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a b s t r a c t

The hybrid catalysts, pyridine (Py) modified molybdovanadophosphates with Keggin structure
Pyn–PMo(12−m)VmO40 (n = 1–3, m = 1–3), were prepared and characterized by FT-IR. Among various cat-
alysts, Py1–PMo10V2O40 exhibited the highest yield of phenol (20.5%) with the selectivity of phenol of
98.0% at 353 K for 5 h in the direct hydroxylation of benzene to phenol with H2O2 in the acetic acid and
acetonitrile (volume ratio 1:1) mixed solvent. Pyridine plays an important role in the promotion of the cat-
alytic activities, mostly due to the electronic interaction between pyridine and heteropolyacid together
with the more remarkable pseudo-liquid-phase behavior. The influences of the reaction temperature,
Benzene
Phenol
D
P
H

the amount of H2O2, the amount of Py1–PMo10V2O40 and the reaction time on the yield of phenol were
optim
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investigated to obtain the

. Introduction

Phenol is industrially produced by a three-step cumene process,
hich gives low atom utilization, low phenol yield, high energy

onsumption, and the production of equal amount of acetone as
he by-product [1]. Therefore, the one-step process of the direct
ydroxylation of benzene into phenol has been attracting great

nterest for tens of years [2,3]. The synthesis of phenol from the
irect hydroxylation of benzene can be achieved by various oxi-
ants [4–10], including nitrous oxide [4], hydrogen peroxide [5],
nd molecular oxygen [6]. Hydrogen peroxide has been widely used
s a green oxidant, because it is readily available and the result-
ng by-products (water and molecular oxygen) are environmentally
riendly [11]. Moreover, various heterogeneous catalysts have been
tudied for this reaction [12–14], and the vanadium substituted
eteropolyacid catalysts were revealed to be novel and efficient
atalysts [15–17].

Heteropolyacids (HPAs) exhibit a wide range of molecular
izes, compositions and architectures, and have attracted much
ttention as catalysts because of their strong acidity and redox

roperty, which can be controlled by replacing the protons with
etal cations and/or by changing the heteroatom or the frame-
ork transition-metal atoms [18–20]. The Keggin-type HPAs with

ormula [Xn+M12O40](8−n)− have been used for various reactions
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21–23]. In recent years, there has been an increasing interest in
ransition metal-substituted polyoxometalates (TMSPs) as catalysts
or the oxidation of organic substrates, in which the substituted
anadium is known as the most active metal species for the hydrox-
lation of benzene [16,24,25]. Also, hybrid materials based on
ovalently linked polyoxometalates with organic species have been
xtensively studied by previous reports [26–28], which revealed
strong electronic interaction between the metal oxygen clus-

er and the organic segment in many of these hybrid materials.
t was further proposed that the organic � electrons may extend
heir conjugation to the inorganic framework and thus dramati-
ally modify the redox properties of the inorganic cluster [29–31].
iu et al. used TMSP compounds [(C4H9)4N]5[PW11CuO39(H2O)] as
he catalyst for the liquid-phase hydroxylation of benzene to phe-
ol by molecular oxygen with ascorbic acid as a reducing agent in
n acetone/sulfolane/water mixed solvent [32], and it showed 9.2%
f benzene conversion (TON = 25.8) and 91.8% of selectivity of phe-
ol at 323 K for 12 h. Wang et al. revealed that pyridine–heteropoly
ompounds were very active catalysts for phenol hydroxylation to
ihydroxybenzenes with hydrogen peroxide as oxidant in aqueous
olutions [33]. Therefore, the hybrid catalysts based on the combi-
ation of HPAs with an organic compound for the hydroxylation of
enzene to phenol with hydrogen peroxide as oxidant are open to

tudy.

