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bstract

A novel heterogeneous catalyst, pure V2O5 catalyst prepared by calcination of NH4VO3 at 550 ◦C in air, was used for the synthesis of diphenyl
arbonate (DPC) by the transesterification of dimethyl carbonate (DMC) with phenol. The effects of V2O5 amount, reaction time and molar ratio
f dimethyl carbonate to phenol were investigated. Under the conditions of mass fraction of catalyst 1.6%, molar ratio of DMC/phenol of 1.5:1
nd a reaction time 9 h, the maximum conversion of phenol and total yields of methyl phenyl carbonate (MPC) and DPC were 42.0 and 40.1%,
espectively. Reuse of the catalysts revealed an appreciable deactivation. X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Fourier
ransform-infrared spectroscopy (FT-IR) and transmission electron microscopy (TEM) characteristics of the fresh and used catalyst samples had
een recorded. The results showed that the deactivation of the catalyst was mainly ascribed to the conversion of crystal structure. Moreover, the

eactivated catalyst could be easily reactivated by calcination in air, and the regenerated catalyst showed the catalytic activity almost as high as that
f the fresh sample. However, a small difference in catalytic activities between regenerated and fresh catalysts was possibly owing to the sintering
f the regenerated catalyst.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Polycarbonate (PC), which is an important engineering
hermoplastics, is being commercially produced by reacting
isphenol-A (BPA) with phosgene [1,2]. However the conven-
ional phosgenation process has serious environmental problems
uch as the use of highly toxic phosgene, the formation of a sto-
chiometric amount of NaCl or HCl, and the use of a copious
mount of methylene chloride as solvent [3]. In recent years,
here has been an increasing demand for safer and environ-

entally benign processes for PC synthesis, and non-phosgene
rocess has been proposed to replace the traditional phosgene
rocess [4]. One such process is composed of the synthesis of

iphenyl carbonate (DPC) followed by the transesterification
etween DPC and BPA. In this process, no toxic solvents are
sed and the by-product phenol can be recycled.

∗ Corresponding author. Tel.: +86 28 85250005; fax: +86 28 85220713.
E-mail address: gywang@cioc.ac.cn (G.-Y. Wang).
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However, the industrial method employed commonly for syn-
hesis of DPC is based on the reaction between phenol and
hosgene in the presence of bases [5,6]. So in order to reduce the
ocial effects of pollution, several alternative green methods for
PC synthesis have been proposed, such as, oxidative carbony-

ation of phenol and transesterification reaction [7–17]. Among
hem, the oxidative carbonylation of phenol is considered to be
prospective route for the synthesis of DPC, but all suffer from

he use of noble catalyst such as palladium complex and the low
ield of DPC [18]. So the transesterification of dimethyl car-
onate (DMC) with phenol to prepare methyl phenyl carbonate
MPC) (Eq. (1)), followed by the reaction of MPC with phenol
o DPC or by disproportion (Eqs. (2) and (3), Scheme 1), is an
ttractive route:

For the synthesis of DPC from the transesterification between
MC and phenol, a variety of homogeneous catalysts have firstly

een reported [19–23], especially the organic tin or titanium
ompounds. Although the homogenous catalysts reported in the
eferences have high activity for the direct synthesis of DPC, the
eparation of the catalysts from the products will be complicated

mailto:gywang@cioc.ac.cn
dx.doi.org/10.1016/j.molcata.2006.12.013


D.-S. Tong et al. / Journal of Molecular Catalysis A: Chemical 268 (2007) 120–126 121

eme 1

w
T
d
s
r
c
a
a
T
i
a
T
b
[
T
a
c
o
4
D
o
[
M
s
w
a
i

c
t
d
m
c
w
e
o

2

2

s
o
g
c
w
C

2

b
i
a
w
1
w
u
r
i
a
t
w

2

t
c
I
a

2

o
9
r
m
(
a
a
r
d
a
w
c

t
w
p
a

Sch

hen these catalyst systems are applied to the industrial process.
herefore, the development of active solid catalysts is highly
esirable with regards to regeneration and separation. There are
ome reports of useful heterogeneous catalysts. Fu and Ono [11]
eported that MoO3/SiO2 was the best catalyst among supported
atalysts of MgO, Ga2O3, PbO, ZnO, Sm2O3 and so on, but the
ctivity is poor, the yields of MPC and DPC were only 17.1
nd 0.2%. Kim and Lee [12] prepared DPC over the supported
iO2/SiO2 catalyst by a two-step process, which involved the

