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ABSTRACT 
 

Mesoporous materials functionalized with STA(Silicotungstic acid) have been proved to be efficient catalysts for esterification 

reactions. In the investigation, impregnation method was applied for the synthesis of STA/MCM-41 catalysts. MCM-41 and 

STA(Silicotungstic acid) were used to silica source and active material respectively. The active material was loaded by dry-

impregnation method after silica source. Molar ratios of catalysts were determined by 1.25, 2.5 and 5% (W/Si). Actually, this 

molar ratio values are very low for the impregnation method. But catalysts were successfully synthesized by applying 

impregnation method. And catalytic activities of STA/MCM-41 catalysts were investigated with an ethyl acetate reaction. On 

the other hand, the second reaction of STA/MCM-41(2.5%) catalyst was carried out in the presence of under identical 

conditions after the first reaction. Before and after reactions, the physical properties of the catalysts were determined by XRD, 

DRIFT, BET, SEM and Mapping analysis methods.  
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1. INTRODUCTION 
 

A new family of silica based mesoporous materials M41S in 1992 was discovered by scientists at Mobil 

[1-4]. Recently numerous research concerning the preparation conditions, synthesis methods, 

characterization and use of these materials as catalysts support by adding catalytic active sites in 

different reactions about MCM-41 have been reported [5, 6].The catalysts synthesized with these 

support materials showed excellent properties due to their strong acidity. On the other hand, the pore 

size of the catalysts synthesized with these templates have a maximum value of 1nm disabling the 

interaction of the reactants with the active sites located inside the channels of the template [7]. M41S 

family provided new alternatives to be utilized as templates in catalyst synthesis. The M41S family consists 

of MCM-48, which has a cubic ordered pore structure, MCM-41, which has a hexagonally ordered pore 

structure and MCM-50, which has an unstable lamellar structure. In this review we cover the synthesis, 

modification, characterization and potential applications of these materials [8]. The characteristics of these 

materials have large surface area, very narrow and ordered pore size distribution [8-10]. with pore diameter 

adjustable from to 100Å [8]. These materials have high surface area and an ordered pore size distribution 

[9, 10]. But the pore size of the structure is limited to 80 Å and the hydrothermal stability of the material 

is low which constitutes difficulties in high temperature applications [8, 9]. The structures of these 

mesoporous materials are formed of pure silica which shows low activity in reactions. In order to increase 

the activity, a heteroatom needs to be introduced into the framework of the structure [11, 12]. Among 

these, aluminum was incorporated to the mesoporous structure to create Bronsted acid sites and the 

synthesized catalysts were successfully used in degradation of polymers [7, 13, 14]. Heteropoly acid 

(HPA) compounds are known for their strong Bronsted acidity and high proton mobility and hence being 

used in a variety of reactions [15-21]. These compounds show high activity in reactions, nevertheless, their 

low surface areas [19] and solubility in the presence of polar solvents [17, 19] limit their use as catalysts. 

The investigations in the use of these compounds focused clearly on the chemical interactions of the 
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compound with certain support materials. The aim of support utilization is to fix the compound to the 

career in order to prevent leaching in liquid-phase reactions [17].  
 

Currently, the HPAs are attracting significant interest in biodiesel production. However heteropoly acids 

have many disadvantages as catalysts such as low surface area, low thermal stability and  high 

dissolutions in solvent. One of the HPAs is STA. HPAs have strong Lewis acids and Bronsted acids 

sites. HPAs are needed to have high surface area and thermal stability support material to be used 

efficiently in the production of biodiesel, esterification, adsorption and desorption applications. M41S 

is one of the best between catalytic materials for the development hydrothermal and thermal stability. 
 

Esterification is performed in the homogenous phase in the presence of acid catalysts such as sulfuric 

and p-toluenesulforicacids [22]. Alternative approaches have been investigated with regard to 

heterogeneous catalysts because  homogenous catalysts cause corrosion and contamination problems 

with the final product [22, 23]. Esterification reactions can be performed exclude a catalyst, even though 

the reaction is carried out extremely slow, for the rate of acetic acid is dependent on the autoprotolysis 

of the acetic acid. Consequently, esterification needs an acid catalyst, which acts as a proton donor to 

acid. Mineral acids are typical homogeneous catalysts such as HCl, HF, ClSO2OH, H2SO4, etc. These 

catalysts and heterogeneous catalysts are used in the esterification [24].  
 