In this work, vanadium-substituted HPAs (V-HPAs) were pre-
ared and then transferred into their corresponding pyridinium
alts to get hybrid materials. We apply them as catalysts for the
iquid-phase hydroxylation of benzene with 30% H2O2, and observe

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:junwang@njut.edu.cn
dx.doi.org/10.1016/j.cej.2008.08.015
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was carried out under the same conditions, and V2O5 proved to be
active in this reaction with a low phenol yield of 7.5%. By substitut-
ing molybdenum by vanadium, H5PMo10V2O40 exhibited a doubly
enhanced yield of phenol of 15.4% with a lowered selectivity of

Table 1
Catalytic performance of different catalysts in the hydroxylation of benzene with
hydrogen peroxidea

Catalyst Yphenol
b (%) Ybenzoquinone

c (%) Sphenol
d (%) XH2O2

e (%)

H3PMo12O40 0 0 – –
V2O5 7.5 0 100 2.5
H5PMo10V2O40 15.4 1.0 93.9 5.8
Pyridine 0 0 – –
Py1–PMo10V2O40 20.5 0.4 98.0 7.1

a Reaction conditions: 0.200 g catalyst; 1.0 mL (11.28 mmol) benzene; 3.5 mL
(33.95 mmol) 30% H O ; 25.0 mL solvent (acetic acid:acetonitrile = 1:1); 353 K reac-
36 Y. Leng et al. / Chemical Engin

remarkable promotion effect of pyridine in the yield of phe-
ol.

. Experimental

.1. Catalyst preparation and characterization

The purchased chemicals were in analytical grade and used
ithout further purification. They are MoO3, V2O5, H3PO4 (85%),
eCO2H, benzene, phenol, benzoquinone (BQ), acetonitrile, acetic

cid, H2O2 (30%), pyridine (Py) and H3PMo12O40·23H2O (PMo12).
The procedure for the preparation of the vanadium-substituted

eteropolymolybdic acid H4PMo11VO40 is the following.
4.400 g MoO3 and 0.910 g V2O5 were dissolved in 250 mL deion-
zed water; then the solution was heated up to 393 K under
igorously stirring with a water-cooled condenser. 1.150 g H3PO4
85% aqueous solution) was added to the above mixture with
he temperature kept at 393 K. After stirred for 24 h, the product
as cooled to room temperature and dried at 323 K in vacuum

or 24 h. The resulting orange fine powder was then dissolved in
eionized water and subjected to re-crystallization for further
urification. The synthesis of H5PMo10V2O40 or H6PMo9V3O40
as similar to the above method with the difference that the

ontent of the vanadium was corresponding to that of the tar-
et formula. Pyridine (Py) salts Pyn–PMo(12−m)VmO40 (n = 1–3,
= 1–3) were prepared according to the methods reported by

he previous literatures [34,35]. According to the different molar
atios of pyridine to PMo(12−m)VmO40, a solution of pyridine in
0 mL aqueous solution was added dropwise into 20 mL aqueous
olution of PMo(12−m)VmO40 under stirring at room temperature.

white precipitate formed immediately. After stirred for 24 h,
he resulting mixture was filtered and then dried in vacuum at
43 K for 24 h to produce the hybrid catalyst. The IR spectra of the
atalysts were measured using a KBr disk mounted in an infrared
pectrophotometer (Nexus 870).

.2. Catalytic tests

The hydroxylation of benzene was carried out in a 50 mL three-
ecked round bottom flask equipped with a magnetic stirrer, a
hermometer and a water-cooled condenser. In a typical reaction,
he hybrid catalyst (0.200 g) and benzene (1.0 mL) were added to
5.0 mL of acetic acid and acetonitrile (volume ratio 1:1) mixed
olvent. The resulting heterogeneous reaction system was vigor-
usly stirred for 10 min after the temperature reached 353 K, then
ithin 30 min, 3.5 mL of aqueous solution of 30% H2O2 was added
ropwise into the mixture. After that, the solution was stirred
or another 4.5 h at 353 K. The product mixture was analyzed
y gas chromatography (SP-6890A) equipped with a FID detec-
or and a capillary column (SE-54 30 m × 0.32 mm × 0.3 �m). An
nternal standard material 1,4-dioxane was used to the quantita-
ively analysis. Under the employed conditions, only benzoquinone
as detected as the by-product. Yield of phenol (or benzo-

uinone) = mmol phenol (or benzoquinone)/mmol initial benzene.
electivity of phenol = mmol phenol/(mmol phenol + mmol ben-
oquinone). Selective conversion of H2O2 = (mmol phenol + mmol
benzoquinone)/mmol initial H2O2.

. Results and discussion
.1. IR results

The IR spectra of pyridine, H5PMo10V2O40 and Py1–PMo(12−m)

m (m = 1–3) are illustrated in Fig. 1. It can be seen that

t

Fig. 1. FT-IR spectra of pyridine, H5PMo10V2O40 and Py1–PMo(12−m)Vm (m = 13).

