC.  The interplanar 

spacing (d, nm) was calculated using Bragg’s equation of the formula: 

d100 = λ / 2 · Sin θ 

where d100 is the interplanar distance (nm), λ is a wavelength of Cu Kα radiation and θ is 

the position of the first low-angle peak (degrees).  By using the main index peak position, 

the pore size of MCM-41 can be calculated by the following equations: 

d100 = λ / 2 · Sin θ100 

a = 2 (√3) d100 – 1(nm) or a = 2 d100 /(√3) 

where a is the pore size in nanometers (nm).  The wall thickness can be calculated by 

determining the difference between the lattice parameter determined by X-ray diffraction 

and the pore size obtained by nitrogen adsorption analysis. 

The diffuse reflectance infrared Fourier transform (DRIFT) spectra were recorded 

on a Nicolet Magna 750 FTIR.  The spectra were collected for all samples in the range 

from 400 to 4000 cm-1.  The samples were ground powders diluted with potassium 

bromide in an approximate ratio of 1:4. 

Thermogravimetric analyses (TGA) were performed on a Seiko ExSTAR 6200 

TG/DTA instrument using between 2 mg and 30 mg samples and a flow of dry air of 100 

ml/min.  The temperature was ramped from 25 oC to ~ 800 oC at a rate of 2 oC/min.  Bulk 

pyrolyses at different temperatures were executed in ambient air in a temperature-

programmable muffle furnace employing a temperature ramp of 2 oC/min.   

Textural properties (surface areas, pore sizes, pore volumes, and pore size 

distribution) were determined at -196 °C using Brunauer-Emmett-Teller (BET)139,140 

multilayer nitrogen adsorption method in a conventional volumetric technique by a 
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Quantachrome Nova 1200 instrument and Quantachrome Autosorb-3B automated gas 

adsorption system.  All samples were degassed for 16 h at 100-150 oC prior to adsorption.  

This temperature range was chosen from the TGA data in order to avoid the degradation 

of the immobilized surface groups or templating organic molecules while at the same 

time removing adsorbed gases and water.  The surface area was calculated using the BET 

six-point surface area measurement method based on adsorption data in the partial 

pressure (P/Po) range 0.05 to 0.3 and the pore volume was determined from the amount 

of N2 adsorbed at P/Po = ca. 0.99.  The calculation of pore size was performed using the 

Barrett-Joyner-Halenda (BJH) method applied to the adsorption data of the N2 sorption 

isotherms.139,140 

A JEOL JXM 6400 Scanning Electron Microscope (SEM) equipped with an Evex 

Analytical Imaging System was used to study the morphology, shape, and size of the 

particles of the synthesized mesoporous materials.  The SEM was operated at 

accelerating voltages between 10 kV to 25 kV and working distances from 8 to 48 mm.  

The magnification range from 100x to 30000x.  Samples were mounted using a 

conductive carbon double sided sticky tape (Scotch brand) on an aluminum stub.  A thin 

(ca. 10 nm) coating of gold/palladium was deposited onto the samples in order to reduce 

the effects of charging, using a Balzers MED 010 sputter coater. 

A JEOL JEM 100 CX II Transmission Electron Microscope (TEM) was used to 

study the shape, and size of the pores of the mesoporous materials.  The TEM was 

operated at a voltage of 80 kV with a modified specimen stage with objective lens 

parameters Cs (spherical aberration coefficient) = 0.41 mm and Cc (chromatic aberration 

coefficient) = 0.95 mm, giving an interpretable point resolution of ca. 0.185 nm.  
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Samples for analysis were prepared by placing a small amount of the mesoporous 

material samples into a Beam capsule.  Each capsule was then filled top with Polybed 

812 resin and polymerized at 60 oC for 48 hours in a polymerization oven.  The blocks 

were sectioned in thin sections of about 70 nm thickness using a Sorvall MT 5000 

Ultramicrotome with a Diatome diamond knife.  The sections were taken and placed on 

150 mesh Formvar-coated nickel grids.  The images were recorded at magnifications 

ranging from 58000X to 190000X.   

Solid-state 29Si nuclear magnetic resonance (NMR) spectra were recorded on a 

Chemagnetics CMX-II solid-state NMR spectrometer operating at resonance frequencies 

of 59.79 MHz for 29Si nucleus.  Several signals are typically observed in the 29Si NMR 

spectra which correspond to silicon atoms in different chemical environments.  29Si 

CP/MAS NMR spectra of silicate show distinct resonances for siloxane [Qn = 

Si(OSi)n(OH)4 – n, n = 2–4] and organosiloxane [Tm = RSi(OSi)m(OH)3 – m, m = 1–3] 

centers, such as siloxane Q4 [(≡Si-O-)4Si*] (ca. -110 ppm), single silanol Q3 [(≡Si-O-

)3Si*-OH] (ca. -100 ppm), geminal silanol Q2 [(≡Si-O-)2Si*(-OH)2] (ca. -90 ppm) or 

silicon from attached alkylsilane ligands – M [(≡Si-O-)Si*(R)R’
2].  The single pulse 29Si 

NMR experiment is equally sensitive to all silicon atoms and can provide information 

about the ratio between siloxane (Q4) and silanol (Q3) groups in different samples.  

Measurements were performed at room temperature with a Chemagnetics CMX-II solid-

state NMR spectrometer 5 mm double resonance magic-angle spinning probe and the 

chemical shifts are given in ppm from external tetramethylsilane.  The 29Si cross-

polarization/magnetic-angle spinning (CP/MAS) experiments were 1000-2000.  The 29Si 

CP/MAS spectra were acquired in a 5.0 mm zirconia rotor spinning at 6 kHz utilizing a 
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quasi-adiabatic cross-polarization pulse sequence using a 5.0 s pulse delay, a 9.0 ms 

contact time, a 7.0 μs pulse width and at least 3000 scans.  Proton decoupling was used 

during acquisition.136 

Ultraviolet-visible spectra were recorded on a Perkin Elmer UV/VIS spectrometer 

Lambda EZ 201 in the range 200-800 nm using 10 mm quartz cuvettes. 

Thermal, hydrothermal and mechanical stabilities of the as-synthesized 

mesoporous materials were determined using nitrogen adsorption and small-angle X-ray 

diffraction (XRD) measurements after employing thermal tests up to 1000 oC, 

hydrothermal tests in boiled water up to 35 hours, and compression pressures from 111 to 

555 MPa. 

The mesoporous MCM-41 materials were pyrolyzed in a temperature 

programmable, muffle furnace under ambient air at temperatures that corresponded to 

completion of decomposition steps observed by TGA experiments.  The solid product 

obtained at every thermal decomposition step was characterized by FTIR and XRD 

analyses. 

2.7. DETERMINATION OF ADSORPTION PARAMETERS 

 Specific surface areas of the materials under study were calculated using the BET 

method.137,138  These calculations were performed via computer according to the 

following linear equation: 

P/Po

X (1 - P/Po). = 1
Xmonolayer C.

(C - 1)
Xmonolayer C. (P/Po).+

 

where X is the amount adsorbed at the relative pressure, (P/Po), Xmonolayer is the monolayer 

capacity, and C is an empirical constant.  Solving this equation requires plotting 

(P/Po)/(X(1-P/Po) vs. (P/Po), where X and (P/Po) are the values that are measured by 
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instrument.  The slope of the straight line (the adsorption points are selected in the region 

of the monolayer formation) is equal to (C-1)/(Xmonolayer . C) and the intercept is 

1/(Xmonolayer . C). The adsorption data in a narrow range of relative pressures (P/Po = 0.05 

– 0.3) were used to calculate the surface area (SBET, m2/g).  In order to avoid overlapping 

with the capillary condensation step, which can appear at the relatively low pressures for 

modified samples, the pressure in some cases were adjusted to the range (P/Po = 0.05-

0.15).  The two equations, slopes and intercepts, can be solved and find the C and 

Xmonolayer values.  The BET surface areas (SBET, m2/g) were calculated using the following 

equation:  

SBET = Xmonolayer . (NAvogadro / Vmolar) . SN2 

where Xmonolayer (m3 STP/g) is the BET monolayer capacity, NAvogadro is the Avogadro 

number (6.022 X 1023 mol-1), Vmolar is the molar volume of gas at STP (0.0224 m3/mol) 

and SN2 is the nitrogen cross-sectional area (1.62 X 10-19 m2).  The nitrogen cross-

sectional area (SN2) was previously calculated using the density of liquid nitrogen and an 

assumption of the ideal surface in the bulk liquid.139   

 The total pore volume was evaluated from the total volume of nitrogen adsorbed 

at the relative pressure close to unity (P/Po = 0.99), assuming that the pores are then filled 

with liquid adsorbate. 

 Differential pore size distributions were evaluated from adsorption branches of 

nitrogen isotherms using the BJH method with the corrected form of the Kelvin equation 

for capillary condensation in cylindrical pores: 139-141 

r(P / Po) t(P / Po)
Log(P / Po)

= + +0.416 0.3
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where r is the pore radius in nm, P is the equilibrium vapor pressure, Po is the saturation 

vapor pressure, t(P/Po) is the statistical film thickness curve (t-curve) as a function of the 

relative pressure (P/Po) and an additional term in the above equation (equal to 0.3) 

denotes empirical correction made in the Kelvin equation.141  The position of the peak 

maximum on the pore size distribution is referred as the pore width (w, nm). 

2.8. DETERMINATION OF SILANOL GROUPS (Si-OH) ON THE SURFACE  

 The surface species are essential for the silylation reaction.  Due to the different 

synthetic procedures for preparation of the mesoporous materials, a high variability in the 

amount of hydroxyl species is observed.  As mentioned earlier, there are many different 

methods to determine the concentration of silanol groups on the mesoporous materials 

such as solid state 29Si NMR and UV-Vis spectroscopy.  In this study two different 

methods were employed; first one is the UV-Vis. method employing two different 

probing molecules (Cyclohexylamine and proton-sponge), and the second method is 29Si 

CP/MAS NMR. 

2.8.1. Cyclohexylamine as Determination Probe for the Hydroxyl Groups 

The total hydroxyl (silanol) groups content in the synthesized mesoporous 

materials were calculated from the Langmuir adsorption isotherm using cyclohexylamine 

as an adsorbate (a titration agent).  The concentration of non-adsorbed base in 

equilibrium with the concentration of the adsorbed base on the surface of solid (C) was 

determined from the difference in the UV absorption before and after the adsorption of 

the titrating agent on the mesoporous surface.  A solution of approximately 4.3 x 10-3 M 

cyclohexylamine in cyclohexane (λmax ≈ 226 nm) was prepared.  A sample of 10 ml of 

the cyclohexylamine solution was added to a specific amount of mesoporous material in a 
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20-ml glass vial.  This mixture was then stirred for 12 hours, then filtered using a syringe 

filter of 0.45 μm after which the UV absorption was measured at the λmax of the 

cyclohexylamine solution to give the equilibrium concentration (C) and the amount of the 

base adsorbed per gram of the mesoporous material (X).  The number of acidic sites, 

hydroxyl groups, on the surface of the mesoporous expressed in µmol/g is equal to the 

amount of the adsorbate adsorbed by the mesoporous material to form a monolayer (Xm), 

which is equal to the reciprocal of the slope of the straight line obtained from the plot of 

C/X versus C according to the Langmuir equation: 

C/X = C/ Xm + b/ Xm 

where b is a characteristic constant of the adsorbent under study state which can be 

determined experimentally by dividing the intercept by the slope. 

2.8.2. Proton-Sponge as Determination Probe for Hydroxyl Group 

The total numbers of hydroxyl groups (silanol) on the surface of the synthesized 

mesoporous materials were determined from the Langmuir adsorption isotherm using 

proton-sponge as an adsorbate (a titration agent).  Unlike cyclohexylamine, proton-

sponge will not react with Lewis acid sites and so can give a more accurate measure of 

silanol concentration.  The concentration of non-adsorbed base in equilibrium with the 

concentration of the adsorbed base on the surface of solid (C) was determined from the 

difference in the UV absorption before and after the adsorption of the titrating agent on 

the mesoporous surface.  A solution of approximately 1.0 x 10-4 M proton-sponge in 

cyclohexane (λmax ≈ 328 nm) was prepared.  A sample of 10 ml of the proton-sponge 

solution was added to a specific amount of mesoporous material in a 20-ml glass vial.  

This mixture was then stirred for 12 hours, the mixture was filtered off using syringe 
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filters of 0.45 μm and then the UV absorption was measured at the λmax of the proton-

sponge solution (λmax ≈ 328 nm) to give the equilibrium concentration (C) and the 

amount of the base adsorbed per gram of the mesoporous material (X).  The number of 

acidic sites on the surface of the mesoporous expressed in µmol/g is equal to the amount 

of the adsorbate adsorbed by the mesoporous material to form a monolayer (Xm), which is 

equal to the reciprocal of the slope of the straight line obtained from the plot of C/X 

versus C according to the Langmuir equation. 

2.8.3. Solid State 29Si CP/MAS NMR 

By means of 29Si MAS NMR spectroscopy the total hydroxyl (silanol) groups can 

be determine using Wouters et al.,128 technique.  The samples were pre-treated 

(evacuated) prior to measurement.  The procedure to evaluate the total amount of 

hydroxyl groups is developed from the 29Si MAS NMR spectrum makes use of the 

relative peak areas of the spectra at Q2, Q3 and Q4 that are usually found at around −90 

ppm, −100 ppm, and −110 ppm respectively.  From these data, the silanol concentration 

[SiOH] per gram of dry MCM-41 (mol/g) can be obtained from the formula:128 

[SiOH] = ((IQ
3 + 2 x IQ

2)/(60 x IQ
4 + 69 x IQ

3 + 78 x IQ
2)) 

Ii represents the line intensity of the various silicon lines in the solid state 29Si MAS 

NMR spectrum. 

2.9. THERMAL, HYDROTHERMAL, AND MECHANICAL STABILITIES 

STUDIES 

The as-synthesized mesoporous materials were subjected to thermal, 

hydrothermal and mechanical studies in order to investigate their abilities to withstand 
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conditions such as high temperature environments, hydrothermal reactions with water at 

elevated temperature, or compression into a pellet form. 

2.9.1. Thermal Stability Investigation 

 In this investigation, the as-synthesized mesoporous materials were subjected to 

heat (calcination) in air at different temperatures based on the TGA results.  All samples 

were calcined at a heating rate of 2 oC/min and kept at the end temperature for 8 hours.  

The product after each calcination temperature was characterized using two different 

techniques; the XRD and surface area analysis (BET) in order to differentiate between 

the final and starting mesoporous materials and identity thermal stability limit at which 

their framework collapses, See Table 2.2. 

 
 
Table 2.2. Effect of thermal treatments on the surface area (BET) and pore diameter. 

Temperature (oC) Sample 25 550 750 850 900 950 

OSU-6-W 1283a 
51.1b 

1180a 
47.8b 

1023a 
44.3b 

862a 
41.7b 

491a 
31.2b 

125a 
26.1b 

OSU-6-C 1211a 
47.2b 

1196a 
45.6b 

1066a 
43.1b 

897a 
38.7b 

578a 
33.6b 

231a 
24.8b 

a Surface area in m2/g and b pore diameter in Å. 
 
 

2.9.2. Hydrothermal Stability Investigation 

Hydrothermal stability tests were carried out for all the mesoporous materials.  

This study was done by boiling them in distilled water for times ranging from 1 hour to 

35 hours, see Table 2.3.  The product at each set time was characterized after drying by 

XRD and surface area measurements.  This study identifies the effects of hydrothermal 

reactions and determines the hydrothermal stability limit of these materials before their 

framework re-hydrolyzed and collapses. 
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Table 2.3. Hydrothermal effects on the surface area (BET) and pore diameter. 
Time of boiling Treatment (hour) Sample 0 10 20 25 30 35 

OSU-6-W 1283a 
51.1b 

1176a 
43.8b 

1064a 
39.6b 

928a 
37.2b 

618a 
28.4b 

168a 
16.5b 

OSU-6-C 1211a 
47.2b 

1188a 
45.1b 

1104a 
42.6b 

978a 
39.2b 

818a 
33.4b 

568a 
26.5b 

a Surface area in m2/g and b pore diameter in Å.   

 

It is conceivable that water adsorbed onto silanol groups causes the hydrolysis of 

nearby Si–O–Si bonds, resulting in the collapse of the ordered structure.  The enhanced 

hydrophobicity of the surface resulting from the decreased density of silanol groups is 

favorable for hindering attack by water, and protect those Si–O–Si bonds from 

hydrolysis, resulting in a significant increase in hydrothermal stability.142 

2.9.3. Mechanical Stability Investigation 

Mechanical tests were performed by pelletizing each synthesized mesoporous 

powder sample into a die with a diameter of 13 mm at a pressure range from 111 to 555 

MPa, see Table 2.4.  The pressure was increased in steps of 111 MPa and was kept 

constant for 2 min.  After that these compressed materials were characterized by the XRD 

and surface area analysis (BET).  It is not surprising that the much thicker pore walls and 

the highly polymerized walls are less affected by this systematic mechanical cleavage 

process. 

 
Table 2.4. Mechanical pressure effect on the surface area (BET) and pore diameter. 

Pressure Applied (MPa) Sample 0 111 333 444 500 555 

OSU-6-W 1283a 
51.1b 

1062a 
47.3b 

968a 
44.6b 

721a 
41.4b 

486a 
38.2b 

223a 
32.3b 

OSU-6-C 1211a 
47.2b 

1182a 
45.9b 

1048a 
44.9b 

866a 
42.3b 

529a 
41.6b 

292a 
39.3b 

a Surface area in m2/g and b pore diameter in Å. 
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2.10. RESULTS AND DISCUSSION 

 All of the synthesized mesoporous silicas have the hexagonal structure of MCM-

41.  However, they show slight differences in surface areas, pore sizes (diameters), pore 

size distributions, and wall thicknesses.  Of all of the synthesized materials, OSU-6, 

OSU-6-W, and OSU-6-C will be discussed in detail in this chapter due to their unique 

characteristics as will be seen later. 

2.10.1. Identification of the Textural Properties (Physical characterization) 

The physical structure of silica gel (high surface area, large pore volume, etc.) is 

one of the major reasons for its effectiveness as a catalyst support material and a 

chromatography media.  However, these features can be altered significantly during 

preparation (i.e. change in pH, temperature, use of template, etc.).  Variations in surface 

areas, pore volumes and pore sizes (as well as their distribution) have a significant effect 

on the resulting material.  It is therefore necessary to accurately characterize the physical 

nature of the resulting material. 

I. X-ray Diffraction Measurements (XRD) 

The quality of X-ray powder diffraction (XRD) patterns reported in the literature 

for MCM-41 varies widely.1-4,54  In general, line widths of the XRD patterns increase 

upon calcination, indicating a loss of long-range structural order.  Variability in the long-

range structural order greatly inhibits not only the interpretation of spectroscopic or other 

characterization studies of these novel materials, but also restricts practical applications 

requiring structural integrity.1-4 

Typical XRD patterns of all the OSU samples obtained in this research before 

calcination or/and washing with HCl-ethanol exhibited XRD patterns with a very intense 
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(100) diffraction peak and two weak (110) and (200) peaks, which are characteristic of 

the hexagonal, MCM-41 type, phase.1,2  High intensities of the higher-order diffraction 

peaks were observed for all of the mesoporous silicas prepared in this investigation.  This 

can originate from two sources, as explained by Schüth et al.,143  First, a high ratio of 

pore size versus wall thickness produces higher relative intensities for higher-order 

diffractions.  In the case of the materials synthesized here, the wall thickness is almost 

half the pore size.  Second, these relative intensities are also influenced by the roughness 

of the pore walls.  In the OSU materials, this roughness can be considered to be quite 

small due to the small amount or absence of micropores near the wall surface as indicated 

from the surface area analysis.  A low microporosity (as in our samples) will result in 

high relative intensities. 

XRD patterns for the as-synthesized mesoporous materials, OSU-6, (surfactant-

containing), calcined (OSU-6-C), and HCl-ethanol extracted (OSU-6-W) are shown in 

Figure 2.3.  They feature three well-resolved intense reflections despite the fact that the 

patterns were recorded on a powder diffractometer using rather short counting times (one 

hour for scan from 2θ from 1.2° to 10°) and therefore the background noise was relatively 

large. 

The as-synthesized OSU-6 has three diffraction peaks that correspond to d-

spacings of 100, 110, and 200 of 62.70, 34.62, and 25.24 Å.  In the case of calcined OSU-

6, the XRD shows three diffraction peaks corresponding to the d-spacing of 100, 110, and 

200 with intensities for the strong peak at 59.10 Å and for the two weak peaks at 28.36 

and 18.14 Å. 
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Figure 2.3. Powder XRD patterns for as-synthesized OSU-6, calcined OSU-6-C, and 
HCl/ethanol extracted OSU-6-W samples.  The spectra are shifted vertically for clarity. 

 

 

In the HCl-ethanol extracted (OSU-6-W) these three diffraction peaks 

corresponding to the d-spacing of 100, 110, and 200 occur at 62.4, 31.70, and 21.74 Å, 

respectively.  The intensity of the d100 reflection in HCl-ethyl alcohol extracted sample is 

higher than that of the calcined sample while the as-synthesized sample shows higher 

intensity than both samples.  Thus, the removal of the template by HCl-ethanol extraction 

preserves pore of the crystallinity of the mesoporous materials.  The decrease in the 

intensity (lower d100 value) is expected because the HCl-ethanol extraction of the 
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surfactant leads to some condensation, especially, acid-catalyzed condensation of silanol 

is well known. 

The main index peak position of the hexagonal unit cell was used to calculate the 

pore size of the mesoporous material using the following equations; 

d100 = λ / 2 · sin θ100 

a = 2 d100 /(√3) 

The pore sizes calculated using the above equation for the three mesoporous 

samples are shown in Table 2.5.  The differences in the pore sizes indicate a lattice 

contraction of about 0.3 Å upon extraction of surfactant using HCl-ethanol mixture and 

also the results indicate a lattice contraction of about 3.6 Å upon calcination at 550 oC.  

These results show an agreement with the fact that calcination will increase the 

condensation degree and lead to the shrinkage of the frameworks. 

For all samples under study, the unit cell contraction upon washing and 

calcination was small (below 10%, see Table 2.5).144 

II. Nitrogen Adsorption-desorption Measurements (BET) 

The BET specific surface area, SBET, calculated using nitrogen adsorption data in 

the relative adsorption range from 0.04 to 0.2 was used to avoid inclusion of the data 

points considerably affected by the capillary condensation in primary mesopores of the 

sample.145 

Nitrogen adsorption/desorption isotherms measurements (surface areas, pore 

sizes, pore size distribution, and pore volumes) of all the calcined samples and the HCl-

ethanol extracted ones are shown in Table 2.5. 
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Table 2.5. Textural Properties Determined from Nitrogen Adsorption-Desorption 
Experiments at 77 K and XRD Powder Measurements. 

Sample 
Specific 

surface area 
(m2/g)a 

Total pore 
volume 
(cm3/g)b 

Average 
pore size     

(Å)c 

d100 
(Å)d 

Wall 
Thickness 

(Å)e 
OSU-1-W 1063 0.96 47.2 54.6 15.8
OSU-1-C 988 0.74 41.6 50.1 16.2 
OSU-2-W 1022 0.93 46.6 53.5 15.2 
OSU-2-C 964 0.69 40.9 48.9 15.6 
OSU-3-W 1051 0.96 44.3 54.2 18.3 
OSU-3-C 1036 0.86 42.1 53.0 19.1 
OSU-4-W 1089 0.95 45.1 55.3 18.7 
OSU-4-C 1073 0.90 43.4 53.9 18.9 
OSU-5-W 1167 1.10 48.6 58.2 18.6 
OSU-5-C 1123 0.92 44.3 55.6 19.9 
OSU-6-W 1283 1.24 51.1 62.4 20.9 
OSU-6-C 1211 0.98 47.2 59.1 21.1 

a Specific BET surface area.  b BJH desorption cumulative pore volume of pores between dp = 15 
Å and 200 Å; all samples were pretreated at 100-150 oC under vacuum.  C Pore diameter 
according to the maximum of the BJH pore size distribution calculated from the desorption 
branch of the isotherm.  d d index at Miller Index of 100 in the XRD.  e wall thickness from the 
difference between pore diameter and lattice dimension (a). 

 

 

All the materials prepared in this investigation show high surface areas (BET) 

ranging from 900 m2/g to 1300 m2/g, the largest surface areas in this list of materials are 

OSU-6-W and OSU-6-C which were prepared using neutral surfactant (n-

hexadecylamine) and 1,3,5-trimethylbenzene as an additive.  OSU-6-W and OSU-6-C 

have the highest surface areas of all mesoporous materials prepared in this investigation 

and considered as the highest and much better quality among all MCM-41 mesoporous 

materials.1-4,40,100 
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Figure 2.4. Nitrogen adsorption-desorption isotherms at 77 K obtained on Ethanol-HCl 
washed mesoporous OSU-6-W and calcined mesoporous OSU-6-C.  The isotherm data 
are shifted vertically for the sake of clarity. 
 
 

Figure 2.4 shows the adsorption-desorption isotherm of the HCl-ethanol washed 

OSU-6-W and calcined OSU-6-C materials.  Figure 2.4 enables the calculation of the 

specific surface areas, pores volume, and pore size distributions.  The nitrogen adsorption 

by OSU-6-W and OSU-6-C at relatively low pressures, P/Po, is from the adsorption of a 

monolayer of N2 on the walls of the mesopores and there is no evidence of any 

micropores presence.  It shows a typical reversible type IV adsorption isotherm as 

defined by IUPAC.146  The sharp inflection between relative pressure P/Po = 0.3 and 0.4 
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corresponds to capillary condensation within uniform mesopores.  The sharpness of this 

step reflects the uniformity in the pore size distribution.  Also, the fact that the initial 

region can be extrapolated back to the origin confirms the absence of any detectable 

micropore filling at low P/Po.  Therefore, a very uniform mesoporous system without 

micropore structure is observed in the HCl/EtOH washed and calcined samples.  The 

adsorption and desorption cycle did not show large hysteresis loops which can be 

attributed to the small size of the particles as confirmed by SEM and TEM as we will see 

later.145,147,148 

The BJH plot of the derivative of the pore volume per unit weight with respect to 

the pore diameter (dV/dD) versus the pore diameter is shown in Figure 2.5.  The pore size 

distribution of this sample is very narrow (FWHM = 3.5 Å) and the average pore 

diameter is 51.1 and 47.2 Å for OSU-6-W and OSU-6-C, correspondingly. 
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Figure 2.5. Pore size distributions of the two samples, OSU-6-W (max at 51.1 Å) and 
OSU-6-C (max at 47.2 Å), calculated by the Barrett–Joyner–Halenda method. 
 
 
 

Combining the results from XRD and N2 adsorption/desorption, the prepared 

mesoporous materials have pore sizes of ~ 51.1 Å and wall thickness of ~ 20.9 Å for 

OSU-6-W and ~ 47.2 Å and wall thickness of ~ 21.1 Å for OSU-6-C.   

The pH of the initial synthesis had an effect on the final products.  The XRD 

patterns in Figure 2.3 show that at pH ≈ 4.5, only the mesophase with hexagonal array 

was obtained.  At pH higher than 11.0, we could not obtain any mesophase structures, 

indicating that at high pH the silica frameworks dissolve faster than the polymerization or 

precipitation of silicas.  Therefore, the synthesis and formation of mesoporous materials 

depend on the initial pH of the synthesis gels. 
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III. Thermogravimetric Analysis (TGA) 

The TGA results for the as-synthesized mesoporous materials are illustrated in 

Figure 2.6.  This sample shows three distinct weight loss steps.  The first weight loss step 

at 25-120 oC (~ 4.5% lost) is due to desorption of water and alcohol.  The second weight 

loss step between 120 and 220 oC (~ 33.5% lost) is indicating the combustion and 

decomposition of the organic template and the additive.  The third step at above 220 oC 

(~ 15% lost) and believed to be related to water losses upon condensation of hydroxyl 

(silanol) groups to form siloxane bonds. 
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Figure 2.6. TGA of the as-synthesized mesoporous, OSU-6, the HCl/EtOH washed 
mesoporous OSU-6-W, and the calcined mesoporous OSU-6-C. 
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The TGA results for the calcined (OSU-6-C) and HCl-ethanol (OSU-6-W) 

mesoporous materials are also illustrated in Figure 2.6.  The calcined sample shows a 

small change in weight and is present in this figure in order to compare with the TGA of 

the mesoporous sample after removing of the surfactant with the HCl-ethanol extraction 

method.  In the TGA curve of the latter sample there are three distinct weight loss steps.  

The first weight loss step at 25-150 oC (~ 3.0% lost) is due to desorption of water and 

alcohol on the surface and inside the pores.  The second step at around 150 oC (~ 4.5%) is 

assumed to be associated with water inside the pores or to the condensation of silanol 

groups on the surfaces.  The third step at around 240 oC (~ 14.5%) is believed to be 

related to water losses upon condensation of silanol groups to form siloxane bonds.  This 

result confirms the presence of high concentration of silanol groups in the mesoporous 

silica prepared by removing the surfactant using HCl-ethanol extraction method. 

 The TGA results of the unwashed sample and the HCl-ethanol washed sample 

indicate evidence for the presence of the silanol groups in the washed sample.  Moreover, 

it confirms that the third step in the TGA analysis of unwashed samples is related to the 

condensation of silanol groups and losing of water molecules. 

The thermogravimetric curves of the six mesoporous silicas studied are depicted 

in Figure 2.7.  As previously established, there are three distinct mass loss steps in the 

TGA traces for the silicas.109  The first step is gradual and is most probably due to the 

removal of physisorbed water from the silica surface.  The second step is abrupt and is 

believed to be related to the combustion and decomposition of the organic templates and 

the additives.  The third step is broader and is considered to correspond to slow 

condensation of silanols.  From the literature,109 it is known that upon heating of silica, 
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hydrogen-bonded hydroxyls are released first quite rapidly in the temperature range 200-

300°C and isolated hydroxyls more slowly at higher temperatures.  

Unfortunately, the removal of different types of hydroxyls, e.g. isolated and 

hydrogen-bonded, takes place during one continuous mass loss step so that distinguishing 

them is not possible from the thermograms.  A third, rather flat peak at about 700-1000 

°C can also be observed in the TGA curves of all the silicas, but it is presumably not 

characteristic for any specific type of OH group.  It might be due to the dehydroxylation 

of final OH groups before collapse of the porous structure after which no more OH 

groups are close enough and able to react on the external surface of the silica particles. 
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Figure 2.7. TGA of the as-synthesized mesoporous materials, OSU-1 to OSU-6. 
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2.10.2. Recognition of Chemical Structure (Chemical Characterization) 

The techniques employed for the physical characterization of mesoporous silica 

materials are, in the main, applicable to all mesoporous silicas.  However, this is not the 

case when investigating the chemical nature of the same materials.  The range of 

techniques available is large.  Therefore, the aim of this section is to briefly discuss the 

most commonly used techniques for chemical characterization.  To obtain an accurate 

picture of the nature of the mesoporous silica surface a combination of techniques should 

be employed. 

I. Solid State 29Si CP/MAS NMR 

The solid-state 29Si nuclear magnetic resonance (NMR) spectra of the mesoporous 

materials before and after calcination also for the sample washed with HCl-ethanol to 

remove the surfactants are shown in Figure 2.8.  The 29Si NMR spectra of these samples 

are broad.  The as-synthesized sample exhibits three partially resolved 29Si NMR peaks at 

-110.7, -100.9, and -91.6 ppm which are related to the Q4, Q3, and Q2
 environments, 

respectively.  The calcined sample at 550 oC shows 29Si CP/MAS NMR peaks at -109.5 

and -101.6 ppm (Q4, Q3 environments) and after heating the sample to 700 oC only one 

peak at -110.8 ppm related to Q4 is present.  The treated sample with HCl-ethanol 

solution shows 29Si CP/MAS NMR peaks at -109.7, -101.4, and -90.3 ppm with higher 

intensities of the Q3 and Q2
 at the expense of Q4 as compared to the as-synthesized and 

calcined materials. 
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Figure 2.8.  Solid state 29Si CP/MAS NMR spectra of; As-synthesized OSU-6, HCl/EtOH 
washed mesoporous silica, OSU-6-W, and the calcined OSU-6-C. 
 
 

This result provides evidence for the presence of high concentration of silanol 

groups on the surface of the sample treated with HCl-ethanol compared with the calcined 

sample.  Moreover, it shows a decrease in the silanol groups (increase in the condensation 

degree) with increasing the calcination temperature.  Accurate Q3/Q4 ratios determined 

from deconvolution of spectra recorded are given in Table 2.6. 
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Table 2.6. The Q3/Q4 ratios determined from deconvolution of 29Si CP/MAS NMR 
spectra recorded. 

Sample Q4 (%) Q3 (%) Q2 (%) Q3/Q4 

OSU-1-W 44.56 53.31 2.13 1.19 
OSU-1-C 84.04 15.96 0.00 0.18 
OSU-2-W 43.52 55.18 1.30 1.27 
OSU-2-C 80.88 19.12 0.00 0.24 
OSU-3-W 40.67 57.30 2.03 1.41 
OSU-3-C 77.83 22.17 0.00 0.28 
OSU-4-W 40.05 58.71 1.24 1.47 
OSU-4-C 71.81 28.19 0.00 0.39 
OSU-5-W 19.51 78.40 2.10 4.02 
OSU-5-C 67.70 32.30 0.00 0.48 
OSU-6-W 14.38 71.73 13.89 4.99 
OSU-6-C 65.10 31.87 3.04 0.49 

 
 

The Q3/Q4 ratios provide important information regarding the structure and 

mechanism of formation of the silicate walls.  First, there is a substantial difference in the 

Q3/Q4 ratio between layered mesoporous silicas and the other M41S materials.  Note that 

upon calcination of the hexagonal material the Q3/Q4 ratio is reduced, indicating 

increased condensation of the silicate structure.  This also exhibits itself as a weight loss 

at temperatures in excess of 200 oC in the TGA analysis (Figure 2.7).  Indeed the Q3/Q4 

ratio of ca. 1.0 suggests a wall composed of two Q4 layers bordered by one Q3 layer.136 

II. Fourier Transform Infrared Spectroscopy (FT-IR)  

The template or surfactant content of the hexagonal mesoporous silica can be 

identifying using FT-IR.  Figure 2.9 shows the FT-IR spectra of as-synthesized, 

HCl/EtOH extracted, and the calcined mesoporous samples, OSU-6, OSU-6-W, and 

OSU-6-C, respectively.  The absorptions at around 2926, 2855, 1465 and 1378 cm-1 are 

ascribed to stretching vibrations of methyl groups in HDA molecules.  The absorption at 

3291 cm-1 is ascribed to stretching vibration of the amine groups, but because of the large 
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and broad peak of the hydroxyl groups and water this peak was not clear.  In the infrared 

spectrum of the as-synthesized sample shown in Figure 2.9 (A), these peaks are easily 

observed, indicating the existence of HDA molecules.  The FT-IR spectra of the calcined 

mesoporous sample at 550 oC is shown in Figure 2.9 (B), it shows no peaks related to the 

surfactant.  This means the surfactant is completely removed from the pores of the 

mesoporous material.  Figure 2.9 (C) shows the FT-IR spectra of the mesoporous sample 

after extraction of the surfactant with HCl-Ethanol.  The peaks related to the HAD have 

disappeared which indicates the extraction with HCl-ethanol can totally remove HAD 

molecules from as-synthesized mesoporous materials.149,150   

 

40080012001600200024002800320036004000
Wavenumbers (cm-1)

%
 T

ra
ns

m
itt

an
ce

(A)

(B)

(C)

 
Figure 2.9. FT-IR spectra of (A) as-synthesized sample OSU-6, (B) calcined sample 
(OSU-6-C, and (C) HCl-ethanol washed sample (OSU-6-W). 
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The spectra of calcined and HCl/EtOH extracted OSU-6 consist of a sharp band at 

3744 and 3746 cm−1, respectively, typical of amorphous silica due to isolated hydroxyl 

(silanol) groups and a very broad band appearing around 3500-3550 cm−1.  The latter was 

assigned to hydrogen-bonded silanol groups.  Upon activation the maximum of the 3550 

cm−1 band is slightly blue-shifted and the intensity decreases due to condensation of 

hydrogen-bonded silanol groups.151 

The FT-IR spectra did not show any peaks related to the organic additive, 1,3,5-

trimethylbenzene.  This is due to the extensive washing of the as-synthesized sample with 

a mixture of ethanol and water also due to the drying process under vacuum.  The FT-IR 

spectra of the sample calcined at 550 oC, Figure 2.9 (B), show a low intensity of the peak 

at around 3744 cm-1 which is related to silanol groups or hydroxyl groups.  This means a 

low concentration of silanol groups on the surface.  In comparison with the FT-IR spectra 

of the well washed with HCl/EtOH sample, Figure 2.9 (C), the peaks associated with the 

silanol groups in the latter sample have high intensity (high concentration) than that of 

the former sample which support the other results from the TGA, solid state 29Si NMR, 

and UV-Visible spectrophotometer measurements. 

FT-IR spectra for as-synthesized mesoporous materials prepared from silicon 

alkoxides (TEOS) are different from those of fumed silica, and from those of other 

amorphous SiO2, whose network is relatively complete.  The assignment of the major IR 

absorption bands is well established from experimental studies of the vibrations of 

amorphous silica.  The components at 1192 and 1074 cm-1 arise from the stretching 

frequency of the SiO4 tetrahedral unit (≡ Si-O-Si ≡), while the 807 cm-1 band is due to (≡ 

Si-O-Si ≡) bending modes.  The band at 1624 cm-1 is due to the bending vibration of 
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molecular H2O that is adsorbed by hydrogen bonding with terminal (≡ Si-OH) 

groups.149,150  This band, unfortunately, is also present on hygroscopic silica powders, 

although with only small intensity.  One important feature of the OSU-6 material is the 

occurrence of an absorption band at 949 cm-1, similar to that in MCM-41, which is due to 

the silicon-oxygen stretching vibration of (≡ Si-OH, non-bridging) bonds in the alkoxides 

gels, which is not present in many other silicas.  Heat treatment reduces the concentration 

of non-bridging (≡ Si-OH) bonds, especially above 550 oC.149,150  Moreover, the 

absorption peaks around 562 and 456-469 cm-1 are attributed to the Si-O-Si bending 

vibration.149,150 

The FT-IR of the calcined mesoporous sample, OSU-6-C, shows an absorption 

component at around 1201(s, br), 1057(s, br) and 805(m) cm-1 that arise from the 

stretching and bending modes of the SiO4 tetrahedral unit, respectively.  The absorption 

peak that appears at 1625 cm-1 is attributed to the H-O-H bending vibration of 

molecularly adsorbed water.149,150  The band near 975 cm-1 has been attributed to the 

stretching vibration of non-bridging (≡ Si-OH), and its frequency and intensity is 

different than that for the as-synthesized OSU-6.  The position of this vibration is known 

to vary with the nature of the silica from which the spectra were recorded.  Many silicas 

calcined at high temperature show very few non-bridging oxygen atoms, therefore, the 

structure is similar to that of an unbroken silica network.  After suspension of the silica in 

water it can show the stretching vibration of non-bridging (≡ Si-OH) in IR spectra 

because of the hydrolysis of tetrahedral surface units.  A significant shift from 949 cm-1 

to 975 cm-1 occurs as the hydrogen-bonded H2O is removed during equilibrium in a 

furnace, after calcination.  The shift to higher frequency is expected for (≡ Si-OH) groups 
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without H2O, as the effective mass of the OH is reduced when H2O is lost due to 

calcination.149,150  Moreover, the absorption peaks around 486 cm-1 are attributed to the 

Si-O-Si bending vibration.149,150 

In the case of OSU-6-W, the absorption bands at around 1206(s, br), 1031(s, br) 

and 813(m) cm-1 arise from the stretching and bending modes of the SiO4 tetrahedral unit, 

respectively.  The band at around 1633(w) is due to the bending mode of SiO-H, and the 

band at around 976(m) cm-1 is due to the stretching vibration of non-bridging silanol 

groups.149,150  The frequency and intensity of the band at 976 cm-1 are different from that 

of OSU-6 and OSU-6-C.  As expected, a significant shift from 949 cm-1 to 976 cm-1 

occurs as the hydrogen-bonded H2O is removed during equilibrium in a vacuum.  The 

infrared spectrum also displays absorption peaks around 496 cm-1 are attributed to the Si-

O-Si bending vibration.149,150 

2.10.3. Morphology, Shape, and Size of Particles 

I. Scanning Electron Microscope (SEM) 

The morphology, shape, and size of the particles of the as-synthesis mesoporous 

materials were characterized by high resolution scanning electron microscopey (SEM).  

Mesoporous materials with different morphologies can be synthesized by changing 

reaction conditions or ingredients.  Increasing the amount of TEOS in the synthesis 

results in a morphologic shift starting from micron-sized spheres of approximately 1µm 

in size at low silica concentration, to the same type of spheres but in a lower amount on 

the surface of randomly shaped aggregated particles, to completely randomly shaped 

aggregated particles, and finally to the formation of macrospheres when using the highest 

silica concentration.  The shift in morphology can be explained by the rate of the phase 
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separation as explained in the colloidal phase separation mechanism.152  At lower silica 

concentration, the rate of phase separation will be slower, due to a lower rate of silica 

condensation.  In this case, the morphology will be controlled by the surface free energy, 

resulting in a higher curvature of the particles.152  At higher silica concentrations, the 

formation of the randomly shaped particles will occur from a competition between the 

surface free energy and the total free energy.  Finally, the macrospheres will form 

through a further condensation between the preformed silica particles resulting in one 

large particle, still minimizing its surface free energy.  Figure 2.10 show the SEM images 

of several mesoporous materials which show well defined edges and spherical shapes.  

Scanning electronic microscopy (SEM) images showed that the particle sizes of OSU-6, 

OSU-6-W and OSU-6-C were in the range of 250-1500 nm. 

The SEM images Figure 2.10 (A and B) of the mesoporous OSU-6 show a narrow 

particle size distribution and well defined spherical particles.  The same characteristics 

are shown in the SEM images C and D of the mesoporous OSU-6-W.  However, in the 

case of the calcined mesoporous OSU-6-C, the particles exhibited shrinkage and 

aggregation as shown in Figure 2.10 (E and F). 
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Figure 2.10. SEM Images of the as-synthesized mesoporous silica OSU-6 (A and B), 
HCl/EtOH washed OSU-6-W (C and D), and calcined OSU-6-C (E and F). 
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II. Transmission Electron Microscopy (TEM) 

TEM images for selected calcined as well as EtOH/HCl washed samples are 

shown in Figure 2.11 and Figure 2.12.  The unit cell parameters obtained from the TEM 

images were close to those evaluated using XRD, indicating a proper calibration of 

electron microscopy magnification.  The pore wall thickness was usually found to be 

larger for uncalcined samples than for the calcined ones,153,154 which is probably related 

to the shrinkage of the structure upon calcination.  It can be seen in Figure 2.11 that the 

OSU-6-W pores are approximately hexagonal.  Materials of lower degree of structural 

ordering may exhibit larger deviations from the hexagonal pore shape.  However, this 

feature requires further verification, since the samples were crushed before their TEM 

imaging.  It should also be noted that in comparison to the uncalcined (for instance the 

EtOH/HCl washed) samples, the calcined ones, OSU-6-C, appeared to have slightly 

lower degree of pore structure ordering. 

Figures 2.11 and Figure 2.12 show the TEM images of two mesoporous materials 

which show well defined channels and walls.  Moreover, they can be used to estimate the 

channels size and shape, and walls thickness.  High resolution TEM images for selected 

particles along [100], [111], and [110] directions correspond well with reported MCM-41 

images.  Along the [100] direction the TEM micrograph shows uniform pore structures, 

the image on the [111] direction shows a well defined hexagonal arrangement and the 

image on the [110] direction shows a very regular pattern.  Along the [100] and [111] 

directions channels are observed, but along the [110] direction the contrast variation is 

due to changes in electron density.  Therefore, the [100] and [111] projections reflect the 
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actual shape and structure of the channels, while the regularity of the TEM image in the 

[110] direction in indicates a uniform channel system. 

 

   
 

   
 
 
Figure 2.11. Transmission electron microscopy images for selected OSU samples: (a) 
OSU-6-W EtOH/HCl washed and (b) OSU-6-C calcined.  These images show the 
hexagonal array.  The pore diameters are ca. 50 Å. 
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Figure 2.12. TEM images of mesoporous silica, OSU-6-W and OSU-6-C, show the pore 
diameter and wall thickness.  The pore diameters are ca. 50 Å and wall thicknesses are 
ca. 20 Å. 
 
 
 
2.10.3. Hydroxyl Group Concentration 

The total hydroxyl group contents of several mesoporous materials obtained from 

the various synthetic routes are listed in Table 2.7.  The listed values were obtained from 

the adsorption of cyclohexylamine and proton-sponge and from the solid state 29Si NMR. 
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The data in Table 2.7 indicate that the hydroxyl groups on the surface of the 

synthesized mesoporous materials have widely variable total number of hydroxyl groups.  

These differences can be mainly attributed to the both variations in specific surface area 

and the availability and concentration of the active sites, and the structure of hydroxyl 

species on the surface. 

 

Table 2.7. Total amount of hydroxyl (silanol) groups using Ultraviolet Titration and 29Si 
CP/MAS NMR deconvolution results. 

[SiOH]  
mmol/g  

(molecule/nm2) Sample 

Cyclohexylamine Proton-Sponge Solid state 29Si NMR 

OSU-1-W 10.34 
(5.86) 

8.02 
(4.54) 

8.83 
(5.00) 

OSU-1-C 3.61 
(2.20) 

2.53 
(1.54) 

2.59 
(1.58) 

OSU-2-W 9.73 
(5.73) 

8.04 
(4.73) 

8.68 
(5.11) 

OSU-2-C 3.73 
(2.33) 

2.87 
(1.79) 

3.10 
(1.94) 

OSU-3-W 10.31 
(5.91) 

8.65 
(4.95) 

9.08 
(5.20) 

OSU-3-C 4.51 
(2.62) 

3.12 
(1.81) 

3.58 
(2.08) 

OSU-4-W 10.44 
(5.77) 

7.71 
(4.26) 

9.17 
(5.07) 

OSU-4-C 5.36 
(3.01) 

4.11 
(2.31) 

4.51 
(2.53) 

OSU-5-W 13.81 
(6.56) 

10.43 
(4.96) 

12.25 
(5.82) 

OSU-5-C 6.16 
(3.30) 

4.54 
(2.43) 

5.13 
(2.75) 

OSU-6-W 15.92 
(7.47) 

11.86 
(5.56) 

14.43 
(6.77) 

OSU-6-C 7.23 
(3.59) 

5.87 
(2.92) 

6.28 
(3.12) 
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The proton-sponge measurements more closely reflected those of the solid state 

NMR than do the cyclohexylamine measurements.  This likely reflects that the latter 

method also measures Lewis acid sites (i.e., low valent Si atoms).  Also the solid state 

NMR results tend to be higher than the chemisorption, possibly reflecting internal OH 

groups. 

