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Catalytic Hydroxylation of Benzene to Phenol with Hydrogen Peroxide
over Cesium Salts of Keggin—type Heteropoly Acids

Feng, Sujiao Zhang, Li Ren, Yuanhang Yue, Bin* Ye, Lin
Wang, Yu Chen, Xueying He, Heyong*
(Department of Chemistry, Shanghai Key Laboratory of Molecular Catalysis and Innovative Materials, Fudan University,
Shanghai 200433)

Abstract Three series of cesium salts of Keggin-type heteropoly acids (Cs,H;+,-.PMoj,-,V, 040, n=0, 1, 2, x=0.5~3.0)
prepared by a solid synthesis method have been employed in the catalytic hydroxylation of benzene to phenol with H,O,. The
effects of vanadium substitution number and cesium content on the catalytic activity, redox ability and hydrophobicity of the
catalysts were studied. Cs,H;PMo;,V,049 exhibits high phenol yield (19.2%) and good reusability among the Cs,Hj+,-,-
PMoy,-,V, 04 catalysts.

Keywords heteropoly acid; cesium salt; benzene; hydroxylation; phenol

substitution of Mo(VI) by V(V) in the PMo;,O}, anion

1 Introduction would affect redox property and stability of the poly-

Phenol is one of the most important intermediates in
chemical industry. Currently, phenol is produced mainly
through a multi-step process called the cumene process,
which produces many byproducts. Thus, one-step process
for the production of phenol by direct oxidation of benzene
attracts much attention in the recent years.!'"”)

Heteropoly acids (HPAs) and their related compounds
have been used as catalysts in many acid and redox reac-
tions.'”"®) HPAs have several advantages as catalysts, e.g.
they exhibit fast reversible multielectron transfer under
rather mild conditions and their catalytic properties can be
tuned by changing the identity of charge-compensating
counter cations, heteroatoms, and addenda atoms. Classical
Keggin-type HPAs are usually used as acid catalysts,
however, a wide variety of transition metal-substituted
heteropolyanions exhibit high catalytic activity in liquid
phase oxidation reactions.!'” It was reported that partial

oxoanion, which improves the catalytic activity in hy-
droxylation of benzene!"® and oxidation of toluene.!"”’

It is well known that the application of pure HPA cata-
lysts is hampered by their low surface area and high solu-
bility in polar media. These drawbacks can be overcome
by partially exchanging protons of the parent HPAs with
large cations, such as Cs*, K*, Rb* and NHi etc.,
leading to the resulting compounds with better wa-
ter-insolubility and higher surface area.!'”’ The pure and
supported cesium salts of tungstophosphoric acid have
been used in many liquid phase acid catalyzed reac-
tions.?*?! Okuhara et al. reported that Cs,sHosPW1,04
catalyst could act as water-tolerant solid acid catalyst for
the hydrolysis of ethyl acetate and the reaction rate of the
5th run was almost 90% that of the 1st run.””! For oxida-
tion reactions, cesium salts of Keggin-type polymolybdic
acids were used for the gaseous phase selective oxidation

* E-mail: yuebin@fudan.edu.cn; heyonghe@fudan.edu.cn; Tel.: 0086-021-65643916; Fax: 0086-021-55665572

Received July 9, 2012; published September 23, 2012.

Project supported by the National Basic Research Program of China (No. 2009CB623506), the National Natural Science Foundation of China (No. 21173050),
the Program of Shanghai Subject Chief Scientist (No. 10XD1400300) and Shanghai Leading Academic Discipline Project (B108).

2 I8 5 I SE RIS A R R 35 H (No. 2009CB623506), 5 AR 4 (No. 21173050, il it 7524 Rk Sk A itRI(No. 10XD1400300) 5 L ifF
I AR R H (B108) % ).