nitial gas-phase transesterification of DMC with phenol to MPC
nd the subsequent liquid-phase disproportion of MPC to DPC.
he yields of MPC and DPC were 31.7 and 1.7%, respectively,
ut it required a high reaction temperature of 430 ◦C. Zhou et al.
18] proposed a heterogeneous lead–zinc double oxide catalyst.
he results showed that Pb3O4 was the main active species,
nd the amorphous ZnO was regarded as a promoter. Under the
onditions of calcination temperature of 500 ◦C and a molar ratio
f Pb/Zn = 2:1, the highest activity of the catalyst, DPC yield of
5.6%, was achieved. However the total selectivity of MPC and
PC was low, only 72.0%, and the activity of the catalyst used
nce reduced markedly from 41.0 to 24.3%. Recently, Mei et al.
24] performed the transesterification of DMC with phenol using

g–Al–hydrotalcite as the catalyst. The experimental results
howed that the total yield and selectivity for DPC and MPC
ere 26.3 and 82.4%, respectively, with an atomic ratio of Mg/Al

t 2:1. Consequently, the development of more efficient catalyst
s desirable.

Vanadium- and molybdenum-based catalytic materials are
laimed to be highly active and selective for the oxida-
ion/reduction reactions of alkane, such as the oxidative
ehydrogenation of propane with O2 [25,26]. Since supported
olybdenum oxides are active catalysts for the transesterifi-

ation of DMC and phenol, we thought that vanadium oxides
ould also be active in this reaction. Thus, in this paper, we

mployed pure V2O5 as the catalyst for the transesterification
f DMC and phenol.

. Experimental

.1. Chemical reagents

Dimethyl carbonate (Huasheng Co. Ltd., Shangdong Univer-
ity of Petroleum, China) was fractionally distilled and stored
ver molecular sieve (4 Å). Phenol was of analytic reagent (AR)

rade and used without further purification. V2O5 was used as
atalyst with III grade, other chemical reagents with AR grade
ere used, e.g. ammonium metavanadate (NH4VO3), MoO3,
r2O3, Sb2O3, TiO2, CuO, Nb2O5.

m
i
i
c

.

.2. General procedure

The reaction was carried out in a 100 mL three-neck round-
ottomed flask, equipped with a magnetic stirring bar, a nitrogen
nlet, a dropping funnel, and a fractionating column connected to
liquid dividing head. Under nitrogen gas, phenol and a catalyst
ere introduced into the flask. After the mixture was heated to
75 ◦C, DMC was added drop-wise. The reaction temperature
as kept between 150 and 180 ◦C and the reaction mixture was
nder refluxing condition between 150 and 180 ◦C. During the
eaction, a distillate of DMC and methanol was collected slowly
n a receiver flask attached to the liquid dividing head and for
nalysis. After the reaction, the mixture was cooled to room
emperature and the catalyst was filtered and then the filtrate
as analyzed by gas chromatography.

.3. Product analysis

The azeotrope of DMC and methanol and the reaction sys-
em were analyzed by gas chromatography equipped with a
apillary column (30 m) and a flame ionization detector (FID).
dentification analysis of the reaction system was conducted on
6890/5973 GC-Mass spectrometer.