2.10.4. Stability Studies 

2.10.4.1. Thermal Stability 

 Table 2.2 and Figure 2.13 show the surface areas and pore diameters calculated 

from N2 adsorption-desorption measurements and XRD for all solvent extracted and 

thermally calcined mesoporous samples.  As mentioned before, all the synthesized 

materials, solvent-extracted and calcined samples, exhibit well-defined reflections at d100 

in their XRD patterns that are characteristic for hexagonal mesostructures.  The surface 

areas and pore diameters of all the solvent-extracted mesoporous materials gradually 

decrease as the calcination temperature increases.  However, the reduction in the surface 

areas and pore diameters of all samples are small up to certain point after which the 

reduction dramatically increases.  The relative decrease in surface areas and pore 

diameters are presented in Figure 2.13.  In the case of the calcined mesoporous samples, 

the surface areas and pore diameters were not affected by heat prior to 550 oC.  However, 

beyond this point the reduction occurs.  From the thermal treatment study, these 

mesoporous materials, in general, show high thermal stability compared with other 

prepared MCM-41 materials as investigated by Cassiers et al.,100 who reported that when 

the M41S materials prepared with TEOS are subjected to a calcination temperature of 

750 oC, they suffer an ~ 75% decrease in BET surface area, whereas, in the case of the 
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OSU-6-W and OSU-6-C mesoporous materials prepared in our laboratory using TEOS as 

silica source, around 80% of the initial surface area still remains after calcination at 750 

oC for both samples.  Moreover, unit cell contraction is almost negligible when the 

calcination temperature is increased from 550 to 850 oC (from 58.4 to 54.3 Å for OSU-6-

W and from 59.1 to 54.6 Å for OSU-6-C).  The synthesis conditions used by Cassiers et 

al.100 are to some extent the same for the OSU materials prepared with TEOS. 
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Figure 2.13. The thermal stability study illustrated by the effect of temperature on the 
surface areas and pore sizes of OSU-6-W and OSU-6-C mesoporous samples. 
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The differences in thermal stability are likely due to the difference in the wall 

thickness, Table 2.5, where the wall thickness of our materials is two times larger than 

that of the MCM-41 material prepared by others.100  However, the other mesoporous 

silicas listed in Table 2.5 show a similar thermal stability trend to that of OSU-6-W and 

OSU-6-C, but their relative drop in surface areas are larger.  For both samples, OSU-6-W 

and OSU-6-C, at a calcination temperature of 550 oC, the surface area is reduced to 

around ~ 80% of its initial value.  However, at higher temperature big differences in 

surface area are noticed.  At 850 oC, around ~ 75% of the initial surface area still remains. 

Figure 2.13 provides further evidence that the thermal stability of OSU-6 is higher than 

that of the other prepared mesoporous samples.  All samples show the d100 reflection in 

the XRD diffraction pattern at a calcination temperature of 850 oC, but it disappears at 

1000 oC as a result of the complete collapse of the framework’s mesopores.  From the 

surface area measurements, at a calcination temperature of 850 oC, only a small shrinkage 

of the BJH diameter (from 51.1 to 41.7 Å for OSU-6-W and from 47.2 to 38.7 Å for 

OSU-6-C) and a slight diminution of pore volume can be observed (see Table 2.2).  

Furthermore, the higher thermal stability of other OSU mesoporous materials compared 

to hexagonal TEOS-made materials with the same wall thickness can be attributed to the 

higher regular arrangement in the silica walls.99 

2.10.4.2. Hydrothermal Stability 

The hydrothermal stabilities of template-free mesoporous materials, calcined 

(OSU-6-C) and HCl-Ethanol washed (OSU-6-W) samples, were studied by boiling the 

samples in distilled water at various times ranging from 1 to 35 hours.  The physical 

properties of the two mesoporous materials before and after the various hydrothermal 
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treatments are listed in Table 2.3.  The changes in the surface areas and pore sizes of both 

samples were note noticeable at lower treatment time up to 25 hours, while small 

decreases in both the surface areas and pore sizes were observed with increasing time of 

treatment beyond this point, see Figure 2.14.   
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Figure 2.14. The hydrothermal stability study illustrated by the effect of boiling water on 
the surface areas and pore sizes of OSU-6-W and OSU-6-C mesoporous samples. 
 

 

At about 25-30 hour treatment, more significant reduction occurs in both 

parameters for the two samples.  At about 35 hours treatment, large reductions occur in 

both parameters for these two samples.  These reductions are believed to be due to the 

rehydration of the siloxane groups (Q4) and the formation of silanol groups (Q3) and 

geminal silanol groups (Q2) as confirmed by the solid state 29Si NMR spectra of OSU-6-
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C, Figure 2.15.155  Moreover, from the pattern of the hydrothermal reaction it indicates a 

self-catalytic reaction. 
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Figure 2.15. Solid state 29Si CP/MAS NMR of OSU-6-C boiled in water for 35 hours. 
 

 

These results indicate that the deformation of the mesoporous silicas by 

hydrothermal reactions does not follow the same trends as the thermal treatment.  The 

calcined and washed samples have similar hexagonal ordering and comparable wall 

thicknesses and, therefore, behave similarly when calcined.  However, OSU-6-W is much 

less hydrothermally stable than OSU-6-C.  This difference can be explained by the 

differences in hydroxyl group contents, condensation degree of the silica wall, and to 

some degree, wall thickness.  Chen et al.,93 reported that the degree of polymerization in 
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the silica walls plays a crucial role in the hydrothermal stability by comparing a post-

synthetically restructured MCM-41 with a non-restructured MCM-41.  Moreover, one 

should note the difference in hydrothermal stability between OSU-6-W and OSU-6-C 

samples and MCM-41(T) material reported previously which displayed a hydrothermal 

stability less that 16 hours.100  Despite the fact that these materials are synthesized with 

the same silica source (TEOS), OSU-6-W and OSU-6-C are hydrothermally much more 

stable than MCM-41(T) which showed a 87% loss in surface area (from 1128 to 145 

m2/g) after 16 hours hydrothermal treatement.  It is reasonable to suggest that this higher 

hydrothermal stability of OSU-6-W and OSU-6-C materials are a result of the thicker 

pore walls (Table 2.5.) and is in agreement with the results reported in other papers.94  It 

is believed that the structural degradation is caused by the hydrolysis of Si-O-Si 

bonds.100,156  If the walls are thin, as in the case of MCM-41(T) (thicknesses of ~10 Å, 

which corresponds to only a few [SiO4]4- groups), these structures collapse easily by 

hydrolysis.  A possible explanation for the low structural damage under mild steaming 

conditions is the different pore structure and curvature, which results in a different nature 

of surface silanol groups.155 

Figure 2.16 presents the XRD patterns of samples that were hydrothermally 

treated in boiling distilled water for 35 hours.  The XRD intensity and the number of 

reflections were used to estimate the hydrothermal stability of the samples.  The OSU-6-

C sample still exhibited long-range order with one reflection detected after treatment in 

boiling water for 35 hour.  The intensity of the d100 reflection decreased by about 50%, 

and the d100 spacing contracted considerably (~ 10 Å).  The higher hydrothermal stability 

of the OSU-6-C sample was attributed to an enhancement of the wall thickness.  The 
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hydrothermal stability can be increased be grafting with groups that have hydrophobic 

nature, which will protect the walls from the attack by water.  The low Q3/Q4 ratio 

implies a less condensed silica wall structure of OSU-6-W compared to siliceous OSU-6-

C, as well as the presence of more unprotected Si-OH groups, see Table 2.6.33 
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Figure 2.16. Powder XRD patterns of (A) OSU-6-C and (B) OSU-6-C after 35 hour 
hydrothermal treatment in boiling water. 
 
 
 
2.10.4.3. Mechanical Stabilities 

The mechanical stabilities of template-free, calcined and HCl-ethanol washed 

OSU-6 samples, were studied under different compression pressures (111, 333, 444, 500, 
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and 555 MPa).  Table 2.4 and Figure 2.17 show the effect of compression on the surface 

areas and pore sizes of these materials.  The surface areas were noticed to be reduced 

with increasing pressure until about 555 MPa where all mesoporous materials under 

study lost the mesoporous structure and collapsed. 
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Figure 2.17. The mechanical stability study illustrated by the effect of compression on 
the surface areas and pore sizes of OSU-6-W and OSU-6-C mesoporous samples. 

 

 

The pore sizes calculated from the XRD d-spacing of the samples after each 

compression indicate small reduction in the pore sizes that can be neglected.  The slight 

effect of the compression on the pore diameter indicates only minimal pore deformation 

upon compression.  This indicates either that some of the pores are blocked by other 
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particles of the same material or that less stable pores are completely collapsed due to 

compression while the residual pores are totally unaffected. 

MCM-41(T)100 has wall thickness of around 10 Å, which corresponds to only 3 

[SiO4]4- layers, whereas OSU-6-W and OSU-6-C have wall thicknesses of 20.9 and 21.1 

Å, corresponding to around 7 [SiO4]4- layers.  Furthermore, as mentioned above, OSU-6-

C has very condensed silica walls.  Consequently, it is not surprising that the much 

thicker pore walls of OSU-6-C and the highly polymerized walls are less affected by this 

systematic mechanical cleavage process than the MCM-41(T) which collapses at 370 

MPa.  Nevertheless, it should be emphasized that both OSU-6-W and OSU-6-C show an 

extremely low intensity peak in the X-ray diffraction patterns after a pelletizing pressure 

of 555 MPa despite their good stability at a mechanical pressure at 500 MPa.  The large 

porosity and the absence of a stabilizing crystal structure can explain the relatively slight 

differences in the final mechanical stabilities of all studied materials.  However, these 

materials show good mechanical stabilities when compare to zeolites.100,157,159 

A more detailed examination of the physical data permits a closer look at the 

influence of unilateral pressure on the structural properties of the mesoporous materials.  

As can be seen in Figure 2.17, the specific surface areas are reduced in both cases, 

whereas the BJH pore diameter and the cell parameter are slightly affected.  Furthermore, 

the pore size distributions for these materials are only slightly broadened, which indicates 

only minimal pore deformation upon compression.  This indicates either that some of the 

pores are blocked by other particles of the same material or that less stable pores are 

completely collapsed due to compression while the residual pores are totally unaffected. 
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2.11. CONCLUSIONS 

Many new mesoporous materials based on hexagonal MCM-41 silicas have been 

synthesized and characterized using a variety of techniques.  These mesoporous materials 

have been synthesized following a templated technique demonstrated by the presence of 

characteristic X-ray diffraction peaks, nitrogen adsorption-desorption isotherms, and 

TEM images.  Mesoporous systems of regular mesopores and high surface areas were 

confirmed.  The mesoporous materials prepared in this investigation exhibit hexagonal 

mesostructure with large wall thickness. 

The current study showed that the applied synthetic procedures allow for tailoring 

of pore sizes and wall thicknesses and are suitable for preparation of high-quality 

mesoporous materials.  It was shown that the pore wall thickness estimated on the basis 

of N2 adsorption/XRD data is in acceptable agreement with the results of TEM.  The 

latter technique indicates somewhat larger pore wall thickness, which can be attributed, at 

least in part, to the nature of the evaluation procedures.  Both of these approaches 

consistently show that the pore wall thickness for the samples tend to increase as the pore 

size increases.  In calculations of the pore wall thickness on the basis of adsorption/XRD 

data, it needs to be kept in mind that the pores of the OSU mesoporous materials are 

likely to be hexagonal rather than circular, although it is not fully clear if this conclusion 

is general or just extends over certain OSU silicas. 

These materials show large pore sizes of about 51 Å, narrow pore size 

distributions (3.5 Å), high surface areas of up to 1283 m2/g, and wall thicknesses of about 

21 Å. 



 158

Neutral amine surfactant assembly is a most convenient synthesis methodology, 

allowing the one-step preparation of mesostructure materials in which both organic 

loading and pore dimensions can be accurately tuned by reagent stoichiometry control.  

Unlike electrostatic S+I-, S-I+, or S+X-I+ mesostructure formation mechanisms, the S0I0 

templating mechanism involved in the formation of OSU silica mesoporous molecular 

sieves allows the complete removal and recovery of neutral amine assembly surfactants 

from the mesostructures by HCl-ethanol extraction.  In addition, the resulting materials 

retain a very large surface silanol concentration suitable for the anchoring of functional 

groups by post-synthesis grafting method. 

Removal of the templating molecules by calcination in air resulted in a partial 

contraction of the mesopores.  Solvent-extracted materials were thermally stable and 

could be calcined at 550 oC in air without modification of the coordination or structure, 

however, a small lattice contraction was noticed. 

After activation (removal of surfactant), these materials reveal promising 

properties as packing materials in chromatography and as catalyst supports based on their 

extremely high surface area and easy accessibility of the pore system.  Nevertheless, 

despite many advantages of using the materials, leaching of active grafted species or 

incorporated active elements and collapsing of the mesoporous structure may occur as a 

result of the conditions during separation or catalysis process.  A key issue for the 

applicability of these mesoporous materials is associated with the thermal, and more 

importantly the hydrothermal and mechanical stabilities.  Important improvements were 

realized by developing these materials with thicker and more condensed silicate walls. 
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These mesoporous materials exhibit high thermal stability of up to 950 oC before 

the complete collapsing of the structure.  The thermal stability is found to be strongly 

related to the wall thickness which is affected by the silica/surfactant ratio, aging time 

and catalyst as can be compared with previous work. 

High hydrothermal stabilities at boiling degree of water for up to 35 hour were 

observed for these mesoporous materials.  These hydrothermal stabilities were found to 

be influenced mainly by the wall thickness and the degree of condensation (hydroxyl 

concentration). 

No remarkable trends could be observed for the mechanical stability of the HCl-

ethanol washed and calcined samples (e.g., OSU-6-W and OSU-6-C).  The mesoporosity 

is essentially lost for all mesostructures at pelletizing pressure approximately 555 MPa.  

Nevertheless, these ordered mesoporous structures show an inferior mechanical stability 

compared to zeolites, which may result from their large porosity and the absence of a 

stabilizing crystal structure. 

Finally, these mesoporous materials show high thermal, hydrothermal and 

mechanical stability comparable with those prepared previously from the same starting 

materials.  This can be explained by their three times thicker pore walls and more highly 

condensed silica walls in the case of calcined samples.  The synthetic routes presented are 

thus very promising for preparing high quality template-free mesoporous silicas. 
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CHAPTER 
THREE 

 
 

SYNTHESIS OF MESOPOROUS MATERIALS BEARING γ-AMINO-

FUNCTIONAL GROUPS AND OTHER DERIVATIVES 

 
Abstract 

γ-Aminopropyl-functionalized mesoporous OSU-6-W materials were synthesized 

via post-synthesis grafting of 3-aminopropyltrimethoxysilane (APTMS) with the 

surfactant-extracted mesoporous silica, OSU-6-W.  At the maximum level of silylation 

with APTMS, the solid state 29Si CP/MAS NMR measurements of the two modified 

samples, OSU-6-W-APTMS-1 and OSU-6-W-APTMS-2, thus obtained indicate that the 

organosilanes silicon atoms are different from each other.  These measurements indicate 

that the surface coverage of γ-aminopropyl anchored to silanol groups on the surface of 

OSU-6-W were not the same.  Moreover, the results from the UV-Visible spectroscopy 

and titration of the two modified samples show good agreement with that of the solid 

state 29Si CP/MAS NMR and elemental analysis. 

The γ-aminopropyl-functionalized mesoporous material was subjected to a 

reaction with ethylenediaminetetraacetic acid (EDTA) in order to introduce new active 

groups to the modified sample.  The second modification shows about ~ 65% of the 

EDTA was anchored to the amine functional groups.
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All materials were characterized using various techniques such as Fourier 

transform infrared spectroscopy (FTIR), X-ray powder diffraction (XRD), 

scanningelectron microscopy (SEM), solid state 13C and 29Si NMR spectroscopy, 

elemental analysis (EA), surface area analysis (BET), and UV-Visible spectroscopy. 

Adsorption experiments of Cu2+, Zn2+, Cd2+ and UO2
2+ were conducted in order to 

investigate the capacity and selectivity of the synthesized materials.  The cations 

adsorbed on the γ-aminopropyl-functionalized samples, and the adsorption capacities 

were increased with an increase in the surface density of amino groups and affected by 

the pH of the medium, surface areas, and pore sizes. 

3.1. INTRODUCTION 

3.1.1. Contaminants and Environmental Concern 

A considerable amount of industrial waste water is contaminated with heavy 

metals such as lead, zinc, copper, antimony, chromium and nickel and radioactive ions 

such as radioisotopes of uranium, cobalt, thorium, strontium and cesium.  These metals 

become contaminants in aqueous systems as the result of activities including chemical 

manufacture, smelting, electroplating, wood treating, industrial and medical use of 

radioisotopes, etc.  When such metals are used, metal discharges in aqueous streams 

severely damage the environment by posing risk to wild life and human health, and have 

become a worldwide environmental concern.1 

The successful treatment of low level radioactive effluent also presents a major 

challenge to the nuclear industry.  Therefore, improved methods for removing heavy 

metals or radioactive isotope ions rapidly and efficiently from contaminated industrial 

aqueous solutions are highly desired. 
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Existing metal removal methods include standard, conventional techniques such 

as evaporation, precipitation, electrolytic techniques, membrane separation, and fixed and 

movable bed ion exchange.  These methods generally need large and complicated 

facilities due to various equipment and reagents used in a series of treatments so they are 

not economical or efficient enough in most cases.  Adsorption is a simple and facile 

technique, which is adaptable to personal and portable use for water supply.  Adsorption 

techniques have been reported for the removal of pollutant metal cations using activated 

carbon1,2, polymers3, zeolites4,5, and clays.6,7  On the other hand, the removal of toxic 

materials is much more difficult because cations with a similar structure and size, such as 

sodium, potassium, calcium, and magnesium, often coexist in nature in high 

concentrations.  Although the adsorptive removal of toxic substances from solution using 

conventional adsorbents, such as activated carbon8,9, zeolite10, and alumina oxides11, have 

been reported, they are not selective and effective.  The interest in the development of 

cost-effective methods for the removal and recovery of metal ions from contaminated 

waters has greatly increased because of the ecological awareness of the role of metals in 

the environment.  Searching for effective adsorbents for the removal of these materials is 

important for environmental remediation. 

3.1.2. Modification of OSU-6-W with 3-Aminopropyltrimethoxysilane 

Since the discovery of a new family of mesoporous molecular sieves M41S12,13 

and FSM-1614 with tailorable pore sizes ranging from 2.0 to 10 nm and with surface areas 

often exceeding 1000 m2/g, these materials have attracted much attention in the field of 

catalysis, separation and adsorption.  Unlike zeolites, the pore size of mesoporous silica is 

large enough to accommodate a variety of large molecules, and the high density of silanol 



 174

groups on the pore walls is beneficial to the introduction of functional groups with high 

coverage.15  Several kinds of surface modification have been conducted for providing 

new functions for the surfaces.16-19  Chemical surface modification of periodic 

mesoporous silicas via covalent bonding of organic molecules has been achieved using 

two general strategies.  The post-synthesis procedure was the first to be used as it was 

already described in the early work on Mobil M41S13 and Toyota FSM-1620 silicas.  

Subsequently, co-condensation procedures were introduced by Burkett et al.,21 and 

Macquarrie et al.16  Both methods were discussed in details in chapter one. 

Aminoorganosilanes have the general formula H2N-R-Si(OR')3.  They differ from 

the general organosilanes in carrying an amino-functional group in the organic chain.  

This group is responsible for the specific chemical reaction behavior and high reactivity 

of the aminosilane molecules.  The electron-rich nitrogen centre of the amine group can 

enter into hydrogen bonding interactions with hydrogen donating groups, such as 

hydroxyl groups or other amines.  Mixing of an aminosilane with silica gel results in fast 

adsorption, by hydrogen bonding of the amine to a surface hydroxyl group.22  After 

adsorption, the amine group can catalyze the condensation of the silicon side of the 

molecule with a surface silanol.  Thus, siloxane bonds with the surface may be formed in 

the absence of water.23,24  For other silanes the siloxane bond formation requires an initial 

hydrolysis of the  methoxy or ethoxy groups or the addition of a catalyst to the reaction 

mixture.25 

The modified silica may be used as such, or after a secondary treatment with an 

active group.  Pure aminosilane-modified silica gel is used as a stationary phase in liquid 

and gas chromatography.26,27  Trace levels of metals, such as copper, in aqueous solution 
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are separated and concentrated before analysis.  Aminosilane-modified silica serves very 

well for this process.28,29  The aminosilane-silica couple is used for the reinforcement of 

natural and synthetic rubbers and elastomers.30 

The amino group may also serve as an active site on the silica surface to bind 

other molecules.  These molecules may impart new interaction capacities to the surface.  

The bonding of metal complexes on aminosilane-silica allowed the production of a 

variety of heterogeneous catalysts.31  Aminosilane modified silica layers are used as a 

starting layer for integrated circuit build-up.32 

All of these applications explain the wide interest in the chemistry of aminosilane-

modified silica.  A fundamental understanding of the reaction mechanism may assist the 

further optimization of all these uses.  Besides this, there is a large interest in the 

development of new applications of the aminosilane-modified silicas. 

Functionalized mesoporous silica with a high density of amino groups and well-

defined mesochannels that can enhance the accessibilities of molecules is required to 

achieve high production when applied as catalyst such as solid-base catalysts for 

Knoevenagel and aldol condensations,33 and to accomplish high capacity and selectivity 

when applied as adsorbent and separation for harmful heavy metal cations, such as 

cobalt, copper and zinc.34-37 

To ensure the effectiveness of the hybrid materials in exploiting the intrinsic 

reactivity of the organofunctional groups, these moieties must keep their activity upon 

immobilization, they must be accessible to the external solution, and mass transfer to and 

from these active sites should be as fast as possible.  As highlighted in recent 

investigations, this is especially important in heterogeneous catalysis for ensuring high 
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efficiency and turnover,19,38-45 as well as in removal of toxic substances (especially heavy 

metals) to improve the performance of remediation processes and environmental 

containment technologies,28,35,46-66 and also in electrochemical applications for which 

diffusion is often the rate-determining step.67-71  It is expected that the increase in the 

density of functional groups while retaining of the open space would result in a higher 

activity.  Therefore, high loading of functional groups in mesoporous silicas has received 

much attention.72-76  Uniform surface modification with functional groups is desired so 

that the coverage of functional groups on the surface may increase without adversely 

affecting the diffusion of molecules in the mesopore.  The syntheses of amino-

functionalized mesoporous silicas prepared via direct co-condensation and post-synthesis 

grafting methods have been numerously demonstrated.77-80  Macquarrie and his co-

workers reported on the differences in reactivity of aminopropyl groups in the neutral 

amine surfactant-templated mesoporous silica prepared between grafting and co-

condensation routes.81,82 

3.1.3. Immobilization of EDTA 

The large number of primary amino groups with high reactivity enables a variety 

of chemical modification by immobilizing some ligands with high affinity for specific 

metal ions onto silica matrices of the mesoporous material by chemical modification.  

Such modification is expected to further improve the adsorption characteristics of the 

mesoporous materials.72-78 

There has been much recent interest in the separation and removal of heavy and 

transition metal ions.  The separation and extraction of the metals are usually carried out 

via liquid-liquid extraction using several organic-soluble extractants.  Such processes, 
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however, require large amounts of harmful organic solvents (e.g., benzene) as diluents 

and encounter the problem that a third (emulsion) phase appears in some cases during 

process operation.  A process for the separation of metals that can be operated simply 

without the requirement of organic solvents is therefore required.  Various investigations 

have been reported on the separation of metals by the use of various kinds of organic 

materials modified with several chelating ligands, such as cross-linked polystyrene with 

ethylenediaminetetraacetic acid (EDTA), diethylenetriaminepentaacetic acid (DTPA),83 

and o-vanillinsemicarbazone84 and chitosan with EDTA or DTPA.85  These "chelating 

resins" are insoluble in organic and aqueous solvents.  When the resins are added to 

aqueous solution, metal ions are coordinated by the ligands on the surface of the resins.  

The resulting resins, loaded with metals, can then be recovered simply by decantation.  

For industrial applications, less expensive materials are preferable as the supports for the 

chelating ligands.  In the present work, widely used inorganic adsorbents, such as 

mesoporous molecular sieves similar to MCM-41, will be used as the supporting 

materials. 

3.1.4. Aim of Study 

This investigation focused on maximizing the functional group concentration 

(coverage) of the mesoporous surfaces while keeping the pore size as large as possible.  

This can be accomplished by using mesoporous silica with large pore size, high surface 

area, and high concentration of hydroxyl (silanol) groups.  However, high thermal, 

hydrothermal, and mechanical stabilities are also required.  The control of the synthesis 

conditions and use of catalyst were found to have a significant impact on the final 

products. 
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One goal was to immobilize some active groups (e.g., EDTA) that impart new 

activity to the materials.  In addition to the synthesis, the testing of these modified 

materials as adsorbents for the separation and removal of harmful pollutants such as 

heavy metal ions and radioactive materials was also an objective. 

3.2. EXPERIMENTAL 

3.2.1. Materials 

The chemicals were purchased from commercial sources and were used without 

any further purification.  These chemical are as follow: 3-aminopropyltrimethoxysilane 

[(H2N(CH2)3Si(OCH3)3) 97.0%, Aldrich], toluene 99.8% HPLC grade, ethyl alcohol, 

triethylamine (TEA, 99%, Aldrich), salicylaldehyde (2-hydroxybenzaldehyde) reagent 

grade, Aldrich 98%, diethylether, 0.01 M hydrochloric acid (HCl), 0.10 M sodium 

hydroxide (NaOH), phenolphthalein [ACS reagent, Aldrich] , acetic anhydride (Fluke), 

ethylenediaminetetraacetic tetrasodium salt (Avocado), pyridine (Aldrich 99.0%), acetic 

acid, and distilled water.  The structures of some of these compounds are shown in 

Scheme 3.1. 
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Scheme 3.1. The structures of some of the starting materials. 
 
 

3.2.2. Characterization 

In addition to the characterization techniques that were discussed previously in 

detail in Chapter 2, solid state 13C NMR and elemental analysis (EA) were used for the 

characterization of the functionalized ordered mesoporous materials. 

Solid state 13C CP/MAS NMR spectra were obtained with a Chemagnetics CMX-

II solid-state NMR spectrometer operating at 75.694 MHz for carbon-13 and a 

Chemagnetics 5mm double resonance magic-angle spinning probe.  Carbon-13 cross-

polarization/magic-angle spinning (CP/MAS) was carried out with a quasi-adiabatic 

sequence (1) using two pulse phase modulation (TPPM) decoupling (2) at 50-75 kHz.  At 
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least 3600 scans were acquired with a delay of 1.0 s between scans.  The MAS samples 

were collected in a 5.0 mm zirconia rotor spinning at 6.0 kHz, maintained to within a 

range of +/- 5.0 Hz or less with a Chemagnetics speed controller, utilizing a quasi-

adiabatic cross-polarization pulse sequence using a 1.0 s pulse delay, a 1.0 ms contact 

time, and a 5.0 µs pulse width.  The C-13 CP contact pulse of 1.0 millisecond length was 

divided into 11 steps of equal length with ascending radiofrequency field strength, while 

the H-1 contact pulse had constant radiofrequency field strength. 

Chemical elemental analysis for C and N was used to measure the amount of 

functional groups in the samples.  The elemental analysis was carried out on a LECO 

TruSpec Carbon and Nitrogen Analyzer. 

All the adsorption measurements were carried out using a UV-Visible 

spectrophotometer or inductive coupled plasma atomic emission spectroscopy.  UV-

Visible spectra were recorded on a Perkin Elmer (Lambda EZ 201) spectrometer in the 

range from 200-800 nm, while the ICP analysis were performed on a Spectro CIROS ICP 

Spectrometer. 

3.2.3. Preparation 

3.2.3.1. Pretreatment of the Mesoporous OSU-6-W 

Mesoporous silica materials were synthesized as discussed in chapter two of this 

thesis.  The HCl-ethanol washed mesoporous silica OSU-6-W has a surface area of 1283 

m2/g and an average pore size of ~ 51 Å, as determined by the Nitrogen adsorption-

desorption technique and transmission electron microscopy (TEM).  It was activated prior 

to the functionalization step.  This activation step is to remove water and other materials 

from the mesoporous channels.  The activation process takes place by refluxing around 
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10 g of the mesoporous silica in 50 ml of dry toluene for 4 hrs under dry atmosphere, 

washing with dry toluene, and drying at 100 °C under vacuum.  Toluene was dried using 

molecular sieves (5A, beads, 4-8 mesh). 

3.2.3.2. Introducing γ-Amino Functional Groups into the Mesoporous Surfaces 

γ-Amino-functional groups were chemically attached to the mesoporous OSU-6-

W material surfaces by means of the post-synthesis grafting method.  Two synthetic 

procedures were applied which are based on a combination of different synthetic methods 

used by previous researchers. 

I. Reaction of the Mesoporous Silica with 3-Aminopropyltrimethoxysilane in a One 

Step Reaction (OSU-6-W-APTMS-1) 

Mesoporous silica-supported γ-aminopropyl functional groups, with 1:1 mole 

ratio, was prepared by refluxing 3.0 g (~ 50 mmol) of the activated mesoporous silica 

(OSU-6-W) with 50 mmol (9.0 ml) of 3-aminopropyltrimethoxysilane (APTMS) in 100 

ml of dry toluene in a 250-ml round-bottom flask for 48 hrs under dry atmosphere.  A 

drying tube was attached to the reflux apparatus to minimize the influence of moisture.  

The chemical reaction and reflux setup are shown in Scheme 3.2 and Figure 3.1, 

respectively.  The refluxed mixture was then cooled down to room temperature.  The 

resulting light brown solid was filtered off with a fine filter funnel, washed plentifully 

with toluene three times (3 X 50 ml), and then ethanol, to wash away any excess 

APTMS.  The product became white after the filtration and washing processes.  The 

white solid was then dried at 80 °C under vacuum for 24 hrs in an integrated chemical 

dryer (CHEM-DRY®).  The reaction yielded 5.04 g (72.2%, taking to account the 

production of methanol). 



 182

 

OH

OH

OH
+ NH2Si

H3CO

H3CO
H3CO

O

O

O

Si NH2
Dry Toluene

Reflux
- CH3OH

OSU-6-W APTMS OSU-6-W-APTMS

[1]

[2]

[3]

 
 
 
Scheme 3.2. Schematic illustration of the general chemical reaction and the carbon atom 
position as described in the solid state 13C CP/MAS NMR. 
 
 
 

A 30 ml of the filtrate solution was reserved for the functional group 

determination and the reminder of the solution was placed in a 500-ml beaker which was 

then left in a fume hood under direct air for evaporation of the solvent (toluene, ethanol, 

and methanol).  A brownish sticky-solid formed from the filtrated solution.  About 3.19 g 

of the solid was collected from the latter solution.  IR (cm-1) (KBr) of the main product: 

3737(m), 3604(m, br), 3357(s, br), 3297(s, br), 3016(s, sh), 2923(s, sh), 2851(s, sh), 

1862(w), 1640(m, sh), 1595(m, sh), 1542(m, sh), 1482(m, sh), 1432(w), 1361(m, sh), 

1307(m, sh), 1150(s, br), 1055(s, br), 962(s, sh), 800(m, sh), 728(w), and 575(w).  Solid-

state 29Si CP/MAS NMR: δ (ppm) -51.9 (T1), -59.3 (T2), -67.1 (T3), -100.5 (Q3) (w), and 

-110.3 (Q4).  Solid-state 13C CP/MAS NMR: δ (ppm) 9.7(≡Si-CH2-CH2-)[1], 25.6(≡Si-

CH2-CH2-)[2], 23.3(≡Si-OCH3), and 43.4(≡Si-CH2-CH2-CH2-NH2)[3], see Scheme 3.2.  

Elemental analysis: C (11.21%) and N (3.72%). 
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Figure 3.1. The reflux instrument setup for the modification synthesis. 
 
 

II. Reaction of the Mesoporous Silica with 3-Aminopropyltrimethoxysilane in a 

Three Step Reaction (OSU-6-W-APTMS-2) 

In this procedure aminopropyl-derivatized mesoporous silica was synthesized in 

three steps.  The first step involved refluxing 3.0 g (50 mmol) of the activated 

mesoporous silica (OSU-6-W) with 25 mmol (~ 4.5 ml) of APTMS in 100 ml of dry 

toluene in a 250-ml round-bottom flask for 48 hrs under dry atmosphere.  After that, the 

refluxed mixture was then cooled down to room temperature.  The resulting light brown 

solid was filtered off with a fine filter funnel, washed copiously with toluene three times 

(3 X 50 ml), and then ethanol, to rinse away any surplus APTMS which changed the 



 184

products color to white after filtration.  The white solid yield was then dried at 80 °C 

under vacuum for 24 hrs in a chem-Dry apparatus.  In the second step, resulting product 

was placed in a 125-ml Erlenmeyer flask and stirred with 50 ml of distilled water at about 

80 oC for around five hours in order to hydrolyze the methoxy groups.  After cooling to 

room temperature, the sample was centrifuged down to recover the solid product, the 

water was decanted off, and the mesoporous silica was dried at 80 oC under vacuum for 

24 hours.  In the third step, the hydrated mesoporous silica was then suspended in 100 ml 

of dried toluene in a 250-ml round-bottom flask, treated with 25 mmol (~ 4.5 ml) of 

APTMS, and taken to reflux for 48 hours under dry atmosphere.  After cooling to room 

temperature, the reaction mixture (light brown) was filtered with a fine filter funnel.  The 

solid was washed copiously with toluene (3 X 50 ml) and then ethanol, to rinse away any 

excess APTMS then dried at 80 oC under vacuum for 24 hours.  The final product was 

white and its yield was 5.73 g.  The filtrates from the first and third steps were collected 

and 30 ml of the total filtrate mixture was reserved for the functional group concentration 

determination.  The remainder of the filtrate solution was placed in a 500-ml beaker 

which was then left in a fume hood for evaporation of the solvent.  A light brown sticky 

solid formed in a yield of 2.08 g.  IR (cm-1) (KBr) of the main product: 3359(s, sh), 

3302(s, sh), 2920(s, sh), 2850(s, sh), 1873(w), 1638(m), 1600(m, sh), 1535(s, sh), 1467(s, 

sh), 1408(m), 1392(m, sh), 1236(s, br), 1188(s, br), 1062(s, br), 993(m, br), 795(m, sh), 

and 721(m, sh).  Solid-state 29Si CP/MAS NMR: δ (ppm) -57.3 (T2), -66.6 (T3), -100.6 

(Q3)(w, br), and -110.3 (Q4).  Solid-state 13C CP/MAS NMR: δ (ppm) 10.6(≡Si-CH2-

CH2-)[1], 26.1(≡Si-CH2-CH2-)[2], and 43.6(≡Si-CH2-CH2-CH2-NH2)[3].  Elemental 

analysis: C (16.13%) and N (5.33%). 
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3.2.3.3. Immobilizing EDTA onto the γ-Amino Functionalized Mesoporous Silica 

Ethylenediaminetetraacetic acid (EDTA) anhydride was prepared according to the 

procedure of Inoue et al.,86 as shown in Scheme 3.3.  Surface modification of the 

adsorbent OSU-6-W-APTMS-2 with the EDTA was carried out as follows (Scheme 3.3):  

0.5 g of the modified mesoporous silica, OSU-6-W-APTMS-2, was stirred with 2.0 g of 

EDTA anhydride in ethanol/acetic acid solution (50%, 50 ml) in a 125-ml round-bottom 

flask for 12 hours at around 70 oC under reflux.  After cooling, the solid product was 

isolated by filtration and washed with acetone/water and dried under vacuum for a day. 

FT-IR spectra of the yield showed a distinctive absorption at 1640-1725 cm-1, 

attributable to amide and carboxylic groups, thus suggesting that the chelating ligands 

had been anchored successfully on the surface of the adsorbents. 
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Scheme 3.3. Schematic diagram for the immobilization of EDTA on the OSU-6-W-
APTMS-2 mesoporous material surface 
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3.2.4. Metal Uptake Experiments 

The adsorption and separation experiments were conducted by shaking five 

different amounts (25, 50, 75, 100, and 125 mg) of the amino-functionalized mesoporous 

silica systems, OSU-6-W-APTMS-(1&2), each in a different glass vial for 4 hours with 

10 ml of 100 ppm of aqueous solution of the appropriate metal(II)nitrate ions (Cu2+, Zn2+, 

and Cd2+).  Measurement of the metal ion concentration was carried out by allowing the 

insoluble complex to settle down, withdrawing an appropriate volume of the supernatant 

using a micropipette and then filtrating using a 0.45µm membrane syringe.  The metal 

ion uptake was calculated as mmol of M2+/g ligand.  A linear range of the calibration 

curve for each metal was used in order to calculate the unknown concentration. 

3.3. RESULTS AND DISCUSSION 

3.3.1. Mesoporous OSU-6-W Modified with Amino Groups 

The mesoporous silicas, OSU-6-W-APTMS-(1 and 2), with amino functional 

groups were prepared by the post-synthesis method from the reaction of the ordered 

mesoporous silica, OSU-6-W, with 3-aminopropyltrimethoxysilane using two different 

procedures of grafting.  The aminated ordered mesoporous silicas prepared by these 

methods show good yields with excellent surface coverages.  The properties of these 

materials are strongly dependent on the modification procedure used. 

The ordered mesoporous silica, OSU-6-W, and the two modified samples, OSU-

6-W-APTMS-1 and OSU-6-W-APTMS-2, were investigated using a variety of 

techniques.  The most informative of these are cross-polarization/magic angle spinning 

nuclear magnetic resonance (CP/MAS NMR) and Fourier transform infrared (FT-IR) 

spectroscopies, X-ray powder diffraction (XRD), surface area analysis (BET), and 
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elemental analysis (EA).  The NMR studies are mainly focused on the 29Si and 13C 

nuclei.  In the FT-IR, the CH2 stretching modes provide a quantitative measure of the 

surface concentration of the silane, while the Si-O, Si-O-Si, and N-H stretch/deformation 

modes yield valuable structural information. 

3.3.1.1. Identification of the Textural Properties (Physical Characterization) 

As previously discussed (Chapter two), the physical structure of silica gels (high 

surface area, large pore volume, etc.) is one of the major reasons for their effectiveness as 

a support material.  Variations in surface areas, pore volumes and pore sizes (as well as 

their distribution) have a significant effect on the resulting material.  This includes the 

dispersion of the active groups and the ease in which reagents can diffuse to the active 

site.  It is therefore necessary to accurately characterize the physical nature of the 

resulting material. 

I. X-ray Powder Diffraction (XRD) 

The X-ray diffraction patterns (XRD) in the range of 1.0-10.0º of pristine 

HCl/EtOH washed ordered mesoporous material, OSU-6-W, and the two functionalized 

samples, OSU-6-W-APTMS-1 and OSU-6-W-APTMS-2, are shown in Figure 3.2.  The 

XRD patterns of the samples show strong (100) peaks and proportional (110) and (200) 

peak intensities, confirming the presence of the hexagonal structures and suggesting that 

the modification process does not affect the framework integrity of the ordered 

mesoporous OSU-6-W.12,13,16  It is also to be noted that the (100) peak gradually shifts to 

higher angles with increasing the amount of functional group on the surface from OSU-6-

W-APTMS-1 to OSU-6-W-APTMS-2, indicating an effective decrease of the OSU-6-W 
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pore diameter, which can be understood in terms of excluded volumes associated with the 

silylation of the OSU-6-W surface walls.   
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Figure 3.2. XRD patterns in the range of 1.0-10.0º of; (A) pristine HCl-Ethanol washed 
ordered mesoporous material, OSU-6-W, and the functionalized OSU-6-W with 3-
aminopropyltrimethoxysilane: (B) OSU-6-W-APTMS-1 and (C) OSU-6-W-APTMS-2.  
The spectra are shifted vertically for the sake of clarity. 
 

 

According to the average pore diameter of the material from the surface area 

measurements, an average thickening of the walls of about 27.8 Å in the case of OSU-6-

W-APTMS-2 is indicated.  This statistically would correspond to an extra layer of Si-O-

Si homogeneously spread on the original wall (20.9 Å Thickness).  It can also be noticed 

that the d100 peak has become broader with the increase in the loading of the functional 
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groups, indicating a slight alteration of the ordering of the mesoporous structure and more 

functional groups on the surface. 

II. Nitrogen Adsorption-desorption Measurements 

Figure 3.3 shows the nitrogen adsorption-desorption isotherms performed at 77K 

for the OSU-6-W silica before and after grafting with γ-aminopropyl trimethoxysilane.  

The textural properties of these materials are summarized in Table 3.1.  The curve 

corresponding to the pure mesoporous silica, OSU-6-W, is typical for MCM-41 

mesoporous materials with hexagonal channel arrays.12,13  These are type IV isotherms 

showing a sharp, reversible step at ~ 0.3-0.4 P/Po, typical of the N2 filling of uniform 

mesopores, with an average pore diameter of about 51 Å, total pore volume of 1.24 

cm3/g, and a surface area of 1283 m2/g.  The saturation plateau is very clearly defined, 

indicating that the external surface of the sample is relatively small.  The mesoporosity is 

filled for a very small range of relative pressure, confirming the very narrow pore size 

distribution.  After reaction with the coupling agent, the nitrogen adsorption-desorption 

experiments yielded a Brunauer-Emmett-Teller (BET) surface area of 1023 m2/g and a 

total pore volume of 0.98 cm3/g for the OSU-6-W-APTMS-1 sample, and a surface area 

of 709 m2/g and a total pore volume of 0.66 cm3/g for the OSU-6-W-APTMS-2 sample.  

The BET isotherms for both modified samples also showed type IV isotherms.  The 

adsorption isotherm curves obtained show that the total adsorbed amounts (taken at P/Po 

= 0.99) have diminished, as have the specific surface area.  The uptake corresponding to 

the filling of the mesopores has shifted to lower relative pressures indicating a reduction 

of the pore diameter from 51.1 to 43.6 Å for OSU-6-W-APTMS-1 and from 51.1 to 36.2 

Å for OSU-6-W-APTMS-2. 
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Figure 3.3. Nitrogen adsorption-desorption isotherms of (○) OSU-6-W, (◊) OSU-6-W-
APTMS-1, and (□) OSU-6-W-APTMS-2.  Open symbols: adsorption; closed symbols: 
desorption.  The isotherm data are shifted vertically for the sake of clarity. 
 
 
 

Both the surface area and the total pore volume of both samples dropped 

significantly compared with the un-functionalized sample, OSU-6-W.  The decrease of 

the pore volume of the material after silanization is the direct consequence of the 

silanization process filling the mesopores.  However, this quite large decrease may also 

be due to some pore blocking due to partial surface polymerization at the mouths of some 

mesopores, possibly with silsequioxane polymer.  Most of the decrease of the specific 

surface area can be accounted for the mass uptake during the grafting of organic species 

into the pore structure. 



 191

The BET isotherms, Figure 3.3, of the modified samples show small hysteresis 

loops.  A narrow hysteresis loop on the steep low-pressure portion of the isotherm may be 

due to nitrogen filling slit-like micropores in the regions between adjacent organic groups 

and the silica wall.87  A second narrow hysteresis loop on the horizontal portion is 

assigned to the ca. 43.6 and 36.2 nm wide mesopores of the major channel structure.  The 

reduction in total pore volume and shift in the pore size distribution peak from 51.1 to 

43.6 and 36.2 Å, Figure 3.4, imply a reduction in the free channel space as the amino 

groups were deposited on the walls inside the mesoporous channel. 
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Figure 3.4. The pore size distribution of (○) OSU-6-W (max at 51.1 Å), (◊) OSU-6-W-
APTMS-1 (max at 43.6 Å), and (□) OSU-6-W-APTMS-2 (max at 36.2 Å) 
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Combining the results of XRD with the results of the nitrogen adsorption-

desorption isotherms demonstrate that after the silylation reaction the pore size of 

functionalized OSU-6-W was narrowed from ca. 51.1 Å to ca. 43.6 Å for the modified 

OSU-6-W-APTMS-1 and to ca. 36.2 Å for the modified OSU-6-W-APTMS-2.  An 

opening of ca. 36.2 Å is sufficiently large to allow all metal ions and most small organic 

molecules to be incorporated into the functionalized samples. 

 
Table 3.1. Textural Properties Determined from Nitrogen Adsorption-desorption 
Experiments at 77 K and Powder XRD Measurements. 

Sample 
Specific 

surface area 
(m2/g) 

Total pore 
volume 
(cm3/g) 

Average 
pore size    

(Å) 

d100 
 

(Å) 

Wall 
Thickness 

(Å) 

OSU-6-W 1283 1.24 51.1 62.4 20.9 

OSU-6-W-
APTMS-1 1023 0.98 43.6 57.7 23.0 

OSU-6-W-
APTMS-2 709 0.66 36.2 55.4 27.8 

 
 
 
3.3.1.2. Identification of Functional Groups (Chemical Characterization) 

The techniques employed for the physical characterization of the modified silica 

materials are, in the main, applicable to all modified silicas.  However, this is not the case 

when investigating the chemical nature of these materials.  The range of techniques 

available is large and very much dependent on the modified silica under investigation.  

Therefore, the aim of this section is to briefly discuss the most commonly used 

techniques for chemical characterization.  To obtain an accurate picture of the nature of 

the active species on the silica surface a combination of techniques should be employed.  

There are three important points that should be addressed in order to achieve this: (i) 

stability, (ii) loading, and (iii) structure of the active species. 
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I. Solid State 29Si CP/MAS NMR Spectroscopy 

Solid state 29Si CP/MAS NMR is a sensitive and reliable technique for qualitative 

and quantitative determination of both Si-OH groups on solid surfaces and the total 

loading of the functional groups on the silica surfaces.15,16  Figure 3.5 shows the solid 

state 29Si CP/MAS NMR spectra for HCl-Ethanol washed mesoporous silica, OSU-6-W 

(A), the modified OSU-6-W-APTMS-1 (B), and the modified OSU-6-W-APTMS-2 (C) 

samples. 
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Figure 3.5.  29Si CP/MAS NMR spectra of; (A) HCl-Ethanol washed mesoporous silica, 
OSU-6-W, (B) the modified OSU-6-W-APTMS-1, and (C) the modified OSU-6-W-
APTMS-2. 
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Multipeak curve fitting indicates that for the HCl/EtOH washed sample, OSU-6-

W, without silylation, three peaks can be identified in the vicinity of -100 ppm.  

