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The main goal of the project was to optimize the synthesis conditions for 

mesoporous materials like MCM-41 and SBA-15 in order to achieve their emerging 

applications in catalysis, reaction engineering, separation, etc. Synthesis of 

Co-MCM-41 were optimized，such as pH, tetramethylammonium group concentration 

(TMA), surfactant to silica ratio, and water mixing. It was used as catalyst template 

for growing single walled carbon nanotubes (SWCNT) with narrow diameter 

distribution and nearly single chirality. Furthermore, morphology of MCM-41 was 

revised by using pseudomorphic approach. By changing the silica source, larger 

MCM-41 particles were obtained which could be used in fluidized bed reactors. 

Compared with MCM-41, SBA-15 has similar pore structure but larger pore diameter, 

better hydrothermal and mechanical stability. The method of pH adjusting was 

applied to facilitate the incorporation of cobalt which could function as catalyst for 

SWCNT production. Different anions were also added to find out better physical 

mesostructure for future catalytic applications. By optimizing these parameters, it was 

expected to attain a specific and thorough understanding of the synthesis conditions of 

the mesoporous materials, with the prospect of industrial application in the near 

future.  

Keywords: C10-MCM-41; Co-SBA-15; SWNT; Fluidization; Iron effect 
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1. Introduction 

 
Porous materials with well-defined pore geometry have been intensively studied 

with regard to technical applications as catalysts and catalyst support. Meaning “in 

between”, the Greek prefix meso has been adopted by IUPAC to define pore sizes 

between micropores ranging from 0.2-2 nm and macropores at >50 nm.1 In addition, 

the term “nanoporous” is also increasingly being used. However, it is not clearly 

defined and loosely refers to pores in the nanometer size range. Among the family of 

microporeous materials, the best known members are zeolites which have a narrow 

and uniform micropore size distribution due to their crystallographically defined pore 

system. 

In recent years, environmental and economic considerations have raised strong 

interest to redesign commercially important processes so that the use of harmful 

substances and the generation of toxic waste could be avoided. In the respect, there is 

no doubt that heterogeneous catalysis can play a key role in the development of 

environmentally benign processes in petroleum chemistry and in the production of 

chemicals, for instance by substitution of solid materials for liquid acid catalysts. The 

outstanding properties of zeolites have made these materials the subject of the intense 

research as such acids, but also as base and redox catalysts. However, zeolites present 

severe drawbacks to potential applications when large reactant molecules are involved, 

especially in liquid-phase systems as is frequently the case in the synthesis of fine 

chemicals, due to the fact that mass transfer limitations are very severe for 

microporous solids. Attempts to improve the diffusion of reactants to the catalytic 

sites have so far focused on increasing the zeolite pore sizes,2 on decreasing zeolite 

crystal sizes,3 or on providing an additional mesopore system within the microporous 

crystals.4,5 An important line of research has focused on the enlargement of the pore 
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sizes into the mesopore range, allowing larger molecules to enter the pore system, to 

be processed there and to leave the pore system again. 

Although the sythesis and application of ordered microporous solids, such as 

zeolites, have been well established, numerous attempts to obtain geometrically 

regular mesoporous materials were unsuccessful until 1990, when Yanagisawa et al.6 

reported the synthesis of ordered mesoporous silicates by treatment of layered 

Kanemite silicates in the presence of alkyltrimethylammonium bromides. The first 

synthesis of an ordered mesoporous material was described in the patent literature as 

early as 1971. However, due to lack of analysis, the remarkable features of this 

product were not recognized. In 1991, Mobil researchers used a liquid crystal 

templating approach to synthesize a large family of mesoporous silicate and 

aluminosilicate, currently known as the M41S molecular sieves. In a very short period 

time, a large number of potential applications of these materials have been developed 

in the area of catalysis, separation and advanced materials. 

MCM-41 stands for Mobil Composition of Matter No. 41. As the best 

investigated member of M41S group, it shows a highly ordered hexagonal array of 

one-dimensional pores with a very narrow pore size distribution.7,8 These materials 

also have a high surface area, usually greater than 1000 m2/g, and a large pore volume, 

with N2 uptake capacity nearly 1.0 ml/g. The preparation of MCM-41 materials is 

reminiscent of the synthesis of zeolites: the main difference is that a self-assembling 

surfactant is used as template. The pore sizes of MCM-41 materials are easily 

adjustable from 1.5 nm to about 10 nm. This can be achieved in three different ways: 

(1) by changing the length of the alkyl chain of the surfactant molecule,7,8 (2) by 

adding expander molecules such as 1,3,5-trimethylbenzene which dissolve in the 

hydrophobic region of the micelles, thus increasing their size,9 or (3) by aging a 

sample prepared at low temperature in its mother liquor at higher temperature for 

different periods of time.10 The pore size of MCM-41 silicates may also be adjusted 

by post-synthesis silylation.6,7 Moreover, these materials have another important 

degree of flexibility. They can be easily modified by incorporation of different cations, 
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such as Al, Ti, V, Co or Fe due to their amorphous silica wall structure, thus leading 

to the materials with acidic or redox properties. 

In contrast with zeolites, MCM-41 has thin walls of amorphous silica allowing 

the pore size to be varied from 2 to 10 nm and chemical properties can be manipulated. 

This can be an ideal template material, allowing independent control of both 

composition and channel size and, thus, has potential for selective growth of specific 

forms of metallic or semiconducting SWCNT. There has been demonstration of 

nanotube growth on/in a MCM-41 like material with impregnated iron catalyst.11 

Although this work demonstrated the feasibility of the idea, it did not make use of the 

most interesting features of MCM-41 materials, namely the incorporation of the metal 

into the framework at a specified pore size, thus enabling control the type of nanotube 

growth. Also incorporation of the catalytic component in the framework has important 

implication for selectivity of SWCNT as it may stabilize the metal from reduction or 

sintering, a necessary condition according to Herrera et al.12 Recently, metal 

substituted MCM-41 materials have been introduced for the synthesis of SWCNT by 

Haller and co-workers.13,14 They chose MCM-41 as a template material and 

incorporated cobalt as a catalytic active component in the silica framework, resulting 

in isolated cobalt ions in the pore walls. The main factor influences SWCNT 

production is the reducibility of Co as a catalyst which is affected by the mesoporous 

template materials. Co-MCM-41 catalyst templates have been thoroughly investigated 

by various characterization techniques such as N2 physisorption, X-ray diffraction 

(XRD), temperature programmed reduction (TPR), X-ray absorption spectroscopy.15 

The disclosure of micelle-templated silica (MTS) materials with uniform pore 

diameters between 2-30 nm, such as MCM-41.7 and SBA families,16 has attracted 

considerable attentions in the scientific community. MTS materials offer the 

opportunity to extend shape-selective catalysis beyond the micropore domains typical 

of the zeolite materials, allowing larger molecules to be transformed. Therefore, it has 

large potential applications in the catalytic reaction engineering.17 The 

physicochemical properties of MTs are directly affected by several factors such as the 

synthesis conditions and calcination conditions.18,19 Being the most common method 
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to remove the template, calcination is a critical factor affecting the final 

physicochemical properties of the metal incorporated mesoporous materials as the 

post synthesis treatment.18 Removal of air concentration gradients and temperature 

gradients in the calcinator is very important for the metal distribution in the final 

MCM-41 catalysts.19 Hot spots in the catalyst bed result in the migration of metal ions 

to the pore wall surface and the formation of metal oxides outside of silica 

framework.19 In order to create a uniform temperature throughout the catalyst bed on 

a large scale, multi-batch calcinations of a fixed small amount (maximum amount 

where uniform temperature can be attained) is commonly used, which is a 

time-consuming and high-cost procedure. 

Fluidization of particles can provide many advantages including continuous 

handling, excellent gas-solid contact, and high mass and heat transfer efficiency.20,21 

Fluidized bed reactors have been employed in numerous fields, such as petrochemical 

industry and biomass gasifiers22 etc. A fluidized bed calcinator is an ideal reactor 

design for large scale production of MTS, e.g., MCM-41. However, due to the low 

bulk density and small particle size, MCM-41 is classified as Geldart C,23 which is 

hard to fluidize because of the large cohesive forces between particles. The 

fluidization of Geldart C particles commonly involves channeling and agglomeration 

which greatly decreases the fluidized bed performance. Therefore, the use of 

MCM-41 in fluidized-bed reactors for industrial applications is limited. 

In the present study, it is proposed to synthesize the novel MCM-41 particles 

suitable for fluidization which will greatly widen the application of MCM-41 catalysts 

in catalytic industries. Large MCM-41 particles with well-reserved spherical 

morphology are prepared by applying the pseudomorphic synthesis approach.24 The 

physical properties of MCM-41 materials and their fluidization performance are 

systemically investigated. 

The success of producing SWCNT in Co-MCM-41 system gives the impetus to 

find similar mesoporous material with better stability. Silica SBA-15 is a mesoporous 

molecular sieve, which possesses uniform hexagonal channels ranging from 5 to 30 

nm and a very narrow pore-size distribution25. Its large internal surface area (> 
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800m2/g) allows for the dispersion of a large number of catalytically active centers, 

whereas its thick framework walls (3.1–6.4 nm) provide high stability that exceeds 

that of the thinner-walled MCM-41 materials24,25. On account of its well-defined 

structure and variability of the pore diameter, SBA-15 is ideally suited as support 

material for the preparation of model catalysts. Furthermore, it opens the possibility to 

study catalysis on well-defined, spatially separated transition metal centers. 

The preparation of SBA-15 has to be under strong acidic conditions because little 

precipitation of silica gel takes place at pH values from 2 to 6. As a result, despite its 

great potential use for catalytic applications, there have been only few reports on the 

preparation and application of cobalt incorporated SBA-15 catalysts. Wu et al. 

recently have used a simple and effective method denoted “pH-adjusting” to 

incorporate a large amount of heteroatoms such as Al and Ti to mesoporous silica 

material SBA-1526. The procedure of pH-adjusting is as simple as the general direct 

synthesis method; however, it shows remarkable efficiency that is even much higher 

than traditional “postsynthesis” routes. The heteroatom source is added into the initial 

reaction mixture in strongly acidic media, just as in the case of direct synthesis. When 

the mesostructure is basically formed, the pH of the system is adjusted from a strong 

acid to neutral (pH = 7), followed by a hydrothermal treatment for another period of 

time, during which a large amount of heteroatoms can be introduced into the 

mesophase. Using this method, heteroatoms including stoichiometric Al and Ti have 

been successfully incorporated into the mesoporous walls of SBA-15 in large amounts 

with almost all tetrahedral coordination. Thus, we will try the direct synthesis under 

mild conditions (pH > 2) with Co substituted tetrahedrally in the silica wall of 

SBA-15, although the degree of incorporation would be much lower than 

Co-MCM-41 synthesized under basic conditions.  

The aim of this work is that we are going to directly synthesize SBA-15 with the 

best Co incorporation, then produce SWCNT based on the Co-SBA-15 template. In 

addition to the synthesis of SWCNT by applying SBA-15 as catalytic templates, we 

propose to elucidate the radius of curvature effect on the control of reducibility of 
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transition metals in the silica framework in a larger pore size range (SBA-15 catalysts 

have uniform pore diameter up to 30 nm). 

Mesoporous materials are of great interest to the materials community because 

their pore structures as well as catalytic, adsorbed, conductive and magnetic 

properties can readily be tailored.27 Recently, a highly ordered large mesoporous 

silica SBA-15 was synthesized by using amphiphilic triblock copolymers as the 

structure-directing agents.28 It is now apparent that morphology and texture of 

mesoporous silica are extremely important for industrial applications,29 and by use of 

acid-based synthesis,9 mesoporous silica films, spheres, hollow spheres, and fibers 

have been synthesized for this purpose.30 There have also been several reports that 

describe methods to control the shapes of smaller mesoporous particles.31,32  

It has been previously reported the synthesis of spongelike meso-macroporous 

silica membranes by the multiphase assembly and inorganic salts (such as NaCl, LiCl) 

as the macroporous structure templates.33 Lin et al.34 have synthesized hollow 

mesoporous silicate spheres with hierarchically ordered structures by using butanol as 

a cosurfactant. Recently, Shio et al.35 have described the synthesis of fine and rodlike 

mesoporous silica powder from completely dissolved aqueous solutions of sodium 

metasilicate and cationic surfactants. It has been reported that a morphological control 

approach using block copolymers, cosurfactants, cosolvents, or the additive of strong 

electrolytes to selectively form micrometer-sized hard sphere-, fiber-, doughnut-, 

rope-, egg-sausage-, gyroid-, and discoidlike mesoporous silica SBA-15 with highly 

ordered large mesopore hexagonal structures.  

