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Abstract - There are two main classes of mesoporous silica nanoparticles (MSN) and these are M41S and 
SBA. They have diverse fields of applications such as drug delivery, catalysis, separation and sorption.  In 
their synthesis the major types of reagents used are silica precursor, structure directing agent/surfactant, 
catalyst and water. This mini review elaborates on the conditions which could affect particle size, sphericity, 
pore size and pore wall thickness of MSN in relation to molar ratios of the reagents, synthesizing conditions, 
use of cosurfactants and cosolvents.  
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Introduction 

There are different types of mesoporous silica naoparticles (MSN) which mainly differ in the geometry of their 
mesostructures.  The first types of these novel materials have been given the name M41S and include MCM-41, 
MCM-48, and MCM-50.  MCM-41 (Mobil Crystalline Material-41) is the first type of M41S synthesized by 
Mobil Corporation in 1992. The M41S family of mesopoures materials can be synthesized by using various 
experimental conditions [1].  MSN have applications in different fields such as drug delivery, catalysis, separation 
and sorption [2].  

The basic synthetic reagents of MSN are silica precursors (e.g., tetraethyl orthosilicate (TEOS), tetramethyl 
orthosilicate (TMOS), tetrabutyl orthosilicate (TBOS), and sodium silicate), structure directing agents (e.g., 
hexadecyltrimethylammonium bromide/chloride/hydroxide (CTAB/Cl/OH), Pluronic P123 and Pluronic F127); 
catalysts (e.g., sodium hydroxide, hydrochloric acid, ammonia, and triethanoleamine) and water. Water is also 
important as highly diluted aqueous media favors assembly of MSN [3]. At less amount of water, no siliceous 
material was formed [4].  

In order to modify the morphology and particle size of the synthesized MSN, cosurfactants and cosolvents are 
also used. For example, Pluronic F127 inhibited particle size growth of MCM-41 and MCM-48 when used as a 
cosurfactant along with a cationic surfactant [5-6]. The use of increasing concentration of ethanol resulted in 
progressive synthesis of MCM-41, MCM-48, MCM-50 and a radial hexagonally ordered phase. The formed 
spheres displayed cubic pores in the central region and hexagonal geometry at the periphery [7-8].  

 
Figure 1. Structures of mesoporous M41S materials: a) MCM-41 (hexagonal); b) MCM-48 (cubic); c) MCM-50 (lamellar) [9]. 

MCM-41 

MCM-41 (figure 1a) has 2D hexagonal mesopore structure and prepared under basic conditions at pH 8.5-12 using 
cationic surfactants [10]. Under X-ray diffraction MCM-41 produces 3-5 peaks which indexes hexagonal lattice 
[11]. The pore walls of MCM-41 are formed from amorphous silica as characterized by XRD measurements [12]. 
MCM-41 displays the typical (100) and (110) peaks due to an ordered hexagonal (P6 mm) network of mesopores 
along with weak (200) and (201) peaks showing the long range order of the structure. Upon functionalization of 
MCM-41 with NH2 the intensity of the latter peaks decreases [13]. 
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At cationic surfactant to silica ratio of less than 1, the major synthesized mesoporous material appeared to be 
hexagonal phase MCM-41. As the ratio of the surfactant to silica increased above 1, a cubic phase (i.e., MCM-
48) can be formed. As the concentration ratio of surfactant to silica ratio increases further, another material called 
MCM-50 forms [11]. A high stirring rate of about 850 rpm can cause mesostructure change from MCM-41 to 
MCM-48 [6]. 

MCM-41 with different types of morphologies such as rods, gyroids, discoids, nano-fibers, helix, and spheres 
have been successfully synthesized [14-18]. Morphologies of MCM-41 such as rods, spirals or closed loops are 
formed at acidic conditions [19]. 

The MCM-41 aging time during synthesis was reduced to 2 hrs [20] despite longer time up to 48 hrs needed in 
the previous studies.  Shi et al [21] were able to prepare MCM-41 with size of 10-60 nm using highly diluted 
solutions of TEOS and CTAB 12.45mM and 1.52mM, respectively. 

