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Abstract:



Silicate mesoporous 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, due to their extremely high surface areas combined with large and uniform pore sizes. Over time a constant demand has developed for larger pores with well-defined pore structures. 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 templating compounds, as in the case of zeolites, long chain surfactant molecules were employed as the structure-directing agent during the synthesis of these highly ordered materials. The structure, composition, and pore size of these materials can be tailored during synthesis by variation of the reactant stoichiometry, the nature of the surfactant molecule, the auxiliary chemicals, the reaction conditions, or by post-synthesis functionalization techniques. This review focuses mainly on a concise overview of silicate mesoporous materials together with their applications. Perusal of the review will enable researchers to obtain succinct information about microporous and mesoporous materials.
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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 [1,2,3,4,5,6].



Ordered mesoporous materials, based on MCM-41 (Mobile Crystalline Material), are silicates obtained by hydrothermal synthesis and a liquid templating mechanism [1,2,3,4,5,6]. Such materials exhibit remarkable features such as pores with well-defined sizes and uniform shapes 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 (Figure 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, hydrothermal, and hydrolytic stabilities [7,8,9,10,11]. The walls of the channels are amorphous SiO2, and the porosity can be as high as 80% of their total volume [2,3,7]. 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 by changing the length of the template molecule. Moreover, changing the silica sources [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 (solvent, temperature, aging time, reactant mole ratio, and the pH of the medium) leads to the production of new mesoporous systems. At the same time, these changes also affect the thermal, hydrothermal, and mechanical stabilities of the materials [1,2,3,7].


Figure 1. High resolution transmission electron microscopy (HRTEM) images of Mobile Crystalline Material (MCM-41) with hexagonal channels [3].
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Functionalization of the surface of these mesoporous materials with organic or inorganic functional groups leads to new physical and chemical properties [10]. These modified materials can be used in a variety of applications such as catalysis, adsorption, and separation as chromatographic column packing [12,13,14]. The materials have been characterized using several characterization techniques including X-ray powder diffraction (XRD), 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 for separation of heavy and transition metal ions, radioactive materials, and organic compounds.



This review provides an introduction to the fundamental aspects of silicate mesoporous materials. It includes an overview and a concise historical introduction, a brief initiation to surfactant science, a broad introduction to sol-gel science, a general review of modification methods for MCM-41, and a summary of some applications of these materials. This review also includes introductions to the application of these modified materials for the adsorption and separation of toxic materials. The adsorption capacity, selectivity, and separation efficiency aree reported, and the effect of pH of the media, temperature, and time on the adsorption and separation is also covered. In addition, 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).




2. Developments of Porous Materials


Zeolites and porous silicas take their place 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 were found to bubble and froth, releasing bursts of steam. In the nineteenth century, zeolite minerals began to be well documented although there was a lack of general scientific interest. The term molecular sieve was derived from McBain in 1932 when he found that chabazite, a mineral, had a property of selective adsorption of molecules smaller than 5 Å in diameter [15]. 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 mixtures on the basis of molecular size and shape). However, Barrer and coworkers [16] 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 discrimination between the molecular dimensions. Later, synthetic zeolites began to be used in large amounts for the production of pure oxygen from air. Between 1949 and 1954, Breck and coworkers [17] 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 aluminophosphates [18] and silicoaluminophosphates [19], made the concept of zeolites and molecular sieves more complicated.



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 had pores too small to be of interest for cracking activity (break down of long hydrocarbon molecules into gasoline and other useful products). The zeolite marketing prospects were improved when Breck and coworkers showed rare earth-containing zeolites had the ability to handle cracking activity [17]. 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 of 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 a supramolecular assembly of molecular arrays, the encapsulation of metal complexes in the frameworks, and the introduction of nanometer particles into zeolites and molecular sieves for electronic and optical applications [20,21,22]. 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, which contains 14-membered rings, was discovered [18]. 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 [23,24,25]. While these zeolites attracted much attention and were of scientific importance, they have not found any significant applications because of their inherently poor stability, weak acidity, or small pore size (0.8–1.3 nm). As a consequence, they seem to be inferior compared to pillared layered clays.



Yanagisawa et al. described in the early 1990s the synthesis of mesoporous materials that have characteristics similar to that of MCM-41 [26]. 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 surfactant, 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 silica site Si(OSi)3(OH) (Q3) species were converted to the completely condensed silica site Si(OSi)4 (Q4) species during the intercalation and calcination processes. The X-ray powder diffraction gave only an uninformative peak centered at extremely low angles. Unfortunately, there were no further characterization data available which lead to disregard of the results of Yanagisawa et al.



In 1992, researchers at Mobil Corporation discovered the M41S family of silicate/aluminosilicate mesoporous molecular sieves with exceptionally large uniform pore structures [27] and later they were produced at Mobil Corporation Laboratories [28]. The discovery resulted in a worldwide resurgence in this area [1,2,3,7]. 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 [7,8,9,11]. Three different mesophases in this family have been identified, i.e., lamellar (MCM-50), hexagonal (MCM-41), and cubic (MCM-48) phases [29]. 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 [7,8,9,10,11]. 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, chemical separation, adsorption media, and advanced composite materials [11,28,29]. MCM-41 has been investigated extensively because the other members in this family are either thermally unstable or difficult to obtain [30].



In 1998, prominent research produced another type of hexagonal array of pores namely Santa Barbara Amorphous no 15 (SBA-15). SBA-15 showed larger pore size from 4.6 to 30 nm and discovery of this type of material was a research gambit in the field of mesoporous material development [31]. This SBA-15 mesoporous material has not only shown larger pores, but also thermal, mechanical and chemical resistance properties and that makes it a preferable choice for use as a catalyst. The formation of ordered hexagonal SBA-15 with uniform pores up to 30 nm was synthesized using amphiphilic triblock copolymers in strong acidic media was reported in the literature [32,33,34]. A detailed review on types, synthesis, and applications towards Biorefinery Production of this SBA 15 mesoporous material has already been published in the literature [35].



2.1. Definition and Classification of Porous Materials


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 by 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, (a) cylindrical (b) ink-bottled and (c) slit-shaped pores [36,37,38]. Depending on the predominant pore sizes, the porous solid materials are classified by IUPAC: Microporous materials, (1) having pore diameters up to 2.0 nm; (2) having pore sizes intermediate between 2.0 and 50.0 nm; and (3) macroporous materials, having pore sizes exceeding 50.0 nm (Figure 2) [39].


Figure 2. Schematic illustrating pore size distribution of some porous materials [39].
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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 [36,37,38,39]. 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 quantitatively 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 [36,37,38]. The IUPAC classification of adsorption isotherms is illustrated in Figure 3. The six types of isotherm (IUPAC classification) are characteristic of adsorbents that are microporous (type I), nonporous or macroporous (types II, III, and VI), or mesoporous (types IV and V) [36,37,38].


Figure 3. The IUPAC classification of adsorption isotherms showing both the adsorption and desorption pathways. Note the hysteresis in types IV and V.
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The adsorption hystereses in Figure 3 (IV and V) are classified and it is 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 IUPAC, which is based on an earlier classification of hysteresis by de Boer [36,37]. Figure 4 shows the IUPAC classification and according to 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 often disordered where the distribution of pore size and shape is not well defined and also indicative of bottleneck constrictions. Materials that give rise to H3 hysteresis have slit-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 slope associated with a force on the hysteresis loop, due to the so-called tensile strength effect (this phenomenon occurs perhaps for nitrogen at 77 K in the relative pressure range from 0.4 to 0.45). On the other hand, type H4 hysteresis is also often associated with narrow slit pores [38].