5PMo10V2O40 and Py1–PMo(12−m)VmO40 (m = 1–3) showed all
he four IR vibration peaks assigned to a Keggin-structured het-
ropolyacid, and the locations of featured peaks (P–O, 1058 cm−1;
o–O–Mo, 958 cm−1; Mo–O, 869 cm−1 and 784 cm−1) were in well

greement with those in the previous report [36]. This indicates
hat the Keggin structure for the prepared samples is well retained
fter the proton in HPAs is exchanged by pyridinium ion. The IR
pectra of Py1–PMo(12−m)VmO40 (m = 1–3) also showed a clear shift
f the featured bands for pyridinium ions from 1440 cm−1 and
380 cm−1 to 1530 cm−1 and 1480 cm−1, respectively, which was
n agreement with the previous research [37]. Maybe these shifts
an be explained by the extended conjugation of � electrons of Py
nto the inorganic framework of HPA [31], i.e., a strong electronic
nteraction between the metal oxygen cluster in heteropoly anions
nd the Py segment can be proposed by the IR results.

.2. Effect of pyridine in hybrid catalysts on the hydroxylation of
enzene

Table 1 shows the results of the hydroxylation of benzene with
ydrogen peroxide over different catalysts. It can be seen that no
henol was detected over the vanadium-free H3PMo12O40 catalyst.
or comparison, the experiment using pure V O as the catalyst
2 2
ion temperature; 5 h reaction time.

b Yield of phenol.
c Yield of benzoquinone.
d Selectivity of phenol.
e Selective conversion of H2O2.
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Table 2
Effect of the amount of pyridine in the hybrid catalysts Pyn–PMo(12−m)VmO40
(m = 1–3, n = 1–3) for the hydroxylation of benzene with hydrogen peroxide at 353 Ka

Catalyst Yphenol
b (%) Ybenzoquinone

c (%) Sphenol
d (%) XH2O2

e (%)

H4PMo11V1O40 7.8 0.2 97.5 2.7
Py1–PMo11V1O40 9.4 0.2 97.9 3.2
Py2–PMo11V1O40 8.4 0.3 96.6 3.0
Py3–PMo11V1O40 6.1 0.2 96.8 2.2
Py1–PMo10V2O40 20.5 0.4 98.0 7.1
Py2–PMo10V2O40 16.2 0.5 97.0 5.7
Py3–PMo10V2O40 10.8 0.3 97.3 3.8
H6PMo9V3O40 13.8 0.5 96.5 4.9
Py1–PMo9V3O40 14.7 0.3 98.0 5.1
Py2–PMo9V3O40 15.6 0.2 98.7 5.3
Py3–PMo9V3O40 12.4 0.1 99.2 4.2

a Reaction conditions: 0.200 g catalyst; 1.0 mL (11.28 mmol) benzene; 3.5 mL
(33.95 mmol) 30% H2O2; 25.0 mL solvent (acetic acid:acetonitrile = 1:1); 5 h reaction
time.
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findings, in Fig. 2, one can thus deduce that the increased reaction
Yield of benzoquinone.
d Selectivity of phenol.
e Selective conversion of H2O2.

henol of 93.9%. Clearly, the presence of vanadium atoms in het-
ropolyacid is essential for efficiently performing the hydroxylation
f benzene to phenol. It is suggested that the catalysis by HPAs for
he hydroxylation of benzene is due to the cooperative action of the

olybdenum framework with one vanadium center [17]. It is note-
orthy that, although pyridine itself was not active in the reaction,

he formation of the heteropolyacid salt Py1–PMo10V2O40 by com-
ining pyridine with H5PMo10V2O40 resulted in a further increase
f the yield of phenol from 15.4% to 20.5% and an increased selec-
ivity from 93.9% to 98.0%. This indicates an obvious promotion
ffect of pyridine on the hydroxylation of benzene to phenol. How-
ver, only a very low effective conversion of hydrogen peroxide was
btained even on the Py1–PMo10V2O40 catalyst.