The salt effects on the water solubility of nonionic compounds have been of 

interest since the pioneering study of Hofmeister36 and have been extensively 

reviewed37 recently. Let us outline the main ideas. Solubility of organic compounds in 

water can be adjusted by adding inorganic salts. Most of the salts decrease water 

solubility of organic solutes (salting-out phenomenon), while some of them have an 

opposite action (salting-in). According to the salting-out strength at the given molar 

concentration, the anions can be classified into the so-called Hofmeister series.37 
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Significant anion effects have been reported in the synthesis of mesoporous 

silicas templated with nonionic surfactants or block co-polymers. The group of Stucky 

reported the successful non-ionic templating of silica using poly (ethylene oxide) and 

acid-catalyzed silica sol-gel chemistry.16 The acid used determines the time required 

for silica mesophase precipitation. The relative times followed the sequence: 

HBr=HCL < HI< HNO3 < H2SO4 < H3PO4, which is a somewhat distorted inverse 

Hofmeister series. For HCl, it was found that, keeping the acidity of the solution 

constant, the precipitation time was reduced adding NaCl, which implies the Cl- is 

involved in the assembly of the organic-inorganic mesophase material. In a related 

work the same group found that addition of  F- in the aueous acid synthesis of 

SBA-15 materials makes it possible to influence the organization of the materials on 

different length scales in on step.38 With F- present the pH of the synthesis medium 

could be increased significantly without loss of long-range hexagonal symmetry. 

Rod-like primary silica fibers were observed. Very recent work shows that addition of 

KCl or other inorganic salts in the synthesis medium allows the synthesis to proceed 

at much lower temperatures, without destroying the good long-range order of the 

resulting material.33 These observations must be related to the lowering effect of the 

anions on the cloud point of the PEO chains. 

By this systematic study, it is expected to attain a fundamental, molecular-level 

understanding of the catalytic reactivity and mechanisms controlling the newly 

developed templated synthesis method for single walled carbon nanotubes in a wide 

range of catalytic template dimensions. The main results of this project will enable 

elaboration of new comprehensive principles on structure-property relations and will 

help develop the methodology and tools to design and synthesize molecularly ordered 

assemblies having a wide range of potential applications.  
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2. Background 
 

2.1 The development of SWNT 

Since their discovery in 1990 by Iijima39, single walled carbon nanotubes have 

attracted increasing attention due to their outstanding mechanical and electrical 

properties and considerable technological potential as field emitters and 

electrochemical storage devices. In the emerging field of nanotechnology, carbon 

nanotubes are playing a crucial role by providing a suitable prototype for investigation 

of material properties at the nanometer length scale. Single walled carbon nanotubes 

are formed when a grapheme sheet is rolled up into a cylinder and the carbon atoms 

are joined seamlessly to each other. Nanotubes are, therefore, characterized by their 

length, diameter, and helicity. The latter is a measure of the orientation of the 

grapheme sheet as it is folded to form nanotubes. Applications of single walled carbon 

nanotubes such as for electronic devices40, chemical sensors41, and hydrogen storage 

require42 SWNT of uniform geometry and electronic properties. Electronic properties 

of SWNT depend on their geometry, i.e. diameter and chirality.  

2.2 Template growth approach  

2.2.1 Co as the catalyst for SWNT 

We initiated our work on synthesis of SWNT using Co based catalysts because it 

was one of the metals that led to the initial discovery of SWNT and is also the basis 

for the CoMoCat® process which produces a narrow chirality distribution of SWNT39. 

In the CoMoCat® process the catalyst evolves through a synergy between Co and Mo 

supported on conventional silica, which stabilizes the Co against reduction and 

sintering when the ratio of Co:Mo is small, e.g., 1:3. Resasco et al43. have proposed a 

mechanism for the catalyst synthesis which hypothesizes a surface Co molybdate on 

Mo oxide which is converted to small Co metal particles on Mo carbide (supported on 
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silica) under SWNT reaction conditions (973-1023K) with 1 to 10 atm of pure CO 

flow; it is the small Co particles which selectively catalyze a narrow diameter 

distribution of SWNT. Sun et al. showed that SWNT tubes might be synthesized in 

one-dimensional channels of crystalline materials, e.g., AlPO4-5, which perhaps 

physically constrained the diameter of SWNT 44.   

2.2.2 MCM-41 as template for synthesis of SWNT 

Enlightened by the CoMoCat® process and AlPO4-5 method, mesoporous 

materials were used as the template for cobalt catalysts to synthesize SWNT45,46,47. A 

family of silica mesoporous molecular sieves called M41S, patented by Mobil 

scientists, opened up a new field of research due to their remarkable properties. 

MCM-41, a member of this family, has attracted the greatest interest because it has 

high stability and potential as a catalyst or catalyst support. MCM-41 has a hexagonal 

array of uniform pores forming non-intersecting straight channels and characterized 

by a structural order of the pore walls that diffracts X-rays like a crystal, although the 

walls are thin (of order one nm) and comprised of amorphous silica. MCM-41 may be 

distinguished from conventional amorphous silica by its pore uniformity and higher 

surface area, although the local order around a given Si cation is only marginally 

different from amorphous silica. Perhaps these differences between MCM-41 and 

ordinary amorphous silica may all be attributed to the higher surface area (in excess of 

1000 m2/g) and greater curvature of the pores in MCM-41. 

MCM-41 has been used as a versatile catalyst support material or catalytic sites  

incorporated by partial substitution of Si4+ by other cations, e.g., by Al3+ to make a 

mild acid catalyst or Ti4+ to make sites for organic oxidation reactions. Recently, 

Co-MCM-41 has been used for the synthesis of single walled nanotubes of carbon. 

Cobalt catalysts have been incorporated in the pore walls of a silica MCM-41 

mesoporous molecular sieve by isomorphous substitution of silicon ions by Co ions. 

Co-MCM-41 catalysts can be prepared in nearly uniform pore size distribution with a 

wide range of pore diameters at a fixed overall structural and chemical order constant 
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composition. This allows systematic analysis of how the structure and chemical 

environment of the catalyst affects the type of SWNT produced. 

2.2.3 The concept of template growth approach 

Using Co-MCM-41 as the catalytic template, it has produced SWNT with 

smaller diameter and narrow diameter distribution. In previous SWNT synthesis using 

CO disproportionation, Co-MCM-41 and Ni-MCM-41 catalysts (templated growth 

technique) produced more than 90% selectivity to SWNT with reasonable pore filling.  

Independent control of the template dimensions and chemical composition, by 

applying statistical modeling that have been developed48,49, allows control of the 

catalyst properties and thus nanotubes properties49. The key advantage of this 

template growth approach is the incorporation of metals into the pore wall of the 

template (MCM-41), which allows ultra-small metal clusters (d < 1.0 nm) to be 

stabilized. These clusters then initiate the growth of highly uniform diameter SWNT. 

Narrow diameter distribution of SWNT has been confirmed by several 

complementary techniques and this data is summarized on Figure 1 below for a 

Co-MCM-41 template with a pore diameter of 2.85 nm50. The Raman data for this  

 

 

 

 

igure 1: Micrographs of uniform small diameter SWNT from Co-MCM-41 catalysts and distribution of F

SWNT diameters determined for SWNT grown in Co-MCM-41 with pores of 2.85 nm. The background 

mesh represents the grapheme sheet and the colored dots indicate the individual semiconducting tubes 

identified in our sample by fluorescence measurements. 
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sample were obtained at four excitation wavelengths from 488 to 785 nm to cover the 

resonances of tubes with different diameters in the sample. 

2.3 Co reducibility controlled by radius of curvature 

2.3.1 Co reducibility 

In typical catalytic synthesis processes of carbon nanotube, hydrocarbon 

molecules that serve as the carbon source are dissociated on the metal catalyst 

nanoparticle surface. The carbon atom diffuses through the bulk and/or over the 

catalyst surface to sites where the carbon nanotube are formed. Thus, the carbon 

nanotube structure (diameter, length, chirality, and density of defects) is likely 

determined by the size of nanoparticle, nature and density of the active sites on the 

nanoparticle and the kinetics of surface processes51.  

It has been discovered that optimized SWNT synthesis required a pre-reduction 

of Co-MCM-41 by hydrogen (usually at 773K) followed by carbon monoxide 

disproportionation to carbon and carbon dioxide (usually at 1023K). During the 

pre-reduction and reaction, a portion of the Co, initially isomorphously and uniformly 

distributed in the MCM-41 matrix, is reduced to metal clusters. Only partial reduction 

is desired because this provides stability for the small clusters of Co, presumably 

anchored to the unreduced Co2+ or partially reduced Co1+ on the pore wall of the 

MCM-41 matrix. 

At this point, it is not clear what the optimum reducibility or minimum Co 

cluster size may be. It is known that incomplete reduction is important and, for certain 

fixed conditions of reduction, Co-MCM-41 that resists reduction results in smaller Co 

metal clusters. However, if the stability against reduction is too high, the resulting 

clusters will have a high mobility (because of the high temperature required for metal 

cluster formation), migrate out of the pores and sinter into large particles. 

Understanding the dynamic balance between rate of reduction, migration to the pore 

wall surface, cluster nucleation, and migration out of the pores (and sintering) in a 
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wider range of pore wall radius of curvature will be one aspect of the proposed 

research. 

2.3.2 Radis curvature effect 

Cobalt reduction is a strong and monotonic function of the pore size (the radius 

of curvature of MCM-41 pore walls) as reported by Lim and co-workers52. Thus, the 

diameter of the pores (surmise through the thermodynamic effect of curvature on solid 

surface tension and its consequences) does play a significant role in SWNT diameter 

selection because it allows the control of the reducibility of Co, which can be used to 

control the Co metal cluster size52. The Co metal cluster size, in turn, determines the 

SWNT diameter. i.e. smaller-diameter nanotubes can be produced with the 

Co-MCM-41 materials having smaller (< 2 nm) pore sizes45. The evidence for the 

effect of pore size on reducibility is seen most clearly in temperature programmed 

reduction (TPR) of Co-MCM-41 where reducibility is observed to decrease as the 

pore size increases, see Figure 2. 

 

 

 

Figure 2: The temperature of initiation of reduction and of maximum rate of reduction as determined 

from53 

The fact that less reducible Co-MCM-41 results in smaller Co metal clusters is 

further confirmed by X-ray absorption spectroscopy (XAS) and the effect of pore size 
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on the diameter of the SWNT synthesized is observed in correlations between catalyst 

pore size and diameter of the SWNT synthesized on a given catalyst15.  

2.3.3 C10-Co-MCM-41 

The advantage of Co-MCM-41 is that the diameter of the one-dimensional (or 

parallel) channels may be arbitrarily changed over a range of a few nm by varying the 

chain length of the tri-methyl ammonium alkyl used as a template (see Figure 3); 

typically alkyls from C10 to C18 may be used. 

With the surfactant of 10 carbon atoms chain, MCM-41 is produced with the 

structure that among those with the smallest pores and long range order. As 

mentioned above, the smaller pore size Co-MCM-41 leads to smaller diameter of 

SWNT with narrow chirality distribution, which is highly demanded. Therefore, great 

attention will be paid to find a synthesis process to produce more uniform and 

reproducible structures for the Co-MCM-41 material based on C10 surfactant 

template.  

 

 

Figure 3 The effect of pore template, C10-C18 surfactant, on the structure and porosity of Co-MCM-41 

as determined by nitrogen 

2.4 Template growth method with SBA-15 system 

2.4.1 Reason for using another mesoporous system 
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It is generally accepted that the structure of SWNT is determined by metallic 

clusters at the  sub-nanometer scale11,54. A catalyst, which can precisely control the 

formation of sub-nanometer scale metallic clusters at high temperature (700-1,000 °C) 

SWNT synthesis conditions, is highly desired. Previous work of SWNT synthesis on 

Co-MCM-4150,55, and Ni-MCM-4156, showed dramatic effects of the pore size of the 

mesoporous support. The metal cluster size which controls the diameter and chirality 

of SWNT can be adjusted by the pore size of mesoporous molecular sieves and the 

location of cobalt atoms in the silica wall of MCM-41. 

However, the low hydrothermal and mechanical stability of the metal-substituted 

MCM-41 materials has been a major drawback in using them as catalysts. 

Investigation on alcohol as carbon source has shown that SWNT can be synthesized at 

much lower reaction temperature (550oC)57. The problem is, alcohol or other carbon 

reactant sources with hydroxyl groups may destroy the amorphous silica template 

under hydrothermal environment, especially when the silica wall is very thin. Thus, it 

is very necessary to find a mesoporous material that can be used as catalysis template 

with better hydrothermal stability. 

