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A porous material is a solid or matrix with an interconnected network of pores  filled with liquid or gas. In most cases both the solid matrix and the pore network are assumed to be continuous. Many natural substances such as rocks, soils, biological tissues, and man made materials such as cements, foams and ceramics are the examples of  porous materials.

A porous material is characterized by its porosity, permeability and the properties of its constituents. Porosity is the measure of the void spaces in a material, and is a fraction of the volume of voids over the total volume, between 0–1, or as a percentage between 0–100%. Porous materials are classified into several kinds by their porosity. Broadly, they are macro porous, meso porous and micro porous materials. According to IUPAC notation[1] materials with pore diameter greater than 50 nm are called macroporous materials, materials with pore diameter greater than 2 nm and less than 50 nm are called mesoporous materials and materials with pore diameter smaller than 2 nm are called microporous materials. 

Most mesoporous materials include some kinds of silica and alumina  having fine mesopores. Different oxides of niobium, tantalum, titanium, zirconium, cerium and tin have also been reported as mesoporous materials. A mesoporous material can be disordered or ordered depending on the mesostructure.

They  have been applied as catalysts for various chemical reactions, as a vehicle for drug delivery system, as adsorbent in water purification and as support for advanced separation processes. Their high specific surface area, high pore volume, and adjustable pore size improve the retention capacity, column permeability, and molecular selectivity by size-exclusion process respectively. For improved stationary phase in chromatography, the silica particles should be spherical and absolutely nonaggregated to maintain narrow chromatographic peaks.

Synthesis:

The first mesoporous material, with a pore diameter 2-4 nm, was reported in 1990, by Japanese researchers[2], in which single layered polysilicate kanemite (NaHSi2O5.3H2O) was allowed to react with alkyltrimethylammonium chloride  to form alkyltrimethylammonium-kanemite complexes and during the organic intercalation, the SiO2 layers in the complexes were condensed to form three-dimensional SiO2 networks.  In 1992, the researchers from Mobil Oil Company synthesized a series of mesoporous materials called as Mobil Crystalline of Material (MCM)[3][4] with pore size in range of 1.5 to 20 nm, where they used surfactant liquid crystal as organic templates.  Among MCMs, MCM-41 and MCM-48 are the most popular mesoporous molecular sieves having large specific surface area. MCM-41 exibits a hexagonal arrangement of uniform mesopores whereas MCM-48 exibits a cubic arrangement. In 1998, researchers from University of California in Santa Barbara synthesized silica nanoparticles with much larger 4.6 to 30 nanometre pores[5] with variety of poly(alkylene oxide) triblock copolymers  in acidic media and named Santa Barbara Amorphous type material, or SBA-15.  The  pores in these mesoporous silica nanoparticles (MSNs) were highly ordered two dimensional hexagonal array.
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    Figure 1. A schematic structure of a surfactant molecule and its micelle  

In water surfactant forms micelle (Figure 1) at critical micelle concentration (cmc). The micelle may be spherical or cylindrical depending on the surfactant concentration and salt concentration. After formation of micelle, the mesoporous materials are basically prepare through silica formation around template micelle assemblies followed by template removal either by calcinations at high temperature or by solvent extraction methods (Figure 2).
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Figure 2. General concept for synthesis of mesoporous silica from micelle template.

In most synthesis processes people use different kind of surfactants like  nonionic alkyl-polyethylene-oxyde (CnEOm) surfactant near the isoelectric point of silica[6], [9] or nonionic triblock-copolymer surfactant EOnPOmEOn in very acidic media [12], [13]  or mixture of nonionic triblock-copolymer surfactant EO20PO70EO20 and cetyltrimethylammonium bromide (CTAB) in very acidic media [7], [8], [10], [11]. These processes where people use surfactants to form spherical or rod shaped micelle are called micelle-templated silica or MTS. Other much heavier processes such as spray-drying even by MTS direct synthesis, [14-16] or by agglomeration of MTS nanoparticles [17] have been investigated, as well as oil-drop [18] which has been proposed to form spheres.