The activity of MCM-41 supported that the heteropoly acid catalysts are long been investigated for 

various reactions. The most popular methods of synthesis are sol-gel [25]and impregnation of the active 

material to readily-prepared support structure [18, 26-28]. Reactions conducted with HPA impregnated 

catalysts included esterification reactions [25, 26], isopropylation of naphtalene [27] and alkylation of 

phenol [28]. The loading amounts in syntheses ranged between 10-80% based on the application [26-

28]. The method of synthesis is crucial in achieving strong interactions between the active material and 

the support structure. Impregnation of the active compound to the support has proven to be effective in 

obtaining high activities. However, some leaching eventually occurred in repeated use of these catalysts. 

In order to minimize the leaching of the active material, direct hydrothermal synthesis method as a 

different approach was employed in the present study. The selection of the heteropoly acid compound 

was thought to be equally important as the selection of synthesis method. The activities of heteropoly 

acid compounds were recently compared with the works of Degirmenci et.al. for ethyl-tert-butyl ether 

(ETBE) [15] and Varisli et.al. [20] for ethylene and diethyl-ether productions. Results showed that 

silicotungstic acid (STA) had illustrated the highest activity among heteropoly acid compounds [19, 20]. 

Hence STA was selected in the present study as active material of the catalyst. The catalytic activity of 

the synthesized catalyst was determined by esterification of acetic acid with ethanol selected as model 

reaction. The parameters applied in reaction were determined based on literature survey [25, 29-31].  
 

In the present paper, STA/MCM-41 catalysts with high surface areas were synthesized by impregnation 

method for different W/Si mass ratios varying between % 1.25, %2.5 and %5. To illustration that such 

catalysts have catalytic activity at low loading rates in that the loading rates of active materials were 

kept low. Catalytic activities of STA/MCM-41 catalysts was investigated with an ethyl acetate reaction 

and  physical properties of the catalysts before and after reaction were determined with XRD, FT-IR, 

DRIFT, BET, SEM and mapping analysis methods. The applied impregnation method route was thought 

to enhance the uniform dispersion of the W/Si throughout the structure of catalysts, hence STA/MCM-

41 catalysts have attractive properties for potential use in esterification reactions. Moreover, ıt observed 

that the leaching problem was limited after the recovered of STA/MCM-41  catalyst (%2.5) due to the 

washing( it was used deionization water) method.   
 

2. MATERIAL AND EXPERIMENTAL SECTION 
 

2.1. Preparation of MCM-41/STA Catalysts 
 

Initially, a solution of 13.2 grams surfactant (CTMABr; Cetyltrimethylammonium bromide Merck) with 
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87ml deionized water was prepared at 30°C and mixed with 300-400 rpm for 1 hour. Then 11.2 ml and 

2.53 M Na2SiO3 (containing %27 SiO3, Merck) was added dropwise before active material STA 

(tungstosilicic acid, Sigma-Aldrich). STA was added to resulting synthesis mixture as solid. STA/MCM-

41 was synthesized modified based on the literature [32]. Then two drops of H2SO4 were added. The pH 

of solution was adjusted with H2SO4 to around 11-12. The resulting solution was further stirred for 1 

hour and aged at 120°C for 96 hours. The formed crystalline sample was filtered with deionized water, 

dried at 30°C for 18 hours and finally calcined at 350oC for 6 hours in a tubular furnace for template 

removal by flowing air. The amounts of STA added to the catalysts were determined as 1.25, 2.5 and 

5% based on the weight(0.081, 0.162 and 0.324g) ratio of tungsten (W) of STA to Silicium (Si) of 

Na2SiO3. Schematic presentation of the synthesis STA/MCM-41 was illustrated in (Figure 1). 
 

