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Abstract

The paper presents a spectroscopic and catalytic study of encapsulated Keg-
gin type heteropoly acid (12-tungstophosphoric acid, HPW) in the mesopores of
MCM-41 molecular sieves. Nitrogen physisorption, FTIR, SEM, XRD and cat-
alytic methods have been used to characterize and compare the properties of the
samples. Methanol conversion, ?-pinene isomerization and ethyl acetate oxidation
have been applied as model reactions for the evaluation of acid site activity. The
combined physicochemical and catalytic investigations clearly show that the in-
troduction of 12-tungstophosphoric acid into MCM-41 causes significant changes
in the properties of the sample.
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1. INTRODUCTION 

A wide range of liquid-phase industrial reactions, for production of fine and specific chemicals, employ organic or 
inorganic acids (sulfuric acid, hydrochloric acid) as catalyst. During the product final isolation from the acidic 
solution, large quantities of hazardous wastes are obtained and the cost of disposal of the waste often overcharges 
the value of the product. Besides, as the acids are highly corrosive, expensive and durable reactors are required. The 
tightening of the environmental legislation, concerning the emission of hazardous pollutants, is driving factor for the 
industry to consider alternative processes for the catalytic proceeding.  

In this aspect, the use of heterogeneous catalysts gains a considerable interest due to their simplified 
removal, recovery and selectivity (Wilson and Clark, 2000). The ideal heterogeneous catalyst should possess 
mesopores for avoiding of the diffusion constraints and for facilitating the access to the acidic and catalytic centers 
from bulky organic molecules. 

Zeolite and molecular sieves are widely used as heterogeneous acid catalysts in various industrial processes 
(Asensi et al., 1998; Dimitrova et al., 2006). Zeolite application is based upon the behavior of hydrocarbons within 
their framework structure and is governed by two factors: the zeolite acid strength and the pore size. Unfortunately, 
small pore sizes of zeolite (around < 8 Å) restrict their application for reactions involving bulky substrates. The 
facile transport of the reagents and the products is an important factor for the liquid-phase reaction, because it 
minimizes the catalyst deactivation. The synthesis of M41S family of mesopores molecular sieves (MCM-41, 
MCM-48, and MCM-50) with pore sizes in the range of 20-100 Å opens up new possibilities for the acid catalyzed 
reactions of large molecules in liquid-phase. The pure silica MCM-41 has one-dimensional hexagonal arranged 
mesopore system with amorphous walls of the channels, thermal stability, large surface area and adsorption 
capacity. The pore diameters vary between 1.5 and 10 nm and can be controlled by using of different surfactants 
during the synthesis. The silica mesoporous MCM-41 comprises silanol OH groups (external silanol groups, 
bridging hydroxyl groups, silanol nests, hydroxyl pairs), which are slightly acidic. Methanol conversion and α-
pinene isomerization are appropriate reactions and have been successfully applied as model reactions for the 
evaluation of acid site activity and for following the intermediates of the catalytic transformation in heterogeneous 
conditions (Dimitrova et al.,2006; Dimitrova et al., 2004). However, studies concerning the data on the catalytic 
properties of zeolite-like materials, such as the meso molecular sieve MCM-41, are still rather scared. Heteropoly 
acids (HPAs) are extremely strong acids and are widely used as catalysts. HPAs are considered as solid acids if they 
are physically immobilized in a porous support. Being molecules of Keggin type, HPAs are spherical with diameters 
around 1 nm and thus are effectively encaged and immobilized in MCM-41 molecular sieves (Nowinska and Kaleta, 
2000; Mukai et al., 1997; Mukai et al., 2001; Mukai et al., 2003; Anandan et al., 2003; Grzona et al., 2005). 

In the paper, 12-tungstophosphoric acid (HPW) was immobilized in the mesoporous MCM-41 molecular 
sieve with open cylindrical pores of uniform size and its catalytic activity was tested in the isomerization of the 
bulky α-pinene molecule, in methanol conversion and as a green chemistry example, in the oxidation of ethyl 
acetate.  

2. EXPERIMENTAL  

2.1 Materials and Characterization 

The 12-tungstophosphoric acid (HPW) was a commercial product from Merck (H3PW12O40.). MCM-41 molecular 
sieve was synthesized by a method described in (Lin et al., 1997). The template solution was prepared by mixing 
3.825 g HTMABr (99% pure hexadecyltrimethylammoniumbromide, Merck,) and 29.3 ml water under stirring for 
20 minutes. 14.2 ml water glass (Aldrich) was added to the clear aqueous solution under stirring till the formation of 
a gel mixture. After 20 minutes stirring at room temperature, 1.10 M H2SO4 (Merck) was added drop wise till 10.1 
pH. The component molar ratio in the resulting gel was: 1 SiO2 /0.25 Na2O /0.11 HTMABr /0.26 H2SO4 /38.18 H2O. 
The viscous and milky gel was then poured into Teflon lined autoclave and aged at 373 K for 48 h. After that, the 
autoclave was quenched to ambient temperature and the obtained MCM-41 sample was filtered and washed with 1 
liter of demineralized water. The MCM-41 sample was dried for two days at room temperature and calcined at 833 
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K for 6 h (5 °C/minute) to remove the occluded organic species in the channels. The MCM-41 sample was cooled 
with air (5 °C/minute) to room temperature. 