According to Sindorf et al.,88 the three peaks are composed of a low intensity peak at -

91.2 ppm, which corresponds to surface silicon atoms with two siloxane bonds and two 

geminal silanol groups (either single or hydrogen-bonded), represented as 

(SiO)2*Si(OH)2 and labeled in Figure 3.5 as a Q2 silicon; a peak at -100.4 ppm attributed 

to surface silicon atoms with three siloxane bonds and one (isolated) silanol group, 

represented as (SiO)3*Si-OH and labeled in Figure 3.5 as a Q3 silicon; and a resonance at 

-107.9 ppm attributed to surface silicon atoms with four siloxane bonds, i.e., (SiO)4*Si, 

and labeled in Figure 3.5 as a Q4 silicon.  

The two amino functionalized samples, (B) and (C), show two peaks that are 

located near -100 and -110 ppm, corresponding to Q3 and Q4 silicon environments.  

Additionally, the OSU-6-W-APTMS-1 sample has another three peaks at -51.9, -59.3, 

and -67.1 ppm corresponding to T1, T2, and T3 silicon environments, whereas the OSU-6-

W-APTMS-2 sample has another two peaks at -57.3 (T2), and -66.6 ppm (T3).  All peaks 

were identified by multipeak curve fitting.  Scheme 3.4 illustrates all silicon atom 

environments.35 
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Scheme 3.4. Schematic illustration of different silicon atom environments. 
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The silylated samples, OSU-6-W-APTMS-1 and OSU-6-W-APTMS-2, show 

changes in relative intensities of the silicon atom resonances in the locality of -100 ppm 

when compared to OSU-6-W starting material.  In particular, the relative intensity for the 

Q3 silicon resonance labeled at around -100 ppm undergoes a significant decrease with 

increasing the amount of functional groups on the surface as compared to the Q4 silicon 

resonance at ca. -110 ppm.  This difference in relative intensity is attributable to reactions 

of surface Si-OH groups with APTMS that lead to the formation of more Si-O-Si bonds.  

By comparison between the two modified samples, the intensity of the peak at around -

100 ppm is smallest for OSU-6-W-APTMS-2 sample providing evidence of greater 

functionalization of this sample. 

The additional peaks lying in the range from -40 to -70 ppm, as shown in Figure 

3.5, occur only for the silylated samples.  These arise from the silicon atoms of the 

silylating reagent.  There are three of these new peaks in case of the OSU-6-W-APTMS-

1, Figure 3.5 (B).  The three resonances indicate three different environments for the 

siloxane groups in the functionalized monolayer.  The three resonances, as depicted in 

Figure 3.5 (B), can be assigned as the following: (i) the resonance at ca. -51.9 ppm arises 

from isolated SiO3 groups that are not bound to any neighboring siloxanes, (ii) the 

resonance at ca. -59.3 ppm arises from terminal groups that are only bound to one 

neighboring siloxane, and (iii) the resonance at ca. -67.1 ppm arises from cross-linked 

groups that are bound to two neighboring siloxanes, see Scheme 3.4. 

In the case of the OSU-6-W-APTMS-2, Figure 3.5 (C), there are two resonances 

that indicate two different environments for the siloxane groups in the functionalized 

monolayer.  The two resonances, as depicted in Figure 3.5 (C), can be assigned as 
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follows: (i) the resonance at ca. -57.3 ppm arises from terminal groups that are only 

bound to one neighboring siloxane, and (ii) the resonance at ca. -66.6 ppm arises from 

cross-linked groups that are bound to two neighboring siloxanes.  It can be noted that the 

intensities of these peaks indicate different structures and surface coverages for the two 

silylated samples.  The dominant peak in the OSU-6-W-APTMS-1 and OSU-6-W-

APTMS-2 spectra is attributed to the cross-linked siloxane group.  The surface coverage 

of the functionalized monolayer of OSU-6-W is estimated to be greater in the OSU-6-W-

APTMS-2 sample than in the OSU-6-W-APTMS-1 sample.  This conclusion is based on 

the higher intensity of the peak for T3 for the former sample compared to the latter.  Also, 

the absence of the peak for T1 in the spectrum of OSU-6-W-APTMS-2 is evidence for 

higher loading and greater homogeneity of the functional groups on the surface.  OSU-6-

W-APTMS-1 has peaks that are slightly more than that of an approximately 50% surface 

coverage sample while the OSU-6-W-APTMS-2 has peaks with intensities that are higher 

than that of an approximately 75% surface coverage sample previously reported in 

literature.35  On this basis the surface coverage of the functionalized monolayer of 

mesoporous OSU-6-W-APTMS-2 is estimated to be greater than 75%.35 

Solid state 29Si CP/MAS NMR spectra show distinct resonances for siloxane [Qn 

= Si(OSi)n(OH)4 – n, n = 2–4] and organosiloxane [Tm = RSi(OSi)m(OH)3 – m, m = 1–3] 

centers, with T3 predominant over T2 and T1 organosiloxane centers, Figure 3.5, 

indicating that the condensation of the amino groups into the wall structure of the 

mesoporous silica was extensive.  In general, the quantitative determination of 

organosilane content from the peak intensities indicated that the level of functionalization 

corresponded to the organosilane content used in the reaction mixture as well as the 
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reaction conditions.  The width of the Tm peaks is similar to those of the Qn species, 

suggesting that the local environments are comparable in terms of steric hindrance. 

II. Solid State 13C CP/MAS NMR Spectroscopy 

The presence of covalently linked organic moieties bearing amine groups in the 

derivitized OSU-6-W mesoporous silicas was also confirmed by the solid state 13C 

CP/MAS NMR spectroscopy.15,16  Figure 3.6 shows the solid state 13C CP/MAS NMR 

spectra for amino-functionalized mesoporous materials.  Figure 3.6 (A) shows resonances 

for the OSU-6-W-APTMS-1 sample at δ (ppm) values of 9.7(≡Si-CH2-), 25.6(≡Si-CH2-

CH2-), 23.3(≡Si-OCH3), and 43.4(-CH2-NH2), whereas Figure 3.6 (B) shows resonances 

related to the OSU-6-W-APTMS-2 sample at δ (ppm) values of 10.6(≡Si-CH2-), 

26.1(≡Si-CH2-CH2-), and 43.6(-CH2-NH2).  These data confirmed that the γ-aminopropyl 

groups were not damaged by either functionalization method.  Peaks corresponding to the 

organosiloxane moieties are relatively broad, indicating restricted mobility of the 

functional groups attached to the siloxane framework.  The presence of a small peak at 

around 23.3 ppm indicates the presence of a small amount of methoxy groups, which in 

turn confirms the low loading of the functional groups in the OSU-6-W-APTMS-1 

sample.  The low intensity of the peaks of the latter material compared to OSU-6-W-

APTMS-2 also reflects lower surface loading from the one-step method. 
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Figure 3.6. Solid state 13C CP/MAS NMR spectra of the modified samples with Amine 
Groups, (A) OSU-6-W-APTMS-1, and (B) OSU-6-W-APTMS-2. 
 
 
 

There are two consequences of leaving two out of the three methoxy groups 

unreacted with surface hydroxyls: (1) these groups cannot react with other silanes and (2) 

they partially screen neighboring surface hydroxyls from oncoming silanes as well.  If 

water is present in the solution, hydrolysis of some methoxy groups allows their 

polymerization in the solution or polymerization with the surface-immobilized silanes, 

the so-called horizontal polymerization.  The new approach developed in this work 

hydrolyzes only the methoxy groups of immobilized amine functional groups after initial 

silanization and washing.  The resulting hydroxyls circumvent the two problems 
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mentioned above as well as eliminate the unwanted vertical polymerization.  The 

procedure is described by the cartoon in Scheme 3.5. 
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Scheme 3.5. General Silanization Mechanism and Effect of Water.89 

 

Alternating silanization and washing in water enhances the maximum surface 

density of silanes by at least 30%.89  Moreover, it appears that one treatment in water 

produces as large an effect as a few consecutive ones and the vertical polymerization, 

which could in theory start from unreacted methoxy groups after the second silanization, 

does not take place.  It is known that amines catalyze reactions between methoxysilanes 

and hydroxyl groups on silica90 which suggests that aminomethoxysilanes would 

immobilize on silica more efficiently.  The ability to form a pseudo-five-membered ring 

in γ-aminosilanes, as shown in Scheme 3.6,91 offers a possibility for self-catalytic 

reaction enhancement for the APTMS aminosilanes.90 
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Scheme 3.6.  Mechanistic description of amine catalysis of silylation reaction: (A) 
adsorption of 3-Aminopropyltrimethoxysilane through amino-group, (B) nucleophilic 
attack of SiO(δ-) on silicon, (C) heptacoordinate intermediate resulting from attack, (D) 
proton abstraction by methoxy leaving group with electrophilic assistance by amine, and 
(E) silylated surface with generation of methanol.91 

 
 

III. Fourier Transform Infrared Spectroscopy (FT-IR) 

The functional groups contained by the samples were also identified using FT-IR.  

Figure 3.7 shows the FT-IR spectra of the two modified samples along with the 

unmodified mesoporous OSU-6-W.  The O-H bond stretching bands of silanol groups 

were observed at 3200-3800 cm−1.  Silanol groups on the silica surface of OSU-6-W exist 

as several types, such as isolated, hydrogen bonded, and geminal types of silanol.15  The 

IR absorption bands of these silanol groups correspond to the peaks at 3740, 3200–3600, 

and 3715 cm−1, respectively.  For OSU-6-W, the concentration of surface silanol groups 

were reported to be 14.43 mmol/g (6.77 molecule/nm2) in chapter two. 
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Figure. 3.7. The infrared spectra (IR) of OSU-6-W (curve A), OSU-6-W-APTMS-1 
(curve B), and OSU-6-W-APTMS-2 (curve C). 
 

 

The results showed that the surface silanol group was mainly of the isolated type, 

IR absorption bands for which were observed at 3746 cm−1.  Si-O bond stretching was 

detected at 976 cm−1.  The siloxane, -(SiO)n-, peak appeared as a broad peak at 1000-

1200 cm−1, see description in chapter two (2.10.2.2).92 

In general, the functionalized silicas with 3-aminopropyltrimethoxysilane show an 

IR peak for the CH2 rocking vibration of Si-CH2R at around 700 cm−1.  Broad NH2 

stretching at 3250–3450 cm−1, an N-H deformation peak at 1640–1560 cm−1, C-H 

stretching of methyl groups at 3000-2840 and 1450 cm-1.63,92  The efficiency of the 

grafting process is demonstrated by a significant decrease in the silanol bands at around 

3746 cm-1, with an association increase of new bands characteristic of the immobilized 

aminopropyl groups.  These bands were attributed to both the symmetric and asymmetric 
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stretching of CH3 and CH2 groups in OSU-6-W-APTMS-1; νas(CH3) = 3026 cm-1, ν 

as(CH2) = 2920 cm-1, νs(CH2) = 2850 cm-1, CH2 scissor at 1467 cm-1, CH3 bending at 

1371 cm-1, CH3 bending vibration at 1307 cm-1, and for the NH2 at νas = 3359 cm-1, νs = 

3302 cm-1.  The IR spectra for OSU-6-W-APTMS-2 show peaks at 2923 and 2851 cm-1 

assigned for the νas(CH2) and νs(CH2), and peaks at 3357 and 3297 cm-1 for the 

asymmetric and asymmetric stretching of NH2.92  When comparing the intensities of the 

IR peaks in the modified samples, it was concluded that the second sample had a higher 

concentration of functional groups than the first modified sample in accord with the solid 

state 29Si and 13C NMR and elemental analysis results. 

3.3.1.3. Determination the Total Surface Loading of the Mesoporous Silica with the 

γ-Aminopropyl Functional Groups 

Concentration of the functional groups on the surface is one of the important 

aspects of these materials, so determining the number of the functional group is one of 

the objectives for validation of the synthetic methods. 

I. Spectrophotometric Analysis Method 

The amount of aminosilane deposited on the surface was quantified using two 

variables.  The surface loading (l) expresses the amount of deposited molecules in 

mmol/g.  The number of molecules deposited per nm2 is given by the surface coverage 

(C).  Both values use the mass of the pure mesoporous silica before modification as a 

reference.93 

For the quantitative analysis of the aminosilane in toluene solution a 

spectrophotometric analysis method was used.  The determination of APTMS by means 
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of a color reaction with salicylaldehyde with the addition of a small amount of 

diethylether in an aprotic solvent such as toluene has been reported.93 

After filtration of the modified sample, part of the filtrate was taken and 

transferred into three 10-ml vail samples.  A 150 μl portion of salicylaldehyde and 150 μl 

of diethylether were added to each sample.  The amine group reacts with salicylaldehyde, 

forming a yellow Schiff’s base with λmax = 404 nm.  This reaction usually reaches 

equilibrium after one hour.  All three samples were taken and the absorbance at λmax = 

404 nm was measured after one hour.  APTMS concentration was calculated using a 

linear calibration curve.93 

The total deposited amount (l) was calculated by subtracting the residual amount 

of aminosilane in the solvent after reaction from the initially added amount.  This value 

includes chemical and physical deposition in the surface of the mesoporous material.  The 

surface coverage (C) was calculated by ratioing the loading (l) to the specific surface area 

(SBET) of the sample.  Multiplication by Avogadro’s number (NA = 6.022 X 1023 

molecules/mole) yields units of molecules/nm2:93  

C = (l / SBET) . NA 

For the OSU-6-W-APTMS-1, an average coverage of 2.76 APTMS 

molecules/nm2 was calculated, while the OSU-6-W-APTMS-2 sample has an average 

coverage of 4.88 APTMS molecules/nm2.  The FTIR and the solid state 13C and 29Si 

CP/MAS NMR spectra of the OSU-6-W-APTMS-1 and OSU-6-W-APTMS-2 analyses 

demonstrated that the aminosilane was adsorbed almost exclusively by chemical reaction 

with surface hydroxyls.  The coating formed by reaction of the silica with APTMS under 

dry conditions has been calculated. 
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II. Indirect Acid-base Titration 

Another quantitative analysis of the amount of amine ligands immobilized on the 

mesoporous silica samples was achieved by indirect acid-base titration, Scheme 3.8.  A 

25 mg portion of each aminated silica sample was shaken with a 25 ml portion of 

aqueous 0.01 M hydrochloric acid solution for 24 h at 25 °C.  The excess HCl was then 

titrated with a 0.10 M aqueous sodium hydroxide standard solution in the present of 

phenolphthalein indicator that changes its color from colorless in the acidic solution to 

red color in the alkaline solution. 
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Scheme 3.8. Schematic illustration of the amino-functional determination using acid-base 
titration 
 
 
 

The results of titration show good agreement with that of the spectrophotometric 

analysis method.  It gives an amount of 2.24 group/nm2 for the OSU-6-W-APTMS-1 and 

an amount of 4.93 group/nm2 for the OSU-6-W-APTMS-2 sample. 
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III. Elemental Analysis (Combustion Analysis) 

Carbon analysis was carried out for both modified samples.  The concentration of 

attached groups was determined as follows:94,95 

C (groups/nm2) = 6x105 PC /[(1200nC - WPC)SBET] 

where C is the concentration of attached groups, which contain carbon; PC is the 

percentage of carbon in the sample, nC is the number of carbon atoms in the attached 

group (counted as C3), W is the corrected formula mass of the modifier (counted as 

C3H8NO3Si) and SBET is the specific surface area of the unbonded substrate (1283 m2/g), 

see Table 3.2. 

 
Table 3.2. Carbon and nitrogen elemental analysis, and concentration of amine groups. 

Sample C % N % Surface Area 
(m2/g) 

[APTMS] 
(group/nm2) 

OSU-6-W 0.10 0.06 1283 --- 

OSU-6-W-APTMS-1 11.21 3.72 1023 2.50 

OSU-6-W-APTMS-2 16.13 5.33 709 5.26 

 
 
 
IV. Solid state 29Si CP/MAS NMR Spectrum 

A new, alternative procedure to evaluate the degree of silylation was developed 

using the 29Si CP/MAS NMR spectrum.96  The Q2, Q3 and Q4 of OSU-6-W are found at -

91.2, -100.4, and -107.9 ppm respectively, Figure 3.5 (A).  The silicon atom of the 

silylating agent APTMS is seen at -51.9, -59.3, -67.1, -92.6, -100.5, and -110.3 ppm for 

OSU-6-W-APTMS-1 sample and at -57.3, -66.6, -100.6, and -110.3 ppm for OSU-6-W-

APTMS-2 sample, Figure 3.5 (B and C).  The relative peak areas of the spectra are given 
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in Table 3.3.  From these data, the silanol concentration [SiOH] and the degree of 

silylation [APTMS] per gram of dry OSU-6-W (mol/g) can be obtained from the formula: 

[SiOH] = ((IQ
3 + 2 x IQ

2)/(60 x IQ
4 + 69 x IQ

3 + 78 x IQ
2)) 

[APTMS] = ((IAPTMS)/(60 x IQ
4 + 69 x IQ

3 + 78 x IQ
2)) 

Ii represents the line intensity of the various silicon lines in the 29Si MAS NMR spectrum.  

These formulas can be rationalized when it is assumed that each 29Si atom has an equal 

contribution to the intensity, which is the case when proper relaxation occurs during the 

consecutive pulses.  The denominator of both equations relates to the chemical 

composition of the dry OSU-6-W sample.  The 29Si CP/MAS NMR signal areas are 

therefore multiplied by the respective molecular weight of Q4, Q3, and Q2.  The 

nominator weighs the Ii lines relative to the dry OSU-6-W.  Note that the absolute 

intensities of the silicon lines are not required. 

 
 
Table 3.3. Solid state 29Si CP/MAS NMR deconvolution results 

Sample Q4 (%) Q3 (%) Q2 (%) [SiOH] 
(mmol/g) 

[SiOH] 
(molecule/nm2) 

[APTMS] 
(group/nm2)

OSU-6-W 14.38 71.73 13.89 14.43 6.77 --- 

OSU-6-W-
APTMS-1 60.84 31.44 7.72 7.29 4.3 2.47 

OSU-6-W-
APTMS-2 82.98 17.01 0 2.76 2.06 4.71 

 
 

 
The difference in silanol concentration before and after silylation will relatively 

be equal to the concentration of the functional groups.  No external reference is needed 

when the degree of silylation is determined from the 29Si CP/MAS NMR spectrum, this 

in contrast to the proton measurement.  This method can provide both the amount of 
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silylating agent attached to OSU-6-W and the silanol content from a single measurement.  

The concentration of the functional groups for both silylated samples calculated using 

this method show high agreement with that found by the other methods, see Table 3.3. 

In this work a significantly large coverage of functional groups (4.71 

molecule/nm2) is obtained compared with the results in the literature (2.53 

molecule/nm2).97  This difference probably arises from the difference in pore sizes, 5.1 vs 

3.6 nm, respectively, and the water treatment step in the silylation process.  The larger 

pores can avoid a steric congestion of the silane molecules.  The treatment with water 

easily induces the full coverage of adsorbed water, which allows the formation of 

hydroxy silanes to result in the assembly and aggregation of the molecules that are still 

mobile on the surface and finally fixed by the silanol or siloxane.  Thus, in the presence 

of water, the aminosilane molecules are attached beyond the density of isolated silanols 

(total silanol concentration including isolated and geminal is 6.77 OH groups/nm2).  So 

the total coverage is controlled by the specific surface area and pore size of the silica, 

rather than the hydroxyl group content. 

3.3.2. Mesoporous OSU-6-W-APTMS-2 Immobilized with EDTA 

3.3.2.1. Identification of Functional Groups of OSU-6-W-APTMS-2-EDTA 

I. Infrared Spectroscopy (FT-IR) 

Identification of the modified mesoporous silica with immobilized EDTA, was 

carried out by FT-IR spectroscopy.  Carbonyl groups of amides and carboxylic groups 

were confirmed by the strong absorptions at 1644 and 1725 cm-1, respectively.  These 

peaks validate the immobilization of the EDTA active groups to the amino functional 

groups. 
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II. Elemental Analysis 

 The carbon and nitrogen content increased comparing with the OSU-6-W-

APTMS-2 sample from 16.13% to 27.04% for the total carbon and from 5.33% to 9.56% 

for the total nitrogen.  These data confirm the attachment of the EDTA to the amine 

groups. 

III. Surface Area Analysis 

 The BET measurement shows a noticeable decrease in the surface area from 709 

m2/g to 496 m2/g. 

3.3.2.2. Determination the Total Surface Loading of the Silica with the EDTA 

Groups 

I. Indirect Acid–base Titration 

A quantitative analysis of the amount of carboxylic ligands immobilized on the 

mesoporous silica sample was measured by means of an acid-base titration to evaluate 

the extent of introduction of the functional groups of EDTA into mesoporous matrices. 

The quantitative analysis of the amount of carboxylic acid was achieved as 

follows: A 25 mg portion of the immobilized modified silica with EDTA was shaken 

with a 25 ml portion of aqueous 0.01 M NaOH solution for 24 h at 25 °C.  The excess 

NaOH was then titrated with an aqueous 0.10 M HCl standard solution in the presence of 

phenolphthalein that changes its color from red in the basic solution to colorless in the 

acidic solution. 

Approximately, 65% of the aminosilane were immobilized with EDTA (2.9 

molecule/nm2).  The low extent of introduction of EDTA when compared with that in the 

case of chitosan (85%)86 might be attributable to the steric hindrance of bulky EDTA 
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molecules or repulsion between the functional groups since the distance between the 

adjacent primary amino groups in OSU-6-W-APTMS-2 is much closer than that in 

chitosan.86  However, the high surface area and other advantages of the mesoporous 

silicas over the organic polymer make the use of modified silica more practical and 

efficient. 

3.3.3. Metal Uptake Study 

3.3.3.1. Transition Metal Ions (Cu2+, Zn2+, and Cd2+) 

I. Uptake Capacities 

The uptake capacities of the mesoporous silicas with immobilized monoamine 

ligand systems were investigated using different amount of the absorbents, OSU-6-W-

APTMS-(1&2), and one constant concentration of copper, zinc, and cadmium ions (100 

ppm) at pH 5.5, 6.0, and 7.0, respectively.  These acidities were selected based on 

previous reports of optimal pH for adsorption.55  The results are shown in Figures 3.8 and 

3.9.  The tendency of these divalent metal ions to chemisorb to the monoamine ligand 

system at the optimum conditions increases in the order: Cd2+ < Zn2+ < Cu2+.  For both 

functionalized samples, it is shown that the uptake of all metal increases with an increase 

of the amount of absorbent.  Moreover, the uptake capacities increase with the increasing 

of the total coverage of the surface with the functional groups from OSU-6-W-APTMS-1 

to OSU-6-W-APTMS-2.  The maximum uptakes were calculated from the Langmuir 

adsorption isotherms.  The uptake capacities are listed in Table 3.4.  The uptake 

capacities of the OSU-6-W-APTMS-1, Figure 3.8, are correlated to the approximate 

formation of 2 Cd2+: 3 NH2, an approximate 1 Zn2+: 1 NH2, and 1.2 Cu2+: 1 NH2 
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complexes.  The absorption of greater than one copper ion per amine may be due to 

inclusion of anionic copper nitrate complexes as counterions. 
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Figure 3.8. The Langmuir adsorption isotherms of (◊) Cu2+, (□) Zn2+, and (∆) Cd2+ ions 
adsorbed by OSU-6-W-APTMS-1 absorbent. 
 
 
 

In the case of OSU-6-W-APTMS-2, Figure 3.9, the stoichiometry of uptake per 

amine group changed.  The cadmium uptake corresponded to formation of 1 Cd2+: 2 NH2 

complex.  The uptake of zinc exceeded this to give a ratio of Zn2+: NH2 of 1:1.3 which is 

likely a mixture of 1:1 and 1:2 complexes.  Again, the number of copper ions exceeded 

the number of amine groups with a ration of 1.4 Cu2+ : 1 NH2. 
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Figure 3.9. The Langmuir adsorption isotherms of (◊) Cu2+, (□) Zn2+, and (∆) Cd2+ ions 
adsorbed by OSU-6-W-APTMS-2 absorbent. 
 
 

Table 3.4. The uptake capacities from the Langmuir adsorption isotherms. 
Uptake capacity (mg/g) Adsorbent 

Cu2+ Zn2+ Cd2+ 

OSU-6-W-APTMS-1 191.9 162.9 205.7 

OSU-6-W-APTMS-2 333.6 195.6 213.6 

 
 
 
II. Adsorbent Regeneration 

Treatment of the copper loaded material with an aqueous solution of 2.0 M HCl 

three times with stirring for one hour resulted in the complete removal of the bound Cu2+ 



 212

from the structure, regenerating the adsorbent for further metal ion uptake.  The 

regenerated material showed a high metal ion uptake capacity of 95% of the original 

material.  This result is better than that reported for acid-regenerated P-(CH2)3NH2,55 

where the metal ion uptake capacity of the acid-regenerated P-(CH2)3NH2 dropped 

dramatically to about 75% of its original adsorption capacity.  This suggests that, our 

materials have high stabilities toward acid leaching of the functional groups. 

These results show the outstanding promise of these materials for adsorption and 

separation processes.  These amino-functionalized materials show higher metal ion 

uptake than the aminosilyl derivitized materials produced prepared by El-Nahhal et al.55  

The reason behind the high capacities of our modified samples are the high surface areas, 

large pore sizes which make the diffusion easy, and the high coverage of the functional 

amine groups on the surfaces.  Moreover, our materials show high stability toward 

leaching. 

3.3.3.2. Radioactive Material (UO2
2+) 

I. Uptake Capacity 

The uptake capacity of the EDTA functionalized silicas was investigated using 

different amount of absorbent, OSU-6-W-APTMS-2-EDTA, and one constant 

concentration of uranium ions (100 ppm) at pH 6.5.  The results are shown in Figure 

3.10.  The uranium ions have a high tendency to be chemisorbed by the carboxylic 

ligand.  The maximum uptake was calculated from the Langmuir adsorption isotherm to 

be 534.1 mg of UO2
2+/g of absorbent. 
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Figure 3.10. The Langmuir adsorption isotherms of UO2
2+ ions adsorbed by OSU-6-W-

APTMS-2-EDTA absorbent. 
 
 
 
 The uptake of uranyl ions by OSU-6-W-APTMS-2-EDTA can be compared with 

the glycine immobilized material, OSU-6-W-TMSPMA-2-Glycine discussed in chapter 

five.  In the adsorption study of the former sample, the uptake was 2.24 mmol/g while the 

latter sample shows less adsorption capacity of 1.3 mmol/g.  This mostly correlates with 

the differences in the surface areas (496 m2/g and 279 m2/g, respectively) and may be due 

to the concentrations of immobilized ligands.  However, both show excellent recovery of 

the uranium ions. 
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3.4. CONCLUSION 

Water has a big influence along with surface area, pore size, pore volume, and 

silanol concentration, on the mechanism of monolayer formation and therefore on the 

structure of monolayer that can be obtained on a silica surface.  It was demonstrated that 

hydrolysis of the remaining methoxy groups on the initial immobilized silane layer by 

water followed by another silanization yields enhanced surface density of silanes with 

improved cross polymerization and without complications of vertical polymerization.  

The improved technique allows surface concentration of amino-functional groups of 

around 4.71group/nm2, almost 1.6 times higher than what is possible without water 

treatment.89 

An alternative explanation for the affect of the water treatment effect might imply 

that, instead of steric hindrance, it could arise from the different ways silanes physisorb to 

the surface.  Aminosilanes are known for forming hydrogen bonding with surface 

hydroxyl using all four active groups: three methoxy groups and amine.  It was claimed92 

that, depending on aminosilane concentration, orientation of physisorbed silane can 

change from primarily a methoxy group attached at low concentration to an amine 

bonded orientation at high concentration.  One may argue that the additional treatment 

with water primarily eliminates improperly oriented aminosilanes, which did not succeed 

in forming a Si-O-Si bond with the surface.89 

OSU-6-W-APTMS-2 was chemically modified with EDTA prepared by 

interacting anhydrides of EDTA with the amine active group grafted on the mesoporous 

silica surface.  The material was found to have high affinity for uranium ions. 
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By the aid of the excellent adsorption characteristics of the chemically modified 

silicas for some metal ions, separation application can be further investigated for different 

metal ions and the selectivity for metal ion in a mixture. 
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CHAPTER 
FOUR 

 
 

SYNTHESIS OF MESOPOROUS MATERIALS BEARING DIAMINO 

FUNCTIONAL GROUPS 

 
Abstract 

Diamino-functionalized mesoporous OSU-6-W material was synthesized via post-

synthesis grafting of N-[3-(trimethoxysilyl)propyl]ethylenediamine (TMSPEDA).  At the 

maximum level of silylation with TMSPEDA, the solid state 29Si CP/MAS NMR 

measurements of the two modified samples, OSU-6-W-TMSPEDA-1 and OSU-6-W-

TMSPEDA-2, thus obtained indicate that the Si atoms containing Si-C bonds accounted 

for about 2.54 and 4.48 molecule/nm2, respectively.  The results from elemental analyses 

of the two modified samples show good agreement with that of the solid state 29Si 

CP/MAS NMR.  These materials were characterized using a variety of techniques 

including Fourier transform infrared spectroscopy (FTIR), X-ray powder diffraction 

(XRD), scanning electron microscope (SEM), 13C and 29Si solid state NMR spectroscopy, 

elemental analysis (EA), surface area analysis (BET), and UV-Vis spectroscopy.  The 

adsorptions of Cu2+, Co2+, UO2
2+, and Th4+ by the derivitized silicas were conducted in 

order to investigate their capacities and selectivity.  The cations adsorbed on the diamino-

functionalized samples and the adsorption capacity was increased with an increase in the 

surface density of amino groups. 
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4.1. INTRODUCTION 

The removal of heavy metal ions from wastewater has been the subject of 

extensive industrial research.  The recovery of heavy or valuable metals in process water 

or wastewater can often result in considerable cost savings.1-3  Two approaches can be 

used for the removal of heavy metal ions from aqueous solutions depending on the 

concentration of metal ions in the aqueous solutions.  High concentrations of heavy metal 

ions can be precipitated as hydroxides and removed by filtration, while low 

concentrations of metal ions can be removed from aqueous solutions using ion exchange 

resins, membranes, or adsorbents.1 

A number of adsorptive compounds are capable of capturing metal ions from 

aqueous solution, among which are activated charcoal and clays.  Among the inherent 

disadvantages of these materials are their wide distribution of pore size, heterogeneous 

pore structure, low selectivity for heavy metal ions, and relatively low loading capacities.  

In order to circumvent these limitations, some promising heavy metal adsorbents have 

been prepared via the immobilization of ion-chelating agents on inorganic supports,1-3 or 

via the coupling of chelating ligands to a solid support, such as inorganic oxides and 

organic polymers.4-15  These adsorbents have relatively high loading capacities.  In 

addition, selectivity for a targeted metal ion can be increased by the proper selection of 

chelating ligands. 

The recent discovery of mesoporous molecular sieves has stimulated a renewed interest 

in adsorbent and catalyst design, and a number of papers have been published in this 

area.16,17  Applications of mesoporous silicas as heavy metal ion adsorbents have also 

been studied recently.7-15 
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Functionalized mesoporous silica with a high density of diamino groups and well-

defined mesochannels that can enhance the accessibilities of molecules is required to 

achieve high production when applied as a catalyst18 and to reach high capacity and 

selectivity when applied as an adsorbent for harmful heavy metal cations.8,13 

This investigation has focused on the application of the cationic functionalized 

silica as adsorbents for the separation and removal of pollutant materials such as heavy 

and transition metal ions, which cause problems in drinking water-supplies from 

groundwater.  Amino-functionalized mesoporous silicas show notable adsorption 

capacities for heavy and transition metal ions from solution.19,20 

The modified silica may be used as such, or after a secondary treatment.  Pure 

diaminosilane-modified silica gel is used as a stationary phase in liquid and gas 

chromatography.21,22  In this application, TMSPEDA is often used, because of the high 

coordination capacity of the bifunctional organic chain. 

The bonding of metal complexes on the diaminosilane-silica allowed the 

production of heterogeneous catalysts.  Various types of catalysts have been developed.23 

All these applications explain the wide interest in the chemistry of diaminosilane-

modified silica.  A fundamental understanding of the reaction mechanism may assist the 

further optimization of all these uses. 

4.2. EXPERIMENTAL 

4.2.1. Materials 

The chemicals used in this part of the thesis are as follow: N-[3-

(trimethoxysilyl)propyl]ethylenediamine [((CH3O)3Si(CH2)3NHCH2CH2NH2) 97.0%, 
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Aldrich], and toluene 99.8% HPLC grade (dried with 5A molecular sieves), ethyl alcohol, 

and distilled water. 

4.2.2. Characterization 

 The synthesized products were characterized using several techniques including 

X-ray powder diffraction (XRD), surface area analysis (BET), solid state C-13 and Si-29 

NMR spectroscopy, and Fourier transform infrared (FT-IR) spectroscopies.  The full 

descriptions are mentioned in chapter two and three of this thesis. 

4.2.3. Preparation 

4.2.3.1. Activation of the Mesoporous OSU-6-W 

The mesoporous silica material, OSU-6-W, was synthesized as discussed in 

chapter two of this thesis.  It has a surface area of around 1283 m2/g and an average pore 

size of ~ 51 Å.  This mesoporous silica was activated prior to the functionalization step 

by refluxing around 6.0 g of the mesoporous silica in 50 ml of dry toluene for 4 hrs under 

dry atmosphere, washing with dry toluene, and the dring at 100 °C under vacuum. 

4.2.3.2. Introduction of Diamino Functional Groups onto the Mesoporous Surface 

Propylethylenediamine groups were attached to the mesoporous OSU-6-W 

material by means of the post-synthesis grafting method.  Two synthetic procedures were 

applied which are based on a combination of different synthetic techniques used by 

previous researchers. 

I. Reaction of the Mesoporous Silica with N-[3-(Trimethoxysilyl)propyl]ethylene-

diamine in a One Step Reaction (OSU-6-W-TMSPEDA-1) 

Mesoporous silica-supported propylethylenediamine was prepared by refluxing 

3.0 g (~ 50 mmol) of the activated mesoporous silica (OSU-6-W) with 50 mmol (~ 11.0 
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ml) of N-[3-(trimethoxysilyl)propyl]ethylenediamine (TMSPEDA) in 100 ml of dry 

toluene in a 250-ml round-bottom flask for 48 hrs under dry atmosphere, scheme 4.1.  

The mixture was then cooled to room temperature and then the resulting light brown 

mixture was filtered with a fine filter funnel.  The solid was washed three times with 

toluene (3 X 50 ml) and then ethanol to rinse away any leftover TMSPEDA.  During 

washing the light brown solid turned white.  The white solid was then dried at 80 °C 

under vacuum for 24 hrs in a ChemDry apparatus.  The reaction yielded 4.39 g of the 

main product.  The filtrate solution, on the other hand, was placed in a 500-ml beaker 

which was then left in a fume hood to evaporate and yield a brownish solid.  About 3.84 

g of the sticky solid was collected. 

IR (cm-1) (KBr) of the main product: 3739(m), 3613(m, br), 3356(s, br), 3038(w), 

2939(m, sh), 2886(m, sh), 2824(m), 1665(s, sh), 1594(w), 1493(w), 1458(m), 1354(m), 

1231(s, sh), 1070(s, sh), 953(m), 801(m), 682(w), 556(m), and 476(s).  Solid-state 29Si 

CP/MAS NMR: δ (ppm) -58.7 (T2), -66.0 (T3), -99.9 (Q3), and -109.7 (Q4).  Solid-state 

13C CP/MAS NMR: δ (ppm) 11.7 (≡Si-CH2-)[1], 22.9 (≡Si-CH2-CH2-)[2], 33.8 (≡Si-

CH2-CH2-CH2-NH-)[3], 41.1 (-CH2-NH-CH2-CH2-NH2)[4], and 51.6 (-CH2-NH-CH2-

CH2-NH2)[5].24  Elemental analysis: C (16.32%) and N (6.47%). 
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Scheme 4.1. Scheme to illustrate carbon atom position as described in the 13C CP/MAS 
NMR 
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II. Reaction of the Mesoporous Silica with N-[3-(Trimethoxysilyl)propyl]ethylene-

diamine in a Three Step (OSU-6-W-TMSPEDA-2) 

In this procedure, mesoporous silica-supported propylethylenediamine was 

performed in three steps.  The first step followed the same procedure used for OSU-6-W-

TMSPEDA-1 but with TMSPEDA: OSU-6-W mole ratio of 1:2.  After drying, the solid 

product was placed in a 125-ml Erlenmeyer flask and stirred with 50 ml of distilled water 

for five hours.  The mixture was filtered to recover a white solid which was washed with 

dry toluene and dried at 80 oC under vacuum for 24 hours.  In the third step, the silica 

was reacted at reflux with a solution of 25 mmol (~ 5.5 ml) of TMSPEDA in 100 ml of 

dry toluene in a 250-ml round-bottom flask for 48 hrs under a dry atmosphere.  After 

cooling, the resulting solid was isolated by filtration with a fine filter funnel, washed 

plentifully with toluene (3 X 50 ml) and ethanol then dried at 80 oC under vacuum for 24 

hours.  The final product was a white solid obtained in a yield of 4.96 g.  The filtrate 

solution was evaporated to yield 3.78 g of a sticky-solid brown solid formed from the 

filtrated solution. 

IR (cm-1) (KBr) of the main yield: 3618(w, br), 3286(s, br), 3265(s, br), 2933(s), 

2879(s), 1598(s), 1464(s), 1438(w), 1371(w), 1313(m), 1201(s, br), 1119 (s, br), 1084(s, 

br), 966(m, br), 802(m), 729(w, sh), 694(w, sh), 579(w), and 465(m).  Solid-state 29Si 

CP/MAS NMR: δ (ppm) -59.7 (T2), -68.1 (T3), -99.6 (Q3) (w), and -111.8 (Q4).  Solid-

state 13C CP/MAS NMR: δ (ppm) 11.4 (≡Si-CH2-CH2-)[1], 23.8 (≡Si-CH2-CH2-)[2], 41.1 

(≡Si-CH2-CH2-CH2-NH-)[3] and (-CH2-NH-CH2-CH2-NH2)[4], and 51.6(-CH2-NH-CH2-

CH2-NH2)[5].  Elemental analysis: C (21.56%) and N (8.59%). 
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4.2.4. Metal Ions Adsorption Study 

The adsorption and separation experiments were conducted as follows; five 

different amounts (25-125 mg) of the functionalized mesoporous silica, OSU-6-W-

TMSPEDA-2, were shaken for 4 hours with 10 ml of 100 ppm solutions of Cu2+, Co2+, 

UO2
2+, and Th4+ using 20-ml glass vials for each metal ion separately.  Measurement of 

the metal ion concentration was carried out by allowing the insoluble complex to settle 

down and filter an appropriate volume of the supernatant using a 0.45µm syringe filter.  

The metal ion uptake was calculated as mmol of Mn+/g ligand.  Inductively coupled 

plasma atomic emission spectroscopy (ICP-AES) was used to measure the concentration 

of the metals. 

4.3. RESULTS AND DISCUSSION 

The ordered mesoporous silicas, OSU-6-W modified with ethylenediamine 

functional groups were prepared by post-synthesis method from the reaction of the 

ordered mesoporous silica, OSU-6-W, with TMSPEDA using two different preparation 

procedures.  Diamine-derivitized mesoporous silicas prepared by these methods were 

obtained in good yield and had excellent surface coverage.  The properties of these 

materials are strongly dependent on the preparation procedure and starting materials. 

4.3.1. Identification of the Textural Properties (Physical Characterization) 

I. X-ray Powder Diffraction (XRD) 

The pristine HCl-Ethanol washed ordered mesoporous material, OSU-6-W, and 

the two functionalized samples with TMSPEDA [OSU-6-W-TMSPEDA-1 and OSU-6-

W-TMSPEDA-2) were characterized by XRD.  The resulting diffraction patterns in the 

range of 1.0-10.0º are shown in Figure 4.1. 
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Figure 4.1. XRD patterns in the range of 1.0-10.0º of; (A) pristine HCl-Ethanol washed 
ordered mesoporous material, OSU-6-W, (B) OSU-6-W-TMSPEDA-1, and (C) OSU-6-
W-TMSPEDA-2.  The spectra are shifted vertically for the sake of clarity. 

 

 

The XRD patterns of the samples show strong (100) peaks and smaller (110) and 

(200) peak intensities, suggesting that the modification process does not strongly affect 

the framework integrity of the ordered mesoporous OSU-6-W.  It can also be noted that 

the (100) peak gradually shifts to higher angles with increasing of the functional group 

content of the OSU-6-W-TMSPEDA-1 to OSU-6-W-TMSPEDA-2, indicating an 

effective decrease of the pore diameter.  This can be understood in terms of the volume 
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excluded as the silylation of the OSU-6-W surface walls takes place.  According to the 

average pore diameter of the material from the surface area measurements, this indicates 

an average thickening of the walls of about 25.9 Å in the case of OSU-6-W-TMSPEDA-

2, which statistically would correspond to at least one extra layer of Si-O-Si 

homogeneously spread on the original wall (~ 21.0 Å).  It also can be noticed that the d100 

peak has become broader with the increase in the loading of the functional groups, 

indicating a slight alteration of the ordering of the mesoporous structure as more 

functional groups are added to the surface. 

II. Nitrogen Adsorption-Desorption Measurements 

Figure 4.2 shows the nitrogen adsorption-desorption isotherms performed at 77 K 

for the various materials and their textural properties are summarized in Table 4.1.  The 

curve corresponding to pure silica is typical for mesoporous materials with a hexagonal 

channel array.  This is type IV isotherm that show a sharp, reversible step at ~ 0.3-0.4 

P/P0, typical of the N2 filling of uniform mesopores, with an average pore diameter of 

about 51 Å and a surface area of 1283 m2/g. 

After introduction of the functional groups, the nitrogen adsorption-desorption 

experiments yielded a Brunauer-Emmett-Teller (BET) surface area of 983 m2/g and a 

total pore volume of 0.91 cm3/g for the OSU-6-W-TMSPEDA-1 sample, and a surface 

area of 691 m2/g and a total pore volume of 0.58 cm3/g for the OSU-6-W-TMSPEDA-2 

sample. 
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Figure 4. 2. Nitrogen adsorption-desorption isotherms of (○) OSU-6-W, (◊) OSU-6-W-
TMSPEDA-1, and (□) OSU-6-W-TMSPEDA-2.  Open symbols: adsorption; closed 
symbols: desorption.  The isotherm data are shifted vertically for the sake of clarity. 
 

 

 The BET isotherms for both samples also showed type IV isotherms.  The 

adsorption isotherm curves obtained show that the total adsorbed amounts (taken at P/Po 

= 0.99) have diminished, as has the specific surface areas.  The uptake corresponding to 

the filling of the mesopores has shifted to lower relative pressures indicating a reduction 

of the pore diameter (from 51.1 to 41.3 Å for OSU-6-W-TMSPEDA-1 and from 51.1 to 

33.8 Å for OSU-6-W-TMSPEDA-2).  An opening of ca. 33.8 Å is sufficiently large 
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enough to allow all metal ions and most small organic molecules to be incorporated into 

the pore channels.  Both the surface area and the total pore volume of both samples have 

dropped significantly compared with the un-functionalized sample, OSU-6-W (BET 

surface area 1283 m2/g; total pore volume 1.24 cm3/g).  The decrease of the mesoporous 

volume of the material after silanization is the direct consequence of the silanization 

process filling the mesopores.  However, this quite large decrease probably can also be 

attributed to some pore blocking due to partial surface polymerization at the mouths of 

some mesopores, possibly with silsequioxane polymers.  Most of the decrease of the 

specific surface area can be accounted for the uptake of organic species into the pore 

structure. 

 

Table 4.1. Textural Properties Determined from Nitrogen Adsorption-desorption 
Experiments at 77 K and Powder XRD Measurements. 

Sample 
Specific 

surface area 
(m2/g) 

Total pore 
volume 
(cm3/g) 

Average 
pore size     

(Å) 

d100 
 

(Å) 

Wall 
Thickness 

(Å) 

OSU-6-W 1283 1.24 51.1 62.4 20.9 

OSU-6-W-
TMSPEDA-1 983 0.91 41.3 55.9 23.2 

OSU-6-W-
TMSPEDA-2 691 0.58 33.8 51.7 25.9 

 

 

The pore size distribution measurements, Figure 4.3, show narrow pore size 

distributions for all samples.  The highest pore size distribution was found to correspond 

to the OSU-6-W-TMSPEDA-1 and it is in the range of 5.0±1.0 Å. 
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Figure 4. 3. The pore size distribution of (○) OSU-6-W (max at 51.1 Å), (◊) OSU-6-W-
TMSPEDA-1 (max at 41.3 Å), and (□) OSU-6-W-TMSPEDA-2 (max at 33.8 Å). 
 
 
 
4.3.2. Identification of Functional Groups (Chemical Characterization) 

I. Solid State 29Si CP/MAS NMR Spectroscopy 

Figure 4.4 shows the solid state 29Si CP/MAS NMR spectra for the unmodified 

mesoporous silica, OSU-6-W, and the two modified samples, OSU-6-W-TMSPEDA-1, 

and OSU-6-W-TMSPEDA-2. 
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Figure 4.4. Solid state 29Si CP/MAS NMR spectra of; (A) HCl-Ethanol washed 
mesoporous silica, OSU-6-W, (B) the modified OSU-6-W-TMSPEDA-1, and (C) the 
modified OSU-6-W-TMSPEDA-2. 
 
 
 

As discussed previously, OSU-6-W has three peaks: low intensity peak at -91.2 

ppm, which is due to Q2 surface silicon atoms with two siloxane bonds and two geminal 

silanol groups; a peak at -100.4 ppm attributed to Q3 surface silicon atoms with three 

siloxane bonds and one (isolated) silanol group; and a resonance at -107.9 ppm attributed 

to surface Q4 silicon atoms with four siloxane bonds. 

The two functionalized samples, Figure 4.4(B) and (C), show two peaks with 

locations near -100 and -110 ppm, corresponding to Q3 and Q4 silicon environments.  In 

addition, the OSU-6-W-TMSPEDA-1 sample contains another two peaks at -58.7 and -
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66.0 ppm corresponding to T2 and T3 silicon environments, while the OSU-6-W-

TMSPEDA-2 sample shows another two peaks at -59.7 (T2) and -68.1 ppm (T3).  All 

peaks were identified by multipeak curve fitting. 

OSU-6-W-TMSPEDA-1 and OSU-6-W-TMSPEDA-2 show changes in the 

relative intensities of the silicon atom resonances in the locality of -100 ppm when 

compared to the signals for the OSU-6-W sample.  In particular, the relative intensity for 

the Q3 silicon resonance at around -100 ppm undergoes a significant decrease with 

increasing degree of functionalization.  This difference in relative intensity is attributable 

to reactions of surface Si-OH groups with TMSPEDA molecules that lead to the 

formation of more Si-O-Si bonds.  When the spectra of the two modified samples are 

compared to each other, the intensity of the peak at around -100 ppm is significantly less 

intense in the OSU-6-W-TMSPEDA-2 sample. 