 
 

Figure1. Schematic presentation of STA/MCM-41catalysts synthesis 

 

2.2. Catalytic Reaction Experiments 
 

The esterification reaction of acetic acid with ethanol was carried out as the model reaction. The 

experiments of ethyl acetate were conducted in a batch reactor equipped with a reflux cooler. The 

reactions were performed at 343K, 1/1 feed molar ratio(ethanol/asetic acid), at 1000rpm stirring speed 

and the catalyst amounts were determined as 0.4g (reactor size; 80ml). The reactants and product 

mixture were analyzed in a Shimadzu GC-2010 gas chromatograph equipped with a FID detector 

operated at 300°C and a TRB Wax; 30m x 0.32mm x 0.5µm capillary column. Calibration factors and 

acetic acid conversion were determined with Shimadzu GC-2010. N2 was used as the carrier gas in 

constant pressure (58,0 kpa) with  H2 and dry air. Manuel was injected 0,5µl of sample value at  a split 

ration 1/1, column flow 1.74 ml/min., injected temperature 280 °C, FID temperature 300°C, column 

temperature 45-100°C ramped at 30°C /min. The analysis time was 5.33 min. Synthesis of ethyl acetate 

with ethanol and acetic acid reactants was performed by the following reaction Equation 1. 
 

acetate with ethanol and acetic acid reactants was performed by the following reaction Equation 1. 

𝐴𝐴 + 𝐸𝑡𝑂𝐻 → 𝐸𝑡𝐴𝐶 + 𝐻2𝑂                                                                                                (1) 
 

The conversion was expressed with acetic acid transformation using the reaction calibration factors( 

ethanol-acetic acid, ethanol- ethyl acetate) as shown in Equation 2. 
 

𝑋𝐴𝐴/𝐸𝑡𝐴𝐶= 
∝𝐸𝑡𝐴𝐶∗𝐴𝐸𝑡𝐴𝐶

(∝𝐸𝑡𝐴𝐶∗𝐴𝐸𝑡𝐴𝐶)+((∝𝐸𝑡𝑂𝐻∗𝐴𝐸𝑡𝑂𝐻)+((∝𝐴𝐴∗𝐴𝐴𝐴)
                                                                       (2) 

 

Where:  

XAA/EtAC=Acetic acid conversion(%) 

∝EtAC = Calibration factor of Ethyl acetate  

∝EtOH = Calibration factor of Ethanol  

∝AA = Calibration factor of Acetic acid  
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ΑEtAC= Area of Ethyl acetate 

ΑEtOH= Area of  Ethanol 

ΑAA= Area of Acetic acid  
 

2.3. Characterization Analyses 
 

DRIFT (Diffuse Reflectance Fouirier-Transform Infrared) analyses of STA/MCM-41 catalysts were 

conducted on a Perkin Elmer IR instrument in the range 380-4000cm-1. XRD patterns were obtained on 

a Panalytical Empryan HT-XRD instrument using CuKα (Wavelength of Cu; 1.54060) radiation with 

0.066 step size and over the range 0°<2 θ<10°. Pore size distributions and average pore diameter of 

STA/MCM-41 catalysts were determined by nitrogen adsorption-desorption isotherms in ASAP2020. 

BET surface areas were obtained from nitrogen adsorption-desorption experiments conducted at 523K 

after degassing the samples at 363K for 30 minutes. The morphological structure of the catalysts and 

elemental composition of tungsten (W) and silica (Si) before and after reaction were carried out with 

SEM and mapping  analyses (Zeiss SUPRA V 40). XRD and BET analyses were catalysts recovered 

after first run of ethyl acetate production. XRD, BET, SEM and mapping analyses were also conducted 

on the after reaction for the determination changing structures of catalysts. 
 

3. RESULTS AND DISCUSSION 
 

3.1. Catalytic Reaction Experiments 
 

Esterification reaction of acetic acid with ethanol was selected as the model reaction in the present work. 

Reaction experiments were conducted at 343K, 1/1 molar ratio(ethanol/asetic acid) in the presence of 

0.4g STA/MCM-41 catalysts, in a batch reactor equipped with a reflux condenser. Second reaction of 

STA/MCM-41 (2.5%) catalyst was conducted recovered from the reaction media and used under 

identical experiment conditions after being washed and dried at the reaction temperature (6h). It 

indicated that preserved its catalytic activity. Results were illustrated in (Figure 2), in terms of acetic 

acid conversion obtained with bare 1.25-5% catalysts and run 2.5% catalyst. On the other hand, 

calibration experiments carried out without catalyst. 
 