The HPW was introduced into MCM-41 sample from a 30 % (in weight) HPW methanol solution under 
refluxing for 3 h, as described in (Nowinska and Kaleta, 2000). The obtained HPW/MCM-41 sample was 
thoroughly washed with demineralized hot water, dried at 373 K and calcined at 573 K for 2 h (Mukai et al., 1997). 
The HPW amount was about 76 wt %, as measured by atomic absorption spectrometry (Varian 10 plus). The 
morphological characterization of HPW/MCM-41 and MCM-41 samples was performed by various methods. The 
SEM microphotographs were taken on Philips XL 30S model scanning electron microscope. The crystalline 
structures were determined by Philips X’Pert diffractometer with CuKα radiation. Nitrogen physisorption studies 
were performed at 77 K using micromeritics ASAP 2010 model static volumetric adsorption instrument. Prior to 
adsorption experiment, the samples were degassed at 673 K for 24 hours under 5 μm Hg vacuum. The FTIR spectra 
were collected on a Brucker spectrometer (Vector 22) using KBr pellet technique. The samples were dried at 423 K 
for 3 h in the experimental camera under vacuum before the FTIR spectra. 

2.2 Catalytic Tests 

The alpha-pinene isomerization was carried out at atmospheric pressure with 0.5 g catalyst and 25 ml alpha-pinene 
(Acros) at 373 K under  nitrogen atmosphere. Analysis of the products was accomplished periodically during the 
course of the reaction and analyzed with a gas chromatograph (Hewlett-Packard 5980/2 with HP-Carbowax 20 M 
capillary column) equipped with flame ionization detector (FID). Temperature programming (2°C/min from 333 to 
403 K and 3 °C/min until 500 K) and a flow of 1 ml/min N2 were applied for products separation.  

The catalytic experiments of methanol conversion and ethyl acetate oxidation were performed in a fixed 
bed reactor at atmospheric pressure. The catalyst (0.5 g) in powder form was diluted with a three-fold amount of 
glass. The methanol conversion was studied at temperatures above 550 K with a WHSV of 1.5 h-1, methanol partial 
pressure of 1.57 kPa and argon used as a carrier gas. The oxidation of ethyl acetate (EA) was performed with a 
mixture of ethyl acetate (1.21 vol. %) in air and WHSV-100 h-1. The on-line gas chromatographic analysis was done 
on 2 m Porapak Q and 2 m Durapak columns on Varian 3700. The products yields were calculated using an absolute 
carbon base calibration. Catalytic tests were also carried out on Cabosil (SiO2) sample in order to follow most fully 
the differences in samples active centers. 

3. RESULTS AND DISCUSSION 

The nitrogen physisorption isotherms and the corresponding calculated parameters for the parent MCM-41 and the 
modified HPW/MCM-41 samples are presented in Figure 1 and Table 1, respectively. In the latter, the results from 
the nitrogen adsorption measurements are compared with Horvath-Kawazoe method. The isotherm of MCM-41 
material shows type IV profile (IUPAC classification), typical of mesoporous materials. A sharp capillary 
condensation step, indicative of a narrow pore size distribution, is registered at 0.2-0.4 relative pressure. The 
nitrogen sorption isotherm with somewhat less pronounced condensation step is obtained for HPW/MCM-41 
sample.  
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Figure 1. Nitrogen adsorption isotherms of samples: a)  MCM-41, b)HPW/MCM-41.  

A significant decrease of the BET surface area and pore volume (up to 14 %) was observed for 
HPW/MCM-41 sample (Table 1). The effect could depend both on the increased sample specific mass and on the 
partial pores filling of the support. A “correction” of the sorption data, concerning the increased sample masses after 
modification (76 wt %, of HPW), indicates for more pronounced location of the HPW inside the pores of MCM-41 
silica structures.  