Compared with Co-MCM-41, although Co-SBA-15 is quite similar hexagonal 

arrangement of cylindrical pores, it has a much thicker wall of 3-7 nm (Co-MCM-41 

has a 1nm thick wall) and large pore sizes adjustable between 6 and about 30nm. The 

thick wall of this material significantly improves the thermal and hydrothermal 

stability compared to mesoporous MCM-41 and related silicas. This provides a wider 

adjustable range to modify the location and stability of cobalt atoms in SBA-15 

template. By different thermal pretreatment (prereduction in hydrogen) and reaction 

condition (using CO disproportionation), sub-nanometer cobalt cluster reduction and 

formation can be finely tuned to control the structure of SWNT produced. The 

performance of Co-SBA-15 in SWNT synthesis will serve as feedback for improving 

the Co-SBA-15 design and synthesis. 

In a word, by designing and synthesizing another version of structured silica 

support similar to MCM-41, we would be able to know if we can broaden the ideas of 
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template growth approach, developed for MCM-41, and have any meaning for a 

related system such as SBA-1558 

2.4.2 SBA-15 synthesis 

In the presence of poly (ethylene oxide)-block-poly (propylene 

oxide)-block-poly (ethylene oxide) (denoted as PEO-PPO-PEO) as structure-directing 

agents, mesoporous materials are formed via silica [I+] assembly through hydrogen 

bonding mediation with hydronium ion solvated neutral block copolymers [N0(H3O)+]. 

The hexagonally ordered SBA-15, similar to the MCM-41 structure, is currently the 

most prominent member of the family of triblock copolymer templated materials59.  

The preparation of SBA-15 is performed in a strongly acidic medium because no 

precipitation of silica gel takes place at pH values from 2 to 6, which are above the 

isoelectric point of silica. The synthesis can be promoted in the presence of fluoride60, 

which is a well known catalyst for hydrolysis and polymerization of silica species and 

has been used in the synthesis of mesoporous silica materials under various conditions 

in order to improve structural order61. However, the synthesis of SBA-15 mesoporous 

materials with ordered porous structures under mild conditions is important for their 

commercialization because the use of strong acid raises some practical problems such 

as complex post treatment processing and difficulties related to further chemical 

doping. Most recently, Cui and co-workers synthesized SBA-15 mesoporous silica 

with ordered hexagonal pores under new mild conditions, above the isoelectric point 

of silica, by pre-hydrolyzing of tetraethyl orthosilicate (TEOS)62. Small angle X-ray 

scattering (SAXS), nitrogen adsorption and desorption experiments, and transmission 

electron micrograph (TEM) measurements have shown a well-ordered hexagonal 

array structure, though there are some changes in wall thickness and density with the 

increase of pH value from 2 to 5. 

Pure siliceous mesoporous materials cannot be used as catalysts, and 

heteroatoms have to be incorporated to generate either acidic sites or redox sites. The 

challenge is that under synthesis conditions of SBA-15, metals will exist only in the 

cationic form rather than their corresponding oxo species and therefore heteroatoms 
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cannot be easily introduced into the mesoporous walls via a condensation process 

with silicon species. Incorporation of high aluminum content into the silica 

framework of SBA-15 was achieved by treating SBA-15 with an aqueous (NH4)3AlF6 

solution at room temperature under alkaline conditions63. 27Al NMR, and cumene 

cracking measurements demonstrated that the aluminated SBA-15 materials contained 

exclusively tetrahedrally coordinated aluminum and exhibited well-developed 

Brønsted acidity. A high level of framework aluminum substitution, up to a Si/Al 

ratio near 5, without any significant loss in the textural properties of SBA-15, was 

obtained via the post-synthesis route. Chemical solution decomposition (CSD) and 

internal hydrolysis (IH) methods were used for synthesis of high loading 

Ti(Zr)O2/SBA-15 composites64. Metal oxide guest phases were located exclusively 

inside the ordered mesostructured silicas pores with minimal pore blocking. On the 

contrary, a significant part of the guest phase and substantial pore blocking were 

obtained via traditional impregnation-evaporation. Zhang and co-workers prepared Ti 

substituted SBA-15 materials by a direct synthesis method through the 

fluoride-accelerating hydrolysis of TMOS and characterized them by bulk and 

microanalytic techniques65. These materials showed relatively high activity and 

selectivity in the epoxidation of styrene. However, there is no stoichiometric 

incorporation of Ti and the Ti content achieved is quite low for the proposed approach, 

while fluoride plays an essential role in the formation of Ti-SBA-15 materials of high 

quality. Fluoride can significantly enhance the hydrolysis rate of TMOS to better 

match the hydrolysis rate of the titanium precursors. As a result, titanium ions can be 

more efficiently incorporated into the siliceous framework. 

There is a new awareness of Co based catalysts because it has proven to be most 

suitable for higher hydrocarbon production from synthesis gas; also, it led to the 

initial discovery of SWNT. Cobalt catalysts yield essentially long chain straight 

hydrocarbons, which make them an acceptable choice for manufacturing middle 

distillate products, such as high-cetane number diesel type clean synthetic fuels66. 

Several attempts have been made to upload a large amount of cobalt into the SBA-15 

silica matrix for Fischer-Tropsch synthesis67,68 of hydrocarbons69,70,71. One of the 
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interesting findings of this work is that the SBA-15 mesoporous structure remains 

almost intact after introduction of significant amounts of cobalt (up to 20 wt.%) by 

impregnation using aqueous solutions of cobalt. These results are principally 

attributed to the thicker pore wall of SBA-15. Co-SBA-15 with different Si/Co ratio 

have been synthesized in acidic media using non-ionic surfactants and characterized, 

for the first time, by XRD, AAS, N2 adsorption, UV-vis DRS and ESR spectroscopy72. 

Spectroscopic data show that all cobalt atoms in Co-SBA-15 are essentially in 

tetrahedral coordination. However, all the Co species are sitting on the surface of 

silica pore wall; the control of cobalt cluster migration on the silica wall surface is 

rather difficult due to the high reducibility of Co. Another disadvantage is that no 

stoichiometric incorporation of Co was reported. Therefore, synthesis of SBA-15 

under mild conditions with long range order, narrow pore size distribution, thicker 

(more stable) pore wall, stoichiometric incorporation of cobalt cations, and fluoride 

free, will be another challenge of our proposed work. 

2.4.3 SBA-15 as catalytic templates for nanostructure 

Mesoporous materials synthesized via various routes are important because of 

their potential applications as devices73, catalysts74, quantum-electronic technologies75, 

acoustic76 and optics77. Much attention has been focused on the synthesis of 

nanostructured materials by using SBA-15 as a physical pattern template 

‘nanoreactor’.  Yang and co-workers have synthesized Ag nanowires within the 

channels of mesoporous silica SBA-15 by the impregnation of AgNO3 followed by 

thermal decomposition78. Synthesis of cadmium sulfide nanowires also has been 

reported by Regev’s group recently79. A gas phase chemical vapor infiltration or 

deposition method has also been developed to obtain Pd nanowires in mesoporous 

silicas80. Pt nanoclusters also have been synthesized at a concentration of about 15 

wt% on average within the pore channels of selectively modified mesoporous silica 

SBA-15 by a new in situ reduction process81. A novel procedure to synthesize new 

mesoporous platinum-carbon nanocomposite, based the pyrolysis of carbon and 

platinum precursors in silica mesopores of SBA-15, has been developed by Choi and 
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co-workers82. Ultra fine Pt clusters were formed even though the pyrolysis process is 

carried out at 900 oC.  

Recently, increasing attention has been paid to the synthesis of porous silicon 

carbide (SiC) with high specific surface area, which can be used as catalyst supports. 

The porous silicon carbide materials have many prominent properties such as good 

thermal conductivity at high temperature, mechanical stability resistance to erosion 

and attrition, chemical stability inertness with respect to chemical reagents such as 

acids or bases1. High surface area nanocrystalline SiC83 with mesoporosity and 

nanotubes84 have been prepared, which also utilizes mesoporous silica as sacrificial 

solid pattern template. 

In the past several years, significant efforts have been devoted to the synthesis of 

mesoporous carbons with ordered porous structure, primarily due to their potential 

applications in separation, adsorption, and electronic devices. In most cases, ordered 

mesoporous carbons were synthesized by using silicas of ordered structures as the 

templates. Ryoo et al. first reported the highly ordered mesoporous carbon, which was 

synthesized by employing ordered silica MCM-48 as template and sucrose as a carbon 

precursor85. Taking advantage of SBA-15 properties; more and more mesostructured 

carbon materials have been synthesized by using SBA-15 as hard structure-directing 

templates. These include carbon film on the internal surface of SBA-15 silica86, 

ordered mesoporous carbon with a hexagonally packed tubular structure87, and large 

pore ordered mesoporous carbon88. Also, nitrogen doping89,90,91, surface 

fictionalization and pore size manipulation were successfully achieved on ordered 

mesoporous carbons of hexagonal structure92. These demonstrated important 

potentiality  for good supercapacitor applications93, and for electrochemical 

hydrogen storage94. 

With the development of SBA kinds of mesoporous materials, several 

approaches have been attempted to produce nanotubes with these remarkably 

promising materials. SWNT has been synthesized on SBA-16 type mesoporous 

structured thin film95. The silica film layer provides an additional volumetric capacity 

for holding catalytic metals inside it, and a physical potential for prevention of 
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sintering. However, low stability of SBA-16 catalytic template constrains the 

application of this material. Recently, Wang et al. have reported the production of 

multi-wall carbon nanotubes by the decomposition of the acetylene gas with a 

chemical vapor deposition method96, in which the Fe/SBA-15 mesoporous molecular 

sieves were prepared in acid solution with the sol-gel method. As a portion of this 

proposal work, we are going to initiate research to prepare single walled carbon 

nanotubes with Co-SBA-15 as catalytic templates that will extend the work we have 

performed on the Co-MCM-41 catalytic system in a much wider range of structural 

order, pore diameter, and pore wall thickness.  

2.5 Research prospects 

With the development of template growth approach, Co-MCM-41 with 3.0 nm 

pore size has been successfully applied as catalytic template materials to produce 

SWNT. In this proposed work, we try to extend the idea of template growth approach 

in a much wider range of pore diameter, namely 1.9nm-6.4nm. Optimized C10 

templated MCM-41 with a smaller pore size in a more reproducible manner will be 

tried to produce SWNT. Co-SBA-15 with cobalt tetrahedrally incorporated in silica 

walls will be prepared, which take the advantage of larger pore diameter, and more 

flexibility to control the formation of Co clusters.  

In this study, a systematic investigation of the physicochemical properties 

control of cobalt substituted C10-MCM-41 was performed. The effect of several 

synthesis parameters, e.g., cobalt loading, synthesis solution pH, 

tetramethylammonium silicate concentration, surfactant concentration, and water 

mixing has been highlighted. The intention of this study is to focus on the 

optimization of smaller pore diameter mesoporous materials by adjusting the 

synthesis variables in an optimized manner. We would use the results from N2 

physisorption, XRD, and hydrogen temperature programmed reduction (H2-TPR) to 

determine how the synthesis variables should be controlled in order to produce a C10 

sample with highly ordered structure, high cobalt loading, and high temperature 

                                                                                     19

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Systematic investigation of single walled nanotubes production in mesoporous catalytic templates   By R.H. Wang 

 

reducibility of cobalt. The results of SWNT production by using the optimized 

C10-Co-MCM-41 catalyst would be demonstrated with Raman spectroscopy. This 

work will be the experimental validation of the previous results regarding the 

statistical analysis of the C10-Co-MCM-41 synthesis and pave the way for controlling 

SWNT structure using this catalyst97. 