Figure 4. The relationship between the pore shape and the adsorption-desorption isotherm.
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The dashed curves in the hysteresis loops shown in Figure 4 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 [38]. 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 comprises crystalline zeolites and related molecular sieves [40,41].





3. An Overview of Ordered Mesoporous Materials


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 [42]. Mesopores are present in aerogels, and pillared layered clays which show disordered pore systems with broad pore-size distributions. A constant 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. 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 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 socalled mesoporous molecular sieves, and 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 [6].



These new silicate materials possess extremely high surface areas and narrow pore size distributions [14]. 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, the nature of the surfactant molecule, the auxiliary chemicals, the reaction conditions, or by post-synthesis functionalization techniques. Figure 5 shows the different structures of the M41S family [42].


Figure 5. Schematic diagram of the M41S materials, MCM-50 (layered), MCM-41 (hexagonal) and MCM-48 (Cubic).
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Following the initial announcement of MCM-41, there was a surge in research activity in this area [43,44]. Interestingly, di Renzo et al. [45] recently found a patent from 1971 in which a synthesis procedure similar to the one used by the Mobil group was described as yielding lowbulk 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.



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 [20,46,47]. 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 by the inorganic materials [48]. The above definition has also been elaborated to include the role of the organic molecules such as: (a) space-filling species; (b) structural directing agents; and (c) templates [20].



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 is 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 species fixed into position. Thus, the lattice reflects the geometry of the organic molecule.



In M41S materials, a liquid crystal templating (LCT) mechanism was 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 (Figure 6). This mechanism behind the composite mesophase formation is best understood for the synthesis under high pH conditions. 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 [7,8,9,10,11]. 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 coulombic or other types 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 [7,8,9,10,11] as shown in Figure 6.


Figure 6. Schematic model of liquid crystal templating mechanism via two possible pathways [7].
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Several other researchers further revised this liquid crystal templating mechanism. Chen et al. [49] studied the 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 silica source, 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 previously proposed mechanism, there are two other suggested liquid-crystal template mechanisms. The first mechanism was put forward by Monnier et al. [2]. It was 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 7a. The second mechanism was proposed by Steel et al. [50]. 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 7b).


Figure 7. Schematic diagrams of the formation mechanism of MCM-41; (a) the proposed transformation mechanism by Monnier et al. [2] and (b) the formation mechanism proposed by Steel et al. [49].
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3.1. Chemistry of Surfactant/Silicate Solutions


The structural phase of mesoporous materials (Figure 8) is based on the fact that surfactant molecules are themselves distinct as very active components with variable structures in accordance with increasing concentration [37]. At low concentrations, the surfactants energetically exist as monomolecules. With increasing concentration, surfactant molecules combine together to form micelles in order to decrease the system entropy [37,39,50]. This phenomenon is rationalized in the following way. Below the initial concentration threshold the monoatomic molecules aggregate to form isotropic micelles which is called the critical micellization concentration (CMC). 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 [39,51].


Figure 8. Phase sequence of surfactant-water binary system [37]. CMC = critical micellization concentration.
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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 [51]. 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 [52,53].



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 the case of ionic surfactants. Moreover, it depends on environmental parameters, such as pH, temperature, 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 in 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 a 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 [51,53].



It is important to note that a high surfactant concentration, high pH, low temperature, and low degree of silicate polymerization always support the formation of cylindrical micelles as well as the hexagonal mesophases [37,38].



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 on the presence of mediating ions, i.e., X− or M+. All permutations enabling Coulombic 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 9 and Figure 10 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 [54,55].


Figure 9. 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 10. 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 I°S° case (triangles); dashed lines correspond to H-bonding interactions [56].
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The pore size in MCM-41 materials can be controlled 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 are solubilized inside the hydrophobic regions of micelles, causing an increase in micelle diameter which leads to an increase in the pore size of the final product [57]. Strong electrostatic interactions between the ionic surfactants and the inorganic species result in an MCM-41 matrix with pore wall thickness that is influenced predominantly by the type of surfactant and only 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 [54]. It was 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 were shown to have thicker silicate walls (i.e., 1.5–3.0 nm) and therefore enhanced thermal and hydrothermal stability [55,56,58]. Other newly developed methods include the use of non-surfactant templates and copolymer precursor pathways [59,60,61]. 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 [20]. By simply varying the concentration of the template molecules, mesoporous materials with different pore sizes 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 [62,63].



Since the discovery of these ordered mesoporous materials formed by the self-cooperative assembly of inorganic species and organic surfactants, researchers have aimed to understand and improve their structures to obtain forms suitable for application in adsorption, separation, catalysis, optical devices, and controlled polymerization inside the pores [64]. 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.





4. 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 [65]. Sol-gel reactions are those which convert an aqueous metal alkoxide [Mn+(OR)n] solution into an inorganic network [65]. 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 the sol-gel method is more effective for the production of amorphous silica. Another advantage of the sol-gel procedure is its ability to produce silica in different forms such as molded gels [66], spun fibers [67], thin films [68], molecular cages [69], aerogels, xerogels [70], and mesoporous materials for a variety of applications such as gas, and liquid separations, optical coatings, protective films, membranes, and catalysis [71,72]. 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. Modification of diverse properties of the inorganic network resulting from the sol-gel reaction is possible through the incorporation of the inorganic compound into different organic polymers.



The sol-gel process involves transformation of a sol to a gel [73]. 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 [72,74,75,76]. 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. Scheme 1 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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Scheme 1. Sol-gel general reaction scheme. 
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The hydrolysis step, Equation 1.1 in Scheme 1, 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 [76].



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 Scheme 1) 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 reactions, the stepwise construction of the emerging network is permitted [72,74,76]. As the number of Si–O–Si bridges increases, the siloxane particles can aggregate into a sol, which disperses 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 yields 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 the condensation reactions [72,77].



4.1. 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 re-esterification would occur faster than the hydrolysis reaction in the case of using more than one molecule of water for every alkoxide group [76]. However, Schmidt and his coworkers 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 [78]. The latter result is logically correct because water is generated in situ during the reaction.



The water-condensation step (Equation 1.2 in Scheme 1), 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 gave results 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 the increase 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 [72,74,77]. The water-to-alkoxide ratio also influences the structure of the resultant gel network. It was established that high water/alkoxide ratios led to a more rigid gel network via prevention of contraction upon drying. The latter network rigidity was a result of the completion of hydrolysis and the occurrence of auxiliary condensation with the presence of a surplus amount of water [72,74,77].




4.2. 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 (Scheme 2), 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 polarized and facilitates its breakage in the departure of the alcohol leaving group [79]. The rate-controlling step in acid hydrolysis (Equation 1.5) is an SN2 nucleophilic attack of water oxygen on the silicon from the backside. This latter nucleophilic attack results in the formation of a penta-coordinate transition state in which the silicon center is partially bonded to both –OH2 and –OHR. The incoming group (the attacking water molecule), the silicon center, and the leaving group (departing alcohol molecule) lie on an axis that is perpendicular to the plane of the silicon center and the other three alkoxide groups. 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 ratio resulted in an increase in the rate of hydrolysis. However, the enthalpy of the hydrolysis declined upon increasing extent of hydrolysis.
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Scheme 2. Hydrolysis mechanism of an alkoxysilane using acidic catalyst [77]. 
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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 Scheme I) 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 Scheme 3 (vide infra) [77]. The first step is the fast step and is an electrophilic attack of the proton on the oxygen of the silanol group. This attack results in the silanol oxygen becoming 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 groups with an unprotonated one. Noticeably, the first steps in both hydrolysis and condensation reactions are similar.
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Scheme 3. Condensation mechanism of an alkoxysilane using acidic catalyst [72,77]. 
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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 SN2 hydrolysis step. The result of this step is a silanol and an 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 SN2 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 Scheme 4 [72].
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Scheme 4. Hydrolysis and condensation mechanisms of an alkoxysilane using basic catalyst. 
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Schmidt and coworkers [78] performed sol-gel reactions over a wide range of acid concentration. Their results showed no effect of the acid concentration on the 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 they had 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 catalyst allowed self-propagation. In addition, on the basis of gelation time and the fact that the condensation rate is inversely related to the gelation time, it was found that 0.07 M of acid resulted in the lowest condensation rate [72,74]. Most inorganic alkoxides hydrolyze and condense 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 Scheme 5.