 
 

Figure 2. Acetic acid conversions obtained in the presence of bare STA/MCM-41 catalysts  synthesized with a) W/Si: 1.25% 

b) W/Si: 2.5% c) W/Si:5% d) compare of results of the bare(Run1) and reused (Run2)  catalyst(2.5%). 
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3.2. Characterization Analyses 

 

The hexagonal structure of parent MCM-41 was identified by determination of diffraction patterns in 

the low angle range between 2ʘ= 0°-10° with four peaks which corresponded to(100), (110), (200) and 

(210) reflections of ordered mesophase[31,33]. Before reaction, in the XRD patterns observe that the 

peaks determining (200) and (210) reflections had disappeared for STA/MCM-41 catalyst synthesized 

with 1.25% W/Si ratio (Figure 3). However 2.5 – 5 % W/Si STA/MCM-41 catalyst had lost just one 

(210) (Figure 3).The intensities of the peaks reflections of catalysts decreased and finally disappeared 

due to blockage of the pores with increasing STA amount without %5 (Figure 4). Because STA is 

accumulated in the walls of the pores rather than it is deposition inside the pores.  
 

 
 

Figure 3. Before reaction(BR) Low-High angles XRD patterns of a) %1.25 -5 W/Si b)%1.25-5 W/Si  W/Si synthesized 

STA/MCM-41 catalysts. 

 

After reaction(AR), the intensities of the peaks reflections decreased and high angle XRD of patterns 

disappeared due to decomposition of STA amount (Figure5).  

 

 
 

Figure 4. After reaction Low-High angles XRD patterns of a) %1.25 -5 W/Si b) %1.25-5 W/Si  W/Si synthesized STA/MCM-

41 catalysts. 

 

Before and after reaction, nitrogen adsorption-desorption experiments conducted with STA/MCM-41 

catalysts were given in (Figure 5, 6). Physical Properties of MCM-41 support(surfactant) material and 

STA/MCM-41catalysts were illustrated in (Table1) before and after reaction. MCM-41 exhibited a type 

IV isotherm with an H1 hysteresis loop characteristic of mesoporous structure [31, 33, 34] (Figure 5) 

and 6. Results obtained with the catalysts indicated a decrease in pore volumes with STA addition 

without 5%. Before reaction BET measurements showed a decrease in total surface area of the parent 
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with STA addition without after reaction as expected (Table1). However, it was interesting to observe 

an increase in total area of the catalyst with increasing amount of STA(5% W/Si)  utilized in synthesis. 

This increase was thought to be due to restructuring of the hexagonal structure of the sample molecule 

promoted by the impregnation preparation technique. The obtained result was also evidenced by the 

decrease in the micro pore area by STA addition. BJH pore size distribution was showed (Figure 7). In 

addition, the irregulations surface areas and pore volumes of the synthesized catalysts were due to the 

initial value of the P/Po (Table1). 
 

 
 

Figure 5. Before reaction N2 adsorption-desorption isotherms of a) %1.25 W/Si b)%2.5 W/Si c) %5 (W/Si) 

 

 
 

Figure 6. After reaction N2 adsorption-desorption isotherms of 1.25% (W/Si) b) 2.5 %(W/Si) c) 5% (W/Si) 

 
 

Figure7. Pore size distributions (BJH) of a) before reaction b) after reaction 
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DRIFT analyses were conducted with pyridine adsorbed STA/MCM-41 catalysts that were illustrated 

in (Figure 8). The presence of both Lewis acid(LA) and Bronsted acid(BA) sites observed in the 

wavelengths of 1441 and 1590 cm-1 respectively. DRIFT analyses showed that catalysts had acidic 

characteristics features. These values were determined by identification of peaks at 1456 - 1606, 1450-

1604 and 1448-1603 cm-1 for the STA/MCM-41 (W/Si: %1.25-5), respectively. The peaks observed at 

1488-1490 cm-1 were attributed to physically adsorbed pyridine(P) [31, 33, 34].  
 