.4. Catalyst characterization

The X-ray diffraction (XRD) measurements were collected
n a Philip X’Pert Pro MPD diffractometer between 10◦ and
0◦ (2θ) with a scanning rate of 0.1◦ s−1, employing Cu K�
adiation (λ = 1.54056 Å). The surface electronic structure of the
aterials was determined by X-ray photoelectron spectroscopy

XPS). The XPS spectra were acquired at room temperature with
Kratos Model XSAM 800 instrument using a monochromatic
nd focused (350 W) Mg K� (1253.6 eV) radiation source. The
esidual pressure in the spectrometer chamber was 5 × 10−6 Pa
uring data acquisition. The V 2p3/2 line at 517.6 eV was used as
reference for calibration of binding energies (BEs). The BEs
ere calibrated to the Ag 4f (368.0 eV) and Cu 2p3/2 (932.7 eV)

ore levels.
The nature of surface species was determined by the Fourier

ransform-infrared spectroscopy (FT-IR). The FT-IR spectra
ere registered by using a Nicolet MX-1E spectrometer in KBr
ellets. The samples were dried at 110 ◦C, mixed with KBr
nd exposed to infrared light. The pellets were immediately

easured after preparation under ambient conditions in the mid-

nfrared area. The spectra were the result of averaging 32 scans
n wavelength ranging from 4000 to 250 cm−1. Microstructure
haracterization was carried out using a JEM-1000CX transmis-
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Table 2
Effect of the amount of V2O5 catalyst on transesterificationa

Catalyst
amount (mol)

Conversion of
phenol (%)

Yield of
MPCb (%)

Yield of
DPCc (%)

0.0021 23.2 15.0 8.0
0.0023 31.7 17.3 13.2
0.0025 35.0 21.6 12.1
0.0027 34.5 17.8 15.7
0.0028 29.3 16.0 12.5
0.0031 28.8 16.0 11.2

a Reaction conditions—temperature: 150–180 ◦C; the molar ratio of phe-
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ion electron microscopy (TEM) operated at 80 KV. Microscope
as used for imaging. The samples were firstly dispersed by
ltrasonic, and placed onto a copper grid covered with holey
arbon film.

. Results and discussion

.1. Reaction studies

.1.1. The catalytic activity of V2O5

The pure metal oxides as the heterogeneous catalysts for the
ransesterification of dimethyl carbonate with phenol to diphenyl
arbonate had not been reported. For comparison, the catalytic
ctivities of pure metal oxides, such as V2O5, TiO2, CuO,
b2O5, MoO3, Cr2O3, Sb2O3, were tested in a refluxing batch-
ise reactor. The results are listed in Table 1. The activity of the

atalyst was evaluated by the conversion of phenol.
As shown in Table 1, CuO, Nb2O5 and TiO2 were essentially

nactive for this reaction, Cr2O3 and Sb2O3 gave the low yields
f MPC and DPC, and pure V2O5 had the highest activity of
he tested catalysts in the same conditions. It had been reported
11] that the catalytic activity of supported MoO3 was ascribed
o the coordination of unsaturated molybdenum species with
he reactant. So the observed reactivities of phenol toward car-
onate interchange reaction with DMC in the presence of pure
2O5 could be rationalized on the basis of the known chem-

stry of reaction of molybdenum oxides with phenol and DMC.
t is well known that vanadium oxides have specific electronic
urface. The exposed vanadium ions possess a nonbonding d-
rbital sticking out of the surface which have the character of
UMO’s and play the role of Lewis acid sites [27]. So the high
ctivity of pure V2O5 might be related to the coordination of
he unsaturated vanadium species with the reactant during the
eaction. For the further comparison, pure V2O5 prepared by

◦
alcination of NH4VO3 at 550 C had the higher activity than
he commercial V2O5. It might be that the fresh V2O5 possessed

ore structural defects. Therefore, the fresh V2O5 had high per-
ormance on the transesterification of DMC with phenol, the

able 1
ffect of different metal oxides on transesterificationa

atalyst Conversion of
phenol (%)

Yield of
MPCb (%)

Yield of
DPCc (%)

uO Trace 0 0
b2O5 Trace 0 0
iO2 Trace 0 0
r2O3 2.4 2.3 0
b2O3 6.1 4.3 0.6
oO3 24.4 14.3 9.8