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 a high concentration of silanol groups, and hence, minimally branched polymeric species. On the other hand, alkoxide hydrolysis by base catalyst is faster than acid and prevents the quick aggregation of sol particles resulting in highly dense materials with fewer silanol groups in the overall network [72,74].



The rates of both of the hydrolysis and condensation reactions depend strongly on the pH parameter as shown in Figure 11 [72,74,75,76]. For instance, at pH ≈ 7, molecular 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.


Figure 11. Effect of pH on hydrolysis and condensation rates.
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Scheme 5. Effect of catalyst on hydrolysis and condensation. 
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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 12 illustrates the functional groups in the internal pore surface.


Figure 12. A diagram illustrating; (a) unmodified pore walls and (b) the presence of the functional groups on the pore walls.
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Introduction of organic groups (functionalization) in the mesoporous materials permits the tuning of surface properties (e.g., hydrophilicity, hydrophobicity, acidity, basicity 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 [12,13,14]. For example, mesoporous silica having thiol groups on the pore surface showed high adsorption efficiency for heavy metals such as Hg, Ag, and Cd ions [80,81]. Sulfonic acid groups grafted onto mesoporous materials, as another example, exhibited high catalytic activity for selective formation of bulky organic molecules [82].





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 material 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 [83,84,85,86,87,88,89,90,91,92,93,94,95,96]. These hybrid materials are generally synthesized via two methods [97,98]. The first one is the post-synthesis grafting method in which the pore wall surface of the pre-fabricated inorganic mesoporous materials is modified with organosilane compounds after the surfactant removal. The mesoporous materials possess silanol (Si–OH) groups that facilitate the attachment of the organic functions to the surface. Silylation is the most commonly used reaction for surface modification [96]. Moreover, esterification is another reaction used to carry out surface modification [7,27,99]. The silylation reaction method is achieved by one of the following reactions, shown in Scheme 6 [96].
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Scheme 6. 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 germinal silanols. However, hydrogen-bonded silanol groups are less accessible to modification because of the formation of hydrophilic networks [100]. In the post-synthesis grafting method, the host materials should be completely dried before adding modification precursors in order to avoid self-condensation of the precursors in the presence of water.



The second method for modification 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 [84,85,87,88]. The direct synthesis has an advantage over the grafting method in which the former produces mesoporous materials with high loading of the functional groups [84,85].



Grafting of the mesopore surface with both passive [7,27,99,100] (i.e., alkyl and phenyl) and reactive [83] (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 to increase hydrophilicity and permit 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 [101]. Co-condensation using ionic [87], neutral surfactant [102], and non-surfactant templates [103] have all been demonstrated. Each of the two functionalization methods has certain advantages. If a 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 number 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 size can be controlled to some extent by both methods, it is more easily achieved by grafting [84,85].



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 [104,105]. 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 methods. The only major problem with this approach is the lack of chemicals that have two trialkoxysilyl groups [104,105]. By introducing suitable functional groups onto the surface of these mesoporous materials, tenability of mechanical, surface chemical, electronic, optical, or magnetic properties of the hybrid composite may be possible [104,105].




6. Application of These Materials 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 [106]. 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 [10,12,13,106,107]. A wide variety of novel materials can be prepared by the chemical modification of ordered mesoporous materials, since numerous organic and inorganic functionalities can be used for this purpose [10,12,13,14]. In addition to their use in chromatographic separations, these materials have been increasingly used as heterogeneous catalysts in liquid phase organic reactions. It is their characteristics, such as 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 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 [106,108].



Many of the more recent advances have been focused on 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, removal, 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 [12,13,14,106]. 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 [106] and the use of polymeric resins [107]. 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 [108]. 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 unfavorable especially when dealing with large volumes of matter which contain 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 [109]. In recent years, the use of modified mesoporous silica in the pre-concentration and separation of trace metal ions has been investigated [12,13,14,110]. 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 to first row transition metals from solution [110]. Thus, Marshall and Mottola [109] 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 be extracted selectively, 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 are to be expected. 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 [111].



However, the unitary silica framework of siliceous MCM-41 limits its practical application, especially in catalysis owing to the lack of active sites. Therefore, great efforts have been focused on surface modification to expand the area of applications and many elements have been doped into the wall of MCM-41 including Al, Fe, Zn, Ti, V, Cu, Ni, W, and Mn [112,113,114,115]. Many researches have been focused on manganese oxides, owing to their ion-changing, molecular adsorption, catalytic, and magnetic properties and use as catalysts for environmental treatment of water. The detailed application of mesoporous materials as host-guest chemistry, environmental technology, adsorption, chemical sensors and electrode catalysis or adsorption is broadly reported in the published paper [116].




7. Conclusions


The literature reviewed revealed the fact that there has been a big increase in the production and utilization of microporous and mesoporous materials over the last few decades. The literature review also explains detailed systematic studies on these materials as well as some technical improvements in preparing and utilizing them. An overview of sol-gel science involved in the synthesis of mesoporous silica has been described. Functionalization of the surface of these mesoporous materials with organic or inorganic functional groups leads to new physical and chemical properties. These modified materials can be used in a variety of applications such as catalysis, adsorption, and separation as chromatographic column packing.



Introduction of organic groups in the mesoporous materials permits the tuning of surface properties, 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. Separation of transition metals, heavy metal ions or radioactive materials from aqueous streams is currently 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, materials to be used for the adsorption and separation of these toxic substances are required to be specific enough to differentiate between transition metals, heavy metal ions and radioactive compounds on the one hand and on the other benign metal cations. A key issue for the applicability of these mesoporous materials is associated with the thermal, and more importantly the hydrothermal and mechanical stabilities.







Acknowledgements


The authors extend their appreciation to the Deanship of Scientific Research, College of Science Research Center, King Saud University, Riyadh, Saudi Arabia for funding this work.




References


	1. 
Kresge, C.T.; Leonowicz, M.E.; Roth, W.J.; Vartuli, J.C.; Beck, J.S. Ordered mesoporous molecular sieves synthesized by a liquid-crystal template mechanism. Nature 1992, 359, 710–712. [Google Scholar] [CrossRef]

	2. 
Monnier, A.; Schüth, F.; Huo, Q.; Kumar, D.; Margolese, D.; Maxwell, R.S.; Stucky, G.D.; Krishnamurty, M.; Petroff, P.; Firoouzi, A.; Janicke, M.; Chmelka, B.F. Cooperative formation of inorganic–organic interfaces in the synthesis of silicate mesostructures. Science 1993, 261, 1299–1303. [Google Scholar] [CrossRef] [PubMed]

	3. 
Karakassides, M.A.; Bourlinos, A.; Petridis, D.; Coche-Guerente, L.; Labbe, P. Synthesis and characterization of copper containing mesoporous silicas. J. Mater. Chem. 2000, 10, 403–408. [Google Scholar] [CrossRef]

	4. 
Naik, S.P.; Chiang, A.S.T.; Thompson, R.W. Synthesis of zeolitic mesoporous materials by dry gel conversion under controlled humidity. J. Phys. Chem. B 2003, 107, 7006–7014. [Google Scholar] [CrossRef]

