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Abstract 

... 

.. 

, 

In this work, the preparation of Mo-SBA 15 and Ti-SBA-15 via sol-gel process 

uSIng silatrane as precursor and their preliminarily activity study are focused. 

Functionalized M-SBA-15 (M = Ti and Mo) mesoporous silica catalysts are 

synthesized through the simple room temperature sol-gel process. SAXS, TEM, and 

FESEM ·confirm well-ordered 2D mesoporous hexagonal structures of M-SBA-15 (M 

= Ti and Mo). Diffuse reflectance UV -visible spectroscopy (DRUV) shows that Ti4 
+ 

and Mo6 
+ are incorporated into the framework through displacement of Si4+to loadings 

of 7 Jl!olO/o Ti and I mol% Mo, respectively, without perturbation of the ordered 

mesoporous structure of the parent SBA-I5. N2 adsorption/desorption measurements 

yield high surface areas (670-729 m2/g), with large pore diameters (5.4-6.8 run) and 

volumes (0.83-1.04 cm3/g). The catalytic activity of metal loaded SBA-15 (Ti- and 

Mo-SBA-15) towards the epoxidation of styrene monomer with H20 2 employed as the 

oxidant is investigated as a function of temperature, tin1e, catalyst loading, ratio of 

styrenelH20 2 , and amount of catalyst used. The only products of this reaction are 

styrene oxide, and benzaldehyde. The selectivity of styrene oxide are 34.2% and 

39.9%, at a styrene conversion of 25.80/0 and 7.7% over the 7 mol% Ti and I mol% 

Mo loaded in SBA-I5 catalyst, respectively. The catalytic performance of the sol-gel 

catalysts is shown to be superior to conventional materials produced by incipient 

wetness impregnation method under identical reaction conditions. 

http:0.83-1.04
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CHAPTER I 

INTRODUCTION 

Mesoporous materials are those with pore in the range of 20-500A in 

diameter. They have huge surface areas, providing a vast number of sites where 

sorption process can occur. These materials have numerous applications in catalysis, 

separation, and many other fields (Estermann et ai., 1991; Hoang et al., 2005; Trong

On et ai., 2001; Kubo et ai., 2007). Synth~sis of these materials is of considerable 

interest and is constantly being developed to i1l:troduce different properties. 

Since the discovery of the so-called M41 S (Kresge et al., 1992; Beck et al., 

1992) silicas, much research work has been concentrated on this new class of 

mesoporous materials. Originally, this family has been classified into thee subgroups: 

a hexagonal (MCM-41), a cubic (MCM-48), "~nd a lamellar phase (MCM-50) (Sayari 

et al., 1996; Vinu et al., 2003). Among the J?1esoporous silicas, SBA family has been 

attracted much attention because of thicker walls, better hydrothermal stability and 

larger pore size than M41 S. It is well known that SBA-15 material "is analogous to the 

hexagonal assemblage of cylindrical micelles in the amphiphiiic surfactant. The 

synthesis of SBA-15 mesoporous silicas is achieved by the use of surfactant n1icelles 

as structure directing agents in a sol-gel process. Amphiphillic sUrfactants, 

poly( ethylene glycol)-block-poly(propylene glycol)-block-poly( ethylene glycol), self 

assemble into cylindrical micelles, which are encapsulated by an inorganic material. 

Calcination, a thermal processing technique is then used to remove the organic 

surfactant, leaving a hexagonal arrangen1ent of mesopores (Goltner et al., 1997; 

Wanka et al., 1994; Chu et al., 1996). Many researchers almost used tetraethoxysilane 

(TEOS) as a silica source, however, for this research work, we introduced another 

source of silica from metal alkoxides precursor. 

During the last 9 years, Wongkasemjit and coworkers (2001-2009) 

synthesized moisture stable metal alkoxides, namely silatrane, alumatrane, cerium 

glycolate, zirconium glycolate, titanium glycolate, tin glycolate and molybdenum 
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glycolate, directly from inexpensively corresponding metal oxide using ethylene glycol 

solvent via the "Oxide One Pot Synthesis (OOPS)" process (Phiriyawirut et al., 2003; 

Charoenpinijkam et al., 2001). The reaction gives highly pure metal alkoxides. Both 
• 

synthesized silatrane and alumatrane have been successfully used as precursors for 

synthesis of microporous and mesoporous zeolites via sol-gel process such as, LT A 
( 

(Sathupanya et af., 2002), ANA, GIS (Sathupanya et al., 2003), MFI (Phiriyawirut et 

al., 2003), TS-l (Phonthammachai et al., 2003) and MCM-41, Ti-MCM-41, Mo

MCM-41 (Thanabodeekij et al., 200S-2006). 

In addition, the inclusion of guest molecules in mesoporous materials is one 

of focused subjects. Some efforts· have been made to incorporate metal atoms, such as 

V, Mo, Cu, Fe, and Ti, into mesoporous silica materials by using silatrane as a 

precursor. In ter:ms of catalytic activity, metal 10aded-SBA-lS tends to have higher 

activity than pure silica SBA-lS. For example, Cu-SBA-lS showed higher activity and 

selectivity for hydroxylation of phenol than the pure SBA-lS (Wang et al., 200S), Ti

substituted SBA-lS (Chen et al., 2004), Fe-SBA-lS (Zhang et al., 2007), also showed 

better catalytic activity for styrene oxidation than pure SBA-IS. Therefore, many 

scientists have developed techniques to incorporate metal into the frameworks, such as 

a physical-vapor-infiltration, a wet-impregnation, and a sol-gel process. Among them, 

direct synthesis via sol-gel method has been effectively used by many groups. 

Wongkasemjit and coworkers have successfully synthesized various types of 

mesoporous materials using this method, for example, Fe-SBA-l, Ti-SBA-I, cubic 

mesoporous silica (TanglumLeart et al., 2008-2009), Fe-MCM-41 hexagonal 

mesoporous silica (Thitsartam et aI., 2008), titanium loaded TS-I zeolite 

(Phonthammachai et al., 2006). 

Thus, the major aims of this work are to study a novel synthesis route to 

produce the remarkably high quality SBA-15, and metal loaded SBA-lS viz. Ti-SBA

IS and Mo-SBA-lS by silatrane precursor and using poly( ethylene glycol)-block

poly(propylene glycol)-block-poly( ethylene glycol) as a structure directing agent. The 

catalytic activities of the synthesized SBA-lS and metal loaded SBA-15 are also 

focused in this research. 
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CHAPTER II 

THEORETICAL BACKGROUND AND LITERATURE SURVEY 

• 

c. 
2.1 Introduction to Metal Alkoxide 

Metal alkoxides exhibit great differences in physical properties, depending 

primarily on the position of the metal in the periodic table, and secondarily on the alkJ:l . 

group. Many alkoxides are strongly associated by intermolecular forces (Bradley et al., '. 

1960; Wardlaw et al., 1956), depending on size and shape of the alkyl groups. Many· 

metal methoxides are non-distillable solids because the small methyl group has little '· 

screening effect on the metal atom. With a larger number of methyl groups and smaller'

atomic radius of the metal , methoxides become sublimable and even distillable. 

Metal alkoxide"s are used for a great variety of purposes (Harwood et al., 

1963), especially, adding a metal into an organic solution for a homogeneously '. 

catalyzed reaction. They are mainly used in catalysis with partial or complete " 

hydrolysis, alcoholysis, transesterification and sol-gel application. The most 

outstanding property of metal alkoxides is the ease of hydrolysis. This is specially used 

for sol-gel application (Klein et al., 1981; Dislich et al., 1971; Heistand et al., 1986; 

Lacourse et al., 1986). 

2.2 Synthesis of Metal Alkoxides 

The metal alkoxide precursors for catalyst synthesis are of interest in this 

work. Apparently, the synthesis of new metal alkoxides possessing unique structures 

and properties is of great significance for the investigation of sol-gel process as well as 

the evolution of metal alkoxide chemistry. However, there are a few drawbacks of 

metal alkoxides that make it difficult to study their structures and properties 

thoroughly, such as, the extreme moisture sensitivity and the tendency to form 
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mixtures of structurally complex species upon hydrolysis. Many scientists thus tried to 

improve the properties of metal alkoxides (Grainsford et af., 1995; Wang et af., 1999). 

Laine et af. (1991) investigated a straightforward and low-cost synthesis of 

metal alkoxide precursor. The synthetic method used inexpensive metal oxide 

precursor to react with ethylene glycol in one step called "Oxide One Pot Synthesis 

Process (OOPS)" to successfully produce a group I metal alkoxide (Laine, 1995; 

Blohowiak, 1992). 

Wongkasemjit et af. (2001) also synthesized silatrane uSIng Si02 and 

triethanolamine/triisopropanolamines (Scheme 2.1). The precursor exhibited 

outstanding high stability not only in alcohol, but also in water. 

Scheme 2.1 .The preparation of silatrane complexes by Wongkasemjit's method. 

Not only atrane complexes, but also many metal glycolates were synthesized, 

especially, Ti, Zr, Ce, Sn and Mo (Ksapbutr et af., 2001; Phontarnmachai et af., 2003; 

Junin et al., 2004; Sadtayanon et af., 2004). 

TETA 

200°C 

Scheme 2.2 The preparation of titanium glycolate complex (Phonthammachai et al., 

2003) 
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These precursors obtained are highly pure and suitable for studying optimal 

conditions of the sol-gel process for high surface porous metal oxides suitably used as 

a catalyst or a catalyst support. 

2.3 Sol-Gel Processing 

Sol-gel technique has been extensively used to prepare amorphous and 

crystalline materials. In general , the sol-gel process of metal oxides/alkoxides is the 

syrithesis of an inorganic network at low temperature. This technique involves the 

transition characterized by a relatively rapid change from a liquid (solution or colloidal 

solution) into ~ solid (gel-like state). 

Metal alkoxides are a member of metal organic compounds containing an 

organic ligand attaching to a metal or metalloid atom. Metal alkoxides are popular 

precursors for the sol-gel process because they react readily with water via hydrolysis 

reaction to form metal hydroxide, as shown in the following reaction. 

Si(OR)4 + H20 -7 HO-Si(OR)3 + ROH (2.1) 

where R represents an alkyl ligand (then OR is an alkoxy group), and ROH is an 

alcohol. Depending on the amounts of water and catalyst in the system, hydrolysis may 

go to completion, meaning that all of the OR groups are replaced by OH), or partially 

occur, Si(OR)4n(OH)n. Moreover, the molar ratio of H20:Si(OR)4 should be at least 2: 1 

~o appr~.ach complete hydrolysis of the alkoxide (Nicolaon and Teichner, 1968). 
~~ , ~).~~ ""'" 

At its simplest level, sol-gel chemistry with metal alkoxides can be described 

in terms of two main reactions: 

Hydrolysis: -7 -M-OH + R-OH (2.2) 

Condensation: -M-OH + XO-M- -7 -M-O-M + XOH (2.3) 

where X can be either II or R (an alkyl group). 
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The most important characteristic of the sol-gel preparation of catalytic 

materials is its ease to control the reaction rate, leading to the following advantages: 

(i) 	 The ability to maintain high purity (because of purity of starting materials); 

(ii) 	 The ability to change physical characteristics, such as pore size distribution and 

pore volume; 

(iii) 	 The ability to vary compositional homogeneity at a nlolecular level; 

(iv) 	 The ability to prepare samples at low temperatures; 

(v) 	 The ability to introduce several components in a single step; 

(vi) 	 The ability to produce samples in different physical forms. 

The M-O-M network product is formed by polycondensation reactions, as 

shown in Reaction 2.3 in which alcohol and wate~ are produced as by-products. 

Further extent of the condensation of the sol results il]. the formation of gel. There are 

many parameters affecting gel properties, such as temperature, pH, type of precursor, 

and solvent. Varying the temperature is the most effective when it can alter t~e relative 

rate of competing reactions. Solvent can change the nature of an alkoxide precursor 

though solvent exchange or directly affect the condensation reaction. It is alsopossible 

to prepare gel without solvent as long as another mean, such as ultrasound irradiation, 

is used to homogenize. Furthermore, pH of the solution, which can be changed by the 

addition of either acid or base catalyst, is also the ' most important parameter in 

obtaining gel because the rate and content of the hydrolysis reaction are influenced by 

the change in pH (Aelion et aI., 1950) . 

• 

2.4 Sol-Gel Process in Surfactant-Templated Silica 

Mesoporous silica can be synthesized in either the alkaline route (Beck, 1992) 

or the acid route (Huo et ai., 1994) both using amphiphiles as templates. In the acid 

route, the silica source is silicon alkoxides. The acid catalysis speeds up the hydrolysis 
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versus the condensation rate and promotes mostly condensation at the ends of silica 

polymers to form linear silicate ions (Sanchez et al., 1994). On the other hand, the 

alkaline catalysis favors both hydrolysis and condensation. Thus, the alkaline route 

leads to a highly condensed and compact structure, and the acid route leads to a more 

fuzzy and soft network (Sanchez et al., 1994). The acid route is popular for studying 

its rich morphology, whereas the alkaline route usually provides more stable and 

ordered materials because silica are highly condensed. 

The second important difference is in how the interaction surfactant and 

silicate are organized. The isoelectric point of silicate is around pH = 2, below which 

the silicate carries a positive charge, whereas in the alkaline route the silicate is 

negatively charged. So in the alkaline route, surfactant and silicates organize by the 

strong s+r electrostatic int~raction. In the a~id route (with pH <2), the silica species in 

solution are positively charged as =SiOH2+ (denoted as t). The surfactant (S+)-silica 

interaction becomes S+X-t as mediated by the counterion X- (Ozin et al., 1997). This 

micelle-counterion interaction is in thennodynamic equilibrium. For the complex 

factors one needs to consider are: ion exchange equilibriwn of X- on micellar surface, 

surface-enhanced concentration of t, and proton-catalyzed silica condensation near 

micellar surface. 

The steps in the synthesis can be roughly separated into two parts: the self

assembly of surfactant inorganic system and the inorganic polymerization of silica 

(Ogawa et al., 1994, Yang et al., 1997). The uncondensed silicate ions serve as the 

counterions in the early stage of surfactant self-assembly. This occurs quickly. The 

silica condensation rate is, however, slower, and extent of condensation is pH- and 

temperature-dependent (Renzo et al., 1999) . 

• 

2.5 Literature Review 

Zhao et al. reported that the use of TEOS as silica source and amphjphilic 

triblock copolymers to direct the organization of polymerizing silica species have 

resulted in the preparation of well-ordered hexagonal mesoporous silica structure 
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(SBA-15) with unifonn pore size up to approx. 300 A. The SBA-15 material is 

synthesized in acidic media produces highly ordered, two-dimensional hexagonal 

(space group p6mm) silica-block copolymer mesophases. Calcination at 500°C gives 

porous structures with large interlattice d spacings of 74.5 to 320 A, pore sizes from 

46-300 A, pore volume fraction up to 0.85 and silica wall thicknesses of 31-64 A. 

SBA-15 can be readily prepared over a wide range of uniform pore sizes and pore wall 

thicknesses, using a variety of poly(alkylene oxide) triblock copolymers such as 

poly( ethylene oxide )-poly(propylene oxide )-poly( ethylene oxide) (PEO-PPO-PEO) 

and by the addition of cosolvent organic molecule such as 1,3,5-trimethylbenzene 

(TMB). SBA-15 is fonned in acidic condition with HCI, RBr, HI, RN03, H2S04 or 

H3P04 acids, above the isoelectric point of silica (PH 2), no precipitation or fonnation 

of silica gel occurs. At neutral (PH 7), only disordered or amorphous silica is obtained 

(Zhao et al., 1998). Lin et ale also found that when the pH is adjusted to 5, fast silica 

condensation rate leads to the fonnation of irregular particles rather than crystals (Lin 

et al., 2008). 

Zhao et ale also found that the pore size of hexagonal mesoporous SBA-15 

can be increased to more than 300 A by increasing the hydrophobic volume of the self

assemble aggregates. This can be achieved by changing the copolymer composition or 

block sizes, or by adding cosolvent organic molecule such as TMB (Zhao et al., 1998). 

Generally, a hydrothennal treatment time of 11-72 h at 100°C was needed to 

yield well-ordered mesoporous structures of high surface area (690 m2/g), unifonn 

pore diameter (47 A) and volume (0.56 cm3/g). Subsequently, Newalkar et ale 

introduced microwave-assisted syntheses to shorten reaction time (2 h) while obtaining 

materials of similar quality to those prepared in the autoclave. The microwave method 

proves superior as volumetric heating favors homogeneous nucleation, and fast 

dissolution and supersaturation of precipitated gels promotes shorter crystallization 

times (Park el al., 1998; Komameni et al., 1994). 

For titanium-substituted SBA-15, Zhang et al. (2002) successfully prepared 

Ti-SBA-15 using TMOS and titanium isopropoxide as silicon and titanium sources, 

respectively. Since the hydrolysis of titanium alkoxide is fairly instantaneous, whereas 
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the hydrolysis of silicon precursor much slower, certain amount of fluoride (F/Si = 

0.03-0.05) was added to accelerate the hydrolysis of TMOS; and pH value was 

adjusted to below 1.0 to obtain high quality ofTi-SBA-15 . .. 

Chen et al. (2004) successfully synthesized Ti-SBA-15 under acidity 

hydrothermal conditions using titanium trichloride (TiCb) and TEOS as titanium and 

silicon sources, respectively. They pre-mixed H20 2 with a certain amount of TiCb 

before adding into the gel-solution to improve the ordered structure of the Ti-SBA-15. 

At the maximum SiiTi ratios, only the samples prepared in the presence of H20 2 could 

maintain their ordered structure. In addition, the products synthesized by adding H20 2 

tended to have higher surface area, larger pore size and pore volume than those 

synthesized without adding H20 2. 

