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Pyridine-H5PMo10V2O40 hybrid catalysts for liquid-phase 
hydroxylation of benzene to phenol with molecular 
oxygen 
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Pyridine(Py)-modified Keggin-type vanadium-substituted heteropoly acids (PynPMo10V2O40, n=1 to 5) 
were prepared by a precipitation method as organic/inorganic hybrid catalysts for direct hydroxylation 
of benzene to phenol in a pressured batch reactor and their structures were detected by FT-IR. Among 
various catalysts, Py3PMo10V2O40 exhibits the highest catalytic activity (yield of phenol, 11.5%), without 
observing the formation of catechol, hydroquinone and benzoquinone in the reaction with 80 vol% 
aqueous acetic acid, molecular oxygen and ascorbic acid used as the solvent, oxidant and reducing 
reagent, respectively. Influences of reaction temperature, reaction time, oxygen pressure, amount of 
ascorbic acid and catalyst on yield of phenol were investigated to obtain the optimal reaction condi-
tions for phenol formation. Pyridine can greatly promote the catalytic activity of the Py-free catalyst 
(H5PMo10V2O40), mostly because the organic π electrons in the hybrid catalyst may extend their conju-
gation to the inorganic framework of heteropoly acid and dramatically modify the redox properties, at 
the same time, pyridine adsorbed on heteropoly acids can promote the effect of “pseudo-liquid phase”, 
thus accounting for the enhancement of phenol yield. 
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1  Introduction 

Phenol is an important intermediate for the manufacture 
of petrochemicals, agrochemicals and plastics. More 
attention has been paid to searching a new process to 
produce phenol without by-products, with a high selec-
tivity and under mildest conditions in order to replace 
the existing three-step cumene process[1]. The direct hy-
droxylation of benzene to phenol can be achieved by 
various oxidants; molecular oxygen is a better choice in 
industrial applications based on the economical and 
environmental considerations[2－8]. 

Keggin-type heteropoly acids have many advantages 
making them economically and environmentally attrac-
tive in both academic and industrial context. They are 
acidic and redox catalysts for various reactions since 

their strong acidity and redox property can be controlled 
by replacing the protons with metal cations and/or by 
changing the heteroatom or the framework transi-
tion-metal atoms[9－11]. The additional interesting aspects 
of polyoxometalates (POMs) in catalysis are their in-
herent stability towards oxygen donors such as molecu-
lar oxygen and hydrogen peroxide. Therefore, POMs are 
useful catalysts for liquid-phase oxidation of hydrocar-
bons. In recent years, there has been an increasing inter-
est in transition metal-substituted polyoxometalates  
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(TMSPs) as catalysts for the oxidation of organic sub-
strates, in which the substituted vanadium is known as the 
most active metal species for the hydroxylation of ben-
zene[12,13]. Liu et al. used TMSP compounds [(C4H9)4N]5 

[PW11CuO39(H2O)] as the catalyst for the liquid-phase 
hydroxylation of benzene to phenol by molecular oxygen 
with ascorbic acid as a reducing agent in an ace-
tone/sulfolane/water-mixed solvent, showing 9.2% of 
benzene conversion and 91.8% of selectivity to phenol at 
323 K for 12 h[14]. On the other hand, organic/inorganic 
hybrid materials are extremely interesting as catalytic 
materials[15－17]. For hybrid materials composed by POMs 
and organic species, the close interaction of organic delo-
calized p electrons with the inorganic d electrons may 
bring about exciting synergistic effects[18]. In redox reac-
tions, this interaction may dramatically modify the redox 
properties of the cluster[19,20].  

We consider that the secondary structure of the   
heteropoly acid manifests itself to exhibit extremely 
high proton mobility and “pseudo-liquid phase” behav-
ior[21－23] that can be easily utilized in the design of cata-
lysts. In such cases, not only water but also a variety of 
polar organic molecules can enter and leave the inter-
polyanion space in the structure and react there. There-
fore, in this work, the organic/inorganic hybrid materials, 
i.e. the pyridine-modified vanadium-substituted heter-
opoly acids, are prepared as the catalysts for the liq-
uid-phase hydroxylation of benzene with molecular 
oxygen as the oxidant. An obvious promotion effect of 
pyridine in the hybrid catalysts on the phenol yield is 
observed for this reaction. 