MCM-48 

MCM-48 (figure 1b) has a 3D cubic mesostructure and prepared under basic conditions using cationic surfactants. 
Unlike MCM-41, MCM-48 has interwoven and branched pore structure, which is more suitable for mass transfer 
kinetics than MCM-41 which has unidirectional pore system [22].  

SBA-15 and SBA-16 

SBA-15 has a 2D hexagonal mesostructure and prepared under acidic conditions using triblock copolymer 
Pluronic (poly (ethylene oxide) poly(propylene oxide) poly(ethylene oxide)). SBA type of mesoporous materials 
have pore diameter in the range 2-30 nm, which is larger than M41S type of mesoporous materials. SBA-15 has 
also pores which connect parallel mesopores and micropores which emanate from the mesopores. The size of the 
micropores could range from 1nm up to 5 nm [23].  The formation of connecting pores in SBA-15 is attributed to 
the silicate penetrating characteristics of poly(ethylene oxide) block of the Pluronic. Such pores can be closed 
when calcinating SBA- 15 at a temperature above 1173 K [24].  

SBA-16 is SBA-15 like mesostructure but with 3D mesopores with approximate pore size 5-15 nm and 
corresponding to the space group Im3m and synthesized under acidic conditions using Pluronic as structure 
directing agent [25].  

Mechanisms of formation of MSNs 

When a silica precursor is added to aqueous solution of cationic surfactant, white precipitate of silica-surfactant 
complex called MCM-41 precursor which later becomes MCM-41 upon calcination is  formed [26].  Naono et al 
[26] stated that the primary silica oligomer that binds with the cationic surfactant to be (HSiO3)n

n-. Upon the 
adsorption of the silicate anion on the rod-like micelles of cationic surfactant, electrical neutrality prevails. Then 
these rod-like micelles with electrical neutrality are rapidly aggregated by the effect of van der Waals attractive 
force. Naono et al [26] postulated that the white precipitate mentioned above is the rapidly aggregated, electrically 
neutral, rod-like micelles covered with the silicate polymer (HSiO3)n

n-.  Upon the aggregation of rod-like micelles, 
a hexagonally packed arrangement is most likely to form from the viewpoint of stability, because the van der 
Waals attractive force between the rod-like micelles is highest in the hexagonal array.  

Naono et al [26] also described the following reaction mechanisms for the formation of (HSiO3)n
n  from SiO2 

(silica particle) and  Si(OR)4 silica precursors, respectively.  

   nSiO2 (silica particles) + nOH- = (HSiO3)n
n- ……..…….(1) 

   nSi(OR)4  + nOH- + 2nH2O = (HSiO3)n
n- + 4nROH…... (2) 

There are three proposed mechanisms for the formation of mesoporous nanomaterials and these include liquid 
crystal template, self-assembly and cooperative self-assembly mechanisms.  

Liquid crystal template mechanism: Surfactant liquid crystal structures serves as template for inorganic silica. 
The surfactant molecules cluster to form hexagonal cylinder in which the polar groups of the surfactant projects 
toward the continuous water phase and the alkyl chain aggregates into the inside. Because of the electrostatic 
effect, the oppositely charged silicate deposits on the surface of the hexagonal cylinders and forms the wall [27]. 
Alternatively, it could be the silica precursor which initiate formation of liquid crystal phase/template. In either 
conditions, the resultant silicate encapsulated hexagonal structure produces MCM-41 [11]. After the formation of 
ordered arrays, thermal process is used to remove the template and produce stable mesoporous material [27]. 

However, there are studies highlighting preexisting liquid crystalline templates are not required for the formation 
of mesopourus particles [28]. 

Self-assembly mechanism: When the cationic surfactant and silica precursor are mixed at the initial phase at 
particular pH, the silica precursor converts to anionic species. Then ion exchange takes place between Br- or OH- 
and anionic silica oligomer. This ionic exchange will leads to the formation of inorganic-organic self-assembled 
silicate micelles (SSMs). SSMs might not form at surfactant conditions used in the absence of silicate oligomers. 
Finally the deposition of the SSMs leads to MCM-41[29]. 
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Cooperative self-assembly mechanism: Cooperative interactions between inorganic and organic species can 
result in range of structures that would not be found in surfactant or inorganic systems alone [30]. The fact that 
the MSN can be formed in a mixture containing 0.5% concentration of surfactant shows that at low concentrations 
a cooperative templating process takes place [31]. 