In order to synthesize Ti-containing SBA-15, almost all researchers u·sed 

either titanium- isopropoxide or TiCb as titanium source. Both compounds are 

expensive, moisture unstable and relatively high reactivity. Wongkasemjit and 

coworkers (2003-2006) successfully prepared titanium glycolate using inexpellsive 

and widely available titanium oxide (Ti02) and ethylene glycol as starting materials 

via the OOPS process. The resulting moisture stable titanium· glycolate could be 

effectively used to synthesize many types of materials, such as high surface area 

anatase Ti02 (Phonthammachai et a!., 2003), sillenite (Bi12Ti02o) (Thanabodeekit et 

aI., 2005), titanium loaded TS-l zeolite (Phonthammachai et aI., 2006), and highly 

ordered mesoporous Ti-SBA-l (TanglumLert et aI., 2008). 

Li et aI., (2005) reported that the Fe-SBA-15 could be successfully 

synthesized using a simple direct hydrothermal method under weak acid condition in 

the presence of fluoride, using TMOS and iron nitrate (Fe(N03)3.9H20) as silicon and 

iron precursors, triblock copolymer surfactant E02oP07oE02o as a template. They 

found that when the pH value of the solution was lower than 2.0, the highly isolated 

framework iron species (Fe3) were obtained. Besides, adding more iron precursor 

could improve the order of the mesostructure because of the salt effect. Moreover, 

different iron species were produced by changing the pH value of the solution, and, for 

http:0.03-0.05
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all of the calcined samples, the iron ions exhibited tetrahedral coordination in the silica 

framework with Fe/Si molar ratio below 0.0022 at pH 1.5. 

Melero et al. (2007) have reported the preperation of molybdenum-containing 

SBA-15 using co-condenstion technique under acidic condition using non-ionic 

surfactant as a template, TEOS and ammonlUIll molybdate tetrahydrate 

[(N114)6[M070 24]-4H20] as silica and molybdenum sources. They prehydrolized 

molybdenum precursor for at least 3 h to depolynlerize heptamolybdate species to 

fonn monomeric soluble moybdenum(VI) species before adding silica and 

molybdenum precursor into the template solution. After stirring at 40°C for 20 h the 

mixture was aged at 100°C for 24 h and further calcined. The resultant product fronl 

this method showed good mesoscopic ordering, narrow pore size distribution and high 

disper~ion of molybdenum species. 

Wongkasemjit et al. (2009) have been successful to use molybdenum 

glycolate to prepare Mo-SBA-l in dilute acidic condition at room temperature using 

silatrane as a silica source and C16TMAB as a template. The mesoporous Mo-SBA-l 

obtained from this method maintained a well-order mesostructure and high surface 

area, . The amount of molybdenum that could be incorporated into the SBA-I 

framework was relatively high (up to 5%mol) without any extraframe work. 

• 
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CHAPTER III 


A NOVEL ROOM TEMPERATURE SYNTHESIS OF MESOPOROUS SBA-15 

FROM SILATRANE 

Abstract 

Well-ordered and stable two dimensional me~oporous silica, SBA-15, were 

synthesized at room temperature (RT) from a silatrane precursor and a non-ionic 

triblock copolymer (E020P070E020) as the structure directing agent. Using a 

combination of small angle X-ray scattering, electron · microscopy and nitrogen gas 

absorption-desorption isotherms, the RT product was found to be equivalent to SBA

15 prepared using more elaborative microwave-assist~~ hydrothermal methods. Both 

synthesis routes yielded large surface areas (486-613 m2-jg), pore diameters (45-67 A) 

and channel volumes (0.6-0.8 cm3/g). All materials cOI?densed as sinuous bundles of 

silica tubes, in a morphology that approximates p6mm ~yinmetry, but where long range 

order was absent. In addition, a portion of the products consisted of fine crystalline 

mosaics or were aperiodic. The simplicity of the room temperature synthesis route may 

provide an inexpensive and energy-saving process for the large scale production of 

thermally stable SBA-15 as a catalyst support. 

Introduction 

Mesoporous materials have been of wide scientific and technological interest 

since the discovery of the M41S fanlily in the 1990s by the Mobil research groupl-2. 

Among the mesoporous silicas, the SBA group has attracted attention by virtue of their 

thicker walls, greater hydrothemlal stability and larger pore size as compared to the 

M41 S materials. In particular, well-ordered hexagonal SBA-15 possesses high specific 

surface areas (characteristically 600-1000 m2/g), large pore sizes (45-300 A) and 

excellent hydrothermal stability (up to 850°C). These superb properties, place SBA-15 

in demand for catalytic, adsorption and separation applications that require high 
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temperature or operate in corrosive environments3
-

1O
• Mesoporous silicas are typically 

synthesized by sol-gel processes where structure-directing amphiphillic surfactants, 

such as poly( ethylene glycol)-block-poly(propylene glycol)-block-poly( ethylene 

glycol), self assemble as micelles which are encapsulated by an inorganic silica 

precursor l ]. Calcination at 500---600 °C oxidizes the surfactant, leaving thee- or two-

d· . If·· h I 12-16Imenslona mesoporous arrangements 0 cavItIes or c anne s . 

SBA-15 is a 2D mesoporous material first prepared hydrothermally under 

acidic conditions (PH 1-2) using tetraethyl orthosilicate (TEOS) as the silica source 

and triblock copolymers to direct the organization of the polymerizing silica species6
-
7

. 

Generally, a hydrothermal treatment time of 11-72 h at 100°C was needed to yield 

well-ordered mesoporous structures of high surface area (690 m2jg), uniform pore 
3diameter (47 A) and volume (0.56 cm jg). S~bsequently, Newalkar et a/.l7 introduced 

microwave-assisted syntheses to shorten reaction time (2 h) while obtaining materials 

of similar quality to those prepared in the autoclave. The microwave method proves 

superior as volumetric heating favors homogeneous nucleation, and fast dissolution 

and supersaturation of precipitated gels promotes shorter crystallization times 18
-
30

. 

Previous work has shown that controlling hydrolysis and condensation is key to 

preparing well-ordered mesoporous material though sol-gel processing3
). While TEOS 

IS a common silica source, it is highly susceptible to hydrolysis, and the rapid 

separation of amorphous silica impedes nlesopore formation. Therefore, it is 

advantageous to use precursors of reduced hydrolytic activity such as silatrane, an 

organosilicate resistant towards hydrolysis that is stable in air for several weeks. 

Additionally, silatrane is an inexpensive silica precursor, which can be conveniently 

synthesized directly from fumed silicon dioxide and triethanolamine in ethylene 

glycoe2
-
33 

• These starting materials are commercially available and low-priced. 

Silatrane is a proven silica precursor for the sol-gel synthesis of many microporous34
-
37 

and mesoporous38
-42 zeolites. In this paper, we describe a simple room temperature 

route for the preparation of SBA-15 using silatrane under acidic conditions, where a 

triblock copolymer (pluronic P123) was employed as the structure-directing agent. The 

demonstration of room temperature synthesis shows that large scale production of 

SBA-15 can be economical and energy efficient. 
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Experimental 

Silatrane Synthesis 

The silatrane precursor was synthesized from fumed silica (99.8%, Sigma

Aldrich, St. Louis, MO) solubilized in triethanolamine (TEA) (Carlo Erba, Milan, 

Italy), with ethylene glycol (EG) (J.T. Baker, Philipsburg, NJ) employed as the 

solvent, and acetronitrile (Labscan, Bangkok, Thailand) used for silatrane purification. 

Following the method of Wongkasemjit et al.43 0.125 mol TEA was refluxed with 0.1 

mol silicon dioxide in ethylene glycol (100 mL) at 200°C under nitrogen for 10 h in 

an oil bath. Excess ethylene glycol was removed under vacuunl at 110°C to obtain a 

crude brown solid that was washed with acetronitrile to remove TEA and EG residues. 

The white silatrane product was vacuum dried overnight then examined by Fourier

transform infrared (FT-IR) absorption spectrometery (Bruker Optics EQUINOX55, 

Karlsruhe, Germany) at a resolution of 2 cm-\ and thermogravimetric analysis 

(DuPont 2950, Twin Lakes, WI) at a heating rate of 10°C/min from room temperature 

to 750°C in a nitrogen atmosphere. 

1The FT-IR bands observed were 3000-3700 cm-1 (w, vO-H), 2860-2986 cm

l(s, vC-H), 1244-1275 cm-1 (m, vC-N), 1170-1117 cm- l (bs, vSi-O), 1093 cm- (s, 

vSi-O-C), 1073 cm- l (s, vC-O), 1049 cm- l (s, vSi-O), 1021 cm- l (s, vC-O), 785 and 

729 cm-1 (s, vSi-O-C), and 579 cm-l (w, vN-Si). TGA showed one sharp nlass loss at 

390°C and gave a 190/0 ceramic yield of N(CH2CH20)3Si-OCH2CH2

N(CH2CH20H)2. 

SBA-15 Synthesis 

Mesoporous SBA-I5 was synthesized from silatrane with poly( ethylene 

glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (E020P070E020) 

(P123) (Sigma-Aldrich) employed as the template, and hydrochloric acid (Labscan 

Asia) as the catalyst in accord with the procedure of Stucky et af-7
. A solution of 

E02oP07oE02o:HCI:silatrane:H20 = 2:60:4.25:12 (mass ratio) was prepared by 
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dissolving 4 g of E020P070E020 polymer in 80 g of 2 M HCI (part A) and 8.8 g of 

silatrane in 20 g of H20 (part B) with stirring continued for 1 h to ensure complete 

dissolution. For Route 1 synthesis, the solution of part B was then poured into part A, 

stirred at room temperature (RT) for 24 h, the product was recovered by filtration, 

washed with deionized water, and dried overnight under ambient conditions. For 
• 

Route 2, the RT product was in addition treated in an autoclave placed in a microwave 

oven at 300W for 1-2 h at 100 or 120 DC. After cooling to RT, the material was 

filtered, washed and ~.ried as for the Route 1 SBA-15. Both Routes 1 and 2 silicas were 

calcined at 550°C in air for 6 h using a tube furnace (Carbolite, CFS 1200, Hope 

Valley, U.K.) at a heating rate of 1°C/min to remove the residual organics (Figure 

3.1). The microwave assisted product prepared at 120 DC was taken as the baseline 

material. 

Mesopore Ordering'. 

Small-angle X-ray scattering (SAXS) patterns were obtained with a 

PANalytical PW3830 X-ray instrument using CuKa radiation generated at 50kV and 

40 rnA. Thin powder samples (0.02 g) were spread uniformLy on adhesive tape and 

mounted on an aluminium frame (15-20 mm). The scattering patterns were recorded . 

on an image plate and intensities extracted as two dimensional plots against scattering 

angle (29) by integration across approximately 450 pixels/degree 2 theta (Figure 3.2a). 

As replication of the 29 zero shift was poor, the relative, rather than absolute positions 

of the scattering maximum were compared. By using identical smnple weights the 

intensity of the peaks could be directly compared. If the stacking of silica mesotubes 

is perfectly hexagonal and confonns to p6mm plane synunetry than the 2D 

crystallographlc repeat can be indexed as {I O} == {II}, while the second order 

reflections provide a measure of the channel diameter and can be indexed as {30} == 

{33} (Figure 3.2b). Additional scattering (e.g. {-I-I} or {-2-1}) out to larger d

spacings will be significant only if the coherent hexagonal domain sizes are 

sufficiently extensive. 
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Figure 3.1 . 	Simplified room temperature synthesis of SBS-15 (Route 1) compared to 

conventional microwave-assisted hydrothermal method (Route 2). 

Nanostructure 

Field Emission Scanning Electron Microscope (FESEM) images were obtained 

from powders mounted on double-sided carbon tape using a JEOL JSM-7500F, 

operating at an accelerating voltage of 0.3-0.5 kV to minimize the effects of charging. 

Transmission electron microscopy (TEM) was conducted using a JEOL JEM-2100F 

• 	 TEM instrument operated at an accelerating voltage of 200 kV with a large objective 

aperture. For TEM, the powder was lightly ground under ethanol, sometimes with the 

introduction of liquid N2 to enhance fracture and produce thin flakes that were 

dispersed ultrasonically. Two drops of the suspension were deposited on holey 

carbon-coated copper grids. The periodicity of SBA-15 projected along the mesotubes 



]6 

were studied by fast Fourier transfonnation of TEM images using CRISp44 to extract 

interplanar angles, with deviations from 60° indicating an oblique rather than 

hexagonal metric. The average size of the channels was obtained by assuming p6mm 

symmetry and carrying out a back Fourier transfonn with the diameter measured 

directly from the reprocessed image. 

Physical Parameters 

Nitrogen sorption isothenns were obtained at -196°C .after out gassing at 250 

°C for 12 h (Quantasorb JR, Mount Holly, NJ). The surface area and average pore size 

were detennined by the Brunauer-Emmett-Teller (BET) method~ 

.. 
Results and Discussion 

As-synthesized SBA-15 mesoporous material 

The SAXS pattern for as-synthesized mesoporous silica (SBA-15) prepared 

with E02oP07oE02o shows two well-resolved peaks (Figure 3.2A) that are indexable as . 

{10} == {II} and {30} == {33} reflections associated with p6mm hexagonal symmetry. 

The intense {I O} peak reflects a d spacing of 150 A, corresponding to a unit-cell 

parameter (ao = 173 A). After calcination in air at 550°C for 6 h, SAXS (Figure 3.2B) 

shows that the p6mm morphology is preserved. Two peaks are still observed, 

confinning that hexagonal SBA-15 is thennally stable. A similarly high degree of 

mesoscopic order is observed for hexagonal SBA-15 even after calcination at 850°C. 
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Figure 3.2 	 The SAXS pattern of the as-synthesized SBA-15 (A), after calcinations at 

550°C (B) and after calcination at 850 °C (C). These materials show two 

strong scattering' maxima that are indexed in accord with p6mm 

(hexagonal) symmetry. 

Them1al gravimetric and differential thermal analyses (TGA and DTA) in air 

of the SBA-15 sample calcined at 550°C for 6 h and prepared with E020P070E020 

show total weight losses of 11.02 weight % (Figure 3.3). At 94.6 °C, TGA registers a 

2.11 weight % loss because of desorption of water. There is no weight loss at 145°C 

which would correspond to the decomposition temperature of the block copolymer6 

indicating that there is no any nitrogen or carbon species left in the mesoporous wall, 

and confirming that the template has completely been removed. 
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Figure 3.3 	 The TG-DTG peak analyzed in air of SBA-15 after calcinations at 550°C 

for 6 h. 

With hydrothermal treatment 

A. High temperature microwave-assisted hydrothermal synthesis (120 °C/1 h) 

This benchmark material yielded a SAXS pattern with first and second order 

scattering centered at d-spacings of 182.5 A (ao = 210.7 A) and 65.8 A (Figure 3.4a). 

When indexed according to the plane group p6mm as {I O} == {II} and {3 O} == {33 } 

(Figure 3.5), the ratio d{lo} == {II} / dpo} == {33} = 2.8, rather than 3, since the overall 

structure shows significant deviations from the hexagonal metric, and more nearly 

conforms to oblique p2 (Table 3.1). Both scattering maxima are anisotropic such that 

{10} == {II} shows a sharp upper limit of the d-spacing at ~190 A, but a long tail 

towards higher scattering angles down to ~167 A (Figure 4b), while the {30} == {33} 

feature is asymmetric in an opposite sense and spans channel diameters from 63-67 A. 

Higher order features such as {-I-I} are barely discemable because the coherent 

hexagonal domains were quite restricted (Figure 3.4b). Microscopy confirmed the 

absence of longer range periodicity as implied by SAXS. Field Emission scanning 

electron microscope (FESEM) showed that SBA-15 possesses a sinuous morphology 
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at the scale of a few hundred nanometers and coexisted with poorly ordered mesopore 

fragments (Figure 3.6a). In TEM, the mosaic character of even the better ordered 

fragments was evident (Figure 3.6b). At higher magnifications FESEM suggests that 

the channels are partially cavitated, rather than open conduits, which would limit mass 

transport (Figure 3.6c), however the TEM images show the projected absorption 

contrast and periodicity are insensitive to random channel blockages (Figure 3.6d). In 

detail, images collected parallel to the pseudo 6-fold rotation axis clearly show 

variability in both ch~~el diameter and filling (Figure 3 .6e), while <10> == <11 > 

projections confirm tub~le ordering (Figure 3.6f). 
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Figure 3.4 	 (a) The SAXS pattern the SBA-15 materials show two strong scattering 

maxima that are indexed in accordance with p6mm symmetry. The 

relative positions of these maxima are distinct for those mesoporous 

structures prepared with the assistance of microwave homogenization. (b) 

The {I O} == {II} reflections are anisotropic and show that the upper limit 

of the crystallographic repeat in the 2D mesopore order is quite sharp 

(~190A) but with a long tail of shorter periodicity down to ~167 A. (c) 

The {30} == {33} scattering that provides a measure of pore diameter 

shows the channels are slightly larger when microwave treatment is used. 

as con1pared to direct hydrothermal synthesis, in agreement with gas 

absorption measurements (see Table 3.1). 
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Figure 3.5 	 (a) Idealized morphology of the two-dimensional arrangement of silica 

tubes in SBA-15 and conforming to p6mm symmetry. In reality, the 

tubes are sinuous and extend over a range of diameters which destroys 

long range hexagonal symmetry. (b) Projection along the mesoporous 

tubes emphasizing the equivalence of {I O} == {II} planes and d-spacings 

that define the underlying crystallographic repeat, while {30} == {33} 

correspond to a first approximation to the observed channel diameters. 