© 2012 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

2316 http://sioc-journal.cn Acta Chim. Sinica 2012, 70, 2316—2322



W F F R

[23 [25]

of propane,'*! isobutane,*” isobutyric acid® and ben-
zene® owing to their oxidizing ability and high thermal
stability. On the other hand, they were also used in some
liquid phase oxidation reactions. Villabrille et al.”*”' found
that cesium salts of HyPMo,;;VOy4y showed high catalytic
activity in liquid phase oxidation of 2,6-dimethylphenol to
2,6-dimethyl-p-benzoquinone with easy separation. Ya-
maguchi et al. reported the oxidation of benzene over the
cesium salts of heteropoly acids (CsPMoV,,, n=1—3) us-
ing O, as oxidant.”® Compared with the application of
cesium salts of heteropoly acids as catalyst in acid reac-
tions and gaseous phase oxidation reactions, their applica-
tion in liquid phase oxidation reaction as water-tolerant
catalysts was rare.>!

From the synthetic point of view, the typical procedure
for preparation of cesium salts of HPAs are generally pro-
ceeded through a solution method by titrating the con-
trolled amount of an aqueous solution of Cs,COj; into the
aqueous solution of HPA.”** In the previous report we
found that the solid synthesis method by ball milling of
HPA with CsNO; at room temperature is much simpler
than the solution method, which is convenient to control
the cesium content and has great potential in large scale
preparation.*]

In the present work, cesium salts of vanadium-substi-
tuted molybdophosphoric acid, Cs,H;+,-,PMoj;-,V,04
(n=0, 1, 2, x=0.5—3.0), have been prepared by the solid
synthesis method. The catalytic activity of these CsH3+,—-
PMoj;-,V, 04 catalysts along with their corresponding
pure HPAs was tested in the direct hydroxylation of ben-
zene to phenol. The effects of vanadium substitution num-
ber and cesium content on the catalytic activity and redox
ability of the catalysts were investigated. The leaching of
heteropolyanion species and the reusability of the catalysts
in repeating cycles were also studied.

2 Results and discussion

2.1 Characterization of the catalysts

*'P MAS NMR is normally used to check the purity of
heteropoly acid, e.g. pure HsPMo;,V,04 shows five 3ip
NMR peaks from its five geometrical isomers and pure
H,PMo;,;VOy4, shows only one peak.’” The heteropoly
acids in this work were prepared with the conventional
method”>*% and their purities were proved by the *'P MAS
NMR.P?! The FT-IR bands of three heteropoly acids and
Cs,Hs-,PMo,oV,04 catalysts in the range of 600—1300
cm ' are shown in Figure 1. All samples show the charac-
teristic IR bands of the Keggin unit. The asymmetric
stretching of the central atom-oxygen (P—O) bond of PO,
tetrahedron, v,((P—0,), appears in the range of 1060—
1065 cm™ !, while the asymmetric stretching of peripheral
atom-terminal oxygen (M=O0) bond, v,s(M—Oy), appears
in the range of 960—963 cm '. The inter-octahedral
vas(M—Op,—M) and intra-octahedral v,;(M—O,—M)
bands appear in the ran%e of 864—870 cm™ ' and 775—784
em ', respectively.”** Compared to the three pure heter-
opoly acids, above four characteristic IR bands shift to a
lower wavenumber with incorporation of V> ion in the
Keggin structure, which arises from the weaker interaction
of V—O bond than that of Mo—O bond and the distortion
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Figure 1 The FT-IR spectra of (a) H;PMo0,,040, (b) HsPMo;1VOy, (c)
HsPMo1gV204, (d) CspsHssPMoigV2O40, () CsioH3sPMo1oV,040, (£)
Cs,H3PMo0,0V2040, (g) Cs,H;PMogV,049 after reaction and (h)
Csy.5sH, sPM019 V2040

of PO, tetrahedral environment in the Keggin structure
upon substitution with vanadium."?’**! Replacing proton by
Cs'induces a slight shift in the v,(M—0g) and v, (M—O,
—M) bands to higher wavenumber with gradually in-
creasing cesium content. This shift is due to the strength-
ening of the M—O, bond as the protonated water clusters
are replaced by Cs".1*)