The additional peaks lying in the range from -50 to -70 ppm, as shown in Figure 

4.4, occur only for the silylated sample since they are due to the organic silane groups.  

There are two of these peaks observed in case of the OSU-6-W-TMSPEDA-1, Figure 4.4 

(B).  These two resonances can be assigned as follows: (i) the resonance at ca. -58.7 ppm 

arises from terminal groups that are only bound to one neighboring siloxane, and (ii) the 

resonance at ca. -66.0 ppm arises from cross-linked groups that are bound to two 

neighboring siloxanes.  In the case of the OSU-6-W-TMSPEDA-2, Figure 4.4 (C), there 

are two resonances that indicate two different environments for the siloxane groups in the 

functionalized monolayer.  The two resonances can be assigned as follows: (i) the 

resonance at ca. -59.7 ppm arises from terminal groups that are only bound to one 

neighboring siloxane and (ii) the resonance at ca. -68.1 ppm arises from cross-linked 
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groups that are bound to two neighboring siloxanes.  It is to be noted that the intensities 

of these peaks indicate that for both samples both the amount and structure of the grafted 

groups are different.  Nevertheless, the dominant peak on the OSU-6-W-TMSPEDA-1 

and OSU-6-W-TMSPEDA-2 is attributed to the cross-linked siloxane group.  OSU-6-W-

TMSPEDA-2 has much stronger terminal silicon resonances than OSU-6-W-TMSPEDA-

1 which indicate more surface coverage with aminosilane.  It also has a relatively large T3 

peak and a very small T2 peak indicating a more complete function of a polymerized 

siloxane monolayer with fewer defects. 

Solid state 29Si CP/MAS NMR spectra show distinct resonances for siloxane [Qn 

= Si(OSi)n(OH)4 – n, n = 2–4] and organosiloxane [Tm = RSi(OSi)m(OH)3 – m, m = 1–3] 

centers, with T3 predominant over T2 and T1 organosiloxane centers, Figure 4.4, 

indicating that the condensation of the methoxy groups with silanol groups of the 

mesoporous silica was extensive.  The width of the Tm peaks is similar to those of the Qn 

species, suggesting that the local environments are comparable in terms of steric 

hindrance.25  Solid state 29Si NMR revealed a high degree of silane cross-linking and a 

surface population of 4.48 groups/nm2 for OSU-6-W-TMSPEDA-2 and 2.54 groups/nm2 

for OSU-6-W-TMSPEDA-1. 

II. Solid State 13C CP/MAS NMR Spectroscopy 

The presence of covalently linked organic moieties bearing diamine groups in the 

as-synthesized OSU-6-W mesoporous silicas were also confirmed by 13C CP/MAS solid 

state NMR spectroscopy.24  Figure 4.5 shows the solid state 13C CP/MAS NMR spectra 

for diamino-functionalized mesoporous materials, OSU-6-W-TMSPEDA-1 and OSU-6-

W-TMSPEDA-2. 
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Figure 4.5. Solid state 13C CP/MAS NMR spectra of the modified samples with diamine 
groups, (A) OSU-6-W-TMSPEDA-1, and (B) OSU-6-W-TMSPEDA-2. 
 
 

The spectra of the first modified sample shows resonances at δ values of 11.7, 

22.9, 41.1, and 51.6 ppm.  These are due to the carbon atoms in (≡Si-CH2-), (≡Si-CH2-

CH2-), (≡Si-CH2-CH2-CH2-NH-) and (-NH-CH2-CH2-NH2), and (-CH2-NH2), 

respectively.  The spectra of the second sample shows peaks at δ of 11.4, 23.8, 41.1, 51.6 

ppm attributable to the carbon atoms in (≡Si-CH2-CH2-), (≡Si-CH2-CH2-), (≡Si-CH2-

CH2-CH2-NH-) and (-NH-CH2-CH2-NH2), and (-CH2-NH2), respectively.  The peaks 

corresponding to the organosiloxane moieties are relatively broad, indicating restricted 
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mobility of the functional groups attached to the siloxane framework.  The low intensity 

of the peaks in OSU-6-W-TMSPEDA-1 sample compared to that in OSU-6-W-

TMSPEDA-2 indicates a lower surface coverage.  Moreover, from the spectrum, there 

are no peak indicates the presence of methoxy groups which means high hydrolysis and 

condensation of the functional groups on the surface of both samples. 

III. Fourier Transform Infrared Spectroscopy (FT-IR) 

Infrared spectroscopy was employed as an important tool to characterize the 

functional groups of the products.  The vibrational spectra obtained from solid samples 

confirmed the success of the grafting reactions since they displays bands that are very 

close to those observed when propylethylenediamine functional group was previously 

incorporated into similar materials. 

The infrared spectra obtained for OSU-6-W-TMSPEDA-1 and OSU-6-W-

TMSPEDA-2 hybrids are shown in Figure 4.6.  Typical silica bands associated with the 

main inorganic backbone can be clearly observed such as: (i) a large broad band between 

3600 and 3200 cm−1, and a band at 3740 cm-1 attributed to the presence of the O-H 

stretching frequency of silanol groups bonded to the inorganic structure, and also to the 

remaining adsorbed water, (ii) the intense band related to the siloxane stretching of these 

groups at 1100 cm−1, (iii) a band assigned Si-O-H bending frequency near 950 cm−1, and 

(iv) a band assigned O-Si-O vibration mode near 800 cm−1.  Additional bands are also 

observed in both spectra that confirm the presence of organic pendant groups in these 

materials.  Generally, the functionalized silicas with trimethoxysilylpropylethylene-

diamine show the CH2 rocking vibration of Si-CH2R appearing at around 692 cm−1, broad 

NH2 stretching absorptions at 3250-3450 cm−1, an N-H deformation peak at 1640-1560 
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cm−1, and a C-H stretching and bending of methyl groups at 3000-2840 and 1450 cm-1, 

respectively.26-30 
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Figure 4.6. Infrared spectra of (curve A) OSU-6-W, (curve B) OSU-6-W-TMSPEDA-1, 
and (curve C) OSU-6-W-TMSPEDA-2. 
 
 

The two diamine derivitized silicas, OSU-6-W-TMSPEDA-1 and OSU-6-W-

TMSPEDA-2 were characterized by infrared spectroscopy and compared to the 

corresponding unmodified OSU-6-W.  All spectra showed a large band around 3000-

3500 cm-1 due to adsorbed water.  The efficiency of the grafting process is demonstrated 

by a significant decrease in the silanol bands at around 3740 cm-1, with an associated 

increase of new bands characteristics of the immobilized propylethylenediamine groups.  

These bands were attributed to both the symmetric and asymmetric stretching of active 

groups in OSU-6-W-TMSPEDA-1; ν as(CH2) = 2939 cm-1, νs(CH2) = 2886 cm-1, CH2 
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scissor at 1458 cm-1, CH3 bending vibration at 1354 cm-1, NH2 (ν as = 3356 cm-1), and 

NH2 bending vibration at 1665 cm-1, in OSU-6-W-TMSPEDA-2; ν as(CH2) = 2933 cm-1, ν 

s(CH2) = 2879 cm-1, CH2 scissor at 1464 cm-1, NH2 (ν as = 3286 cm-1, ν s = 3265 cm-1), and 

NH2 bending vibration at 1598 cm-1.31,32  When comparing the intensities of the IR peaks 

in the modified samples, it can be concluded that the second sample has a higher 

concentration of functional groups. 

4.3.3. Estimation of the Total Surface Loading of the Ordered Mesoporous Silica 

with the Propylethylenediamine Functional Groups 

 As discussed in chapter three, the concentration of the functional groups on the 

surface is one of the most important aspects of these materials.  Therefore, determination 

of the degree of the functionalization is highly necessary. 

The amount of functional group deposited on the surface was quantified using two 

variables.  The surface loading (l) expresses the amount of deposited molecules in 

mmol/g.  The number of molecules deposited per nm2 is given by the surface coverage 

(C).  Both values use the mass of the pure mesoporous silica before modification as a 

reference. 

I. Elemental Analysis 

Carbon and nitrogen elemental analysis was carried out for both modified 

samples.  The concentration of attached groups was determined as follows:33,34 

C (groups/nm2) = 6x105 PC /[(1200nC - WPC)SBET] 

where C is the concentration of attached groups, which contain carbon; PC is the 

percentage of carbon in the sample, nC is the number of carbon atoms in the attached 

group (counted as C5), W is the corrected formula mass of the modifier (counted as 
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C5H13N2O3Si), and SBET is the specific surface area of the pristine substrate (1283 m2/g).  

Table 4.2 shows the results. 

 
Table 4.2. Carbon and nitrogen elemental analysis, and concentration of propyl ethylene 
diamine functional groups 

Sample C % N % Surface Area 
(m2/g) 

TMSPEDA 
(group/nm2) 

OSU-6-W 0.10 0.06 1283 --- 

OSU-6-W-
TMSPEDA-1 16.32 6.47 983 2.36 

OSU-6-W-
TMSPEDA-2 21.56 8.59 691 4.63 

 
 

II. Solid State 29Si CP/MAS NMR Spectrum 

The procedure described in chapter 3 was used to determine the degree of silylation of 

the functionalized silicas.35  The results are given in Table 4.3. 

The change in silanol concentration before and after silylation found to be equal 

to the concentration of the functional groups indicating that each diaminosilane 

condensed with a single surface hydroxyl.  Also, the concentration of the functional 

groups for both silylated samples calculated using this method show high agreement with 

that of elemental analysis.   

 
Table 4.3. Solid state 29Si CP/MAS NMR deconvolution results 

Sample Q4 
(%) 

Q3 
(%) 

Q2 
(%) 

[SiOH] 
(mmol/g) 

[SiOH] 
(molecule/nm2) 

[TMSPEDA] 
(group/nm2) 

OSU-6-W 14.38 71.73 13.89 14.43 6.77 --- 

OSU-6-W-
TMSPEDA-1 56.35 44.64 0.00 6.91 4.23 2.54 

OSU-6-W-
TMSPEDA-2 81.48 18.51 0.00 3.00 2.29 4.48 
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4.3.4. Metal Ions Adsorption Study 

I. Transition Metal Ions Adsorption (Cu2+ and Co2+) 

The uptake capacity of the modified mesoporous silica, OSU-6-W-TMSPEDA-2, 

toward transition metal ions was investigated using five different amounts of the 

adsorbent (ranging from 25 to 125 mg) and one constant concentration of the metal under 

study; copper ions (100 ppm) at pH 5.5 and cobalt ions (100 ppm) at pH 6.5.  The results 

are shown in Figure 4.7.  The maximum uptake of each metal was calculated from the 

Langmuir adsorption isotherms.  The uptake capacity was found to be 9.10 mmol Cu2+/g 

(578.3 mg/g) and 5.14 mmol Co2+/g of the adsorbent (303 mg/g). 

 

Cu2+ Ion Uptake
y = 109.92x + 0.2663

R2 = 0.9694
Xm = 9.1 mmol/g

Co2+ Ion Uptake
y = 194.69x + 0.3632
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Xm = 5.14 mmol/g
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Figure 4.7. The Langmuir adsorption isotherms of Cu2+ and Co2+ ions adsorbed by OSU-
6-W-TMSPEDA-2 adsorbent. 
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Since the average diamino-functional group content of the OSU-6-W-TMSPEDA-

2 silica is 5.22 mmol/g, based on the above results, the uptake of Co2+ corresponds to the 

formation of a 1 Co2+: 1 diamine complexes which indicate that each diamine group 

coordinates to one Co2+ ion.  In the case of copper, the uptake of Cu2+ corresponds to the 

formation of 2 Cu2+: 1 diamine group ratio.  The latter indicates that each diamine-

functional group coordinates to two Cu2+ ions, most likely a network of nitrogen-bridged 

metal complexes forms. 

II. Radioactive Metal Ions Adsorption (UO2
2+ and Th4+) 

The adsorption capacity of the modified mesoporous silica, OSU-6-W-

TMSPEDA-2, toward radioactive metal ions was examined using five different amounts 

of adsorbent ranging from 25 to 125 mg and 100 ppm of UO2
2+ ions and Th4+ ions.  The 

results are shown in Figures 4.8 and 4.9. 

UO2
2+

y = 451.2x + 1.1619
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Figure 4.8. The Langmuir adsorption isotherm of UO2
2+ ions adsorbed by OSU-6-W-

TMSPEDA-2 adsorbent 
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Th4+

y = 376.49x + 1.3573
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Figure 4.9. The Langmuir adsorption isotherm of Th4+ ions adsorbed by OSU-6-W-
TMSPEDA-2 adsorbent 

 

 

The uptake capacities calculated from the Langmuir adsorption isotherms were 

2.22 mmol/g for UO2
2+ (527.5 mg/g) and 2.66 mmol/g for Th4+ (616.2 mg/g).  This can 

be explained due to the formation of 1:2 complexes (metal to ethylenediamine ligand) at 

high concentrations of UO2
2+ and Th4+ ions. 

III. Regeneration of the Absorbent 

Treatment of the uranium-loaded material three times with stirred aqueous 

solution of 2.0 M HCl for 1 hour resulted in removal of the bound UO2
2+ from the 

structure, regenerating the adsorbent for further metal ion uptake.  The regenerated 
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material, Figure 4.10, shows decrease in the uranium ion uptake capacity down to ~ 69% 

after the fourth regeneration. 
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Figure 4.10. The regeneration experiments of UO2
2+ ions adsorbed by OSU-6-W-

TMSPEDA-2 absorbent 
 
 

The decreases may be due to loss of the immobilized groups with washing or a 

strong interaction of some UO2
2+ ions with the amine groups so that it can not be released 

with HCl washing.  The latter, will lead to blocking of the available sites for chelating.  

Overall, this material shows excellent regeneration. 

4.4. CONCLUSION 

A novel approach to the preparation of functionalized ordered mesoporous 

materials for use in the selective adsorption of transition metal ions and radioactive 

materials is described.  Both N2 adsorption/desorption isotherms and XRD patterns of as-

synthesized adsorbents showed that the ordered pore structure was retained during the 
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preparation steps and also showed that the functional group was immobilized mainly 

inside the mesopore channel.  A remarkable degree of grafting has been achieved by the 

aid of an intermediate hydrolysis step. 

Diamine-functionalized mesoporous adsorbent had a remarkable selectivity for 

transition metal ions (Co2+ and Cu2+) and for radioactive material such as uranium 

(UO2
2+) and thorium (Th4+).  The findings here show that the as-synthesized adsorbents 

prepared via a simple method without metal-imprinting had high adsorption capacities for 

Co2+, Cu2+, UO2
2+, and Th4+ ions.  In addition to being useful sorbates for metal ions, the 

new approach that was developed can also be applied to the preparation of transition 

metal catalysts.36 
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CHAPTER 
FIVE 

 
 

SYNTHESIS OF MESOPOROUS MATERIALS BEARING METHACRYLATE 

FUNCTIONAL GROUPS AND OTHER DERIVATIVES AND REMOVAL OF 

CONTAMINANTS 

 
Abstract 

Propylmethacrylate-functionalized mesoporous OSU-6-W materials were 

synthesized via post-synthesis grafting of 3-(trimethoxysilyl)propyl methacrylate 

(TMSPMA) onto OSU-6-W mesoporous silica.  Two grafting procedures were used here 

based on the use of catalyst (triethylamine) and water for fast adsorption and hydrolysis 

of the methoxy groups.  At the maximum level of silylation with TMSPMA, the solid 

state 29Si CP/MAS NMR measurements of the two modified samples, OSU-6-W-

TMSPMA-1 and OSU-6-W-TMSPMA-2, indicate that the Si atoms containing Si-C 

bonds are different in the two samples.  These measurements also indicate that the 

surface coverage of propyl methacrylate anchored to silanol groups on the surface of 

OSU-6-W were not the same.  Moreover, the results from the elemental analyses, UV-Vis 

and titration of the two modified samples show good agreement with that of the solid 

state 29Si CP/MAS NMR.  The propyl methacrylate-functionalized mesoporous material 

was subjected to a reaction with various active compounds (e.g., lysine (2,6-

diaminocaproic acid), β-alanine (3-aminopropionic acid), and glycine (aminoacetic acid)
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in order to introduce new active groups into the modified sample. 

These materials were characterized by Fourier transform infrared spectroscopy 

(FTIR), X-ray powder diffraction (XRD), scanning electron microscopy (SEM), 13C and 

29Si solid state NMR spectroscopy, elemental analysis (EA), surface area analysis (BET), 

and UV-Vis spectroscopy.   

The adsorption experiments of the radioactive ions, UO2
2+ and Th4+, were 

conducted in order to investigate the capacity and selectivity of the synthesized modified 

samples. 

5.1. INTRODUCTION 

5.1.1. Contamination with Heavy Metal and Radioactive Materials 

Heavy metals and radioactive materials are introduced into the environment 

through a number of industrial processes.1  Depending on the chemical form and 

exposure level, these toxic materials can potentially be very harmful to humans and have 

a negative impact on the environment.  Unlike organic pollutants, metal contamination is 

exacerbated by the fact that metals are nondegradable, thus recirculate and accumulate in 

the environment.2,3  As a direct result of this, it is necessary to remediate heavily 

contaminated sites.  This can only be accomplished by isolation and recovery of the 

contaminant since degradation is not an option.  As a first attempt at remediation, bulk 

techniques, such as simple filtration or precipitation, are often utilized.2,4  Although these 

techniques are useful in removing a significant fraction of the contaminant, they are 

unable to reduce the contaminant levels to meet environmental agency regulations for 

many of the more toxic metals.  As a result, an ultimate step must be employed that is 

often in the form of a chemical extraction. 
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The ideal metal extraction and recovery technique must have selective binding 

toward metal of interest, thus allowing its separation from metals that are harmless or 

beneficial.  Other wise, the latter ions could overcome the available binding sites and 

significantly reduce the efficiency or capacity of the extracting media.  Also, strong 

binding is necessary for effective removal of contaminants and easy release of the metals 

is desirable for efficient concentration of the contaminant and reuse of the media.  The 

extractant needs to be environmentally friendly to prevent further contamination when 

the media is ultimately discarded, and high stability to be reused with an extended 

lifetime, ensuring cost-effectiveness.5 

5.1.2. Fabrication of the Mesoporous Silica Surface with a Propylmethacrylate 

Functional Group 

The silylation reagents aminoorganosilanes discussed in chapter three, have the 

general formula H2N-R-Si-(OR')3.  They differ from the general organosilanes by 

carrying an amino-functional group in the organic chain.  This group is responsible for 

the high reactivity of the aminosilane molecules.  The electron-rich nitrogen center of the 

amine group can enter into hydrogen bonding interactions with hydrogen donating 

groups, such as hydroxyl groups or other amines.  Mixing of an aminosilane with silica 

gel results in fast adsorption, by hydrogen bonding of the amine to a surface hydroxyl 

group.15  After adsorption, the amine group can catalyze the condensation of the silicon 

side of the molecule with a surface silanol.  Thus siloxane bonds with the surface may be 

formed in the absence of water.16,17  For other silanes (e. g., 3-(trimethoxysilyl)propyl 

methacrylate) the siloxane bond formation requires an initial hydrolysis of the  methoxy 

or ethoxy groups or the addition of an amine to the reaction mixture.18 
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Unfortunately, the addition of desirable functional groups to mesoporous silica is 

often impeded by the limited reactivity of silyl reagent (if available), a limited choice of 

organic silanes, and/or the often poor chemical stability of the surface grafted siloxane 

ligands.  Functional groups introduced via silane grafting include alkylamines, epoxides, 

alkyl halides, and alkylthiols.  In an effort to overcome the above limitations, subsequent 

reactions can be used to add the desired functional groups by reaction with previously 

grafted reactive groups.19  In this investigation, the propyl methacrylate functional group 

served as an active site on the silica surface to bind other molecules.  These molecules 

may impart new interaction capacities to the surface.  Previously, propylmethacrylate-

modified silica gel was used as a stationary phase in liquid and gas chromatography after 

a secondary modification treatment to place, for example, alcohol groups on the 

surface.19 

To ensure the effectiveness of the hybrid materials in utilizing the intrinsic 

reactivity of the organofunctional groups, these moieties must keep their activity upon 

immobilization, they must be accessible to the external solution, and mass transfer to and 

from these active sites should be as fast as possible.  As highlighted in recent 

investigations, this is especially important in heterogeneous catalysis for ensuring high 

efficiency and turnover,12,25-30 as well as in removal of toxic substances to improve the 

performance of remediation processes and environmental containment technologies.22,31-

42  It is expected that the increase in the density of functional groups while retaining the 

open space would result in a higher activity.  Therefore, high loading of functional groups 

in mesoporous silicas has received much attention.43-46  Uniform surface modification 
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with functional groups is desired so that the coverage of functional groups on the surface 

may increase without adversely affecting the diffusion of molecules in the mesopore.47-49 

5.1.3. Immobilization of Active Groups onto the Mesoporous Material 

Functionalized with Propylmethacrylate Groups 

Currently, the most common chemical modes of metal removal include ion 

exchangers or removal by chelation with synthetic crown ethers or other macrocylic cage 

molecules.50-54  The most significant drawback associated with typical ion exchangers is 

the lack of selectivity in metal binding and/or weak binding characteristics.  While crown 

ethers are both selective and strong binders, due to polydentate chelation within a sized 

cavity, they often exhibit slow release kinetics.50  This is a potential problem when metal 

recovery is required.  In addition, many crown ethers are also very toxic, so using them 

may simply add to the problem of contamination.  As a result of the inherent problems 

with most of the current metal remediation strategies, researchers are now turning toward 

natural systems.  This study will focus on the potential utility of amino acids that have 

been immobilized on a substrate for general use in column applications. 

A well-known class of metal binding proteins, the metallothioneins, is an example 

of such biomolecules that are characterized as having a high degree of metal binding 

specificity and have been isolated in a wide variety of organisms.55-58  Their strong 

binding characteristics and selectivity seem to fit the criteria of the ideal metal chelator.  

Upon immobilization, these proteins seemed to lose the metal binding capabilities that 

they normally have within the cellular environment where they typically function in 

nature.59  Examination of several metallothioneins showed that their sequences contained 

a significantly high percentage of cysteine residues and that sulfhydryl groups present on 
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these residues are primarily responsible for metal binding.55,57  This suggests the 

possibility of using simpler amino acid chains (e.g., poly-amino acids) as metal binding 

alternatives to natural peptides.  Considering only the natural set of amino acids, one can 

readily recognize a variety of functionalities that could serve as coordination sites for 

metal chelation.  Using amino acids, a wide variety of interesting chelators could be 

envisioned.  More specifically, these chelators may exhibit the desired characteristics of 

specificity and have the added side benefit of being non-toxic when discarded. 

5.2. AIM OF STUDY 

This chapter reports the immobilization of a variety of amino acids on a 

methacrylate-functionalized mesoporous silica.  The reaction of lysine (2,6-

diaminocaproic acid), β-alanine (3-aminopropionic acid), and glycine (aminoacetic acid) 

to the alkene of the propylmethacrylate group via conjugate addition or the Michael 

addition.60  α,β-unsaturated carbonyl compounds contain two electrophilic sites: the 

carbonyl carbon and the carbon atom that is β to it.  Certain nucleophiles tend to react at 

the carbon-carbon double bond rather than at the carbonyl group.  Such reactions proceed 

via enol intermediates and are described as conjugate addition, or 1,4-addition 

reactions.60 

In addition to the synthesis and immobilization, these modified materials were 

tested as adsorbents for the separation and removal of harmful pollutants such as heavy 

metal and radioactive ions from water. 
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5.3. EXPERIMENTAL 

5.3.1. Materials 

The chemicals used are as follow: 3-(trimethoxysilyl)propyl methacrylate 

[((CH3O)3Si(CH2)3OCO(CH3)C=CH2 98.0%, Aldrich], lysine, β-alanine, glycine, toluene 

99.8% HPLC grade, ethyl alcohol, tetrahydrofuran (THF), triethylamine (TEA, 99%, 

Aldrich), bromine (Br2), methylene chloride (CH2Cl2), 0.10 M KOH, and distilled water.  

The structures of some of these compounds are shown in Scheme 5.1. 
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Scheme 5.1. The structures of some chemical used in this chapter. 
 
 

5.3.2. Characterization 

 The modified mesoporous samples were characterized using a variety of 

techniques such as X-ray diffraction (XRD), surface area analysis (BET), elemental 
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analysis (EA), solid state 13C and 29Si NMR, and Fourier transform infrared (FT-IR) 

spectroscopies in order to confirm the attachment of the functional groups onto the 

surface and identify the texture properties.  The full descriptions of all techniques were 

mentioned in both chapter two and three. 

5.3.3. Preparation 

5.3.3.1. Pretreatment of the Mesoporous OUS-6-W 

The mesoporous silica material, OSU-6-W, was synthesized as discussed in 

chapter two of this thesis.  It was activated by refluxing around 10.0 g of the mesoporous 

silica in 100 ml of dry toluene for 4 hours under dry atmosphere, followed by washing 

with dry toluene, and drying at 80 °C under vacuum.  Next, 6.0 g (~ 100 mmol) of the 

dried material was mixed in 100 ml of dry toluene with twenty milliliters of triethylamine 

(TEA).  The mixture was stirred for around one hour at room temperature and was then 

filtered off with a fine filter funnel and washed with dry toluene (3 X 50 ml).  The 

activated material refered to as TEA-OSU-6-W. 

5.3.3.2. Introduction of Propylmethacrylate Groups into the Mesoporous Surfaces 

The propylmethacrylate group was attached to the mesoporous OSU-6-W 

material surfaces by means of the two post-synthesis grafting methods described in 

earlier chapters. 

I. Grafting of the Mesoporous Silica with 3-(Trimethoxysilyl)propylmethacrylate 

in a One Step Reaction (OSU-6-W-TMSPMA-1) 

OSU-6-W-TMSPMA-1 was prepared by refluxing 3.0 g (~ 50.0 mmol) of the 

activated mesoporous silica (TEA-OSU-6-W) with 50 mmol (~ 12.5 ml) of 3-
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(trimethoxysilyl)propylmethacrylate (TMSPMA) in 100 ml of dry toluene in 250-ml 

round-bottom flask under dry atmosphere (Scheme 5.2). 
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Scheme 5.2. The general chemical reaction of the functionalization process and carbon 
atom position as described in the 13C CP/MAS NMR. 
 
 

After 48 hours, the mixture was cooled down to room temperature and the 

resulting light brown solid was isolated by filtration.  It was washed with 3 X 50 ml of 

toluene and then methanol.  The resulting white solid was then dried at 80 °C under 

vacuum for 24 hours to yield 4.49 g of product. 

The IR (cm-1) (KBr) of the product contained absorptions at 3741(w), 3567(m), 

3291(s, br), 2981(m, br), 2932(m), 2880(m), 2833(m), 1719(m, sh), 1634(m, sh), 

1461(m, sh), 1346(w), 1315(w), 1211(s, br), 1083(s, br), 978(m, br), 804(m) 693(w), 

574(w), and 467(s, sh).  The solid-state 29Si CPMAS NMR: δ (ppm) -48.0 (T1), -56.8 

(T2), -91.6(Q2), -102.5 (Q3), and -109.8 (Q4).  Solid-state 13C CPMAS NMR: δ (ppm) 8.9 

(≡Si-CH2-CH2-)[1], 22.5 (≡Si-CH2-CH2-)[2], 66.7 (≡Si-CH2-CH2-CH2-O-)[3], 168.3 (-

C(=O)-)[4], 137.3 (CH2=C-)[5], 124.1 (CH2=C-)[6], 18.2 (CH3-C-)[7], and 30.3 (CH3O-), 

see Scheme 5. 2.  Elemental analysis: C (19.14%) and N (0.18%). 
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II. Reaction of the Mesoporous Silica with 3-(Trimethoxysilyl)propylmethacrylate 

with the Mole Ratio of 1:1 in Three Modification Steps (OSU-6-W-TMSPMA-2) 

Mesoporous silica grafted with propylmethacrylate groups was prepared as 

describe above.  However, the product was then placed in a 125-ml Erlenmeyer flask then 

stirred with 50 ml of distilled water for five hours.  The mixture was filtered off to 

recover the solid yield.  The resulted product was dried at 80 oC under vacuum for 24 

hours then it went through another step in order to add more of the functional groups.  In 

the last step, a 25 mmol of TMSPMA was refluxed with the result again in 100 ml of dry 

toluene under dry atmosphere.  The resulting solid was filtered off, washed, and dried at 

80 oC under vacuum for 24 hours.  The final product weight was 5.79 g. 

IR (cm-1) (KBr): 3420(s, br), 3309(s, br), 2934(s, sh), 2884(s, br), 1720(vs, sh), 

1640(s, sh), 1459(m, sh), 1224(s, sh), 1081(s, sh), 965(w), 801(m, sh), 693(w), 574(w), 

and 464(s, sh).  Solid-state 29Si CPMAS NMR: δ (ppm) -56.7 (T2), -65.5 (T3), -101.9 

(Q3), and -109.7 (Q4).  Solid-state 13C CPMAS NMR: δ (ppm) 9.0 (≡Si-CH2-CH2-)[1], 

22.6 (≡Si-CH2-CH2-)[2], 66.8 (≡Si-CH2-CH2-CH2-O-)[3], 169.6 (-C(=O)-)[4], 137.0 

(CH2=C-)[5], 125.8 (CH2=C-)[6], 18.4 (CH3-C-)[7], and 50.9 ppm (methanol solvent).  

Elemental analysis: C (24.59%) and N (0.24%). 

5.3.3.3. Immobilization of Active Groups onto the Methacrylate-Functionalized 

Mesoporous Silica 

A sample of 0.5 g of the modified mesoporous silica bearing propylmethacrylate 

functional groups, OSU-6-W-TMSPMA-2, was added to 50 ml of ethanol containing 5.0 

ml of KOH (0.01 M) as a catalyst and 2.0 g of the amino acid in a 150 ml Erlenmeyer 

flask.  The reaction mixture was stirred for 48 hours and the resulting solid was filtered 
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off, washed three times with 50 ml of THF, and dried under vacuum for 24 hours.  The 

general chemical reaction is illustrated in Scheme 5.3.  The IR peaks in cm-1 (KBr) for 

each immobilized group are listed in Table 5.1. 

 
Table 5.1. The organic compound used and the FT-IR result of the final products. 

Organic 
Compound 

FT-IR 
(cm-1) (KBr) 

Lysine 3356, 3291, 2978, 2926, 2844, 1723, 1581, 1514, 1467, 1406, 1382, 1336 

β-Alanine 3310, 2944, 2886, 1721, 1562, 1470, 1440, 1376, 1303 

Glycine 3316, 2932, 2856, 1727, 1572, 1503, 1463, 1403, 1376, 1327 
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Scheme 5.3. The general chemical reaction of the functionalization process following 
Michael addition reaction. 
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5.3.4. Calculating the Total Surface Loading of the Ordered Mesoporous Silica with 

the Propylmethacrylate Functional Groups 

 The concentration of the functional groups was determined using several 

methods, that were discussed in the previous chapters. 

I. Spectrophotometric Analysis Method 

The amount of propylmethacrylate deposited on the surface was quantified using 

two variables.  The surface loading (l) expresses the amount of deposited molecules in 

mmol/g.  The number of molecules deposited per nm2 is given by the surface coverage 

(C).  Both values use the mass of the pure mesoporous silica before modification as a 

reference.61 

I. A. Bromination Method 

For the quantitative analysis of the propylmethacrylate in methylene chloride 

solution, a spectrophotometric analysis method was used.  The determination of 

propylmethacrylate by means of a color reaction with bromine (Br2), bromination 

reaction, Scheme 5.4, in an organic solvent such as methylene chloride is reported for the 

first time in this work.  This reaction was left to for one week in order to ensure 

completion.  In this method, an amount of 0.25 g of each modified sample was dissolved 

in 10 ml of 0.01 M of Br2 in CH2Cl2.  Immediately after the addition of Br2, the solution 

was dark red.  As time progressed, the color changed very slowly to orange, to yellow, 

and then to pale yellow. 
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Scheme 5.4. Reaction of propylmethacrylate functional group with bromine. 
 
 

The correlation between the standard solutions of bromide concentrations and the 

absorbance at λ = 410 nm was linear.  The total deposited amount (l) was calculated by 

subtracting the residual amount of bromine in the solution after reaction from the initially 

added amount.  The surface coverage (C) was calculated by dividing the loading (l) by 

the specific surface area (SBET) of the sample.  Multiplication by Avogadro’s number (NA 

= 6.022 X 1023 molecules/mole) yields units of molecules/nm2:61 

C = (l / SBET) . NA 

II. Elemental Analysis (Combustion Analysis) 

Carbon analysis was carried out for both modified samples under study.  The 

concentration of attached groups was determined as follows:62,63 

C (groups/nm2) = 6x105 PC /[(1200nC - WPC)SBET] 

where C is the concentration of attached groups, which contain carbon; PC is the 

percentage of carbon in the sample, nC is the number of carbon atoms in the attached 

group (counted as C7), W is the formula mass of the modifier (counted as C7H11O5Si), 

and SBET is the initial specific surface area of the substrate (1283 m2/g). 

III. Solid State 29Si CP/MAS NMR Spectrum 
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The solid state 29Si CP/MAS NMR spectrum of the pristine OSU-6-W sample and the 

two modified samples OSU-6-W-TMSPMA-1 and OSU-6-W-TMSPMA-2 were used to 

evaluate the degree of silylation as described in chapter three.64 

The difference in silanol concentration before and after silylation was 

approximately equal to the concentration of the functional groups. 

5.3.5. Metal Ions Adsorption Study 

The adsorption and separation experiments were conducted as follows; five 

different amounts (25-125 mg) of the functionalized mesoporous silica, OSU-6-W-

TMSPMA-2-Glycine, was shaken for 4 hours with 10 ml of 100 ppm aqueous UO2
2+ in 

20-ml glass vials.  Measurement of the metal ion concentration was carried out by 

allowing the insoluble complex to settle, withdrawing a portion of the supernatant, and 

filtering using a 0.45µm membrane syringe.  The metal ion uptake was calculated as 

mmol of M2+/g of the grafted mesoporous silica.  ICP spectroscopy was used to 

determine the concentration of uranium in the treated solutions. 

5.4. RESULTS AND DISCUSSION 

5.4.1. Mesoporous OSU-6-W Modified with Methacrylate Groups 

OSU-6-W modified with propylmethacrylate functional group was prepared by 

post-synthesis method using 3-(trimethoxysilyl)propylmethacrylate (TMSPMA) and 

applying two different grafting procedures. 

5.4.1.1. Identification of the Textural Properties (Physical Characterization) 

I. X-ray Powder Diffraction (XRD) 
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The pristine ordered mesoporous material, OSU-6-W, and the functionalized 

samples with TMSPMA (OSU-6-W-TMSPMA-1 and OSU-6-W-TMSPMA-2) were 

characterized by XRD.  The diffraction patterns are shown in Figure 5.1. 
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Figure 5.1. XRD patterns in the range of 1.0-10.0º of; (A) pristine ordered mesoporous 
material, OSU-6-W, (B) OSU-6-W-TMSPMA-1, and (C) OSU-6-W-TMSPMA-2.  The 
spectra are shifted vertically for the sake of clarity. 
 
 

The XRD patterns of the samples show strong (100) peaks and weaker (110) and 

(200) peaks.  The (100) peak gradually shifts to higher angles with increasing amounts of 

the functional groups on the surface from OSU-6-W-TMSPMA-1 to OSU-6-W-

TMSPMA-2, indicating an effective decrease of the pore diameter.  According to the 



 266

average pore diameter of the material from the surface area measurements, this indicates 

an average thickening of the walls of about 25.8 Å in the case of OSU-6-W-TMSPMA-2, 

which statistically would correspond to an extra layer of Si-O-Si homogeneously spread 

on the original wall (20.9 Å).  It also can be noticed that the d100 peak has become 

broader with higher loading of the functional groups, indicating a slight alteration of the 

ordering of the mesoporous structure. 

II. Nitrogen Adsorption-Desorption Measurements 

Figure 5.2 shows the nitrogen adsorption-desorption isotherms for the 

mesoporous silicas.  The textural properties of the materials are summarized in Table 5.2. 
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Figure 5.2. Nitrogen adsorption-desorption isotherms of (○) OSU-6-W, (◊) OSU-6-W-
TMSPMA-1, and (□) OSU-6-W-TMSPMA-2.  Open symbols: adsorption; closed 
symbols: desorption.  The isotherm data are shifted vertically for the sake of clarity. 
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After reaction with the coupling agent, the surface area and pore volume of the 

mesoporous silicas was reduced from 1283 m2/g to 956 m2/g and 1.24 cm3/g to 0.90 

cm3/g for OSU-6-W-TMSPMA-1 sample, and of 678 m2/g and 0.61 cm3/g for OSU-6-W-

TMSPMA-2.  The point at which the mesopores become fulled by nitrogen adsorption 

had shifted to lower relative pressures indicating a change in the pore diameter from 51.1 

Å in the perant mesoporous silica to 41.2 Å for OSU-6-W-TMSPMA-1 and 34.1 Å for 

OSU-6-W-TMSPMA-2. 

Figure 5.3 shows the pore size distribution of all three samples.  It is clear that, 

the un-functionalized sample has the narrowest pore size distribution among the three 

samples.  The modified samples OSU-6-W-TMSPMA-1 and OSU-6-W-TMSPMA-2 

have a pore size distribution of 5.0±1.0 and 6.0±1.0 Å, respectively. 
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Figure 5.3. Pore size distribution of (○) OSU-6-W (max at 51.1 Å), (◊) OSU-6-W-
TMSPMA-1 (max at 41.2 Å), and (□) OSU-6-W-TMSPMA-2 (max at 34.1 Å). 
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Table 5.2. Textural Properties Determined from Nitrogen Adsorption-desorption 
Experiments at 77 K and Powder XRD Measurements. 

Sample 
Specific 

surface area 
(m2/g) 

Total pore 
volume 
(cm3/g) 

Average 
pore size      

(Å) 

d100 
(Å) 

Wall 
Thickness 

(Å) 

OSU-6-W 1283 1.24 51.1 62.4 20.9 

OSU-6-W-
TMSPMA-1 956 0.90 41.2 56.1 23.6 

OSU-6-W-
TMSPMA-2 678 0.61 34.1 51.9 25.8 

 
 
 
5.4.1.2. Identification of the Functional Groups (Chemical Characterization) 

I. Solid State 29Si CP/MAS NMR Spectroscopy 

Figure 5.4 shows the 29Si CP/MAS NMR spectra for the unmodified mesoporous 

silica, OSU-6-W, and the modified samples, OSU-6-W-TMSPMA-1, and OSU-6-W-

TMSPMA-2. 

The two functionalized samples, Figure 5.4 (B) and (C), show peaks with location 

at - 91.6, -102.5, -109.8 ppm, and -101.9, -109.7 ppm, corresponding to Q2, Q3, and Q4 

silicon environments for OSU-6-W-TMSPMA-1 and OSU-6-W-TMSPMA-2, 

respectively.  These occur in similar locations to the corresponding three peaks of the 

starting material.  In addition, the OSU-6-W-TMSPMA-1 spectrum contains an 

additional two peaks at -48.0, and -56.8 ppm corresponding to T1, and T2 silicon 

environments, while the OSU-6-W-TMSPMA-2 sample shows another two peaks at -

56.7 (T2), and -65.5 (T3).  All peaks were identified by multipeak curve fitting. 
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Figure 5.4. Solid state 29Si CP/MAS NMR spectra of; (A) HCl-Ethanol washed 
mesoporous silica, OSU-6-W, (B) the modified OSU-6-W-TMSPMA-1, and (C) the 
modified OSU-6-W-TMSPMA-2. 

 

 

The silylated samples with the propyl methacrylate functional groups, i.e., OSU-

6-W-TMSPMA-1 and OSU-6-W-TMSPMA-2, show changes in relative intensities of the 

Qn resonances from those of OSU-6-W.  In particular, the relative intensity for the Q3 

silicon resonance labeled at around -100 ppm undergoes a significant decrease as the 

number of functional groups increases while the Q4 resonance increases in intensity.  

These changes are due to reaction of surface Si-OH groups with TMSPMA leading to the 

formation of more Si-O-Si bonds.  The formation of a more uniform functionalized layer 
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in OSU-6-W-TMSPMA-2 as compared to OSU-6-W-TMSPMA-1 is reflected by an 

increases the peak intensity at around -65.5 ppm (T3), a decrease in the peak at around -

56.7 ppm (T2), and disappearance of the peak at around -48 ppm (T1). 

The surface coverage of the functionalized monolayer of mesoporous OSU-6-W 

was greater in OSU-6-W-TMSPMA-2 sample than in OSU-6-W-TMSPMA-1 sample.  

This is basically due to the presence of the peak at T3 in (C) which means more packing 

functional groups, also disappearance of the peak that arises from isolated SiO3 groups.  

Solid state 29Si NMR revealed a high degree of silane cross-linking and a surface 

population of 3.19 groups/nm2, indicative of a good monolayer structure in the OSU-6-

W-TMSPMA-2. 

II. Solid State 13C CP/MAS NMR Spectroscopy 

The presence of covalently linked organic moieties bearing propylmethacrylate 

groups in the functionalized OSU-6-W mesoporous silicas was confirmed by 13C 

CP/MAS solid-state NMR spectroscopy.65,67  The spectra for propylmethacrylate-

functionalized mesoporous materials, OSU-6-W-TMSPMA-1 and OSU-6-W-TMSPMA-

2, showed resonances at δ (ppm) values of 8.9 (≡Si-CH2-), 22.5 (≡Si-CH2-CH2-), 66.7 

(≡Si-CH2-CH2-CH2-O-), 168.3 (-C(=O)-), 137.3 (CH2=C-), 124.1 (CH2=C-), and 18.2 

(CH3-C-), and δ (ppm) of 9.0 (≡Si-CH2-), 22.6 (≡Si-CH2-CH2-), 66.8 (≡Si-CH2-CH2-

CH2-O-), 169.6 (-C(=O)-), 137.0 (CH2=C-), 125.8 (CH2=C-), and 18.4 (CH3-C-), 

respectively, Figure 5.5.  Peaks corresponding to the organosiloxane moieties are 

relatively broad, indicating restricted mobility of the functional groups attached to the 

siloxane framework.  The lower intensity of the peaks in OSU-6-W-TMSPMA-1 sample 
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compared to that in OSU-6-W-TMSPMA-2 indicate the low coverage, as can be seen in 

Figure 5.5.  
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Figure 5.5. Solid state 13C CP/MAS NMR spectra of the modified samples with 
propylmethacrylate functional groups, (A) OSU-6-W-TMSPMA-1, and (B) OSU-6-W-
TMSPMA-2. 
 
 

III. Fourier Transform Infrared Spectroscopy (FT-IR) 

The vibrational spectra (Figure 5.6) confirmed the success of the grafting 

reactions.  The observed spectra are very close to those reported, when 

propylmethacrylate was previously incorporated into similar materials.65,67 
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Figure 5.6. Infrared spectra of (curve A) OSU-6-W, (curve B) OSU-6-W-TMSPMA-1, 
and (curve C) OSU-6-W-TMSPMA-2. 
 
 

The two modified silicas, OSU-6-W-TMSPMA-1 and OSU-6-W-TMSPMA-2 

were characterized by infrared spectroscopy and compared to the corresponding 

unmodified solid materials, OSU-6-W.  In such conditions all spectra showed a large 

band around 3000–3600 cm-1 most probably due to adsorbed water.  The efficiency of the 

grafting process is demonstrated by a significant decrease in the silanol bands at around 

3740 cm-1, with an associated increase of new bands characteristics of the immobilized 

propylmethacrylate groups.  These bands were attributed to both the symmetric and 

asymmetric stretching of active groups in OSU-6-W-TMSPMA-1; ν as(CH2) = 2944 cm-1, 

νs(CH2) = 2891 cm-1, CH2 scissor at 1454 cm-1, ν as(CH3) = 2981 cm-1, νs(CH3) = 2848 

cm-1, CH3 bending vibration at 1331 cm-1, C=O stretching at 1719 cm-1, and C=C 

vibration mode at 1634 cm-1, in OSU-6-W-TMSPMA-2; ν as(CH2) = 2955 cm-1, νs(CH2) = 
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2892 cm-1, CH2 scissor at 1453 cm-1, C=O stretching at 1720 cm-1, and C=C vibration 

mode at 1640 cm-1.  When comparing the intensities of the IR peaks in the modified 

samples, we concluded that the second sample has a higher concentration of functional 

groups than the first modified sample which has been confirmed by the solid state 29Si 

and 13C NMR and elemental analysis.  Silica fundamental bands were observed at ~ 1200 

and ~ 1180 cm−1 (Si-O-Si stretch), ~ 800 cm−1 (Si-O-Si), and ~ 470 cm−1 (O-Si-O).73,74  

The presence of the CH3 bending mode in the IR spectra of OSU-6-W-TMSPMA-1 

suggests a small amount of remaining -OCH3.  1347 and 1314 cm-1 were observed in the 

spectrum after grafting, which are attributed to CH3 bending, and CH3 bending 

vibrations, respectively.75 

5.4.2. Characterization the Mesoporous Silicas Immobilized with Amino Acids 

I. FT-IR Spectroscopy 

The FT-IR spectra of all the amino acid containing samples confirm the success 

of the immobilization of the amino acid compound into the methacrylate-functionalized 

OSU-6-W material.  In the FT-IR spectra of the immobilized lysine compound, the peak 

at 1723 confirms the presence of the C=O of the carboxylic acid.  The peaks at 3356 and 

3291 cm-1 correlate to the primary amine of the immobilized lysine.  Other peaks at 1581 

and 1467 cm-1 are related to the NH2 bending vibration.  The β-alanine immobilized 

ligand shows peaks at 3310, 1721, 1562, and 1470 cm-1 due to the secondary amine (N-

H) vibration, C=O vibration and the NH bending vibration, respectively.  The glycine 

immobilized ligand shows peaks at 3316, 1727, 1572, 1503, 1463 cm-1 that are associated 

with the secondary amine (N-H) vibration, C=O vibration and the NH bending vibration, 
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respectively.  Moreover, in all immobilized samples the peak due to the C=C at 1640 

disappears.76 

II. Surface Area Analysis 

 The surface areas of all immobilized samples dropped significantly from 678 m2/g 

to 244, 267, and 279 m2/g for the immobilized lysine, β-alanine, and glycine, 

respectively.  These results provide more evidence for the success of immobilization. 