Figure 3.6 	 FESEM (left-hand side) and TEM (right-hand side) images of SBA-I5 

prepared hydrothermally at 120°C/l h with microwave assistance. (a) &
• 

(b) At lower magnifications the twisted bundles of silica tubes are seen to 

co-exist with less crystalline and aperiodic material. (c) (d) When viewed 

along the pseudo-hexagonal projection it evident that channels not 

uniform in shape or content. ( e) & (f) In <10> FESEM dearly shows 

cavitation along the channels. While this is not evident in TEM, the 

regular periodicity the 2D mesopore order is evident. 
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Fast Fourier transform analysis of 6-fold TEM projections confirmed that 

departures from p6mm symmetry were systemic, with the {I O} == {II} interplanar 

angles deviating from 60° (Figure 3.7a,b). By imposing hexagonal symmetry as the 

average structure and applying the back Fourier reconstruction, a processed image is 

recovered from which the pore diameter is directly accessible (Figure 3.7a) and shows 

an average tunnel diameter of 46 A. The pore diameters derived from SAXS and TEM 

image processing, bracket the value obtained by nitrogen adsorption measurements, 

which gave a diameter of 54 A (Table 3.1), pore volume of 0.8 . <:m3jg and a high 

surface area (613 m2jg) (Figure 3.8a). The isotherm was an IUPAC type N with an 

H I-type hysteresis loops. However, SBA-15 synthesized from si.1atrane showed a 

smaller pore volume (0.8 cm 3jg) and surface area (613 m 2jg) comp~red to equivalent 

material synthesized from TEOS (0.99 cm3jg and 805.9 m2jg). This .is consistent with 

the SAXS observation that the silatrane source yielded 'less well-ordered 

mesopores6
,7,16 . While the TEOS derived SBA-15, X-ray scattering patterns contain 

upto four peaks indicative of longer range periodicity . 

.. f 

Table 3.1 Properties of SBA-15 as a function of the synthesis route 

Synthesis* 

Surface 
Area 

(m 2/g) 

BET 

Channel 
Volume 
(cm3/g) 

BET 

Channel Diameter 
(A) 

BET TEM SAXS 

d{10yd{3o} 

SAXS 

'C"" 

(1)-:::J 
0 
n:: 

Without 
hydrothermal 

treatment 
486 0.6 50 -45 60-63 3 

N 
Q)-:::J 
0 
n:: 

With hydrothermal 
treatment via 
microwave 

assisted method at 
100°C for 2 h. 

572 0.8 55 -45 63-67 2.8 

With hydrothermal 
treatment via 

microwave 
assisted method at 

120°Cfor1 h. 

613 0.8 54 -45 63-67 2.8 
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Figure3.7 	 (a) A well-ordered fragment of SBS-lSproject In pseudo-p6mm 

projection. (b) The frequency image obtained by fast Fourier 

transformation (FFT) of the region within the· circ1e yields shows angles 

that departure from 60° dem~nstrating that this material fragment better 

corresponds to p2 oblique symmetry. By imposing p6mm symmetry and 

• 	 calculating the back Fourier transform the inserted processed image in (a) 

is generated that yields an average pore diameter of 46 A . 

• 

)
1:' 

. 
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Figure 3.8 	 Nitrogen adsorption-desorption isotherms and corresponding pore size 

distributions for SBA-15 prepared with a microwave-assisted 

hydrothermal route at (a)120°C 11 h, (b) 100°C 12 h, and (c) directly at 

RT by stirring. The pore size range is slightly narrower for the latter 

(FWHM ~ 18 A) as compared to the former (FWHM ~ 25 A). 

B. Low temperature microwave-assisted hydrothermal synthesis (l00 °C/2h) 

The characteristics of SBA-15 prepared at 100°C were broadly similar to those 

of the 120 °C material, with the d{lo} == {ll} 1dpo}== {33} = 2.8 (Figure 3.5) and a cavitated 

channel structure (Figure 3.9). The surface area (572 m 2/g) and pore diameter (55 A) 

are identical to those obtained at 120°C 1 I h (Figure 3.8b). 
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Figure 3.9 	 Appr~~imate <10> FESEM (a) and TEM (b) images micrographs of 

SBA-15 prepared hydrothermally with microwave-assisted method at 

100°C/2 h. 

Generally, the work related to SBA-15 employs a hydrothermal treatment step 

• via autoclave or microwave assisted n1ethods using TEOS as a silica source, and P 123 

as the template. For example, Su et a145
, studied the orientation of mesochannels using 

.' 	 a laser-modified pofyimide surface, with TEOS was employed as . silica source and . 

P123 as the structure directing agent. The material was hydrothermally treated in an 

autoclave at 110°C for 48 h. The orientation of the mesochannels was evaluated by x
ray scattering measurement. One narrow {I O} peak of the 2D hexagonal phase 

appeared. The absence of a {II} peak, which would normally be observed in a 

hexagonal structure, was consistent with the mesopore channels oriented parallel to the 

substrate. Okamoto et at6
, studied the site-specific synthesis of mixed valence Ti-O

Fe complexes within the pores of ordered mesoporous silica SBA-15 using TEOS and 

P123. The powder exhibited thee reflections corresponding to {I A}, {II} and {20} of 

a two-dimensional hexagonal pore structure. Newalkar et al.17 reported a n1icrowave

assisted synthesis method to shorten the synthesis time that employed TEOS and P123, 

that can be reduced the reaction time to 2 h and yield the product similar to that 

prepared by 48 h conventional autoclave treatment. It is believed the rapid heating to 

the crystallization temperature by volumetric heating favored homogeneous 

nucleation, fast supersaturation by the rapid dissolution of precipitated gels, and 

ultimately a shorter crystallization time. 
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7Zhao e{ at- , used TEOS and PI23 to synthesize SBA-I5 in acidic conditions 

as a function of temperature and time. Using an autoclave, it took 48 h to complete the 

reaction and achieve well-ordered SBA-I5 with high surface area (690 m2/g), uniform 

pore size of (47 A) and pore volume (0.56 cm3/g), these results are similar to the data 

obtained from the sample from this work. 

Without hydrothermal treatment 

Direct RT synthesis 

The relative· positions of the SAXS scattering maxima appear at 182.5 A and 

60.8 A and conform almost exactly to the hexagonal metric with d{lo} ={II} / d{3o} ={33} 

= 3.0 (Figure 3.4). The spread of crystallographic repetition is unchanged (190 - 167 

.. 	 A), however the channel diameter is slightly smaller (63 - 60 A), in agreement with 

the BET measurements that yielded a surface area (486 m2/g) and pore diameter (50 A) 

(Figure 3.8c), Table 3.1). Micrograph collected near the principal axial projections is 

indistinguishable from the hydrothermally prepared material (Figure 3.1 0). 

., - Figure 3.10 	 Approximate <10> FESEM (a) and hexagonal TEM (b) Images of 

SBA-I5 prepared at RT without hydrothermal treatment. 
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SAXS indicates that SBA-15 prepared at RT are well-ordered 2D mesoporous 

materials, comparable to those microwave-assisted hydrothermal products, with the 

latter yielding a marginally superior product in terms of higher BET surface area and 

mesopore order. When conventional precursors such as TEOS are used, it is believed 

that the hydrothermal conditions promote the condensation of metal oxide bridges, 

leading to better ordered structures. However, this benefit is minimal when silatrane is 

employed, as it is stable towards hydrolysis and can be employed at room temperature. 

TanglumLert et at8
, reported the successful synthesis of well-ordered and stable SBA

1 mesoporous silica via sol-gel process using silatrane as a silica soWce. The high 

quality SBA-l was produced under mild acidic condition, enTMAB. was used as a 

template, and the reaction was conducted at room temperature. 

As it can be seen from the TEM images, the silica wall thic~e:ss between RT 

and microwave-assisted hydrothermal samples are equally similar,. implying that 

silatrane. condensation of Si-O-Si takes place at room temperature. By operating at 

ambient, this method minimizes process complexity while forming well-ordered SBA

15. The results from SAXS, FESEM and TEM clearly indicate that SBA-15 obtained 

from the room temperature (without hydrothermal treatment), and microwave-assisted 

method are comparable, and would facilitate economical and energy saving large scale 

production 

Conclusions 

It has been demonstrated that SBA-15 can be successfully synthesized at room 

temperature using silatrane, an inexpensive and conveniently prepared silica, as the 

silica precursor. The crystallographic, morphological and physical properties of SBA

15 obtained by this simple process are comparable to mesoporous silica prepared by 

the more complex microwave-assisted hydrothermal method. This new preparative 

route may allow inexpensive, energy-saving and efficient production of SBA-15 for a 

range of catalytic and environmental applications. 
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CHAPTER IV 


ROOM TEMPERATURE SYNTHESIS OF Ti-SBA-lS FROM SILATRANE 


AND TITANIUM-GLYCOLATE AND ITS CATALYTIC PERFORMANCE 


TOWARDS STYRENE EPOXIDATION 


Abstract 

A novel room temperature sol-gel synthesis of Ti-SBA-15 is described using 

moisture stable silatrane and titanium-glycolate precursors, and a non-ionic triblock 

copolymer (E020P070E020) as the structure directing agent. Catalyst performance was 

optimized by systematically inyestigating the influence of acidity, reaction time and 

tenlperature, and ~itanium loading. Small angle X-ray scattering (SAXS) and 

transmission electron microscopy (TEM) showed well-ordered 2D mesoporous 

. hexagonal structures, while N2 adsorption/desorption measurements yielded high 

surface areas (up to 670 m2/g), with large pore diameters (5.79 nm) and volumes (0.83 

. cm 3/g). Diffuse reflectance UV-visible spectroscopy (DRUV) was found that 

tetravalent titanium as Ti4+04 tetrahedra were incorporated in the framework though 

displacenlent of Si4+04 after calcination (550 °C/6 h) to loadings of 7mol% Ti without 

perturbation of the ordered mesoporous structure, or decoration by extra-framework 

anatase containing Ti4 
+06 octahedra. The catalytic activity and selectivity of styrene 

epoxidation using hydrogen peroxide (H20 2) showed that the conversion of styrene 

increases significantly at higher titanium contents. The only products of this reaction 

were styrene oxide and benzaldehyde, with selectivity of 34.20/0 and 65.80/0, 

respectively, at a styrene conversion of 25.8% over the 7mol% Ti-SBA-15 catalyst. 

Beyond this titanium loading, anatase is deposited on the framework and catalytic 

activity degrades. The perfonnance of the new catalyst is also shown to be superior to 

conventional materials produced by incipient wetness impregnation where Ti resides 

on the surface of SBA-15, giving a styrene conversion of 11.9% under identical 

reaction conditions. 
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Introduction 

Since the discovery of the large and uniform hexagonal channel motifs, high 

specific surface area, and excellent hydrothermal stability of SBA-15 silica molecular 

sieve by Zhao et al. I ,2, using nonionic triblock copolymers as templates, much effort 

has been devoted to enhancing the syntheses and functionality of these materials 

because of their potential as 	catalysts, adsorbents for large organic molecules, and 
3guest-host chemical supports ,4. However, pure silica porous materials are poor 

catalysts due to weak acidity and redox potentiaI5,6. To overcome theseJimitations, 

heteroatoms are incorporated into the framework to the create active sites, and many 
1Otransition metals promote beneficial catalytic responses7

- • 

The introduction of Ti-substituted molecular SIeves has added a new 

dimension to the application of silica based meso-frameworks for catalytic oxidation, 

and Ti-SBA-15 has proven to be a versatile catalyst for the selective oxidation with 

peroxide enhancement to produce fine chemicals and phannaceuticals. To. be effective, 

Ti should be incorporated crystallochemically in tetrahedral oxygen co-ordination 

(Ti04) by isonl0rphic Si4
+ B Ti4 

+ substitution, rather than as co-existing catalytically 

inactive anatase with Ti4 
+0 6octahedraII. Several attempts have been made to introduce 

titanium into the mesoporous silica framework of SBA-1512
-
18 by direct synthesis or 

post-synthesis treatment9,16, I9-23 . The principle limitation of the post-synthesis method 

is that metal oxides are deposited on external surfaces of the catalyst which blocks the 

channels and prevents the reactant molecules accessing many reactive sites in the 

matrix23. Zhang et al. 14 reported the successful incorporation of Ti into SBA-15 though 

a fluoride mediated reaction that accelerated the hydrolysis of a silica precursor. 

However, the expensive starting materials have limited its use. Newalkar et al. 16 

reported the microwave-assisted hydrothermal synthesis of Ti-SBA-15 using TEOS 

and TiCl4 as silica and titanium sources . 

• 
Wongkasemjit et a1. 24

-
26 successfully prepared silatrane and titanium glycolate 

using inexpensive and widely available silica and titanium oxide as starting materials, 

respectively. The resulting nloisture stable silatrane and titanium glycolate can be 

effectively used to synthesize many technological materials27
-
31 . Commercially 
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available silica and titanium sources are highly susceptible to hydrolysis, resulting in 

the rapid separation of amorphous silica that impedes mesopore formation. Therefore, 

it is advantageous to use precursors of reduced hydrolytic activity. Moreover, silatrane 

has also been proven successful for the synthesis of SBA-15 mesoporous silica at room 

temperature32. In the present study, this approach is extended to the synthesis of highly 

ordered Ti-SBA-15 from silatrane and titanium glycolate precursors, where the acidity, 

reaction temperature, reaction time, and Ti loading were optimized systematically. The 

catalysts were characterized using several complimentary techniques, including SAXS, 

DRUV, TEM, and N2 adsorption. The catalytic activity of Ti-SBA-15 towards the 

epoxidation of styrene monomers with H20 2 employed as the oxidant was investigated 

as a function of temperature, time, and .catalyst loadjng. To establish a baseline for 

comparison, titanium glycolate was impregnated on a SBA-15 framework by the 

incipient wetness impregnation method33 . 

Experimental Section 

Materials 

Fumed silica (Si02, 99.8%) (Sigma-Aldrich, S1. Louis, MO), titanium dioxide 

(Ti02) (Carlo Erba, Milan, Italy), triethanolamine (TEA) (Carlo Erba, Milan, Italy), 

tetraethylenetriamine (TETA) (Facai, Bangkok, Thailand), ethylene glycol (EO) (J .T. 

Baker, Philipsburg, NJ), acetronitrile (Labscan, Bangkok, Thailand), poly( ethylene 

glycol)-block-poly(propylene glycol)-block-poly( ethylene glycol) (E020P070E020) 

(Sigma-Aldrich, Singapore), hydrochloric acid (HCI) (Labscan, Asia) were used 

without further purification or treatment. 

Ti-SBA-J5 sol-gel synthesis 

Ti-SBA-lS materials were synthesized from silatrane and titanium-glycolate. 

The non-ionic triblock copolymer surfactant E020P070E020 was used as the structure

directing agent and 2 M HCI was the acid catalyst. The preparation of Ti-SBA-15 with 
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,. 

., 

various nT/nSi molar ratios followed the method of Samran et al. 32. A solution of 

E02oP07oE02o:HCl:silatrane:H20 = 2:60:4.25:12 (mass ratio) was prepared by 

dissolving 4 g of E020P070E020 polymer in 80 g of 2 M HCI (part A) and 8.8 g of 

silatrane, synthesized according to ref. 25-26, in 20 g of H20 (part B) with 

continuously stirring for 1 h to ensure complete dissolution. The solution of part B was 

then poured into part A. The required amount of titanium glycolate24 was added into 

the homogenous solution with stirring. The resulting gel was aged at room temperature 

(RT) for 24 h and the product recovered by filtration, washed with deionized water, 

and dried overnight at ambient. Silicas were calcined at 550°C in air for 6 h using a 

tube furnace (Carbolite, CFS 1200, Hope Valley, U.K.) at a heating rate of 0.5 °C/min 

to remove the residual organics. The catalysts were designated as (x) mol% Ti-SBA-15 

where x denotes the percentage of the nT/nSi ratio. Titamum-free mesoporous SBA-15 

was synthesized using the same procedure (E02oP07oE02o:HCI:silatrane:H20 = 

2:60:4.25:12 (mass ratio)) in the absence of titanium glycolate. The reaction conditions 

for synthesis of Ti-SBA-15 were studied as a function of Ti loading, acidity, reaction 

time, and reaction temperature. 

Ti-SBA-J5 impregnation synthesis 

Incipient wetness impregnation was used to deposit Ti metal on the SBA-15 

support [38], using 7 and 10 mol% titanium glycolate. The precursor was dissolved in 

water and dropped onto the catalyst supports. Drying was carried out at 100°C for 12 

h, followed by calcination (550 °C/6 h) in a Carbolite furnace (CFS 1200) at a heating 

rate of 0.5 °C/min . 

Characterization 

SAXS patterns were obtained with a PANalytical PW3830 X-ray instrument 

using CuKa (Aav=0.154 nm) radiation generated at 50kV and 40 rnA, over the 28 range 

0.5-10°, step size of 0.01 ° and dwell time of 10 seconds per step. TEM was conducted 
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using a lEOL lEM-21 OOF TEM instrument operated at an accelerating voltage of 200 

kV with a large objective aperture. Nitrogen adsoption and desorption isotherms were 

measured at -196°C after outgassing at 250°C for 12 h under vacuum (Quantasorb lR, 

Mount Holly, Nl). The specific surface area was determined by the Brunauer

Emmett-Teller (BET) method. The pore size distributions were obtained from the 

adsorption and desorption branches of the nitrogen isotherms by the Barrett-loyner

Halenda method. DRUV spectra were recorded from 190---600 nm with a Shimadzu 

UV -2550 spectrophotometer from catalyst powders loaded in a teflon cell and using 

BaS04 as a reference. 

Catalytic activity ofTi-SBA-15 

The catalytic activity of Ti-SBA-15 towards epoxidation of styrene was 

established by combining 5 mmol of styrene, 5 mmol of 300/0 H20 2, 5 mLof 

acetronitrile and a required amount of Ti-SBA-15 (0.0500-0.2000 g) in a glass flask. 

The suspension was stirred and heated to a fixed time (1---6 h) and temperature (70-90 

DC) in an oil bath. Chemical analyses were carried out with a gas chomatograph (GC) .. 

equipped with a capillary column (DB-Wax, 30 m x 0.25 mm) and flame ionization 

detector (FID). The conversion of styrene was calculated based upon the amount of 

styrene monomer consumed. 

Results and Discussion 

Ti-SBA-JS catalyst crystal chemistry 

Zhao et al. I synthesized good quality SBA-15 of high surface area (690 m 2/g) 

using TEOS as the silica precursor that was aged (35 °C/20 h) prior to hydrothermal 

reaction (100 °C/48 h). Recently, Samran et al. 32 reported a novel method to prepare 

SBA-15 from silatrane at room temperature via a sol-gel process using a nonionic 

triblock copolymer as the template to avoid the need for hydrothennal treatment. 

Following this approach, high quality Ti-SBA-15, of large surface area (592-670 
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m 
2jg) , pore volume (0.83 cm 3 jg) and pore size (5.7 run), was readily synthesized. 