The XRD patterns in Figure 2 show that HsPMo;,V,04
belongs to triclinic crystal system. Partial replacement of
proton by Cs' leads to the formation of cubic phase
(Pn3m) which is commonly associated with the pure alka-
line salts of heteropoly acids.'*'*?! For the salts with
composition of CsgsHysPMojgV,0y40, both triclinic and
cubic phases exist, however, only the cubic phase forms
for the salts with x==1. The cubic unit cell increases with
Cs' substitution number up to 1.5 and remains constant
for higher Cs number (a=11.816 A). The XRD patterns
of CsH; - ,PMo0;;VO, show the similar trend with
Cs,Hs— ,PMo0,oV,04. In addition, the molar ratios of Cs :
P : Mo : V by ICP well correspond with the calculated
values. Combined with the results from IR, XRD and ICP,
the composition and structure of the catalysts are defined.

Cs, H PMo V. O

25728 10 " 2740

\ after reaction Cs,H.PMo, V.0,

=
S Cs,H.,PMo, VO,
>
% CSI.SHB.SPMOIOV2040
k|
o, CsH,PMo V.0,

H;PMo V.0,

T T T T T T J
10 20 30 40 50 60
206/(°)

Figure 2 XRD patterns of Cs,Hs-,PMooV,04 catalysts

In order to investigate the redox properties of
Cs,H3+,-,PMo,-,V, 04 samples, they were used as modi-
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fier to fabricate chemically modified carbon paste elec-
trode (CPE). Figure 3A shows the cyclic voltammograms
of H3+,PMo1,-,V,040-CPE and a new redox peak of I-I'
appears at more positive potential position for
H4PMo,1VOy4 or HsPMo,yV,0,4 compared with that of
H3;PMo,,049, which is attributed to the reversible redox
process of vanadium."””! Three other redox peaks of II-II',
II-IIT' and IV-IV' are assigned to the reversible redox steps
of molybdenum.”***! Figure 3B shows the cyclic voltam-
mograms of the Cs,H;PMo;(V,040-CPE at different scan
rates (from 0.1 to 0.4 Ves™"). There are four pairs of re-
versible redox peaks at Ej, of 0.505, 0.356, 0.197 and
—0.048 V with the scan rate of 0.1 Ves™ !, where Ep=(Epx
+E,.)2 and E,. and E,, denote the cathodic and anodic
peak potentials, respectively. The peak potential values
change gradually with the scan rate from 0.1 to 0.4 Ves ":
the cathodic peak potentials shift toward the negative di-
rection and the corresponding anodic peak potentials shift
to the positive direction with increasing scan rate. Vil-
labrille er al™ pointed that the reducibility of heter-
opolyanions could be determined by the highest redox
potential value. Therefore, the first redox potential of
H;+,PMoy,-,V,,04 and Cs,Hs—,PMo1¢yV,04 in the present
study was used to determine the redox ability of these
catalysts. Figure 3C shows that the redox potential of
H;+,PMoy;-,V,04 (=0, 1, 2) increases with increasing

——H;PMo;5049
---H4PMo; VO, s
""" HsPMoygVo0s0 1l .07 77

0.8 -
0.6 -
0.4

0.2 4

I/mA

0.0 4

-0.2

0.54
0.51 ] /
0.48
0.45 -

0.42

Ist redox potential
ENV

0.39

036 : : : : :
0 1 2

L in H3+nPM0 12-nVn040

the vanadium substitution number. According to the mo-
lecular orbital studéy on HPAs, the substitution of one or
two addenda Mo®" by less electronegative V°* leads to
the decrease of energy gap between the HOMO and the
LUMO, accounting for the order of oxidizing power of
PMo,,03y < PMo,;VO3, < PMoy(V,03, .1*" The effect
of substitution of proton by Cs' on the redox ability of the
catalysts was also investigated. As shown in Figure 3D, the
redox potential decreases with increasing cesium content in
Cs,Hs—,PMo;oV,04. Ai*® also reported that the redox
ability of Cs,H;-,PMo0,04y decreased with increasing re-
placement of proton by Cs .