2O5
d 28.2 15.3 11.9

2O5
e 35.0 21.6 12.1

a Reaction conditions—temperature: 150–180 ◦C; the molar ratio of phe-
ol/DMC: 1; the mole of phenol: 0.16 mol; the atomic mole of metal: 0.005 mol;
eaction time: 9 h.
b MPC: methyl phenol carbonate.
c DPC: diphenyl carbonate.
d Commercial sample.
e Sample prepared by calcination of NH4VO3 at 550 ◦C in air.
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ol/DMC: 1; the mole of phenol: 0.16 mol; reaction time: 9 h.
b MPC: methyl phenol carbonate.
c DPC: diphenyl carbonate.

ffect of various factors was discussed in detail in the following
ext.

.1.2. Effect of catalyst amount on the transesterification
eaction

The effect of amount of pure V2O5 on the transesterifica-
ion of DMC with phenol was firstly studied. The results are
hown in Table 2. According to Table 2, when catalyst amount
as 0.0021 mol, the conversion of phenol was only 23.2% and
ields of MPC and DPC were only 15.0 and 8.0%. Thereafter
ith a slight rise of catalyst amount from 0.0021 to 0.0025 mol,

onversion of phenol increased rapidly from 23.2 to 35.0%, and
he yields of MPC and DPC were also improved to 21.6 and
2.1%, respectively. However, above 0.0025 mol, conversion of
henol and yields of MPC and DPC were decreased slightly. It
ight be that the excessive solid catalysts were agglomerated

uring the reaction, which made the active sites decrease, so
he catalytic activity had declined. Therefore the optimal cat-
lyst amount should be 0.0025 mol. The data showed that the
igh yields of MPC and DPC could be obtained at low solid
atalyst amount using the fresh V2O5 (the catalyst amount is
.6% of phenol), the catalytic activity of V2O5 was almost the
ame with many other homogeneous catalysts, such as titanium
sters and n-Bu2SnO (usually the catalyst amount is 1–5% of
henol) [20,28]. So the fresh V2O5 is an economic catalyst for
he transesterification of DMC and phenol.

.1.3. Effect of molar ratio of DMC/phenol on the
ransesterification reaction

The effect of molar ratio of DMC/phenol on the transesterifi-
ation was also studied in the presence of pure V2O5. The molar
atio of DMC to phenol is varied in the range of 0.75–2.25 and
he results are summarized in Table 3.

As shown in Table 3, as the molar ratio of DMC/phenol was
elow 1:1, the conversion of phenol and yields of MPC and DPC
ere relatively low. This might be attributed to the evaporation of
MC with methanol under the reaction condition, so the amount
f phenol was even excess compared with the amount of DMC.

hen the molar ratio of DMC/phenol was increased to 1.5:1, the

onversion of phenol increased greatly to 42.0%, the total yields
f MPC and DPC were 40.2%, but thereafter remained almost
nchanged. In addition, it was found that when the molar ratio
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Table 3
Effect of molar ratio of DMC/phenol on transesterificationa

n(DMC):
n(phenol)

Conversion of
phenol (%)

Yield of
MPCb (%)

Yield of
DPCc (%)

Transesterification
selectivity (%)

0.75:1 28.0 15.0 11.7 95.4
1:1 35.0 21.6 12.1 96.3
1.25:1 37.3 21.0 14.4 94.9
1.5:1 42.0 17.5 22.6 95.5
2:1 41.7 19.5 21.3 97.8
2.25:1 39.9 17.9 20.4 96.0

a Reaction conditions—temperature: 150–180 ◦C; the mole of phenol:
0
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Table 5
Numbers of catalyst reusea

Numbers of
catalyst reuse

Conversion of
phenol (%)

Yield of
MPCb (%)

Yield of
DPCc (%)

Transesterification
selectivity (%)