In order to investigate the effect of pyridine, the activities of
atalysts at various molar ratios of pyridine to PMo(12−m)VmO40
m = 1–3) were compared. The results are listed in Table 2. It is
een that in addition to H5PMo10V2O40, for H4PMo11V1O40 and
6PMo9V3O40 the introducing of pyridine into the catalysts also

ed to the increase of yield of phenol, i.e., the promotion effect
f pyridine is also true for Pyn–PMo9V3O40 and Pyn–PMo11V1O40
n = 1–3). At the same molar ratio of pyridine to PMo(12−m)VmO40
m = 1–3), the catalytic activities of Pyn–PMo10V2O40 were higher
han that of Pyn–PMo11V1O40 and Pyn–PMo9V3O40 (n = 1–3). This
s in accordance with our previous result over the Py-free molyb-
ovanadophosphoric acid catalysts [15].

Molar ratio of pyridine to PMo(12−m)VmO40 (m = 1–3) is also
esponsible for the reactivity of hydroxylation of benzene. Table 2
howed that at a given number of m (m = 1, 2, or 3), the yield of
henol generally decreased with the increase of molar ratio of
yridine to PMo(12−m)VmO40. When the molar ratio of pyridine to
Mo(12−m)VmO40 (m = 1, 2, or 3) was 1 or 2, the catalytic activi-
ies of PMo(12−m)VmO40 were more or less promoted by pyridine,
ut the further increase of the ratio up to 3 resulted in a sub-
tantial decrease of the catalytic activities, which were lower than
he corresponding Py-free catalysts. It is known that for organic
ompound modified hybrid HPA catalysts, there exists a strong elec-
ronic interaction between the metal oxygen cluster and the organic
egment, and it is proposed that the organic � electrons may extend
heir conjugation to the inorganic framework and thus dramatically
odify the redox properties of the cluster [29–31]. IR spectra in
ig. 1 also suggest this interaction for the present catalysts. In addi-
ion, it was previously reported that the pyridine molecules can be
dsorbed not only on the surface acid sites, but also on the acid

t
o
a
c

ig. 2. Effect of reaction temperature on the yield and selectivity to phenol in
ydroxylation of benzene over the Py1–PMo10V2O40 catalyst.

ites located in the bulk of HPA crystals, thereby expanding the lat-
ice spacing between the polyanions in the crystal [38]. Thus, the
seudo-liquid-phase behavior of heteropolyacid is more remark-
ble, and it is more beneficial for organic reactant benzene to enter
he bulk of polyanions. For these reasons, the combination of pyri-
ine with HPA catalysts promotes the catalytic activities for the
enzene hydroxylation, just as indicated in Tables 1 and 2. However,
yridine is a weak base that is able to largely adjust the acidity of
PAs if too many pyridines were introduced in the hybrid catalysts

33], which may reversely result in a lowered yield of phenol, as in
ase of Py3–PMo(12−m)VmO40 (m = 1–3).

.3. Effect of reaction conditions on the hydroxylation of benzene

The influence of reaction temperature on the reactivity of
ydroxylation of benzene was investigated using Py1–PMo10V2O40
s the catalyst, and the results are illustrated in Fig. 2. At tempera-
ures below 333 K, the yield of phenol decreased with increasing the
eaction temperature, and at temperature above 333 K, it increased
ith the reaction temperature. At very low reaction temperature

f 313 K, only phenol was detected as the product, and at increased
emperatures, a slight of benzoquinone was observed. We have
onfirmed this trend by repeatedly carrying out this test.

According to the Arrhenius Equation, the reaction rate should
lways increase with the increase of reaction temperature if the
atalytic reaction takes place on a certain active site. Therefore,
he reasonable explanation for the phenomenon in Fig. 2 should
scribe to a change of active species upon the increase of reac-
ion temperature. A number of previous reports investigating the
tability of V-HPA as the catalyst for the hydroxylation of ben-
ene [16,24,25,39–42] explicitly revealed that the vanadic oxide
pecies might segregate from the structures of heteropolyanions.
hey observed the difference of 51V NMR, 31P NMR and FT-IR spectra
or the catalysts before and after use in the reaction and suggested
he existence of cationic VO2

+ species that was responsible for the
eactivation of recovered V-HPA for phenol formation. It was pro-
osed that the leached cationic VO2

+ species must be generated
rom the somewhat decomposition of HPA, despite that the Keg-
in structure of HPA was well remained. Based on those previous
emperature may cause the extraction of more amounts of vanadic
xide species from the hybrid V-HPA catalyst, and the enhanced
ctivity due to the increasing of the reaction temperature cannot
ompensate the lowered activity due to the existence of segregated
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ig. 3. Effect of reaction time on the yield and selectivity to phenol in hydroxylation
f benzene over the Py1–PMo10V2O40 catalyst.

anadic oxide species. 353 K is considered as a suitable reaction
emperature.