2.2 Catalytic activity

The catalytic activity of pure heteropoly acids
(H3PM012040, H4PMO]1VO40 and H5PM010V2040) was
tested in the hydroxylation of benzene reaction and the
yield of phenol was 0.3%, 18.5% and 21.6%, respectively.
However, these reactions in fact proceed in homogeneous
system because of the high solubility of these heteropoly
acids, thus the catalysts are difficult to be recycled. Con-
sidering the high activity of vanadium-substituted heter-
opoly acids, a series of cesium salts of heteropoly acids
(Cs,Hy-,PMo0,;VOyy and CsHs-,PMo,,V,0,) along with
CsH,PMo,,049 were prepared by solid synthesis method
for heterogenization of the heteropoly acids. The catalytic

0.8

Cs,H,PMo, V,0

10 72740

0.6 4
0.4+
E 0.2+
S _
0.0
-0.2 4

0.4

D)
0.54
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0.50 \

1st redox potential
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Figure 3 (A) The cyclic voltammograms of H;+,PMo1,-,V,040-CPE in an aqueous solution containing 0.5 mol-L "' H,S0, and 0.1 mol*L "' Na,SO, at
the scan rate of 0.1 Ves ', (B) The cyclic voltammograms of Cs;H;PMo,0V,04-CPE in an aqueous solution containing 0.5 mol/L H,SO4 and 0.1 molsL ™!
Na,SO; at different scan rates. (C) Redox potential of H;+,PMo;,-,V, 04 as a function of vanadium content. (D) Redox potential of Cs,Hs-,PMo0,oV,04 as

a function of cesium content
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activity of these catalysts is shown in Figure 4. The yield
of phenol was 17.2%, 18.0%, 15.9%, 12.4% and 10.3%
over the Cs,Hy—,PMo;;VOy catalysts with x values of 1,
1.5, 2, 2.5 and 3.0, respectively, and 18.5%, 18.7%, 20.2%,
20.4%, 19.2% and 15.1% over the CsHs—,PMo;yV,04
catalysts with x values of 0.5, 1, 1.2, 1.5, 2 and 2.5, respec-
tively. However, phenol yield was only 0.3% over CsH,P-
Mo1,04. The results show that the presence of vanadium
species is essential for catalyzing the reaction and vana-
dium species is the active species. Furthermore, with the
same cesium number the yield of phenol was higher over
the CsHs - ,PMo;(V,04 catalysts than that over the
Cs,Hy—.PMo;,VOy, catalysts, indicating that higher content
of substituted vanadium atoms enhances the catalytic ac-
tivity. The cyclic voltammetric results in Figure 3C show
that PMo,,V,03  has higher redox ability than
PMo,, VO3, . Therefore, compared to the mono-vanadium
substituted species the higher catalytic activity of the
di-vanadium substituted species with the identical cesium
number may be due to their higher redox ability.

0
20 a
1 / \u Cs H, PMo, V.0,
go—=8 ’
18 n
2 16
£ CsH, PMo, VO, .
K
5 144
z
e ]
N \
104
T T T T T

L R R —
0.5 1.0 1.5 2.0 25 3.0

xin Cs H, PMo, V.0, or Cs H, PMo, VO,
Figure 4 Catalytic activity of Cs,Hs-.PMo0;;VOy4 and CsHs-,P-
MooV, 04 for the benzene hydroxylation reaction

Reaction conditions: 30 mg catalyst, 0.5 mL (5.6 mmol) benzene, 5 mL 80.0%

(¢) aqueous acetic acid solution as solvent, 1.2 mL 30% (w) H>O, (11.6 mmol)
as oxidant, 65 C,3 h