GeneralJy, the SAXS pattern of SBA-lS shows scattering attributable to {I O} and {30} 

planes of a 2D hexagonal meso-channel arrangement. These characteristic lines were 

also observed in Ti-SBA-lS. Moreover, the nature of Ti4+ as substitutional Ti04 units 

or extra-framework Ti06 polyhedra could be differentiated by DRUV. Catalysts 

showed strong adsorption, around 220 run, typical of the ligand-to-metal charge 

transfer transition in the tetrahedrally coordinated Ti04 or HOTi03 species. This band 

arises from dn-pn charge transfer between the Ti and 0 atoms associated with Ti-O-Si 

bonds and became more intense with increasing Ti content. An additional band at 330 

run for higher Ti contents ~s attributed to extra-fran1ework titanium (probably anatase), 

suggesting there IS an upper limit for Ti displacement of Si in the SBA-15 

framework 34 
. 

Effect ofTi loading 

. The SAXS patterns of calcined Ti-SBA-lS with 1-10 mol% Ti loading all show 

intense {I O} == {II} and {30} == {33} reflections associated with p6mm plane 

symmetry~2 indicative of welJ ordered mesopores (Figure 4.1 A). As Ti loading 

increased SBA-IS was not perturbed, due to the mild synthesis conditions and 

extraordinarily high purity and moisture stability of the silatrane precursor. TEM of the 

Ti-SBA-lS (7 mol% Ti loading) directly confirmed the long range periodicity of the 

mesopores2 (Figure 4.2). N2 adsorption/desorption isotherms and pore size distribution 

patterns provide quantitative assessments of the porosity (Figure 4.3). All catalysts 

yielded a type IV isotherm (IUPAC classification), with a HI type hysteresis loop 

characteristic of a large diameter mesoporous solid with narrow pore size distribution2
. 

The well-defined step at a relatively high pressure of 0.5-0.7 corresponds to capillary 

condensation of N2, within uniform pores (> S run diameter) and surface area (up to 

670 m2 jg) (Table 4.1). The BET surface area and pore size slightly decrease with 

increasing Ti loading. DRUV spectra of Ti-SBA-15 all show an absorption band 

centered at ~ 220 run, with the intensity increasing with Ti loading (Figure 4.4A), that 

is attributed to charge transfer transition associated with isolated Ti4+04 coordination. 
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However, at the 10%mol Ti loading, the 330 nm band appears from extra-framework 

anatase Ti4+06. 
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Figure 4.1 	 SAXS patterns of (A) pure silica SBA-15 and Ti-incorporated samples of 

Ti-SBA-15 containing different amount of Ti loadings; (B) Ti-SBA-15 

materials prepared at different acid concentrations; (C) Ti-SBA-15 

synthesized at different temperatures; (D) Ti-SBA-15 synthesized at 

different aging times . 

• 
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Figure 4.2 TEM images of 7 mol% Ti-SBA-lS, in which a) in the direction 

1800 

• 	 1600 

1L 
f-
Ul 1400 

200 

perpendicular to the pore axis and b) in the direction parallel to the pore 

aXIS. 
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Figure 4.3 	 N2 adsorption/desorption isotherms (A) and pore size distributions (B) of 

Ti-SBA-lS containing different amount ofTi loadings. 
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Figure 4.4 	 Diffuse reflectance UV-visible spectra of the synthesized Ti-SBA-15: (A) 

at different amounts of Ti loadings; (B) at various acid concentrations; 

(C) at different temperatures; and (D) at different aging times. 

Table 4.1 BET and SAXS analyses of Ti-SBA-lS as a function of amount 

of Ti loading 

Surface area Pore Volume 
Loaded Ti Chanoel diameter (om)

(m2/g) (cm3/g) 
(%) 

BET BET BET SAXS 

1 670 0.83 5.79 6.8 

3 643 0.81 5.77 6.7 

5 618 0.76 5.40 6.5 

592 0.67 5.39 6.5 

10 597 0.71 5.37 6.4 

7 
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Effect ofacidity 

.. 


The SAXS patterns of Ti-SBA-15 materials prepared at different acidity are 

shown in Figure 4.1B, all exhibit a clear {I O} reflection indicating uniform pore 

diameter, but the {30} reflection is broad when the acidity is reduced to 1M, 

suggesting that interpore order correlation is limited. Additionally, DRUV showed 

strong absorption at 220 nm for the 1 M HCI sample as direct evidence for Ti4 
+ 

incorporated into the mesoporous silica framework (Figure 4.4B). It can be concluded 

that lower acidity favored framework incorporation of Ti which disrupts long range 

order in SBA-15 in agreement with Vinu et al. 12, who reported that lowering the 

acidity decreases the hydrolysis rate· of the titanium precursors to match that of silica 

precursors. This may enhance the int~raction between the Ti-OH and Si-OH speci·es in 

the gel resulting in more complete !i incorporation. At the highest acid concentration. 

(3M HCI), DRUV yielded weak absorption at 220 nm, due to the ready dissociation of 

Ti-O-Si bonds13. While a change in acid concentration does not notably affect the 

surface area, pore volume and pore ·size (Table 4.2), the use of 2 M HCl is considered 

optimal because it maintained the well ordered structure of the mesopores and showed 

high Ti incorporation. 

Table ·t2 BET and SAXS analyses of Ti-SBA-15 as a function of acidity 

Surface area Pore Volume 
Acidity Channel diameter (nm)

(m2/g) (cm3/g) 
(M) 

BET BET BET SAXS 

1M 582 0.78 5.63 

2M 597 0.71 5.37 6.4 

3M 606 0.74 5.38 6.2 

Effectoftet,nperature 

Temperature affects liquid crystal formation30 (Table 4.3). In the present case, 

increasing the reaction temperature from ambient to 80°C for Ti-SBA-15 catalyst 

(lOmol% Ti loading/2M HClI24 h) showed {I O} periodicity remained intact while 
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{30} was absent (Figure 4.1 C). BET confim1ed the increase in pore size with reaction 

temperature (Table 4.3), while DRlN showed that at 80°C, Ti4+06 disappeared 

because the Ti4 
+ species preferentially displaced Si4 

+ in the framework of SBA-15 

(Figure 4.4C). However, 2D order was compromised at the higher temperature, and 

therefore room temperature proved most suitable for the synthesis of Ti-SBA-15. Zhao 

et al. 2 reported that higher temperatures resulted in larger pore sizes possibly due to the 

PEO blocks becoming more hydrophobic that increased hydrophobic domain volumes, 

and lead to wider channels with accelerated Ti4 
+ incorporation into the SBA-15 

framework but simultaneously limited long range order. 

Table · ..3 BET and SAXS analyses of T i-SBA-15 as a fu nction of 

temperature 

Su"rface area Pore Volume 
Temperature Channel diameter (om)

(m2/g) (cm3/g) 
eC) 

BET BET BET SAXS 

RT 597 0.71 5.37 6.4 

50 596 0.72 5.68 

80 626 0.95 6.60 

Effect ofaging time 

Aging time is an important parameter because in alkoxide-derived gels, the 

condensation reaction between surface functional groups continues beyond the gel 

point. During aging, there are changes in the textural and physical properties of the gel, 

and from 12 to 36 h (lOmol% Ti 10ading/2 M HCI / RT) SAXS revealed that whilst the 

narrow {I O} reflection is preserved, the {30} reflection broadens with aging time due 

to disruption of long-range hexagonal periodicity3o (Figure 4.1D). DRUV spectra 

indicate that with longer aging extra framework anatase Ti4+06 appears (Figure 4.4D), 

while N2 adsorption isotherms found the surface area, pore volume and pore size all 

decreased (Table 4.4). It is believed that long reaction times, beyond equilibrium, 

cause the condensation reaction to reverse, resulting in mesopore deterioration35. 
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Table 404 BET and SAXS analyses of Ti-SBA-15 as a function of aging 

time 

Surface area Pore Volume 
Channel diameter (nm) 

Time (h) (m2jg) (cm3jg) 

BET BET BET SAXS 

12 637 0.79 5.68 6.4 

24 597 0.71 5.37 6.4 

36 609 0.71 5.39 

Catalytic activity of Ti-SBA -15 towards styrene epoxidation 

Styrene oxide and benzaldehyde were the principle products of styrene 

epoxidation with H20 2 over Ti-SBA-15. All titaniun1 loaded catalysts de~onstrated 

considerably higher styrene conversion than pure SBA-15 (Table 4.5). Raising the Ti 

content to 7 mol% increased the conversion of styrene remarkably (from. 2.90/0 to 

25.8%) with the selectivities for styrene oxide and benzaldehyde of 34.2% and 65.80/0, 

respectively. Additionally, Ti-SBA-15 prepared by the sol-gel synthesis' showed 

significantly higher conversion of styrene (25.8%) than an equivalent catalyst (in terms 

of Ti content) synthesized by the impregnation method (11.9%). When Ti content 

exceeds 7 mol% conversion efficiency decreases (from 25.8% to 12.4%), in agreement 

with DRlN that found the Ti4+04 content was maximized in this catalyst beyond 

which Ti4+06 extra-framework titanium appears as anatase which is less active. 

Combined with the diffraction and microscopy results, it is confirmed that Ti4
+ 

incorporated within the SBA-15 framework is most active. This conclusion is 

consistent with Zhang et al. 14 and Ji et al. 36, who reported that the titanium species in 

the SBA-15 framework are the active sites for styrene oxidation reaction. Moreover, 

the selectivity of styrene oxide decreased while selectivity of benzaldehyde increased 
.. 

with titanium loading consistent with the study of Yu et al. 37 who reported that an 

increase of the Ti content in the mesoporous catalysts decreases epoxide selectivity 

and H20 2 efficiency due to a decrease of isolated Ti atoms in the SBA-framework. 
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Table 4.5 Comparison of catalysts for epoxidation of styrene 

Catalyst (%) 
Styrene Selectivity (%) 

conversion (%) Styrene oxide Benzaldehyde 

00/0 Ti (sol-gel) 2.9 46.6 53.4 

3% Ti (sol-gel) 14.4 42.1 57.9 

5% Ti (sol-gel) 13.9 36.8 63.2 

7% Ti (sol-gel) 25.8 34.2 65.8 

10% Ti (sol-gel) 12.4 30.1 69.9 

7% Ti (impreg.) 11.9 45.7 54.3 

100/0 Ti (impreg.) 10.2 29.2 70.8 

Figure 4.5A shows that over 7 mol% Ti-SBA-15 styrene- conversion increases 

with time whereas selectivity decreases,which may attributed to the secondary 

oxidation of styrene oxide33
. The reaction is initially rapid due' to the abundance of 

H20 236, reaches a maximum after 4 h, then remains constant for up to 6 h. The 

conversion of styrene slightly increased by raising the temperature from 70 to 90°C 

(Figure 4.5B) consistent with the study of Laha et al. 38, but the selectivity of Ti-SBA

15 toward styrene oxide was highest at 80 °C~ The selectivity of benzaldehyde also 

increased with increasing the reaction temperature, meaning that the higher 

temperature favors further oxidation of styrene oxide11. The effect of catalyst 

concentration is shown in Figure 4.5C, with styrene conversion increasing from 11.2% 

to 25.8% as the mass of catalyst was adjusted from 0.05 g to 0.10 g, beyond which the 

rate was essentially constant. The initial improvement in performance with catalyst 

loading is due to an increase of active Ti sites in the system that facilitates styrene 
.conversIon38 . 
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Figure 4.5 	 (A) Effect of reaction time on the styrene oxidation uSIng 0.1 g of 

catalyst, containing 7.0 mol% titanium content, at 80°C; (B) Effect of 

reaction temperature on the styrene oxidation using 0.1 g of catalyst, 

containing 7 mol% titanium content, for 4 h; (D) Effect of amount of 

catalyst, containing 7.0 mol% titanium content, at 80°C for 4 h. 

Conclusions 

Ti-SBA-15 was successfully synthesized via a sol-gel process using silatrane as 

the silica precursor, titanium glycolate as a titanium source, and nonionic triblock 

copolymer as a template. The method is straightforward and can be conducted at room 

temperature without the need for hydrothermal treatment as conventionally required. 

Systematic variations of acidity, aging temperature, aging time, and Ti loading lead to 

an optimized Ti-SBA-15 product. Crystallochemical incorporation of titanium by 

Ti4+04 substitution for Si4+04 in the mesopores proves superior to impregnation or 
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decoration with anatase (Ti4+06). Tetrahedral Ti4+ coordination is maintained to a 

loading of 7 mol% titanium. Ti-SBA-15 materials show relatively high activity in the 

epoxidation reaction of styrene monomers due to the presence of Ti4+04 in the SBA-15 

framework. For the optimized catalyst (7 mol'% Ti loading/2 M HC1I24 hlRT), the 

epoxidation reaction of styrene was most effective at 80 °C/4 h, using 0.05 g catalyst 
• 

with the only products being styrene oxide and benzaldehyde. The selectivity of 

styrene oxide and benzaldehyde reached 34.2% and 65.80/0 at a styrene conversion of 

25.8%. This research demonstrates tha~ .Ti-SBA-15 heterocatalyst can be synthesized 

by a low cost and energy efficient process that will allow scale-up for possible 

industrially application. 
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CHAPTER V 

ROOM TEMPERATURE SYNTHESIS OF Mo-SBA-lS VIA SOL-GEL 

PROCESS AND ITS CATALYTIC ACTIVITY IN STYRENE OXIDATION 

Abstract 

A senes of molybdenum-substituted mesoporous SBA-15 (Mo-SBA-15) 


silicas with various Mo/Si mole ratios were synthesized at room temperature by a sol


gel process from moisture stable silatrane and molybdenum glycolate as metal sources, 


and a non-ionic triblock copolymer (E020P070E020) as a template. Small angle X-ray 


scattering (SAXS), transmission electron microscopy (TEM) and field emission 


sc:anning electron microscopy (FESEM) revealed a highly ordered p6mm hexagonal 


.. mesoporous structure. Diffuse reflectance UV -visible spectroscopy (DRUV) indicated 


th~t the incorporation of M06 
+ into the SBA-15 framework was optimal at 1.0 mol% 


• 	 r:nolybdenum, beyond which extra-framework Mo03 fOnTIs. N2 adsorption/desorption 

measurements showed high surface areas (up to 729 m2/g), with large pore diameters 

(6.8 nm) and volumes (1.04 cm3/g). Mo-SBA-15 showed high catalytic activity for the 

epoxidation of styrene 'n10nomer with hydrogen peroxide (H20 2). The products of this 

reaction were styrene oxide and benzaldehyde. 

Introduction 

Since researchers from the Mobil Research and Development Corporation 

reported the M41S family of mesoporous silicas l
-
2, much effort has been devoted to 

simplify the synthesis and expand to application of mesoporous molecular sieves. In 

• particular, SBA-15 prepared using a non-ionic triblock copolymer as template is of 

interest due to its narrow pore size distribution3 that leads to uniform hexagonal 

arrangement of channels (5-30 run). A large internal surface area (600-1000 m2/g) 

creates a large number of dispersed catalytically active centers, while the thick 

framework walls C·...,3-7 nm) possess a hydrothermal stability exceeding that of thinner
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walled MCM-41 materials l
-
3. However, pure silica SBA-15 is poorly catalytic due to 

the lack of lattice defect, limited redox properties, basicity and acidity. These 

limitations can be overcome by introducing guest species into the SBA-15 framework 

to improve the catalytic activity4. 

Zhao et al. 3 synthesized SBA-lS directly In acidic conditions from 

tetraethylorthosilicate (TEOS) and E020P070E020 as a template by hydrothermal 

treatment (l00 °C/48 h). Recently, Samran et al. 5 reported the room temperature sol

gel synthesis of SBA-lS using a silatrane precursor, and E020P070E020 as the 

structure directing agent. In both the direct method and sol-gel process, SBA-lS 

formed via (SoH+)(X-I+) entities where S, X and I are the non-ionic surfactant, halide 

anion and protonated Si-OH, respective1y3,6. 

Among various metal dopants, molybdenum-bearing catalysts show high 
11activity for nlany reactions, such as propene metathesis 7-8, propene oxidation9

- and 

methanol oxidation 12. The most widely used methods for preparing Mo-SBA-lS are 

post-synthesis impregnation l3 and direct synthesis14. For example, Mo-SBA-lS was 

prepared hydrothermally (l00 °C/24 h) by Melero et al. 15 using tetraethylorthosilicate 

. (TEOS) and ammonium molybdate tetrahydrate «(NH4)6(M07024).4H20) as the silica 

and molybdenum sources. In this paper, we report a simple and effective sol-gel route 

to directly incorporate molybdenum into the SBA-lS framework from moisture stable 

silatrane and molybdenum glycolate precursors, the reaction proceeds at room 

temperature rather than hydrothermally. The incorporation of molybdenum was 

characterized by small angle X-ray scattering (SAXS), transmjssion electron 

microscopy (TEM), field emission scanning electron microscopy (FESEM), diffuse 

reflectance UV -visible spectroscopy (DRUV), and N2 adsorption. The catalytic 

activity of Mo-SBA-lS towards epoxidation of styrene monomer with H20 2 employed 

as the oxidant, was studied as a function of temperature, time, catalyst loading, Mo 

content and styrene:H202 ratio. The performance of catalysts synthesized via 

impregnation and sol-gel methods was compared. 

Experim en tal 
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Materials 

Fumed silica (Si02, 99.80/0) (Sigma-Aldrich, St. Louis, MO), triethanolamine 

(TEA) (Carlo Erba, Milan, Italy), ethylene glycol (EG) (J.T. Baker, Philipsburg, NJ), 

acetronitrile (Labscan, Bangkok, Thailand), molybdenum (VI) oxide (Fluka, Asia), 

poly( ethylene glycol)-block-poly(propylene glycol)-block-poly( ethylene glycol) 

(E020P070E020) (Sigma-Aldrich, Singapore), hydrochloric acid (HCI) (Labscan, 

Asia), hydrogen peroxide (H20 2) (Labscan, Asia)~ and styrene monomer (Labscan, 

Asia) were used without further purification. 