Different approaches to modify pores:

Alkyl chain: The length(n) of the alkyl chain in surfactant (CnH2n+1(CH3)3N+Cl- , n = 12, 14, 16, 18, 20 etc.) can be changed to vary the pore diameter. With increasing alkyl chain length the micelle size will increase, which in turn will increase the pore size. By changing the n from 12 to 18 one can get pore diameter 2 to 4 nm[2] .

Swelling agent: Different kinds of swelling agent (oil) can be used to swell the micelle. Hydrophobic swelling agent penetrates in the core of a micelle causing its expanding in size. The best oil to enlarge MTS pores and to keep them cylindrical in the range 6-10 nm is 1,3,5-trimethylbenzene (TMB) [19],[20]  or mixtures of TMB/decane[21]. With increasing amount of TMB between 0 < TMB/C16TAB < 13, the average pore diameter of MTS increases from 3.9 to 9 nm[22] (Figure 3), and the pore volume from 0.8 to 1.9 mL/g. For a ratio 0 < TMB/C16TAB < 1.6, the diameter remains the same as the synthesis without TMB around 4 nm, TMB does not swell the micelles; for 1.6 < TMB/C16TAB < 5, the average pore diameter increases rapidly to 8.5 nm and for TMB > 5, the average pore diameter remains almost constant at 9 nm, the solubilization limit of TMB in C16TAB micelles is reached. With decane as swelling agent, the pores appear to be a succession of interconnected spheres, and, furthermore the maximum average pore diameter reached is 4.9 nm [21].
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Anion exchange: The anions in the surfactant molecules can be exchanged with other anions to alter the pore size. More hydrophobic micellar interface achieved by exchanging the surfactant counterion permits increasing the amount of TMB in the micelle and therefore increasing the pore size. A lower pore diameter (7 nm) is obtained by using cetyltrimethylammonium chloride (C16TACl)[23] instead of bromide (C16TAB), and a higher pore size (10 nm) was reached by exchanging 25% of bromide by iodide anions in C16TAB micelles.

Morphological variations:

In most cases synthesis of mesoporous silica give irregular morphologies. The micelle template method can generate spherical morphology [3-13](Figure 4).
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Figure 4. SEM image (A) & TEM image (B) of spherical MSNs.

By using conventional surfactants it is possible to get other morphology like cubic or hexagonal mesoporous silica at different acidic conditions [24] or by microwave method [25]. 

Unlike use of conventional surfactants like cetyltrimethylammonium salt and triblock-copolymers, several examples of syntheses of the mesoporous materials with synthetically designed surfactant have been reported. Schuth et al synthesized mesoporous hollow spheres with diameters up to several hundred micrometers, mesoporous curved-surface monoliths, intertwined rope-like morphologies, oriented mesoporous thin films at the oil-water interface [26]. Stucky et al reported spherical and hexagonal cross-section mesoporous silica fibers and also helical silica fibers by varying the growth rate of orthosilicates at oil-water interface [27](Figure 5). 



    Figure 5. SEM of silica fiber (A) rope-like & (B) helical morphology.

Use of chiral surfactant as template results in the formation of chiral mesoporous silica[28-30]. Shunai Che et al have synthesized chiral order mesoporous silica by using the chiral surfactant N-myristoyl-L-alanine sodium salt (C14-LAlaS) as template, 3-aminopropyltriethoxysilane (APES) as co-structure directing agent ; which result  twisted-ribbon-like and various twisted-rod like structures with different chiral pitches[29](Figure 6).

                        Figure 6. Various chiral mesoporous silica.

Summary: 

Mesoporous silica materials can be prepared via various template methods. By varying the hydrophobic tail e.g. alkyl phenol, alkyl benzene, fatty alcohol, fatty amine or by varying hydrophilic head e.g. phosphonium ions, it may be possible to get a range of pore size in case of surfactant directed methodology. Also, use of suitable materials, other than TMB and decane, as swelling agents may help to alter the pore diameter. It is possible to synthesis mesoporous silica with other morphologies.  Different mesoporous silica fiber can be achievable by different source of silica at oil-water interface and chirality in the mesoporous materials can be introduced by selecting chiral surfactant templates. The morphological variations along with the possibility to modulate the pore architecture, it is envisaged that the field of mesoporous materials is going to expand into new developments in materials science and applications.  
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Figure 3. Change in MTS average pore diameter as a function of TMB amount.
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