We propose to extend this idea to Co-SBA-15 where a similar 2D hexagonal 

arrangement of cylindrical pore structure could be obtained with higher thermal and 

hydrothermal stability due to thick walls. This portion of proposed work will be to 

make the best structured SBA-15 material (wide pore, thick walls) and then find ways 

to incorporate Co in the silica framework that will be comparable to Co-MCM-41 in 

terms of reducibility. Furthermore, the synthesis of Co-SBA-15 will be optimized in 

order to gain a maximum control of diameter and chirality of SWNT and to have a 

fundamental understanding of how the cobalt atoms incorporated in silica framework 

are reduced and migrate under SWNT synthesis conditions. SWNT will be 

synthesized by using Co-SBA-15 as the catalytic templates because we would be able 

to tune the Co reducibility with more controlling factors, e.g., radius of curvature 

effect in a wider range of pore diameter (up to 30 nm). This work will extend our 

understanding of metal incorporated mesoporous material in the application of 

nano-technology, which would present a very significant advance in the state of the 

art on nanocatalytic technology. 
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3. Experiment 

3.1 Synthesis and characterization of C10-Co-MCM-41 

Materials  

Silica synthesis sources used were Cab-O-Sil from Cabot Co. and 

tetramethylammonium silicate (19.9% silica, Aldrich). The cobalt source was CoSO4 

·7H2O (Aldrich Chemical Co.). The quaternary ammonium surfactant 

C10H21(CH3)3NBr  was purchased from Sigma. The surfactant solution was prepared 

by ion-exchanging the 29 wt. % C10H21(CH3)3NBr aqueous solutions with equal molar 

exchange capacity of Amberjet-4400 (OH) ion-exchange resin (Sigma Chemical Co.) 

by overnight batch mixing. The antifoaming agent was Antifoam A from Sigma 

Chemical Co., a silane polymer alkyl terminated by methoxy groups. Acetic acid 

(Fisher Scientific) was used for pH adjustment of the synthesis suspension. 

Synthesis 

The preparation process is exemplified with the regular synthesis procedure used 

elsewhere45. Cab-O-Sil fumed silica (2.5 g) was added to the tetramethylammonium 

silicate aqueous solution (8.85 g) and stirred vigorously for one half hour, 62.2 ml 

deionized water was added to improve mixing. The cobalt aqueous solution (2 wt.% 

CoSO4 ·7H2O ) was added and stirred for another 30 min. Two drops of antifoam 

agent (0.2 wt.% of surfactant) were added, followed by addition of  the surfactant 

(C10H21(CH3)3N·OH, 29 wt.%, converted from Br- to OH- by anion exchanger on 

Amberjet-4400 (OH) ion-exchange resin) solution (15.27 g). The pH was adjusted to 

11.5 by adding acetic acid. The final reactant molar ratios were 0.29 SiO2 (from 

TMA·SiO2): 0.71 SiO2 (from Cab-O-Sil): 0.01 Co: 0.27 surfactant: 86 water. After 

additional mixing for about 120 min, this synthesis solution was poured into an 

autoclave at 373K for 6 days. After cooling to room temperature, the resulting solid 
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was recovered by filtration, washed with deionized water and dried under ambient 

conditions. The pre-dried solid was heated at a constant rate from room temperature to 

813K over 20 hours under He flow and held for 1 hour under the same condition, 

followed by calcination at 813K for 6 hours with air to remove the residual surfactant.  

Characterization  

Nitrogen Physisorption. Nitrogen adsorption-desorption isotherms were 

measured at 77K with a static volumetric instrument Autosorb-1C (Quanta Chrome). 

Prior to measurement, the samples were outgassed at 473K to a residual pressure 

below 10-4 Torr. A Baratron pressure transducer (0.001-10 Torr) was used for 

low-pressure measurements. The pore size distribution was calculated from the 

desorption isotherm using the BJH method98.  

X-Ray Diffraction (XRD). X-Ray diffraction measurements were performed  

using an 18 kW advanced X-ray diffractometer with Cu Kα radiation (λ = 1.54178 Å). 

to check if the synthesized Co-MCM-41 samples have the characteristic hexagonal 

pore structure for both the fresh Co-MCM-41 catalysts and after reaction and to assess 

order by the ratio of (110) to (100) intensity ratio. 

Hydrogen Temperature-Programmed Reduction (H2 TPR). The reducibility and 

the stability of Co-MCM-41 samples prepared were investigated by a temperature 

programmed reduction using a thermal conductivity detector (TCD) of a gas 

chromatograph (6890 plus, Agilent) (Acknowledge to Dr. Lin at Yale University for 

running TPR experiment). Approximately 200 mg of sample was loaded into a quartz 

cell. Prior to each TPR run, the sample cell was purged by ultra zero grade air at room 

temperature, then the temperature was increased to 773K at 5K/min, held for 1 hour at 

the same temperature, and cooled to room temperature. This procedure produces a 

clean surface, with respect to hydrocarbon contamination, before running the TPR. 

The gas flow was switched to 5 vol. % hydrogen in argon balance, and the base line 

was monitored until stable. After baseline stabilization, the sample cell was heated at 

5K/min and held for 1 hour at 1173K to ensure complete cobalt reduction. An acetone 

trap was installed between the sample cell and the TCD to condense water, produced 

by sample reduction. 
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SWNT synthesis. A detailed experimental procedure of CO disproportionation is 

described elsewhere50. In brief, the Co-MCM-41 was pre-reduced at 773K for 30 

minutes and the disproportionation of pure CO (6 atm) carried out at 1023K for one 

hour. 

Raman spectroscopy. Raman spectra were recorded using an excitation 

wavelength of 532 nm. Spectra were collected over different locations of the SWNT 

sample and averaged to obtain the final spectrum. 

3.2 The fluidization of MCM-41 

Characterization

Powder X-ray diffraction patterns are recorded with a Bruker AXS D8 

diffractometer (under ambient conditions) using filtered Cu-Kα radiation. Diffraction 

data are recorded between 0.5º and 8º (2θ) with a resolution of 0.02º(2θ). Nitrogen 

adsorption-desorption isotherms are measured at 77K with a static volumetric 

instrument Autosorb-3b (Quanta Chrome). Prior to each measurement, the sample is 

outgassed at 473K to a residual pressure below 10-4 Torr. A Baratron pressure 

transducer (0.001-10 Torr) is used for low-pressure measurements. The specific 

surface area is estimated by the Brunauer-Emmett-Teller (BET) equation99. The pore 

size distribution are calculated from the desorption isotherms using the 

Barrett-Joyner-Halenda (BJH) method100. The FESEM images are obtained with 

JEOL Field Emission Scanning Electron Microscope (JSM-6700F-FESEM). Prior to 

the analysis, the samples are deposited on a sample holder with an adhesive carbon 

foil and sputtered with gold. 

Fluidization  
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The fluidizing properties of MCM-41 particles are studied in a fluidized bed 

reactor 40 mm in diameter and 600mm in height. A porous plate of 10 μm is used as 

the gas distributor to allow uniform distribution of gas into the bed. A static bed 

height of 18.5 cm is used. Compressed air is used as the fluidizing gas and the flow 

rate is controlled by a metering valve. A filter is placed at the outlet of the column to 

prevent loss of particles. Pressure drop across the bed is measured by a differential 

manometer at 0 mm and 413 mm above the distributor, respectively. A high speed 

camera with a frame rate of 500 Hz is also used to provide visual analysis of the 

fluidized bed behavior. The schematic of the fluidized bed setup is shown in Fig. 4.  
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Fig.4. Schematic diagram for fluidization behavior measurements. 

 

 

3.3 Synthesis and characterization of Co-SBA-15 

Synthesis of Co-SBA-15 

For metal-containing SBA-15 the synthesis method of Zhao et al. was modified. 

In a typical preparation, 4.15 g of Pluronic P123 was dissolved in 112 g of water and 

20 ml HCl (37%). Subsequently, 8.7g 4 wt % CoSO4
.6H2O was added to the mixture. 

The mixture was stirred at 40 °C for 4 h. In the next step, 8.50 g of TEOS was added 

into that solution with stirring at 40 °C for 20 h. The mixture was aged at 100 °C in a 

polypropylene bottle without stirring for 24 h. The solution was cooled, and the pH 

value of the synthesis system was adjusted by adding certain amount of sodium 

hydroxide at room temperature. As a rule, 6.0g sodium hydroxides was added to the 

mixture, then adding 2M NaOH dropwise, in case the synthesis system contained 

large amounts of water. The obtained mixture was hydrothermally treated again at 

100 °C for another 6 days. The solid product was collected by filtration, treated by 

0.01 mol/L HCl aqueous solutions for 4 h, washed with water, and dried at room 

temperature. The as-synthesized samples were calcined to remove the organic 

surfactants and form the pores of Co-SBA-15. Calcination was carried out by slowly 

increasing temperature from room temperature to 500 °C in 8 h and heating at 500 °C 

for 8h.  

Characterization 

X-Ray Diffraction (XRD.) The samples obtained were characterized by X-ray 

powder diffraction (XRD) using an 18 kW advanced X-ray diffractometer with Cu Kα 

radiation (λ = 1.54178 Å). The pore wall thickness was calculated from the XRD 

relationship between the lattice parameter and the spacing (ao＝ 2d100×3-1/2) and N2 

physisorption results for pore diameter determination. The elemental composition in 
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the solid products was analyzed by ICP (3000) after the samples were dissolved in a 

HNO3 solution. 

TEM. The morphology of the samples was observed on a field emission scanning 

electron microscope (FESEM) (JEOL-6300F, 15 kV). The microstructure of samples 

was analyzed by high-resolution transmission electron microscopy (HRTEM), which 

was performed on a JEOL-2010 transmission electron microscope using an 

accelerating voltage of 200 kV. N2 adsorption-desorption studies were carried out at 

77 K with a static volumetric instrument Autosorb-1 (Quantachrome) to examine the 

mesoporous properties of the sample. Samples were pretreated by outgassing in 

vacuum at 200 °C for at least 5 h, and the pore size distribution (PSD) was evaluated 

from the desorption isotherms using the Barrett–Joyner–Halenda (BJH) method44. 

DR UV-Vis. The UV-vis spectra were recorded by diffuse reflectance on a 

Hewlett-Packard 8452A diode array spectrometer equipped with a Harrick praying 

mantis. All spectra were recorded at room temperature under ambient atmosphere. 

Samples consisting of 100 mg of powder were pressed in the sample holder by hand 

to make a thick wafer. The reference samples were diluted to 1 wt % with siliceous 

SBA-15. The final spectra of cobalt were obtained by subtracting the spectra of the 

pure siliceous SBA-15. 
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4. Results and discussion 

 

4.1 Optimization of C10-Co-MCM-41 

Effect of pH in the synthesis suspension 

The pH effect on the physical structure of C10-Co-MCM-41 was assessed by 

nitrogen physisorption as shown in Figure 5. 
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Figure 5. N2 physisorption isotherms of C10-Co-MCM-41 with different initial pH in the synthesis 

solution. 
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It shows that both samples show sharp capillary condensation, indicating 

uniformed mesoporous structure regardless of the pH. There are significant changes in 

the isotherms and the pore volume with different initial pH of the synthesis solution. 

Samples prepared with higher initial pH have higher adsorption volume. The BET 

surface area and mesopore volume (defined as the volume of pores having sizes 

below 10nm) increase with the initial synthesis pH. These results demonstrate that pH 

in the synthesis solution can be used to control the porosity of the Co-MCM-41. The 

slope of the capillary condensation of the isotherm is used as the index of structural 

order; larger slope suggests more uniform structure48. The slope of capillary 

condensation increases with initial synthesis pH, indicating that higher synthesis pH 

improves the structure. 

Since the variation of pH changes the OH- concentration in the synthesis gel, as 

Wang and co-workers proposed, the pH of the synthesis mixture may affect the 

mesopores size by altering the charge matching pattern in the mixture101. Pore size 

distribution patterns (not shown here) clearly tell us that the pore diameter decreases 

with increasing synthesis pH and the calculated average pore diameter confirms this. 

OH- groups work as the counter ion. They form a layer of aqueous solution to balance 

the charges of a cationic inorganic species and an anionic surfactant. At lower pH, the 

thickness of the counter ion layer may increase to keep the total OH- constant in order 

to balance the charge, resulting in the enlargement of the pore size of the product. On 

the other hand, pH variation may also change the electrostatic charge distribution in 

the mixture, affecting the interactions of head groups in the micelle and resulting in 

the expansion of the micelle102. 

By incorporation of cobalt ions in the silica framework, Co-MCM-41 can have 

catalytic activity for synthesizing SWNT45. Therefore, chemical properties will be 

important as well as the physical properties for the purpose of designing catalysts. 

Temperature-programmed reduction (TPR) is a very convenient technique for 

studying the reduction behavior of supported oxide catalysts qualitatively. In this 

study, hydrogen TPR was carried out in the temperature range from 323 K to 1173 K 

to evaluate the reduction behavior of the cobalt species in Co-MCM-41 and is used as 
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a stability index. TPR patterns of C10-Co-Ni-MCM-41 samples having the same 

cobalt content but different initial synthesis pH are illustrated in Figure 6. The 

Co-MCM-41 samples prepared hydrothermally do not show any low-temperature 

reduction below 800K, which would suggest the presence of cobalt oxides on the 

silica surface. All the samples have much higher stability against reduction reflected 

in a higher reduction temperature, which indicates the cobalt species are entirely 

incorporated into the silica framework, regardless of the synthesis pH. The maximum 

reduction rate shifts to a higher temperature as pH increases, which suggest that pH 

affects the chemical properties of Co as well as the physical properties of the  
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Figure 6. H2 temperature programmed reduction (TPR) patterns of C10-Co-MCM-41 with different 

initial pH in the synthesis solution. 