Mo-SBA-15 sol-gel synthesis 

Mo-SBA-15 was synthesized from silatrane and molybdenum glycolate as the 

silica and molybdenum sources, E020P070E020 as the structure-directing agent, and 2 

M HCI was the acid catalyst. Different nM<I'nsi molar ratios were introduced according 

to the method of Samran et a1. 5• A solution of E02oP07oE02o:HCI:silatrane:H20 = 

2:60:4.25:12 (mass ratio) was prepared by dissolving 4 g of E020P070E020 polymer in 

80 g of 2 M HCI (part A) and 8.8 g of silatrane16
-
17 in 20: g of H20 (part B) with 

continuous stirring for 1 h to ensure complete dissolution. The solution of part B was 

then poured into part A. The required amount of molybdenum glycolate] 8 was added to 

the homogenous solution with stirring. The resulting gel was aged at room temperature 

(RT) for 24 h and the product recovered by filtration, washed with deionized water, 

and dried at ambient overnight. This resin was calcined (550 °C/air/6 h) in a tube 

furnace (Carbolite, CFS 1200, Hope Valley, U.K.) at a heating rate of 0.5 °C/min to 

remove residual organics. The catalysts were designated as (x) mol% Mo-SBA-15 

where x denotes the nMoinsi percentage used during synthesis. Molybdenum-free SBA

15 was synthesized using the same procedure (E02oP07oE02o:HCI:silatrane:H20 = 

2:60:4.25:12) in the absence of molybdenum glycolate. 

Impregnation synthesis 
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The incipient wetness impregnation method was used to deposit molybdenum 

on the SBA-15 support, using 1.0 and 1.25 mol% molybdenum glycolate. The 

precursor was dissolved in water and dropped onto the catalyst supports. Drying (l00 

°C112 h) was followed by calcination (550 °C/6 h) at a heating rate of 0.5 °C/n1in. 

Characterization 

The products were characterized by powder X-ray diffraction (XRD) with a 

P ANalytical PW3830 instrument using CuKa (Aav = 0.154 run) radiation generated at 

50kV and 40 ulA, over the 28 range 0.5-100 
, step size of 0.01 ° and dwell time of 10 

seconds per step. Transmission electron microscopy (TEM) was conducted using a 

Hitachi H-7100FA machine operating at 125 kV with a large objective aperture. Field 

emission scanning electron microscopy (FESEM) was used to collect secondary 

electron images from powders mounted on double-sided carbon tape using a Zeiss 

Ultra plus, operating at 0.3-0.5 kV to minimize charging. Nitrogen adsoption and 

desorption isotherms were measured at -196 DC after outgassing at 250 DC for 12 h 

under vacuum (Quantasorb lR, Mount Holly, Nl) to determine the Brunauer-Emmett

Teller (BET) specific surface area. The pore size distributions were obtained from the 

adsorption and desorption branches of the nitrogen isotherms by the Barrett-loyner

Halenda method. Diffuse reflectance UV -visible (DRUV) spectroscopic measurements 

were recorded on a Shimadzu UV -2550 spectrophotometer fitted with an ISR-2200 

integrating sphere attachment and recorded from 190-600 run and using BaS04 as a 

reference. 

Catalytic activity 

The epoxidation of styrene was measured from data collected in a batch 

reactor. The catalyst (0.05- 0.20 g), styrene (5 mmol), hydrogen peroxide (2.5-10 

mmol of 30 wt% aqueous solution) and acetronitrile (5 mL) were introduced to a glass 

flask with closed cap (30 mL). The reactant mixture was stirred and heated for a fixed 

http:0.05-0.20
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time (6-48 h) and temperature (60-80 °C) in an oil bath. The products were identified 

and quantified by gas chomatography (GC) employing a capillary column (DB-Wax, 

30 m x 0.25 mm) and flame ionization detector (FID). The conversion of styrene was 

calculated based upon the quantity of styrene monomer consumed. 

Results and Discussion 

Mesostructure and Crystal Chemistry 

Pure SBA-15 and Mo-SBA-15 (0.25-1.25 mol% Mo) synthesized via sol-gel ' 

processing and calcined at 550°C gave the SAXS patterns shown in Figure 5.1. In all ' 

cases the two well-resolved scattering maxima at 29 of 0.45° and 1.35° could be ' 

indexed to the {I O} == {II} and {30} == {33} reflections, respectively. These scattering: 

peaks are characteristic of p6mm symmetry and similar to pure silica SBA-155
. This' 

hexagonal motif was observed for all Mo-SBA-15 materials indicating that mesopore' , 

order was sustained after the introduction of molybdenum into the framework, due to' 

the mild synthesis conditions employed and the extraordinarily high purity and 

moisture resistance of the silatrane precursor. The d-spacing (d IO) and the hexagonal. 

translational parameter (ao), increased significantly at 1.0 mol% Mo (Table 5.1). This 

may arise because the Mo-O bond length in either tetrahedral or octahedral 

coordination is longer than Si_OI9, indicative of Mo substitution, the increase in dIO 

and ao compared to the pure SBA-15 could confirm the incorporation of molybdenum 

species into the framework of SBA-15. As dIO and ao decrease for Mo content> 1.0 

mol% an upper limit for framework incorporation is supposed under these synthetic 

conditions. The shift of d-spacings to smaller angles with increasing in Mo loading is 

analogous to other metal-substituted mesoporous materials2o. Transmission electron 

micrograph (Figure 5.2) showed well aligned channel, confirming the long range 

ordered hexagonal structure of the synthesized materials. 

http:0.25-1.25
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Figure 5.1 	 SAXS patterns of pure silica SBA-15 ' and Mo-SBA-] 5 containing 

different Mo loadings 

e ' 

Figure 5.2 	 TEM images of Mo-SBA-15 containing].O mol% Mo (A) in the 

direction perpendicular to the pore axis and (B) in the direction parallel to 

the pore axis 
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Table 5.1 Physical and crystallographic properties of 'lo-SBA-15 samples 

as a function of 1\10 loading 

Crystallographic
Sample Physical properties 

properties 

Surface Pore volume Channel diameter 
d1O(nm) ao(nm)Loaded Mo area (m2/g) (cm3/g) (nm) 

(mol%) 

BET BET BET SAXS SAXS SAXS 

Pure 

SBA-15 
570 0.72 5.03 6.0-6.3 18.2 21.0 

0.25 607 0.77 5.38 6.2-6.5 18.6 21.5 

.. 0.50 687 0.81 5.77 6.1-6.4 17.1 19.7 

• 

0.75 

1.00 

729 

708 

1.04 

0.76 

6.76 

5.38 

6.5-6.8 

6.3-6.6 

18.6 

20.7 

21.5 

23.9 

1.25 409 0.47 4.62 5.8-6.1 18.6 21.5 

• 


Diffuse reflectance UV -vis (DRUV) spectrometry was used to extract 

coordination sphere and bonding information for calcined Mo.;.SBA-15 (0.25-1.25 

mol% Mo) with all materials showing strong adsorption from 220-250 nm and at 290 

run (Figure 5.3). According to Cotton et al. 21, these bands are expected for ligand

metal charge transfer in oxomolybdates (02·_Mo6+) with the position of the electronic 

transitions depending on ligand field symmetry surrounding the Mo center; tetrahedral 

M06 
+ (Td) will show a higher energy transition than octahedral (Oh)22. Therefore, the 

220-250 run absorption is attributed to isolated tetrahedral M06
+ species of mono- and 

dioxo molybdenum species, indicating that the Mo04
- species incorporated into the 

framework via Mo-O-Si bridge, due to the transition of an oxygen 2pn electron into 

the empty d-orbital of the molybdenum, consistent with lezlorowski et al. 23. The band 

at 290 nm refers to the electronic transitions of Mo-O-Mo bonds from molybdenum 

oligomer species ls
. The absorption tail at --340-400 nm in the 1.25 mol% Mo sample 

http:0.25-1.25
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suggests extra-framework trioxide Mo03, that contains octahedral M06 
+ species (Oh 

(t2u,tlg~hg))24-25. These results provide further confirmation that the upper limit of 

framework molybdenum incorporation in SBA-15 is < 1.0 mol% . 

.06 

.05 

.04 
(J) 
0 Mo/Si mol% 
s:: 
co 
.c .03L

1.25% 
0 
U) 

.c « 1.00% 

.02 
0.75% 

.01 0.50% 

0.25% 
0.00 

200 300 400 500 600 .. 
Wavelength (nm) 

Figure 5.3 Diffuse reflectance UV -visible spectra of Mo-SBA-15 

N2 adsorption/desorption isotherms; all sample yield type IV isotherms 

(IUP AC classification) and exhibit broad HI type hysteresis loops, typical of large

pore mesoporous solids. The corresponding pore size distribution curves derived from 

the desorption branch of the calcined Mo-SBA-15 are presented in Figure 5.4. The 

well-defined step at a relatively high pressure of 0.5-0.7 corresponds to capillary 

• condensation ofN2 within unifoffil pores (> 5 run diameter) and high surface area (up 

to 729 m 2jg) (Table 5.1). The synthesized Mo-SBA-15 catalysts exhibited large 
• 

surface areas (607-729 m2jg) and pore volumes (0.72-1.04 cm3jg). However, the 

incorporation of molybdenum into the framework of SBA-15 to high molybdenum 

loadings (1.25 mol% Mo) has significant effect on the BET, pore volume, pore 

diameter and especially so for surface area, and could indicate the formation of extra

framework Mo03 within the pores as suggested by DRUV. 

http:0.72-1.04
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Figure 5.4 N2 adsorption/desorption isothenns (A) and pore size distributions (B) of 

Mo-SBA-l 
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Catalytic activity study ofMo-SBA-JS 

Catalytic activity towards epoxidation of styrene using H20 2 as an oxidant was 

tested in a batch-type reactor. At the end of the reaction the catalyst was separated by 

filtration and the products analyzed by gas chomatography (Table 5.2). A blank 

reaction performed over pure SBA-15 under identical conditions showed no catalytic 

activity. Hydrogen peroxide alone was also unable to oxidize styrene in the absence of 

mesoporous silica, whereas all Mo-SBA-15 samples were efficient catalysts. Styrene 

conversion increased with molybdenum content up to 1.0 mol% to a maximum of 

6.30/0 with the selectivities for benzaldehyde and styrene oxide 70.90/0 and 29.1 %, 

respectively. However, at 1.25 mol% Mo loading, conversion efficiency and selectivity 

of styrene oxide significantly decreased, consistent with extra-framework Mo03 

causing channel blockage that restricts the diffusion of styrene to the tetrahedral 

molybdenunl framework species where oxidation is likely to take place19
. 

Table 5.2 Epoxidation of styrene monomer with H;!01 oycr 'Io-SBA-lS 

as a function of ~Io loading 

Selectivity (0/0) 
Loaded Mo (mol Styrene 

Styrene
%) conversion (0/0) Benzaldebyde 

oxide 

Styrene and H20 2 * 

Pure SBA-15 

0.250/0 Mo 5.7 75.1 24.9 

0.500/0 Mo 5.5 65.2 34.8 

0.75% Mo 5.8 77.6 27.6 

1.000/0 Mo 6.3 70.9 29.1 

1.25% Mo 4.4 81.0 19.0 

1.00% Mo (impreg.) 4.7 77.9 22.1 , 
1.250/0 Mo (impreg.) 4.2 80.9 19.1 

*The reaction was conducted in the absence ofmesoporous silica. 

Reaction condition: catalyst 0.05 g/70 °C/24 h/styrene:H20 2 = 1: 1 
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To provide a baseline for comparison, molybdenum was impregnated onto the 

SBA-15 framework and its catalytic activity studied. The impregnated material 

containing 1.0 mol% Mo showed lower styrene conversion (4.70/0) than the equivalent 

catalyst obtained from sol-gel processing (6.30/0); the poor dispersion and mesopore 

plugs of metal oxides appear responsible for the relatively poor catalytic activity of the 

fonner26
. Additionally, the impregnated samples deliver lower styrene oxide selectivity 

(22.1 %) than the catalyst prepared via sol-gel process (29.1 %). This result agrees with 

Rana et _q1. 27 who reported that Mo-MCM-41 synthesized. hydrothennally showed a 

higher aciivity for the oxidation of cyclohexane and gave a more stable cyclohexanol 

product, _in comparison to the impregnated catalyst. This was attribut~d to the 

tetrahedraJ coordination of active molybdenum in the silica framework. The . effect of 

reaction (ime was investigated in thee stages from 6 to 48 h (Table 5.3) and showed 

that at 48 h, styrene conversion increases significantly to 22.60/0 while styrene oxide 
. .

selectivity substantially decreases to 7.5% with a corresponding Increase In 

benzald~hyde selectivity of 92.5%. Benzaldehyde is produced during nucleophilic 

attack of. styrene oxide by H20 2 followed by cleavage of the intennediate hydroxyl

hydrope-roxistyrene28
. As temperature increased from 60° to 80°C, styrene conversion 

was enhanced to 42.1 % at 80 °C (Table 5.4), but selectivity of benzaldehyde "increased 

at the cost of the styrene oxide, indicating that benzaldehyde fonns mainly via further 

oxidation _of styrene oxide, and that the higher temperature favors the oxidation of 

styrene oxide [19]. In contrast, the product obtained from the reaction temperature of 

60°C was only benzaldehyde which could be fonned from a radical mechanism 

though direct oxidative cleavage of the styrene side chain double bond28
. The styrene 

conversion was greatly enhanced (9.10/0) when the mole ratios of styrene: H20 2 are 

1: 1.5 (Table 5.5). With increasing styreneIH20 2 mole ratio, styrene conversion 

increased considerably due to improved H20 2 utilization, beyond which, no further 

was observed. The effect of catalyst loading in the batch reactor is shown in Table 5.6. 

Styrene conversion reached 6.30/0 when 0.05g of catalyst was used and did not 

significantly change when compared with 0.10g and 0.15g. The maximum styrene 

oxide selectivity (39.9%) with reasonable styrene conversion (7.70/0) was observed at 

0.10g catalyst. Hence, the optimum catalyst used was 0.1 Og. 
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Table 5.3 Epoxidation of styrene monomer with H20 1 oyer 1'10

SBA-15 as a function of reaction time 

Time Styrene conversion Selectivity (0/0) 

(h) (0/0) Benzaldehyde Styrene oxide 

6 4.2 72.3 27.7 

24 6.3 70.9 29.1 

48 22.6 92.5 7.5 

Reaction condition: 0.05 g of 1.0 mol% Mo/styrene:H202 = 1: 1 

Table 5.4 Epoxidation of styrene monomer" ith H20 2 oyer l'Vlo-SBA

15 as a function of reaction temperature 

Temperature Styrene conversion Selectivity (0/0) 

(OC) (0/0) Benzaldehyde Styrene oxide 

60 5.4 >99 

70 6.3 70.9 29.1 

80 42.1 84.5 15.5 

Reaction condition: 0.05 g of 1.0 mol% Mo/styrene:H20 2 = 1: 1 

Table 5.5 Epoxidation of styrene monomer " 'ith H20 1 oyer lVlo-SBA

15 as a function of styrene:H20 2 ratio 

Ratio of Styrene conversion Selectivity (%) 

styrene:H20 2 (0/0) Benzaldehyde Styrene oxide 

1 :0.5 7.5 72.7 27.3 

," 1 :1.0 6.3 70.9 29.1 

1 :1.5 9.1 72.7 27.3 

1:2.0 5.5 69.1 30.8 

Reaction condition: 0.05 g of 1.0 mol% Mo/70 °C/24 h 
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Table 5.6 Epoxidation of styrene monomer with H20 2 over l\Io-SBA

15 as a function of catalyst used 

Catalyst used Styrene conversion Selectivity (0/0) 

(g) (%) Benzaldehyde Styrene oxide 

0.05 6.3 70.9 29.1 

0.10 7.7 60.1 39.9 

0.15 6.5 74.5 25.5 

Reaction condition: 1.0 mol% Mo/70 °C/24 h/sryrene:H20 2 = 1: 1 

Conclusions 

Mo-SBA-15 was synthesized via a sol-gel process using silatrane as the silica 

precursor, molybdenum glycolate as the molybdeil~m source, and a nonionic triblock 

copolymer (E020P070E020) as template. This room temperature synthesis is simple 

and avoids hydrothermal treatment as conventionally required. The catalysts 

maintained a p6mm hexagonal mesostructure, high ~urface area (729 m2/g), large pore 

diameter (6.8 nm) and volume (1.04 cm3/g). The optimal framework molybdenum 

loading into SBA-15 without separation of extra-framework Mo03 while maintaining 

tetrahedral coordination is 1.0 mol%. In addition, these Mo-SBA-15 materials show 

relatively high catalytic activity for the epoxidation of styrene monomer with hydrogen 

peroxide due to the presence of molybdenum species in the SBA-15 framework. The 

product obtained from sol-gel synthesis provides superior catalytic activity compared 

to the impregnation method. The optimal condition for epoxidation of styrene over 

Mo-SBA-15 is 70°C for 24 h, using 0.10 g catalyst containing 1.0 mol% Mo, and a 1:1 

mol ratio of styrene:H20 2. The only products obtained are styrene oxide and 

benzaldehyde. The selectivity of styrene oxide and benzaldehyde reached 39.9% and 

60.1 % at a styrene conversion of 7.7%, and demonstrates that Mo-SBA-1S 

heterocatalyst can be synthesized by an inexpensive and energy saving process for a 

range of catalytic applications. 
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CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

The metal substituted SBA-15 mesoporous materials (Ti- and Mo-SBA-15) 

were successfu~ly synthesized through the simple room temperature sol-gel process. 

DRUV results provide evidence that there is the upper limit of metal incorporation into 

SBA-15 framework. The SBA-15 fran1ework can accommodate up to 7 mol% Ti and 1 

mol% Mo without perturbing mesopore order. The catalysts maintained a p6mm 

hexagonal mesostructure, high surface areas (670- 729 m2/g), large pore diameters 

(5.4-6.8 nm), a~d volumes (0.83-1.04 cm3/g). 