5.4.3. The Total Surface Loading of the Ordered Mesoporous Silica with the 

Propylmethacrylate Functional Groups 

 The concentration of the functional groups on the surface was determined.  Table 

5.3 shows the total coverage using three different determination methods.  The results 

show high coverage when using a second grafting procedures with a hydrolysis step 

iintermediate.  There are small differences in the results between all three methods that 

may be due to miscalculation in case of the spectrophotometric method, noise in case of 

the 29Si NMR or impurities in case of elemental analysis.  These results confirm the 

validation of the grafting procedure suggested here in this work to be good in increasing 

the total coverage. 
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The OSU-6-W-TMSPMA-1 has an average coverage of 2.00 TMSPMA 

molecules per 100 Å2, while the OSU-6-W-TMSPMA-2 sample has an average coverage 

of 3.36 TMSPMA molecules per 100 Å2. 

The slow reaction (seven days) compared to solution bromination of unsaturated 

organic compounds (hours) implies that the propylmethacrylate functional groups are 

mostly located on internal surfaces of the bulk sample, i.e., within the mesopore channels. 

5.4.4. Metal Ions Adsorption Study 

I. Adsorption of Radioactive Metal Ions (UO2
2+) 

The adsorption capacity of the modified mesoporous silicas, OSU-6-W-

TMSPMA-2-Glycine, toward radioactive metal ions was examined using five different 

amounts of adsorbent (ranging from 25 to 125 mg) and a 100 ppm solution of the UO2
2+ 

ions at pH 5.5.  The results are shown in Figure 5.7. 
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Figure 5.7. The Langmuir adsorption isotherm of UO2
2+ ions adsorbed by OSU-6-W-

TMSPMA-2-Glycine absorbent 
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The maximum uptakes calculated from the Langmuir adsorption was 1.3 mmol 

UO2
2+/g (or 307 mg/g) of the adsorbent.  Assuming complet reaction of all methacrylate 

groups with glycine, the number of glycine groups is approxmatly 2.2 mmol/g.  Thus, the 

results indicate the formation of approxmatly 3 UO2
2+ : 5 glycine complexes. 

When comparing the uptake capacity of UO2
2+ by OSU-6-W-TMSPMA-2-glycine 

with that of OSU-6-W-TMSPEDA-2, the difference could be due to the high surface area 

of the latter and it may due to a low immobilization of the glycine groups.  However, this 

result is outstanding and encouraging for more investigations in improvement of the 

immobilization process and the use of different active groups. 

II. Regeneration of the Absorbent 

Treatment of the uranium-loaded material by stiring three times with 2.0 M HCl 

for one hour resulted in the removal of the bound UO2
2+ from the structure and 

regeneration of the adsorbent for further metal ion uptake.  The regenerated material, 

Figure 5.8, shows a decrease in the uranium ion uptake capacity down to ~ 55% after the 

fourth regeneration. 

The decreases might be due to loss of the immobilized groups with washing or a 

strong interaction of the UO2
2+ ions with the carboxylic groups so that it is not released 

with HCl washing.  The latter will lead to plugging of the available sites for chelating 

acids.  Overall, this material shows relatively good regeneration. 
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Figure 5.8. The regeneration experiments of UO2
2+ ions adsorbed by OSU-6-W-

TMSPMA-2-Glycine adsorbent. 
 

 

5.5. CONCLUSION 

In this chapter, the synthesis and characterization of propylmethacrylate-

functionalized mesoporous silica, OSU-6-W-TMSPMA-(1&2), prepared via post-

synthesis grafting method using organoalkoxysilanes containing propylmethacrylate 

group was reported. 

A significantly large coverage of functional groups (~ 3.36 group/nm2) was 

realized.  This high coverage can not be achieved without the aid of the amine catalyst 

and a two step silylation process with intermediate hydrolysis treatment. 

In the first grafting procedure, the triethylamine along with the high hydroxyl 

(silanol) group concentration, high surface area, and large pore size worked very well in 

attaching a relatively high number of functional groups inside the pores and on the 
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surface.  However, some of the silanol groups on the silica surface were still free and 

some of the methoxy groups from the attached groups were not hydrolyzed.  Therefore, 

the use of a second silylation step was definitely required in order to increase the total 

coverage.  Before this silylation step, a hydrolysis step with water is required in order to 

hydrolyze the methoxy groups left after the first silylation step.  The hydrolysis step 

increases the amount of hydroxyl groups and facilitates the second condensation. 

This investigation showed that immobilized amino acids are all capable of metal 

capacities in the range of mmole/g of adsorbant.  In addition, metal selectivity and 

specificity could be achieved by altering the amino acid functionalities.  There are still 

many directions that continuing research in this area could head, including the use of 

peptide libraries and more extensive metal-uptake studies. 
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CHAPTER 
SIX 

 
 

SYNTHESIS OF MESOPOROUS MATERIALS BEARING VINYL 

FUNCTIONAL GROUPS AND CARBOXYL DERIVATIVE 

 
 
6.1. INTRODUCTION 

6.1.1. Fabrication of the Mesoporous Silica Surface with a Vinyl Functional Group 

Various methods of functionalizing the surfaces of periodic mesoporous materials 

with organic groups have been investigated in recent years because surface modification 

permits tailoring of the surface properties for numerous potential applications including 

catalysis, ion exchange, encapsulation of transition-metal complexes or semiconductor 

clusters, chemical sensing, and nano-material fabrication.1-7  As a support for organic 

functional groups, hexagonally ordered MCM-418,9 is particularly interesting due to its 

high surface area and uniform pore size distribution in the mesopore size range.  Hybrid 

mesoporous sieves take advantage of the properties of the inorganic support, as well as of 

the organic surface groups.  The polymeric silica framework of MCM-41 provides 

structural order, as well as thermal and mechanical stability, whereas organic species 

incorporated into the inorganic phases permit versatile control of interfacial and bulk 

materials characteristics, such as porosity, hydrophobicity, and optical, electrical, or 

magnetic properties.
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Organic functionalization of the internal surface of a mesoporous silica host can 

be achieved either by covalently grafting various organic species onto the channel 

walls4,9-13 or by incorporating functionalities directly during the preparation.1-3,14-16  The 

first approach, a post-synthesis grafting process, has been widely employed to anchor 

specific organic groups onto surface silanols of diverse silica supports.  Typically, 

organochlorosilanes or organoalkoxysilanes are used as precursors for the surface 

modification.  In this method, the host materials should be dried carefully prior to adding 

precursors to avoid self-condensation of precursors in the presence of H2O.  Control over 

the concentration and distribution of organic moieties in MCM-41 by the post-synthesis 

grafting process is constrained by the number of surface silanol groups and by their 

accessibility.  The grafting rates depend on the reactivity of precursors, diffusion 

limitations, and steric factors. 

This chapter reports the structural, chemical, and physical properties of vinyl-

modified OSU-6-W samples prepared by using the post-synthesis grafting process.  The 

major features of this study are comparisons of products from two different synthetic 

methods with respect to efficiencies of the synthetic routes, precursor effects, vinyl group 

concentrations, the locations of vinyl groups in the mesoporous products, the 

hydrothermal stability of vinyl-functionalized samples, and qualitative observations of 

solvent absorption properties. 

Unlike the case of amino silanes, the siloxane bond formation requires an initial 

hydrolysis of the methoxy or ethoxy groups or the addition of an amine to the reaction 

mixture.17  Pure vinyl-modified silica gel has been used as a stationary phase in liquid 

and gas chromatography.  The vinyl functional group serves as a reactive site on the silica 
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surface for biding of other molecules.  That can, inturn, import new interaction capacities 

to the surface.  All these applications explain the wide interest in the chemistry of vinyl-

modified silica. 

Functionalized mesoporous silica with a high density of vinyl groups and well-

defined mesochannels that can enhance the accessibilities of molecules is required to 

achieve high production when applied as a catalyst and to reach high capacity and 

selectivity when applied as an adsorbent for harmful heavy metal cations, which cause 

environmental problems. 

The syntheses of vinyl-functionalized mesoporous silicas prepared via direct co-

condensation and post-synthesis grafting methods have been numerously 

demonstrated.1,18  The unique feature in this investigation is the use of a thick-wall 

mesoporous material, OSU-6-W, with large pores and surface area, high silanol 

concentration, and superior thermal, hydrolytic and chemical stability than previously use 

MCM-41 materials for vinyl grafting. 

6.1.2. Converting of Vinyl Groups on the OSU-6-W-VTMS to Carboxylic Groups 

A large number of vinyl groups with high reactivity enables a variety of chemical 

modification by providing sites for immobilizing other ligands with high affinity for 

specific metal ions onto silica matrices by chemical modification.  Such modification is 

expected to further improve the adsorption characteristics of the mesoporous materials. 

Carboxylate groups have significant potential for the separation and removal of 

heavy and transition metal ions and radionuclides.  To our knowledge no one has tried to 

convert vinyl groups directly attached to the silica surface to carboxyl groups.  Sagiv et 

al.,19 generated carboxylic acid groups from vinyl-terminated monolayers.  Wasserman et 
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al.,20 developed the oxidation procedure reported by Sagiv et al.,19 in order to increase the 

performance and converting percentage.  They converted 16-heptadecenyltrichlorosilane 

(Cl3Si(CH2)15CH=CH2) attached to silicon-silicon dioxide (Si/SiO2) substrates to a 

carboxylic acid by KMnO4 and NaIO4.  As expected, the surface became more 

hydrophilic as vinyl groups were converted to carboxylic acid moieties. 

In addition to the syntheses and characterizations of vinyl-functionalized 

mesoporous silica, OSU-6-W-VTMS-(1&2), we intend to convert the vinyl group to 

carboxylic groups in the vinyl-functionalized OSU-6-W materials.  Moreover, other 

subjects such as bromination, kinetic, adsorption and group affinity to some solvents will 

be studied. 

6.2. EXPERIMENTAL 

6.2.1. Materials 

Analytical grade chemicals from the following suppliers were used as purchased 

for all sample preparations: Vinyltrimethoxysilane [((CH3O)3SiCH=CH2) 98.0%, 

Aldrich], toluene 99.8% HPLC grade, ethyl alcohol, triethylamine (TEA, 99%, Aldrich), 

potassium permanganate (KMnO4), sodium metaperiodate (NaIO4), K2CO3, NaHSO3, 

HCl (0.1 N), bromine (Br2), dichloromethane (99.6%, Aldrich), and deionized water. 

6.2.2. Instrumentation 

The full descriptions of all techniques were mentioned in chapter two and three. 

6.2.3. Preparation 

6.2.3.1. Activation of the Mesoporous OSU-6-W 

Activated OSU-6-W was prepared by the methods described in chapter three.  

After the activation step, the mesoporous silica underwent at treated to introduce an 
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amine compound onto the surface that would work as a catalyst.  In this process, 6.0 g (~ 

100 mmol) of the dried mesoporous material, OSU-6-W, was suspended in 100 ml of dry 

toluene.  Twenty milliliters of triethylamine (TEA) was added to the suspension and the 

mixture was stirred for one hour at 25 oC.  The resulting mixture was filtered off using a 

fine filter funnel and washed with dry toluene (3 X 50 ml).  This product will be refered 

to as TEA-OSU-6-W. 

6.2.3.2. Grafting Vinyl Functional Groups into the Mesoporous Surfaces 

The vinyl functional group was introduced and chemically attached to the 

mesoporous OSU-6-W material surfaces using the same two procedures described 

previously in chapter three and four for aminosilane reactions with the substitution of 

TEA-OSU-6-W for OSU-6-W. 

I. Grafting of the Mesoporous Silica with Vinyltrimethoxysilane in a One Step 

Reaction (OSU-6-W-VTMS-1) 

Mesoporous silica bearing vinyl functional groups was prepared using the same 

procedure as described for aminosilane in chapter three with substituting the activated 

mesoporous silica (TEA-OSU-6-W) for OSU-6-W and with 7.5 ml (~ 50 mmol) of 

vinyltrimethoxysilane (VTMS)  for the aminosilane (Scheme 6.1).  A white solid was 

isolated in a yield of 4.46 g.  The IR peaks in cm-1 (KBr) are 3745(m), 3425(s, br), 

3069(m), 2955(s, sh), 2852(s, sh), 1603(m, sh), 1463(vw), 1412(m, sh), 1250(s, br)(Si-

C), 1084(s), 974(m), 808(m), 665(vw), 624(w), and 461(m).  Solid-state 29Si CP/MAS 

NMR resonances in δ (ppm) are -48.5 (T1), -57.8 (T2), -65.7 (T3), -102.0 (Q3), and 110.8 

ppm (Q4).  Solid-state 13C CP/MAS NMR resonances in δ (ppm) are 17.9, 60.9, 139.2 
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ppm (≡Si-CH=CH2)[1], and 128.8 (≡Si-CH=CH2)[2].  See Scheme 6.1.  Elemental 

analysis: C (9.37%) and N (0.09%). 
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Scheme 6.1. Schematic illustration of the grafting reaction and the carbon atom position 
as described in the 13C CP/MAS NMR 
 
 

II. Grafting of the Mesoporous Silica Surface with Vinyltrimethoxysilane in Three 

Modification Reaction Steps (OSU-6-W-VTMS-2) 

The mesoporous silica-supported vinyl groups was prepared following the same 

procedure as described for the three step method in chapter three with the substitution of 

the activated mesoporous silica (TEA-OSU-6-W) for OSU-6-W and 25 mmol (~ 3.7 ml) 

of vinyltrimethoxysilane (VTMS) for the aminosilane.  The final white solid was 

obtained in a yield of 5.21 g.  The IR peaks in cm-1 (KBr) are 3299(s, br), 3061(s, br), 

2959(s, sh), 2856(s, sh), 1601(s, sh), 1458(m, sh), 1410(s, sh), 1276(s, br), 1171(s, br), 

1087(s, br), 969(w), 812(m), 617(w), 594(m), and 474(m).  Solid-state 29Si CP/MAS 

NMR: δ (ppm) -61.7 (T2), -71.1 (T3), -79.9, -102.5 (Q3), and -109.8 (Q4).  Solid-state 13C 

CP/MAS NMR: δ (ppm) 50.2 (Methanol, solvent), 137.0 (≡Si-CH=CH2)[1], and 130.0 

(≡Si-CH=CH2)[2].  See Scheme 6.1.  Elemental analysis: C (12.40%) and N (0.10%). 
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6.2.3.3. Converting Vinyl Groups on the OSU-6-W-VTMS to Carboxylic Groups 

 The vinyl functional groups on the mesoporous OSU-6-W-VTMS-(1&2) were 

converted to the carboxylic acid groups following the procedure reported by Wasserman 

et al.30  In this oxidation reaction, stock solutions of KMnO4 (5 mM), NaIO4 (195 mM), 

and K2CO3 (18 mM) in water were prepared.  Immediately prior to the oxidation, 1.0 ml 

from each of these solutions was combined with 7.0 ml of distilled water to create the 

oxidizing solution (KMnO4, 0.5 mM; NaIO4, 19.5 mM; K2CO3, 1.8 mM).  The vinyl-

functionalized materials were placed in this solution for periods of 48 hours.  The 

samples were removed from the oxidant and rinsed with 20 ml of each of NaHSO3 (0.3 

M), distilled water, 0.1 N HCl, distilled water, and ethanol.  Then, the samples were dried 

under vacuum for 24 hours.  Scheme 6.2 shows the oxidation reaction of the vinyl 

groups.  The products were denoted as OSU-6-W-VTMS-1-Carboxyl and OSU-6-W-

VTMS-2-Carboxyl and the IR in cm-1 (KBr) shows peaks in the region of 1720 cm-1. 

 

O

O

O

Si
C
H

CH2

OSU-6-W-VTMS

KMnO4
NaIO4

K2CO3
H2O

O

O

O

Si

OSU-6-W-Carboxyl

NaHSO3
HCl

EtOH
H2O

OH

O

 
 

 
Scheme 6.2. Schematic illustration for the carboxyl converting reaction 
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6.2.4. Kinetic Study of the Bromination of Vinyl-Functionalized OSU-6-W Samples 

The bromination reaction was monitored by UV-Vis spectroscopy, following the 

decay of the UV absorption of Br2 at λmax = 410 nm.  An initial bromine stock solution 

was prepared by adding 0.5 ml of bromine to 100 ml of CH2Cl2.  For each experiment, 

the concentration of the bromine stock solution was adjusted to give an initial UV 

absorbance value of approximately 1.0 at λ = 410 nm in a 1.0 cm quartz cuvette.  

Approximately 25 mg of vinyl-modified OSU-6-W was added to the cuvette and stirred.  

After given lengths of time, stirring was stopped, the cuvette was centrifuged for 3.0 

minutes to separate all of the powder from the supernatant, and UV-Vis spectra of the 

supernatant bromine solution were obtained.  A control experiment was carried out in a 

similar way using a sample of pure siliceous OSU-6-W. 

6.2.5. Determination the Total Surface Loading of the Ordered Mesoporous Silica 

with the Vinyl Functional Groups 

The amount of vinyl functional groups deposited on the surface was quantitatively 

determined using two variables.  The surface loading (l) expresses the amount of 

deposited molecules in mmol/g.  The number of molecules deposited per nm2 is given by 

the surface coverage (C).  Both values use the mass of the pure mesoporous silica before 

modification as a reference.21  Different determination methods were used; 

I. Spectrophotometric Analysis Method 

The quantitative analysis of the concentration of vinyl groups was determined by 

means of a color reaction with bromine (Br2) as shown in Scheme 6.3. 
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Scheme 6.3. Reaction of vinyl functional group with bromine. 
 

In this method, an amount of 25 mg of each of the modified samples was 

dispersed in 10 ml of 0.03 M of Br2 in CH2Cl2 in a 20-ml glass vial.  An initial bromine 

stock solution was prepared by adding 1.0 ml of bromine to 100 ml of CH2Cl2.  

Immediately after the addition of Br2, the solution was red.  As time progressed, the color 

changed very slowly to orange, to yellow, and then to pale yellow.  The mixtures were 

left under stirring for one week to ensure complete reaction.  After that, the mixtures 

were centrifuged and the clear solution was transferred to a quartz cuvette, and the UV 

absorption was measured at the λmax = 410 nm of the bromine solution to give the final 

concentration. 

The correlation between the standard solutions of bromide concentrations and the 

absorbance at λ = 410 nm was linear.  The total deposited amount (l) was calculated by 

subtracting the residual amount of bromine in the solution after reaction from the initially 

added amount.  The coverage of the surface with vinyl groups (C) was calculated by 

dividing the loading (l) by the specific surface area (SBET) of the sample.  Multiplication 

by Avogadro’s number (NA = 6.022 X 1023 molecules/mole) gave units of 

molecules/nm2:21 

C = (l / SBET) . NA 
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The spectrophotometric analysis method showed 5.47 mmol/g of the vinyl group 

for the OSU-6-W-VTMS-1 sample and 6.71 mmol/g of vinyl group for OSU-6-W-

VTMS-2 sample. 

II. Elemental Analysis (Combustion Analysis) 

Carbon analysis was carried out for both modified samples.  The concentration of 

attached groups was determined as follows:22,23 

C (groups/nm2) = 6x105 PC /[(1200nC - WPC)SBET] 

where C is the concentration of attached groups, which contain carbon; PC is the 

percentage of carbon in the sample, nC is the number of carbon atoms in the attached 

group (counted as C2), W is the corrected formula mass of the modifier (counted as 

C2H3O3Si), and SBET is the specific surface area of the unbounded substrate (1283 m2/g).  

The elemental analysis shows total carbon of 9.37% and 12.10% for OSU-6-W-VTMS-1 

and OSU-6-W-VTMS-2, respectively.  The results of the calculation of surface coverage 

are given in Table 6.4. 

III. Solid State 29Si CP/MAS NMR Spectrum 

The solid state 29Si CP/MAS NMR spectra of the vinyl modified silicas were 

analyzed as discussed in chapter three.  Table 6.1 shows the solid state 29Si CP/MAS 

NMR deconvolution results. 

Table 6.1. Solid state 29Si CP/MAS NMR deconvolution results 

Sample Q4 (%) Q3 (%) Q2 (%) 

OSU-6-W 14.38 71.73 13.89 

OSU-6-W-VTMS-1 57.24 42.67 0.00 

OSU-6-W-VTMS-2 85.86 14.14 0.00 
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6.3. RESULTS AND DISCUSSION 

The ordered mesoporous silicas, OSU-6-W modified with a vinyl functional 

group were prepared by post-synthesis method from the reaction of OSU-6-W with 

vinyltrimethoxysilane (VTMS) using two different grafting procedures. 

6.3.1. Identification the Textural Properties 

I. X-ray Powder Diffraction 

The X-ray powder diffraction (XRD) patterns of the organically functionalized 

samples are shown in Figure 6.1. 
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Figure 6.1. XRD patterns in the range of 1.0-10.0º of; (A) pristine ordered mesoporous 
material, OSU-6-W, (B) OSU-6-W-VTMS-1, and (C) OSU-6-W-VTMS-2.  The spectra 
are shifted vertically for the sake of clarity. 
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After modification, and likely formation of a monolayer of silylation product on 

the surface walls, the overall order was only slightly reduced.  It should be noted that the 

d100 spacing contracted very little during the modification processes (from 62.4 Å to 58.6 

Å and to 56.3 Å for OSU-6-W-VTMS-1 and OSU-6-W-VTMS-2, respectively).  The 

XRD patterns of the samples show strong (100) peaks and proportionally smaller (110) 

and (200) peak intensities, indicating that the modification process in the channels does 

not affect the framework integrity of the ordered siliceous OSU-6-W. 

The average pore diameter of OSU-6-W-VTMS-2 from the surface area 

measurements, indicates an average thickening of the walls of about 25.5 Å this 

corresponds approximately to an extra one layer of Si-O-Si homogeneously spread on the 

original wall (20.9 Å).  It also can be noticed that the d100 peak has become broader with 

the increase in the loading of the functional groups, indicating a slight alteration of the 

ordering of the mesoporous structure with more functional groups on the surface.  

Moreover, the relative intensities of higher angle peaks with respect to d100 decreased as 

the concentration of vinyl groups increased and decreased even further upon bromination.  

While the intensity reduction may be partially attributed to lower local order, such as 

variations in the wall thickness, it is mostly due to contrast matching between the 

amorphous silicate framework and the organic moieties that are located inside the 

channels of OSU-6-W. 

Marler et al.,24 observed that the XRD peak intensities of boron-containing 

MCM-41 (B-MCM-41) were related to the density of organic sorbates incorporated into 

the B-MCM-41.  When organic sorbates having a higher density were loaded in B-MCM-
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41, all XRD intensities systematically decreased due to the smaller difference of 

scattering contrast between the organic sorbates and the silicate walls of B-MCM-41. 

The textural properties determined from Nitrogen adsorption-desorption 

experiments at 77 K and powder XRD measurements are shown in Table 6.2. 

 

Table 6.2. Textural Properties Determined from Nitrogen Adsorption-desorption 
Experiments at 77 K and Powder XRD Measurements. 

Sample 
Specific 

surface area 
(m2/g) 

Total pore 
volume 
(cm3/g) 

Average 
pore size     

(Å) 

d100 
 

(Å) 

Wall 
Thickness 

(Å) 

OSU-6-W 1283 1.24 51.1 62.4 21.0 

OSU-6-W-
VTMS-1 1055 0.98 45.6 58.6 22.1 

OSU-6-W-
VTMS-2 873 0.79 40.7 57.3 25.5 

 
 
 
II. Nitrogen Adsorption-Desorption Measurements 

Nitrogen adsorption-desorption experiments, Figure 6.2, yielded Brunauer-

Emmett-Teller (BET)25,26 surface areas of 1055 and 873 m2/g for the modified samples, 

OSU-6-W-VTMS-1 and OSU-6-W-VTMS-2, respectively, and total pore volumes of 

0.98 and 0.79 cm3/g, respectively. 

After modification with the vinyl functional group, both the surface area and the 

total pore volume dropped significantly (BET surface area 1283 m2/g; total pore volume 

1.24 cm3/g).  The BET isotherm was similar to that of OSU-6-W.  The reduction in total 

pore volume and shift in the pore size distribution peak from 51.1 to 45.6 and 40.7 Å 

imply a reduction in the free channel space as the vinyl groups were loaded.  An opening 
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of ca. 40.7 Å is sufficiently large to allow all metal ions and most small organic 

molecules to be incorporated into the functionalized OSU-6-W-VTMS-2. 
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Figure 6.2. Nitrogen adsoption-desorption isotherms of (○) OSU-6-W, (◊) OSU-6-W-
VTMS-1, and (□) OSU-6-W-VTMS-2.  Open symbols: adsorption; closed symbols: 
desorption.  The isotherm data are shifted vertically for the sake of clarity. 
 
 

The vinyl-modified samples exhibited small hysteresis loops in the P/Po region 

between 0.3 and 0.45.  While the hysteresis may be associated with capillary 

condensation in ink-bottle pores, other effects such as network effects, the nature of the 

framework, the adsorbate, and the temperature can influence the shape of the isotherm, so 

that interpretation is difficult for this hybrid material.27  It has been found that the relative 
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pressure (P/Po) at which the adsorption reaches the last plateau shifts to the right for 

samples with larger pore diameter.  This characteristic relative pressure (P/Po) has been 

used to qualitatively compare the pore dimensions of different samples.8,9,28  A higher 

value of the characteristic (P/Po) indicates a larger pore size.29  The mesoporosity of 

OSU-6-W sample consists of two parts: uniform framework-confined channels and non-

uniform interparticle voids.30 

From the pore size measurements, Figure 6.3, the pore size distributions of all 

samples were narrow, being less than 6.0±1.0 Å wide. 
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Figure 6.3. Pore size distribution of (○) OSU-6-W (max at 51.1 Å), (◊) OSU-6-W-
VTMS-1 (max at 45.6 Å), and (□) OSU-6-W-VTMS-2 (max at 40.7 Å). 
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III. Thermogravimetric Analysis (TGA) 

The thermal stability of the organic functional groups within the mesoporous 

materials (OSU-6-W-VTMS-1 and OSU-6-W-VTMS-2) was determined by 

thermogravimetric analysis (Figure 6.4).  After initial loss of solvent, the removal of the 

vinyl groups started at 260-290 oC and continued up to 400 and 450 oC, respectively.  An 

additional weight loss occurred at higher temperatures due to further condensation of the 

silicate walls, as observed in other mesoporous silicates.31 
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Figure 6.4. TGA curves of the modified samples, OSU-6-W-VTMS-1 and OSU-6-W-
VTMS-2 (A and B, respectively). 
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6.3.2. Identification of the Vinyl Functional Groups  

I. Solid State 29Si CP/MAS NMR Spectroscopy 

Figure 6.5 shows the solid state 29Si CP/MAS NMR spectra for the unmodified 

mesoporous silica, OSU-6-W, and the two modified samples, (OSU-6-W-VTMS-1, and 

OSU-6-W-VTMS-2). 
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Figure 6.5. Solid state 29Si CP/MAS NMR spectra of; (A) Un-modified mesoporous 
silica, OSU-6-W, (B) the modified OSU-6-W-VTMS-1, and (C) the modified OSU-6-W-
VTMS-2. 
 
 
 

As indicated in chapter two, OSU-6-W has three peaks in 29Si NMR spectrum.  

There is a low intensity peak at -91.2 ppm for the Q2 silicons; a peak at -100.4 ppm 
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attributed to Q3 silicons; and a resonance at -107.9 ppm attributed to Q4 silicons, Figure 

6.5.  The two functionalized samples, Figure 6.5 (B and C), show similar peaks with 

location at -102.0 and -110.8 ppm, and -102.5, -109.8 ppm, corresponding to Q3, and Q4 

silicon environments for OSU-6-W-VTMS-1 and OSU-6-W-VTMS-2, respectively.  

Derivtization of OSU-6-W led to the appearance of three new peaks at ca. -48.5, -57.8, 

and -65.7 ppm corresponding to T1, T2, and T3 silicon environment in case of the OSU-6-

W-VTMS-1, Figure 6.5(B).  On the other hand, in the spectrum of OSU-6-W-VTMS-2, 

Figure 6.5(C), there are only two resonances in the Tn silicon region.  The resonance at 

ca. -61.7 (T2) ppm arises from terminal groups that are only bound to one neighboring 

siloxane, and the resonance at ca. -71.1 (T3) ppm arises from cross-linked groups that are 

bound to two neighboring siloxanes.  All peaks were identified by multipeak curve 

fitting. 

As expected, the grafting process resulted in a decrease in the intensity of the Q3 

resonance with an increase in the intensity of the Q4 resonance of the mesoporous silica 

framework.  This difference in relative intensity is attributable to reactions of surface Si-

OH groups with VTMS molecules that lead to the formation of more Si-O-Si bonds.  By 

comparison between the two modified samples, the intensity of the peak at around -100 

ppm decreases with the increase in the amount of functional groups on the surface.  The 

dominant peak on the OSU-6-W-VTMS-1 is attributed to the terminal groups (T2) while 

the dominant peak on the OSU-6-W-VTMS-2 is attributed to the cross-linked siloxane 

group (T3).  The higher intensity of the peak at T3 for OSU-6-W-VTMS-2 is indicative of 

higher surface coverage as compared to OSU-6-W-VTMS-1.  The increase in peak 

intensity at around -71.1 ppm (T3) compared with the peak at around -61.7 ppm (T2) and 
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disappearance of the peak at around -48 ppm (T1) demonstrates that the OSU-6-W-

VTMS-2 has a surface that is mainly composed of cross-linked organosilyl groups.  Solid 

state 29Si NMR revealed a high degree of silane cross-linking and a surface population of 

5.18 groups/nm2, indicative of a good monolayer structure in the OSU-6-W-VTMS-2. 

The integrated areas of these peaks are summarized in Table 6.3.  The population 

of T2 is larger than T3 in OSU-6-W-VTMS-1, whereas T3 is more abundant in OSU-6-W-

VTMS-2.  Also, the Q3/Q4 ratio in OSU-6-W-VTMS-1 is larger than OSU-6-W-VTMS-

2.  The differences in the ratios of T2/T3 and Q3/Q4 demonstrate that the population of 

silanol generated on the attached silane is larger in OSU-6-W-VTMS-2 than in OSU-6-

W-VTMS-1. 

 
Table 6.3. The integrated areas of the peaks from the solid state 29Si CP/MAS NMR 
deconvolution results. 

Sample Q3 Q4 T2 T3 Q3/Q4 T2/T3 

OSU-6-W-VTMS-1 42.76 57.24 69.38 18.48 0.75 3.75 

OSU-6-W-VTMS-2 14.14 85.86 26.36 73.64 0.17 0.36 

 
 

II. Solid State 13C CP/MAS NMR Spectroscopy 

The existence of covalently linked organic moieties bearing vinyl functional 

groups in the as-synthesized OSU-6-W mesoporous silicas was also confirmed by solid 

state 13C CP/MAS NMR spectroscopy.32  The solid state 13C CP/MAS NMR spectrum, 

Figure 6.6, showed two resonances for the modified samples corresponding to vinyl 

carbons at 128.8 (≡Si-CH=CH2) and 139.2 ppm (≡Si-CH=CH2) and at 130.0 and 137.0 
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ppm for OSU-6-W-VTMS-1 and OSU-6-W-VTMS-2, respectively.  These data 

confirmed that vinyl groups were not damaged by either functionalization methods.  The 

intensities of the peaks related to the vinyl carbons are higher in OSU-6-W-VTMS-2 than 

in OSU-6-W-VTMS-1 reflecting the higher total coverage.  At higher population 

densities, all of the carbon chains are near one another and have a more upright 

orientation with respect to the silica surface.  The molecules, therefore, have a higher 

degree of ordering that narrows the line widths in the 13C spectrum and allows better 

resolution of the peaks.12 
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Figure 6.6. Solid state 13C CP/MAS NMR spectra of the modified samples with vinyl 
functional groups, (A) OSU-6-W-VTMS-1, and (B) OSU-6-W-VTMS-2 
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The resonances present at 17.9 and 60.9 ppm in the OSU-6-W-VTMS-1 sample 

are most likely due to the ethanol (solvent).  The peak at 50.2 ppm in the OSU-6-W-

VTMS-2 sample is probably due to methanol. 

Peaks corresponding to the organosiloxane moieties are relatively broad, 

indicating restricted mobility of the functional groups attached to the siloxane framework. 

III. Fourier Transform Infrared Spectroscopy (FT-IR) 

The vibrational spectra, Figure 6.7, obtained from solid samples confirmed the 

success of the grafting reactions.  The sequences of bands are very close to those 

observed, when vinyl functional groups were previously incorporated into similar 

materials. 
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Figure 6.7. Infrared spectra of (curve A) OSU-6-W, (curve B) OSU-6-W-VTMS-1, and 
(curve C) OSU-6-W-VTMS-2. 
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The typical MCM-41 silica bands associated with the main inorganic backbone 

that have been discussed previously in chapter two are present.  Additional bands are also 

observed in both spectra that confirmed the presence of organic pendant groups.  The FT-

IR absorption of the modified samples, OSU-6-W-VTMS-1 and OSU-6-W-VTMS-2, 

shows peaks at 1412 and 1410 cm-1 assigned to the =C-H bending mode of the vinyl 

group, and at 1603 and 1601 ppm assigned to C=C stretch.  By increasing the deposited 

amount of VTMS on OSU-6-W using the second functionalization method in the 

synthesis of OSU-6-W-VTMS-2, an increase of the intensities of the peaks at 1410 (C-

H), 1601 (C=C), and 1276 (Si-C) stretches was observed. 

The efficiency of the grafting process is demonstrated by a significant decrease in 

the silanol bands at around 3740 cm-1, that is associated with an increase of new bands 

characteristic of the immobilized vinyl functional groups. 

6.3.3. Identification of Carboxylic Functional Groups in OSU-6-W-Carboxyl 

 The mesoporous material, OSU-6-W, functionalized with carboxylic acid directly 

attached to the surface was synthesized by oxidation of the vinyl groups of OSU-6-W-

VTMS-(1&2).  The new materials were characterized by the FT-IR spectroscopy.  The 

FT-IR spectrum of the oxidized OSU-6-W-VTMS-1-Carboxyl and OSU-6-W-VTMS-2-

Carboxyl, showed peaks that are specific for carboxylate groups located at 1721 and 1723 

cm-1, respectively.  The disappearance of the peaks at 1603 and 1601 cm-1 due to C=C 

stretching confirms the successful conversion of the vinyl groups to carboxyl groups. 

6.3.4. Kinetic Study of the Bromination of Vinyl-Functionalized OSU-6-W Samples 

In the bromination study of OSU-6-W-VTMS-(1 and 2) in dichloromethane, a 

remarkably slow reaction rate was observed at room temperature such that complete 
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bromination required several days.  The slow bromination was confirmed by FT-IR 

spectra of both samples reacted with bromine for 1 and 4 days.  After bromination, a 

broad peak in the IR at 688 cm-1 confirmed the presence of C-Br bonds.  Vibrations due 

to vinyl carbon atoms were still present after a one day bromination but disappeared 

completely after four days reaction, indicating that all vinyl groups were accessible to 

bromine.  This reaction was unusually slow compared to solution bromination of 

unsaturated organic compounds even with bulky protecting groups.33  However, the rate 

was close to the rate of unhindered diffusion of Br2 (kinetic diameter: 0.35 nm) through 

2.2 nm diameter mesopore channels.34 

For qualitative measurements, the bromination reaction was monitored by UV-Vis 

spectroscopy.  In Figure 6.8, the intensity decreases of the bromine absorption at λmax = 

410 nm due to reaction with the two modified samples are comparable. 
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Figure 6.8. Plot of relative absorbance of Br2/CH2Cl2 solutions (λmax = 412 nm) vs. time 
of stirring above vinyl-functionalized OSU-6-W samples: (◊) OSU-6-W-VTMS-1 and 
(□) OSU-6-W-VTMS-2. 
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Figure 6.9. Plot of ln[Br2] virsus time for OSU-6-W-VTMS-1 and OSU-6-W-VTMS-2. 
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The two samples, OSU-6-W-VTMS-1 and OSU-6-W-VTMS-2, had different 

loadings of vinyl groups.  The pore sizes calculated from the BJH method were 45.6 Å 

for OSU-6-W-VTMS-1 and 40.7 Å for OSU-6-W-VTMS-2.  The absorbance values of 

both vinyl-modified samples dropped quickly during the first 30 minutes, suggesting that 

reactions occurred on the external surfaces of those samples.  As expected, the reaction 

rate of the larger pore sample, OSU-6-W-VTMS-1, was faster than that of OSU-6-W-

VTMS-2.  This pore size dependence of bromination provided evidence that limited 

diffusion was one of the factors controlling the reaction rate. 

On the basis of these observations, it is beleived that vinyl groups line the walls 

throughout the channels, but groups on the external particle surface or near the channel 

openings are brominated first.  These can cause some hindrance for additional Br2 

molecules through steric effects, induced dipole interactions, and weak charge transfer 

interactions.  Solvent molecules present in the channels have also contributed to the 

hindered diffusion of Br2.  The rate deceleration may therefore be attributed not only to a 

decrease in the bromine concentration with time because this reaction is first order in Br2 

(Figure 6.9) but also to slower diffusion rates as the number of dibromoethyl sites 

increases and the effective pore space decreases.  The rate constants were 0.0011 and 

0.0008 min-1 for OSU-6-W-VTMS-1 and OSU-6-W-VTMS-2, respectively. 

6.3.5. Absorption of Nonpolar Solvents 

Vinyl-modified OSU-6-W exhibited interesting sorption properties which were 

investigated qualitatively at this point.  Due to their hydrophobic surface and the small 

particle size (a few micrometers), OSU-6-W-VTMS-(1&2) particles tended to float on 

the surface of water.  However, when OSU-6-W-VTMS-(1&2) were shaken with a 
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mixture of chloroform and water, the solids sank to the bottom of the flask as they 

absorbed the denser organic solvent.  In mixtures of toluene and water (phase separated 

or as emulsions), toluene was absorbed by OSU-6-W-VTMS-(1&2), and the filled solids 

tended to form clusters.  On the basis of their affinity for nonpolar solvents, OSU-6-W-

VTMS-(1&2) and related materials may be useful for removing small amounts of organic 

fractions from water or for carrying out dry chemical reactions within the channels. 

6.3.6. The Total Surface Loading of the Ordered Mesoporous Silica with the Vinyl 

Functional Groups 

The amount of vinyl functional groups deposited on the surface was quantitatively 

determined using three different determination methods.  Table 6.4 lists the results of the 

determination of the coverage of OSU-6-W with vinylsilyl groups. 

The OSU-6-W-VTMS-1 sample has an average coverage of 3.04 VTMS 

molecule/100 Å2, while the OSU-6-W-VTMS-2 sample has an average coverage of 4.91 

VTMS molecule/100 Å2. 
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6.4. CONCLUSION 

The grafting method applied in this research proved to be suitable for preparation 

of mesoporous silica with high loading with vinyl groups.  Both modified samples, OSU-

6-W-VTMS-1 and OSU-6-W-VTMS-2, have relatively well-ordered structures and high 

surface areas, on the basis of XRD and N2 adsorption measurements.  The average pore 

diameters lie in the range of mesoporous materials, thus permitting entry of large 

molecules or ions.  The reactivity of the surface vinyl groups makes OSU-6-W-VTMS-

(1&2) an ideal starting material for many other surface modifications. 

The most critical differences between the two vinyl-grafted OSU-6-W samples 

appear to be the density of the functional groups and the mode of surface attachment of 

the majority of the vinyl groups. 

For the first time, mesoporous materials with carboxylic groups directly attached 

to the surface have been synthesized.  These materials will have huge impact on the 

adsorption and separation technology due to the high concentration of the carboxyl 

groups on the surface of high surface and robust materials. 
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CHAPTER 
SEVEN 

 
 

PREPARATION OF MESOPOROUS MATERIALS BEARING 

GLYCIDOXYPROPYL FUNCTIONAL GROUPS AND IMMOBILIZATION OF 

ACTIVE GROUPS 

 
Abstract 

Hexagonal mesoporous silicas chemically modified with 3-Glycidoxypropyl 

moieties were synthesized through the post-synthesis of surfactant free mesoporous 

silica, OSU-6-W, with the silylating agent 3-Glycidoxypropyltrimethoxysilane (GPTMS).  

From this silylating agent the OSU-6-W-GPTMS-(1&2) inorganic-organic hybrids were 

synthesized.  The solid state 29Si NMR, titration method and elemental analysis of the 

two modified samples, OSU-6-W-GPTMS-1 and OSU-6-W-GPTMS-2, showed that the 

average number of pendant groups in these hybrids were around 2.17 and 3.49 group/nm2 

and from the surface area analysis these materials have pore diameters of 40.7 and 33.2 Å 

and surface areas of 966 and 720 m2/g, respectively.  Infrared spectroscopy, solid state 

nuclear magnetic resonance for 13C and 29Si nuclei and X-ray diffraction patterns are in 

agreement with the success of the proposed synthetic procedures, as confirmed for the 

formation of the mesoporous hybrids. 

The functional group 3-Glycidoxypropyl has the epoxide ring opened by 

incorporating pyrazole (Py), 5-Aminotetrazole (ATZ), Adenine (Ad), and
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ethylenediamine (Da) molecules under heterogeneous conditions, to yield a new 

functional groups anchored on the mesoporous surface.  Based on elemental analysis for 

carbon and nitrogen a large degree of immobilization is observed, a drastic decrease in 

surface area of the original silica is observed for the immobilized surface.  The 

heterogeneous route is an easier procedure to produce immobilization.  All products were 

characterized through infrared spectroscopy, elemental analysis and surface area 

measurement. 

The basic centers attached on pendant groups have the capacity to extract cations 

from aqueous solution, whose adsorption process is adjusted to the Langmuir model.  

Similar profile of adsorption was obtained on the isotherm with value 6.75 mmol g−1 in 

the maximum of the curve for copper. 

7.1. INTRODUCTION 

7.1.1. Grafting of the Functional Group 

The covalent grafting of organic molecules with desired functions onto a variety 

of inorganic surfaces can be designed in order to embrace characteristics having 

significant practical advantages, such as improved structural and thermal stability, 

swelling behavior, accessibility to the reactive centers, and insolubility in organic and 

aqueous solvents.1-3  The development of new inorganic-organic hybrids with the ability 

to synthesize porous solid structures on nanometer scale, resulting in mesoporous 

silicates, which available pendant groups are useful to coordinate metal ions.  This 

behavior provides a special approach in the green chemistry field as catalysis and for 

removal of contaminants.4-7  Among many inorganic materials able to bind covalently 

organic compounds, mesoporous silica material is highly explored not only due to its 
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high thermal and chemical stabilities, but also in considering its large surface area, and its 

associated properties.1,6,7  Moreover, the success of such reactivity is due to the presence 

of high concentrations of silanol (Si-OH) groups on its surface, which enables the 

immobilization of a great number of organic molecules.8  However, a series of 

mesoporous silicate structures can be available by exploring reaction conditions with 

appropriated structure directors.9 

7.1.2. Immobilization of Organic Active Groups 

Materials containing glycidyl functional groups have proven extremely popular 

for the attachment of various reactive groups and ligands due to the facile nucleophilic 

ring-opening reaction of the pendant epoxide functionality.10-12  Amines react to yield 

materials with favorable ex-change kinetics for transition metal ions, due to the 

hydrophilic character of the resultant material, since the ring-opening reaction generates a 

hydroxyl group on the carbon atom β to the incoming amine.13-16  This group makes this 

site rather hydrophilic, and is believed to make these materials particularly effective in 

applications involving the treatment of aqueous feed streams for metal-ion recovery.  It is 

much less clear whether this hydroxy group is able to function as an additional binding 

site for chelation of metals.17 

7.2. AIM OF STUDY 

The purpose of this investigation was to develop a post-synthesis method to 

prepare mesoporous silica with grafted chelating agents for complexing metal ions.  This 

post-synthesis method should increase the functional group coverage and maintain the 

pore size as large as possible.  To realize these objectives, two synthetic procedures were 

developed using two different grafting methods.  Moreover, the further modification of 
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the glycidoxypropyl functional groups with special active groups for specific application 

such as adsorption of divalent transition metal from aqueous solution was targeted. 

7.3. EXPERIMENTAL 

7.3.1. Materials 

All reagents and solvents were purchased from commercial sources and were used 

as received unless otherwise mentioned.  The chemical are 3-

glycidoxypropyltrimethoxysilane (GPTMS) [98.0% Aldrich], N,N-dimethylformamide 

(DMF), 3-hydroxypropionitrile (3-HPN), pyrazole (Py), 5-aminotetrazole (ATZ), and 

adenine (Ad), boron trifluoride diethyl etherate (BF3
.OEt2), toluene (99.8% HPLC grade), 

ethyl alcohol, dry methanol, triethylamine (TEA) [99% Aldrich], dichloromethane 

(99.6% Aldrich), 96% sulfuric acid, thiourea, sodium carbonate (Na2CO3, 0.8 M), and 

distilled deionized water.  Molecular sieves (5A, beads, 4-8 mesh) were used to dry 

solvents.  The structures of some of these compounds are shown in Scheme 7.1. 

N

H
N

Pyrazole

N

N

N

N
H

NH2

Adenine

N

HN

N
N

NH2

5-Aminotetrazole

OSi

H3CO

H3CO

H3CO

O

3-Glycidoxypropyltrimethoxysilane (GPTMS)

 

 
Scheme 7.1. The structures of some chemicals used in this work. 
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7.3.2. Characterization 

The main products were characterized using several techniques including X-ray 

powder diffraction (XRD), N2 adsorption-desorption analysis (BET), Solid-state 13C and 

29Si MAS NMR spectroscopy, Diffuse reflectance infrared Fourier transform (DRIFT) 

spectroscopy, UV-Vis spectrometer, and Elemental analysis.  The full details of sample 

preparation and instrument operation were mentioned previously in chapter two and three 

of this thesis. 

7.3.3. Preparation 

7.3.3.1. Activation of the Mesoporous OSU-6-W 

OSU-6-W mesoporous silica material was synthesized as discussed in chapter two 

of this thesis.  It was activated by refluxing with dry toluene and then reaction with 

triethylamine (TEA) as described in chapter five. 

7.3.3.2. Surface Modification of Mesoporous Materials with Glycidoxypropyl 

Functional Groups 

3-Glycidoxypropyl-functional group was chemically attached to the mesoporous 

OSU-6-W material surfaces by means of the post-synthesis grafting method.  Two 

synthetic procedures were applied which are based on a combination of different 

synthetic methods used by previous researchers. 