2  Experimental 

2.1  Preparation of catalysts 

All solvents and reagents were purchased commercially 
and used without further purification. 

Keggin-type vanadium-substituted heteropolymolyb-
dic acid (H5PMo10V2O40·xH2O) was prepared at the 
P/Mo/V molar ratio of 1:10:2 using MoO3, V2O5, and 
aqueous 85% H3PO4 as reactants[24]. The detail of the 
preparation procedure is as follows: MoO3 (14.39 g, 
corresponding to 100 mmol MoO3) (Shanghai Chem. 
Reagent Co., AR) and V2O5 (1.82 g, corresponding to 10 
mmol V2O5) (Shanghai Chem. Reagent Co., AR) were 
suspended in 150 mL de-ionic water in a 500-mL 
three-necked flask equipped with a condenser and mag-
netic stirring in an oil bath at the reflux temperature. 

Aqueous 85% H3PO4 (1.15 g, or 10 mmol H3PO4, 

Shanghai Chem. Reagent Co., AR) was added dropwise 
to the boiling and stirred suspension of the reaction 
mixture. The above mixture was kept at 393 K and 
stirred for 24 h, and then a clear orange-red solution was 
obtained. The solution was cooled to room temperature 
and was further dried via evaporation to get a solid prod-
uct, into which a suitable amount of de-ionic water was 
added to obtain a solution, and then the solution was left 
at room temperature overnight to re-crystallize for purifi-
cation. The resulting fine orange-red powders were char-
acterized and used later for hydroxylation of benzene. 

Pyridine-modified molybdovanadophosphoric acid 
denoted by PynPMo10V2O40 was prepared by a precipita-
tion method. For example, Py1PMo10V2O40 was pre-
pared by adding the specified amount of H5PMo10V2O40 

into 25 mL aqueous solution containing pyridine 
(Shanghai Chem. Reagent Co., AR) with the pyri-
dine/H5PMo10V2O40 molar ratio of 1︰1. And then the 
solution containing precipitates was dried via evapora-
tion at 343 K. The solid product obtained was further 
dried at 343 K for 12 h in a vacuum oven. 

2.2  Liquid-phase hydroxylation of benzene  

The liquid-phase hydroxylation of benzene was carried 
out in a custom-designed temperature controllable ti-
tanic reactor (100 mL) with a mechanical stirrer.  

The typical reaction conditions are as follows: 0.10 g 
catalyst, 0.60 g ascorbic acid (Shanghai Chem. Reagent 
Co., AR), 25.0 mL of 80 vol% aqueous acetic acid, and 
2.0 mL of benzene (Shanghai Chem. Reagent Co., AR) 
were added into the reactor. When the reactor was 
heated to the desired temperature, oxygen was injected 
into the reactor up to the preset pressure. The hydroxyla-
tion was conducted for 10 h with stirring. After the reac-
tion, 1.0 mL 1,4-dioxane (Shanghai Chem. Reagent Co., 
AR) was added into the reaction mixture as an internal 
standard for product analysis. 

Measurements of gas chromatography (GC, SP- 
6890A) equipped with an FID detector and a capillary 
column (SE-54; 30 m×0.32 mm×0.25 μm) were per-
formed to analyze the product mixture. Phenol was the 
only product detected by GC, and no catechol, hydro-
quinone and benzoquinone were observed. 

2.3  Measurement of the IR spectra of catalysts 

IR spectra of the catalysts were measured using a KBr 
disk mounted in an infrared spectrophotometer. Samples 



 

1266 GE HanQing et al. Sci China Ser B-Chem | Aug. 2009 | vol. 52 | no. 8 | 1264-1269 

were mixed and ground with KBr for IR measurement. 