Crystallochemical incorporation of Ti4 
+ and M06 

+ substitution for Si4 
+ in the 

mesopores via so)-gel process proves superior catalytic performance to post-synthesis 

method by incipient wet impregnation under identical reaction condition. These 

materials were used as a catalyst in the catalytic activity of styrene epoxidation with 

H20 2. All Ti- and Mo-SBA-15 demonstrate good activity and selectivity in this 

reaction. The only products obtained are styrene oxide and benzaldehyde. The 

selectivity of styrene oxide reached 34.2 and 39.9% at a styrene conversion of 25.80/0 

and 7.70/0 for 7 n1olO/o Ti-SBA-15 and 1 mol% Mo-SBA-15, respectively. This research 

demonstrates that M-SBA-15 (M = Ti and Mo) heterocatalysts can be synthesized by a 

low cost and energy efficient process that will allow to scale-up for possible 

industrially application. 

Recommendations 

The incorporation of two or three types of metals into SBA-15 framework 

should be studied to explore the potential in synergistic effect. Upscale of SBA-15 

synthesis should be studied to explore the possibility to bring it to the industry. 

http:0.83-1.04
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Ahstrad \Vell-ordered and stahle two dimensional 

mesoporous silica. SBA-15. was synthesized at room 
temperature (RT) from a silatrane precursor and a non

ionic trihlock copolymer (EO:~j)P07nEO~(f) as the structure
directing agent. Using a combination of small angle X-ro.ly 
scattering. electron microscopy. and nitrogen gas absorp
tjon-desorption ismherrns. the RT product was found to he 

equivalent to SBA-15 prepared using more elahorative 

microwave-a~"i sted hydrothemlal methods. Both synthesis 
routes yielded large surface areas HH6""(d3 m 2/g). pore 
diameters (-15-67 .A) and channel volumes (OJrO.X cm'/g). 

All materials condensed as sinuolls bundles of silica tubes 

in a morphology that approx.imates p611/111 symmetry. but 

where long range order was absent. In addition. portions of 
the products consisted of tine crystalli ne mosaics or were 
aperiodic. The simplicity of the room temperature synthesis 

route may create an inexpensive and energy·saving process 

for the large scale production of themlally stable SBA-15 
a<; a catalyst suppon. 

h.e~· "ords Si latrane . SBA-15 . Synthesis· 
:\on-ionic triblock copolymer 
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C l1l:lil: tj"hilC(iintu . .:xiu.'g 

I lntrnd ul"liull 

\ksoporous materials have been of wide scientitic and 

technological interest since the discovery of the \·M I S 

family in the 1'J'JOs hy the \ 'lobil research group II. :n 
Among the me SQporous silicas. the SBA group has 
anracred attention hy virrue of their thicker walls. greater 

hydrothennal stahility. and larger pore size a<; compared (0 

the \·141 S materia1s. In partinllar. well-ordered hexagonal 
SBA-15 possesses high specitic sUJi'ace areas (character
istically 6fX}-1.0m m~!g). large pore sizes H5-300 A) and 

excellent hydrothermal stahility (up to X50 'r).: These 

superb properties place SBA-15 in demand for c.atalytic. 
adsorption. and ~parati()n applications that req Ii ire high 

tempemture or operate in corrosive environments 13-- 101. 
Mesoporous silicas are typically s)"llthesi7.ed by sol-gel 

processes where structure-directing amphi phillic surt'ac
tants. such as poly(elhylene glycoJ)-block-poIYI propylene 

glycol)-hlock-poly(ethylene glycol). self assemhle as 

micelles that are encapsulated by an inorganic silica pre
cursor II II. Calcination at 5()()-600 ~C oxidizes the sur

factant. leaving three- or two-dimensional mesoporous 

arrangements of cavities or channels I J2-161. 

SBA-15 is a 2D mesopofOuS material tirst prepared 
hydrothermally under acidic conditions (pH I-::!) using 

tetraethyl orthosilicat.e (TEOS) as the silica source and 
(riblock copolymers to direct the organization of the 

pol:ymerinng silica species 1(,. 7\. (jenerally. a hydrother
mal treatment time of 11-72 h at 100 "C was needed to 
yield well-ordered mesoporous structures of high surface 
area (61)() m~/g). unifoml pore diameter \47 .A.) and volume 

(0.5(, cm'/g). Suhsequently. :\ewalkar et al. 1171 intro

duced microwaw-assisted synthesis to shonen the reaction 
time (2 h) while oblaining materials of similar quality to 
those prepared in an autocla\·e. The microwaye method 

~ Springer 
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prove,-; superior as \T,lull1~urix heating favors homogeneous 

nucleation. and fast dissolution and supersarW"ation of 

precipitated gels promotes shoner c~:stalli7ation ti mes 

IIX-301. 

Previolls work has shcH\n that mntrolling the hydrolysis 

and condensatipn is key to preparing well-0rdered meso

porous material through sol-gel processing 1311. \Vhile 

TEOS is a commpn silica source. it is highly susceptible to 

hydrolysis: and the rapid separation of amorpholls silica 

impedes mesopore fonnatiol1. Therefore . it is advantageous 

to use precursors of reduced hydrolytic activity such as 

sibtrane. which is an organosilicate re"istant to hydrolysis 

and is stable in air for se .... eral week.'>. Additionally. sila

trane is an inexpensi ....e silica precW"soL which can he .. 

conveniently synthesized directly from fumed silicon 

dioxide and triethanolamine in ethylene glycol I.'';~. 3.1). 

These stalling materials are commercially availahle and are 

low-priced, Silatrane is a pnwen silica precursor for the 

spl-gel synthesis of many micro("JI")rolis 13,1-,171 and mes

oporous 13x--121 zeolites. In this paper. we descrihe a 

simple room temperature route for the preparalion of SBA

15 using sibtrane under acidic conditions. where a trihlock 

copolymer (plllIonic P 123) was employed u-; the .'-:tructW"e

directing agent. The demonstration of the room tempera

ture synthesis shows that large scale production of SBA-15 

can be economical and energy efticient. 

.! Expc'rinH'ntal'l'l'tiun 

2.1 Silatrane s)1lthesis 

The silatrane precursor wa.., synthesized from fumed silica 

(')I).Wi' . Sigma-Aldrich. St. Louis. \10) solubilized in tri

ethanolamine (TEA: Carlo Erha. \1ilan. haly). with eth

ylene glycol {EG: J.T. Baker. Philipshurg. ~1J employed a., 

the solvent. and acetronitrile (Lahscan. Bangkok. Thailand) 

used for silatrane purification. Following the method of 
Wongkasemjit et al. I·H I. 0 . 125 mol TEA was retlmed 

with 0.1 mol silicon dioxide in ethylene glycol (Ion mLl at 

200 "C under nitrogen for 10 h in an oil bath. Excess 

ethylene glycol was removed under \';.Icuum atlIO·C to 

ohtain a crude hro\\'n solid that wa~ washed with acetro

nitrile to rem(We any TE~ and EG residues. llle white 

silatrane product was vacuum dried ovemight. then 

e.xamined hy Fourier transform infrared (f-J-IRi absorption 

spectrometef): (Bruker Optics EQLl:'\OX55. Karlsruhe. 

Germany) at a resolution of 2 cm-!. and by thermo

grolvimatric analysis (DuPont 2i)50. Twin Lakes. WIi at a 
heating rate of I () 'C min- ' from mom temperature to 

750 '-C in a nitrogen atmosphere. 

The Ff-IR bands obsen'ed were 3.(){)O-3.700 cm- ! (w, 

10--Hl. 2.X('{)-2.')~() CI11-' (S. I'C-HJ. 1.2l--1-1.275 cm- 1 

~ Srrin~er 

J l'on){J" Maler 120 II) I f\: lei! I h 

(Ill. \'C-:'\). 1.170-1.117 cm < (hs. I'Si-O). 1.()I)3 cm< 

(s. vSi-O--C). 1.073 cm< IS. \'C--O). J.(W) cm< (s. I'Si--O). 

I .O~ I cm-' (S. \'C-O). 7X5 and 72') cm-' (S. I'Si-O-C). 

and 57') cm-: (W. r:\-Sil. T(,A ~howed one sharp mao;s 

loss at 3')0 "C and gave a I'V;' Ceramic yield of 

~(C ll.:-CH .:-O);Si-OCl"2ClI2- :\( CH 2C H 201 I» 

2 . ~ SBA-15 synthesis 

\ 'lesoporous SBA-15 was synthesized from silatrane with 

poly! ethylene glycoIJ- block-poly( propylene glycoIH·t!ock

poly(ethylene glycol' (EO:'(lPO,nE02f,) (p 123) (Sigm3

Aldrichi employed as tile template. and hydrochloric acid 

(L3hscan Asia) as the catalyst in accordance with the pro

cedure of Stucky et al. Ie). 71. A ~olution of E02CJ'070EO.:'o: 

HCl:silatrane:H.:-O equal to 2:{)O:-1.25: 12 (mass ratio) was 

prepared hy diso;olving ,I g of EO.:'nP<hE02o polymer in 

HO g of 2 \1 Hel ipan Ai and H.~ g of silatrane in 20 g of 

H 20 (pall B) while stirring continuously for I h to en~W"e 

complete dissolution. For the Route I synthesis. the solution 

from pall B was then poured into pall A and stirred at room 

temperature (RT) for 2-1 h: the product was recovered hy 

filtration. washed with deionized waler. and dried overnight 

under mnhient c(lnditions. For the Route :2. the RT product 

was. in addition. treated in an autoclave placed in a micro

waye moen at 3m W for 1-2 h at 100 or I20C. After 

cooling. the RT material was filtered washed. and dried as 

for the R()lHe I SBA-15 . Both the ROllte I and ROllte 2 silicas 

were calcined al 550 "C in air for () h using a tube furnace 

(Carholite. CFS 1200. Hope Valley. L.K. )at a hearing rate of 

I '"C/min to remove the residual organics (Fig. I), The 

microwave-assisted product prepared at 120 'cc was taken as 

the haseline material. 

2 .3 \ '!e<;opore ordering 

Small-angle X-ray scattering (SAXS) patterns were 

ohtained with a PA:\alytical PW 3X30 X-ray instrument 

using CuK:l radi al ion generated at 50 kV and.;lO mAo Thin 

powder samples (OJ)2 g) were spread Wlifom11y on adhe

sive tape and mounted on an aluminum frame (! 5-20 mm). 

The scnnering patterns were recorded on an image plate 

and the intensities extracted as two-dimensional plots 

against scanering angle \20, hy integration across 

approximately :150 pixelsidegree 2 theta (Fig. 2a). As 

replication of the 2(1 zero shift was poor. the relative, rather 

than absolute. positions of the scattering maximum were 

compared. By using identical ~ample weights. the intensity 

of the peaks {'ould he directly compared, 1f the stacking of 

~i1ica mesotuhes is perfectly hexagonal and conforms [0 

l16mm plane S)'nlme(~. then the 2D c~'stallographic repeat 

can he indexed u\ {IO I - {I II. while the secmd order 

reHections provide a mea\Ufe of the channel diameter and 

http:2:{)O:-1.25
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P123 : He! (2Mi 
1:20 by mass 
StiriRTi1 hr 

Si!atrane : H20 
1227 by mass 

Stir.'RTi1 hr 

Distilled water wa5h 

! 
Dry RT 12 hr 

550 C/airi6 hr 

H~. I Simpliti{'iI room Icmp.:mtur.: <:-llth.-:si\ of SBS · I:) 1}(0i1T~' I) 
mmpart:d 10 th.:: convention:!l mtaowa\'c a.,,~islcd hydrOlherm:!! 
m.:thod IRoJlfl' 1: 

can r.e indexed as pO 1 - {.)3 J (rIg. 2nl. Additional 
scattering (e.g. 1-- 1-- 11 or {· · 2 -- lll out to larger 

d-spacings will he significant only if the coherent hexag
onal domain sizes are sufficiently extensive. 

I , 

2.-1 :'\anoSlruC[Ure 

Field Emission Scanning Electron \ 'licroscope (FESE\'1) 
images were obtained from powders mOWlted on douhle

sided carhon tape using a JEOL JSM-7500f operating at an 
accelerating voltage of 0.3-U.5 kV to minimize the effects 
of charging. Transmission electron microscopy (TE\1) was 
conducted lIsing a JEOL JE\'1-2100F TE\-1 instrument 
operated at an accelerating voltage of 20) kV with a large 

ohjective apemlfe. For the TE\1. the powder was lightly 
ground under ethanol. sometimes with [he introduction of 

(a) 

• 


H;,:. 2 J.:kulil.:dlllorpbolo~y fa:· "ftt..: two din'h:n.,ionalarr;mgcnl\:nt 

of silic:! IUO~ ill SBA I" cOnf,)mling 10 {J("~i'Jil s:-TIlm.:try. In r.:ality. 
the tut>.:\ arc sinuoll~ and ext.::nd mer u range (If diamCI.:rs. ckqroying 
lon.g range hex agDnal S}TIl ok'!r}. Proj.:-ctiol1 along thc nl\:sopomus 

I iqujd :"\ ~ to enhance fra<-1uring and produce thin Hakes that 
were disper-.ed ultrasonically. Two drops of the suspension 
were deposited on holey carhon-coated copper grids. The 
periodiciry of the SBA-IS projected along the mesotuhes 
was studied by fast Fourier transformation of TEM images 

using CRISP 14'11 to extract the interplanar angles. with 
deviations from 60". indicating an oblique rather than 
hexagonal matrix. The average size of the channels ....'3S 

obtained hy assuming p6mm symmetry and carrying out a 
hack Fourier transformation with the diameter measured 
directly from the reprocessed image. 

2.5 Physical parameters 

:\itrogen sorption isotherms were oorained at - 11)6 'T after 
outgassing at 250 '-'t' for 12 h (QuanrasorbJR. Mount Holly. 
:\J). The surface area and average pore size were detennined 
ny rhe Bmnauer-Emmetr-Teller tBET) method. 

3.1 As-s)nthesized SBA-IS mesoporous material 

The SAXS panern for the as-synthesized mesoporous silica 
(SBA-IS) prepared with EO::oP07oEO::n shows two well
resolved peaks (FI g. 3a) that are indexable as {IO 1 
{ II 1 and {30 1 - t331 retiections associated with p6mm 

hexagonal symmetry. The intense {I O} peak reHects a d 
spacing of 150 A. corresponding to a unit-cell parameter 
(ao = 173 A). After calcination in air at 550 'T for (, h. the 
SAXS (Fig. 3h) shows that the p6mm morphology is pre
served. Two peaks are still ohserved. confirming that 
hexagonal SBA-15 is themlally stahle. A similarly high 
degree of mesoscopic order is observed for hexagonal 
SBA-15 even afler calcinmion at XSO "C. 

(b) 

.. 
/1;; 

aoc-'....:.~;..-~ 

ct, .' .. 


luhn i hI cmphusi7ing the equivalencc of ( 10'1 = (Ill p!ancs ulld d 
spacings thaI .:ktine Inc underlying cry~ull()gmphic r.::pcaL wilh 
(.:),01 = U·31 mrn.':Sponding 10 a tir~ ilpproximation 10 In.: oh~n· .:d 

chunnc[ diuOlClers 

~ Springer 
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1.48+6 .-------------------------, 

1.1e+6 (10} ~ (11) 

Uk.+6 

0.0 

I 
I 

(30} • (33) 
COlIcine<! l>I IISO ' C Ie) I 

o 4 

2-theta (0) 

fig,.' SAXS pattcrn of th.: as <,ynrhc'i7..:d SBA· 15 1: \). aflcr 
calcinations at 550 :C ilI). and after cakinalion at S~}:·C 10.....hc,.c 

matclials o;how 1\':0 strong o;cancling maxima that arc indexed in 

x c ord.:mcc \\'ilh rf!nUJI .IJu.'.w .!iolia/) S)TIHTlctry 

100 

90 

f!{) 

7D 

~ 50 
tn 

~ SCI 

E 40 

Q) 

m 

30S 
2Q 

IC 

0 
100 200 Jeo 40G 500 600 70q Baa 

Temperature (oC) 

fig, -l TG ·DfG peak anal}"7..:'d in air of SBA J5 after c-.:tlcination at 
550 'c for (, h 

Thermogravimrur~c and differential thermal analyses 

(TGA and DTA) in air of the SBA-15 sample calcined at 

550 "C for 6 h . and preparet.i with EO~oP()70EO~o show 
total weight losses of 11.02 weight q. (Fig. ·1 ,. At 

()C~.6 "C, the TGA registers a 2.11 weight 'Jr, loss hecause 

of the desorption of \vater. There is no weight loss at 
145 ~c. which would corre<.;pond to the decomposition 

temperature of the block copolymer 1(>\. indicating that 
there is no nitrogen or carhon species left in rhe meso

porOll<; wall. and contirnling that rhe templ:ue has heen 
completely removed. 

3.1.1 \Villl hytimtfJt:'rmal Irt' (itJllt'1Il 

3. / .1. / High It'mpt'ralw-t' mi'Tj/ll·m't'-tl.ui5tt'd Im/rOll/a

mal Yymht'lis (I:!O "ell II) This henchmark malerial 

yielded a SAXS pattern with first· and second-order 

.g;; Springer 

scattering cenrered at d-spacings of IH25 A 

(on :.C:: 210.7 AI and 65.~ A \ Fig. ~a). \Vhen indexed 
according to (he plane group ;-,()lJ1I1I as 110 I - III I and 

{-,Ol - {331. the nHio d l W ;;: , ol ,./dr'O } == l~ .' :' equah 10 

2.K rather than 3. sillCe the overall srnlcture shows sig
nificant de"iations from the hexagonal matrix. and more 

nearly conforms to ohlique p2 (Ta~le I) . Both scattering 

max ima are ani sotropic slIch t hat 1101 - II I I shows a 
sharp upper limit of the Ii-spacing at - JI.)() A. hut a long 

tail lOwards higher scattering angles down to - 167 A 
(Fig. 50). while the {301 - l3.11 kature is a.:;ymmatrix in 

an ~pposjte sense and spans chLUmel diameters from ()3 to 

(,7 A. Higher order features slIch as I I II are harely 
discemahle because the coherent hexagonal domai~s were 

quite restricted 'Fig . 5h). \1icroscopy confinned the 

ahsence of longer range periodicity as implied hy -SAXS. 
Field emission scanning electrnn microscopy (Ic"""ESE\1) 

showed that the SBA-15 possessed a sinllolls morphology 
at a scale of a few hundred nanometers coexis~ j ng with 
rx,orly ordered mesopore fragment~ (Fig . ()a,. In the TE\l 

images. the mosaic character of even the hetter ordered 
fragments is evidennFig. (,h). At higher magnincations the 

FESE\l suggests that the channels are partially cavitated. 
rather lh~n heing open conduits. which would limit mass 

transport (Fig. 6c):however. the TE\-1 images ~how that 

the projected ahsorption wntrast and periodi('ity are 
insensitive to randnm channel hlockages (Fig. (,d). In 

detail. images collected parallel tn the pseudo sixfold 
rnlation axi..; clearly sh.ow variahility in ho~ channel 
diameter and tilling (rIg. ()e). while the <10> - <II> 

projections connnn mhuJe ordering (Fig . 6t). 