I. Grafted of the mesoporous silica with 3-Glycidoxypropyltrimethoxysilane 

(GPTMS) in a one step reaction (OSU-6-W-GPTMS-1) 

Mesoporous silica-supported glycidoxypropyl groups was prepared by refluxing 

3.0 g (~ 50 mmol) of the activated mesoporous silica (TEA-OSU-6-W) with 12.0 ml (~ 

50 mmol) of 3-glycidoxypropyltrimethoxysilane (GPTMS) in 100 ml of dry toluene in a 
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250-ml round-bottom flask for 48 hours under dry atmosphere.  An illustration of the 

reaction is schematically represented in Scheme 7.2.  The resulting solid mixture was 

filtered off with a fine filter funnel, washed three times (3 X 50 ml) with toluene and then 

ethanol, to rinse away any surplus GPTMS.  The white solid was dried at 80 °C under 

vacuum for 24 hours to yield 4.74 g.  IR (cm-1) (KBr): 3737(m), 3660(m, br), 3237(s, br), 

2991(m), 2957(s, sh), 2893(m), 2853(m), 1630(m, sh), 1463(m, sh), 1372(w), 1266(s, 

sh), 1224(s, br), 1148(s, br), 1061(s, br), 946(s), 808(s), 666(w), 574(w), and 490(w).  

Solid-state 29Si CP/MAS NMR resonances in δ (ppm) are -48.0 (T1), -57.3 (T2), -67.1 

(T3), -101.5 (Q3), and -109.4 (Q4).  Solid-state 13C CP/MAS NMR resonances in δ (ppm) 

are 8.9 (≡Si-CH2-CH2-)[1], 21.7 (≡Si-CH2-CH2-)[2], 23.6 (≡Si-OCH3), 72.1 (≡Si-CH2-

CH2-CH2-O-)[3] and (≡Si-CH2-CH2-CH2-O-CH2 )[4], 52.5 ppm (≡Si-CH2CH2CH2-O-

CH2CH[O]CH2)[5], 42.0 ppm (≡Si-CH2CH2CH2-O-CH2CH[O]CH2)[6], and 64.2 ppm, 

see Scheme 7.2.  Elemental analysis: C (17.36%) and N (0.08%). 
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Scheme 7.2. The reaction scheme between GLYMO and silanol groups on the OSU-6-W 
surface.  The final product has numbers that illustrate carbon atoms positions as described 
in the 13C CP/MAS NMR. 
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II. Grafting of the Mesoporous Silica with 3-Glycidoxypropyltrimethoxysilane 

(GPTMS) in three Modification Reaction Steps (OSU-6-W-GPTMS-2) 

A second glycidoxypropyl functionalized mesoporous silica was prepared using 

two silylation steps similar to that described above.  In between the two silylation steps 

the material was stirred with 50 ml of distilled water for five hours, to hydrolysis the 

methoxy groups left from the fist step.  The yield was dried at 80 oC under vacuum for 24 

hours.  The final yield was 5.98 g of white solid.  IR (cm-1) (KBr): 3628(m, br), 3376(m), 

3295(m), 2923(s, sh), 2854(s, sh), 1456(m, sh), 1351(vw), 1249(s, sh), 1138(s, br), 

1077(s, br), 969(m), 797(m, sh), 679(m), 575(m), and 499(m).  Solid-state 29Si CP/MAS 

NMR resonances in δ (ppm) are -57.2 (T2), -65.0 (T3), -100.4 (Q3), and -108.7 (Q4).  

Solid-state 13C CP/MAS NMR resonances in δ (ppm) are 8.1 (≡Si-CH2-CH2-)[1], 22.1 

(≡Si-CH2-CH2-)[2], 71.4 (≡Si-CH2-CH2-CH2-O-)[3], 73.3 (≡Si-CH2-CH2-CH2-O-CH2 

)[4], 52.2 ppm (≡Si-CH2CH2CH2-O-CH2CH[O]CH2)[5], 39.9 ppm (≡Si-CH2CH2CH2-O-

CH2CH[O]CH2)[6], and 56.6 ppm, see Scheme 7.2.  Elemental analysis: C (22.24%) and 

N (0.11%). 

7.3.3.3. Conversion of the Glycidyl Groups in the Modified OSU-6-W-GPTMS into 

A Thiirane Analogue 

In a 250 ml Erlenmeyer flask, a 1.0 ml (20 mmol) solution of 96% sulfuric acid, 

H2SO4, in 100 ml of distilled water was stirred with 2.0 g of OSU-6-GPTMS-2 and 3.0 g 

(40 mmol) of thiourea at room temperature for 24 hours, Scheme 7.3 illustrates the 

chemical reaction.  The solid product was filtered off and washed with distilled water (3 

X 50 ml).  It was then stirred gently in a solution of 0.8 M sodium carbonate, Na2CO3, 

(11.0 g, 100 mmol in 80 ml of distilled water) at room temperature for 24 hours.  The 
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solid was collected again by filtration, washed with water (3 x 100 ml) and ethanol (50 

ml) before drying initially at room temperature for 24 hours, and then at 70 °C under 

vacuum for 6 hours.  The solid product was designated as OSU-6-W-Thiirane.  The IR 

(cm-1) (KBr): 1480, 1440, 1340, 1330, 910, 850, and 620 cm-1.17,18 
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Scheme 7.3. Conversion of Epoxides Groups into Thiirane Analogue. 
 

 

7.3.3.4. Modification of OSU-6-W-GPTMS-2 with 3-Hydroxypropionitrile (3-HPN) 

Introduction of cyano function groups to the silica surface was prepared following 

the procedure by Allen et al.,19 with minor changes.  The preparation steps are as follows.  

A sample of 1.0 g of OSU-6-W-GPTMS-2 was added to 25 ml of N,N-

dimethylformamide (DMF) in a 125-ml, Erlenmeyer flask and was stirred for one hour at 

room temperature.  0.5 g of 3-hydroxypropionitrile (3-HPN) and 0.2 g of boron 

trifluoride (BF3) diethyl etherate were added to the mixture and stirring was continued for 

three hours at room temperature, Scheme 7.4.  The reaction was stopped and the resulting 

solid was filtered off, washed three times with 25 ml of DMF, and dried under vacuum 

for 24 hours.  The reaction yielded 1.13 g of the OSU-6-W-GPTMS-2-HPN product.  IR 

(cm-1) (KBr): 3556(m, sh), 3332(s, br), 2981(s), 2942(s), 2886(m), 2292(s), 1457, 1401, 

1356, 1091, and 885. 
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Scheme 7.4. Schematic illustration of the chemical reaction for the preparation of the 
OSU-6-W-GPTMS-2-HPN sample. 
 
 

7.3.3.5. Modification of OSU-6-W-GPTMS-2 with Pyrazole (Py), 5-Aminotetrazole 

(ATZ), and Adenine (Ad) 

Immobilization of the ligands pyrazole (Py), 5-aminotetrazole (ATZ), and adenine 

(Ad) took place in toluene and were performed using the same procedure reported by 

Moore et al.,17,18 and yielded the chelating ion-exchange silicas OSU-6-W-GPTMS-2-Py, 

OSU-6-W-GPTMS-2-ATZ, and OSU-6-W-GPTMS-2-Ad, respectively, see Scheme 7.5. 

The procedure used in attaching all the ligands is as follows; 1.0 g of OSU-6-W-

GPTMS-2 was stirred with 5.0 g of the ligand in 100 ml of dry toluene in a 250-ml 

round-bottom flask at 100 oC for 24 hours.  The modified solid was filtered off, washed 

with ethanol (3 x 50 ml) and water (3 x 50 ml), and then stirred with water (100 ml) at 

room temperature for 6 hours.  The modified solids were collected and dried at room 

temperature for 24 hours and will be referred to as OSU-6-W-GPTMS-2-Py, OSU-6-W-

GPTMS-2-ATZ, and OSU-6-W-GPTMS-2-Ad, respectively.  IR spectrum (KBr, cm-1) of 

OSU-6-W-GPTMS-2-Py: 1645, 1566, 1512 (C=C, C=N), 3517 (O-H), IR spectrum (KBr, 

cm-1) of OSU-6-W-GPTMS-2-ATZ: 1632, 1579, 1501 (N-H, C=N), 3503 (O-H), and IR 
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spectrum (KBr, cm-1) of OSU-6-W-GPTMS-2-Ad: 1625, 1558, 1514 (N-H, C=C, C=N), 

3527 (O-H). 

 

N

H
N

Pyrazole

N

N

N

N
H

NH2

Adenine

O
O

O
OH

OSU-6-W-GPTMS-2 OSU-6-W-GPTMS-2-Py

N
N

+
Toluene

Reflux 
at 100 oC

O
O

O
OH

OSU-6-W-GPTMS-2 OSU-6-W-GPTMS-2-Ad

+
Toluene

Reflux 
at 100 oC NN

N
N

NH2

O
O

O
OH

OSU-6-W-GPTMS-2 OSU-6-W-GPTMS-2-ATZ

N

HN

N
N

NH2

5-Aminotetrazole

N
N

N N

H2N

+
Toluene

Reflux 
at 100 oC

 

 

Scheme 7.5. Chemical reaction equations for the preparation of the modified samples. 
 

 

7.3.3.6. Immobilization of Ethylenediamine (En) 

The ethylenediamine molecule was incorporated onto the silica gel surface by a 

heterogeneous route.20  This procedure consisted of suspending 0.5 g of OSU-6-W-

GPTMS-2 in a solution of 1.5 ml (23.0 mmol) of the ethylenediamine and 50 ml of dry 

methanol.  The mixture was refluxed under dry atmosphere for 48 hours.  After words, 

the solid was filtered, washed with methanol and dried under vacuum for 24 hours, to 
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give the product named OSU-6-W-GPTMS-En.  Scheme 7.6 illustrates the route 

employed in this preparation.  The IR peaks in cm-1 (KBr): 3250, 1610, 1577, 1436 cm−1. 
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Scheme 7.6. Immobilization of the ethylenediamine on glycidoxy-functionalized 
mesoporous material. 
 

 
7.3.4. Determination the Total Surface Loading of the Ordered Mesoporous Silica 

with the Glycidoxypropyl Functional Groups 

I. Titration Method 

There is a broad range of analytical techniques available for the quantitative 

determination of the glycidoxypropyl functional groups (oxirane functions).21  In the case 

of surface-bonded groups, a decrease in reactivity had to be expected and, therefore, the 

most efficient procedure was selected after testing several possibilities found in the 

literature.21,22 

I.1. Titration with Sodium Thiosulphate 

This method was used only for epoxy-activated silicas.  A 0.25 g amount of the 

modified samples were added to a saturated aqueous solution of sodium thiosulphate and 

stirred for 24 hours.  The epoxide groups react as shown in Scheme 7.7.23 
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Scheme 7.7. Reaction of glycidoxypropyl functional group with sodium thiosulphate and 
production of sodium hydroxide (NaOH). 
 
 

The resulting NaOH was titrated with 0.01 M HCl in the present of 

phenolphthalein indicator.  The amount of HCl required for titration is equal to the 

amount of attached epoxides.  The result showed good agreement with the results from 

other methods for determining the number of epoxides present. 

In this method, the total amounts of hydrochloric acid used to reach the end point 

were 3.88 and 4.50 mmol/g for OSU-6-W-GPTMS-1 and OSU-6-W-GPTMS-2, 

respectively. 

The surface coverage (C) was calculated by dividing the loading (l) by the 

specific surface area (SBET) of the sample.  Multiplication by Avogadro’s number (NA = 

6.022 X 1023 molecules/mole) yielded units of molecules/nm2:24 

C = (l / SBET) . NA 
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II. Elemental Analysis (Combustion Analysis) Method 

Carbon analysis was carried out for both modified samples.  The concentration of 

the attached groups was calculated as follows:25,26 

C (groups/nm2) = 6x105 PC /[(1200nC - WPC)SBET] 

where C is the concentration of attached groups, which contain carbon; PC is the 

percentage of carbon in the sample, nC is the number of carbon atoms in the attached 

group (counted as C6), W is the corrected formula mass of the modifier (counted as 

C6H11O5Si), and SBET is the specific surface area of the unbonded substrate (1283 m2/g).  

The total carbon concentrations are 17.36% and 22.24% for OSU-6-W-GPTMS-1 and 

OSU-6-W-GPTMS-2, respectively. 

III. Solid state 29Si CP/MAS NMR Spectrum 

The solid state 29Si NMR is used to determine the total coverage as described in 

chapter three.  The relative peak areas of the 29Si spectra required for this method are 

given in Table 7.1. 

 
Table 7.1. Solid state 29Si CP/MAS NMR deconvolution results 

Sample Q4 (%) Q3 (%) Q2 (%) 

OSU-6-W 14.38 71.73 13.89 

OSU-6-W-
GPTMS-1 50.68 49.32 0.00 

OSU-6-W-
GPTMS-2 69.23 30.77 0.00 
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7.3.5. Metal Uptake Experiments 

The adsorption and separation experiments were conducted as follows; five 

different amounts in the range of 25-125 mg of the functionalized mesoporous silica, 

OSU-6-W-GPTMS-2, was shaken for 4 hours with 10 ml of a 100 ppm aqueous solution 

of Cu2+ in a 20-ml glass vial.  Measurement of the metal ion concentration was carried 

out by allowing the insoluble complex to settle and filtering the supernatant with a 

0.45µm membrane syringe filter.  The metal ion uptake was calculated as mmol of M2+/g 

of ligand.  A linear range of the calibration curve was used in order to calculate the 

unknown concentration. 

7.4. RESULTS AND DISCUSSION 

GPTMS is exceptional among other silanes used to prepare bonded phases in the 

sense that the oxirane ring is highly reactive.27  Functionalization with this reagent can be 

accompanied by formation of some by-products whose formation are highly pH and 

temperature dependent: All of the by-products may be expected to be less hydrophilic.  

For example, methanol formed by hydrolysis of GPTMS may participate in oxirane 

opening and form the corresponding glycol ethers that may further react with other 

oxirane rings leading to polymerization.  Both bonded and unbonded GPTMS molecules 

may participate in these reactions.  Initially, the starting silane is hydrolyzed to the 

trisilanol.  Polymerization of these results in cyclic oligosiloxanes that could compete 

with the surface bonding reaction and these cyclic siloxane structures may be also 

became bonded to the silica surface.28 

The complexity of the bonding reaction may be responsible for the differences in 

ionic and hydrophobic interactions among diol phases of a different origin.29  
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Hydrophobic interactions arise from hydrocarbon spacer groups with the number of 

hydroxy groups play a significant role in hydrophilicity.30  Previously the 

functionalization reaction was studied in detail; bonded oxirane, vicinal diol, total 

hydroxy and CH contents were determined as a function of temperature, pH and time.31  

The aim was to find conditions giving the maximum surface coverage of oxirane groups 

on silica (epoxy activation). 

The problems that lead to the unhydrolyzed and unreacted of the methoxy groups 

with surface hydroxyls may be due to the weak interaction of these groups with other 

silanes.  These groups shield the surface hydroxyls to some extent from oncoming silanes 

as well.  Therefore, the presence of an amine catalyst will facilitate the interaction and 

hydrolysis of the methoxy groups.  Likewise, if water is present in the solution, 

hydrolysis of some methoxy groups will allow their polymerization in the solution or 

start vertical polymerization outward from the surface immobilized silanes.  The new 

grafting procedure suggested here is basically concerned about hydrolysis of methoxy 

groups of only immobilized glycidoxypropyl functional groups after initial silanization 

and washing.  The resulting hydroxyls resolve the two problems mentioned above as well 

as eliminate the unwanted vertical polymerization.  Alternating silanization and washing 

in water enhances the maximum surface density of silanes by at least 30%.32  Moreover, 

it appears that one treatment in water produces as large an effect as a few consecutive 

ones and the vertical polymerization, which could in theory start from unreacted methoxy 

groups after the second silanization, does not take place.  Another problem is the steric 

hindrance of the incoming groups experianc from already bound groups that might 
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prevent them from reaching even higher surface concentration, i.e. surface coverage 

might not reflect the surface glycidoxypropyl concentration accurately.33 

The ordered mesoporous silicas, OSU-6-W modified with glycidoxypropyl 

functional groups were prepared by post-synthesis method from the reaction of OSU-6-W 

with 3-glycidoxypropyltrimethoxysilane (GPTMS) using the two grafting procedures 

discussed in previous chapters. 

7.4.1. Identification of Textural Properties 

I. X-ray Powder Diffraction (XRD) 

The pristine ordered mesoporous material, OSU-6-W, and the functionalized 

samples with GPTMS (OSU-6-W-GPTMS-1 and OSU-6-W-GPTMS-2) were 

characterized by the XRD.  The X-ray diffraction patterns (XRD) in the range of 1.0-

10.0º are shown in Figure 7.1.  The XRD pattern of the unmodified OSU-6-W sample, as 

shown in figure 7.1 (A), shows three well-resolved diffraction peaks in the region of 

2θ = 1–5°, which can be indexed to the (100), (110), and (200) diffractions, characteristic 

of the formation of well-arranged hexagonal mesostructure.34  It can be noted that the 

(100) peak gradually shifts to higher angles with increasing of the functional groups on 

the surface from OSU-6-W-GPTMS-1 to OSU-6-W-GPTMS-2, indicating an effective 

decrease of OSU-6-W pore diameter.  The pore size of OSU-6-W was narrowed from ca. 

51.1 Å to ca. 40.7 Å in OSU-6-W-GPTMS-1 and to ca. 33.2 Å in OSU-6-W-GPTMS-2.  

The XRD patterns of the functionalized samples show less intense XRD peaks, 

suggesting that the modification process in the channels affects the framework integrity 

of the ordered mesoporous OSU-6-W.  Nevertheless, the existence of characteristic 

diffraction peaks in both functionalized samples indicates the long-range order of 
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mesoporous hexagonal channels was still maintained after modification.  Combination of 

the XRD results with the average pore diameters from surface area measurements 

demonstrates an average thickening of the walls of about 25.9 Å in the case of OSU-6-W-

GPTMS-2, which statistically would correspond to an extra one layer of Si-O-Si 

homogeneously spread on the original wall (20.9 Å).  It also can be noticed that the d100 

peak has become broader with the increase in the loading of the functional groups, 

indicating a slight alteration of the ordering of the mesoporous structure as more 

functional groups are added to the surface. 
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Figure 7.1. XRD patterns in the range of 1.0-10.0º of; (A) pristine ordered mesoporous 
material, OSU-6-W, (B) OSU-6-W-GPTMS-1, and (C) OSU-6-W-GPTMS-2.  The 
spectra are shifted vertically for the sake of clarity. 
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II. Nitrogen Adsorption-Desorption Measurements 

Figure 7.2 shows the nitrogen adsorption-desorption isotherms for the 

mesoporous silicas.  The textural properties of the materials are summarized in Table 7.2.  

The curves are typical for mesoporous materials with hexagonal channel arrays. 
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Figure 7. 2. Nitrogen adsorption-desorption isotherms of (○) OSU-6-W, (◊) OSU-6-W-
GPTMS-1, and (□) OSU-6-W-GPTMS-2.  Open symbols: adsorption; closed symbols: 
desorption.  The isotherm data are shifted vertically for the sake of clarity. 

 

 

After reaction with the coupling agent, the nitrogen adsorption-desorption 

experiments yielded a BET surface area of 966 m2/g and a total pore volume of 0.92 
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cm3/g for the OSU-6-W-GPTMS-1 sample, and a surface area of 720 m2/g and a total 

pore volume of 0.58 cm3/g for the OSU-6-W-GPTMS-2 sample.  The uptake 

corresponding to the filling of the mesopores has shifted to lower relative pressures 

indicating a reduction of the pore diameter (from 51.1 to 40.7 Å for OSU-6-W-GPTMS-1 

and from 51.1 to 33.2 Å for OSU-6-W-GPTMS-2). 

 

Table 7.2. Textural Properties Determined from Nitrogen Adsorption-desorption 
Experiments at 77 K and Powder XRD Measurements. 

Sample 
Specific 

surface area 
(m2/g) 

Total pore 
volume 
(cm3/g) 

Average 
pore size     

(Å) 

d100 
 

(Å) 

Wall 
Thickness 

(Å) 

OSU-6-W 1283 1.24 51.1 62.4 21.0 

OSU-6-W-
GPTMS-1 966 0.92 40.7 54.6 22.4 

OSU-6-W-
GPTMS-2 720 0.58 33.2 51.2 25.9 

 

 

Figure 7.3 presents the pore size distribution measurements of all three samples; 

OSU-6-W, OSU-6-W-GPTMS-1, and OSU-6-W-GPTMS-2.  It shows that for the un-

functionalized sample, OSU-6-W, the pore size distribution is a fairly narrow 3.5 Å wide.  

After functionalization with the 3-glycidoxypropyltrimethoxysilane, the pore size 

distributions of both functionalized samples were larger than the un-functionalized 

sample.  However, their pore size distributions consider to be narrow with about 7.0 Å 

wide for both samples. 
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Figure 7. 3. The pore size distribution of (○) OSU-6-W (max at 51.1 Å), (◊) OSU-6-W-
GPTMS-1 (max at 40.7 Å), and (□) OSU-6-W-GPTMS-2 (max at 33.2 Å) 
 
  

7.4.2. Identification of the Functional Groups  

I. Solid State 29Si CP/MAS NMR Spectroscopy 

Solid state 29Si NMR measurements were performed in order to determine the 

surface structure of OSU-6-W after modification.  Solid state 29Si CP/MAS NMR peak 

assignments are described as previously reported by Glaser et al.,35 for organically 

modified silicates.  Figure 7.4 displays the solid state 29Si CP/MAS NMR spectra of 

OSU-6-W without and with surface modification (OSU-6-W-GPTMS-1 and OSU-6-W-

GPTMS-2), also with the chemical shift assignments for the observed resonances.  The 

29Si CP/MAS NMR spectrum of OSU-6-W showed signals of Q4 species (Si(OSi)4) at ca. 
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-107.9 ppm, Q3 species (Si(OSi)3OH) at ca. -100.4 ppm, and shoulder Q2 species 

(Si(OSi)2(OH)2) at ca. -91.2 ppm. 
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Figure 7.4. Solid state 29Si CP/MAS NMR spectra of (A) Un-modified OSU-6-W, (B) 
OSU-6-W-GPTMS-1, and (C) OSU-6-W-GPTMS-2. 
  

 

The 29Si CP/MAS NMR spectrum of OSU-6-W-GPTMS-1 showed three signals 

at -48.0(T1), -57.3(T2), and -67.1(T3) ppm, while OSU-6-W-GPTMS-2 showed two 

signals at -57.2 (T2), -65.0 (T3), corresponding to T1 (RSi(OSi)(OH)2), T2 (RSi(OSi)2OH), 

and T3 (RSi(OSi)3) groups.  R here represents the alkyl group belonging to GPTMS.  

Besides those peaks, each modified sample also showed two peaks corresponding to Q3 
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and Q4 silicons.  The OSU-6-W-GPTMS-1 modified sample shows relative intensity 

ratios for T1 : T2 : T3 close to 1.0 : 9.6 : 5.1.  However, the OSU-6-W-GPTMS-2 

modified sample shows relative intensity ratio for T2:T3 close to 1.0:1.9.  These NMR 

results reveal that the silanol groups on the OSU-6-W surfaces are highly accessible to 

the modification reagent, GPTMS. 

II. Solid State 13C CP/MAS NMR Spectroscopy 

An important feature to enrich information about the attachment of the pendant 

groups in the inorganic structure of the hybrid is the 13C NMR spectra in the solid 

state.1,6,36  Solid state 13C CP/MAS NMR peak assignments for glycidoxypropyl 

functional groups used in this study are based on those previously reported.39 
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Figure 7.5. Solid state 13C CP/MAS NMR spectrum of (A) OSU-6-W-GPTMS-1, and 
(B) OSU-6-W-GPTMS-2. 
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Figure 7.5 shows the 13C CP/MAS NMR spectrum of OSU-6-W-GPTMS-1 and 

OSU-6-W-GPTMS-2, together with the assignment of the main peaks.  Two distinct 

peaks for the carbon atoms of the epoxy ring, of the glycidoxypropyl unit, were still 

observable at 42.0(C6) and 52.5(C5) ppm for OSU-6-W-GPTMS-1 sample and at 

39.9(C6) and 52.2(C5) ppm for OSU-6-W-GPTMS-2 sample, indicating that most of the 

reactive epoxy rings were retained under the reaction conditions.  Another remarkable 

feature was the appearance of the peak at 64.2 ppm and a broad shoulder at around 72.1 

ppm, that can be assigned to either carbons of methylether and oligo- or poly(ethylene 

oxide) derivatives, respectively in case of OSU-6-W-GPTMS-1.  These originate from 

the side reactions of the epoxy ring of GPTMS.37  OSU-6-W-GPTMS-2 also displayed a 

peak at 56.6 ppm and one split peak at around 71.4 and 73.3 ppm, that can be assigned to 

either carbons of methylether and oligo- or poly(ethylene oxide) derivatives.37 

III. Fourier Transform Infrared Spectroscopy (FT-IR) 

Infrared spectroscopy was employed as an important tool to characterize the main 

products of such reactions.38  The vibrational spectra obtained from solid samples 

confirmed the success of the grafting reactions, which sequence of bands are very close 

to those observed, when glycidoxypropyl functional groups was previously incorporated 

into a similar materials. 

The infrared spectra, Figure 7.6, of OSU-6-W prior to and following grafting by 

3-glycidoxypropyltrimethoxysilane (GPTMS) show several silanol bands at 3667, 3647, 

and 3436 cm-1 that are not well resolved in the spectrum of OSU-6-W and OSU-6-W-

GPTMS-1 also have a sharp absorption is observed at 3746 cm-1 due to non-hydrogen 

bonded silanols.39,40 
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Figure 7.6. Infrared spectra of OSU-6-W (curve A), OSU-6-W-GPTMS-1 (curve B), and 
OSU-6-W-GPTMS-2 (curve C). 
 
 

In the modified sample, OSU-6-W-GPTMS-1, bands at 3740, 2955, 2886, 1462, 

and 1375 cm-1 appear at the expense of the band at 3746 cm-1.  These bands are assigned 

to silanol (SiO-H) stretching, C-H asymmetric stretching νas(CH2), C-H symmetric 

stretching νs(CH2), CH2 scissor, and CH3 bending vibrations, respectively.  The presence 

of the CH3 bending mode suggests a small amount of remaining -OCH3.  Moreover, there 

are bands at 3053 and 2876 cm-1 due to the νas(CH2) and νs(CH2) vibration of the epoxy 

groups, respectively.  The bands due to the νas(OC-H) and νs(OC-H) vibrations of the 

methoxy groups in GPTMS were at 2988 and 2855 cm-1, respectively.  The bands 

assignable to methoxy groups confirm that the OSU-6-W-GPTMS-1 has low coverage 

and give indication of the possibility of adding more functional groups onto the surface.  
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The FT-IR spectra of epoxides show characteristic bands at 1224 cm-1 (ring breathing), 

and 950-810 cm-1 (asymmetrical ring stretching).41,42 

The OSU-6-W-GPTMS-2 modified sample has bands at 3628, 2946, 2880, and 

1457 cm-1 who intensity increase at the expense of the band at 3746 cm-1 of OSU-6-W-

GPTMS-1.  These bands are assigned to silanol (SiO-H) stretching, C-H asymmetric 

stretching νas(CH2), C-H symmetric stretching νs(CH2), and CH2 scissor, respectively.  

Moreover, there are bands at 3048 and 2871 cm-1 due to the νas(CH2) and νs(CH2) 

vibration of the epoxy groups, respectively.  The bands due to νas(OC-H) and νs(OC-H) 

vibrations of methoxy groups in GPTMS were not observed.  That means the OSU-6-W-

GPTMS-2 has higher coverage and also gives an indication of formation of a highly 

ordered monolayer of the functional groups on the surface.  The epoxides show 

characteristic bands at 1236 (ring breathing), 953 and 819 cm-1 (asymmetrical ring 

stretching).41,42  The band positions are similar to those reported in the literature.43  The 

bands in the two modified samples show shift to lower wavelength and increase in the 

intensities from the OSU-6-W-GPTMS-1 to OSU-6-W-GPTMS-2.  These observations 

indicate high surface loading in the case of OSU-6-W-GPTMS-2 which has been 

confirmed by the solid state 29Si and 13C NMR and elemental analysis. 

7.4.3. The Total Surface Loading of the Ordered Mesoporous Silica with the 

Glycidoxypropyl Functional Groups 

 The amount of glycidoxypropyl functional groups deposited on the surface was 

quantitatively determined using two variables.  The surface loading (l) expresses the 

amount of deposited molecules in mmol/g.  The number of molecules deposited per nm2 
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is given by the surface coverage (C).  Both values use the mass of the pure mesoporous 

silica before modification as a reference. 

There is a broad range of analytical techniques available for the quantitative 

determination of the glycidoxypropyl functional groups (oxirane functions).21  In the case 

of surface-bonded groups, a decrease in reactivity had to be expected and, therefore, the 

most efficient procedures were selected after testing several possibilities found in the 

literature.21,22 
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Surface coverage was determined using the procedure described in previous 

chapters and the results are given in Table 7.3.  All three methods show that OSU-6-W-

GPTMS-1 modified sample has an average coverage of 2.2 GPTMS molecules/100 Å2, 

while the OSU-6-W-GPTMS-2 sample has an average coverage of 3.5 GPTMS 

molecules/100 Å2.  Thus, a significantly large coverage of functional groups is obtained 

compare with the results in the literature (2.20 group/nm2).44  This difference probably 

arises from the difference in pore sizes, 51.1 Å vs 40.0 Å, respectively, the use of amine 

as catalyst, and the intermediate water treatment in the silylation process.  The larger 

pores can avoid steric congestion of the silane molecules.  The treatment with water 

induces full coverage with adsorbed water, that allows the formation of hydroxyl silanes 

and facilitates the assembly and aggregation of the incoming silyl groups on the surface.  

Thus, in the presence of water, the silane molecules are attached beyond the density of 

isolated silanols. 

7.4.4. Conversion of the Glycidyl Groups in the Modified OSU-6-W-GPTMS-2 into 

a Thiirane Analogue 

The availability of a sulfur analogue of a glycidyl functional material, i.e. a 

material with a pendant thiirane ring replacing the epoxide, would present enormous 

potential for the production of novel functional materials.17,18,45  Ring-opening of the 

thiirane by a nucleophile containing hard donor atoms would be expected to generate the 

soft thiol donor at the β carbon atom.  This interesting combination of hard and soft donor 

centres may give rise to interesting and unusual metal-ion chelation properties.  A facile 

and efficient conversion of an epoxide into its thiirane analogue was employed that was 

previously developed by Moore et al.17  In this investigation, the OSU-6-W-Thiirane was 
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prepared by converting the oxirane group in the OSU-6-W-GPTMS-2 material to the 

thiirane analogue, using thiourea in distilled water in the presence of dilute H2SO4 as a 

catalyst at room temperature.  The direct conversion of epoxide into thiirane using 

thiourea is well documented for small molecules,46 and a formal mechanism has been 

proposed (Scheme 7.8). 
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Scbeme 7.8. Mechanism of conversion of epoxide to thiirane groups using thiourea and 
H+ catalyst. 
 
 

The conversion reaction was not difficult to perform with the epoxide-containing 

OSU-6-W-GPTMS material.  The data from FT-IR spectra show that this reaction 

yielded a relatively clean product.  The peaks due to the epoxy functionality of OSU-6-

W-GPTMS-2 were replaced by peaks at 622, 914, 1330, and 1440 cm-1 attributed to the 
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thiirane group.  Thiourea was an efficient reagent and the results indicate that water was 

an appropriate solvent. 

The FT-IR spectra of the two modified mesoporous silicas show difference 

between the oxirane and thiirane groups.  The epoxy peaks and thiirane peaks, found in 

the spectra of OSU-6-W-GPTMS-2 and OSU-6-W-Thiirane respectively, at 810, 950 

(epoxy ring vibration), 1340, 1480 (δ(CH) epoxy), 622, 914 (thiirane ring vibration), 

1330 and 1440 cm-1 (δ(CH) thiirane). 

7.4.5. Modification of OSU-6-W-GPTMS-2 with 3-Hydroxypropionitrile (3-HPN) 

Introduction of cyano function groups onto the silica surface was preformed 

following the procedure by Allen et al.,19 with minor changes.  The resulting product was 

characterized using FT-IR spectroscopy and surface area measurement. 

The FT-IR spectrum of pure 3-hydroxypropionitrile exhibited sharp IR bands at 

3440, 2980, 2923, 2286(s), 1468, 1409, 1358, 1088, 874 cm-1.  Since the bands observed 

in the FT-IR spectra of the parent glycidoxypropyl-functionalized mesostructures (OSU-

6-W-GPTMS-2) used for the immobilization reactions did not overlap with the 

characteristic bands of 3-hydroxypropionitrile, the presence or absence of bands in this 

region of the spectrum was used to determine whether successful inclusion of the nitrile 

into the mesostructures occurred.  The process was indeed successful since the 

characteristic IR bands of these groups were observed in the resulting materials.  

Moreover, there was a noticeable decrease in the surface area (from 720 to 388 m2/g) 

upon reaction with 3-hydroxypropionitrile.  The pore size of the OSU-6-W-GPTMS-2 

material is sufficiently large which in turn facilitate the incorporated of the 3-HPN 
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moieties inside the pores.  The small and compact 3-HPN groups assist the 

immobilization inside the pore channels. 

7.4.6. Modification of OSU-6-W-GPTMS-2 with Pyrazole (Py), 5-Aminotetrazole 

(ATZ), and Adenine (Ad) 

Immobilization of the ligands pyrazole (Py), 5-aminotetrazole (ATZ), and adenine 

(Ad) took place in toluene and were performed using same procedure reported by Moore 

et al.,17 yielding the chelating ion-exchange silicas OSU-6-W-GPTMS-2-Py, OSU-6-W-

GPTMS-2-ATZ, and OSU-6-W-GPTMS-2-Ad, respectively, see Scheme 7.5.   

Imidazole groups similar to the ligands used in this work have been bound to 

glycidyl methacrylate (GMA) resin before, but previous work involved a short spacer 

arm in the linkage.13  Likewise pyrazole-containing ligands immobilized on a GMA resin 

have been reported,15 but again this did not involve direct attachment of the simple azole 

unit.  Moore et al.,17 examined a number of solvents for the imidazole reaction with 

GMA resin and reported that, in the case of GMA the nonpolar aprotic solvent toluene 

proved to be optimum, with levels of bound imidazole up to 2.4 mmol/g being achieved. 

The epoxy peaks found in the spectra of OSU-6-W-GPTMS-2 at 850, 910 (epoxy 

ring vibration), 1224, 1340, 1480 cm-1 (δ(CH) epoxy) disappear completely from the 

spectra of the modified OSU-6-W-GPTMS-2 after reaction with the various nuclephils.  

The appearance of peaks at around 3510-3525 cm-1 confirmed the generation of alcohol 

groups.  Additional peaks due to heterocyclic aromatic ring vibrations were observed 

between 1500 and 1650 cm-1 (C=C, C=N) in the spectra of the modified oxirane 

mesoporous samples.47 
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 The surface areas dropped from 720 m2/g to 407, 369, and 384 m2/g for the OSU-

6-W-GPTMS-2-Py, OSU-6-W-GPTMS-2-ATZ, and OSU-6-W-GPTMS-2-Ad samples, 

respectively.  It was thus concluded that the grafting methods was succeed in 

incorporating of pyrazole (Py), 5-aminotetrazole (ATZ), and adenine (Ad) moieties into 

the mesoporous structures. 

7.4.7. Immobilization of Ethylenediamine (En) 

The reaction between the epoxy moiety attached to the silylant agent GPTS, with 

a diamine molecule is based on a typical nucleophilic attack of the basic nitrogen atom on 

the strained acidic carbon atom of the ring48, as represented in Scheme 7.9 when the 1,3-

diaminoethane is involved.  The non-bonded electron pair on the nitrogen of propane-1,3-

diamine interacts initially with the acidic carbon atom of the epoxy ring (1); consequently 

the electrons of the bond between the carbon and oxygen of the epoxy ring are transferred 

to oxygen, opening the ring as represented in step (2).  The excess of charge on the 

oxygen atom attracts the nearby hydrogen atom, once bonded to nitrogen, to form an 

oxygen-hydrogen bond (3), permitting electronic rearrangement (4) and producing the 

final, neutral product. 
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Scheme 7.9. Proposed mechanism of the reaction between the grafted epoxy moiety and 
propane-1,3-diamine. 
 
 

An overview on the progress of the inorganic surface immobilization field is 

closely related to the advance of the synthetic chemistry involved.  Relevant features 

associated with this subject are those that can cause expansion or insertion of the main 

organic chain precursor silylating agent, by exploring the presence of reactive centers on 

it.  Glycidylpropyl functional group has available an epoxide group that can be opened.  

The three member cycle reacts with the nitrogen amine nucleophile centers of the 
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ethylenediamine molecule, as represented in the chemical reaction, Scheme 7.9, leading 

an increase in carbonic chain attached with additional two nitrogen basic centers. 

Infrared spectroscopy was employed to characterize the reagents and the main 

product of the reaction of OSU-6-W-GPTMS-2 with ethylenediamine.  The vibrational 

spectra obtained from the product confirmed the success of the insertion reaction, since 

bands that are very close to those observed, when propyl-1,3-diamine was previously 

incorporated into the same functional group were observed.49  Clear evidence of the 

success of the reaction is given by the disappearance of the peak at 1249 cm−1 

characteristic of the epoxy group.  Another observation that supports the conclusion of a 

successful reaction is the appearance of a peak due to δNH2 deformation at 1610 cm−1.  

The presence of this band in this new synthesized silane spectrum established 

unequivocally the existence of an amine group in the framework of this compound.49 

Some decrease in the surface area after functionalization is expected due to the 

presence of the immobilized groups, which can block the access of nitrogen molecules to 

the original structure of silica.  However, in the present case, the drastic decrease from 

720 to 343 m2 g−1, is related to both the number and also to the increased length of the 

pendant group attached to the inorganic backbone. 

7.4.8. Metal Adsorption Study 

I. Uptake Capacity 

The uptake capacity of the modified OSU-6-W-GPTMS-2 silica was investigated 

using different amount of adsorbants interacting with 100 ppm solution of copper ions at 

pH 6.0.  The results are shown in Figure 7.7.  The maximum uptake, calculated from the 

Langmuir adsorption isotherms, was 6.75 mmol Cu2+/g (or 438.5 mg/g).  The glycidyl 
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concentration in the material is 3.09 mmol/g so the adsorption of copper is remarkably 

high and can be explained due to the formation of 2.2:1 complex (metal to ligand). 
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Figure 7.7. The Langmuir adsorption isotherms of Cu2+ ions adsorbed by OSU-6-W-
GPTMS-2 adsorbent. 
 
 

II. Regeneration of the Absorbent 

Treatment of the copper-loaded material with aqueous solution of 2.0 M HCl 

three times each time stirring for around one hours resulted in the removal of the bound 

Cu2+ from the structure, regenerating the adsorbent for further metal ion uptake.  The 

regenerated material, Figure 7.8, shows a decrease in the copper ion uptake capacity 

down to ~ 76% after the third regeneration. 
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Figure 7.8. The regeneration experiments of Cu2+ ions adsorbed by OSU-6-W-GPTMS-2 
absorbent 

 

 
The decrease might be due to loss of the immobilized groups with washing or a 

strong interaction of the Cu2+ ions with the oxygen atoms that can not be released with 

HCl washing only.  The later, will lead to blocking the available sites for chelating.  

Overall, this material shows excellent regeneration. 

7.5. CONCLUSION 

The 3-glycidoxypropylsilyl moiety was readily introduced onto the OSU-6-W 

mesoporous silica surfaces.  Solid state 13C and 29Si NMR and infrared spectroscopy, X-

ray powder diffraction, and surface area measurements confirmed the successful 

derivitization. 

The hydrophilic GPTMS group on the surface of OSU-6-W plays an active role in 

the attachment of various reactive groups and ligands because of the facile nucleophilic 
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ring-opening reaction of the pendant epoxide functionality.  The methods employed 

showed a significant incorporation of all active groups onto the mesoporous silica.  This 

gave mesoporous silica hybrids with high surface areas and amounts of the active groups 

dispersed on the material.   

The inorganic-organic hybrid, OSU-6-W-GPTMS-2 had a very high copper(II) 

ion adsorption.  These characteristics in physical, chemical and structural properties and 

in adsorptive behavior indicate that further studies on the catalytic abilities of new solids 

should be undertaken. 
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CHAPTER 
EIGHT 

 
 
FUNCTIONALIZED MESOPOROUS SURFACE WITH THIOL-FUNCTIONAL 

GROUPS FOR HEAVY METAL RECOVERY 

 
Abstract 

Mesoporous materials have great potential for environmental and industrial 

processes, but many applications require the materials to exhibit specific surface 

chemistry and binding sites.  Mesoporous silica materials with uniform channels 

containing functionalized organic monolayers have been synthesized by grafting a thiol 

functional group, (3-Mercaptopropyl)trimethoxysilane (MPTMS).  A new approach to 

heavy metal ion adsorbents based on the covalent grafting of 3-mercaptopropylsilyl 

groups to the framework pore walls of mesoporous silica molecular sieves has been 

developed and investigated with regard to hydroxyl group densities, channel dimensions, 

morphologies, reaction conditions.  Prior to thiol functionalization of the mesostructures 

by a grafting procedure, surfactant was removed from OSU-6 by solvent extraction.  The 

grafting process was much more effective for the functionalization of OSU-6-W owing to 

a higher surface concentration of surface hydroxyl groups. 

Results show that the ordered mesostructures of both functionalized samples, 

OSU-6-W-MPTMS-1 and OSU-6-W-MPTMS-2, were retained after modification and 

the thiol functional group was immobilized mainly inside the mesopore channel, as
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evidenced by Brunauer-Emmett-Teller surface area, small-angle X-ray scattering, Fourier 

transform infrared, and elemental analyses.  Solid-state nuclear magnetic resonance 

suggests that a cross-linked monolayer of mercaptopropylsilane was covalently bound to 

mesoporous silica and closely packed on the surface.  The relative surface coverage of 

the monolayers can be systematically varied up to 95%.  Consequently, the functionalized 

hybrid materials show exceptional selectivity and capacity for removing heavy metals 

from aqueous solution.  Tailored hybrid materials have also shown potential to 

selectively bind transition metal ions.  These materials are extremely efficient in 

removing mercury and other heavy metals from aqueous waste stream, with distribution 

coefficients up to 435,000.  The Hg(II) adsorption capacities for OSU-6-W-MPTMS-2 

were interpreted in terms of the size and accessibility of the framework pore structure. 

The stabilities of these materials and the potential to regenerate and reuse them 

have also been demonstrated. 

The surface modification scheme reported here enables rational design of the 

surface properties of tailored porous materials and may lead to the synthesis of more 

sophisticated functionalized composites for environmental and industrial applications.  

Rational design of the surface properties of mesoporous materials will lead to more 

sophisticated functional composites. 

8.1. INTRODUCTION 

8.1.1. Heavy Metal Ions Removing 

Heavy metals, particularly mercury, are important environmental pollutants, that 

threater the health of human populations and natural ecosystems alike.1  Removal of these 

species from the environment is thus a major focus of waste treatment and cleanup 
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efforts.  An improvement in the removal of these contaminants from natural waters was 

definitely shown in recent years.2  One of the major contributions is the development of 

new materials with the ability to remove wastes from water,3 which is one of the principal 

goals of green chemistry.4  Several adsorptive compounds are capable of capturing metal 

ions from aqueous solution, including activated charcoal,5 zeolites,6,7 and clays.8,9  

Among the inherent disadvantages of these materials are their wide distribution of pore 

size, heterogeneous pore structure, low selectivity for heavy metal ions, relatively low 

loading capacities, and somewhat small metal ion binding constants.  In order to 

circumvent these limitations, some promising heavy metal sorbents have been prepared 

via the immobilization of ion-chelating agents on inorganic supports,10,11 or via the 

coupling of chelating ligands (e.g., thiol, or carboxyl functions) to support matrixes 

consisting of inorganic oxides (e.g., silica, alumina, or clay)12-20 or organic polymers 

(e.g., polystyrene, cellulose, or poly(methyl methacrylate)).21-26  Such functionalized 

materials have relatively high metal ion loading capacities and strong binding affinities 

for selected metal ions.  This exceptional performance can be attributed to the presence of 

the surface-bound ligands, which can be specifically tuned to accommodate the selective 

adsorption of targeted metal ions.  These functionalized oxides and polymers have been 

used in the preconcentration of metal ions for the analyzing of multicomponent solutions 

and for the removal of toxic species from wastewater streams, in particular, 

radionuclides.20,26  Although superior in performance to conventional ion exchangers, 

functionalized matrixes remain relatively inefficient because only a fraction of the 

immobilized ligands are accessible for metal complexation. 
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8.1.2. Mesoporous Molecular Sieves Modification with Thiol-functional Groups  

Inorganic–organic hybrids containing a variable number of simple or complex 

attached molecules bonded on inorganic surfaces are increasingly finding applications in 

several areas, mainly those related to sorbents for extraction or as supports for 

catalysts.27,28  Among a large number of inorganic oxides, silica gel especially the recent 

discover mesoporous molecular sieves that has stimulated a new prospects for adsorbent 

and catalyst design.29,30  They clearly accomplishes a significant role due to its ability to 

anchor organic chains designed to embrace desired functional groups.31  This class of 

inorganic support supercedes organic polymers from the point of view of practicality with 

respect to structural stability, swelling behavior, thermal properties, high surface area and 

large and accessible pores, and aging, accessibility of reactive centers and insolubility in 

organic solvents.  The new complexing agents bound to silica can be useful for a wide 

range of problems related to heterogeneous catalysis,32 metal ion preconcentration,33 ion-

exchange,34 pesticide preconcentration,35 and stationary phases for chromatography,36 

and as well as in the use of these new materials to immobilize agrochemical compounds 

in order to anchor pesticides.37 

For this purpose, the employment of silylating agents in many reactions is a 

commonly explored method to immobilize molecules.  Such desired molecules 

covalently bonded on a surface can display chelating functional groups, which normally 

attain special properties.31 

A logical strategy to increase the mercury adsorption capacity and to facilitate the 

adsorbent's regeneration is to increase the amount of the mercaptopropyl functional 

groups on the mesoporous surface and at the same time maintain the size of the pores as 
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large as possible in order to reduce or eliminate the mass transfer problem.  These 

ligands, attached to a mesoporous silica support, should be stable under typical 

regeneration conditions, which will make them perfectly suitable for environmental 

applications due to the presence of a sulfur-containing functionality that exhibits high 

affinity toward mercury ions. 

Recently, a direct derivatization of the porous silica surface with different organic 

molecules under various conditions has been reported.38-40  Traditionally, the most 

common method used for surface derivatization of the crystalline silicon is the 

silanization reaction.41 

Applications of mesoporous silicas as heavy metal ion adsorbents have also been 

studied recently.42-50  Liu and Feng et al.,42,43 reported on a heavy metal ion adsorbent 

(FMMS) based on the mercaptopropylsilyl functionalization of a calcined form of MCM-

41.  A high concentration of ligand was functionalized via the grafting process, which 

involved repeated surface hydrolysis and silylation cycles.  The mercury loading of 

FMMS was high (2.5 mmol/g) (501 mg/g) in aqueous solutions.  In this case, a surface 

hydrolysis step is necessary to generate surface hydroxyl groups, which are lost during 

the calcination.  Mercier and Brown et al.,44-47 used a neutral surfactant as a template to 

overcome this drawback.  The neutral surfactant could be removed by solvent extraction.  