3  Results and discussion 

3.1  Catalyst characterization 

IR spectra of pyridine, PynPMo10V2O40 (n=1−5) and 
H5PMo10V2O40 are illustrated in Figure 1. It can be seen 
that H5PMo10V2O40 and PynPMo10V2O40 (n=1−5) gave 
all the IR vibration peaks assigned to a Keggin-type het-
eropoly acid, and the locations of featured peaks (PsO, 
1057 cm−1; MosOsMo, 958 cm−1; ModO, 865 and 785 
cm-1) are in good agreement with those in the previous 
report[24]. This indicates that the Keggin structure for 
prepared samples is well retained after the proton in het-
eropoly acid is replaced by pyridinium ion. The prepared 
H5PMo10V2O40 was orange-red in color, and easily solu-
ble in water, and took on a blue color upon treatment 
with a mild reducing agent (i.e. ascorbic acid), which 
qualitatively supports the conclusion that the prepared 
vanadium-substituted heteropoly acid possesses the 
Keggin-type HPA structure. From 1600 to 1200 cm−1, 
the IR spectrum of pyridine clearly showed two peaks at 
1439 and 1385 cm−1 (curve A in Figure 1). After the re-
action of pyridine with H5PMo10V2O40, the two 
corresponding peaks respectively shifted to 1535 and 
1483 cm−1 (curves B, C, D, E and F in Figure 1), which 
is in agreement with the previous research[25]. 
 

 
 

Figure 1  FT-IR spectra of various catalysts. A: Pyridine; B: Py1PMo10V2O40, 
C: Py2PMo10V2O40, D: Py3PMo10V2O40, E: Py4PMo10V2O40, F: Py5PMo10V2O40, 
G: H5PMo10V2O40. 

 
The above phenomena are known to be related to 

pyridine adsorbed on Brφnsted acid sites and Lewis acid 
sites, which were generated by the formation of 
pyridinium ions in the bulk, as well as the formation of 

the primary oxygen-deficient Keggin structure[26]. The 
Lewis acid sites around the oxygen-deficient Keggin 
surface structure seem to be created by the removed lat-
tice oxygen during the reaction of heteropoly acid with 
pyridine at the evaporation pretreatment. Because there 
is a strong electronic interaction between the metal oxy-
gen cluster and the organic segment[20,27], it is obvious 
that the strength of metal-O bond becomes weaker due 
to the increase of the electronic density of Keggin units 
by the incorporated pyridine. Tani et al. investigated the 
reaction mechanism of hydroxylation of benzene to 
phenol catalyzed by vanadium-substituted heteropoly 
acid with molecular oxygen through isotope labeling, 
and found that O2 was activated on the partially reduced 
vanadium-substituted heteropoly acid and that the acti-
vated oxygen reacted with benzene to eventually form 
phenol[6]. So the strong electronic effect between pyri-
dine and H5PMo10V2O40 may possibly enhance re-
markably the catalytic activity of pyridine-modified 
vanadium-substituted heteropoly acids. 

3.2  Evaluation of catalytic performances of various 
catalysts 

The catalytic activities of PynPMo10V2O40 (n=1−5) and 
H5PMo10V2O40 in the direct hydroxylation of benzene to 
phenol with molecular oxygen at 373 K are shown in 
Table 1. It can be seen that no phenol was detected 
without using ascorbic acid as reducing reagent. When 
ascorbic acid was added into the reaction mixture with-
out catalyst, only 1.4% yield of phenol was achieved. 
Under the employed conditions, Py3PMo10V2O40 exhib-
ited the highest catalytic activity among those catalysts. 
No other product than phenol was detected by GC 
analysis in all entries. By introducing pyridine into the 
heteropoly acid, the catalytic activity was substantially 

 
Table 1  Direct hydroxylation of benzene to phenol at 373 K over vari-
ous catalystsa) 