	5. 
Trewyn, B.G.; Slowing, I.I.; Giri, S.; Chen, H.-T.; Lin, V.S.-Y. Synthesis and functionalization of a mesoporous silica nanoparticle based on the sol-gel process and applications in controlled release. Acc. Chem. Res. 2007, 40, 846–853. [Google Scholar] [CrossRef] [PubMed]

	6. 
Parida, K.M.; Dash, S.S. Manganese containing MCM-41: Synthesis, characterization and catalytic activity in the oxidation of ethylbenzene. J. Mol. Catal. A 2009, 306, 54–61. [Google Scholar] [CrossRef]

	7. 
Beck, J.S.; Vartuli, J.C.; Roth, W.J.; Leonowicz, M.E.; Kresge, C.T.; Schmitt, K.D.; Chu, C.T.W.; Olson, D.H.; Sheppard, E.W.; McCullen, S.B.; Higgins, J.B.; Schlenkert, J.L. A new family of mesoporous molecular sieves prepared with liquid crystal templates. J. Am. Chem. Soc. 1992, 114, 10834–10843. [Google Scholar] [CrossRef]

	8. 
Yang, X.Y.; Zhang, S.B.; Qiu, Z.M.; Tian, G.; Feng, Y.F.; Xiao, F.S. Stable ordered mesoporous silica materials templated by high-temperature stable surfactant micelle in alkaline media. J. Phys. Chem. B 2004, 108, 4696–4700. [Google Scholar] [CrossRef]

	9. 
Jiang, T.; Shen, W.; Tang, Y.; Zhao, Q.; Li, M.; Yin, H. Stability and characterization of mesoporous molecular sieve using natural clay as a raw material obtained by microwave irradiation. Appl. Surf. Sci. 2008, 254, 4797–4805. [Google Scholar] [CrossRef]

	10. 
AlOthman, Z.A.; Apblett, A.W. Metal ion adsorption using polyamine-functionalized mesoporous materials prepared from bromopropyl-functionalized mesoporous silica. J. Hazard. Mater. 2010, 182, 581–590. [Google Scholar] [CrossRef] [PubMed]

	11. 
Song, K.; Guan, J.; Wang, Z.; Xu, C.; Kan, Q. Post-treatment of mesoporous material with high temperature for synthesis super-microporous materials with enhanced hydrothermal stability. Appl. Surf. Sci. 2009, 255, 5843–5846. [Google Scholar] [CrossRef]

	12. 
AlOthman, Z.A.; Apblett, A.W. Preparation of mesoporous silica with grafted chelating agents for uptake of metal ions. Chem. Eng. J. 2009, 155, 916–924. [Google Scholar] [CrossRef]

	13. 
AlOthman, Z.A.; Apblett, A.W. Synthesis of mesoporous silica grafted with 3-glycidoxypropyltrimethoxy-silane. Mater. Lett. 2009, 6, 2331–2334. [Google Scholar] [CrossRef]

	14. 
AlOthman, Z.A.; Apblett, A.W. Synthesis and characterization of a hexagonal mesoporous silica with enhanced thermal and hydrothermal stabilities. Appl. Surf. Sci. 2010, 256, 3573–3580. [Google Scholar] [CrossRef]

	15. 
McBain, J.W. The Sorption of Gases and Vapors by Solids; Routledge and Sons: London, UK, 1932; p. 169. [Google Scholar]

	16. 
Barrer, R.M.; Brook, D.W. Molecular diffusion in chabazite, mordenite, and levynite. Trans. Faraday Soc. 1953, 49, 1049–1059. [Google Scholar] [CrossRef]

	17. 
Breck, D.W.; Eversole, W.G.; Milton, R.M. New synthetic crystalline zeolites. J. Am. Chem. Soc. 1956, 78, 2338–2339. [Google Scholar] [CrossRef]

	18. 
Wilson, S.T.; Lok, B.M.; Messina, C.A.; Cannan, T.R.; Flanigen, E.M. Aluminophosphate molecular sieves: A new class of microporous crystalline inorganic solids. J. Am. Chem. Soc. 1982, 104, 1146–1147. [Google Scholar] [CrossRef]

	19. 
Lok, B.M.; Messina, C.A.; Lyle Patton, R.; Gajek, R.T.; Cannan, T.R.; Flanigen, E.M. Silicoaluminophosphate molecular sieves: Another new class of microporous crystalline inorganic solids. J. Am. Chem. Soc. 1984, 106, 6092–6093. [Google Scholar] [CrossRef]

	20. 
Davis, M.E.; Lobo, R.F. Zeolite and molecular sieve synthesis. Chem. Mater. 1992, 4, 756–768. [Google Scholar] [CrossRef]

	21. 
Mitchell, P.C.H. Zeolite-encapsulated metal complexes: Biomimetic catalysts. Chem. Ind. 1991, 6, 308–311. [Google Scholar]

	22. 
Ozin, G.A. Nanochemistry: Synthesis in diminishing dimensions. Adv. Mater. 1992, 10, 612–649. [Google Scholar] [CrossRef]

	23. 
Davis, M.E.; Saldarriaga, C.; Montes, C.; Garces, J.; Crowder, C. A molecular sieve with eighteen-membered rings. Nature 1988, 331, 698–702. [Google Scholar] [CrossRef]

	24. 
Estermann, M.; Mccusker, L.B.; Baerlocher, Ch.; Merrouche, A.; Kessler, H. A synthetic gallophosphate molecular sieves with a 20-tetrahedral-atom pore opening. Nature 1991, 352, 320–323. [Google Scholar] [CrossRef]

	25. 
Jones, R.H.; Thomas, J.M.; Chen, J.; Xu, R.; Huo, Q.; Li, S.; Ma, Z.; Chippindale, A.M. Structure of an unusual aluminium phosphate (Al5P6O24H2−∙2N(C2H5)3H+∙2H2O) JDF-20 with large elliptical apertures. J. Solid State Chem. 1993, 102, 204–208. [Google Scholar] [CrossRef]

	26. 
Yanagisawa, T.; Schimizu, T.; Kiroda, K.; Kato, C. The preparation of alkyltrimethylammonium-kanemite complexes and their conversion to mesoporous materials. Bull. Chem. Soc. Jpn. 1990, 63, 988–992. [Google Scholar] [CrossRef]

	27. 
Beck, J.S.; Calabro, D.C.; McCullen, S.B.; Pelrine, B.P.; Schmitt, K.D.; Vartuli, J.C. Method for Functionalizing Synthetic Mesoporous Crystalline Material. U.S. Patent 2,069,722, 27 May 1992. [Google Scholar]

	28. 
Chen, J.; Xia, N.; Zhou, T.; Tan, S.; Jiang, F. Mesoporous carbon spheres: Synthesis, characterization and supercapacitance. Int. J. Electrochem. Sci. 2009, 4, 1063–1073. [Google Scholar]

	29. 
Vartuli, J.C.; Roth, W.J.; Degnan, T.F. Mesoporous materials (M41S): From discovery to application. In Dekker Encyclopedia of Nanoscience and Nanotechnology; Schwarz, J.A., Contescu, C.I., Putyera, K., Eds.; Taylor and Francis: New York, NY, USA, 2008; pp. 1797–1811. [Google Scholar]

	30. 
Vartuli, J.C.; Schmitt, K.D.; Kresge, C.T.; Roth, W.J.; Leonowicz, M.E.; McCullen, S.B.; Hellring, S.D.; Beck, J.S.; Schlenker, J.L.; Olson, D.H.; Sheppard, E.W. Effects of surfactant/silica molar ratios on the formation of mesoporous molecular sieves: Inorganic mimicry of surfactant liquid-crystal phases and mechanistic implications. Chem. Mater. 1994, 6, 2317–2326. [Google Scholar] [CrossRef]