 
Figure 2. The formation mechanism of the mesoporous silica nanospheres [32]. 

Methods of removal of templates 

After the synthesis of MSN the organic template can be removed by calcination or facile extraction. Calcination 
process burns of the surfactant template leading formation of hollow cylinders of inorganic material [27]. 
However, when the partice size of MSN 20-100 nm is calcined,  aggregation of particles results which is difficult 
to redisperse as isolated nanoparticles in colloidal solution. In order to solve this problem using solvent extraction, 
hydrogen peroxide oxidation, or dialysis can be applied [33-35]. But the nanoparticles treated in this manner lack 
silica network condensation. Moreover such MSN particles have low stability in aqueous media and cause 
problem in application such as drug delivery [36]. 

It is also possible to remove template structure to some extent from mesoporous materials using water or ethanol.  
However, these solvents were observed to cause structural shrinkage of SBA-15 material when used to remove 
Pluronic 123 template. This is attributed to the removal/reduction of EO block from the silica walls upon washing 
and later causes void spaces, thus causing structural shrinkage [37].  In a work by Lu et al [38] template was 
removed using solution of hydrochloric acid and ethanol at 60 oC for 6 hrs three times and followed by drying in 
vacuum for overnight.  

Factors affecting particle size of MSN 

During synthesis of MCM-41 using CTACl and NH4OH, Ikari et al [39] found that particle size increased with an 
increasing concentration of NH4OH and decreased with decreasing concentration of NH4OH and increased 
concentration of CTACl. The reason for this was explained. The decrease in the concentration of NH4OH, reduces 
the pH and thus the rate of hydrolysis of TEOS and thereby the concentration of silicate anion and then resulted 
in the presence of excess positively charged CTA+. The excess CTA+ covers the composite particles and reduces 
particle size in similar manner to CTA+Cl-. The reduced particle size at increasing concentration of CTACl was 
thought to be due to the deposition of CTACl as neural species (CTA+Cl-) on CTA-silicate composite and restricts 
particle growth [39]. 

On another study by Beltrán-Osuna et al [40], MSNs size tend to increase with increase in NaOH concentration 
and it was stated that NaOH concentration was the major variable affecting MSNs particle size. Chen et al [32] 
also observed that an increase in the molar ratio of NaOH to TEOS caused an increase in the particle size of 
mesospheres.  Wanyika et al [4] stated that the concentration ratio of NaOH with respect to other reagents should 
be kept in certain ratio to get good quality MSN. The authors also elaborated that the high concentration of the 
catalyst facilitates higher rate of precursor hydrolysis which leads to higher rate of particle size growth than 
nucleation rate.  

Yamada et al [41] also found that the particle size of MSN decreased upon increasing cationic surfactant to silica 
ratio. This was explained as the nucleation rate of mesostructured material dominates particle growth rate. Rapid 
nucleation rate favors formation of smaller particles [19]. 
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Lv et al [42] observed that when stirring rate was increased from 100 rpm to700 rpm, particle size was decreased 
from 110 nm to 38 nm. They also observed that when the stirring rate was further increased from 700 rpm to 1000 
rpm, the MSN size did not decrease further. The explanation about the effect of stirring speed on the particle size 
was made. At low stirring rate the concentration of hydrolyzed silica at the surface of TEOS (oil phase) is greater 
than in the inner solution of TEOS and hence accumulation of TEOS and leads to large particle size of MSN. At 
high stirring rate, the concentration of silica hydrolyzed is lower at the surface and hence MSN with small particle 
size is formed. In addition to this stirring facilitates formation of increased quantity of nuclei which logically 
would lead to formation of small particles. 

Smaller and relatively spherical particles were obtained in higher reaction volumes than lower reaction volumes 
and MSN formed in open systems tended to be larger [40].  

Particle size of MSN was increased from 21 nm to 38 nm when the reaction temperature was increased from 40 
oC to 95 oC. The reason for an increase in particle size with an increase in temperature is that at higher temperature 
the rate of hydrolysis of TEOS increases and this leads to growth of particles [40]. 