Figure 4 shows the effect of cesium number of the cata-
lysts on the catalytic activity. For a series of CsHs-,P-
MoyV,04¢ catalysts, phenol yield increased to 20.4%
when the cesium number increased to 1.5, then decreased
to 19.2% and 15.1% with further increase of the cesium
number to 2 and 2.5, respectively. The similar trend in
catalytic activity was also found over Cs,Hs—,PMo;;VOyg
catalysts. The cyclic voltammetric behavior of CsHs-,P-
Mo1¢V;,040-CPE in Figure 3D shows that the redox ability
of the catalysts decreases with increasing cesium number.
Thus, the decrease of phenol yield with increasing cesium
number could be explained by the decrease of the redox
ability of the catalysts.”**") However, a contrary change of
phenol yield under x<<1.5 indicates that there is at least
another factor arising from cesium number to affect the
activity of the catalysts.

Okuhara et al.** reported that the hydrophobic nature of
cesium salts of heteropoly acids would facilitate the acces-
sibility of hydrophobic reactants to catalyst surface which
make the catalysis proceed effectively. The ratio of the
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amount of adsorbed water to the adsorbed hydrocarbon can
quantify the relative degree of hydrophobicity of cata-
lyst.®"" To investigate the hydrophobic property of the
Cs,Hs-,PMo;,V,0y4 catalysts, the amount of hydrophobic
benzene and hydrophilic phenol adsorbed in the catalysts
was analyzed. Figure 5 shows the dependence of benzene
and phenol adsorption capacity on the cesium number of
the Cs,Hs-,PMo;,V,04 catalysts. After reaching sorption
equilibrium, the ratio of remaining phenol to benzene in
the solution, n,y/ngz, increases from 0.91 to 1.14 when the
cesium number increases from 0 to 2.5, indicating that
benzene adsorption capacity of the catalysts increases with
increasing the cesium number. Therefore, the hydropho-
bicity of cesium salts of heteropoly acids increases with
increasing cesium number, which may contribute to the
improvement of the catalytic activity. Considering the
synergistic effect between the redox ability and hydropho-
bicity of the catalysts with different cesium number, the
catalytic activity increases to a maximum value and then
decreases with increasing the cesium number of the cata-
lysts.

1.10 ./
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nBZ
L]

b
< 1.00

0.95 /
] -/
—
0.90 T T T T T T T T T T T
0.0 0.5 1.0 1:5 2.0 25

xin Cs H, PMo, VO,

Figure 5 The dependence of benzene and phenol adsorption capacity on
the Cs number of the Cs,Hs-,PMo,yV,04 catalysts (the value of npu/npz
is the molar ratio of remaining phenol and benzene in the solution after
reaching sorption equilibrium)

From a practical point of view, the leaching of the cata-
lyst into solution should be minimized. In the present case,
the released heteropolyanions in the solution were detected
with UV-Vis spectroscopy. The absorption band of
PMo,,V,03, in the solution centered at 306 nm (the in-
sert of Figure 6A) is attributed to the charge transfer of the
oxygen ligand to octahedral coordinated metal,”* which
was selected to measure the content of catalysts in solu-
tion. In the leaching test, a comparative experiment
showed that the release of the catalyst in the acetic acid
solvent was nearly the same as that under reaction condi-
tions, indicating the insignificant effect of H,O, on the
leaching of the catalyst. The effect of cesium number on
the leaching of the heteropoly species is shown in Figure
6A. For the Cs,H;—,PMo;;VOy catalysts, the amount of
released heteropolyanions decreases rapidly from 41.6% to
1.8% when x increases from 1 to 3. For the Cs,Hs;- ,PMo,o-
V,04 catalysts, the amount of released heteropolyanions
also decreases rapidly from 66.1% to 5.0% and 1.4% when
x increases from 0.5 to 2 and 2.5, respectively, which indi-
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cates that increasing cesium number favors the insolubility
of the catalysts.
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Figure 6 (A) The amount of heteropoly species released from Cs,Hy—.P-
Mo,;VOy4 and Cs,Hs-.PMo0,yV,04 as a function of Cs number and the
UV-Vis spectrum of PMo,;zV,03; (insert) and (B) the catalytic recycle
of the Cs,H;PMo;V,04 catalyst