	31. 
Zhao, D.; Huo, Q.; Feng, J.; Chmelka, B.F.; Stucky, G.D. Nonionic triblock and star diblock copolymer and oligomeric surfactant syntheses of highly ordered, hydrothermally stable, mesoporous silica structures. J. Am. Chem. Soc. 1998, 120, 6024–6036. [Google Scholar] [CrossRef]

	32. 
Zhao, D.J.; Sun, Q.L.; Stucky, G.D. Morphological control of highly ordered mesoporous silica SBA-15. Chem. Mater. 2000, 12, 275–279. [Google Scholar] [CrossRef]

	33. 
Colilla, M.; Balas, F.; Manzano, M.; Vallet-Regí, M. Novel method to enlarge the surface area of SBA-15. Chem. Mater. 2007, 19, 3099–3101. [Google Scholar] [CrossRef]

	34. 
Puputti, J.; Jin, H.; Rosenholm, J.; Jiang, H.; Lindén, M. The use of an impure inorganic precursor for the synthesis of highly siliceous mesoporous materials under acidic conditions. Microporous Mesoporous Mater. 2009, 126, 272–275. [Google Scholar] [CrossRef]

	35. 
Rahmat, N.; Abdullah, A.Z.; Mohamed, A.R. A review: Mesoporous Santa Barbara Amorphous-15, types, synthesis and its applications towards biorefinery production. Am. J. Appl. Sci. 2010, 7, 1579–1586. [Google Scholar] [CrossRef]

	36. 
Sing, K.S.W.; Everett, D.H.; Haul, R.A.W.; Moscou, L.; Pierotti, R.A.; Rouquerol, J.; Siemieniewska, T. Reporting physisorption data for gas/solid systems with special reference to the determination of surface area and porosity. Pure Appl. Chem. 1985, 57, 603–619. [Google Scholar] [CrossRef]

	37. 
Broekhoff, J.C.P. Mesopore determination from nitrogen sorption isotherms: Fundamentals, scope, limitations. Stud. Surf. Sci. Catal. 1979, 3, 663–684. [Google Scholar]

	38. 
Shields, J.E.; Lowell, S.; Thomas, M.A.; Thommes, M. Characterization of Porous Solids and Powders: Surface Area, Pore Size and Density; Kluwer Academic Publisher: Boston, MA, USA, 2004; pp. 43–45. [Google Scholar]

	39. 
Zhao, X.S.; Lu, G.Q.; Millar, G.J. Advances in mesoporous molecular sieve MCM-41. Ind. Eng. Chem. Res. 1996, 35, 2075–2090. [Google Scholar] [CrossRef]

	40. 
Bergna, H.E. The Colloid Chemistry of Silica; Advances in chemistry series 234; American Chemical Society: Washington, DC, USA, 1994. [Google Scholar]

	41. 
Wefers, K.; Misra, C. Oxides and Hydroxides of Aluminum; Alcoa Technical Paper No. 19; Alcoa Research Laboratories: Pittsburgh, PA, USA, 1987. [Google Scholar]

	42. 
Tangestaninejad, S.; Moghadam, M.; Mirkhani, V.; Baltork, I.M.; Ghani, K. Alkene epoxidation catalyzed by molybdenum supported on functionalized MCM-41 containing N–S chelating Schiff base ligand. Catal. Commun. 2009, 10, 853–858. [Google Scholar] [CrossRef]

	43. 
Ciesla, U.; Schüth, F. Ordered mesoporous materials. Microporous Mesoporous Mater. 1999, 27, 131–149. [Google Scholar] [CrossRef]

	44. 
Ying, J.Y.; Mehnert, C.P.; Wong, M.S. Synthesis and applications of supramolecular-templated mesoporous materials. Angew. Chem. Int. Ed. 1999, 38, 56–77. [Google Scholar] [CrossRef]

	45. 
di Renzo, F.; Cambon, H.; Dutarte, R. A 28-year-old Synthesis of Micelle-templated mesoporous silica. Microporous Mater. 1997, 10, 283–286. [Google Scholar] [CrossRef]

	46. 
Flaigen, E.M.; Patton, R.L.; Wison, S.T. Structural, synthetic and physicochemical concepts in aluminophosphate-based molecular sieves. Stud. Surf. Sci. Catal. 1988, 37, 13–27. [Google Scholar]

	47. 
Lok, B.M.; Cannon, T.R.; Messina, C.A. The role of organic molecules in molecular sieve synthesis. Zeolites 1983, 3, 282–291. [Google Scholar] [CrossRef]

	48. 
Sayari, A. Periodic mesoporous materials: Synthesis, characterization and potential applications. Stud. Surf. Sci. Catal. 1996, 102, 1–46. [Google Scholar]

	49. 
Chen, C.Y.; Burkett, S.L.; Li, H.X.; Davis, M.E. Studies on mesoporous materials. II. Synthesis mechanism of MCM-41. Microporous Mater. 1993, 2, 27–34. [Google Scholar] [CrossRef]

	50. 
Steel, A.; Carr, S.W.; Anderson, M.W. 14N NMR study of surfactant mesophases in the synthesis of mesoporous silicates. J. Chem. Soc. Chem. Commun. 1994, 13, 1571–1572. [Google Scholar] [CrossRef]

	51. 
Lawrence, M.J. Surfactant systems: Their use in drug delivery. Chem. Soc. Rev. 1994, 23, 417–424. [Google Scholar] [CrossRef]

	52. 
Fromherz, P. Micelle structure: A surfactant-block model. Chem. Phys. Lett. 1981, 77, 460–466. [Google Scholar] [CrossRef]

	53. 
Myers, D. Surfactant Science and Technology; VCH: New York, NY, USA, 1992. [Google Scholar]

	54. 
Tanev, P.T.; Pinnavaia, T.J. A neutral templating route to mesoporous molecular sieves. Science 1995, 267, 865–867. [Google Scholar] [CrossRef] [PubMed]

	55. 
Bagshaw, S.A.; Prouzet, E.; Pinnavaia, T.J. Templating of mesoporous molecular sieves by nonionic polyethylene oxide surfactants. Science 1995, 269, 1242–1244. [Google Scholar] [CrossRef] [PubMed]

	56. 
Soler-Illia, G.J.; Sanchez, C.; Lebeau, B.; Patarin, J. Chemical strategies to design textured materials: From microporous and mesoporous oxides to nanonetworks and hierarchical structures. Chem. Rev. 2002, 102, 4093–4138. [Google Scholar] [CrossRef] [PubMed]

	57. 
McCusker, L.B.; Baerlocher, E.J.; Bulow, M. The triple helix inside the large-pore aluminophosphate molecular sieve VPI 5. Zeolites 1991, 11, 308–313. [Google Scholar] [CrossRef]

	58. 
Lee, C.H.; Lin, T.S.; Mou, C.Y. Mesoporous materials for encapsulating enzymes. Nano Today 2009, 4, 165–179. [Google Scholar] [CrossRef]

	59. 
Wei, Y.; Jin, D.; Ding, T.; Shih, W.-H.; Liu, X.; Cheng, S.Z.D.; Fu, Q. A non-surfactant templating route to mesoporous silica materials. Adv. Mater. 1998, 10, 313–316. [Google Scholar] [CrossRef]

	60. 
Wei, Y.; Xu, J.; Dong, H.; Dong, J.; Qiu, K.; Jansen-Varnum, S.A. Preparation and physisorption characterization of d-glucose-templated mesoporous silica sol-gel materials. Chem. Mater. 1999, 11, 2023–2029. [Google Scholar] [CrossRef]