Catalyst Yield of phenol (%)b) 
No catalyst without ascorbic acid not detected 
No catalyst with ascorbic acid 1.4 
H5PMo10V2O40 3.9 
PyPMo10V2O40 5.4 
Py2PMo10V2O40 10.5 
Py3PMo10V2O40 11.5 
Py4PMo10V2O40 5.9 
Py5PMo10V2O40 5.8 

a) Reaction conditions: 0.10 g catalyst, 0.60 g ascorbic acid, 2.0 mL 
benzene, 25.0 mL aqueous solution containing 80 vol% acetic acid, 2.0 
MPa oxygen, 373 K, 10 h; b) yield of phenol (%) = mmol phenol/mmol 
initial benzene. 
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improved, maybe due to the strong electronic interaction 
between Keggin units and pyridine[20,27]. Figure 1 sug-
gests that the organic π electrons may extend their con-
jugation to the inorganic framework, which would 
weaken the strength of metal-O bond, and thus the cata-
lytic activity would be promoted. 

Additionally, as is well known, not only water but 
also a variety of polar organic molecules can enter and 
leave the interpolyanion space in the structure and react 
there[22,23]. When pyridine was adsorbed on the surface 
of Keggin units, it would help benzene enter the bulk of 
Keggin units easily and contact the catalytic center. 
However, pyridine is a weak base being able to largely 
adjust the acidity of heteropoly acids if too much pyri-
dine was introduced in the hybrid catalyst[28], which may 
reversely result in the lowered yield of phenol. As 
shown in Table 1, the yield of phenol was the highest at 
11.5% when the ratio of pyridine to PMo10V2O40 unit 
was 3. Synergistic effect produced by the electronic in-
teraction and the “pseudo-liquid phase” property may 
account for the improvement of the catalytic activity. By 
contrast, Yamaguchi et al.[29] reported the hydroxylation 
of benzene to phenol catalyzed by Cs5PMo10V2O40 with 
molecular oxygen as the oxidant. Under their reaction 
conditions (0.02 mmol catalyst, 5.6 mmol benzene, 5 
mL HAc (80 vol%), 1 mmol ascorbic acid, 0.4 MPa O2, 
353 K, 24 h), the yield of phenol was only 7.2%. 

3.3  Effect of reaction temperature on yield of phenol 

The effect of the reaction temperature on the yield of 
phenol over Py3PMo10V2O40 is shown in Figure 2. 373 
K was considered as the suitable reaction temperature. 
This is probably due to the excessive oxidation of the 
product (phenol) at high temperatures, leading to the 
lower value of the phenol yield. Coke is the most possi-
ble deep oxidation product, because catechol, hydro-
quinone and benzoquinone were not detected by GC. 

3.4  Effect of oxygen pressure on yield of phenol 

The influence of the oxygen pressure on the yield of 
phenol was investigated using Py3PMo10V2O40 as the 
catalyst, and the results are illustrated in Figure 3. The 
phenol yield was found to be the maximum at 11.5% 
when the oxygen pressure was increased to 2.0 MPa. As 
is well known, the solubility of oxygen in water, in gen-
eral, increases with increase of the pressure of oxygen, 
but too much oxygen may cause the excessive oxidation 
of the produced phenol. Therefore, 2.0 MPa was the 
suitable reaction pressure. 

 
 
Figure 2  Effect of reaction temperature on the phenol yield over 
Py3PMo10V2O40 catalyst. Reaction conditions: 0.10 g catalyst, 0.60 g 
ascorbic acid, 2.0 mL benzene, 25.0 mL aqueous solution containing 80 
vol% acetic acid, 2 MPa oxygen, 10 h. 
 

 
 
Figure 3  Effect of oxygen pressure on phenol yield over Py3PMo10V2O40 
catalyst. Reaction conditions: 0.10 g catalyst, 0.60 g ascorbic acid, 2.0 mL ben-
zene, 25.0 mL aqueous solution containing 80 vol% acetic acid, 373 K, 10 h. 