The amount of surface hydroxyl group loss by this procedure was much less than that by 

calcination or ion exchange.  As a result, repeated hydrolysis and silylation reaction was 

not required for this procedure.  The synthesized adsorbent (MP-HMS-C12) had a large 

pore size (2.7 nm), a high mercury loading capacity (1.5 mmol/g), and a high selectivity 

for mercury ions.  Im et al.,51 stated that the preparation of the ligand-coated mesoporous 
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powders usually involves at least two steps, and requires the use of surfactant templates 

followed by their extraction.  Because of their sub-micron size, these powders are known 

to have faster adsorption kinetics than granules ones, where metal ions undergo longer 

internal diffusion to reach ligands. 

In this chapter, the effectiveness of the silylation processes for the 

functionalization of mesoporous frameworks with mercaptopropyltrimethoxysilane, 

(CH3O)3SiCH2CH2CH2SH, which has a strong binding affinity for mercury is reported.  

The Hg-binding properties of thiol-functionalized mesoporous molecular sieves with 

different pore dimensions and functional coverages were also explord.  The efficiency 

toward Hg(II) binding is shown to depend critically on the pore size of the functionalized 

mesoporous molecular sieve.  Also, OSU-6-W-MPTMS-2 is shown to be more densly 

functionalized with siloxane thiol groups compared to OSU-6-W-MPTMS-1, owing 

primarily to the higher surface density of functional groups.  The results reported here 

should be useful in evaluating these materials for environmental cleanup and heavy metal 

ion recovery.  Our attention was directed to the attachment of the mercaptopropyl 

functionality to the surface of ordered mesoporous silica, OSU-6-W. 

8.1.3. Immobilization of Ethylchloroacetate Group 

Insoluble porous materials bearing thiol-acetate ligands as chelating functional 

groups of the formula ≡Si-(CH2)3-SCH2COOH have previously been prepared.  The 

immobilized thiol-acetate ligand system was prepared by the reaction of the mesoporous 

silica immobilized thiol ligand (OSU-6-W-MPTMS-2) with ethylchloroacetate.31  These 

ligand systems exhibit high potential for extraction and preconcentration of divalent 

metal ions such as Co2+, Ni2+ and Cu2+.31 
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8.2. EXPERIMENTAL 

8.2.1. Chemicals 

Analytical grade chemicals from the following suppliers were used as purchased 

for all sample preparations: 3-mercaptopropyltrimethoxysilane [((CH3O)3Si(CH2)3SH), 

Gelest], ethylchloroacetate, toluene 99.8% HPLC grade, ethyl alcohol, triethylamine 

(TEA, 99%, Aldrich), dichloromethane (99.6%, Aldrich), NaOH (0.025 M), HCl (2.0 M), 

thiourea, and distilled deionized water. 

8.2.2. Characterization 

The main products were characterized using different techniques.  The full details 

of sample preparation and instrument operation were mentioned previously in chapter 

two and three of this thesis. 

8.2.3. Preparation 

8.2.3.1. Activation of the Mesoporous OSU-6-W 

The mesoporous silica, OSU-6-W, was synthesized as discussed in chapter two of 

this thesis.  The amine-activated mesoporous silica TEA-OSU-6-W was prepared as 

described in chapter five. 

8.2.3.2. Surface Modification of Mesoporous Materials with Mercaptopropyl 

Functional Groups 

Mercaptopropyl-functional group was chemically attached to the mesoporous 

OSU-6-W material surfaces by means of the post-synthesis grafting method described in 

previous chapters. 
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I. One-step Reaction of OSU-6-W with Mercaptopropyltrimethoxysilane (OSU-6-W-

MPTMS-1) 

3.0 g (~ 50 mmol) of the activated mesoporous silica (TEA-OSU-6-W) and 10 ml 

(~ 50 mmol) of mercaptopropyltrimethoxysilane (MPTMS) in 100 ml of dry toluene in a 

250-ml round-bottom flask were refluxed for 48 hours under a dry atmosphere.  An 

illustration of the reaction is schematically represented in Scheme 8.1.  The resulting light 

gray solid was filtered off with a fine filter funnel, washed with toluene three times (3 X 

50 ml), then ethanol, to rinse away any excess MPTMS.  The solid then dried at 80 °C 

under vacuum for 24 hours to yield 4.76 g.  IR peaks (cm-1) (KBr): 3735(m, sh), 3510(m, 

br), 3281(m, br), 2927(m, sh), 2855(m, sh), 2558(m, sh), 1464(m, sh), 1373(m, sh), 

1305(w), 1228(s, sh), 1143(s), 1066(s, sh), 967(m, sh), 801(s, sh), 694(m, sh), 582(m), 

and 461(m, sh).  The solid-state 29Si CP/MAS NMR resonances in δ (ppm) are -48.9 (T1), 

-57.6 (T2), -66.4 (T3), -101.9 (Q3), and -111.1 (Q4).  The solid-state 13C CP/MAS NMR 

resonances in δ (ppm) are 11.8 (-CH2-CH2-Si≡)[1], 27.7 (-CH2-CH2-Si≡)[2] and (HS-

CH2-CH2-CH2-Si≡)[3], and 50.5 ppm (Methanol), see Scheme 8.1.  Elemental analysis: C 

(10.64 wt %) and N (0.09 wt %). 
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Scheme 8.1. An illustration of such grafting reaction.  Carbon atoms are numbered to 
illustrate carbon atoms positions as described in the 13C CP/MAS NMR. 
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II. Three-step Reaction of OSU-6-W with Mercaptopropyltrimethoxysilane (OSU-6-

W-MPTMS-2) 

Mesoporous silica-supported mercaptopropyl functional groups was prepared by 

refluxing 3.0 g (~ 50 mmol) of the activated mesoporous silica (TEA-OSU-6-W) with 5.0 

ml (~ 25 mmol) of 3-Mercaptopropyltrimethoxysilane (MPTMS) in 100 ml of dry 

toluene in a 250-ml round-bottom flask for 48 hours under dry atmosphere.  The resulting 

light gray solid was filtered off with a fine filter funnel, washed with toluene three times 

(3 X 50 ml) and then ethanol, to rinse away any surplus MPTMS.  The resulting solid 

was then dried at 80 °C under vacuum for 24 hours.  It was then placed in a 125-ml 

Erlenmeyer flask and stirred with 50 ml of distilled water for five hours.  The mixture 

was filtered off to recover the solid which was then dried at 80 oC under vacuum for 24 

hours.  In the third step, a 5.0 ml (~ 25 mmol) of MPTMS was refluxed with the product 

from the previous step in 100 ml of dry toluene in a 250-ml round-bottom flask for 48 hrs 

under dry atmosphere.  The resulting light gray solid was filtered off with a fine filter 

funnel, washed with toluene three times (3 X 50 ml) and then ethanol, to rinse away any 

excess MPTMS and dried at 80 oC under vacuum for 24 hours.  The final product has a 

light gray color and weighed 5.81 g.  The IR peaks (cm-1) (KBr): 3641(m, br), 3296(s, 

br), 2920(s, sh), 2853(s, sh), 2561(m, sh), 1467(s, sh), 1373(w), 1305(m), 1237(s, sh), 

1171(s, br), 1090(s, br), 954(m), 799(m, sh), 694(m, sh), 572(w), and 469(m).  Solid-state 

29Si CP/MAS NMR resonances in δ (ppm) are -57.3 (T2), -66.6 (T3), -100.6 (Q3), and -

110.3 (Q4).  Solid-state 13C CP/MAS NMR resonances in δ (ppm) are 12.3 (-CH2-CH2-

Si≡)[1], 26.1 (HS-CH2-CH2-CH2-Si≡)[3], and 29.4 (-CH2-CH2-Si≡)[2], see Scheme 8.1.  

Elemental analysis: C (14.61 wt %) and N (0.16 wt %). 
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8.2.3.3. Modification of OSU-6-W-MPTMS-2 with Acetic Acid 

Insoluble porous materials immobilized ligand bearing thiol-acetate ligand as 

chelating functional groups of the formula ≡Si-(CH2)3-SCH2COOH were prepared as 

follows;31 1.0 g of OSU-6-W-MPTMS-2 was refluxed for 72 hours with an excess of 

ethylchloroacetate (10 ml) in a round bottom flask, in the presence of few drops of 

triethylamine.  The solid product was filtered off, washed with successive 50 ml portions 

of 0.025 M NaOH, water, methanol and diethyl ether.  The product was dried in vacuum 

for 24 hours.  This product will be referred to as OSU-6-W-MPTMS-2-Acetate.  Next, a 

1.0 g of OSU-6-W-MPTMS-2-Acetate was refluxed with 50 ml of 2.0 M HCl for 10 

hours in order to hydrolyze the ethoxy groups in the thiol-acetate ligands.  The solid 

material was filtered, washed with successive portions, 50 ml, of 0.025 M NaOH, water, 

methanol and diethyl ether.  The product was dried in vacuum for 24 hours and will be 

referred as OSU-6-W-MPTMS-2-Acac, Scheme 8.2. 
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Scheme 8.2. Schematic diagram for the synthesis of adsorbents modified with acetic 
acid. 
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8.2.4. Application of the Synthesized Adsorbents 

I. Heavy Metal Ions Adsorption 

The adsorption process was conducted using batch experiments in water solution 

for the divalent cation (Hg2+) at 25 oC.  For the preparation of aqueous metal solutions, 

the metal nitrate salt was used (mercury(II) nitrate n-hydrate (Hg(NO3)2·nH2O)).  A 

buffer solution (pH 4) was prepared using potassium hydrogen phthalate and 

hydrochloric acid, and was used to prevent the precipitation of metal ion during the 

adsorption experiment.  A series of samples of five different amounts of the thiol-

functionalized mesoporous silicas (varying from 25 to 125 mg) were suspended in 

10.0 ml of 100 ppm Hg2+ solutions in separate glass vial.  The vials were then shaken on 

a mechanical laboratory shaker for 6 hour at room temperature.  Afterwards a portion of 

the supernatant solution was removed for analysis.  The metal ion uptake was calculated 

as mmol of Hg2+/g ligand. 

The same procedure was used to follow the effect of pH on cation adsorption, by 

using 10 ml of 100 ppm Hg2+ and 100 mg of OSU-6-W-MPTMS-2.  In each case, the pH 

values were controlled with corresponding buffer solutions.  For pH 1–3, Clark/Lubs 

buffers (HCl/KCl) were used, for pH 4 and 5, Na3PO4/H3PO4 buffers were used and for 

pH 6 and 7 Na3PO4/NaOH buffers were used.52 

The suspension was mechanically stirred for four hours in aqueous solution.  The 

time required to reach equilibrium was first established through a series of experiments 

where the uptake of mercury by the functionalized material was monetored as a function 

of time.  The samples were filtered and the residual metal concentration in the solutions 

was measured using an ICP spectrometer.52 
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II. Regeneration of the Adsorbents 

The heavy metal ion absorbed on the surface of the adsorbent of the modified 

mesoporous silica with thiol-functionality was removed by placing and washing the 

adsorbents with acidified aqueous thiourea solution (2.0 M HCl) three times, each time 

stirring for around one hour.  Subsequently the adsorbent was washed with distilled 

water, and finally it was dried in air before the second uptake-removal cycle. 

8.3. RESULTS AND DISCUSSION 

Heavy metal pollution, especially by mercury, is an important environmental 

concern due to the high toxicity of the metals.  The harmful effects of mercury is 

manifested by hindered transport processes in living cells,1 due to the high affinity of the 

element for sulfur-containing biological molecules.  This high affinity can be exploited 

for removal of mercury ions from aqueous media by designing materials with sulfur-

containing groups.  Since the discovery of ordered silica-based materials with 

controllable mesoporous structure in early nineties,29,53 there has been a great interest in 

their applications in environmental clean up.  A special emphasis was given to the design 

and synthesis of nanostructured adsorbents with desirable surface properties and porous 

structures.54,55  MCM-41 having high surface area and large and accessible pores,29 is a 

good candidate for an insoluble matrix for the attachment of sulfur-containing groups, 

that possess the desired surface affinity toward mercury ions.43,46,56 

Here, the preparation of mercaptopropyl-functionalized OSU-6-W and 

characterization of its structural and adsorption properties is reported.  The experimental 

data demonstrate a high concentration of the functional group on the mesoporous surface 

and high affinity of this material toward mercury ions, that is reflected by a high 
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adsorption capacity approaching 3.26 mmol Hg2+ per gram of the adsorbent or ca. 0.7 g 

Hg2+/g.  The nitrogen adsorption study and a successful regeneration of the mercury-

loaded mercaptopropyl-modified OSU-6-W demonstrate the accessibility of pores of this 

material to mercury ions.  An efficient regeneration of this material was achieved with 

acidified aqueous thiourea solution.  The regenerated material showed a significant 

mercury uptake (above 85% of the initial value). 

Thiol functional groups were introduced to the pore surface of mesoporous silica 

as the terminal groups of organic monolayers.  The hydrocarbon chains aggregated and 

formed close-packed arrays on the substrate.  The siloxane groups then underwent 

hydrolysis and ultimately became covalently attached to the substrate and cross-linked to 

one another.  The OSU-6-W modified with MPTMS material is a useful environmental 

remediation agent because it has a high affinity for binding mercury and other heavy 

metals.43 

 The pure mesoporous silica, OSU-6-W, and the two mesoporous silicas modified 

with 3-mercaptopropyltrimethoxysilane (MPTMS), OSU-6-W-MPTMS-1 and OSU-6-W-

MPTMS-2, and OSU-6-W-MPTMS-2-Acac have been characterized using several 

techniques in order to confirm the attachment of the functional groups on the silica 

surface, to verify the structure, and determine the functional group concentration. 

8.3.1. Identification the Textural Properties of the Thiol-modified Mesoporous Silica 

I. X-ray Powder Diffraction (XRD) 

Figure 8.1 compares the XRD patterns of the untreated mesoporous molecular 

sieves, OSU-6-W, and the two different modified samples with mercaptopropylsilyl, 

OSU-6-W-MPTMS-1 and OSU-6-W-MPTMS-2.  The XRD pattern of OSU-6-W, which 
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contains a dominant d100 reflection and two reflections at higher diffraction angle, d110 

and d200, is consistent with ordered hexagonal channel packing.53 
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Figure 8.1. Powder X-ray diffraction patterns for OSU-6-W and their 
mercaptopropylsilyl-functionalized derivatives.  (A) OSU-6-W, (B) OSU-6-W-MPTMS-
1, and (C) OSU-6-W-MPTMS-2.  The spectra are shifted vertically for the sake of clarity. 
 

 

The XRD patterns of the modified samples show evidence for the conservation of 

the structural order during the modification process steps.  Each of the XRD patterns of 

OSU-6-W-MPTMS-1 and OSU-6-W-MPTMS-2 showed three reflections.  The X-ray 

diffraction patterns of OSU-6-W-MPTMS-1 and OSU-6-W-MPTMS-2 show very intense 
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peaks (100) and two additional high-order peaks (110 and 200) with lower intensities.  

This result is characteristic of a hexagonal pore structure. 

Organosilane grafting to the mesostructures causes a significant decrease in the 

XRD intensities.  This is indicative of contrast matching between the silica framework 

and the grafted mercaptopropylsilyl groups.  Contrast matching in OSU-6-W and related 

mesostructures has been observed previously upon filling the framework pores with 

organic guests.57  The smaller contrast-matching effect in the case of OSU-6-W-MPTMS-

1 probably results from the comparatively lower amount of mercaptopropylsilyl groups 

occupying the framework pore structure, whereas OSU-6-W-MPTMS-2 shows large 

contrast-matching which is most likely due to high loading of the functional groups on 

the surface.46 

It should be noted that the decrease in the (100) peak intensity for OSU-6-W-

MPTMS-1 and OSU-6-W-MPTMS-2 provides further evidence that grafting occurred 

mainly inside the mesopore channels because attachment of the organic functional groups 

onto the surface of the mesopore channels tends to reduce the scattering power (or 

scattering contrast) of the amorphous silicate wall.46,57  These results indicate not only a 

significant degree of short-range ordering of the structure and well-formed hexagonal 

pore arrays of the samples but also the maintenance of the structural order of the 

synthesized adsorbents during functionalization.  The cell parameters calculated from the 

d100 spacing value of OSU-6-W-MPTMS-1 was 57.3Å, whereas for OSU-6-W-MPTMS-

2 it was 52.9 Å, and the wall thickness calculated from pore size measurement and XRD 

of OSU-6-W-MPTMS-1 was 23.8 Å whereas for OSU-6-W-MPTMS-2 it was 26.4 Å, see 

Table 8.1. 
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II. Nitrogen Adsorption-desorption Measurements 

Nitrogen (N2) adsorption/desorption isotherms for OSU-6-W-MPTMS-1 and 

OSU-6-W-MPTMS-2 showed irreversible type IV patterns with a H1 hysteresis loop 

between the adsorption and desorption branches as defined by IUPAC (Figure 8.2.).  The 

physical properties of the unmodified OSU-6-W and the two modified samples, OSU-6-

W-MPTMS-1 and OSU-6-W-MPTMS-2, such as surface area, pore size, pore volume, 

lattice spacing, and wall thickness, are listed in Table 8.1. 

 
Table 8.1. Textural Properties Determined from Nitrogen Adsorption-desorption 
Experiments at 77 K and Powder XRD Measurements. 

Sample 
Specific 

surface area 
(m2/g) 

Total pore 
volume 
(cm3/g) 

Average 
pore size      

(Å) 

d100 
 

(Å) 

Wall 
Thickness 

(Å) 

OSU-6-W 1283 1.24 51.1 62.4 21.0 

OSU-6-W-
MPTMS-1 978 0.94 42.3 57.3 23.8 

OSU-6-W-
MPTMS-2 701 0.68 34.7 52.9 26.4 

 

 

The calculated Brunauer-Emmett-Teller surface areas of OSU-6-W, OSU-6-W-

MPTMS-1, and OSU-6-W-MPTMS-2 were 1283, 978, and 701 m2/g, respectively.  Thus 

the surface area decreased with an increase the extent of functional groups attached.  The 

adsorption-desorption isotherms of OSU-6-W, OSU-6-W-MPTMS-1, and OSU-6-W-

MPTMS-2 featured hysteresis loops with steep adsorption and desorption branches.  The 

sharpness of the adsorption branches is indicative of a narrow mesopore size distribution.  

The position of the capillary condensation steps in the modified samples shifted to lower 

pressure values, suggesting a reduction in the mesopore size because the capillary 
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condensation pressure increases with the pore diameter.  This was also confirmed by 

changes in the pore size calculated from the adsorption branch of the nitrogen 

adsorption/desorption isotherm using the Barrett-Joyner-Halenda formula.58 
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Figure 8.2. Nitrogen adsorption/desorption isotherms for (○) unmodified OSU-6-W and 
thiol-functionalized OSU-6-W ((◊) OSU-6-W-MPTMS-1 and (□) OSU-6-W-MPTMS-2).  
Open symbols: adsorption; closed symbols: desorption.  The isotherm data are shifted 
vertically for the sake of clarity. 
 
 

Upon grafting mercaptopropylsiloxane groups to the framework walls, a 

significant decrease in the surface area, pore volume, and pore diameter was observed for 

each sample as a result of the ligating thiol moieties present in the framework channels.  



 374

Nonetheless, significant surface areas and porosities were retained in all the 

mesostructures after mercaptopropylsilyl functionalization of the pore walls.  The surface 

properties of the mercapto-functionalized adsorbents and their parent mesostructures are 

summarized in Table 8.1.  The overall shape of the adsorption/desorption isotherms 

remained unchanged, and the pronounced steps of capillary condensation in primary 

mesopores were evident, indicating that the ordering of the OSU-6-W support was not 

affected by the modification. 
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Figure 8.3. The pore size distribution of (○) OSU-6-W (max at 51.1 Å), (◊) OSU-6-W-
MPTMS-1 (max at 42.3 Å), and (□) OSU-6-W-MPTMS-2 (max at 34.7 Å). 
 

 

The adsorption isotherms were used for the calculations of the pore size 

distributions in OSU-6-W, OSU-6-W-MPTMS-1, and OSU-6-W-MPTMS-2.59  The pore 
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size distributions (Figure 8.3) illustrate that all three silica gels are mesoporous materials 

with the maximum pore size distributions located at ca. 51 Å for OSU-6-W, 42.3 Å for 

OSU-6-W-MPTMS-1, and 34.7 Å for OSU-6-W-MPTMS-2, respectively.  A broader 

maximum pore size distribution and a rather large width of half-height were observed for 

OSU-6-W-MPTMS-1 which has a lower loading of the functional group.  Both 

mesoporous materials OSU-6-W and OSU-6-W-MPTMS-2, show relatively narrower 

maximum pore size distributions than OSU-6-W-MPTMS-1.  Overall, all materials show 

narrow pore size distribution that are less than 7.0 Å. 

8.3.2. Identification of the Thiol-functional Groups 

I. Solid State 13C CP/MAS NMR Spectroscopy 

The structure of the functionalized monolayers and the chemical bonding can be 

studied by solid-state NMR experiments.60  Single-pulse 13C NMR spectra and peak 

assignments [Si-CH2(1)-CH2(2)-CH2(3)-SH] for samples functionalized monolayers on 

mesoporous silicates, are shown in Figure 8.4. For OSU-6-W-MPTMS-1 (Figure 8.4(A)), 

the peak at 11.8 ppm was attributed to the methylene carbon group C1, directly bonded to 

the Si atom.  The peak at 27.7 ppm was attributed to the other two methylene carbons (C2 

and C3).  For OSU-6-W-MPTMS-2 (Figure 8.4(B)), there are three peaks observed at 

12.3, 26.1, and 29.4 ppm that are assigned to the methylene carbon (C1) directly bonded 

to the Si atom, to the middle methylene carbon (C2), and to the methylene carbon (C3) 

next to the -SH group, respectively, on the basis of the chemical shifts reported for 

CH3(CH2)7SH.60  The difference between Figure 8.4 (A) and Figure 8.4 (B) is attributable 

to a different molecular conformation for the organic monolayers at different coverages.  

At low surface coverage, the carbon chains can adopt a wide range of conformations; 
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therefore, the peaks for C2 and C3 cannot be distinguished because of conformational 

heterogeneity.   
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Figure 8.4. Solid state 13C NMR spectra of organic monolayers on mesoporous silica, 
OSU-6-W, with the peak assignments.  (A) OSU-6-W-MPTMS-1, C1 and C2 cannot be 
separated because of conformational heterogeneity.  (B) OSU-6-W-MPTMS-2, C1 and 
C2 are clearly resolved, suggesting a more homogeneous environment. 
 
 

At higher population densities, all of the carbon chains are near one another and 

have a more upright orientation with respect to the silica surface, Scheme 8.2.  The 

molecules have a higher degree of ordering that narrows the line widths in the 13C 

spectrum and allows better resolution of the peaks for all three carbons.  Moreover, the 

existence of a 13C CP/MAS NMR spectrum at 50.5 ppm in the OSU-6-W-MPTMS-1 

could be from the presence of a small amount of methoxy groups (SiOCH3) from the 
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functional group or may come from the methanol formed during the hydrolysis and 

condensation processes. 

II. Solid State 29Si CP/MAS NMR Spectroscopy 

The close-packed conformation of the carbon chains is also evident in solid state 

29Si NMR results, Figure 8.5.  Solid state 29Si MAS NMR spectra of the unfunctionalized 

mesostructure (see Figure 8.5(A)) was obtained in order to estimate the Q3 to Q4 ratio and 

the fraction of framework silicon sites that have been silylated. 
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Figure 8.5. Solid state 29Si NMR spectra of; (A) unmodified OSU-6-W and the two 
modified samples ((B) OSU-6-W-MPTMS-1 and (C) OSU-6-W-MPTMS-2). 
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Relative peak intensities in the solid state 29Si cross-polarization magic angle 

spinning (CP/MAS) give indication of the surface loading and surface structure ordering. 

In the unfunctionalized mesostructure, OSU-6-W, three signals were observed 

near -91.2, -100.4, and -107.9 ppm (Figure 8.5 (A)), corresponding to the Q2 silanol sites 

[(SiO)2Si(OH)2], Q3 silanol sites [(SiO)3SiOH], and Q4 framework silica sites [(SiO)4Si], 

respectively.61  Grafting of the mercaptopropylsilyl moieties to these mesostructures 

causes the relative Q3 and Q4 signal intensities to decrease significantly.  The large peaks 

at -101.9, -111.1 ppm, and at -100.6, -110.3 ppm for the modified samples, OSU-6-W-

MPTMS-1 and OSU-6-W-MPTMS-2, respectively, are from the silica support.  In Figure 

8.5 (B), three additional peaks at -48.9 (T1), -57.6 (T2), and -66.4 (T3) ppm are identified 

as corresponding to three different environments for the siloxane groups in the 

functionalized monolayers:62 (i) isolated groups that are not bound to any neighboring 

siloxanes (T1), (ii) terminal groups that are only bound to one neighboring siloxane (T2), 

and (iii) cross-linked groups that are bound to two neighboring siloxanes (T3).  Among 

the three, the most dominant peak comes from the terminal group (T2).  In Figure 8.5 (C), 

the molecules are closer to one another, and the most predominant peak, at -66.6 ppm, 

corresponds to the cross-linked siloxane group; the isolated siloxane group is absent.  The 

transition from disordered conformation at low surface coverage to close-packed 

conformation at high coverage is illustrated in Scheme 8.3.43 
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Scheme 8.3. Schematic conformations of functionalized monolayers on the surface under 
different conditions.  (A) Disordered molecules at low surface coverage and (B) Close-
packed at high surface coverage. 
 
 

III. Fourier Transform Infrared Spectroscopy (FT-IR) 

Figure 8.6 shows the FT-IR spectra of the untreated mesoporous silica and the 

two thiol-treated mesoporous samples, OSU-6-W-MPTMS-1 and OSU-6-W-MPTMS-2, 

in the low and high wavenumber ranges.  Absorbance bands at 1100-1000 cm–1 and 800 

cm–1 were observed for Si-O-Si and O-Si-O vibration modes of the silica lattice.63-66  The 

shoulder at around 960-940 cm–1 has been reported to be associated with stretching mode 

of Si-OH.63-66 
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Figure 8.6. FT-IR spectra of; (A) the untreated mesoporous silica, OSU-6-W, (B) OSU-
6-W-MPTMS-1, and (C) OSU-6-W-MPTMS-2. 
 
 

The functional groups contained in the two samples were identified by FT-IR.  

The O-H bond stretching bands of the silanol groups of OSU-6-W were observed at 

3200-3600 cm-1 and at 3746 cm-1.64  After immobilization of the thiol functionality, the 

intensity of the OH stretching band of silanol groups of OSU-6-W was decreased.  After 

the thiol-attachment, FTIR spectra of OSU-6-W-MPTMS-1 shows two medium-intensity 

bands at 2561 cm–1 and 698 cm-1, and two strong-intensity bands were observed at 2934 

cm–1 and 2841 cm–1.  The former were attributed to thiol S-H stretch and C-S vibrations, 

respectively, and the letter bands were attributed to the C-H stretch of the methylenes of 

the alkyl chain.67  The presence of a significant amount of mercaptopropylsilyl moieties 

in the modified OSU-6-W-MPTMS-2 sample was confirmed by the observation of 
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intense bands assigned to the C-H vibrations in the 2850-2930 cm-1 region and of 

stretching bands attributed to the S-H and C-S vibrations at 2558 and 699 cm-1, 

respectively.68  The FT-IR spectra indicate that an organic thiol monolayer was 

successfully immobilized inside the nanopores of the mesoporous silica. 

On the basis of elemental analysis, the amounts of functional groups were 

calculated to be 2.50 and 4.92 groups/nm2 for OSU-6-W-MPTMS-1 and OSU-6-W-

MPTMS-2, respectively.  The amount of grafted thiol functional groups was close to that 

of the other functional group containing nitrogen atoms.  It has been reported that 

MPTMS [HSCH2CH2CH2Si(OCH3)3], which has weaker basic catalytic properties than a 

nitrogen-based organosilanes (i.e., amine, ethylenediamine, and diethylenetriamine) 

reacts via two-stage reactions.69  These weakly basic characteristics of thiol functional 

groups were overcome by the use of an amine catalyst (triethylamine) which results in 

increase in the amount of grafted thiol functional groups.  The relative surface coverage 

was estimated on the basis of the surface area of OSU-6-W and element analysis results 

after the thiol functional group was attached, and the full loading that could be achieved 

on the flat surface under the assumption of 5 × 1018 molecules/m2 (5 molecule/nm2) in a 

full surface coverage.43  The fraction of surface coverage of OSU-6-W-MPTMS-1 and 

OSU-6-W-MPTMS-2 was about 50% and 98% of the full surface coverage, respectively.  

Spacing of each thiol functional group was about 2.0 nm.70 

8.3.3. Identification of the Thiol-acetate Groups Immobilized into the Modified 

Mesoporous Silica  

The thiol-acetate immobilized ligand system (OSU-6-W-MPTMS-2-Acac) was 

prepared by the reaction of mesoporous silica immobilized thiol ligand system (OSU-6-
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W-MPTMS-2) with an excess of ethylchloroacetate in the presence of triethylamine to 

facilitate the removal of generated HCl, then the OSU-6-W-MPTMS-2-Acetate was 

hydrolyzed by an aqueous solution of 2.0 M HCl, Scheme 8.2. 

I. Surface Area Analysis (BET) 

 The surface area of the mesoporous sample immobilized thiol-acetate group was 

less than that of the mesoporous OSU-6-W-MPTMS-2.  The surface area dropped from 

701 m2/g to 473 m2/g. 

II. Fourier Transform Infrared Spectroscopy (FT-IR) 

The FT-IR spectra for the OSU-6-W-MPTMS-2 and the OSU-6-W-MPTMS-2-

Acac samples were obtained and compared to each other.  Three characteristic regions at 

3000-3500 cm−1, 1500-1750 cm−1 and 900-1200 cm−1, are identified corresponding to 

υ(OH), υ(C=O) and υ(SiO) vibrations.63  These assignments were based on literature 

spectral data reported for similar systems.71  The IR spectrum for the unhydrolyzed thiol-

acetate ligand shows an absorbance band at 1721 cm−1 due to ester υ(C=O) stretching 

vibration.  This band was not found in the IR spectrum of 3-mercaptopropylpolysiloxane.  

The IR spectrum for the hydrolyzed ligand system (OSU-6-W-MPTMS-2-Acac) shows 

two bands at 1724 cm−1 and 1640 cm−1 that are assigned to the asymmetric and 

symmetric stretching of the carboxylate. 

III. Elemental Analysis (EA) 

 The total carbon contents (C%) of the new material after immobilizing the acetate 

group (OSU-6-W-MPTMS-2-Acac) is different from the thiol-functionalized sample 

(OSU-6-W-MPTMS-2).  The total carbon content increased from 14.61% to 21.44%.  

This result indicates the attachment of the active groups on the thiol-functional groups. 
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8.3.4. Estimate the Total Surface Loading of the Mercaptopropyl Functional Groups 

on the Ordered Mesoporous Silica 

The amount of mercaptopropyl deposited on the surface was quantified using two 

variables.  The surface loading (l) expresses the amount of deposited molecules in 

mmol/g.  The number of molecules deposited per nm2 is given by the surface coverage 

(C).  The surface coverage (C) was calculated by rationing the loading (l) to the specific 

surface area (SBET) of the sample.  Multiplication by Avogadro’s number (NA = 6.022 X 

1023 molecules/mole) yields units of molecules/nm2:72  

C = (l / SBET) . NA 

  Both values use the mass of the pure mesoporous silica before modification as a 

reference. 

I. Elemental Analysis (Combustion Analysis) 

The C and N analyses of the modified mesoporous materials were used to 

determine the quantity of mercaptopropylsilyl moieties grafted to the framework 

channels.  The extremely low levels of nitrogen in the materials demonstrated the 

effectiveness of the ethanol extraction process in removing the amine surfactants from the 

OSU-6-W silicas.  The SH group densities on the pore walls of the adsorbents (Table 8.2) 

were calculated on the basis of these loadings and the BET surface area of the 

unfunctionalized mesostructure. 

Carbon analysis was carried out for all modified samples.  The concentration of 

attached groups was determined as follows:73,74 

C (groups/nm2) = 6x105 PC /[(1200nC - WPC)SBET] 
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where C is the concentration of attached groups, which contain carbon; PC is the 

percentage of carbon in the sample, nC is the number of carbon atoms in the attached 

group (counted as C3), W is the corrected formula mass of the modifier (counted as 

C3H7O3SiS), and SBET is the specific surface area of the unbounded substrate (1283 m2/g). 

 

Table 8.2. Carbon and nitrogen elemental analysis, and concentration of mercaptopropyl 
functional groups 

Sample C % N % Surface Area 
(m2/g) 

MPTMS 
(group/nm2) 

OSU-6-W 0.10 0.06 1283 --- 

OSU-6-W-
MPTMS-1 10.64 0.09 978 2.50 

OSU-6-W-
MPTMS-2 14.61 0.16 701 4.92 

 
 

III. Solid State 29Si CP/MAS NMR Spectrum 

The relative 29Si CP/MAS NMR peak areas, Table 8.3, were assigned and 

determined as discussed in chapter three.  The differences in the silanol concentration 

before and after silylation were relatively equal to the concentration of the functional 

groups. 

 
Table 8.3. Solid state 29Si CP/MAS NMR deconvolution results 

Sample Q4 
(%) 

Q3 
(%) 

Q2 
(%) 

[SiOH] 
(mmol/g) 

[SiOH] 
(molecule/nm2) 

[MPTMS] 
(group/nm2) 

OSU-6-W 14.38 71.73 13.89 14.43 6.77 --- 

OSU-6-W-
MPTMS-1 55.57 44.43 0.00 6.94 4.27 2.49 

OSU-6-W-
MPTMS-2 82.99 17.01 0.00 2.76 2.08 4.69 
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A significantly larger coverage of functional groups (4.69 group/nm2) has 

obtained compare to the results in the literature (3.80 group/nm2).43  This difference 

probably arises from the difference in the surface areas, 1283 vs. 900 m2/g, respectively, 

the pretreatment of the mesoporous with amine and the intermediate water treatment in 

the silylation process.  Also, the larger pore size can avoid a steric congestion of the 

silane molecules. 

8.3.5. Application of the Adsorbents 

8.3.5.1. Adsorption of Mercury Hg(II) Ions onto Thiol-grafted Mesostructures 

In the present work, the Hg(II) adsorption study was carried out on thiol-grafted 

mesostructures for the purpose of illustrating the importance of pore size and functional 

group surface density on thiol group availability for Hg(II) binding.  The studies by 

Mercier et al.,47 and those of Feng et al.,43 have shown that the heavy metal ion 

selectivity is not affected by the presence of the electrolytes normally associated with 

groundwater and waste streams.  Also, no detectable amounts of Hg(II) was adsorbed by 

the unfunctionalized mesostructure. 

I. Effect of pH 

 The effect of changing the solution pH on the uptake of mercury (Hg2+) ion is shown 

in Figure 8.7.  The results show an increase of metal ion uptake with increasing pH value 

that reaches a maximum at pH 7.5.  Lower uptake occurs at lower pH values due to the 

protonation of the thiol moieties.  The uptake study at high pH > 10 will lead to the 

dissolve of the mesoporous silica.75-77 
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Figure 8.7. Mercury ion uptake versus pH using OSU-6-W-MPTMS-2 
 

 
II. Effect of Exposure Time 

The metal ion (Hg2+) uptake rate as mmol M2+/g ligand versus time (min), was 

determined by shaking the thiol-functional mesoporous materials (OSU-6-W-MPTMS-1 

and OSU-6-W-MPTMS-2) in aqueous solution of the divalent metal ion at different time 

intervals.  The result is given in Figure 8.8.  It is shown that the metal ion uptake is 

increased as a function of exposure time in a nonlinear fashion.  The increase of the metal 

ion uptake with time is attributed to diffusion factors.  The adsorption of Hg2+ was found 

to be first order and rate constants were 0.0081 min-1 and 0.0059 min-1 for OSU-6-W-

MPTMS-1 and OSU-6-W-MPTMS-2, respectively. 
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Figure 8.8. The uptake of Hg2+ ions by the mesoporous functionalized with thiol ligand 
system versus time at pH 7.5. 
 
  

The uptake rate constant for Hg(II) by OSU-6-W-MPTMS-2 was smaller than 

that for OSU-6-W-MPTMS-1.  This may be explained by the smaller pore size of the 

more highly functionalized material as compared to OSU-6-W-MPTMS-1.  Nevertheless, 

overall the uptake rate is quite fast and can be attributed to the high surface area, the large 

pore size, and small particle size (< 1.5µm from SEM).78,79  Saturation by the mercury 

metal ion is found to occur after 3 and 4 hours for OSU-6-W-MPTMS-1 and OSU-6-W-

MPTMS-2, respectively. 
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III. Mercury Ions Adsorption 

The Hg2+ Langmuir adsorption isotherms of both adsorbents, Figures 8.9 and 

8.10, exhibited typical Langmuir behavior.  The maximum mercury ion adsorption 

capacities of these materials were 2.46 mmol/g (493.5 mg/g) and 3.32 mmol/g 

(665.9 mg/g) for OSU-6-W-MPTMS-1 and OSU-6-W-MPTMS-2, respectively, Table 

8.4. 
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Figure 8.9. Hg2+ Langmuir adsorption isotherms for (◊) OSU-6-W-MPTMS-1. 
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Figure 8.10. Hg2+ Langmuir adsorption isotherms for (○) OSU-6-W-MPTMS-2. 
 
 

The number of thiol groups in each adsorbant are 2.95 and 4.05 mmol/g, 

respectively.  Thus, about 82% of the available thiol groups are occupied by mercury ions 

(Table 8.4).47 

The very high mercaptopropyl group content of OSU-6-W-MPTMS-2 resulted in 

an adsorption capacity that is markedly higher than that reported for MP-HMS 

(1.5 mmol/g, 300.9 mg/g)46,47 and for FMMS (2.5 mmol/g, 501.5 mg/g),43 therefore, the 

mesoporous OSU-6-W-MPTMS-2 has the highest capacity Hg2+ mesostructure-based 

adsorbent reported to date. 
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Table 8.4. Hg(II) Adsorption Data for Mercaptopropyl- Functionalized Mesoporous 
Molecular Sieves 

Material SH content 
(mmol/g)a 

Hg(II) adsorbed 
(mmol/g)b 

Hg/S 
molar ratio 

OSU-6-W-
MPTMS-1 2.95 2.46 0.83 

OSU-6-W-
MPTMS-2 4.05 3.32 0.82 

a Millimoles of S per gram of Thiol-functionalized adsorbent from the titration method.  b 
Millimoles of Hg adsorbed per gram of Thiol-functionalized adsorbent. 
 

 

As seen from the results in Table 8.4, both thiol-functionalized samples, OSU-6-

W-MPTMS-1 and OSU-6-W-MPTMS-2, allow Hg(II) ions to access all of the 

complexing thiol groups in the material (i.e., Hg/S = 0.83 and 0.82, respectively).  These 

derivatives retain large pore diameters (42.3 and 34.7Å) and significant pore volumes 

(0.94 and 0.68 cm3/g), despite the high mercaptopropyl density (~ 2.95 and ~ 4.05 

SH/nm2, respectively) on the pore walls.  These physical characteristics allow for the 

efficient binding of mercury to the mercaptopropyl groups grafted on the large, open and 

uniform pore channels of the adsorbent. 

The mercaptopropylsilyl functionalized MCM-41 derivatives reported by Feng et 

al.,43 are very effective heavy metal ion adsorbents, binding Hg(II) ions quantitatively to 

levels up to 501 mg/g.  Their products, designated FMMS, have structural and reactivity 

features in common with our functionalized samples, such as the retention of framework 

mesoporosity and the ability to bind very high levels of Hg(II) ions to all of the thiol 

moieties present in the material, Table 8.5. 
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Table 8.5. Comparison between the physicochemical properties and mercury ion 
adsorption properties of reported thiol-functionalized mesostructures 

Adsorbent Synthesis 
Method 

Pore 
diameter 

(Å) 

Thiol 
content 

(mmol/g) 

Hg2+ 
Adsorption 

capacity 
(mmol/g) 

Hg/S 
molar 
ratio 

FMMS43 Grafting 40.0 3.20 2.50 0.78 

MP(2)-MSU-249 One-step 28.0 2.30 2.30 1.00 

MP-MCM-4182 One-step 14.0 4.70 2.10 0.45 

MP-HMS-C1247,46 Grafting 27.0 1.50 1.50 1.00 

MP-MSU-249 One-step 42.0 0.90 0.90 1.00 

MP-PCH44 Grafting < 10.0 1.10 0.74 0.67 

MP-MCM-4146 Grafting 20.0 0.57 0.59 1.00 

MP-HMS-C846 Grafting 15.0 0.90 0.55 0.61 

OSU-6-W-MPTMS-1 Grafting 42.3 2.95 2.46 0.83 

OSU-6-W-MPTMS-2 Grafting 34.7 4.05 3.32 0.82 
 
 

The preparation of FMMS derivatives from calcined MCM-41, however, requires 

several rehydration and mercaptopropylsiloxane treatment steps to build up a 

mercaptopropyl monolayer on the framework walls.  This multi-step process is necessary, 

in part, because the OH group population is substantially depleted by the surfactant 

calcination step.  In contrast, the preparation of OSU-6-W-MPTMS-1 and OSU-6-W-

MPTMS-2 are quite facile, involving only simple mercaptopropylsilyl grafting steps to 

afford the adsorbents.  Moreover, the room-temperature synthesis used to prepare OSU-6 

and the ability to recover the surfactant by ethanol extraction offer additional processing 

advantages. 

Stein and coworkers80 have recently reported the one-step synthesis of a very 

highly thiol-functionalized MCM-41-type framework, using an electrostatic surfactant 
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assembly strategy.  The abundant thiol groups lining the inherently small diameters of 

such mesostructures, however, resulted in the constriction of their pore channels into the 

micropore size domain (1.4 nm diameter), thereby resulting in less-than-complete 

complexation with the material's thiol groups (Hg/S molar ratio = 0.45) (Table 8.5).  On 

the other hand, the ambient temperature non-ionic surfactant assembly protocol presented 

in this work succeeded in producing a highly thiol-functionalized mesostructure (OSU-6-

W-MPTMS-2) while maintaining pore channel mesoporosity.  The greater pore diameter 

of OSU-6-W-MPTMS-2 affords complete access of mercury ions to its binding sites.  As 

a result, the Hg2+ adsorption capacity of OSU-6-W-MPTMS-2 supercedes that of the 

other functionalized MCM-41 materials.  Furthermore, the diffusion of the mercury ions 

into the OSU-6-W-MPTMS-2 pore channels is likely to be more favored owing to its 

significantly larger pore size. 

Compared to mesostructured metal ion adsorbents, other solid-phase complexants 

exhibit substantially inferior metal-binding properties.  When thiol groups are grafted into 

the interlamellar region of clay minerals, fewer than 10% of these sites are available for 

metal ion binding.  The low utilization of the grafted ligand sites was attributed to the 

"stuffing" of the interlayer region of the clay, which precluded access of the target metal 

ions to most of the ligand sites.19  Limited access was also observed for adsorbents 

prepared by the grafting of thiol moieties to the surface of porous silica gel.  Although 

disordered (amorphous) silicas can exhibit surface areas and average pore diameters 

comparable to MCM-41, OSU-6-W, and HMS silicas, the broad pore size distributions 

and necking of the pores result in significant pore blockage functionalization.47  The 

much higher metal ion loading levels observed for metal ion traps prepared from open-
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framework mesoporous molecular sieve silicas can be attributed to their uniquely large 

and relatively uniform pore structures. 

The results herein emphasize the advantages of molecular sieve silicas and the 

importance of the framework hydroxylation, nanoscale pore structure, and particle 

morphology in the design of efficient, high capacity heavy metal ion absorbents.  When 

the channel pores are comparatively narrow (diameter < 20 Å) and abundant hydroxyl 

sites are present, the grafting of functional units is likely to result in highly congested 

environments within the pore networks, drastically reducing the surface areas, pore 

diameters, and pore volumes.  As a consequence, the effective binding of adsorbate 

species to these functional sites may become significantly restricted.  However, 

framework mesostructures that possess both large pore channel dimensions (diameters > 

30 Å) and abundant surface hydroxyl groups are conducive to the formation of 

framework channels with both a large number of functional sites and the retention of 

appreciable open-framework characteristics (i.e., high surface areas, pore diameters, and 

pore volumes).  These latter features of mesoporous molecular sieve silicas, particularly 

as manifested in OSU-6-W material formed by neutral surfactant assembly, should 

favorably impact the field of absorbent technology and the ongoing efforts to design 

high-performance materials for environmental cleanup and heavy metal ion recovery. 

IV. Adsorbent Regeneration 

Treatment of the mercury-loaded material (OSU-6-W-MPTMS-2) with acidified 

aqueous thiourea solution (2.0 M HCl) three times each time stirring for around one hours 

resulted in the complete removal of the bound Hg2+ from the structure, regenerating the 

adsorbent for further metal ion uptake.  The regenerated material show high mercury ion 
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uptake capacity of 2.87 mmol/g (~ 86.5%).   This result a lot much better than that 

reported for acid-regenerated FMMS [HCl (12.1 M)],43 where the mercury ion uptake 

capacity of the acid-regenerated FMMS dropped dramatically to about 60% of its original 

adsorption capacity, which suggests that, the acid-leaching method with high 

concentration is at least partially destructive towards the mesostructures.  These results 

suggest that, despite the effectiveness of the concentrated acid regeneration technique, 

acidified aqueous thiourea solution with moderate concentration of HCl should be used. 