Table 1. Adsorption characteristics of MCM-41 and HPW/MCM-41 samples 

Samples 
BET surface 

area, 
m2/g 

Langmuir 
surface area, 

m2/g 

Amicro 

m2/g 

Vmicro 

cm3/g 

Total pore 
volume 
cm3/g 

Vmax 

cm3/g 

Average 
pore 

diameter, 
Nm 

MCM-41 1148.9 1692.3 298.3 0.0244 0.450 560.2 1 2.4 
HPW/MCM-41 169.3 225.1 42.0 0.0169 0.064 69.4 2 2.5 
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Amicro = ABET-A(t-plot) 
Vmicro = micropore volume, from t-plot 
1 Vmax = maximum amount adsorbed at relative pressure P/P0 = 0.92  
2 Vmax = maximum amount adsorbed at relative pressure P/P0 = 0.9  

The SEM images of MCM-41 and HPW/MCM-41 samples are shown in Figure 2. MCM-41 consists of 
spherical particles with a size of around 0.5μm. The introduction of HPW changes the surface morphology of MCM-
41 (Figure 2-b).  

   a       b 

Figure 2. SEM images of:  (a) MCM-41,     (b)  HPW/MCM-41. 

The XRD patterns of MCM-41 and HPW/MCM-41 samples are compared in Figure 3. The reflections in 
the small-angle region for the initial MCM-41 material are indexed to mesophases with a hexagonal pore symmetry 
(Figure 3a). No significant changes in the patterns are observed after the introduction of Keggin type heteropoly 
acid, demonstrating the preservation of the silica support long-range order. In the wide-angle region,  peaks with 
very low intensities at 2θ about 10°, 25° and 35° are registered in the XRD spectrum of HPW/MCM-41 
characteristic for the immobilized solid HPW (Nowinska and Kaleta, 2000; Izumi et al., 1983; Kozhevnikov et al., 
2001). The result is in agreement with the data for introduction of heteropoly compounds in various supports 
(Nowinska and Kaleta, 2000; Nowinska et al., 2003; Kozhevnikov et al., 1996). 
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Figure 3. XRD Patterns of:  (a) MCM-41,  (b)  HPW/MCM-41. 

The textural characterization of the samples provide evidence that the mesoscopic order in HPW/MCM-41 
sample has been maintained, despite the relatively high amount of introduced HPW and the significant change in the 
pore characteristics. 

The FTIR spectra of HPW/MCM-41 and MCM-41 samples are presented in Figure 4. For comparison the 
spectrum of Cabosil (SiO2) is drawn. A significant difference was observed in the spectra of the mesoporous 
molecular sieves and the pure SiO2. The existence of silanol groups, situated as “silanol nests” in the mesoporous 
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structures is verified by band around 960 cm-1. An appearance of a band centered at 960 cm-1 for MCM-41 and 
bands at 940 and 960 cm-1 in the spectra of HPW/MCM-41 are clearly distinguished (Figure 4, lines 2 and 1). Both 
bands are absent in the Cabosil spectrum (Figure 4, line 3). The characteristic bands at 3640 cm-1 and 1640 cm-1

recorded for all samples, ascribe the presence of terminal Si-OH groups and intermolecular O–H bonding on 
samples surface, respectively (Apelian et al., 1996). 
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Figure 4.  FTIR spectra of:  HPW/MCM-41 - line 1; MCM-41–line 2; Cabosil - line 3. 

The growth in the intensity of the bands at 960 cm-1 and 3640 cm-1 as well as an appearance of a new one at 
940 cm-1 in the HPW/MCM-41 spectrum evidenced for the immobilization of the HPW through interaction with the 
mesoporous silanol groups.  

The catalytic behavior of the silica molecular sieves is closely related to the number and the type of the 
catalytic active sites. The overall conversion of the bulky α-pinene and the reaction mixture composition after a 
reaction time of 3 h are presented in Table 2 for MCM-41 and HPW/MCM-41 samples. The corresponding data for 
HPW dried at 373 K in vacuum for 7.5 h and for HPW calcined at 573 K in air for 2 h are given for comparison. It 
is seen that the introduction of HPW into MCM-41 channels influence significantly the catalyst activity in the acid 
catalyzed α-pinene isomerization. 

Table 2. α-pinene conversion (xα) and weight percentages of products after 3h reaction. 

Catalyst xα 1 2 3 4 5 6 LRTPa UPb HRTPc 

MCM-41 2.9 85.88 2.14 - 1.76 0.62 0.38 - 3.2 6.02 
HPW/MCM-41 98.3 1.70 15.30 5.79 0.25 19.73 - 4.98 1.85 50.39 
HPW(at 373 K) 6.2 93.58 3.09 0.44 0.87 0.28 - - 1.38 0.36 
HPW(at 573 K) 5.6 92.15 3.72 1.81 1.57 0.47 - - 1.19 0.18 

1, α-pinene; 2, camphene; 3, terpinenes; 4, limonene; 5, p-cymene; 6, terpinolenes 
a Products with a retention time lower than α-pinene (low retention time products) 
b Products with a retention time in the range between α-pinene and terpinolene (unidentified products) 
c Products with a retention time higher than terpinolene (high retention time products) 