1 42.0 17.5 22.6 95.5
2 34.0 17.9 15.9 99.4
3 24.9 13.5 11.2 99.2
4 22.6 11.7 10.7 99.1
5d 35.2 18.5 14.9 94.9

a Reaction conditions—temperature: 150–180 ◦C; the molar ratio of phe-
nol/DMC: 1:1.5; the molar percent of catalyst/phenol: 1.6%; reaction time:
9 h.
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.16 mol; the mole of catalyst: 0.0025 mol; reaction time: 9 h.
b MPC: methyl phenol carbonate.
c DPC: diphenyl carbonate.

f DMC/phenol increased from 1.5:1 to 2.25:1, the yield of DPC
ecame slightly decreasing. It was accordance with the literature
14] that the excess of phenol was in favor of the formation
f DPC. So the optimal ratio of DMC/phenol was 1.5:1, the
onversion of phenol and total yields of MPC and DPC were
2.0 and 40.1%, and the total selectivity of MPC and DPC was
5.5%.

.1.4. Effect of reaction time on the transesterification
eaction

The conversion of DMC and yields of MPC and DPC were
lso monitored with the reaction time because the transesterifi-
ation of DMC and phenol was reversible. The results are listed
n Table 4.

As shown in Table 4, the formation of DPC continuously
ncreased with the reaction time, whereas the formation of MPC
ncreased with the reaction time up to 13 h and then decreased
hereafter. From 9 to 15 h, the conversion of phenol changed a
ittle, only from 42.0 to 45.9%, indicating that the transester-
fication reaction almost reached equilibrium within 15 h. The
ecrease of the MPC yield after 13 h might be ascribed to the
isproportionation of MPC to DPC when the reaction tempera-
ure reached approximately 180 ◦C. The data indicated that the
est reaction time for the transesterification of DMC with phenol
ver pure V2O5 was from 9 to 13 h.
.1.5. Catalyst reuse and regeneration
An important criterion for heterogeneous catalysis is

eusability. The possibility and extent of catalyst deactivation

able 4
ffect of reaction time on transesterificationa

ime (h) Conversion of
phenol (%)

Yield of
MPCb (%)

Yield of
DPCc (%)

7 33.7 17.6 13.7
9 42.0 17.5 22.6
1 42.3 18.4 22.9
3 44.1 18.9 23.6
5 45.9 17.5 25.0

a Reaction conditions—temperature: 150–180 ◦C; the molar ratio of phe-
ol/DMC: 1:1.5; the mole of phenol: 0.16 mol; the mole of catalyst: 0.0025 mol.
b MPC: methyl phenol carbonate.
c DPC: diphenyl carbonate.
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b MPC: methyl phenol carbonate.
c DPC: diphenyl carbonate.
d Catalyst used fourth and then calcined at 550 ◦C in air.

as probed by employing the recycled catalyst sample washed
y DMC and dried at 100 ◦C in a number of reaction cycles, the
umbers of reuse are given in Table 5. Table 5 showed that the
atalyst exhibited a decline in activity with reuse. The activity
f the catalyst used once reduced only 8%, from 42.0 to 34.0%.
hen it was used for the fourth time, the activity of the catalyst

educed about a half, from 42.0 to 22.6%. It indicated that the
tability of the catalyst was still better than that of the lead–zinc
xide catalyst [18]. It was interesting that the total selectivity
f MPC and DPC increased with the decline of conversion of
henol, which might suggest some structure sensitivity in terms
f transesterification selectivity. Further, the catalyst used fourth
as regenerated by calcination at 550 ◦C in air, the result is also

hown in Table 5. The conversion of phenol reached to 35.2%,
hich was a little lower than that of the fresh catalyst. It pre-

ented that the catalytic activity could almost be recovered by
alcination of the used catalyst in air.