 

3.5  Effect of amount of ascorbic acid on yield of 
phenol 

The results of the effect of the amount of ascorbic acid 
on the yield of phenol investigated at 373 K over 
Py3PMo10V2O40 are shown in Figure 4. When the 
amount of ascorbic acid increased from 0.10 to 0.40 g, 
the yield of phenol increased slowly, and then greatly 
increased up to 11.5% when the amount of ascorbic acid 
was up to 0.60 g, but a further increase in the amount of 
ascorbic acid caused a sharp decrease. The role of the 
reducing reagent was suggested to activate the oxygen 
molecule through the reduction of the V species. How- 
ever, excessive ascorbic acid may decrease sharply the 
activated oxygen species which are necessary for phenol 
formation so that almost no activated oxygen species 
can be utilized for the benzene oxidation[30]. Therefore,  
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Figure 4  Effect of amount of ascorbic acid on phenol yield over 
Py3PMo10V2O40 catalyst. Reaction conditions: 0.10 g catalyst, 2.0 mL 
benzene, 25.0 mL aqueous solution containing 80 vol% acetic acid, 373 K, 
2 MPa, 10 h. 
 
0.60 g ascorbic acid was considered as a suitable amount 
in this reaction. 

3.6  Effect of amount of Py3PMo10V2O40 on yield of 
phenol 

As shown in Figure 5, when the amount of 
Py3PMo10V2O40 increased from 0.05 g to 0.10 g, the 
yield of phenol increased sharply from 4.6% to 11.5%. 
On the other hand, a further increase in the amount of 
Py3PMo10V2O40 caused a sharp decrease in the yield of 
phenol (from 11.5% for 0.10 g to 1.7% for 0.80 g). This 
may be due to the deep oxidation of benzene and/or the 
produced phenol by the excessive catalyst. 
 

 
 
Figure 5  Effect of amount of Py3PMo10V2O40 catalyst on the phenol 
yield. Reaction conditions: 0.60 g ascorbic acid, 2.0 mL benzene, 25.0 mL 
aqueous solution containing 80 vol% acetic acid, 373 K, 2 MPa, 10 h. 

3.7  Effect of reaction time on yield of phenol 

The influence of reaction time on the yield of phenol 
over Py3PMo10V2O40 is shown in Figure 6. It is obvious 
that the yield of phenol reached the maximized 11.5% 
when the reaction time was 10 h. After that, the yield 
decreased sharply due to further oxidation of the product 
(phenol). 
 

 
 
Figure 6  Effect of the reaction time on the phenol yield over 
Py3PMo10V2O40 catalyst. Reaction conditions: 0.10 g catalyst, 0.60 g 
ascorbic acid, 2.0 mL benzene, 25.0 mL aqueous solution containing 80 
vol% acetic acid, 373 K, 2 MPa. 

4  Conclusions 

Organic/inorganic hybrid catalyst PynPMo10V2O40 can 
be easily prepared with H5PMo10V2O40 and pyridine by 
the precipitation method and its Keggin-type structure is 
kept well. Py3PMo10V2O40 is demonstrated to be a good 
catalyst in the direct hydroxylation of benzene to phenol 
with molecular oxygen and ascorbic acid as the oxidant 
and the reducing reagent, respectively. The highest yield 
of phenol, 11.5%, is achieved in a batch reactor under 
the optional reaction conditions: 0.10 g catalyst, 0.6 g 
ascorbic acid, 2.0 mL benzene, 25.0 mL aqueous solu-
tion containing 80 vol% acetic acid, 373 K, oxygen 
pressure of 2.0 MPa, and 10 h. Pyridine plays an impor-
tant role in the reaction for the improvement of the cata-
lytic activity because of the strong electronic effect be-
tween pyridine and H5PMo10V2O40 together with the 
“pseudo-liquid phase” property. However, the excessive 
amounts of pyridine and catalyst, and longer reaction time 
have disadvantageous effects on the yield of phenol. 