The HPW and MCM-41 are not active in α-pinene isomerization. HPW reveales low activity in spite of its 
high acidity, due to its very low surface area (below 10 m2/g) (Nowinska and Kaleta, 2000). The different 
temperature pretreatment had no significant effect on HPW activity. A low α-pinene conversion was registered in 
presence of MCM-41 sample, despite its large external area and is related to its low total acidity (desorbed 
ammonia 0.50 mmol/g (Dimitrova et al., 2006). As stated in our previous study, an appropriate balance between 
sample acidity and mesoporous structure is obligatory for the acid catalyzed isomerization of the bulky α-pinene 
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molecule. Encapsulation of HPW into MCM-41 leads to an increase in the total sample acidity, mainly in Brönsted 
acidity,causing high α-pinene conversion (Atalay, 2003).  

In Figure 5, the product distribution as a function of reaction time over HPW/MCM-41 sample is presented. 
The HPW/MCM-41 sample revealed high activity of in α-pinene conversion. Higher amounts of HRTPs, products 
of terpinenes and terpinolenes disproportionation, are registered on HPW/MCM-41 in comparison with the ones 
obtained in presence of MCM-41 sample. The results support the statement that at high α-pinene conversion, the 
formed limonene (being a more reactive molecule than α-pinene) isomerizes to terpinolenes and terpinenes, that 
further are transformed into HRTPs products (Dimitrova et al., 2006; Dimitrova et al., 2004). 
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Figure 5. Product distribution in α-pinene isomerization over HPW/MCM-41: (▲) α-pinene 
(□)camphene; (◊) Terpinenes; (x ) Limonene; (○) p-cymene; (∆) LRTP; (●) UP; (■) HRTP 

The conversion of methanol on MCM-41 and HPW/MCM-41 samples is presented in Figure 6a. As found 
in (Dimitrova et al., 2006; Dimitrova et al., 2004), the conversion of methanol at low reaction temperatures is 
dominated by the formation of dimethyl ether. The DME is the only product registered in the temperature range 425-
475 K on HPW/MCM-41, while its formation begins at temperature of 550 K on both MCM-41 and Cabosil 
samples. The obtained data are in a good correlation with samples acidity, since the extent of methanol dehydration 
depend on samples total acidity. When raising the reaction temperature above 575 K, significant amounts of light 
olefins (predominantly alkenes and negligible amount of methane) are registered. 
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Figure 6. a) Methanol conversion at different temperatures on HPW/MCM-41 - line 1;MCM-41–line 2;Cabosil - line 
3, b). Yield of olefins on HPW/MCM-41, MCM-41and on Cabosil at 750 K. 

In Figure 6b, the light olefins yields distribution (ethene, propene, and butenes) produced at 750 K over the 
different samples are compared. It was determined that the decrease of the amount of the strong Brønsted sites (due 
to coke formation) was the dominating factor leading to light olefins formation (Stöcker, 1999). The correlation 
between the olefins amounts with higher than two carbon atoms was in accordance with catalysts mesoporosity so 
that the butenes were formed at values about 70 mol % on HPW/MCM-41. 

As green chemistry example, oxidation of ethyl acetate was carried out on the samples. The temperature 
dependence of the ethylacetate oxidation is presented in Figure 7A. 
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Figure 7. Ethyl acetate oxidation (A) and CO2 selectivity vs temperature (B) on: HPW/MCM/41 - line 1; 
MCM-41–line 2; Cabosil - line 3. 

Significant ethylacetate conversion was obtained above 600 K, as ethanol, acetic acid and CO2 are the main 
registered products on MCM-41 and HPW/MCM-41 samples. It is found that Cabosil possesses a low activity. The 
reason should be searched in sample selectivity to CO2 (Figure 7B). 

A well defined tendency of the CO2 selectivity increase with temperature was observed for Cabosil and 
MCM-41 materials, while the selectivity to CO2 was high even at low temperature for HPW/MCM-41. As a whole, 
it could be stated that the porosity did not influence the catalytic activity of the samples.  

CONCLUSION 

The combined physicochemical and catalytic investigations clearly showed that the introduction of HPW into silica 
mesoporous MCM-41 sample influenced in a great extent the catalytic properties of the HPW/MCM-41 sample.  

The introduction of HPW into silica mesoporous MCM-41, exhibit good catalytic stability and high activity 
in methanol and ethylacetate conversion at lower temperatures in comparison with the corresponding mesoporous 
MCM-41 sample and pure SiO2 cabosil. We also found that the catalytic activity of the HPW/MCM-41 sample 
towards bulky organic molecules as α-pinene, strongly depends on its mesoporosity. High amounts of HRTPs were 
obtained on HPW/MCM-41 in the reaction of α-pinene isomerization in comparison with MCM-41. This supported 
the results obtained in our previous studies that a further transformation of limonene through terpinolenes and 
terpinenes into HRTPs took place.  
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