	61. 
Chan, V.Z.-H.; Hoffman, J.; Lee, V.Y.; Iatrou, H.; Avgeropoulos, A.; Hadjichristidis, N.; Miller, R.D.; Thomas, E.L. Ordered bicontinuous nanoporous and nanorelief ceramic films from self assembling polymer percursors. Science 1999, 286, 1716–1719. [Google Scholar] [CrossRef] [PubMed]

	62. 
Wei, Y.; Xu, J.; Feng, Q.; Dong, H.; Lin, M. Encapsulation of enzymes in mesoporous host materials via the nonsurfactant-templated sol-gel process. Mater. Lett. 2000, 44, 6–11. [Google Scholar] [CrossRef]

	63. 
Wei, Y.; Xu, J.; Feng, Q.; Lin, M.; Dong, H.; Zhang, W.; Wang, C. A novel method for enzyme immobilization: Direct encapsulation of acid phosphatase in nanoporous silica host materials. J. Nanosci. Nanotechnol. 2001, 1, 83–93. [Google Scholar] [CrossRef] [PubMed]

	64. 
Alsyouri, H.M.; Lin, Y.S. Effects of synthesis conditions on macroscopic and microscopic properties of ordered mesoporous silica fibers. Chem. Mater. 2003, 15, 2033–2039. [Google Scholar] [CrossRef]

	65. 
Nogami, M.; Moriya, Y. Glass formation through hydrolysis of silicon acetate (Si(OC2H5)4) with ammonium hydroxide and hydrochloric acid solution. J. Non-Cryst. Solids 1980, 37, 191–201. [Google Scholar] [CrossRef]

	66. 
Wei, Y.; Jin, D.; Yang, C.; Wei, G. A fast convenient method to prepare hybrid sol-gel materials with low volume-shrinkages. J. Sol-Gel Sci. Technol. 1996, 7, 191–201. [Google Scholar] [CrossRef]

	67. 
Brinker, C.J.; Sehgal, R.; Hietala, S.L.; Deshpande, R.; Smith, D.M.; Loy, D.; Ashley, C.S. Sol-gel strategies for controlled porosity inorganic materials. J. Membr. Sci. 1994, 94, 85–102. [Google Scholar] [CrossRef]

	68. 
Zusman, R.; Beckman, D.A.; Zusman, I.; Brent, R.L. Purification of sheep immunoglobulin G using protein A trapped in sol-gel glass. Anal. Biochem. 1992, 201, 103–106. [Google Scholar] [CrossRef] [PubMed]

	69. 
Hobson, S.T.; Shea, K.J. Bridged bisimide polysilsesquioxane xerogels: New hybrid organic-inorganic materials. Chem. Mater. 1997, 9, 616–623. [Google Scholar] [CrossRef]

	70. 
Yoldas, B.E. Hydrolytic polycondensation of tetra(ethoxy)silane (Si(OC2H5)4) and effect of reaction parameters. J. Non-Cryst. Solids 1986, 83, 375–390. [Google Scholar] [CrossRef]

	71. 
Wen, J.; Wilkes, G.L. Novel abrasion resistant inorganic/organic coating materials based on functionalized diethylenetriamine, glycerol and diols. Poly. Mater. Sci. Eng. 1995, 73, 429–430. [Google Scholar]

	72. 
Brinker, C.; Scherer, G. Sol-Gel Science: The Physics and Chemistry of Sol-Gel Processing; Academic Press, Inc.: New York, NY, USA, 1990. [Google Scholar]

	73. 
Yoldas, B.E. Modification of polymer-gel structures. J. Non-Cryst. Solids 1984, 63, 145–154. [Google Scholar] [CrossRef]

	74. 
Brinker, C.J. Sol-gel processing of silica. In The Colloid Chemistry of Silica; American Chemical Society: Washington, DC, USA, 1994; Chapter 18; pp. 361–402. [Google Scholar]

	75. 
Ng, L.V.; Thompson, P.; Sanchez, J.; Macosko, C.W.; McCormick, A.V. Formation of cagelike intermediates from nonrandom cyclization during acid-catalyzed sol-gel polymerization of tetraethyl orthosilicate. Macromolecules 1995, 28, 6471–6476. [Google Scholar] [CrossRef]

	76. 
Wen, J.; Wilkes, G.L. Organic/Inorganic hybrid network materials by the sol-gel approach. Chem. Mater. 1996, 8, 1667–1681. [Google Scholar] [CrossRef]

	77. 
Hench, L.L.; West, J.K. The sol-gel process. Chem. Rev. 1990, 90, 33–72. [Google Scholar] [CrossRef]

	78. 
Schmidt, H.; Scholze, H.; Kaiser, A. Principles of hydrolysis and condensation reaction of alkoxysilanes. J. Non-Cryst. Solids 1984, 63, 1–11. [Google Scholar] [CrossRef]

	79. 
Julbe, A.; Balzer, C.; Barthez, J.M.; Guizard, C.; Larbot, A.; Cot, L. Effect of non-ionic surface active agents on teos-derived sols, gels and materials. J. Sol-Gel Sci. Technol. 1995, 4, 89–97. [Google Scholar] [CrossRef]

	80. 
Mercier, L.; Pinnavaia, T.J. Access in mesoporous materials: Advantages of a uniform pore structure in the design of a heavy metal ion adsorbent for environmental remediation. Adv. Mater. 1997, 9, 500–503. [Google Scholar] [CrossRef]

	81. 
Feng, X.; Fryxell, G.E.; Wang, L.-Q.; Kim, Y.A.; Liu, J.; Kemner, K.M. Functionalized monolayers on ordered mesoporous supports. Science 1997, 276, 923–926. [Google Scholar] [CrossRef]

	82. 
van Rhijn, W.M.; DeVos, D.E.; Sels, B.F.; Bossaert, W.D.; Jacobs, P.A. Sulfonic acid functionalized ordered mesoporous materials as catalysts for condensation and esterification reactions. Chem. Commun. 1998, 3, 317–318. [Google Scholar] [CrossRef]

	83. 
Diaz, J.F.; Balkus, K.J., Jr.; Bedioui, F.; Kurshev, V.; Keva, L. Synthesis and characterization of cobalt-complex functionalized MCM-41. Chem. Mater. 1997, 9, 61–67. [Google Scholar] [CrossRef]

	84. 
Lim, M.H.; Stein, A. Comparative studies of grafting and direct syntheses of inorganic-organic hybrid mesoporous materials. Chem. Mater. 1999, 11, 3285–3295. [Google Scholar] [CrossRef]

	85. 
Mercier, L.; Pinnavaia, T.J. Direct synthesis of hybrid organic-inorganic nanoporous silica by a neutral amine assembly route: Structure-function control by stoichiometric incorporation of organosiloxane molecules. Chem. Mater. 2000, 12, 188–196. [Google Scholar] [CrossRef]

	86. 
Brown, J.; Richer, R.; Mercier, L. One-step synthesis of high capacity mesoporous Hg2+ adsorbents by non-ionic surfactant assembly. Microporous Mesoporous Mater. 2000, 37, 41–48. [Google Scholar] [CrossRef]

	87. 
Fowler, C.E.; Burkett, S.L.; Mann, S. Synthesis and characterization of ordered organosilica-surfactant mesophases with functionalized MCM-41-type architecture. Chem. Commun. 1997, 18, 1769–1770. [Google Scholar] [CrossRef]

	88. 
Macquarrie, D.J.; Jackson, D.B.; Tailland, S.; Utting, K.A. Organically modified hexagonal mesoporous silicas (HMS)—Remarkable effect of preparation solvent on physical and chemical properties. J. Mater. Chem. 2001, 11, 1843–1849. [Google Scholar] [CrossRef]