 
1 Niwa S, Eswaramoorthy M, Nair J, Raj A, Itoh N, Shoji H, Namba T, 

Mizukami F. A one-step conversion of benzene to phenol with a pal-
ladium membrane. Science, 2002, 295: 105－107 

2 Shiju N, Fiddy S, Sonntag O, Stockenhuber M, Sankar G. Selective 

oxidation of benzene to phenol over FeAlPO catalysts using nitrous 
oxide as oxidant. Chem Commun, 2006, (47): 4955－4957 

3 Zhang F M, Guo M P, Ge H Q, Wang J. Hydroxylation of benzene 
with hydrogen peroxide over highly efficient molybdovanadophos-



 

 GE HanQing et al. Sci China Ser B-Chem | Aug. 2009 | vol. 52 | no. 8 | 1264-1269 1269 

phoric heteropoly acid catalysts. Chin J Chem Eng, 2007, 15: 
895－898 

4 Ge H Q, Leng Y, Zhou C J, Wang J. Direct hydroxylation of benzene 
to phenol with molecular oxygen over phase transfer catalysts: 
Cyclodextrins complexes with vanadium-substituted heteropoly acids. 
Catal Lett, 2008, 124: 324－329 

5 Kuznetsova N I, Kuznetsova L I, Likholobov V A, Pez G P. Hy-
droxylation of benzene with oxygen and hydrogen over catalysts 
containing Group VIII metals and heteropoly compounds. Catal To-
day, 2005, 99: 193－198 

6 Tani M, Sakamoto T, Mita S, Sakaguchi S, Ishii Y. Hydroxylation of 
benzene to phenol under air and carbon monoxide catalyzed by mo-
lybdovanadophosphoric acid. Angew Chem Int Ed, 2005, 44: 
2586－2588 

7 Bahidsky M, Hronec M. Direct hydroxylation of aromatics over 
copper-calcium-phosphates in the gas phase. Catal Today, 2005, 99: 
187－192 

8 Sumimoto S, Tanaka C, Yamaguchi S T, Ichihashi Y, Nishiyama S, 
Tsuruya S. Zinc powder as an effective reducing reagent during liq-
uid-phase oxidation of benzene to phenol using molecular oxygen 
over V-substituted heteropoly acid catalysts. Ind Eng Chem Res, 2006, 
45: 7444－7450 

9 Yang Y Y, Xu L, Gao G G, Li FY, Qiu Y F, Qu X S, Liu H. Transi-
tion-metal (Mn-II and Co-II) complexes with the heteropolymolyb-
date fragment [(AsMo9O33)-Mo-V](7-): Crystal structures, electro-
chemical and magnetic properties. Eur J Inorg Chem, 2007, (17): 
2500－2505 

10 Zhang F Q, Zhang X M, Wu H S, Jiao H J. Structural and electronic 
properties of hetero-transition-metal keggin anions: A DFT study of 
alpha/beta-[XW12O40](n-) (X=Cr-VI, V-V, Ti-IV, Fe-III, Co-III, Ni-III, 
Co-II, and Zn-II) relative stability. J Phys Chem A, 2007, 111: 
159－166 

11 San Felices L, Vitoria P, Gutierrez-Zorrilla J M, Lezama L, Reinoso S. 
Hybrid inorganic-metalorganic compounds containing copper(Ⅱ)- 
monosubstituted Keggin polyanions and polymeric copper(I) com-
plexes. Inorg Chem, 2006, 45: 7748－7757 

12 Tang Y, Zhang J. Direct oxidation of benzene to phenol catalyzed by 
vanadium substituted heteropolymolybdic acid. Trans Metal Chem, 
2006, 31: 299－305 

13 Zhang J, Tang Y, Li G Y, Hu C. Room temperature direct oxidation of 
benzene to phenol using hydrogen peroxide in the presence of vana-
dium-substituted heteropolymolybdates. Appl Catal A, 2005, 278: 
251－261 

14 Liu Y Y, Murata K, Inaba M. Liquid-phase oxidation of benzene to 
phenol by molecular oxygen over transition metal substituted poly-
oxometalate compounds. Catal Commun, 2005, 6: 679－683 