MCM-41 matrix. The major reduction peak of Co2+ in pH=11.5 sample shows a 

narrow and symmetric shape. However, pH=12.0 sample has a shoulder on the left 

side. Lim et al. attributed the asymmetric profile of reduction peak to the different 

location of Co2+ ions in the silica framework of MCM-41103. 

Effect of surfactant concentration 

Mobil researchers have proposed that MCM-41 formation occurs via a liquid 

crystal template mechanism46,104. That is, a liquid crystalline phase forms initially and 
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organizes silicate species in the continuous water region to create the inorganic walls 

of MCM-41. Alternatively, it was proposed that inorganic species could interact with 

organic micelles to initiate the final ordering of the organic and inorganic species105. 

Preparation of highly ordered MCM-41 with F- anions under acidic conditions 

hydrothermal treatment by Huo et al9. and with hydrothermal restructuring by Sayari 

et al106 has been reported. They found that the nature of anionic species is extremely 

important to control the formation of ordered templating micelle and highly ordered 

MCM-41 thereafter. Figure 7 shows the N2 physisorption patterns of 

C10-Co-MCM-41 indicating that different concentrations of surfactant strongly affect 

the quality of the product. 
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Figure 7. N2 physisorption isotherms and pore size distributions of C10-Co-MCM-41 samples with 

different surfactant to silica ratio  

Highly ordered MCM-41 sample is prepared from a synthesis gel composition of 

1SiO2: 1CTABr. Higher concentration of surfactant favor the formation of the 

ordered structure of C10-MCM-41, as sufficient surfactant is available for the 

formation of micelle because of the high solubility of C10 surfactants107. There is no 

clear observation that the surfactant content will affect the reducibility of cobalt ions 
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in the silica framework, which is consistent with our previous statistical analysis 

report107. 

Effect of water mixing 

In the previous studies for longer alkyl chain length surfactant templates, we 

could not see any changes in the physical properties of synthesized samples with 

increased H2O/Si ratio used in the synthesis solution with added anti-foaming agent. 

We must question if there is, in fact, any effect of excess water on the preparation of 

C10-Co-MCM-41 because of the different solubility of C10 surfactants.  
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Figure 8. N2 physisorption isotherms and pore size distributions of C10-Co-MCM-41 samples with 

different excess amount of water. 

Figure 8 illustrates the physisorption results of C10 cobalt incorporated 

MCM-41 samples with two different excess water amounts. Both samples show the 

sharp capillary condensation step indicating the formation of ordered mesoporous 

structures. Calculation results show that the samples we prepared have very high 

surface area (> 1500m2/g) and large mesopore volume (>0.5 cc/g). However, very 

high water percentage does have negative effect on the formation of mesoporous 
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structure for the C10 samples shown by the lower BET surface area and mesoporous 

volume; we have attributed it to the high solubility of C10 surfactant templates in 

water solution. 

We also noted that the pore diameter calculated by BJH method increases with 

the addition of water. It has been hypothesized that the incorporation of cobalt will 

enlarge the pore diameter because of longer bond length of Co-O compared to Si-O45. 

To verify the amount of cobalt incorporation, TPR experiments were carried out 

quantitatively from 323K to 1173K under hydrogen flow. We observed that the water 

concentration does not affect the reducibility of cobalt ions in the C10-MCM-41 silica 

framework, indicated by the identical reduction temperature at the maximum 

reduction rate, shown in Figure 9.  

800 900 1000 1100 1200 1300 1400

1153K

Water/Si ratio=27

Water/Si ratio=86

Temperature, K

TC
D

 s
ig

na
l, 

a.
u.

1159K

 

Figure 9. H2 temperature programmed reduction (TPR) patterns of C10-Co-MCM-41 samples with 

different excess amount of water. 

It is consistent with our previous statistical analysis that water does not change 

the reducibility of cobalt. However, the incorporated amount of Co is increased with 

increasing water content shown by the larger hydrogen consumption peak area. This 

suggests that excess water in the synthesis solution may be helpful to obtain 
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homogeneous mixing of reactants, and therefore, the incorporation of Co may be 

facilitated when the reactant is in higher dilution in the aqueous synthesis solution. 

Effect of TMA content 

Tetramethylammonium silicate (TMA•SiO2) is an aqueous solution of an organic 

silica specie where the silica is soluabilized by tetramethylammonium groups (TMA). 

Mobil scientists used the TMA•SiO2 and colloidal silica as the main silica sources 

during the preparation of MCM-41 in their original syntheses104. They fixed the ratio 

of these two silica sources in order to control the dissolution of the colloidal silica. 

Recently, Yang et al. reported that the concentration of TMA•SiO2 has a dramatic 

influence on the synthesized Ni-MCM-41 catalysts in terms of physical structure and 

reduction behavior97. The TMA has an almost identical effect on the isotherms of 

Co-MCM-41 as it does on the Ni-MCM-41 synthesis. In this study, we have observed 

that the concentration of TMA silicate influences the physical structure of 

C10-Co-MCM-41 positively, as shown in Figure 10.  
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Figure 10. N2 physisorption isotherms and pore size distributions of C10-Co-MCM-41 samples with 

different TMA group concentration. 

                                                                                     33

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Systematic investigation of single walled nanotubes production in mesoporous catalytic templates   By R.H. Wang 

 

Higher TMA silicate concentration favors the formation of porous materials. The 

Co-MCM-41 samples have larger capillary condensation, highly ordered structure but 

a smaller pore diameter if we increase the TMA silicate concentration. Low 

concentration of TMA leads to a material that has an amorphous structure; this kind of 

material has very little capillary condensation of liquid nitrogen, larger pore diameter 

and also a broad pore size distribution. 

Table 1 illustrates that the slope of capillary condensation step increases with 

increasing TMA concentration, it indicates that the higher TMA content yields 

materials with more uniform structure48.  

Table 1. Porosity of C10-Co-MCM-41 with different TMA to silica ratio. 

TMA/Silica 

ratio 

Slope of 

capillary 

condensation 

a.u. 

 

Increasing TMA concentration results in the higher BET surface area and 

mesopore volume while the total pore volume does not change significantly, this 

implies that the higher TMA concentration is desirable for the formation of porous 

materials and yields higher porosity of MCM-41. TMA is soluble organic silica; it 

will enhance the solubility of the silica source and reduce the possibility of 

agglomeration, which may promote the building of the physical structure of MCM-41. 

Moreover, the TMA source may accelerate the crystallization of silica because of its 

higher solubility. On the other hand, the TMA source likely also has a kinetic effect, 

i.e., is more reactive than inorganic oligomers and may even create a kinetically 

driven “virtual pressure” that results in a smaller pore. Therefore, the pore diameter, 

d-spacing and the pore wall thickness decrease with higher TMA group concentration. 

BET 

surface 

area 

m2/g 

Pore 

diameter 

Total pore 

volume 

Mesopore 

volume 

nm cc/g cc/g 

0.1 308 468 1.91 2.10 0.15 

0.3 1475 1060 1.86 2.09 0.59 

0.5 2327 2121 1.76 1.96 1.06 
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The same phenomena was observed for vanadium substituted MCM-41 reported 

elsewhere48. Hence, the TMA source concentration is another convenient way to 

engineer the structure and porosity of Co-MCM-41 and tune the pore diameter 

precisely, which is very important in order to design well-defined catalysts. 

The reducibility of metal has been related to the activity and the selectivity of 

catalysts. Understanding of the reduction behavior is, therefore, essential for the 

design of the catalysts. Hydrogen TPR results show that C10-Co-MCM-41 have 

ultra-high stability against hydrogen reduction; the maximum reduction temperature is 

over 1000K.  
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Figure 11. H2 temperature programmed reduction (TPR) patterns of C10-Co-MCM-41 with different 

TMA group concentration: inset-temperature at the maximum reduction rate and initial reduction; H2 

consumption. 

Figure 11 illustrates the reduction patterns of Co-MCM-41 as a function of 

tetramethylammonium silicate fraction. Apparently, the reducibility of Co-MCM-41 
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has a strong correlation with the TMA fraction. Higher TMA concentration leads to 

both higher temperature of the maximum reduction rate and the initiation of reduction, 

which result in a higher stability of reduction. The reduction profiles of Co-MCM-41 

are symmetric. Deconvolution results show that the cobalt ions locate either in the 

subsurface (low TMA fraction) or in the interior (high TMA fraction) with respect to 

the silica wall, which makes the reduction profile more symmetric103. Another 

observation is that higher Co loading was achieved simply increasing the TMA 

concentration, characterized by larger consumption of hydrogen. It also has been 

confirmed by ICP analysis. 

Effect of cobalt loading 

All of our previous studies on the effects of the synthesis parameters on SWNT 

synthesis, assessed by SWNT yield, purity, and diameter uniformity, were performed 

using catalysts with 1 wt.% Co loading. The optimized pre-treatment and reaction 

conditions allowed synthesis of uniform diameter SWNT, but at a limited yield about 

4 wt.% carbon deposition. Production of larger SWNT yields would provide 

incentives for the development of large scale production of SWNT with a narrow 

diameter distribution. A possible strategy to be considered for the synthesis of larger 

yields of SWNT is to increase the metal loading in our catalyst, since the performance 

of the SWNT synthesis process was observed to depend mainly on the size and 

uniformity of the sub-nm metallic Co clusters formed on the catalyst surface. 

Therefore, the present contribution is trying to investigate the influence of the cobalt 

loading on the physicochemical properties of C10-Co-MCM-41 in order to increase 

the efficiency of the SWNT synthesis process. 
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Figure 12. N2 physisorption isotherms and pore size distributions of C10-Co-MCM-41 samples with 

different cobalt loading and TMA concentration. 

The catalyst we desire to produce SWNT should be prepared with smaller pore 

diameter and highly ordered structure. On the other hand, higher cobalt loading is 

desired to obtain higher yield of SWNT. However, the structure order decreases once 

we increase the cobalt loading to 3.0 wt.%, as shown in Figure 12. 

BET surface area also significantly drops from 1500m2/g to 1000 m2/g. To 

achieve a higher Co loading with well defined mesoporous structure simultaneously, 

the Co-MCM-41 catalytic template should be synthesized either with higher TMA 

silicate to Si ratio or higher pH level in the synthesis solutions, moderate surfactant 

concentration, and H2O/Si ratio. To eliminate the negative effect brought on by higher 

cobalt loading (reducibility decreases), higher TMA silicate to Si ratio was chosen as 

a possible strategy in this work, because it will increase the solubility of silica and 

enhance the incorporation of cobalt. As we expected, higher TMA group 

concentration can increase the BET surface area about 20%, and mesoporous volume 

at the same time. Pore size distribution calculated by BJH method shows sharper 

pattern compared to the sample prepared with lower TMA concentration. 
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Figure 13 illustrates the H2 TPR profiles of C10-Co-MCM-41 samples with 

different cobalt loadings.  

When we control the cobalt content low (~1wt.%), there is only one reduction 

peak which indicate the uniform incorporation of cobalt ions in the silica framework, 

there is no obvious cobalt compound on the surface with lower reduction temperature. 

Formation of surface cobalt species occurs if we increase the cobalt loading up to 3 

wt.% which can be observed from low temperature reduction (<800K). However, the 

TPR result showed that there is no detectable surface Co oxide formed when higher 

TMA silicate to Si ratio was used to compensate for the side effects of higher cobalt 

loading. The reduction of cobalt happens under a very high temperature which will be 

desirable for the production of SWNT. Therefore, high cobalt loading, high TMA 

group concentration will be applied as our synthesis strategy to prepare 

C10-Co-MCM-41 catalytic templates for the production of SWNT. 
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Figure 13. H2 temperature programmed reduction (TPR) patterns of C10-Co-MCM-41 samples with 

different cobalt loading and TMA concentration. 

Demonstration of SWNT production 
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C10-Co-MCM-41 samples with good structure, high cobalt loading and 

atomically dispersed cobalt ions were used to grow SWNT (silica: surfactant: water: 

Co: TMA = 1: 0.27: 86.0: 1.0 wt.% or 3.0 wt.%: 0.58; pH=11.5). The Raman 

spectrum was measured to characterize the SWNT product. The results from both 1 

wt.% and 3 wt.% cobalt loading C10-Co-MCM-41 template are shown in Figure 14.  