	89. 
Mori, Y.; Pinnavaia, T.J. Optimizing organic functionality in mesostructured silica: Direct assembly of mercaptopropyl groups in wormhole framework structures. Chem. Mater. 2001, 13, 2173–2178. [Google Scholar] [CrossRef]

	90. 
Yiu, H.H.P.; Botting, C.H.; Botting, N.P.; Wright, P.A. Size selective protein adsorption on thiol-functionalized SBA-15 mesoporous molecular sieve. Phys. Chem. Chem. Phys. 2001, 3, 2983–2985. [Google Scholar] [CrossRef]

	91. 
Lin, V.S.-Y.; Radu, D.R.; Han, M.-K.; Deng, W.; Kuroki, S.; Shanks, B.H.; Pruski, M. Oxidative polymerization of 1,4-diethynylbenzene into highly conjugated poly(phenylene butadiynylene) within the channels of surface-functionalized mesoporous silica and alumina materials. J. Am. Chem. Soc. 2002, 124, 9040–9041. [Google Scholar] [CrossRef] [PubMed]

	92. 
Mbaraka, I.K.; Radu, D.R.; Lin, V.S.-Y.; Shanks, B.H. Organosulfonic acid-functionalized mesoporous silicas for the esterification of fatty acid. J. Catal. 2003, 219, 329–336. [Google Scholar] [CrossRef]

	93. 
Huh, S.; Wiench, J.W.; Yoo, J.C.; Pruski, M.; Lin, V.S.Y. Organic functionalization and morphology control of mesoporous silicas via a co-condensation synthesis method. Chem. Mater. 2003, 15, 4247–4256. [Google Scholar] [CrossRef]

	94. 
Wirnsberger, G.; Scott, B.J.; Stucky, G.D. pH sensing with mesoporous thin films. Chem. Commun. 2001, 1, 119–120. [Google Scholar] [CrossRef]

	95. 
Uusitalo, A.M.; Pakkanen, T.T.; Iiskola, E.I. Immobilization of CrCl3(THF)3 on a cyclopentadienyl surface of silica. J. Mol. Catal. A 2000, 156, 181–193. [Google Scholar] [CrossRef]

	96. 
Anwander, R. SOMC@PMS. Surface organometallic chemistry at periodic mesoporous silica. Chem. Mater. 2001, 13, 4419–4438. [Google Scholar] [CrossRef]

	97. 
Stein, A.; Melde, B.J.; Schroden, R.C. Hybrid inorganic-organic mesoporous silicates-nanoscopic reactors coming of age. Adv. Mater. 2000, 12, 1403–1419. [Google Scholar] [CrossRef]

	98. 
Inagaki, S.; Guan, S.; Fukushima, Y.; Ohsuna, T.; Terasaki, O. Novel ordered mesoporous materials with hybrid organic-inorganic network in the frameworks. Stud. Surf. Sci. Catal. 2000, 129, 155–162. [Google Scholar]

	99. 
Kimura, T.; Saeki, S.; Sugahara, Y.; Kuroda, K.A. Organic modification of FSM-type mesoporous silicas derived from kanemite by silylation. Langmuir 1999, 15, 2794–2798. [Google Scholar] [CrossRef]

	100. 
Zhao, X.S.; Lu, G.Q. Modification of MCM-41 by surface silylation with trimethylchlorosilane and adsorption study. J. Phys. Chem. B. 1998, 102, 1556–1561. [Google Scholar] [CrossRef]

	101. 
de Juan, F.; Ruiz-Hitzky, E. Selective functionalization of mesoporous silica. Adv. Mater. 2000, 12, 430–432. [Google Scholar] [CrossRef]

	102. 
Macquarrie, D.J. Direct preparation of organically modified MCM-type materials. Preparation and characterization of aminopropyl-MCM and 2-cyanoethyl-MCM. Chem. Commun. 1996, 16, 1961–1962. [Google Scholar] [CrossRef]

	103. 
Feng, Q.; Xu, J.; Dong, H.; Li, S.; Wei, Y. Synthesis of polystyrene-silica hybrid mesoporous materials via the nonsurfactant-template sol-gel process. J. Mater. Chem. 2000, 10, 2490–2494. [Google Scholar] [CrossRef]

	104. 
Inagaki, S.; Guan, S.; Fukushima, Y.; Ohsuma, T.; Terasaki, O. Novel mesoporous materials with a uniform distribution of organic groups and inorganic oxide in their frameworks. J. Am. Chem. Soc. 1999, 121, 9611–9614. [Google Scholar] [CrossRef]

	105. 
Asefa, T.; MacLachlan, M.J.; Coombs, N.; Ozin, G.A. Periodic mesoporous organosilicas with organic groups inside the channel walls. Nature 1999, 402, 867–871. [Google Scholar]

	106. 
Rubin, A.J. Aqueous-Environmental Chemistry of Metals; Ann Arbor Science Publishers: Ann Arbor, MI, USA, 1974. [Google Scholar]

	107. 
Krenkel, P.A. Heavy Metals in the Aquatic Environment; Pergamon Press: Oxford, UK, 1975. [Google Scholar]

	108. 
Mercier, L.; Pinnavaia, T.J. Heavy metal ion adsorbents formed by the grafting of a thiol functionality to mesoporous silica molecular sieves: Factors affecting Hg(II) uptake. Environ. Sci. Technol. 1998, 32, 2749–2754. [Google Scholar] [CrossRef]

	109. 
Marshall, M.A.; Mottola, H.A. Performance studies under flow conditions of silica-immobilized 8-quinolinol and its application as a preconcentration tool in flow injection/atomic absorption determinations. Anal. Chem. 1985, 57, 729–733. [Google Scholar] [CrossRef]

	110. 
Dias, F.; Newton, L. Adsorption of copper(II) and cobalt(II) complexes on a silica gel surface chemically modified with 3-amino-1,2,4-triazole. Colloids Surf. A 1998, 144, 219–227. [Google Scholar] [CrossRef]

	111. 
Bresson, C.; Menu, M.J.; Dartiguenave, M.; Dartiguenave, Y. N, S ligands for preconcentration or elimination of heavy metals. Synthesis and characterization of aminoethanethiols and aminoethanethiol-modified silica gel. J. Chem. Res. 1998, 490, 1919–1932. [Google Scholar]

	112. 
Jiang, T.S.; Zhao, Q.; Chen, K.M.; Tang, Y.J.; Yu, L.B.; Yin, H.B. Synthesis and characterization of Co (Ni or Cu)-MCM-41 mesoporous molecular sieves with different amount of metal obtained by using microwave irradiation method. Appl. Surf. Sci. 2008, 254, 2575–2580. [Google Scholar] [CrossRef]

	113. 
Nilsen, M.H.; Antonakou, E.; Bouzga, A.; Lappas, A.; Mathisen, K.; Stocker, M. Investigation of the effect of metal sites in Me-Al-MCM-41 (Me = Fe, Cu or Zn) on the catalytic behavior during the pyrolysis of wooden based biomass. Microporous Mesoporous Mater. 2007, 105, 189–203. [Google Scholar] [CrossRef]

	114. 
Zhang, A.; Li, Z.; Li, Z.; Shen, Y.; Zhu, Y. Effects of different Ti-doping methods on the structure of pure-silica MCM-41 mesoporous materials. Appl. Surf. Sci. 2008, 254, 6298–6304. [Google Scholar] [CrossRef]