.2. Characterization of fresh and used catalysts

.2.1. Electronic structure analysis by XPS
Vanadium oxides have the specific electronic surface. This is

ne of the reason why vanadium oxides have been widely used
s the catalyst in many reactions [25,26]. So it was necessary to
etermine the change of vanadium states for the fresh and used
atalysts. We firstly measured the surface atomic ratios observed
or the used catalyst, which are shown in Table 6. According
o Table 6, it presented that carbon deposited on the surface of
sed catalyst. It is obvious that carbonaceous deposits reduce the

ctivity of catalyst because they cover the active sites [29,30]. So
arbon deposition might also contribute to the catalytic deactiva-
ion in transesterification. Moreover, the relative content of C just
hanged a little with the increasing of used numbers, indicating

able 6
lement surface content of used catalyst measured by XPS

atalyst Element content (at.%)

O V C

sed once 16.2 5.9 77.9
sed fourth 14.3 4.5 81.2
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3.2.3. Morphology analysis by TEM
The reaction was always accompanied by significant changes

in morphology. Fig. 3 shows TEM micrographs of the fresh and
ig. 1. V 2p3/2 core level XP spectra of the catalyst in different stages: (1) fresh

hat carbon deposition was almost saturated when the catalyst
as used once. However, the catalytic activity still declined with

he increasing of used numbers. This implied that besides car-
on deposition there was another important cause for catalytic
eactivation.

The XP vanadium 2p3/2 core level spectrums are given in
ig. 1. According to Fig. 1, (1) and (4) showed the same line
hape, both existed a sharp peak with a binding energy of
17.6 eV. Taking the known binding energy of binary vanadium
xides into consideration, it was consistent with the material’s
ormal valence of +5. No indication for the presence of the
educed V ions was observed in the fresh and regenerated sam-
les. This was also evidenced by the full-width at half-maximum
FWHM) values, which were both 1.6 eV pointing to a single
tate. It presented that the surface V(+5) ions were the active
ites in this reaction. Fig. 1(2) showed two peaks with the BEs
f 517.6 and 516.4 eV, respectively, it was consistent with the
ormal valence of V(+5) and V(+4), and the relative content
as 68.7 and 31.3%, it showed that the surface V(+5) ions were
reatly reduced when the catalyst was used once. Fig. 1(3) also
howed the similar peaks with Fig. 1(2), the relative content of
(+5) and V(+4) was about 61.3 and 38.7%, respectively, indi-

ating that the vanadium states only changed between V(+5)
nd V(+4) with the increasing of used numbers. According to
ig. 1(2) and (3), the peaks of V(+5) and V(+4) had not shifted,

t presented that there did not exist the chemical bonds between
he surface vanadium species and the carbonaceous deposit.

.2.2. Surface species analysis by FT-IR
FT-IR is well established as an analytical technique for func-
ional group analysis. FT-IR spectra of the catalysts in different
tages are shown in Fig. 2. According to Fig. 2, the spectrum of
he fresh catalyst showed the similar vibration to the bulk V2O5.
he absorption band at 1020 cm−1 has been assigned to vibra-

F
u

lyst; (2) used once; (3) used fourth; (4) used fourth and calcined at 550 ◦C.

ions of isolated V O vanadyl groups in VO5 trigonal bipyramid
tructure. The broad band at 823 cm−1 has been assigned to
ibrations of V–O–V chains, and band at about 590 cm−1 to the
ending vibrations. The bands at about 381 and 298 cm−1 corre-
pond to the asymmetrical bending vibration of VO4 and VO6.
owever, the used catalyst showed the entirely different spectra

o the fresh catalyst. They both showed the strong absorption
eak at about 1620 cm−1, which might be the typical vibra-
ions of C O of phenolic tars. It presented that the carbonaceous
eposit on the surface of used catalyst was phenolic tars. The
pectrum of the regenerated catalyst was identical to that of the
resh catalyst, indicating that the surface deposit was removed
y calcination at 550 ◦C in air and the regenerated catalyst had
he similar surface groups to the fresh catalyst.
ig. 2. FT-IR spectra of the catalyst in different stages: (1) fresh catalyst; (2)
sed once; (3) used fourth; (4) used fourth and calcined at 550 ◦C.
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the identical diffraction pattern to the fresh V2O5, which was
the orthorhombic V2O5. At the same time, the catalytic activ-
ity of the regenerated catalyst was almost as high as that of
the fresh catalyst. So it could be concluded that the main
Fig. 3. TEM micrographs of the V2O5 particles in different stages: (1) fresh