Each spectrum was obtained as the average of five spectra recorded at different 

locations on the same sample. Both spectra showed three types of spectral features: 

the radical breathing mode peaks at approximately between 150-350 cm-1 

characteristic for the SWNT, the D band around 1300 cm-1 contributed by  

disordered carbon species, and the peak complex between 1500 and 1600 cm-1 known 

as the G band, which is characteristic for ordered carbon species such as carbon 

nanotubes and graphite. 

 

                                                                                     39

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Systematic investigation of single walled nanotubes production in mesoporous catalytic templates   By R.H. Wang 

 

200 400 600 800 1000 1200 1400 1600 1800 2000

150 200 250 300 350

150 200 250 300 350
 

Raman Shift, cm-1

3 wt% Co-MCM-41
 

 

 

1 wt% Co-MCM-41

In
te

ns
ity

, a
.u

.  

 

Figure 14. Raman spectra of SWNT produced by C10-Co-MCM-41 with different cobalt loading. 

The Raman spectrum of SWNT synthesized with 1 wt.% cobalt loading 

C10-Co-MCM-41 template shows strong intensity peaks in RBM region suggesting 

high quality SWNT. Compared with the C16 template used for previous studies, the 

RBM peaks of SWNT synthesized with C10-Co-MCM-41 template were less intense 

because of the lower structural order of the template107. Other than the major RBM 

peak shown at approximately 230 cm-1 (equivalent to a SWNT diameter about 1 nm 

according to the model of Bachilo, S. M. et.al.108), the SWNT synthesized with C10 

template shows other RBM peaks at higher Raman shift around 270-300 cm-1 

(equivalent to approximately 0.87-0.77 nm in diameter), which indicates the 

successful synthesis of smaller-diameter SWNT in this study by using the smaller 
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diameter C10-Co-MCM-41 templates. 3 wt.% sample shows SWNT with higher 

intensity at higher Raman shift of at 270 cm-1 suggesting we may be able to tune the 

percentage of smaller-diameter SWNT with increasing the cobalt loading to 3 wt.%. 

More detailed studies about this finding are still underway. 

X-Ray diffraction (XRD) was carried out to characterize the structural stability 

of 3 wt.% C10-Co-MCM-41 catalytic templates, results shown in Figure 15.  
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Figure 15. Stability of C10-Co-MCM-41 characterized by X-ray diffraction (XRD). 

It clearly illustrates that mesoporous structure of MCM-41 has been preserved 

even though CO disproportionation largely disturbs the structural order of MCM-41.  
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4.2 Fluidization 

The pseudomorphic transformations are monitored by X-ray diffraction (shown in 

Fig.16). The absence of XRD diffraction peaks in preshaped silica gel sample 

indicates the lack of long-range order structure. Correspondingly, upon the 

pseudomorphic transformation, the sample shows one intense (100) reflection and two 

well-resolved reflection of (110) and (200) peaks at higher 2θ angles. This indicates 

that the product possesses the long-range order mesoporous structure with hexagonal 

arrangement. The d-spacing calculated from Bragg’s equation is 4.2 nm. The 

MCM-41 synthesized from fumed silica exhibits one sharp (100) diffraction peak and 

one broad Bragg peak in the high-angle region. Based on the XRD results, it is clear 

that the MCM-41 synthesized from preshaped silica has better regularity of pore 

arrangement than that synthesized from fumed silica. 

Fig.16. XRD patterns of samples (a) preshaped silica gel 
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Knowledge of the texture and pore structures of solid materials is highly 

important for the development of catalytic materials. Physisorption is a primary 

method for characterizing porous materials. The MCM-41 samples have uniform 

mesopores, ranging from 2 to 10 nm, and have been characterized extensively by 

nitrogen physisorption. Typical sorption measurements of MCM-41 follow the type 

IV isotherms, from which the pore structure information including specific surface 

area and pore size distribution are extracted. The nitrogen physisorption isotherms and 

pore size distribution results of the two MCM-41 samples are shown in Fig. 17. The 

parent silica exhibits type IV adsorption-desorption isotherms with H2 hysteresis loop 

according to the IUPAC classification; the isotherm presents capillary condensation 

steps which can originate from the inter-particles pores109. The sample shows the 

presence of broad pore size distribution centered at 6.0 nm and specific surface area 

of 350 m2/g. The MCM-41 material by pseudomorphic transformation presents 

reversible type IV isotherms110 with a sharp capillary condensation step around p/p0 

0.36, typical of the structural mesoporosity of MCM-41. A narrow pore size 

distribution can be observed with a mean diameter around 2.3 nm. The sample has a 

very high BET surface area of 2000 m2/g and a pore volume of 0.86 cm3/g. These 

results indicate that most of the amorphous parent silica has been successfully 

transformed to mesoporous MCM-41 upon the pseudomorphic treatment. 
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Fig.18 shows FESEM images of the preshaped silica gel and the mesoporous 

MCM-41 products. The preshaped parent silica gel exhibits a perfectly spherical 

morphology with diameters range from 20 to 45 μm. The representative surface of 

preshaped silica gel is shown in Fig.18b is very smooth. After the pseudomorphic 

transformation, the mesoporous MCM-41 products primarily preserve the spherical 

morphology, whereas the surface roughness of silica particles changed dramatically 

(shown in Fig.18d). This is due to the minor disbalance between the rates of silicate 

dissolution and condensation under conditions compatible with the thermodynamics 
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Fig.17. Nitrogen adsorption isotherms obtained at 77K (Left) and pore size distributions 

derived from adsorption branch by BJH method (Right) (a) preshaped silica gel (b) 

MCM-41. 
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of phase stability. On the other hand, the conventional mesoporous MCM-41 prepared 

from fumed silica shows an irregular morphology with particle size of around 2μm. 

a b

c d

Fig.18. SEM images of preshaped silica gel (a) (b), mesoporous MCM-41 used preshaped silica(c) (d) 
and mesoporous MCM-41 used fumed silica (e). 

e 
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Conventional MCM-41 catalysts have a particle size and density range of less 

than 5μm and 500-800 kg/m3 respectively, which fall into the Geldart C particle 

classification. Geldart C particles are cohesive in nature as the interparticle contact 

forces such as van de Waals force, capillary force, and electrostatic forces dominates 

over the hydrodynamic forces. These particles tend to form agglomerates and thus 

making the particles difficult to fluidize and gas channeling is commonly observed. 

The pressure drops for both the dry (samples before calcination) and calcined 

conventional MCM-41 catalysts as a function of superficial gas velocity are shown in 

Fig. 19. The non-linear increase in pressure at low gas velocities signifies the 

presence of gas channels within the fluidized bed. As gas velocity increases, two-layer 

fluidization is observed, in which upper layer consists of fine particles or small 

agglomerates and large agglomerates stay at the bottom remain unfluidized. 
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Fig.19. Comparison of fluidization property between newly synthesized large MCM-41 and 

conventional MCM-41 particles. 
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The MCM-41 catalysts synthesized by pseudomorphic transformation, however, 

have particle sizes range between 20-45 µm and particle density of 500-1500 kg/m3. 

The increase in particle size moves the particle classification from Geldart C to 

Geldart A, which is readily fluidizable. The pressure drop result for the large 

MCM-41 particles, indicated by solid line, is compared with the conventional 

MCM-41 particles in Fig. 18. The minimum fluidization velocity can be estimated by 

Wen and Yu’s equation111: 

7.330408.07.33Re 2 −+= Arpmf  

where 
μ

ρ pmf
pmf

dU
=Re  and 

( )
2

3

μ
ρρρ pp gd

Ar
−

=  

When the average particle size and density are used in the above equations, the 

minimum fluidization velocity is found to be 0.02 cm/s, which is far below the first 

measured velocity. It can be considered that the particles are in the fluidizing state 

with the first introduction of gas. The pressure drop of the large MCM-41 particles 

remains constant as the gas velocity is increased beyond the minimum fluidization 

velocity.  

At the beginning of the experiments, if the gas is introduced abruptly, the top 

portion of the bed rises as a plug. After the plug rises for a small distance, it starts to 

disintegrate and fluidize with other particles. However, if the gas is introduced 

gradually, no plug formation is observed. The large MCM-41 particle is classified as 

Geldart A particles but the particle size is still relatively small. Therefore, the 

interparticle forces still have moderate effect especially when the bed goes from 

packed bed to fluidized bed stage. As shown in Fig. 19, the bed expands gradually 
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with an increase in gas velocity beyond the minimum fluidization. In conjunction with 

simple two phase theory112, the correlation by Abrahamsen and Geldart (1980)23 is 

adopted to predict the expanded bed height for Geldart A particles. The predicted bed 

height agrees well with the experimental value (shown in Fig. 20).  
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Fig.20. Bed expansion of MCM-41 large particles. 

 

An estimation of the terminal velocity for the most readily entrained particles 

with diameter and bulk density of 20 µm and 600 kg/m3 is found to be 2.4 cm/s, 

which is below most of the experimental gas velocities. Because of the low terminal 

velocity for the particles, entrainment of particle can occur. The bed surface is also in 

dispersed state for most gas velocities. The photos illustrated in Fig. 21 show the 

presence of bubble near the gas distributor and near the bed surface. Clear bubbles 
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can be observed throughout the fluidized bed. The dispersed bed surface is also shown 

in the images. Therefore, the MCM-41 particles synthesized in this study would be 

suitable for the application in fluidized bed reactors. 

 

Fig.21. Bubble photos at (a) top of fluidized bed (b) near distributor. 
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4.3 Co-SBA-15 synthesis 

Figure 22 shows the XRD patterns of the Co-SBA-15 samples prepared with pH 

values of 3.0. The well-defined XRD patterns are similar to those recorded for 

all-silica SBA-15 materials as described by Zhao et al.58,59. It can be seen that the 

optimal ordering of the 2D-hexagonal P6mm structure was obtained for the 

mesoporous silica. The XRD pattern exhibits five well-resolved peaks which are 

indexed to the (100), (110), (200), (210), and (300) reflections of the hexagonal 

P6mm space group.  

 
Figure 22. Powder XRD patterns of calcined Co-SBA-15 samples prepared with pH values of 3.0. 

 

Figure 23 shows the XRD patterns of the Co-SBA-15 samples prepared with 

different pH values. The XRD patterns for all samples (under the condition of the 

synthesis system pH value low 8) show three well-resolved peaks at (100), (110) and 

(200), which are characteristic of mesoporous material with 2D-hexagonal structure. 
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The length of the hexagonal unit cell ao is calculated using the formula  ao＝ 2d100

×3-1/2 from the d spacing values. The observed d spacing and unit cell parameter 

results are well-matched with the hexagonal P6mm space group. 

 
Figure 23. Powder XRD patterns of calcined Co-SBA-15 samples prepared with different pH values. 

 

When the pH values are gradually increased from 0.0 to 3.0, the length of the 

unit cell ao systematically increases from 11.38 to 12.26 nm, and the intensity of XRD 

peaks increases. As the pH values are further increased from 3.0 to 9.0, the length of 

the unit cell ao firstly decreases, then gradually increases, and the intensity of XRD 

peaks decreases. No diffraction peaks is found, when the synthesis system pH value is 

increased to 9 (not show). That is because the addition of Na+ is found to efficiently 

improve the ordered structure of the mesoporous SBA-15 materials. As the pH values 

are gradually increased, the amount of Na+ increase, which makes the colloidal silica 

with highly ordered mesostructures. But the pH values increasing, the structural order 

of the SBA-15 materials is affected. The effect of the amount of Na+ and the pH 
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values, optimal ordering of the 2D-hexagonal P6mm structure is obtained with pH 

value of 3.0, and the results are found by FESEM, HRTEM and N2 physisorption. 

Figure 24 is FESEM images of samples obtained with pH values of 3.0. The 

FESEM images show the morphology of the Co-SBA-15 materials is curved rope-like 

aspect of as much as several hundred micrometers that is made up of many strip-like 

with relatively uniform sizes (the length is about 1.5 μm and the width is around 0.4 

μm). The Co-SBA-15 prepared with value of pH 6.5 has FESEM images (not shown) 

similar to samples obtained with pH values of 3.0. This phenomenon may also be due 

to the effect of the addition of Na+ and the pH values.  

 
 

Figure 24. FESEM images of calcined Co-SBA-15 samples prepared with pH values of 3.0.  

 

The HRTEM images of calcined Co-SBA-15 prepared values of 3.0 show 

well-ordered hexagonal arrays of mesopores with one-dimensional channels, which 

indicates a 2D hexagonal (p6mm) mesostructure (Figure 25b and Figure 25d). The 

distance between two consecutive centers of hexagonal pores estimated from the 
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TEM images is about 12 nm. Co-SBA-15 prepared with pH values of 6.5 has HRTEM 

images similar to samples obtained with pH values of 3.0 (Figure 25a and Figure 25c). 