	115. 
Chaliha, S.; Bhattacharyya, K.G. Wet oxidative method for removal of 2,4,6-trichlorophenol in water using Fe(III), Co(II), Ni(II) supported MCM41 catalysts. J. Hazard. Mater. 2008, 150, 728–736. [Google Scholar] [CrossRef] [PubMed]

	116. 
Davis, M.E. Ordered porous materials for emerging applications. Nature 2002, 417, 813–821. [Google Scholar] [CrossRef] [PubMed]





© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file26.jpg
Base Promotion Hydrolysis
RQ
Ho N

rd OrR

Base Promotion Condensation

OR
/

Fast

|

Hg_x/\ H50—
RO OR

/OR
Os %o,
RO OR RO OR

R

Slow

|

OR
i

9

(1.10)





media/file8.jpg
Y %
s
i

MCM-50






media/file27.png
Base Promotion Hydrolysis

RO OR OR

.. © © ©

HQC\;S__i—OR = HO-§{~OR=———HO—§i +RO 0¥
RO DR RO ©OR RO OR

Base Promotion Condensation

A OR /OR
2 . Fast o..
HO- H=O—Si — O—si + H0 19
RO OR RO OR
OR OR OR OR
oo .//\@.. / SlOW - I. I. oo
HO_Z=S1 :0—S1 ~ RO—Sll—O—Sll—OR + HOx (1.10)

AN E
RO OR RO OR OR OR





media/file34.jpg
OH + CI-SiRy —» =Si-0SiRy; + HCl" Base (1.11)

Si-OH  + RIO-SiR, —

-OSiR; + HOR' (1.12)

i-OH  + HN(SiRy),—> 2 OSiRy; + NHj (1.13)






media/file13.png
Silicate Layer

|

Surfactant
Cylindrical Phase
Surfactant

Lamellar Phase

|

[He:iagcrnal Mesophase)





media/file31.png
[Condensationj

m O\

(9[eas 0110N)
AJBY] 2ANR[IY





media/file12.jpg
Silicate Layer %%
666 ig

Lamellar Phase
Surfactant
Cylindrical Phase
Surfactant

Hexagonal Mesophase





media/file18.jpg





media/file9.png
e e
(L

e ﬁﬁfﬁ'ﬁ%@
R

MCM-50






media/file14.jpg
Hexagonal | Cubic L .mm.llnr

2. 325%

Surfactant Isotropic

Molecules | Micellar Phases | LItk Cryaial Phdscs

I

cmc Increasing surfactant concentration






media/file35.png
=Si—OH + C(CI-SiR; —» =Si-0SiR; + HCI" Base (1.11)
=S8i—OH + R'O-SiR; —» =Si-0SiR; + HOR' (1.12)

2=Si-OH + HN(SiR;),—» 2=Si-0SiR; + NH; (1.13)





media/file20.jpg
|
—S‘i—OR +HO e —sii—OH + ROH

Alkorysitane Water Sikanol Alcohol

Water
Condensation

|
—?i—OH +—s|;—01-1 — —ﬁi—o—sa— +H0
ol Simol Stoxne W
et |

|
—SiOH +—Si~OR <35 —§i~0~5i— *ROH

Silanol Alkoxysilane Siloxane Aleohol

(3}

12)

1.3)





media/file23.png
RO RO
\

VR F \ @
Si—OR H @ — SiTOHR (1.4)
RO DR RO DR
H RO H OR R OR
\./‘\\ Slow | /
Q. Sl—OHR—> O“‘SI“‘O — HO—Si + ROH+ H" (1.5

/4% - i
H RO OR H RO OR H RO OR





media/file5.png
11

IV
\Y

111

<«—— PagJospe Junowy

Relative pressure —»





media/file15.png
Hexagonal Cubic Lamellar

W 53
i

Rod—Shaped
E%’%

Spherical
Surfactant Isotropic : .
Molecules | Micellar Phases ! L1qu1d Crystal Phases

A

CMC Increasing surfactant concentration

Y






media/file19.png





media/file28.jpg
Alkoxysilanes’

High Rate of Condensation

v

*Rapid Gelation
* Growth Rate Determining|
Process Determining Process

o






media/file2.jpg
Micropores Mesopores  Macropores

A

LN
AN

>

L fh

Ordered
Macroporous
Structures

Porous
Glasses

Porous
Gels
MCM-41
Pillared
Layered
Solids

Zeolites
|

1 £ 10 50
Pore diameter (nm)

100

500





media/file32.jpg
Functionalization

= Pocess






nav.xhtml


  materials-05-02874


  
    		
      materials-05-02874
    


  




  





media/file11.png
Micelle

R od-shaped
Micelle

Hexagonal Liquid

Pathway 2

Silicate

Packing

Hexagonal Arrav
with Silicate Laver

Calcination

MCM-41 with
Cvlinderical Pore






media/file6.jpg
Amount Adsorbed —»

Relative pressure ——#





media/file24.jpg
6

|
RO—S‘i—O—Sll—OR + H0' ()
OR  OR





media/file29.png
(Alkoxysilanes)

OH { H' ]
Catalyzed Catalyzed

(High Rate of Condensation) ( High Rate of Hydrolysis )
OH"

Y Y

* Rapid Gelation * Slow Gelation
* Growth Rate Determining * Nucleation Rate
Process Determining Process






media/file1.png
s b SpgeeasdEnw
"LTELIEXTY XXX L B L B
S48 PHh e N BN
2 L X LA AAASAA N
TEEEL. 3 A R N BB KB
sagP oo deddan
I__...q.r,,-"-' = P B F w9

.o O0ORO B9 eSRR 1
xr‘n.ﬁ.‘ﬂil#'ﬂ"*-ﬁ“
.h.ﬁ?*""""*'*"*"
'1_’{_‘_._.'_,“#‘.“1*-.4 L L

‘**.‘--‘ﬁﬁ"‘l'
Mg gtgragragea- e LA L B B 5






media/file10.jpg
R e L S o K AN o TR

et T Sl
Mmmw
=N L Catcnaion

Parhway 2 Packing






media/file7.png
Amount Adsorbed —P

HA

H3

Relative pressure —p






media/file33.png
Functionalization
Process






media/file16.jpg
@ © ® @®
N1

SXT" SMT

() ©

(@)

S-I

SI°

ST

S'T






media/file3.png
Micropores

Mesopores

Macropores

A

Ordered
Macroporous
Structures

Porous
Glasses

Porous
Gels
MCM-41
Pillared
Layered
Solids

Zeolites
i

5 10

50

100

Pore diameter (nm)

500





media/file22.jpg
a4

+ROH+ H' (15






media/file17.png
(2)

()

(e)

(d)

(c)

(b)

(a)






media/file4.jpg
v
VI

81

<«—— paglospe junowy

Relative pressure —»





media/file30.jpg
Condensation





media/file25.png
OR OR
’/\.. / Fast _ ® /
H HQ—SI\ = HQQ—§1\ (1.6)
R6 OR R6 OR
OR OR OR OR
H%‘\s/ HO s/ Slow o RO=8i—0 s OR + H:O" (.7
—l Ol ~ 10701~ :
2 S \/ 2\ | 3

SA Y
RC) OR RO OR OR OR





media/file0.jpg





media/file21.png
Alkoxysilane

Water

—S1—OH +—S1—OH =<

Silanol Silanol

—S‘i—OH +—S‘i—OR

Silanol Alkoxysilane

Hydrolysis

‘ . .
Reesterification

Water
Condensation _

Hydrolysis

Alcohol
Condensation _

I Alcoholysis

—Si—OH + ROH

Silanol Alcohol

—Si—O—S‘i— + H,0

Siloxane

—S‘i—O—S‘i— +ROH

Water

Siloxane Alcohol

(1.1)

(1.2)

(1.3)