sed catalyst, respectively. From the TEM images, it was obvi-
us that the crystal size of the catalyst was changed markedly
n the different stages. According to Fig. 3, the crystal size of
he fresh catalyst was much smaller than the used catalysts
nd the size distribution was more uniform. The dispersion
f the used catalyst was much worse than that of the fresh
atalyst and the particle size of used catalyst was much big-
er than that of the fresh catalyst, indicating that V2O5 was
ouled in transesterification, resulting in the agglomeration of
he small V2O5 particles. In many of the catalytic processes,
ouling with the deposition of carbon made the active sites
naccessible, and the agglomeration reduced the active sites, so
he catalytic activity declined [29]. Moreover, when the cata-
yst was used once, the agglomeration had been very serious,
owever, the catalytic activity still declined with the increasing
f used numbers. Hence, it was believed that the agglomera-
ion was not the main reason for the catalytic deactivation with
he increasing of used numbers. As the recycled catalyst was
egenerated by calcination at 550 ◦C in air, the good crystals
ere formed once again, but the crystal size was much bigger

han that of the fresh catalyst, indicating that sintering occurred
n the process of regeneration. So the catalytic activity of the
egenerated catalyst was a little lower than that of the fresh
atalyst.

.2.4. Crystal structure analysis by XRD

The structures of fresh and used catalysts were finally char-

cterized by XRD. The XRD patterns are shown in Fig. 4.
ccording to Fig. 4(1), the fresh catalyst exhibited the typi-

al reflection peaks of orthorhombic V2O5 (JCPDS 72-0433).
F
c

lyst; (2) used once; (3) used fourth; (4) used fourth and calcined at 550◦ C.

omparison of Fig. 4(1) and (2), the diffraction patterns were
uite different. Fig. 4(2) showed the typical diffraction of tetrag-
nal V4O9 (JCPDS 23-0720), it presented that the crystalline
hase of the deactivated catalyst was changed by the reaction
ixture, which was transformed from V2O5 to V4O9. Relat-

ng this to the XPS and TEM analysis results, it could be
educed that the conversion of crystalline phase was responsible
or the catalytic deactivation with the increasing of used num-
ers. The catalyst used fourth and calcined at 550 ◦C showed
ig. 4. X-ray diffraction patterns of the catalyst in different stages: (1) fresh
atalyst; (2) used fourth; (3) used fourth and calcined at 550 ◦C.
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ause of the catalyst deactivation was the conversion of crystal
tructure.

. Conclusion

For the transesterification of DMC and phenol, the single
etal oxide, pure V2O5, was found to be an efficient heteroge-

eous catalyst. Upon comparison of activities of different kinds
f metal oxides and total yields toward MPC and DPC, the pure
2O5 prepared by calcination at 550 ◦C in air had the highest
erformance. When the reaction was carried out between 150
nd 180 ◦C, with a molar ratio of phenol to DMC of 1:1.5, a
eaction time 9 h, a catalyst amount 1.6% (molar ratio to phe-
ol), the conversion of phenol was 42.0%, and the yields of
PC and DPC were 17.5 and 22.6%, respectively. The total

ransesterification selectivity was 95.5%.
Catalyst reuse was accompanied by a loss of the catalytic

ctivity. The activity of the catalyst used fourth reduced from
2.0 to 22.6%. However, the deactivated catalyst could be eas-
ly reactivated by calcination at 550 ◦C in air. Moreover, the
egenerated catalyst almost showed the same catalytic perfor-
ances as the fresh one. According to the results of XPS,
T-IR, TEM and XRD, it was found that the surface V(+5) ions
ere partially reduced by the reactant in this reaction, carbon
eposited on the surface of the used catalyst and the agglom-
ration of the used catalyst was serious, but the main reason
or the deactivation of the catalyst was the conversion of crystal
tructure. Further study on the detail of this new catalyst was
nderway.
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