Fig. 3 shows the result for the hydroxylation of phenol as a func-
ion of reaction time over Py1–PMo10V2O40 catalyst at a reaction
emperature of 353 K. It can be observed that the yield of phenol
ncreased smoothly with the reaction time up to 5 h and then stayed
t a constant level. The selectivity of phenol decreased slightly with
he reaction time, which is due to the further oxidation of phenol.
his indicates that the optimum reaction time is 5 h.

The influence of the amount of H2O2 on the yield and the selec-
ivity of phenol over Py1–PMo10V2O40 is listed in Fig. 4. It is seen
hat the yield of phenol was positively dependent on the amount
f H2O2 and reached a maximum value of 17.3% at 3.5 mL (at this
oment, the molar ratio of hydrogen peroxide to benzene is equal

o 3). A slight decrease in the yield of phenol was observed with
further increase the amount of H2O2, which may result from the

urther oxidation of the phenol formed. The selectivity of phenol did
ot show a remarkable change as the amount of H2O2 increased.
heoretically, the molar ratio of H2O2 to benzene for the hydrox-
lation reaction is 1:1; however, the results suggest that the H O
2 2
eeded for the favorable phenol yield was about three times as
igh as its stoichiometry. In fact, the self-decomposition of H2O2

s unavoidable accompanying with the hydroxylation of benzene.
e thus carried out a H2O2 self-decomposition experiment at typi-

ig. 4. Effect of amount of H2O2 on the yield and selectivity to phenol in hydroxy-
ation of benzene over the Py1–PMo10V2O40 catalyst.
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ig. 5. Effect of the amount of the catalyst on the yield and selectivity to phenol in
ydroxylation of benzene over the Py1–PMo10V2O40 catalyst.

al reaction conditions mentioned in experimental section without
nvolving benzene and catalyst (i.e., only with solvent), and after
he reaction, the H2O2 concentration in solvent was determined
y the titration with sodium thiosulfate (starch as indicator) in the
resence of potassium iodide, sulfuric acid and ammonium molyb-
ate. The amount of H2O2 consumed in its self-decomposition was
0.65 mmol, accounting for 60.8% of the initial H2O2. This may pro-
ide some understandings for the very low selective conversion of
2O2 shown in Tables 1 and 2.

Fig. 5 displays the effect of the amount of Py1–PMo10V2O40 on
he yield and the selectivity of phenol in the reaction. It can be
een that the yield of phenol increased from 8.6% to 20.5% when
he amount of Py1–PMo10V2O40 increased from 0.050 g to 0.200 g.

further increase in the amount of Py1–PMo10V2O40 caused a
ecrease in the yield of phenol, and the selectivity of phenol kept
onstant. Thus, 0.200 g Py1–PMo10V2O40 is a suitable amount in
his reaction.

. Conclusions

In this work, we prepared the pyridine modified molyb-
ovanadophosphate hybrid catalysts for the direct hydroxylation
f benzene by hydrogen peroxide in the acetic acid and acetoni-
rile mixed solvent, and find they show both high yield and high
electivity of phenol. The substituted vanadium atoms in het-
ropolyacid are essentially active sites with high performance for
he hydroxylation of benzene to phenol. More importantly, pyri-
ine can promote substantially the catalytic activities of the hybrid
atalysts due to the electronic interaction between pyridine and
eteropolyacid together with the more remarkable pseudo-liquid-
hase behavior. In particular, Py1–PMo10V2O40 exhibits the highest
ctivity for the hydroxylation of benzene with 98.0% selectivity
f phenol and 20.5% phenol yield at the optimum reactions con-
itions: 1.0 mL benzene, 3.5 mL 30% aqueous solution of H2O2,
.200 g catalyst, 25 mL acetic acid and acetonitrile (volume ratio
:1) mixed solvent, 353 K reaction temperature, and 5 h reaction
ime.
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