Fast Fourier transform ' analysis of the sixfold TE\l 

projections connmled that departures from p6mm symme

try were systemic. with the 110 I - {II I interplanar 
angles de,iating from (,0" (Fig. 7a, h). By imposing he)(

agonal symmeU)' as the average structure and applying the 
hack Fourier reconstruction. a processed image is recov
ered, from which [he pore diameter is directly accessible 

(Fig. 7a) and sh()ws an average tunnel diameter of ·16 A. 
The pore diameters derived from SAXS and TE\1 image 

processing. support the values ohtained hy nitrogen 
adsorption measurements. which ga,'e a diameter of 5·t .A. 
(Table I). a pore volume of O.H cm;/g . and a high surface 

area (613 m2lg) (Fig. Xa). The isotheml was lLPAC type 
IV with an H I-type hysteresis loop 151. Ho\vever. rhe SBA

15 synthesized from silatrane showed a smaller pore "01
lime (O.H cm3/g) and surface area ((, 13 m~/g) compared to 

equivalent material synthesized from TEOS lO.')!) cmi/g 

and ~()5.L) m 2fg). 111is is consistent with the SAXS ohser
vation that the silatrane source yielded less well·ordered 

mesopores 1(,.7. Il,]. \Vhile for the TEOS derlved SBA·15. 

X-ray '>cattering patterns contain lip to four peaks. indica
tive of Innger range periodicity . 
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I-ig,::' S,\XS pi.lltcm 1;1) or th~ Sl:3.:\ 1:-- makria!s show two strong 
scattering maxima tlmt arc in.:kxcd in orcord with p()mm symmeb·y. 
The rc li.lliw· po~ition~ of th~s-: m~t\ima arc di ~tioct for thos.:: 
1ll~''<)I)f)rou'; SO'IK'turcs prepared with the as~istaoce .)f mi<: ro\\'a\'c 
n.)mogcn17>ltion. I'll.: (IO} - (I II reflections Ih) .U"e anisotr.)pic and 
Sil O'" that the upper limit of the cryswllographic rq-x-al in the 2ll 

(.hlt- I I'rorll:l1i~"'S of SH :\ I." as a fun ction eof 11:-: synthc:"is rout.: 
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mc~pore order is quile sh.lrr ( .~ 190 :\) hUI with a long wil of shol1cr 
peliodi<:ity down to ~ Hi 'J :\. The ( .~Ol ~ (~_~ I sC<l1lering (l' ) which 
pnwioc'\. a measure of por.: dianlCtcr. ~n.)WS thaI the channels ar.: 
slightly 1arg~r wh~n microwav.: tri:'almcnt is used. as compared 10 

direct hydrOlocml<i1 ~·ynthC.\i s . in a~n:cri)cnt with the gas ah~Of))tkJn 
measurements I'\.C': Table I) 

Synthesis
, 

SUifacc arca Channel volume Chann.:! diam\.'tcr t ,\) iff 1011 
i. nl~/,g) tml'/g) d(.~OI 

BET HET BET TEM S:\XS S;,\XS 

Route I 

\\'ilhout hydrothermal tr.:atment -'lXI, 0.6 50 ~45 60 (i-, ~ 

RnUle 2 

With hydrothclmal rr.:31melll \' ia micro\\a\'': 572 O.X 55 .... 4) 6 _~ (j7 2.11 
assi"tcd nlClhod at IOn :c for 2 h 

Wilh hydmthcnllal trcatm.:m \' ia microwL\\'i:' hU O.X 54 ~45 (;3- 67 2.S 
assi~lcd mClh<xi at 120 :C for I h 

- :\Ii malcliah calcilll:d at :'."0 =c 10 rcmmc the t.:mplali:' 

3. 1.1 .2 Lo\\' temperaturt' lIli"/lJIIHl't'-lI.Bi.Ht'd hydrother

mar .\YJIt!rt'si.\ (l()U ':e12!r ) The charaCleristics of the 
SBA-15 prepared at 100 "C were t"lroadly simi lar to those of 

the 120 ' C material. with the d , ~ n : -== r ~ : /d, .;o} ~ 1,3 } equal 
to 2.H i Fig . 5) and a cavitated channel structure (Fig. I)). The 
.;urtace area (572 m2lg) and pore diameter (55 ..\.) are iden

tical to those obtained m 120 Til h (Fig. ~h;' 
Generally. the work related (0 SBA-15 employs a 

hydrothem1ul trearment step \'ia autnclave- or micrm,\'ave
a,,~isted method" using TEOS as a silica s()uree and P 123 

a<; the tetnpbte. For nample. Su et a!. 1·15]. studied the 
orientati,)n of mesochannels using a Ia~r-moditied p(lly
imide surt'ace with TEOS employed as the silica source and 

PI.:!3 as the stmcture-directing agent. The material was 
hydrothermally treated in an autoclave at 110 "C for ·tg h. 
The orientation of the Inesochannels wa'> evaluated hy 

X-ray scattering. One narrow { 10 I peak of the 2D hexag
onal phase appeared. The absence of an { II J peak. which 
would normally he ohserved in a hexagonal structure. was 
consiSlem with the mesopore channels oriented parallel to 
the substrate. Okamoto et al. 1·1(,1. studied the site-specitic 
synthesis of mixed , 'alence Ti-O-Fe complexes within the 
pDres of ordered meso porous silica SBA-15 using TEOS 
and P 1.:!3. The powder exhit"lited (mee feHecrions corre
sponding to 1/01. 1111. and {201 of a two-dimensional 
hexagonal pore structure. ~ewalkar et aL ! IiI reported a 

~ Springer 
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Hg. ti FESEM (h:ft si<h') and TEM IriSh1 ,1;d('1 ima~e~ of SBA 1~ the ch~lnncl" arc not unifolm in shape ~)f content . The <. 10.> F ESE.~1 

prcp<lfcd hydrothermally :.n 120:C for I h with miero.....-a\"c as...is· t' _ r clearly shows cavitatK>n along the ·ci1anncLs. Whit.: this is not 

t:lncc. At lowcr magniticaIion~ a. h the twist£d hundle; of silica 1Un..--S evident in the TEM, regular peliodicity of the 20 meso pore order is 
arc seen 10 co ·nist with less CI;ist:lllinc and aperiodic material. When evident 
vicwed a1on~ the pseudo - hcxa~onal projection c , d it i-. evident thaI 

(b) 

Fi~. 7 A well · ordered fragment (a) ()f SBA 15 in pscudop6/11J11 hener com:,sponds to p2 ohliqu<:, '>}mmetry. By impo'ing 1'6,111;1 
proj_"Ctit1n. The frequency ima~c 0) obtained hy fa...t fourier symmeo'Y and calculating thc hack h>uricr transfoml. tho: in.SCl1Ctt 
transfomlation (fFTl of the rcgion within the dr, It, yj.cld~ shmn processed image ill la ) is generatcd that yidd~ an average P')fC 
aIlt'ic s Ih:.n depart from Ii)' demonstrating Ih:.n thi~ matnia! fragment diameter of 46 ..\ 
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f~, S Nitrogcn Jd\orption des.orption i~othcl1m; and cOlTc,,-pOlxiing 
pore size di.<lrihutfOn.\ for SBA· 15 prep:.lrcd with a microwa',c 
:l.'isistoo hydrothermOll rout..' ;.;t a 120 'C for I h. h 100 'C for':: h. ;Uld 
(' directly at Rf hy <tilTing.. The pore size r;mge i.; .;lightly naITO\\Cr 
for thc l:.llt;:r li-WHM .~ J~ A) as comparcd to the former If\\HM 
-2:.> ,\) 

microw3ye-assisted synthesis method to shorten the syn

thesis time that emph")yed TEOS and P 123: they f()und that 

the reaction time can he reduced to 2 h :md that the product 

yield is similar to that prepared in ·1~ h hy the con\entional 

autoclave treatment. It ~s helie\ed that the rapid heating to 

the crystallization temperature hy VollUlletric hearing 

favored homogeneous nucleation. fast Sllper~aturatjon hy 
the rapid dissolution of precipitated gels_ and ultimately a 

shorter crystallization time . 

Zhao et aL I(I. 71. used TEOS and P 12 3 to synthesize 

SBA-15 in acidic conditions as a function of temperature 

and time. Lsing an autoclave. it took IX h (0 comple(e the 

reanion and ach.ieve well-ordered SBA-IS with a high 

surtace area (6 1)() m~/g), a unifoml pore size of·17 A. and a 

pore volwne of O.5() cm3lg: these results are similar (0 the 

data obtained from the sample from this present work. 

3.1.2 n'iTllOllr ilydrorilt'rnw/ rrt'aTmt'lIT 

3.1-.2.1 Direct RT 5'llIlle5i.~ The relative positions of the 

SAXS scanering maxima appear at IH25 and (IO.H .'\ and 

conform almost exactly to the hexagonal matrix with 

ilr .n) ~ r! d dl¥l i '= . r .;~ ! equal to 3.0 (Fig. 5:.. The spread 

of t~ crystallographic repetition is unchanged (Ii){~ 

I(1"Z AL however. (he channel diameter is slightly smaller 

(()3-60 ..\,. in agreement with the BET measurements that 

yielded a surface area of .;lX() m~/g and a pore diameter of 

50 A (Fig. Xc. Table I J. \1icrographs collected near the 

principal axial projections are indistinguishahle from the 

hydrothermally prepared material (Fig. 10). 

SAXS indicates that the SBA-15 prepared at RT are 

\\'~H-()rdered 2D mesoporous materials. comparahle to (he 

microwa\'e-assi<;ted hydrothermal products_ with the latter 

yielding a marginally superior product in terms of higher 

B~I surface area and mesopore order. \\-'hen conventional 

precursors such asTEOS are used. it is relieved that the 

hydrothermal conditions promote the condensation of metal 

oxide oridges. leading to hetter ordered structures. How

ever. this henetit is minimal when sibtrane is employed. as 

it is stahle towards hydrolysis and can he employed at room 

temperarure. Tanglumlen et aL H71 reponed the successful 

synthesis of well-ordered and stahle SBA-I mesoporous 

si lica via the sol-gel process using silatrane as a silica 

source. High quality SBA-l wa~ produced under mild acidic 

conditions_ C"T\lAB wa<; used as a template. and the 

reaction was conducted at room temperature. 

As can he seen from the TE\l images (Fig. ('L the silica 

wall thickness oet\\'een the RT and the microwave-a<;sisroo 

hydrothemla1 samples are similar. implying that silatrane 

condensation of Si-O-Si takes place at room temperature. 

By operating at amhient conditions. this method minimi7..es 

process complexity while forming well-ordered SBA-15. 

The results from the SAXS. FESE\'1. and TE\t clearly 

indicate that the SBA-15 prodlH.1S ohtained at room tem

perature (without hydrothermal treatment) and hy the 
microwave-assisted method are comparanle. and would 

facilitate economical and ellergy-sa\'ing Luge-scale 

production. 

http:prodlH.1S
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fig. 'J Approximate <10.> fESEM (;I) and T8\-1 ill) micrographo; of SBA 15 prepared hydrothemlally by the microwa\'-c·assisted IOCtood at 

fig. III :\prroximate <JO.> H~SEM ia) and hexa~ollal TEM (h) image ... of SB:\·15 prepared at RT without hydrothermal treatmem 

-I 	 Cnnriw;illlls 

100 "C for 2 h 

It ha'\ heen demon ...1r.ued that S BA-15 can be succe"sfull y 
synthesi7...ed at room temperalUre lIsing silatrane. an inex
pensive and conveniently prepared silica. as the silica 
precllrsoL The cl)'stallographic. morphological. and phys

ical propenies of the SBA-15 obtained by this simple 
process are comparable to mesoporous silica prepared by 

the more complex microwave-assisted hydrothem1al 
method. This new preparative route may allow inexpen
sive. energy-saving. and efhcient production of SBA-15 for 

a range of catalytic and environmenlal applications. 
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Abstract A novel room temperature sol-gel synthesis of 
Ti-SBA-15 is described using moisture stable silatrane and 
titanium glycolate precursors, and poly (ethylene oxide}
poly(propylene oxide}-poly(ethylene oxide) block copoly
mer (EO:nP070E020) as the structure directing agent. 
Catalyst performance was optimized by systematically 
investigating the influence of acidity, reaction time and 
temperature, and titanium loading. Small angle X-ray scat
tering (SAXS) and transmission electron microscopy (TEM) 

showed well-ordered 20 mesoporous hexagonal structures, 
while N2 adsorptionldesorption measurements yielded high 
surface areas (up to 670 nr/g), with large pore diameters 
(5.79 run) and volumes (0.83 cm3 /g). Diffuse reflectance 
UV-visible spectroscopy (DRUV) was found that tetrava
lent titanium as Tj4+04 tetrahedra were incOlporated in the 
framework through displacement ofSi4+04after calcination 
(550"Q6 h) to loadi ngs of 7 mol % Ti without perturbation 
of the ordered mesoporous structure, or decoration by extra
framework anatase containing Ti4+06 octahedra. The cata
lytic activity and selectivity of styrene epoxidation using 
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hydrogen peroxide (H20<!) showed that the conversion of 
styrene increases significantly at higher titanium contents. 
The only products of this' reaction were styrene oxide and 
benzaldehyde, with selectivity of 34.2 and 65.8%, respec
tively, at a styrene conversion of 25.8% over the 7 mol% 
Ti-SBA-15 catalyst. Beyond this titanium loading, anatase 
is deposited on the framework and catalytic activity 
degrades. The performance ofthe new catalyst is also shown 
to be superior to conventional materials produced by 
incipient wetness impregnation where Ti resides on the 
surface of SBA-J5. giving a styrene conversion of J J .9% 
under identical reaction conditions. 

Keywords Ti-SBA-J5· SiJatrane . Titanium-glycoJate· 
Styrene epoxidation 

I Introduction 

Since the discovery of the large and uniform hexagonal 
charmel motifs, high specific surface area, and excellent 
hydrothennal stability of Santa Barbara Amorphous type 
material, SBA-J5, silica molecular sieve by Zhao et aI. [I , 
2). using nonionic triblock copolymers as templates, much 
effort has been devoted to enhancing the syntheses and 
functionality of these materials because of their potential as 
catalysts, adsorbents for large organic molecules, and 
guest-host chemical supports [3, 4). However, pure silica 
porous materials are poor catalysts due to weak acidity and 
redox potential [5, 6). To overcome these limitations, 
heteroatoms are incorporated into the framework to create 
active sites, and many transition metals promote beneficial 
catalytic responses [7-10). 

The introduction of Ti-substituted molecular sieves 
has added a new dimension to the application of silica 
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based meso-frameworks for catalytic oxidation, and 
Ti-SBA-15 has proven to be a versatile catalyst for the 
selective oxidation with peroxide enhancement to pro
duce fine chemicals and pharmaceuticals. To be effec

• 	 tive, Ti should be incorporated crystallocbemically in 
tetrahedral oxygen co-ordination (Ti04) by isomorphic 
Si"+ H Ti4+ substitution, rather than as co-existing cat
alytically inactive anatase with Ti4+06 octahedra (I I]. 
Several attempts have been made to introduce titanium 
into the mesopoTOus silica framework of SBA-15 (12-18] 
by direct synthesis or post-synthesis treatment [C,I, 16, 

19-23J. The principle limitation of the post-synthesis 
method is that metal oxides are deposited on external 
surfaces of the catalyst which blocks the channels and 
prevents the reactant molecules accessing many reactive 
sites in the matrix (23]. Zhang et at (14] reported the 
successful incorporat ion of Ti into SBA-15 through a 
fluoride mediated reaction that accelerated the hydrolysis 
of a silica precursor. However, the expensive starting 
materials have limited its use. NewaJkar et al. [16] 
reported the microwave-assisted hydrothermal synthesis 
of Ti-SBA-15 using tetraethyl orthosilicate {TEOS) and 
titanium tetrachloride (Ti04) as silica and titanium 
sources. 

Wongkasemjit et at r2.i-26] successfully prepared 
silatrane and titanium glycolate using inexpensive and 
widely available silica and titanium oxide as starting 
materials, respectively. The resulting moisture stable 
silatrane and titanium glycolate can be effectively used to 

synthesize many technological materials [27-31]. Com

n~rcially available silica and titanium sources are highly 
susceptible to hydrolysis, resulting in the rapid- separation 
of amorphous silica that impedes mesopore formation. 
Therefore, it is advantagoous to use precursors of reduced 
hydrolytic activity. Moreover, silatrane has also been 
proven successful for the synthesis of SBA-15 mesopor
ODS silica at room temperature [32J. In the present study, 
this approach is extended to the synthesis of highly 
ordered Ti-SBA-15 from silatrane and titanium glycolate 
precursors, where the acidity, reaction temperature, reac
tion time, and Ti loading were optimized systematically. 
The cawysts were characterized using severn} compli
mentary techniques, including SAXS, DRlN, TEM, and 
N2 adsorption. 1be catalytic activity of Ti-SBA-15 
towards the epoxidation of styrene monomers with H20! 
employed as the oxidant was investigated as a function of 
temperature, time, and catalyst loading. To establish a 
baseline for comparison, titanium glycolate was impreg
nated on a SBA-15 framework by the incipient wetness 
impregnation method [33]. Products of the epoxidation 
reaction were analyzed using gas chromatography (GC). 
The conversion of styrene is calculated, based on the 
amount of ,styrene monomer used. 