Among the CsH;+,-,PMo,-,V, 04 samples (n=0, 1,
2, x=0.5—3.0), Cs,H3PMo(V,049 shows high phenol
yield (19.2%) and turnover number of 71.7 (TON=molar
number of phenol/molar number of catalyst) with limited
leaching during the catalytic reaction. The H,O, efficiency
over Cs,H3PMo1V,049 is 10.9%, which is comparable
with other vanadium-based catalysts'””. In addition, after
the filtration of Cs,H;PMo0,iV,04 no significant benzene
conversion was found in the filtrate and the used catalyst
exhibited high catalytic activity during the third run
(shown in Figure 6B), indicating the heterogeneous cataly-
sis of Cs,H3PMo1gV,04. Furthermore, IR spectrum and
XRD pattern of the used Cs,H;PMogV,0y catalyst are
almost the same as those for the fresh one (shown in Figure
1 and Figure 2), suggesting that the Keggin structure of the
catalyst has no change during the reaction. Furthermore, a
comparison of reaction activity on various typical catalysts
for the hydroxylation of benzene to phenol with H,O, as
oxidant is presented in Table 1, where Cs,H;PMo,4V,04
shows remarkable catalytic performance.

2320  http://sioc-journal.cn
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Table 1 The catalytic performance of various catalysts on hydroxyla-
tion of benzene to phenol

Catalyst Temp./'C Yield (Y) and Reference
Selectivity (S)

[(CH3)4N]4sPMo0;;VOy 60 Y=124,8S=857 [54]
HsPMo,0V,04o/NH,-SBA-15 60 Y=19.0,S=95.0 [55]
Fe;04/MWCNTs 60 Y=144,8S=92.7 [56]
VO,/SBA-16 60 Y=13.8,8S=97.5 [57]
V,05/A1,0;3 65 Y=9.3,5S=93.0 [58]
Cs,H3PMo10V2049 65 Y=19.2,S=96.3 This work

3 Conclusions

Cs,Hz+,-.PMoy,-,V, 04 catalysts (n=0, 1, 2, x=0.5—
3.0) were synthesized by the solid synthesis method and
tested in the direct hydroxylation of benzene reaction. The
redox ability of the catalysts decreases gradually and the
hydrophobicity of the catalysts increases with increasing
Cs' substitution number. The catalytic activity of the
catalysts is dependent on the vanadium substitution num-
ber and cesium content which may arise from the com-
bined effects of the redox ability and hydrophobicity of the
catalysts. Also the amount of released heteropoly species
into the solution decreases significantly with increasing the
cesium content. Among the catalysts studied,
Cs,H3;PMo0,oV,04 exhibits high phenol yield (19.2%) and
only limited leaching. The cesium salts of vanadium sub-
stituted Keggin-type heteropoly acids can be used as
highly effective heterogeneous catalysts for the direct hy-
droxylation of benzene.

4 Experimental

The purchased chemicals (analytical grade) were used
without further purification. Heteropoly acids were pre-
pared with the conventional methods.”>*°! In the synthesis
of HsPMo;(V,04, 3.1 g of NaVO;3°2H,0 was dissolved in
50 mL of boiling water and then mixed with 3.55 g of
Na,HPO,*12H,0O dissolved in 50 mL of water. After the
solution was cooled down to room temperature, 2.5 mL of
concentrated sulfuric acid was added, followed with 24.0 g
of Na,Mo00O,*2H,0 dissolved in 100 mL of water. 42.5 mL
of concentrated sulfuric acid was further added slowly with
vigorous stirring, and the color changed from dark red to
light red. The heteropoly acid was extracted with 250 mL
of diethyl ether at the middle layer as a heteropoly etherate.
The ether was removed by evaporating at room tempera-
ture for 12 h. The solid obtained was dissolved in water
and concentrated until the red crystals appeared. Then the
crystals were dried in an oven at 50 ‘C for 12 h. Other
two heteropoly acids, H;PMo;,04 and H4;PMo;;VOy,
were prepared with the similar process.*>