The distance between two consecutive centers of hexagonal pores estimated from the 

TEM images is about 12 nm and the average thickness of the wall is around 2.8 nm.  

This is fully consistent with the results of the XRD studies and confirms that the 

pH-adjusting method is favorable for maintaining the highly ordered mesostructure 

even when a large amount of Co species is incorporated.  

 

Figure 25. HRTEM images of calcined Co-SBA-15 samples. The pictures of (a) and (c) are 

Co-SBA-15 samples prepared with pH values of 6.5. (a) In the direction perpendicular to the pore axis 

and (c) in the direction parallel to pore axis. The pictures of (b) and (d) are Co-SBA-15 samples 

prepared with pH values of 3.0. (b) In the direction perpendicular to the pore axis and (d) in the 

direction parallel to pore axis.  

 

The porosity of the Co-SBA-15 samples was measured by N2 sorption. Figure 26 

gives the adsorption desorption isotherm and the pore size distribution of a 

Co-SBA-15 sample obtained with pH values of 3.0.  
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Figure 26. Nitrogen adsorption-desorption isotherm and the pore size distribution for calcined 

Co-SBA-15 samples prepared with pH values of 3.0. 

 

The isotherm is type IV with H1 hysteresis loop, which is typical for mesoporous 

materials with 2D-hexagonal structure that has large pore sizes with narrowed size 

distributions. The well-defined step which occurs at relative high pressure of 0.6-0.8, 

corresponding to capillary condensation of N2, indicates the uniformity of the pores. 

Moreover, the pore size distribution was greatly sharpened. The surface area and 

mesopore volume (859.4 m2/g, 2.665 cm3/g) are the most in the all products prepared 

with our pH-adjusting method, which are even more than those of pure silica SBA-15 

(820 m2/g and 1.52 cm3/g). These results indicate that the micropore volume are 

increased after using sodium hydroxide adjusting pH value, which is probably due to 

the effect of the addition of NaCl enhancing the ordered structure of the mesoporous 

SBA-15 materials is more efficient than that of pH value affect the structural order of 

the SBA-15 materials, when the pH value is low. Therefore, the above results of XRD, 

FE-SEM, HRTEM and N2 adsorption suggest using sodium hydroxide adjusting pH 

value is a good method for the mesoporous silica with highly ordered mesostructures. 
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Figure 27. Nitrogen adsorption-desorption isotherm and the pore size distribution for calcined 

Co-SBA-15 samples prepared with pH values of 6.5. 

 

Figure 27 illustrates the N2 adsorption/desorption isotherms and pore size 

distributions of Co-SBA-15 sample prepared with pH values of 6.5. The sample also 

show typical IV adsorption/ desorption isotherms. Pore size distributions of the 

sample can be seen intuitively in Figure 27b. The primary mesopores are found of a 

size of around 9.09 nm, accompanied with pore size of 3.33 nm and 4.92 nm by 

desorption BJH method. The structural ordering of Co-SBA-15 is not as good as that 

of sample prepared with pH values of 3.0 and will be further diminished with the 

increase of pH values. However, Co-SBA-15 sample prepared by pH values 6.5 is still 

maintaining the mesostructured ordering, so using sodium hydroxide adjusting pH 

value method shows high efficiency for the introduction of heteroatoms into the walls 

of SBA-15 mesoporous silica materials. 

The physicochemical properties and the composition of all the calcined Co- 

SBA-15 materials are given in Table 2.  
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Table 2 Physicochemical properties of calcined Co-SBA-15 materials with different Co contents and 
synthesized with different pH values 
 

Co/Si molar 
ratio (%) 

Samples 
no. 

pH 
 

Gel Product 

ao
a

(nm)
Specific 
surface 
area (m2/g)

Pore 
volume
(cc/g) 

Pore 
diameter 
(nm)b

Wall 
thickness 
(nm) 

1 0.0 3 0.002 11.38 828 1.541 6.50 4.88 
2 0.5 3 0.0015 11.58 615.9 1.584 6.66 4.92 
3 3.0 3 0.00376 12.26 859.4 2.665 8.02 4.24 
4 6.0 3 0.00556 11.73 374.1 1.443 8.13 3.6 
5 6.5 3 0.2731 12.09 424.9 1.758 9.09 3.0 
6 7.0 3 0.2363 12.10 221.9 1.181 9.03. 3.07 
7 7.5 3 0.0963 12.26   -- -- 
8 8.0 3 0.0958 -- 131.4 1.005 1.033 -- 
9 9.0 3 0.1151 -- 128.4 1.081 -- -- 
a ao calculated by ao＝ 4×d100×3-1/2

b Calculated by the desorption branch of the isotherm according the BJH method. 
 

The wall thickness calculated by the ao value of the XRD results and pore size 

values of the sorption is about 3.07-4.92 nm. As the pH values are increased, pore 

diameter gradually increased. When the pH values was increased to 6.5, the pore 

diameter is the biggest (Figure 28),  

 

Figure 28. Relationship between pH values and pore diameter, the surface area and micropore volume. 

 

Co species with oxygen has a longer bond length than Si-O. As the pH values are 

further increased (pH> 7.0), pore size distributions are unorderly distributed, but 
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smaller diameter pore may be found as Figure 27b, which demonstrates the ordering 

of the 2D-hexagonal P6mm structureod of the sample has been destroyed.  

It is also interesting to note that the amount of Co species into the siliceous 

framework of SBA-15 is higher as compared to those of other Co-SBA-15 samples 

prepared different pH values. It is possibly determined by the concentration of the Cl- 

and OH-, which holds up Co enter into the framework of SBA-15. Further work to 

fully understand the effects of the addition of NaCl and pH values in our reaction 

system is necessary. 

Electronic spectroscopy in the UV–vis region is a useful technique for studying 

the electronic state of isolated transition metal ions and aggregated transition metal 

oxides. To investigate the local environment of cobalt in the SBA-15 material, 

samples were analyzed by UV-vis spectroscopy. The Co-SBA-15 samples show three 

different groups of peaks in the UV-vis region, as shown in Figure 29. 

 
Figure 29. UV–vis absorption spectra of calcined Co-SBA-15 samples prepared with different pH 
values. 

 

 Cobalt aluminate (CoAl2O4) and Co3O4 were selected as reference samples for 

comparison (not in show). The spectra of CoAl2O4 shows a transition in the 550-700 

nm range, characteristic for tetrahedrally coordinated Co2+. The Co3O4 is a mixed 

oxide with the cobalt in both tetrahedral and octahedral coordinations that absorb 

energy around 300-400 nm. All of the Co-SBA-15 samples show tetrahedrally 
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coordinated Co2+ in the silica framework at 580, 650, and 684 nm. These 

interpretations are exactly with the reference samples (CoAl2O4). Moreover, because 

the Co-SBA-15 samples were treated by 0.01mol/L HCl aqueous solutions for 4 h, the 

Co species outside the framework can be removed.  

The above results of XRD, N2 adsorption, ICP, UV-vis spectroscopy, FE-SEM, 

and HRTEM suggest a successful isomorphous substitution of a higher amount of Co 

species into the siliceous framework of SBA-15 using sodium hydroxide adjusting pH 

value method without affecting of structural and textural order. Co substituted 

mesoporous materials have been considered as the potential catalysts for a variety of 

catalytic reactions, and a detailed study of the growth of SWNT by Co-SBA-15 as 

catalysts is underway. 
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4.4 Ion effects on SBA-15 

Mesoporous materials are of great interest to the materials community because 

their pore structures as well as catalytic, adsorbed, conductive and magnetic 

properties can readily be tailored113. Recently, a highly ordered large mesoporous 

silica SBA-15 was synthesized by using amphiphilic triblock copolymers as the 

structure-directing agents. It is now apparent that morphology and texture of 

mesoporous silica are extremely important for industrial applications27. By use of 

acid-based synthesis mesoporous silica films, spheres, hollow spheres, and fibers have 

been synthesized for this purpose. There have also been several reports that describe 

methods to control the shapes of smaller mesoporous particles.  

Recent work on mesoporous silica formation using cationic and non-ionic 

templates has unveiled a large number of anion effects. It is thought that the salts 

crystallize in these systems in various morphologies and serve to direct the growth 

and form of the mesoporous silica. Sponge-like silica morphologies are obtained from 

processed involving Cl- salts, while SO4
2- salts lead to several other morphologies 

described by the authors as “grapevine, toroid, pinwhieel, dish or gyroid”. 

Furthermore, elaboration of this principle was made in a subsequent publication, 

which discussed the significant effects of SO4
2- vs. Cl- anions on the morphology of 

silica materials114.Anions are seen to change the hydrolysis rates of the silicate 

precursors, affecting the surface properties and morphologies of the final products 

after calcinations, and they often improve the hydrothermal stability of the silica 

materials.  

Here, we demonstrate that a morphology change is achieved by simply adjusting 

anion species in the presence of block copolymers. More importantly, an unusual 

anion sequence that affects the phase behavior of block copolymer templated 

mesostructured solids is revealed. The effect of a series of anions has been 

investigated on the structural change of non-ionic block copolymer templated 

mesoporous materials. 
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In order to study the anion effect on mesostructure, NaCl, NaNO3 and Na2SO4 

with the same concentration of Na+ were added to separately under pH 3. Figure 30 

shows the XRD patterns of mesoporous material with the addition of Cl-, NO3- and 

SO4
2-. Figure 30a (addition of NaCl) and figure 30b (addition of NaNO3) both show 

three well-defined XRD patterns indexed as (100), (110) and (200) which are similar 

too thoese recorded for all-silica SBA-15 materials as described by Zhao et al. It can 

be seen that the optimal ordering of the 2D-hexagonal P6m structure was reserved for 

the mesoporous silica with the addition of NaCl and NaNO3. The intensity reduction 

on the (100) peak of figure 1a is still under study. However, with the addition of 

Na2SO4, X-ray powder diffraction patterns (figure 30c) shows bicontinuous cubic 

mesostrcture (space group Ia3d) according to Tang’s result. Two diffraction peaks 

indexed as (211) and (220) can be observed, which are the typical reflections of the 

bicontinuous cubic structure (space group Ia3d), indicating that anions have caused 

phase transformation on the structure of mesoporous materials. 

Phase transformation of mesoporous material is carefully studied recently. 

Similar to the well-known surfactant packing parameter (g; g = v/al, where v is the 

chain volume, a is the hydrophobic/hydrophilic interfacial area and l is the chain 

length), the hydrophilic/hydrophobic volume ratio VH/VL is also suggested especially 

in block copolymer templating systems to account for the formation of different 

mesophases115. Other factors that may affect the phase transformation of 

mesostructures, e.g. the effect of anions, have also been studied in a cationic 

surfactant templating system 116. 
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Figure 30 XRD patterns of mesoporous material with the addition of Cl-, NO3- and SO4

2-. a: addition of 

NaCl; b: addition of NaNO3; c: addition of Na2SO4. 

 

The nitrogen adsorption-desorption isotherms of as-synthesized silica materials 

are shown in figure 31. All the three sample yield type IV isotherm with sharp 

capillary condensation and typical H1 hysteresis loop, indicating the formation of 

highly ordered mesoporous structure. However, there is obvious difference among the 

three isotherms. Figure 31a and figure 31b are typical isotherms of 2D-hexagonal 

P6m mesostructure as described by Zhao et al. It is found that the adsorption capacity 

increased and the position of the capillary condensation step shifted to higher relative 

pressure in figure 31a compared to those of figure 31b. This phenomenon confirms 

that silica material with the addition of NaCl has a better pore uniformity than that 

with NaNO3. In figure 31c, even though it remains the type IV isotherm with sharp 

capillary condensation and typical H1 hysteresis loop, the isotherm has an obvious 

twist at relative pressure 0.7. This result is in agreement with that from a large-pore 

cubic Ia3d mesoporous silica reported previously18, suggesting typical ordered 

mesoporous materials with bicontinuous channels. 
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Figure 31 The nitrogen adsorption-desorption isotherms of as-synthesized silica materials. a: addition 

of NaCl; b: addition of NaNO3; c: addition of Na2SO4. 