~ Springer 

2 Experimental section 

2.1 Materials 

Fumed silica (Si02, 99.8%) (Sigma-Aldric.h, 51. Louis, 
MO), titanium dioxide (Ti02) (Carlo Erba, Milan, Italy), 
triethanolamine (TEA) (Carlo Erba, Milan, Italy), tetrae
thylenetriamine (TETA) (Facai, Bangkok, Thailand), 
ethylen'e glycol (EG) (J.T. Baker, Philipsburg, NJ), ace
tronitrile (Labscan, Bangkok, Thailand), poly(etbylene 
oxide}-Poly(propylene oxide}-poly(ethylene oxide) block 
copolymer (E~oP'07oE020) (Sigma-Aldrich. Singapore), 
hydrochloric acid (Hel) (Labscan, Asia) were used without 
further,'purification or treatment. 

2.2 Ti-SBA-15 sol-gel synthesis 

Ti-SBA-15 materials were synthesized from silatrane and 
titaniu~l-glycolate. The non-ionic triblock copolymer sur
factant E020P070E020 was used as the structure-directing 
agent and 2M HCI was the acid catalyst. The preparation of 
Ti-SBA-15 with various trTlnSi molar ratios followed the 
method of Samran et a1 [32]. A solution of E020P070 
E020:HCI:silatrane:H~ = 2:60:425: 12 (mass ratio) was 
prepared by dissolving 4 g of EOwP07oE020 polymer in 
80 goof 2M HO (part A) and 8.8 g ofsilatrane,synthesized 
according to ref. 25-26, in 20 g of H 20 (part B) with 
continuously stirring for 1 h to ensure complete dissolu
tion. The solution of part B was then poured into part A. 
1be required amount of titanium glycolate [2'fJ was added 
into the homogenous solution with stirring. The resulting 
gel was aged at room temperature (RT) for 24 h and the 
product recovered by filtration, washed with deionized 
water, and dried overnight at ambient. Silicas were cal
cined at 550"<: in air for 6 h using a tube furnace (Carb

olite, CFS 1200, Hope Valley, U.K.) at a beating rate of 
O.YC/min to remove the residual organics. 1be catalysts 
were designated as (.t') mol% Ti-SBA-J5 where x denotes 
the percentage of the n·n/nSi ratio. Titanium-free meso
porous SBA-15 was synthesized using the same procedure 
(E020PO-mE<ho:HCl:silatrane:H~ = 2:60:4.25: 12 (mass 
ratio» in the absence of titanium glycolate. The reaction 
conditions for synthesis of Ti-SBA-15 were studied as a 
function of Ti loading, acidity, reaction time, and reaction 
temperature. 

2.3 Ti-SBA-15 impregnation synthesis 

Incipient wetness impregnation was used to deposit Ti 
metal on the SBA-15 support (3RJ, using 7 and 10 mol% 
titanium glycolate. 1be precursor was dissolved in waler 
and dropped onto the catalyst supports. Drying was carried 
out at 10000C for 12 h, followed by calcination (550"C/6 h) 
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in a Carbolite furnace (CFS J200) at a heating rate of 
O.SoC/min. 

2.4 Characterization 
• 

SAXS panerns were obtained with a PANalytical PW3830 
X-ray instrument using CuK~ Oav = 0.154 nm) radiation 
generated at 50 kV and 40 rnA. over the 28 range 05-100• 
step size of0.010 and dweU time of 10 s per step. TEM was 
conducted using a JEOL JEM-2100F TEM instrument 
operated at an accelerating voltage of 200 kV with a large 
objective aperture. Nitrogen adsoption and desorption 
isotherms were measured at -l96D C after outgassing at 
250°C for J 2 h under vacuum (Quantasorb JR. Moum 
Holly, NJ). The specific surface area was determined by the 
Brunaner-Emmen-TelJer (BET) method. The pore size 
distributions were obtained from the adsorption and 
desorption branches of the nitrogen isotherms by the 
Barren-Joyner-Halenda method. DRUV spectra were 
recorded from 190 to 600 nm with a Shi madzu UV-2550 
spectrophotometer from catalyst powders loaded in a 
Teflon cell and using BaSO" as a reference. 

2.5 Catalytic activity of Ti-SBA-15 

The catalytic activity of Ti-SBA-15 towards epoxidation of 
styrene was established by combining 5 mmol of styrene, 
S mmol of 30% ~O2> S mI of acetronitrile and a required 
amount of Ti-SBA-IS (0.05Oa-D.2000 g) in a glass flask. 
The suspension was stirred and heated to a fixed time 
(1--6 h) and temperature (10--90DC) in an oil bath. Chem
ical analyses were carried out with a gas chromatograph 
(GC) equipped with a capillary column (DB-Wax, 30 m x 
0.25 mm) and flame ionization detector (FlO). The con
version of sty rene was calculated based upon the amount of 
styrene monomer consumed. 

3 Results and discussion 

3.1 Ti-SBA-IS catalyst crystal chemistry 

Zhao et al [I J synthesized good quality SBA-15 of high 
surface area (690 m2/g) using TEOS as the silica precursor 
that was aged (35°C/20 h) prior to hydrothermal reaction 
(IOO°c/48 h). Recently. Samran et al [321 reported a novel 
method to prepare SBA-JS from silatrane at room tem
perature via a sol-gel process using a nonionic triblock 
copolymer as the template to avoid the need for hydro
thermal treatment. Following this approach. high quality 
Ti-SBA- 15. of large surface area (592--610 m2/g). pore 
volume (0.83 cm3/g) and pore size (S.1 nm), was readily 
synthesized. General]y, the SAXS panern of SBA-J5 

shows scanering attributable to (to) and (30) planes of a 
2D hexagonal meso-channel arrangement (fig. I). 1bese 
characteristic lines were also observed in Ti-SBA-IS. 
Moreover, the nature ofTi4+ as substitutional Ti04 units or 
extra-framework Ti06 polyhedra could be differentiated by 

DRUV. Catalysts showed strong absorption. around 
220 nm, typical of the ligand-to-metal charge transfer 
transition in the tetrahedrally coordinated Ti04 or HOTi03 

species. This band arises from p 4- d charge transfer 
between the Ti and 0 atom; associated with Ti--O-Si 
bonds and became more intense with increasing Ti content. 
An additional band at 330 run for higher Ti contents is 
attributed to extra-framework titanium (probably anatase). 
suggesting there is an upper limit fur Ti displacement of Si 
in the SBA- J5 framework [34]. 

3.2 Effect of Ti loading 

The SAXS patterns of calcined Ti-SBA-J5 with 
1-10 mol% Ti loading all show intense {IOJ == {II} and 
{30J == (33} reflections associated with p6mm plane 
symmetry [321 indicative of well ordered mesopores 
(Fig. I a). As Ti loading increased SBA-lS was not per
turbed, due to the mild synthesis conditions and extraor
dinarily high purity and moisture stability of the silatrane 
precursor. TEM of the Ti-SBA-IS (7 mol% Ti loading) 
directly confirmed the long range periodicity of the mes
opores [2] (Fig. 2). N2 adsorption/desorption isotherms and 
pore size distribution patterns provide quantitative assess
ments of the porosity (Fig. 3). AU catalySls yielded a type 
IV isotherm (JUPAC classification). with a HI type hys
teresis loop characteristic of a large diameter mesoporous 
solid with narrow pore size distribution [2). The well
defined step at a relatively high pressure of 0.5-0.7 cor
responds to capillary condensation of N2• within uniform 
pores (>S run diameter) and surface area (up to 670 m2/g) 
(Table I). The BEf surface area and pore size slightly 
decrease with increasing Ti loading. DRlN spectra of 
Ti-SBA-15 all show an absorption band centered at 
-- 220 run, with the intensity increasing with Ti loading 

{Fig.4a), that is anributed to charge transfer transition 
associated with isolated Ti4+0. coordination [11.14). 
However. at the 10 1001% Ti loading. the 330 nm band 
appears from extra-framework anatase Ti·+~ [16.28). 

3.3 Effect of acidity 

The SAXS patterns of Ti-SBA-IS materials prepared at 
different acidity are shown in Fig. lb. all exhibit a clear 
{10} reflection indicating uniform pore dianleter. but the 
(30J reflection is broad when the acidity is reduced to 1M. 
suggesting that interpore order correlation is limited. 
Additionally. DRUV showed strong absorption at 220 nm 
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Fig. 1 SAXS patterns of11 pme , 

A 300J-:J ; 1:-"' -;'-' -'._·:IT.silica SBA-15 and 
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Ti-SBA-lS containing different 
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Fig. 2 TEM image... of 7 mol% 
Ti-SBA-lS. in wbicb a in the
direction perpendicular to the -
pore axis and b in the direction_ 
paraUei to the pore axis -

for the 1M HCl sample as direct evidence for n4+ incor
porated into the mesoporous silica framework (Fig. 4b). It 
can be concluded that lower acidity favored framework 
incorporation of Ti which disrupts long range order in 
SBA-15 in agreement with Vinu et at [12 J. who reported 
that lowering the acidity decreases the hydrolysis rate of 

the titanium precursors to match that of silica precursors. 
'Ibis may enhance the interaction between the Ti-OH and 
Si-OH species in the gel resulting in more complete Ti 
incorporation. At the highest acid concentration (3M HO), 
DRUV yielded weak absorption at 220 nm. due to the 
ready dissociation of Tt-O-Si bonds rI 3]. While a change 
in acid concentration does oot ootably affect the surface 
area, pore volume and pore size (Table 2), the use of 2M 
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HC1 is considered optimal because it maintai ned the wen 
ordered snucture of the mesopores and showed high Ti 
incorporation. 

3.4 Effect of temperature 

Temperature affects liquid crystal formation PO). In the 
present case, increasing the reaction temperature from 
ambient to 80"C for Ti-SBA-J5 catalyst (10 mol% Ti 
loading/2M HC1I24 h) showed {IOJ periodicity remained 
intact while {30} was absent (Fig. Ic). BET confirmed the 
increase in pore size with reaction temperature (Table 3), 

while DRUV showed that at 80°C, Ti4+06 disappeared 
because the Ti4 + species preferentially displaced Si4+ in 
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(
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Relative pressure WIPJ ) 

B 

T;, Si rri lJl c. ~ 
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1% ___-1 
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'0( 

Pore d'(lmeter (Ang~tromt 

Fig. 3 N2 alhorption/dewrptXm i'IOtherm.<; a and pore size distribu
tiom~ b of n-SBA-15 oontaining different amount of n loadings 

Table 1 BET and SAXS analyse.! of Ti-SBA-15 as a function of 
amoUDt of Ti loading 

Loaded Ti (%) Surface 
area (m2 /g) 

Pore 
volume 

Channel diameter (run) 

(cm3 /g) 
BET BET BET SAXS 

1 670 0.83 5 .79 6 .8 

3 643 0.81 5.77 6.7 

5 618 0.76 5 .40 65 

7 592 0.67 539 65 

to 597 0.71 537 6.4 

the frame1NOrk of SBA-I5 (Fig. ·k). However, 2D order 
was compromised at the higher temperature , and therefore 
room temperature proved most suitable for the synthesis of 
Ti-SBA-J5. Zhao et al (21 reported that higher tempera
tures resulted in larger pore sizes possibly due to the PEO 
blocks becoming more hydrophobic that increased hydro
phobic domain volumes. and lead to wider channels with 
accelerated Ti4+ incorporation into the SBA- 15 framework 
but simultaneously limited long range order. 

3.5 Effect of aging time 

Aging time is an imponant parameter because in alkoxide
derived gels. the condensation reaction between surface 
functional groups continues beyond the gel point. During 
aging. there are changes in the textural and physical 
properties of the gel. and from 12 to 36 h (10 mol% Ti 
loading/2M HClIRn SAXS revealed that whilst the narrow 
(1O) reflection is preserved. the {30} reflection broadens 
with aging time due to disruption of long-range hexagonal 
periodicity [30] (Fig. Id). DRUV spectra indicate that with 
longer aging extra frame1NOrk anatase Ti4+06 appears 
(Fig. -1d), while N2 adsorption isotherms found the surface 
area, pore volume and pore size all decreased (Table 4). It 
is believed that long reaction times. beyond equilibrium, 
cause the condensation reaction to reverse. resulting in 
mesopore deterioration (35]. 

3.6 Catalytic activity of Ti-SBA-15 towams styrene 
epoxidation 

Styrene oxide and benz81dehyde were the principle prod
ucts of styrene epoxidation with H20z over Ti-SBA-J5. All 
titanium loaded catalysts demonstrated considerably higher 
styrene conversion than pure SBA-15 (Table :'i). Raising 
the Ti content to 7 mol% increased the conversion of sty
rene remarkably (from 2.9 to 25 .8%) with the selectivities 
for styrene oxide and benzaldehyde of 34.2 and 65.8%, 
respectively. Additionally. Ti-SBA- ) 5 prepared by the 
sol-gel synthesis showed significantly higher conversion of 
styrene (25.8%) than an equivalent cat81yst (in terms ofTi 
content) synthesized by the impregnation method (1 1.9%). 
"When Ti content exceeds 7 mol% conversion efficieocy 
decreases (from 25.8 to 12.4%), in agreement with DRUV 
that found the Ti4+04 content was maximized in this 
catalyst beyond which Ti4+~ extra-framework titanium 
appears as anatase which is less active. Combined with the 
diffraction and microscopy results. it is confinned that Ti4+ 
iocOJporated within the SBA-15 framework is most active. 
This conclusion is consistent with Zhang et 31. [141 and Ji 
et at [36]. who reponed that the titanium species in the 
SBA- 15 framework are the active sites for styrene oxida
tion reaction. Moreover. the selectivity of styrene oxide 
decreased while selectivity of benzaldehyde increased with 
titanium loading consistent with the srudy of Yu et 81. [37] 
who reponed that an increase of the Ti content in the 
mesoporous catalysts decreases epoxide selectivity and 
H:'>o2 efficiency due to a decrease of isolated Ti atoms in 

the SBA-framework. 
Figure Sa shows that over 7 mo)% Ti-SBA-I5 styrene 

conversion increases with rime whereas selectivity decrea
ses. which may attributed to the secondary oxidation of 
styrene oxide [J 3]. The reaction is initially rapid due to the 
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Table 2 BET and SAXS ana.Iyse3 of Ti-SBA·15 lL'I II function of Table 4 BET and SAXS · analyse.~ of Ti-SBA-15 as a function of 
acidity aging time 

Acidity (M) Smface area Pore volume OlllDneJ diameter (nm) Time (b) Surface area .' Pore volmne OJarmei diameter (nm) 
(m2/g) (cml/g) (m2/g) (cml/g) 
BET BET BET SAXS BET BET BET SAXS 

1 582 0.78 5.63 12 637 0.79 5.68 6.4 

2 597 0.71 537 6.4 24 597 0.71 537 6.4 

3 606 0.74 538 62 36 609 0.71 539 

Table 3 BET and SAXS analyses of Ti-SBA-15 as a function of Table 5 Comparison of catalysts for epoxidation of styrene 
temperature 

Camlysl (%) Styrene SeJettivity (%) 

TempeI3ture (CC) Sur&ce llIU Pore volume OlanneJ diameter oonversion (%) 	 ---------- 
Styrene oxide Benmldehyde(ullg) (cm3/g) (nm) 


BET BET BET SAXS 
 0% Ti (soJ-.gel) 2.9 46.6 53.4 

3% Ti (lIO~ger) 14.4 42.1 57.9 
RT 5crJ 0.71 537 6.4 5% Ti (so~gel) 13.9 36.8 632 
50 596 0.72 5.68 7% Ti (soJ-.geJ) 25.8 342 65.8 
80 626 0.95 6.60 10% Ti (lIOJ-geJ) 12.4 30.1 69.9 

abundance of H2Ch 136), reaches a maximum afier4 h, then 
remains constant for up to 6 h. The conversion of styrene 

slightly increased by raising the temperature from 70 to 90°C 
(Fig. Sb) consistent with the smdy of Laba et a1 rJR1. but the 

selectivity ofTa-SBA- 15 towaro styrene oxide was highest at 
80°C. The selectivity of benzaldehyde also increased with 
increasing the reaction temperature. meaning that the higher 
temperature favor.; further oxidation of styrene oxide [II). 
The effect ofcatalyst concentration is shown in Fig. Se, with 

~ Springer 

7% Ti (impreg.) tl.9 45.7 543 

10% Ti (impreg.) 10.2 292 70.8 

styrene conversion increasing from 112 to 25.8% as the 
mass of catalyst was adjU'ited from 0.05 to 0.10 g, beyond 
which the rate was essentially constant. The initial 
improvement in performance with catalyst loading is due to 
an increase of active Ti sites in the system that facilitates 

styrene conversion PRJ. 
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•• 	 1C{)fig. 5 a Effert of reaction time 
on the styrene oxidation using 
0.1 g of c;nJyst, containing 
7.0 mol% titaniwn content, at. 
8O"C; b Effert of reaction 
temperature on the styrene 
oxidation ming 0.1 g of 
catalyst. containing 7 mol% 
titanimn conteu., for 4 b; 
c Eifert of amount of catalyst. 70 

containing 7.0 rnol% titanium 
content, at. 8O"C f<r 4 h 
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rene monomers due to the presence of Ti4+04 in the SBA
15 framework. For the optimized catalyst (7 mol% Ti 
loading/2M HC1I24 h/RT), the epoxidation reaction of 
styrene was most effective at 8O D 04 h. ming 0.05 g cat

J 	 alyst with the only products being styrene oxide and 
benzaldehyde. The selectivity of styrene oxide and benz
aldehyde reached 34.2 and 65.8% at a styrene conversion 
of 25.8%. This research demonstrates that Ti-SBA-15 
heterocata1yst can be synthesized by a low cost and energy 
efficient process that win allow scale-up for possible 
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