Stevens et al [43] was able to synthesize thick-walled, highly porous SBA-16 macro and microspheres, using 
nonionic surfactant and low concentration HCl (i.e., 0.4 M) in the presence of butanol as a cosolvent. The size of 
the microspheres synthesized was modulated by altering the amount of butanol. 

Factors affecting sphericity of MSN 

Spherical MCM-41 favorably forms in basic conditions which could be due to the dependence of TEOS hydrolysis 
and condensation on the basicity of the surrounding environment [44]. Close to spherical particles and 
monodispersed particle size distribution was obtained when stirring rate was 500 rpm, reaction volume 500 mL 
in a partially opened system for 2 hrs at 80 oC [40].  Similarly in MCM-41 synthesis, sphericity was improved 
when CTAB concentration was lower [45].  At 0.1% concentration of CTAB, sphericity of the MCM-41 was 
improved and the mesostructures also had smaller particle size and narrow size distribution [45]. Chen et al [32] 
was able to synthesize nanospheres of MCM-41 with fixed diameter by modulating molar ratio of NaOH/TEOS 
and other synthetic conditions. 

Spherical SBA-15 and SBA-16 can be synthesized using mixtures of non ionic and ionic surfactants under strong 
acidic conditions [46-48]. Spherical SBA-15 particles were also prepared with CTAB as a cosurfactant and ethanol 
as a cosolvent [49]. Alcohol has an effect on sphericity of particles and ordering of pore [50-51]. When ammonia 
is used as a catalyst would favor spherical morphology [52].  

Spherical MCM-41 particles could also be synthesized by a pseudomorphic synthesis route, in which pre-formed 
silica spheres are transformed into MCM-41 with the identical spherical morphology by hydrothermal treatment 
in surfactant solution under alkaline conditions [53].  

Relatively spherical and smaller particles were also obtained at higher stirring rates than lower stirring rates [32, 
40]. However, the distribution of the sphere diameters becomes more regular as the stirring rate increased from 
200 rpm to 300 rpm but it became less regular when stirring rate was further increased [32].  The deterioration of 
the regularity under higher stirring rate could be due to destructive shearing force originated from mechanical 
stirring. Therefore, an appropriate stirring rate is necessary in the preparation of MCM-41 nanospheres with 
regular distribution [32].  

Factors affecting pore size and pore wall thickness  

MSNs pore size and pore volume tend to increase with an increase in carbon chain length of surfactant which 
serves as a template [32].  Pore size can be increased also by the use of expander compounds such as 1, 3, 5-
trimethylbenzene or linear hydrocarbons [54]. 1,3,5-trimethylbenzene solvate in silicate-template aggregates 
because of their sheer size and increase the width of template rod and thus the pore diameter [11, 55].  

Pore size was also found to increase when the as-synthesized particles were incubated in ulatrapure water at 
increased temperature from 25 to 70 oC and water thought to partially dissolve the less condensed inner section 
than the outer layer [56].    

On the other hand, co-surfactants such as alcohol decrease pore size of amine-templated silica [19].  

Pore wall thickness increases with decreasing concentration of the surfactant. This phenomenon was explained by 
the authors based on Si to CTAB molar ratio. At low concentration of CTAB, the rods formed by several layers 
of silica are synthesized and aggregate into organic-inorganic cylinders forming a 2D structure.  Whereas at high 
concentration, the corresponding amount of silica precursor per CTAB decreases significantly and condenses 
around the cylindrical micelles formed by CTAB molecules and results in decrease in pore wall thickness [45].  
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Conclusion 

The literature review has shown that an increase in molar ratio of catalyst to silica precursor, an increase in molar 
ratio of catalyst to surfactant, an increase in incubation temperature tend to increase particle size of MSN; whereas 
an increase in molar ratio of surfactant to silica precursor, higher stirring rate and large volume of reaction tend 
to decrease MSN particle size. Pore sizes or volumes of MSN was expanded by the use of 1,3,5 trimethylbenzene 
and surfactants with longer carbon chain. Use of cosolvents such as ethanol and cosurfactants have been employed 
to synthesize spherical MSN.  
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