Cesium salts of HPAs with different cesium contents
were prepared by the solid synthesis method. The typical
procedure for preparation of CsH4PMo,yV,04 was de-
scribed as follows. Equal mole of CsNO; and
HsPMo1¢V,040°9H,0 were ground in a ball mill for 0.5 h
at room temperature. Then the obtained solid powder was
dried in an oven at 120 C overnight. Cs,H;—,PMo;;VOy

Acta Chim. Sinica 2012, 70, 2316—2322
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(x=1—3) and Cs,Hs5-,PMo0,(V,04 (x=0.5—2.5) were
prepared by the same method.

XRD patterns were recorded on a Bruker D8 Advanced
X-ray diffractometer using Cu Ko radiation with a voltage
of 40 kV and a current of 60 mA. IR spectra were recorded
on a NEXUS 470 FT-IR spectrometer using powder mix-
ture of catalysts and KBr. Elemental analysis was per-
formed on a Thermo Elemental IRIS Intrepid ICP-AES
spectrometer.

Cs,Hs+,-PMo1,-,V,04 =0, 1, 2, x=0.5—3.0)
modified carbon paste electrodes were prepared as follows.
Graphite powder (0.5 g) and CsH;+,-,PMo,-,V,04
sample (20 mg) were mixed and ground by an agate mor-
tar, then paraffin oil (0.06 mL) was mixed. The homoge-
nized mixture was packed into a glass tube with inner di-
ameter of 3 mm and one end of the tube surface was pol-
ished. Electrical contact was established with a copper rod
through the other end of the electrode. The cyclic voltam-
mograms were obtained with a CHI 821 electrochemical
workstation at room temperature. The platinum gauze and
Ag/AgCl electrode were used as the counter electrode and
the reference electrode, respectively. Cs,Hj+,-,PMoj,—,-
V, 04 modified carbon paste electrode was used as a
working electrode and an aqueous solution containing 0.5
mol*L ! H,80,4 and 0.1 mol-L ! Na,SO, was used as the
electrolyte solution.

In order to study the benzene and phenol adsorption
capacity of the catalysts, 30 mg of catalyst was added into
5 mL of aqueous acetic acid solution containing equal
mole (11.3 umol) of benzene and phenol with stirring for 2
h at room temperature to achieve sorption equilibrium.
Then, the molar numbers of the remaining benzene (ngz)
and phenol (npy) in the solution were measured by gas
chromatography. The ratio of n,u/ngz indicates the relative
phenol and benzene adsorption capacity of the catalysts,
e.g. a nyy/npz value of more than 1 indicates a catalyst ex-
hibits higher adsorption capacity of benzene than that of
phenol.

The leaching of heteropoly species was studied by
measuring the concentration of heteropolyanions in the
aqueous acetic acid solution based on the absorbance
around 306 nm after stirring at 65 C for 3 h using Shi-
madzu UV-2450 spectrometer. The identical concentration
of acetic acid solution was used as the reference.

Direct hydroxylation of benzene to phenol with H,O, as
oxidant was carried out in a three-necked 25 mL round
bottom flask connected with a reflux condenser. A typical
reaction was carried out as follows. 30 mg of the catalyst,
0.5 mL (5.6 mmol) of benzene and 5 mL of 80.0% (¢)
aqueous acetic acid solvent were added into the flask. Af-
ter heating the mixture to 65 ‘C under stirring, 1.2 mL
(11.6 mmol) of 30% (w) hydrogen peroxide was added
dropwise in ca. 30 min. After 3 h of reaction, the catalyst
was separated by centrifugation. The content of liquid
products was analyzed by a gas chromatography equipped
with a HP-5 capillary column and a FID. The products
were confirmed by comparing with the retention time of
the standard samples and also by GC/MS. Toluene was
used as an internal standard to quantify the amount of
phenol formed.
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