15 Saha P K, Dutta B, Jana S, Bera R, Saha S, Okamoto K, Koner S. 
Immobilization of a copper-Schiff base complex in a Y-zeolite matrix: 
Preparation, chromogenic behavior and catalytic oxidation. Polyhe-

dron, 2007, 26: 563－571 
16 Bigi F, Corradini A, Quarantelli C, Sartori G. Silica-bound decatung-

states as heterogeneous catalysts for H2O2 activation in selective sul-
fide oxidation. J Catal, 2007, 250: 222－230 

17 Neumann R, Khenkin A M. Molecular oxygen and oxidation catalysis 
by phosphovanadomolybdates. Chem Commun, 2006, (24): 
2529－2538 

18 San Felices L, Vitoria P, Gutierrez-Zorrilla J M, Reinoso S, Etxebarria J, 
Lezama L. A novel hybrid inorganic-metalorganic compound based on a 
polymeric polyoxometalate and a copper complex: Synthesis, crystal 
structure and topological studies. Chem Eur J, 2004, 10: 5138－5146 

19 Xu B B, Peng Z H, Wei Y G, Powell D R. Polyoxometalates covalently 
bonded with terpyridine ligands. Chem Commun, 2003, (20): 
2562－2563 

20 Lu M, Wei Y G, Xu B B, Cheung C F C, Peng Z H, Powell D R. Hybrid 
molecular dumbbells: Bridging polyoxometalate clusters with an or-
ganic pi-conjugated rod. Angew Chem Int Ed, 2002, 41: 1566－1568 

21 Takahashi K, Okuhara T, Misono M. Phase transition-like phenome-
non observed for pseudo-liquid phase of heteropoly acid catalysis. 
Chem Lett, 1985, (6): 841－842 

22 Misono M, Okuhara T, Ichiki T, Arai T, Kanda Y. Pseudo-liquid be-
havior of heteropoly compound catalysts. Unusual pressure depend-
ences of the rate and selectivity for ethanol dehydration. J Am Chem 
Soc, 1987, 109: 5535－5536 

23 Misono M. Heterogeneous catalysis by heteropoly compounds of 
molybdenum and tungsten. Catal Rev Sci Eng, 1987, 29: 269－321 

24 Wang J, Lin Z, Han S Y, Eum M, Lee C W. 12-tungstophosphoric acid 
supported on dealuminated USY as a catalyst for hydroisomerization 
of n-heptane. J Ind Eng Chem, 2003, 9: 281－286 

25 Vimont A, Travert A, Binet C, Pichon C, Mialane P, Secheresse F, 
Lavalley J C. Relationship between infrared spectra and stoichiometry 
of pyridine-H3PW12O40 salts using a new TGA-infrared coupling. J 
Catal, 2006, 241: 221－224 

26 Li W, Oshihara K, Ueda W. Catalytic performance for propane selec-
tive oxidation and surface properties of 12-molybdophosphoric acid 
treated with pyridine. Appl Catal A, 1999, 182: 357－363 

27 Song I K, Kaba M S, Barteau M A. STM investigation of pyridine 
interaction with heteropoly acid monolayers. J Phys Chem, 1996, 100: 
17528－17534 

28 Wang J M, Yan L, Qian G, Lv G M, Li G X, Suo J S, Wang X L. 
Pyridine-Keggin heteropoly compounds as catalyst for hydroxylation 
of phenol using hydrogen peroxide as oxidant. React Kinet Catal Lett, 
2007, 91: 111－118 

29 Yamaguchi S, Sumimoto S, Ichihashi Y, Nishiyama S, Tsuruya S. 
Liquid-phase oxidation of benzene to phenol over V-substituted het-
eropolyacid catalysts. Ind Eng Chem Res, 2005, 44: 1－7 

30 Ishida M A, Masumoto Y, Hamada R, Nishiyama S, Tsuruya S, Masai 
M. Liquid-phase oxygenation of benzene over supported vanadium 
catalysts. J Chem Soc-Perkin Trans 2, 1999, (4): 847－853  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