 

Corresponding pore size distribution (analyzed by using the Broekhoff and de 

Boer mode) is shown in figure 32. Pore size is calculated from the adsorption branch 

by Barrett-Joyner-Halenda (BJH) method. Althought the BJH model is known to 

underestimate pore size. It has been widely adopted in the mesostructured materials 

community for comparison. Figure 32a has a narrow pore size distribution with a 

mean value of 8.324nm, a BET surface area of 492.6 m2/g, and a pore volume of 

1.732 cc/g. Sample with addition of NaNO3 (figure 32b) also has a main narrow 

distribution at 6.296nm, and a small distribution at 3.9nm, indicating that the pore size 

is not as homogeneous as the previous one. However, pores with smaller size take up 

more percentage in figure 32c. This confirms the previous result that SO4
2- has a more 

sever effect on the mesostructure. 
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Figure 32 Corresponding pore size distribution of as-synthesized silica materials. a: addition of NaCl; b: 

addition of NaNO3; c: addition of Na2SO4. 

 

Scanning electron microscopy (SEM) images of as-synthesized silica material 

are shown in figure 33. Morphology of these materials changes greatly due to the 

addition of different anions. Figure 33a consists of many curved rope-like domains 

with relatively uniform sizes (the length is about 1.5 μm and the width is around 0.4 

μm), which are aggregated into wheat-like macrostructures. This is the typical 

morphology of P6m mesostructure. Figure 33c shows representative SEM image for 

the mesostructured silica materials synthesized with Na2SO4 solution. Affected by 

Na2SO4, petaline-like mesoporous silica is obtained, and aggregates together at 

hundreds of micrometers scale. This morphology is consistent as is shown somewhere 

else. Both the XRD and SEM confirm this silica material with addition of Na2SO4 has 

ordered Ia3d mesostructure. The SEM image of silica material with addition of 

NaNO3 as is shown in figure 4b is in between figure 33a and 33c, with both rope-like 

domains and petaline-like mesoporous silica.    
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          a                           b                          c 

Figure 33 Scanning electron microscopy (SEM) images of as-synthesized silica materials. a: addition 

of NaCl; b: addition of NaNO3; c: addition of Na2SO4. 

 

Recently, the synthesis of mesoporous silica with a bicontinuous Ia3d structure 

in the presence of non-ionic block copolymers has drawn a lot of attention117. These 

syntheses were carried out with organosiloxane or with organic compounds as 

additives by a solvent-evaporation method , a laboratory-synthesized copolymer , a 

very high concentration of NaI salt , a solvothermal treatment or a copolymer–butanol 

mixture as the structure directing agent 18. 

In the study of block copolymer templated mesoporous materials, mesostructure 

evolution from p6m to Ia3d induced simply by a slight change in acidity (from 1.3 to 

1.2 M HCl) has been reported before. It is suggested that with the decrease of acidity, 

the protonation of the EO moieties decreases118 resulting in a decrease in VH/VL and 

therefore a phase transformation from the relatively hydrophilic p6m to the more 

hydrophobic Ia3d phase115. The delicate phase transformation behavior induced by a 

slight change in acidity in the butanol/P123 templating system makes it a sensitive 

balance  to measure some weak  effects upon phase transformation which cannot 

be differentiated under normal conditions. This result leads to the investigation of 

anions effect on phase transformation. 

In order to study the effect of the anions individually, NaCl, NaNO3 and Na2SO4 

with the same concentration of Na+ were added under the same pH value in one batch 
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of synthesis. The use of Na2SO4 gives rise to an Ia3d structure while the use of the 

other two anions results in a p6m mesostructure. These results suggest that the anion 

SO4
2– induces a more hydrophobic mesophase than the other three anions (referred to 

as a more hydrophobic anion hereafter). Therefore, it is very important to study the 

hydrophobic anion sequence. According to Tang’s research, the use of NO3
– leads to 

the formation of a Ia3d mesophase by carefully tuning the acidity and the 

concentration of the salts (confirmed by TEM) while Cl– still gives rise to a p6m 

structure. The hydrophobic anion sequence is therefore determined to be SO4
2–> 

NO3
–> Cl– and is consistent in all experiments. 

It is surprising to note that the hydrophobic anion sequence determined in our 

experiments does not obey the classic Hofmeister sequence (SO4
2–> Cl–> NO3

–)119. 

The Hofmeister series of ions was initially established more than a century ago in 

classical experiments, which proved that the log (solubility) of many proteins in 

electrolyte solutions depends linearly on electrolyte concentration, and that a different 

solubility curve is obtained for each electrolyte. It soon became apparent that anions 

have a much stronger impact on protein solubility than cations. Anions were separated 

into salting-in (increasing protein solubility) and salting-out (decreasing protein 

solubility). The Hofmeister series orders ions with increasing salting-in potency from 

left to right, and is as follows: 
 

SO4
2−, HPO4

2−, OH−, F−, HCOO−, CH3COO−, Cl−, Br−, NO3
−, I−, SCN−, ClO4

− 

 

It is also could be noticed that the hydrophobic anion sequence does not adhere 

to the reversed hydrated anion radii sequence suggested by Che et al. (NO3
–> Cl–> 

½SO4
2–) 116. Considering the strong acid nature of H2SO4, the HSO4

– and SO4
2– 

species coexist in H2SO4 solution: the dominant anionic species in 2.0 M H2SO4 

solution is HSO4
– and the fraction of SO4

2– increases when the acid concentration 

decreases. For this reason, the effect of SO4
2– and HSO4

– is represented together in 

our discussion. Indeed, a more accurate hydrophobic anion sequence in Che's report is 

most likely represented as NO3
– > SO4

2–(HSO4
–) > Cl– (SI 2, see ESI )116. 
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Nevertheless, the anion sequence that induces structural change is obviously different 

between the non-ionic block copolymer and ionic surfactant templating systems. 

In the study of the common Hofmeister anion effect, the system is usually under 

neutral conditions, while in block copolymer templated synthesis (our system) and 

Che's report, strong acidic conditions were employed. In Che's case, it is suggested 

that the counter-anions with smaller hydrated radii may bind more closely and 

strongly with the head group of the cationic surfactant and therefore decrease the 

hydrophilic volume ratio, leading to a phase transformation to more hydrophobic 

phases. In our synthesis with non-ionic block copolymer templates under strong acidic 

conditions, it is now believed that the interaction at the inorganic/organic interface is 

through a (–EO0H+)(X–H2
+OSi–) pathway59. In this regard, the partially charged EO 

head group is indeed not non-ionic  in the assembly process; the effect of the 

counter-anion radii should be considered (Table 3A). On the other hand, anions with 

large hydration ability greatly dehydrate the EO group and decrease the VH/VL ratio 

(the normal Hofmeister sequence, Table 3B). It is noted that SO4
2– possesses a 

hydration free energy that is 3 times larger than that of NO3
– and Cl– . The interplay 

of the radii effect and the dehydration effect gives rise to the observed anion sequence 

(Table 3C) in our experiments. 

 

Table 3 Effect of anions and the corresponding hydrophobic-hydrophilic sequence in non-ionic 

copolymer templated systems  

 Hydrophobic  Hydrophilic 

A: radii effect NO3
–> SO4

2- > Cl–

B: dehydration effect SO4
2– > Cl–  > NO3

–

C: observed sequence SO4
2– > NO3

– > > Cl–

 

 

In general, an abnormal anion sequence that affects the phase transformation 

behavior of mesostructured composites has been determined in non-ionic block 

                                                                                     66

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

http://www.rsc.org.ezlibproxy1.ntu.edu.sg/delivery/_ArticleLinking/ArticleLinking.cfm?JournalCode=CC&Year=2004&ManuscriptID=b408100e&Iss=19#tab1#tab1
http://www.rsc.org.ezlibproxy1.ntu.edu.sg/delivery/_ArticleLinking/ArticleLinking.cfm?JournalCode=CC&Year=2004&ManuscriptID=b408100e&Iss=19#tab1#tab1
http://www.rsc.org.ezlibproxy1.ntu.edu.sg/delivery/_ArticleLinking/ArticleLinking.cfm?JournalCode=CC&Year=2004&ManuscriptID=b408100e&Iss=19#tab1#tab1


Systematic investigation of single walled nanotubes production in mesoporous catalytic templates   By R.H. Wang 

 

copolymer templating systems. The faithful effect of anions is important to better 

understand the formation mechanism of mesoporous materials in different systems 

and is also useful in other research areas such as physical and biological chemistry. 

Anion affects the formation of mesoporous silica from cationic and non-ionic 

templates in significant ways. The rates of silicate hydrolysis, and the morphology, 

order and prosity of the final products after calcinations are affected by anions. 

Current understanding of anion effects appears to be limited, given the chemical 

complexity of the systems and the fact that several processes occur at the same time. 

However, it may be hoped that a deeper understanding of the behavior of anions may 

provide significant new insights. One may hypothesize for example that ions always 

promote the ordering of surfactant aggregates, either through charge neutralization 

(cationics) or through interfacial dehydration or through charging by adsorption 

(non-ionics). In this respect it may be found that non-ionic templating in the presence 

of salts may not always be non-ionic. Faster hydrolysis in cationic systems is achieved 

with the more chaotropic Hofmeister ions (e.g. NO3
-), presumably because by 

adsorbing at the micellar surfaces they reduce the interfacial charge and allow the 

surfactant micelles to grow and aligh. This phenomenon has an impact on the 

morphology of the final silica product. In the case of non-ionics the hydrolysis is 

faster with the more hydrophilic anions (e.g. F-, SO4
2-), probably because they 

dehydrate the non-ionic micellar surfaces and lower the surfactant cloud point, 

leading to faster precipitation of the surfactant. In both the anionic and the non-ionic 

cases the presence of slats appears to improve the stability of the final mesoporous 

product. This may be happening, because ions incorporated in the solids before 

calcinations loosen the bonds between surfactant templates and pore walls, or because 

they enhance the hydrolysis rate of silica allowing the formation of thicker walls. 

It appears then that anions offer a wide range of possibilities to tailor the 

morphology, stability and surface properties of mesoporous silica. Several useful 

anions have never been used in such studies, while a combination of chaotropic and 

cosmotropic ions may produce even more dramatic results. The understanding of 
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counterion exchange on micellar surfaces in these systems would provide a strong 

platform on which to base further progress. 
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5. Conclusion 
The synthesis of highly ordered C10-Co-MCM-41 catalysts has been optimized. 

The physicochemical properties have been measured using a variety of 

characterization techniques, N2 physisorption, XRD, H2-TPR. Several synthesis 

parameters, e.g., water mixing, surfactant content, pH value in the synthesis gel, and 

TMA group concentration were investigated in order to optimize the synthesis of 

C10-Co-MCM-41 with higher cobalt loading and more uniform structure. The 

C10-Co-MCM-41 samples were applied as the catalytic templates, SWNT with 

different diameter distribution, characterized by Raman spectroscopy, were produced 

successfully. X-Ray diffraction patterns indicate that the mesoporous structure of 

catalytic templates has been preserved under harsh reactions (1073K, CO 

disproportionation). 

The large particle MCM-41 is successfully prepared and possessed the ordered 

mesostructures and spherical morphology as evidenced by XRD and FESEM. The 

particle sizes of MCM-41 stay within 20-45 µm, while the conventional mesoporous 

MCM-41 prepared from fumed silica shows an irregular morphology with particle 

size of around 2μm. The fluidization study shows that the large particle MCM-41 can 

be in the fluidizing state with the first introduction of gas, which is due to the increase 

of the particle size. Furthermore, the channeling and two-layer fluidization commonly 

seen in fluidizing behavior of Geldart C fine particles disappeared, and bubbles can be 

observed throughout the bed with the increased particle size. Therefore, it is 

evidenced that the MCM-41 particles synthesized in this study would be promising 

for the application in fluidized bed reactors. 

Highly ordered mesoporous Co-substituted SBA-15 materials with different Co 

contents were successfully synthesized for the first time using sodium hydroxide 

adjusting pH value. The cobalt ions in the silica network are mainly in tetrahedral 
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coordination for all the calcined samples. The addition of NaCl, is found to efficiently 

enhance the ordered structure of the mesoporous Co-SBA-15 materials. The 

Co-SBA-15 sample prepared values of 3.0 are found that the pore size distribution 

was greatly sharpened, and the surface area and micropore volume are the most in the 

all products prepared with our pH-adjusting method. This route can potentially be 

expanded to the introduction of other heteroatoms into mesoporous silica materials 

with various mesostructures. 

Different anions were also added to find out better physical mesostructure for 

future catalytic applications. In order to study the effect of the anions individually, 

NaCl, NaNO3 and Na2SO4 with the same concentration of Na+ were added under the 

same pH value in one batch of synthesis. The use of Na2SO4 gives rise to an Ia3d 

structure while the use of the other two anions results in a p6m mesostructure. These 

results suggest that the anion SO4
2– induces a more hydrophobic mesophase than the 

other three anions. By optimizing these parameters, it was expected to attain a specific 

and thorough understanding of the synthesis conditions of the mesoporous materials, 

with the prospect of industrial application in the near future.  
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