8.4. CONCLUSION 

On the basis of the XRD patterns, N2 adsorption isotherms, NMR and FTIR 

spectra, and elemental analyses presented above, we may conclude that the high surface 

area mesoporous silica with large pore size, pore volume, and narrow pore size 

distribution facilitate the incorporation of the mercapto-functional groups.  However, the 

reaction conditions and the silanol group concentration play an important role in 

determine the amount of the functional groups.  For instance, the use of an amine catalyst 

had shown to improve the coverage.  Moreover, the use of water in an intermediate step, 

to hydrolyzed methoxy group left after first functionalization step, showed an 

improvement in the total surface coverage.  The use of OSU-6-W silica prepared from 

C12 amine surfactants is a useful substrate for the design of functionalized mesoporous 

materials, because the neutral framework as assembled by the (SoIo) process optimizes 

the surface OH group density for reaction with siloxanes.  This allows for the grafting of 

a large number of functional groups to the pore channel walls of the oxide, resulting in a 

highly functionalized pore wall surface. 
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This work has demonstrated a practical new synthesis strategy for the preparation 

of mesoporous adsorbant for mercury and other metal ion adsorbents.  One material 

prepared by the new technique had a pore structure, composition and Hg loading capacity 

higher than that of FMMS (the highest capacity mesostructured mercury adsorbent 

previously reported).43  For the first time, a combination of two synthesis procedures was 

used to yield a highly thiol-functionalized mesostructure which retained channels with 

mesopore-range dimensions (diameters > 20 Å).  The synthesis method presented in this 

thesis may also prove to be more cost-effective than that used to prepare FMMS because 

it allows the recovery of the expensive assembly surfactant, requires fewer preparative 

steps and reagents, and is accomplished in a shorter time. 

Functional groups (thiol groups in this case) were introduced to the pore surface 

of the mesoporous silica as the terminal groups of organic monolayers.  The hydrocarbon 

chains aggregated and formed close-packed arrays on the substrate.  The siloxane groups 

then underwent hydrolysis and ultimately became covalently attached to the substrate and 

cross-linked to one another.  This material, OSU-6-W-MPTMS-(1&2), can efficiently 

remove mercury and other heavy metals (such as lead and silver) from contaminated 

aqueous solutions.  The distribution coefficient, Kd, has been measured to be as high as 

435,000.  [Kd is defined as the amount of adsorbed metal (in micrograms) on 1.0 g of 

adsorbing material divided by the metal concentration (in micrograms per milliliter) 

remaining in the treated waste stream.] 

Beyond their immediate applications in environmental cleanup, OSU-6-W-

MPTMS-(1&2) provide unique opportunity to introduce molecular binding sites and to 

rationally design the surface properties (for example, wettability and charge density 
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distribution) of mesoporous materials.  Specific groups in the functionalized monolayers 

can be used to attach new functional groups or to stimulate mineral deposition.81,82 

The silanization reaction on the surface of freshly prepared mesoporous silica was 

achieved in an inert atmosphere in the presence of a trace of amine as catalyst.  It also has 

been demonstrated that the amine provides the alkalinity for the hydrolysis of the Si-Hx 

groups on the mesoporous silica surface, forming the intermediate Si(OH)x groups which 

subsequently undergo the silanization.83 
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CHAPTER 
NINE 

 
 

PREPARATION OF MESOPOROUS MATERIALS BEARING BROMOPROPYL 

FUNCTIONAL GROUPS AND AMINE DERIVATIVES FOR METAL 

ADSORPTION 

 
Abstract 

Mesoporous silicas carrying di-, tri-, or penta-amine functional group of the 

formula (MeO)3Si(CH2)3E [E = NH(CH2)2NH2, NH(CH2)2NH(CH2)2NH2, 

NH(CH2)2NH(CH2)2NH(CH2)2NH(CH2)2NH2] have been prepared by replacement of the 

bromine in bromopropyl-functional group with ethylenediamine (EDA), 

diethylenetriamine (DETA), or tetraethylenepentamine (TEPA), respectively. 

The bromopropyl-functionalized mesoporous silica was prepared using two different 

procedures that make use of the grafting technique of (MeO)3Si(CH2)3Br into the pores of 

the mesoporous silica, OSU-6-W. 

Batch tests were conducted to investigate the capabilities of the prepared 

adsorbents to remove copper and other transition metal ions from aqueous solutions.  The 

mesoporous silicas with the di-, tri-, and pent-amine ligand systems exhibit high potential 

for separation and preconcentration of divalent metal ions (Cu2+, Zn2+, and Cd2+).  The 

tendency to chemisorb these divalent metal ions by these functionalized systems at the 

optimum conditions was found in the order: Cu2+ > Zn2+ > Cd2+.  All the aminated
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mesoporous silicas showed high resistance from leaching of ligand containing groups 

upon treatment with acidic solutions as noticed from the regeneration processes.  A 

comparison of the different functionalized silica supports was performed with respect to 

copper adsorption capacity, copper adsorption rate, and nitrogen content.  In addition, 

studies were carried out for the modified silica beads that showed highest copper ion 

removal capability among the three silica beads.  From regeneration experiments it was 

found that copper ions which are adsorbed at the surface of the OSU-6-W-TCSPBr-2-

EDA were recovered by washing with aqueous solution of 1.0 M HNO3 and that the 

regenerated beads are reversible.  The recovery ratios were between 80 and 90%.  The 

results show that the OSU-6-W-TCSPBr-2-EDA prepared is feasible for the extraction of 

copper ions from aqueous solutions using a fixed-bed reactor. 

9.1. INTRODUCTION 

Mineral processing and metal finishing industries produce large amounts of waste 

effluents containing copper, nickel, cobalt, zinc, cadmium, and other harmful elements.1  

Metal ions are non-biodegradable in nature and, therefore, many metals attain toxicity at 

distinct levels.2  Copper is both vital and toxic for many biological systems.3  Therefore, 

increasing pressure from environmental authorities forces the establishment of discharge 

limits, which in turn, requires effective use of decontamination and purification methods.  

From the analytical point of view, it is known that solid phase extraction is an attractive 

technique based on the use of sorbent that chelates analytes. 4-7 

Promising sorbents can be prepared by anchoring chelating agents on mesoporous 

silica.  In this chapter, immobilization of the bromopropyl functional groups and some 

derivatives is explored.  The importance of such immobilization is related to the easy 
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addition of nucleophiles by attach at the terminal bromide active group.8  The aim of the 

present investigation is to report the incorporation of di-, tri-, or pent-amine groups onto a 

previously modified silica gel surface and the ability of this new chelating moiety on this 

anchored surface for cation removal from water. 

9.2. EXPERIMENTAL 

9.2.1. Reagents and Materials 

All chemical were purchased from commercial suppliers and used as received 

(unless otherwise mentioned) for all sample preparations.  The chemicals are as follows.  

3-bromopropyltrichlorosilane [(Cl3Si(CH2)3Br) 96.0%, Aldrich], anhydrous 

diethylamine, ethylenediamine, diethylenetriamine, tetraethylenepentamine, and glucose 

monohydrate were purchased from Aldrich and used as received.  Toluene, 99.8% HPLC 

grade.  Triethylamine [(TEA) 99%, Aldrich], acetone and diethyl ether were dried using 

anhydrous sodium sulfate for three days.  Absolute ethanol and methanol, standard 0.1 M 

NaOH, standard 0.01 M HC1, methyl orange (0.1%) indicator, 2-propanol and pentane, 

and distilled deionized water were used as received.  The structures of some of these 

compounds are shown in Scheme 9.1. 
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Scheme 9.1. The structures of some of the compounds used in this section 
 

 

Solutions of divalent metals of the appropriate concentration were prepared by 

dissolving the metal(II) nitrates (analytical grade) in deionized water.  Different pH 

ranges were prepared.  Acetate solutions were prepared using hydrochloric acid/sodium 

acetate for pH 2-4, acetic acid/sodium acetate (buffer for pH 4-6), and acetic acid/NaOH 

for pH 6.5-8.0.9-11 

9.2.2. Characterization 

The synthesized products were characterized using several techniques including 

X-ray powder diffraction (XRD), surface area analysis (BET), solid state C-13 and Si-29 
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NMR spectroscopy, and Fourier transform infrared (FT-IR) spectroscopies.  The full 

descriptions are mentioned in chapter two and three of this thesis. 

9.2.3. Preparation 

9.2.3.1. Surface Modification of Mesoporous Materials with Bromopropyl 

Functional Groups 

Bromopropyl-functional group was chemically attached to the mesoporous OSU-

6-W material surfaces by means of the post-synthesis grafting method.  The two synthetic 

methodologies described in chapter five were used. 

I. Reaction of the Mesoporous Silica with Bromopropyltrichlorosilane with the Mole 

Ratio of 1:1 in One-step Reaction (OSU-6-W-TCSPBr-1) 

50 mmol (~ 13.0 ml) of 3-bromopropyltrichlorosilane (TCSPBr) was dissolved in 

10 ml of dry toluene, in a 50-ml round-bottom flask closed with rubber septa, under dry 

atmosphere to prevent any hydrolysis prior to reaction with the mesoporous silica 

surface.  3.0 g (~ 50.0 mmol) of the activated silica, TEA-OSU-6-W, was added to 50 ml 

of dry toluene in a 125-ml round-bottom flask which was then closed with a rubber septa.  

The solution of TCSPBr was added to the stirred mesoporous silica suspension dropwise 

over 30 minutes using a syringe.  The mixture was stirred gently for 48 hours at room 

temperature to ensure complete reaction.  The resulting solid was recovered by filtration 

in a sintered funnel and washed with dry toluene (3 X 50 ml) to rinse away any surplus 

TCSPBr.  The resulting white solid, OSU-6-W-TCSPBr-1, was dried at 80 °C under 

vacuum for 24 hours to give a yield of 4.97 g.  IR (cm-1) (KBr): 3734(m, sh), 3597(m, 

br), 2923(m, sh), 2852(m, sh), 1436(m, sh), 1346(w), 1311(w), 1234(s), 1089(s, br), 

978(m, br), 798(m, sh), 683(w), 574(w), and 450(m).  Solid-state 29Si CP/MAS NMR (δ, 
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ppm): -47.4 (T1), -56.7 (T2), -66.5 (T3), -90.5 (Q2), -101.4 (Q3), and -108.2 (Q4).  Solid-

state 13C CP/MAS NMR (δ, ppm): 12.0(≡Si-CH2-)[1], 27.2(≡Si-CH2-CH2-CH2-Br)[3], 

and 34.5(≡Si-CH2-CH2-)[2], Scheme 9.2.  Elemental analysis yielded C (11.32 wt %) and 

N (0.09 wt %). 
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Scheme 9.2. Scheme to illustrate the chemical reaction involved and the number used in 
order to sign the carbon atom as described in the 13C CP/MAS NMR. 
 
 

II. Reaction of the Mesoporous Silica with Bromopropyltrichlorosilane with the 

Mole Ratio of 1:1 in Three Modification Steps (OSU-6-W-TCSPBr-2) 

A multistep process was used to increase surface coverage with bromopropyl 

groups.  The first step was the same as described above.  In the second step the product 
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was placed in a 125-ml Erlenmeyer flask and stirred with 50 ml of distilled water for five 

hours.  The mixture was filtered to recover the solid product which was then washed with 

dry toluene and dried at 80 oC under vacuum for 24 hours.  In the third step, the reaction 

with 3-bromopropyltrichlorosilane (TCSPBr) was repeated.  The final yield of white solid 

was 5.69 g.  IR (cm-1) (KBr): 3562(w, br), 3241(s, br), 2966(w), 2933(s, sh), 2892(w), 

2856(s, sh), 1455(w), 1436(s, sh), 1350(w), 1303(m), 1245(s), 1097(s), 1045(m), 976(m), 

804(m, sh), 692(m, sh), 614(w), 559(w), and 468(m).  Solid-state 29Si CP/MAS NMR δ 

(ppm) are -57.3 (T2), -65.3 (T3), -101.5 (Q3), and -110.6 (Q4).  Solid-state 13C CP/MAS 

NMR δ (ppm) are 12.0(≡Si-CH2-)[1], 27.2(≡Si-CH2-CH2-CH2-Br)[3], and 35.3(≡Si-CH2-

CH2-)[2], Scheme 9.2.  Elemental analysis yielded C (14.72 wt %) and N (0.16 wt %). 

9.2.3.2. Preparation of the Immobilized Glucose Ligand System (OSU-6-W-

TCSPBr-2-Glu) 

Glucose-immobilized mesoporous silica was prepared according to a previously 

reported procedure.12,13  The reaction involved addition of glucose monohydrate (2.0 g, 

10.0 mmol) to a mixture of 0.5 g of the modified mesoporous OSU-6-W-TCSPBr-2 and 

2.0 ml of triethylamine in 50 ml of dry toluene in a 125-ml round-bottom flask.  The 

mixture was stirred and refluxed at ~ 100 oC for 24 hrs under dry atmosphere.  The 

product was filtered and washed with 0.025 M NaOH, water, ethanol and diethyl ether, 

then dried under vacuum for 24 hrs.  IR (cm-1) (KBr): 3423, 1628.  Elemental analysis: C 

(32.8 wt %) and N (0.09 wt %). 

9.2.3.3. Preparation of OSU-6-W-TCSPBr-2 Immobilized Amine Ligand Systems 

Preparation of mesoporous silica with immobilized amine functional groups was 

performed by utilizing nucleophilic displacements of the bromide by attach of the amine 
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group.  The synthesis procedure is as follows; 1.0 g of mesoporous silica OSU-6-W-

TCSPBr-2 was refluxed with an excess of 10 ml of target amine system 

(ethylenediamine, diethylenetriamine or tetraethylenepentamine) in 90 ml of dry toluene 

in a 250-ml round-bottom flask at 100 °C for 48 hours.  The solid products were filtered, 

washed with successive portions of 50 ml of 0.025 M NaOH, water, methanol, and 

diethyl ether.  The final products were dried in vacuum for 24 hours.  The IR spectra 

(KBr, cm-1) of all samples show peaks at around 1540-1640 cm-1 and no peaks were 

found due to the C-Br stretching vibration at around 660 cm-1.  Elemental analysis results 

are C% : 21.3, 29.67, 42.78 and N% : 19.74, 13.11, and 22.70, respectively.  

9.2.3.4. Metal Uptake Experiments 

The adsorption and separation experiments were conducted as follows; a 25 mg 

sample of the functionalized mesoporous silica-immobilized diamine ligand system, 

OSU-6-W-TCSPBr-2-Dien, was shaken for 4 hours with 10 ml of 100 ppm of aqueous 

solutions of the appropriate metal(II) ions (Cu2+, Zn2+, and Cd2+), using 20-ml 

polyethylene bottles.  Measurement of the metal ion concentration carried out by 

allowing the insoluble complex to settle down and filtering the supernatant using a 

0.45µm membrane filter syringe.  The metal ion uptake was calculated as mmol of M2+/g 

ligand. 

9.3. RESULTS AND DISCUSSION 

9.3.1. Mesoporous Silica with Bromopropyl-Functional Groups 

RSi(OMe)3 and RSiCl3 are usually used as silylating agents.  The former has a 

low activity, leading to relatively low loading and a large number of residual silanol 

groups after silylation.14,15  The residual silanol groups after silylation on the surface are 
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usually considered to lead to surface hydrophilicity16 and may have a serious effect on 

catalytic activity.17,18  Therefore, they have to be end-capped with additional procedures. 
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Scheme 9.3. Scheme of the proposed preparation reactions for the attachment of the 
coupling agent TCSPBr on the OSU-6-W surface 

 

 
On the other hand, RSiCl3 has high reactivity towards free silanol and hydrogen-

bonded silanol groups,19 resulting in high loading and difficulty in controlling its 

coverage to a homogeneous distribution.  In addition, for preparation of organically 

functionalized mesoporous materials, it is difficult to control the coverage of functional 

groups in wide range regardless of post-synthesis or co-condensation method.20 

3-Halogenpropyl-functionalized ordered mesoporous materials are a key 

intermediate preferred by a lot of researchers for design and preparation of other 



 411

functionalized mesoporous materials, by nucleophilic displacement of the halogen 

atom.21,22 

In the present work, because water can damage the walls of the silica structure, 

the nucleophilicity of the surface silanols was enhanced using triethylamine (TEA) 

without any trace of water.  Thus, before grafting, the silica was heated at 100 °C for 2 

hrs in order to remove the loosely bound water molecules.  The grafting reaction of a 

coupling agent, γ-bromopropyltrichlorosilane (TCSPBr), to the surface silanols was 

enhanced by the pre-adsorption of triethylamine on the surface according to the 

mechanism first proposed by Blitz et al.,23 and as shown by Tripp and Hair,24 the possible 

interaction involved between the siliceous surface and the chlorosilanes at room 

temperature is hydrogen bonding, because covalent bonding (Sisurface-O-Si) would only 

occur above 300 °C.25  However, they demonstrated that, by the use of triethylamine 

(TEA), covalent bonding can be made to occur at room temperature.  After this first 

reaction was completed, the TEA-OSU-6-W mesoporous material was carefully washed 

to eliminate any TEA loosely bound to the silica surface.26  A competition between the 

head trichlorosilyl and the tail bromoalkyl for the surface silanols is unlikely because the 

reactivity of chlorosilanes is known to be greater than that of bromoalkanes.  

Furthermore, a trichlorosilane was used rather than a monochlorosilane27 to exclude any 

possible competition, even though; using a trichlorosilane, some lateral polymerization 

between silane molecules could not be excluded.24  However, Azzopardi et al.,28 reported 

that, under certain conditions, it is possible to react trichlorosilane with surface silanols 

without any significant polymerization.  The FT-IR performed after the first step of the 
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synthesis showed that the reaction occurred on the trichlorosilyl side of the TCSPBr 

molecules, as Br remains present in the solid. 

In the second preparation method, a second modification step was performed after 

treatment of the modified sample with water in order to hydrolyze the residual chloride 

groups after the first modification step.24 

9.3.1.1. Textural Properties of Functionalized Mesoporous Silicas (Physical 

Characterization) 

I. X-ray Powder Diffraction (XRD) 

Low angle X-ray powder diffraction was performed and the results are shown in 

Figure 9.1.  The XRD of the pure mesoporous silica, OSU-6-W, as discussed previously 

in chapter two, shows three diffraction peaks that can be indexed to a hexagonal 

symmetry.  As already well-described in the literature29, this symmetry indicates the 

ordering of cylindrical pores in a hexagonal array.  The d100 value corresponds to the 

distance between two successive walls (that is, one pore diameter plus a wall thickness). 

After silanization, the two functionalized samples, OSU-6-W-TCSPBr-1 and 

OSU-6-W-TCSPBr-2, have smaller d spacings than the starting materials.  According to 

the average pore diameters from the surface area analysis of both modified materials, this 

indicates an average thickening of the walls to 22.9 and 26.8 Å, respectively, which 

would correspond to addition of an extra layer of Si-O-Si homogeneously spread on the 

original wall, in the case of OSU-6-W-TCSPBr-2.  It can also be noted that the d100 peak 

has become broader, indicating a slight alteration of the ordering of the mesoporous 

structure. 
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Figure 9.1. Powder X-ray diffraction patterns for OSU-6-W and their bromopropylsilyl-
functionalized derivatives.  (A) OSU-6-W, (B) OSU-6-W-TCSPBr-1, and (C) OSU-6-W-
TCSPBr-2.  The spectra are shifted vertically for the sake of clarity. 
 

 

However, the decrease in diffraction intensities of 100, 110, and 200 reflections 

indicates that any structural order of the material did not extend over a long range, which 

is usually observed during modification of mesoporous materials.30  It should be noted 

that there are no huge changes in the d100 before and after modification which can be used 

as an evidence of high chemical stability of both the parent mesoporous silica and the two 

modified samples. 
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II. Nitrogen Adsorption-Desorption Measurements 

Figure 9.2 shows the nitrogen adsorption-desorption isotherms performed at 77 K 

of the mesoporous silicas and the textural properties are summarized in Table 9.1. 
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Figure 9.2. Nitrogen adsorption/desorption isotherms for (○) unmodified OSU-6-W and 
bromopropyl-functionalized OSU-6-W; (◊) OSU-6-W-TCSPBr-1 and (□) OSU-6-W-
TCSPBr-2.  Open symbols: adsorption; closed symbols: desorption.  The isotherm data 
are shifted vertically for the sake of clarity. 

 

 

After reaction with the coupling agent in both modified samples (OSU-6-W-

TCSPBr-1 and OSU-6-W-TCSPBr-2), the adsorption isotherm curves show that the total 
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adsorbed amount (taken at P/Po = 0.99) has diminished, as has the specific surface area, 

see Table 9.1.  The uptake corresponding to the filling of the mesopores has shifted to 

lower relative pressures indicating a reduction of the pore diameter from 51.0 to 43.0 and 

36.5 Å, respectively, Figure 9.3.  The decrease of the mesoporous volumes of the 

materials after silanization is the direct consequence of the silanization process partially 

filling the pores. 
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Figure 9.3. The pore size distribution of (○) OSU-6-W (max at 51.1 Å), (◊) OSU-6-W-
TCSPBr-1 (max at 43.0 Å), and (□) OSU-6-W-TCSPBr-2 (max at 36.5 Å). 

 

 

 

 



 416

Table 9.1. Textural Properties Determined from Nitrogen Adsorption-desorption 
Experiments at 77 K and Powder XRD Measurements. 

Sample 
Specific 

surface area 
(m2/g) 

Total pore 
volume 
(cm3/g) 

Average 
pore size     

(Å) 

d100 
 

(Å) 

Wall 
Thickness 

(Å) 

OSU-6-W 1283 1.24 51.1 62.4 21.0 

OSU-6-W-
TCSPBr-1 1048 0.94 43.0 57.1 22.9 

OSU-6-W-
TCSPBr-2 719 0.76 36.5 54.8 26.8 

 
 
 
9.3.1.2. Identification of the Bromopropyl-functional Groups in the Modified 

Mesoporous Silicas (Chemical characterization) 

I. Solid State 29Si CP/MAS NMR Spectroscopy 

Solid state 29Si CP/MAS NMR spectra of the bromopropyl-functionalized OSU-6-

W samples along with un-functionalized OSU-6-W are shown in Figure 9.4.  The peak 

around -110 ppm is assigned to the Q4 atom [(SiO)4
*Si] of mesoporous silica.  It is noted 

that there is a shoulder peak at -101.4 ppm in the solid state 29Si CP/MAS NMR spectrum 

of OSU-6-W-TCSPBr-1, which is ascribed to the Q3 environment [(SiO)3
*SiOH], while 

this peak was not observed in that of OSU-6-W-TCSPBr-2.  This indicates that there 

were fewer silanol groups left in OSU-6-W-TCSPBr-2 and most of silanol groups were 

almost completely silylated.  In addition, the 29Si resonance peak observed around -65.3 

ppm, which is ascribed to T3 environment [(SiO)3
*SiR] has higher intensity than that in 

the OSU-6-W-TCSPBr-1 sample, indicating that the silyl groups in the OSU-6-W-

TCSPBr-2 sample were present in higher concentration. 
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Figure 9.4. Solid state 29Si NMR spectra of; (A) unmodified OSU-6-W, (B) modified 
OSU-6-W-TCSPBr-1, and (C) the modified OSU-6-W-TCSPBr-2. 
 
 

II. Solid State 13C CP/MAS NMR Spectroscopy 

The presence of covalently linked organic moieties bearing bromopropylsilane 

chain groups in the as-synthesized OSU-6-W mesoporous silicas were also confirmed by 

13C CP/MAS solid-state NMR spectroscopy.  13C CP/MAS NMR spectrum of OSU-6-W-

TCSPBr is consistent with an anchorage of bromopropylsilane chains on the OSU-6-W 

surface.14 
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Figure 9.5. Solid state 13C NMR spectra of organic monolayers on mesoporous silica, 
OSU-6-W, with the peak assignments.  (A) OSU-6-W-TCSPBr-1, (B) OSU-6-W-
TCSPBr-2. 
 
 

Figure 9.5 shows resonances at δ (ppm) values of 12.0 (≡Si-CH2-), 27.2 (≡Si-

CH2-CH2-CH2-Br), 34.5 (≡Si-CH2-CH2-) and δ (ppm) of 12.0 (≡Si-CH2-), 27.2 (≡Si-

CH2-CH2-CH2-Br), 35.3 (≡Si-CH2-CH2-) corresponding to the functional groups in OSU-

6-W-TCSPBr-1 and OSU-6-W-TCSPBr-2, respectively.  Peaks corresponding to the 

organosiloxane moieties are relatively broad, indicating restricted mobility of the 

functional groups attached to the siloxane framework. 
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III. Fourier Transform Infrared Spectroscopy (FT-IR) 

The vibrational spectra, Figure 9.6, obtained from solid samples confirmed the 

success of the grafting reactions, since the observed bands are very close to those 

reported, when bromopropyl groups were previously incorporated into similar materials. 
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Figure 9.6. Infrared spectra of (curve A) OSU-6-W, (curve B) OSU-6-W-TCSPBr-1, and 
(curve C) OSU-6-W-TCSPBr-2. 
 

 

All the spectra showed a large band around 3000-3600 cm-1 due to the present of 

small amount of silanol groups and most probably due to adsorbed water.  The efficiency 

of the grafting process is demonstrated by a significant decrease in the silanol bands at 

around 3740 cm-1, with an associated increase of new bands characteristics of the 

immobilized bromopropyl functional groups.  These bands were attributed to both the 

symmetric and asymmetric stretching of active groups in OSU-6-W-TCSPBr-1; ν as(CH2) 
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= 2934 cm-1, νs(CH2) = 2889 cm-1, CH2 scissor at 1433 cm-1, CH2-Br stretching at 1233 

and 1299 cm–1, in OSU-6-W-TCSPBr-2; ν as(CH2) = 2960 cm-1, νs(CH2) = 2892 cm-1, 

CH2 scissor at 1455 cm-1, and CH2-Br stretching at 1238 and 1298 cm–1.31 

9.3.1.3. Calculate the Total Surface Loading of the Bromopropyl-Functional Groups 

on the Ordered Mesoporous Silicas 

Determination the number of the functional group is one of the objects in order to 

evaluate the validation of the synthesis methods. 

I. Titration Method 

The amount of bromopropyl functional groups deposited on the surface was 

quantitatively determined using two variables.  The surface loading (l) expresses the 

amount of deposited molecules in mmol/g.  The number of molecules deposited per nm2 

is given by the surface coverage (C).  Both values use the mass of the pure mesoporous 

silica before modification as a reference.32 

There is a broad range of analytical techniques available for the quantitative 

analysis of the bromopropyl functional groups.  In the case of surface-bonded groups, a 

decrease in reactivity had to be expected and, therefore, the most efficient procedures 

were selected after testing several possibilities found in the literature. 

I.1. Titration with Diethylamine 

The determination of the haloalkyl groups in inorganic compounds has generally 

involved reaction with excess anhydrous diethylamine.  Since the reaction is slow, at 

least two days reaction time is generally allowed before titration. 

The main criterion was the reproducibility of the end point determination as a 

function of the speed of the titration.  Direct titration of tertiary amine groups of the 
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sample suspended in distilled water with standard (0.01 M) hydrochloric acid (HCl) in 

distilled water in the presence of methyl orange (0.1%) indicator was evaluated to be the 

best method.   

A 0.25 g amount of each modified sample was added to 10 ml of anhydrous 

diethylamine and allowed to stand at room temperature for two days with stirring.  The 

reaction between diethylamine and the bromoalkyl groups results in the formation of 

attached tertiary amines, Scheme 9.4. 
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Scheme 9.4. Reaction of bromopropyl functional groups with secondary amine and 
titration reaction of tertiary amine with HCl. 

 

 

The modified samples were extracted consecutively with distilled water, 2-

propanol and pentane, and then dried at 50 °C for 2 hours. 
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A 0.25 g of each sample of diethylamine treated, OSU-6-W-TCSPBr-1 and OSU-

6-W-TCSPBr-2, were separately suspended in 25 ml of distilled water.  Three drops of 

methyl orange (0.1%) indicator were added to the mixture and titrate to a definite color 

change from orange to red color with standard 0.01M HCl was performed using a 50-ml 

burette.  Very sharp visual end-points were generally obtained.  The amount of attached 

amine (and therefore the amount of corresponding initial haloalkyl groups) is equal to the 

amount of HCl needed for titration.  The result show relatively good agreement with 

other results from the other methods used for determination the number of functional 

groups. 

In this method, the total deposited amount (l) was calculated from the amount of 

hydrochloric acid used to reach the end point.  This value indicates the deposition in the 

surface of the mesoporous material.  The surface coverage (C) was calculated by 

rationing the loading (l) to the specific surface area (SBET) of the sample.  Multiplication 

by the Avogadro’s number (NA = 6.022 X 1023 molecules/mole) yields units of 

molecules/nm2:32  

C = (l / SBET) . NA 

For the OSU-6-W-TCSPBr-1, an average coverage of 3.06 TCSPBr 

molecules/100 Å2 was found, while the OSU-6-W-TCSPBr-2 sample had an average 

coverage of 5.22 TCSPBr molecules/100 Å2. 

II. Elemental Analysis (Combustion Analysis) Method 

Carbon analysis of the mesoporous silica modified with bromopropyl functional 

groups was carried out for all types of sorbents studied.  The concentration of attached 

groups was determined as follows:33,34 
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C (groups/nm2) = 6x105 PC / [(1200nC - WPC) SBET] 

where C is the concentration of attached groups, which contain carbon; PC is the 

percentage of carbon in the sample, nC is the number of carbon atoms in the attached 

group (counted as C3), W is the corrected formula mass of the modifier (counted as 

C3H6SiBr), and SBET is the specific surface area of the unbonded substrate (1283 m2/g), 

Table 9.2 shows the results. 

 

Table 9.2. Carbon and nitrogen elemental analysis, and concentration of bromopropyl 
functional groups. 

Sample C % N % Surface Area 
(m2/g) 

TCSPBr 
(group/nm2) 

OSU-6-W 0.10 0.06 1283 --- 

OSU-6-W- 
TCSPBr-1 11.32 0.09 1048 2.78 

OSU-6-W- 
TCSPBr-2 14.72 0.16 719 4.94 

 
 
 
 
III. Solid state 29Si CP/MAS NMR Spectrum 

The Q2, Q3 and Q4 of OSU-6-W are found at -91.2, -100.4, and -107.9 ppm 

respectively (Figure 9.4. (A)).  The silicon atom of the silylating agent TCSPBr is seen at 

-47.4, -56.7, -66.5, -90.5, -101.4, -108.2 ppm and at -57.3, -65.3, -101.5, and -110.6 ppm 

for OSU-6-W-TCSPBr-1 and OSU-6-W-TCSPBr-2 functionalized samples, respectively 

(Figure 9.4.(B and C)).  The relative peak areas from deconvolution of the spectra are 

given in Table 9.3. 
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Table 9.3. Solid state 29Si CP/MAS NMR deconvolution results 

Sample Q4 
(%) 

Q3 
(%) 

Q2 
(%) 

[SiOH] 
(mmol/g) 

[SiOH] 
(molecule/nm2) 

[TCSPBr] 
(group/nm2) 

OSU-6-W 14.38 71.73 13.89 14.43 6.77 ---- 

OSU-6-W- 
TCSPBr-1 52.83 47.17 0.00 7.34 4.22 2.55 

OSU-6-W- 
TCSPBr-2 81.24 18.76 0.00 3.04 2.24 4.53 

 
 

The difference in silanol concentration after silylation was equal to the 

concentration of the functional groups added.  This indicates that each organosilyl group 

attaching to a single silanol site on the mesoporous silica. 

The slight differences between all three determination methods (titration, 

elemental analysis, and solid state 29Si NMR) could be due to one of the following 

reasons; In the case of titration method the end point could be missed and the solvent 

could be trapped inside the pores, whereas in the case of elemental analysis the presence 

of a trace amount of solvent could change the element percentage, while in the case of 

solid state 29Si NMR the mistake could be from insufficient relation between pulses. 

In this work a significantly large coverage of functional groups (~ 4.89 

group/nm2) have been obtained.  This probably arises from the large pore size, 51.1 Å, 

the use of amine as catalyst, and the intermediate water treatment in the three-step 

silylation process. 

9.3.2. Immobilized Glucose Ligand System OSU-6-W-TCSPBr-2-Glu 

Glucose was chosen to modify the bromo-functionalized mesoporous system as it 

introduces multiple hydroxyl groups.  In this study the immobilized glucose active group 
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was prepared and characterized using variety of physical techniques, including Fourier 

transform infrared (FT-IR) spectroscopy and elemental analysis. 

As mentioned previously, this ligand was prepared by mixing glucose 

monohydrate with a mixture of the modified mesoporous OSU-6-W-TCSPBr-2 in dry 

toluene and triethylamine in a round-bottom flask and refluxing the mixture under dry 

atmosphere, Scheme 9.5. 
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Scheme 9.5. Schematic diagram for the synthesis of adsorbent modified with glucose. 
 
 

9.3.2.1. Identification of the Immobilized Glucose Ligand 

I. Elemental Analysis 

The carbon content is higher than that of the original material, OSU-6-W-

TCSPBr-2.  The total carbon content increased from 14.72% to 19.65%.  This result gives 

indication of the incorporation of the active group into the functionalized mesoporous 

material. 
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II. FT-IR Spectroscopy 

The FT-IR spectra of OSU-6-W-TCSPBr-2 and OSU-6-W-TCSPBr-2-Glu are 

show three characteristic absorption regions: 3500-3000 cm-1 due to ν(OH), 1743-1560 

cm-1 due to δ(OH), and 1200-900 cm-1 due to ν(Si-O).  The spectrum of OSU-6-W-

TCSPBr-2-Glu also shows strong bands at 3423 cm-1 and 1628 cm-1 due to ν(OH) and 

δ(OH) vibrations, respectively.  Moreover, the peak assigned for C-Br vibration at around 

1290 cm-1 disappears.  This confirms that the glucose functional group is chemically 

bonded to the surface. 

III. Surface Area (BET) 

 The surface area of the mesoporous immobilized glucose ligand is much less than 

the of the bromo-functionalized mesoporous system.  It dropped from 719 m2/g to 

334m2/g. 

9.3.3. OSU-6-W-TCSPBr-2 Immobilized with Di-, Tri-, and Pent-amine Functional 

Group35 

These mesoporous inorganic-organic systems exhibit great potential in the 

extraction, recovery, and separation of metal ions from aqueous solution9,10 and as 

supported ligands for catalysis.11  Recently high resolution solid-state nuclear magnetic 

resonance (NMR) teqniques36-38 and other chemical tools16,39-42 have been used to 

examine their structural properties.  Although the diamine ligand system is known for 

some time and its structure is now well established36, there is a need for studying its 

metal binding chemistry in some detail.  In this study, several factors were investigated to 

optimize its metal uptake capacities from aqueous solutions.  These factors include 
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exposure time, pH, and competing ions.  The chemical stability of the diamine ligand 

system was also investigated. 

These amine immobilized mesoporous silicas were prepared by direct reaction of 

3-bromopropyl-functionalized mesoporous silica with an excess of correspond amine 

ligand in the presence of N(Et)3 (Scheme 9.6).10  The triethylamine was used to combine 

with the generated HBr.  The microanalytical data are given in Table 9.4. 
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Scheme 9.6. Schematic diagram for the synthesis of adsorbents modified with EDA, 
DETA and TEPA. 
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9.3.3.1. Identification of the Immobilized Di-, Tri-, and Pent-amine Group 

I. Elemental Analysis 

Table 9.4 indicates that the reaction of di, tri, and pent-amine with 

bromofunctionalized mesoporous silica was complete and almost all bromine atoms were 

replaced by the amine functions.  The lower percentages of C and N than the expected 

values may be due to the polyamine anchoring at more than one amine group. 

 
Table 9.4. Elemental analysis data for OSU-6-W-TCSPBr-2 Immobilized Amine Ligand 
Systems 

Immobilized 
Sample C% N% C/N 

OSU-6-W-TCSPBr-2-EDA 21.31 9.74 2.19 

OSU-6-W-TCSPBr-2-DETA 29.67 13.11 2.26 

OSU-6-W-TCSPBr-2-TEPA 42.78 22.70 1.88 

 
 
 
II. FT-IR and 13C Spectra 

The FT-IR spectra for the immobilized diamine ligands were recorded at RT in 

the range 4000–400 cm−1.  There were four major regions of absorption at 3500–3000 

cm−1, 2980-2800 cm-1, 1600–1500 cm−1, and 1200–900 cm−1 due to ν(OH) stretching, 

δ(NH2) deformations, and ν(Si-O) stretching vibrations.43  The presence of peaks in the 

1600-1500 cm-1 region confirm the attachment of the amine groups onto the 

functionalized OSU-6-W-TCSPBr-2. 

III. Surface Area (BET) 

 The surface area of the three immobilized amine active groups, OSU-6-W-

TCSPBr-2-EDA, OSU-6-W-TCSPBr-2-DETA, and OSU-6-W-TCSPBr-2-TEPA, are 
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409, 357, and 266 m2/g, respectively.  From the surface area measurements, it is clear that 

immobilization of amine groups inside the pores occured. 

9.3.4. Metal Uptake Study 

9.3.4.1. Effect of pH 

The effect of changing the solution pH on the uptake of copper, zinc, and 

cadmium ions is shown in Figure 9.7.  The results show an increase of metal ion uptake 

with increasing pH value reaching a maximum at pH 5.5 in case of copper, at pH 6.0 in 

the case of zinc, and at pH 7.0 in the case of cadmium.   
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Figure 9.7. Metal uptake versus pH (pH 2–8, HCl/acetate solution, 4 hrs shaking time) 
using OSU-6-W-TCSPBr-2-EDA. 
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Lower uptake occurs at lower pH values due to the protonation of the amine 

moieties.9-11,43,44  The uptake study at high pH > 10 will lead to the dissolving of the 

mesoporous silica. 

9.3.4.2. Effect of Exposure Time 

The metal ion (Cu2+, Zn2+, and Cd2+) uptake rate as mmol M2+/g ligand versus 

time (min), was determined by shaking the diamine ligand in aqueous solution of the 

divalent metal ion at different time intervals.  The results are given in Figure 9.8. 
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Figure 9.8. The uptake of Cu2+, Zn2+, and Cd2+ ions by the mesoporous immobilized 
diamine ligand system versus time. 
 
 

It is shown that the metal ion uptake increased as a function of exposure time in a 

nonlinear fashion.  This is consistent with the suggestions of El-Nahhal and coworkers.36  
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The rate of uptake of the different metal ions are faster than that reported by El-Nahhal et 

al.36  This can be attributed to the high surface area and to the large pore size.  Moreover, 

the adsorption rate is first order and the rate constant of the adsorption for the three metal 

ions, Cu2+, Zn2+, and Cd2+, are 0.028, 0.019, and 0.014 min-1, respectively. 

9.3.4.3. Uptake Capacities 

The uptake capacity of the modified mesoporous silicas immobilized di-, tri-, and 

pent-amine ligand systems was investigated using different amount of adsorbents and one 

constant concentration of copper, zinc, and cadmium ions (100 ppm) at pH 5.5, 6.0, and 

7.0, respectively.  The results are shown in Figure 9.9, 9.10, and 9.11.  The maximum 

uptakes were calculated from the Langmuir adsorption isotherms and are listed in Table 

9.5 and Table 9.6 lists the approximate formulas for the complexes formed. 
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Figure 9.9. The langmuir adsorption isotherms of Cu2+, Zn2+, and Cd2+ ions adsorbed by 
OSU-6-W-TCSPBr-2-EDA adsorbent. 
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y = 208.37x + 1.5044
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Xm = 4.79 mmol/g

y = 350.23x + 1.6594
R2 = 0.9639

Xm = 2.85 mmol/g

y = 567.82x + 2.0177
R2 = 0.9001

Xm = 1.76 mmol/g

1.5

1.6

1.7

1.8

1.9

2

2.1

2.2

2.3

0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007
Conc. (mol/l)

C
/X

 (g
/l)

.

Cu(II)

Zn(II)

Cd(II)

 

Figure 9.10. The langmuir adsorption isotherms of Cu2+, Zn2+, and Cd2+ ions adsorbed by 
OSU-6-W-TCSPBr-2-DETA adsorbent. 
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Figure 9.11. The langmuir adsorption isotherms of Cu2+, Zn2+, and Cd2+ ions adsorbed by 
OSU-6-W-TCSPBr-2-TEPA adsorbent. 
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Table 9.5. The uptake capacities from the Langmuir adsorption isotherms. 
Uptake capacity (mg/g) Adsorbent 

Cu2+ Zn2+ Cd2+ 

OSU-6-W-TCSPBr-2-EDA 522 302 253 

OSU-6-W-TCSPBr-2-DETA 304 186 198 

OSU-6-W-TCSPBr-2-TEPA 182 147 141 

 
 
 
  
Table 9.6. The approximate formulas for the complexes formed. 

Group : metal ion Adsorbent [group] 
mmol/g Cu2+ Zn2+ Cd2+ 

OSU-6-W-TCSPBr-
2-EDA 3.38 (2:5) (3:4) (3:2) 

OSU-6-W-TCSPBr-
2-DETA 3.12 (2:3) (1:1) (2:1) 

OSU-6-W-TCSPBr-
2-TEPA 3.24 (1:1) (3:2) (2:1) 

 
 
 
9.3.4.4. Effect of Competing Ions 

The uptake of a mixture of copper, zinc, and cadmium (0.05 mmol each) by 150 

mg of the mesoporous silica immobilized diamine ligand system was studied at three 

different pH values (5.5, 6.0, and 7.0).  Maximum uptakes for copper, zinc, and cadmium 

ions were achieved at their optimum pH values (Table 9.6).  For example, at pH 5.5, the 

uptake capacity is in the order: copper > zinc > cadmium, whereas at pH 6.0, the uptake 

is in the order of zinc > copper > cadmium and at pH 7.0 the order of uptake is zinc > 

cadmium > copper.  Therefore the presence of competing ions does not affect 

considerably the maximum uptake that might be achieved at the optimum pH except for 

cadmium.  Cadmium was affected significantly by the presence of the other competing 
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ions.  This may be due to lower stability of the cadmium complexes compared to the 

other metal ions. 

 

Table 9.6. Metal Uptake (Per 150 mg Ligand) of Mesoporous-Immobilized Diamine for 
a Mixture of Metal Ionsa. 

Cu2+ 
(mmol) 

Zn2+ 
(mmol) 

Cd2+ 
(mmol) pH 

a b c a b c a b c 

Cu2+ + 
Zn2+ + 
Cd2+ 

(mmol) 

5.5 0.050 0.044 47.31 0.042 0.032 34.41 0.024 0.017 18.28 0.093 

6.0 0.046 0.036 36.00 0.050 0.039 39.00 0.037 0.025 25.00 0.100 

7.0 0.033 0.023 26.44 0.039 0.035 40.23 0.049 0.029 33.33 0.087 

a 0.05 mmol of each metal ion was used.  a: The uptake of metal ion when exist alone; b: 
The uptake of metal ion from mixture of competing ions; c: Calculated percentage of 
each metal uptake based on the total amount of metal uptake 
 
 
 
9.4. CONCLUSION 

In conclusion, the synthesis of OSU-6-W-TCSPBr-1 and OSU-6-W-TCSPBr-2 

provides a convenient method of tailoring the surface properties of mesoporous silicates 

via organic functionalization and increase the surface coverage.  The post-synthesis 

grafting methods using this modification method applied here in this research work 

proved to be suitable to overcome all problems mentioned previously such as low 

loading.  Both modified samples, OSU-6-W-TCSPBr-1 and OSU-6-W-TCSPBr-2, have 

relatively well-ordered structures and high surface areas, on the basis of XRD, and N2 

adsorption measurements.  The average pore diameters are in the range of mesoporous 

materials, thus permitting size selectivity for large molecules.  The reactivity of the 

surface bromopropyl functional groups renders OSU-6-W-TCSPBr-2 an ideal starting 
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material for many other surface modifications, resulting in mesoscopic inorganic-organic 

hybrid materials with specific functional groups. 

Mesoporous silicas carrying di-, tri-, or penta-amine functional group of the 

formula (MeO)3Si(CH2)3E [E = NH(CH2)2NH2, NH(CH2)2NH(CH2)2NH2, 

NH(CH2)2NH(CH2)2NH(CH2)2NH(CH2)2NH2] have been successfully prepared by 

replacement of the bromine in bromopropylsiloxane (OSU-6-W-TCSPBr) with 

ethylenediamine (EDA), diethylenetriamine (DETA), or tetraethylenepentamine (TEPA), 

respectively.  The mesoporous silicas with the di-, tri-, and pent-amine ligand systems 

exhibit high potential for separation and preconcentration of divalent metal ions (Cu2+, 

Zn2+, and Cd2+).  The tendency to chemisorb these divalent metal ions by these 

functionalized systems at the optimum conditions was found in the order: Cu2+ > Zn2+ > 

Cd2+. 

A comparison between the metal ion uptake using the modified samples prepared 

in this work and the modified samples used by Zaggout et al.,35 group was performed.  In 

general, our modified samples exhibit higher metal ion uptake than their samples.  This is 

simply due to better diffusion of the metal ion which is a consequent of high surface area 

and large pore size, so the ligand groups become more accessible for the metal ions and 

therefore higher uptake was observed.  Moreover, our sample has more functional groups 

on the surface than reported by Zaggout et al.  Similar trends are reported for monoamine 

ligand systems.43 
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Scope and Method of Study:  The purpose of the investigation carried out in this research 
work was to synthesize mesoporous materials based on MCM-41 with high surface 
areas, large pore sizes, narrow pore size distributions, and high thermal, 
hydrothermal, and mechanical stabilities.  This was completed by following the 
same procedures reported for the fabrication of the MCM-41 but with alterations in 
the surfactants and the additives used, and the reaction conditions employed such 
as the pH, the temperature, and aging time.  Moreover, we aimed to modify these 
synthesized mesoporous materials with different functional groups of interest and 
evaluate their abilities in adsorption and separation of transition and heavy metal 
ions, and radioactive materials from aqueous medium.  The functionalization of 
these mesoporous materials was done using different methods in order to 
maximize the number of groups on the surface and inside the pores.  Different 
techniques such as infrared (IR), solid-state 29Si and 13C nuclear magnetic 
resonance (NMR), X-ray powder diffraction (XRD), thermal gravimetric analyses 
(TGA), and scanning and transmission electron microscopes (SEM and TEM) 
were used to confirm the production of the desired products.  The surface area, 
pore size and pore size distribution were determined using the surface area analysis 
(BET) method.  The surface properties (e.g., number of groups on the surface) of 
these materials were determined by the adsorption of a proper probing molecule.  
The adsorption and separation abilities of these modified materials for the 
transition and heavy metal ions, and radioactive materials in aqueous solution were 
performed in the pH range from 2 to 8 at room temperature. The equilibrium 
concentration of the metal ions were determined using lead analysis test kit for the 
lead and using ultraviolet-visible (UV-Vis), inductive couple plasma (ICP), and 
atomic absorption spectroscopy (AAS) for the rest of materials. 

 
Findings and Conclusions:  The synthesized mesoporous materials possess high surface 

areas, large pore sizes, narrow pore size distributions, and high thermal, 
hydrothermal, and mechanical stabilities.  The modified mesoporous materials 
were found to have high selectivity and capacity in the adsorption and separation 
of the transition and heavy metal ions in the aqueous solution.  In addition, they 
showed great selectivity and capacity for the adsorption and separation of the 
radioactive materials in aqueous medium. 
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