 
 

Figure 8. DRIFT analyses of pyridine adsorbed STA/MCM-41 used catalysts (1.25-2.5-5% (W/Si)) 

 

The characteristic lattice parameter was calculated from Equation (3) The lattice parameters and the 

textural properties of samples were measured by BET(N2 adsorption/desorption) and with X-ray 

diffraction analysis[31, 33, 34] in the (Table1). 
 

a=2d(100)/31/2                                                                                                                                                                                                                          (3) 
 

The pore wall thickness "δ" was then estimated from the average pore diameter (BJH adsorption average 

pore diameter; dp) and the lattice parameter”a” using Equation (3) [31, 33, 34]. 

 

δ= a-0.95dp                                                                                                                                            (4) 

 
Table 1.Physical properties of STA/MCM-41 catalysts 

 
MCM-41/STA 

W/Si (%) 

BET surface 

area(m²/g) 

m2/g 

Pore volume 

(cm³/g) 

    Pore diameter  

   (nm) 

d(100) 

nm 

Pore Walls 

Thickness 

”δ”(nm) 

 *B **U B U B U B U B U 

1.25 509.6 598. 0.46 0.32 11.8 10.4 56.6 25.4 62.3 26.5 

2.5 372.9 647. 0.33 0.29 16.1 9.3 52.7 19.9 57.8 20.4 

5 940.9 527. 0.68 0.22 6.4 11.3 41.2 25.4 44.6 26.6 

*B: bare catalyst; **U: used catalyst 

 

Deformation of pore structure could not also be seen from SEM images obtained after reaction (Figure 

9). These images showed the preservation of pattern structure. After reaction mapping analyses of 

catalysts were illustrated in (Figure 10). Result of the mapping analysis homogeneous distribution of 

tungsten(W) and silicate(Si) of STA molecule was observed. 
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Figure 9. SEM images of parent MCM-41[37] and used STA/MCM-41 catalysts synthesized with a) MCM-41 b) W/Si:1.25% 

c)W/Si:2.5% d) W/Si:5%.  
 

 
 

Figure 10. Tungsten (W) and Silicium (Si) EDX mapping of used STA/MCM-41 catalysts synthesized with a) 1.25 % W/Si 

b) 2.5 % W/Si c) 5 % W/Si 
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4.CONCLUSION 

 

Results of the characterization analysis and Ethyl acetate reaction showed that the catalysts were active 

in an acid catalyzed reaction. The fundamental aim of the paper is show that a new catalyst reacts to the 

reaction. STA is a very active heteropoly acid, however it readily dissolves in the presence of polar 

compounds. In order to provide a sustainable activity of the catalyst, the leaching of the compound must 

be prevented. Results obtained in this work clearly showed that these catalysts could have been used 

effectively in Ethyl acetate reaction.  

 

Results of Ethyl acetate analysis and characterization studies implied that the loading amounts of STA 

on parent molecule should not exceed 2.5 % W/Si ratio which was determined as the limit in providing 

monolayer coverage of the active material. Before reaction, increase of %5 surface area was thought to 

be due to STA incorporation in the pore wall than it is deposition inside the pores. After the reaction, 

despite the increase in surface area of catalysts(%1.25-2.5), the pore volume was not observed 

significant modification. However, significant decrease of surface area and pore volume of %5 was 

observed. In addition this conclusion was reached based on activity comparison of fresh and used 

catalysts and evaluation of mapping results. Mapping of W and Si revealed a homogenous distribution 

of active material on the support which is not valid for the BET result of 5%. 

 

Catalytic activity has been limited (%10-13) due to reaction temperature is determinate by the boiling 

point of ethanol and acetic acid. Catalytic activity of STA/MCM-41(5%) was decreased due to STA 

incorporation in the pore wall than it is deposition inside the pores. However, it had been observed that 

catalytic activity was maintained in the reuse of catalyst (2.5%).  Although loading rates are very low 

for the impregnation method, the catalytic activity is expected to rise with temperature. Reason of that 

STA is entered into the pores of pattern.  
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