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bstract

Heteropolyacid (HPA) and Pd(OAc)2 were immobilized through chemical bonds onto the functional organic groups modified solid sur-
aces of hexagaonal mesoporous silica (HMS) and polyimine (PIM). The obtained hybrid samples were used as heterogeneous catalysts for
he oxidation of benzene to phenol by molecular oxygen and compared to the homogeneous catalytic system containing HPA and Pd(OAc)2

denoted by HPA + Pd(OAc)2). The activity of various catalytic systems was in the order of HPA + Pd(OAc)2 > HMS–HPA + Pd(OAc)2 >
IM–HPA + Pd(OAc)2 > HPA + HMS–Pd(OAc)2 > HMS–HPA + HMS–Pd(OAc). Although the benzene conversions over the heterogeneous cat-

lytic systems containing solid catalysts were lower than that over the homogeneous catalytic system HPA + Pd(OAc)2, HMS–HPA + Pd(OAc)2

ave the same maximum achievable yield of phenol as that over HPA + Pd(OAc)2 by extending the reaction time or increasing the catalyst amount.
oreover, HMS–HPA + Pd(OAc)2 was able to be reused after simple filtration without leaching HPA. The benzene conversion and the selectivity

o phenol over the heterogeneous system HMS–HPA + Pd(OAc)2 did not decrease even after reused five times.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Phenol is one of the most important chemicals in the fields
f resin, fiber and medicine manufacture. The current world-
ide capacity for phenol production is nearly 7 million metric

onnes/year. More than 90% phenol have been produced by the
umene process, which is a three-step process and coproduces
cetone in the molar ratio of 1:1 with respect to phenol. The eco-
omical efficiency of the cumene process is strongly dependent
n the market price of acetone. Many efforts are in progress
or the development of a one-step process for phenol synthe-
is by the direct oxidation of benzene [1]. Although H2O2 and
2O can directly oxidize benzene to phenol in high selectivity
2,3], H2O2 and N2O are currently too expensive to allow an
conomically viable process. Molecular oxygen (O2) is the best
xidant due to low cost and significant advantages to the envi-
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onment. Although high selectivity to phenol could be obtained
n the benzene oxidation by O2 in the presence of a reducing
gent (such as H2, CO, NH3, dithioalcohols, ascorbic acid, etc.)
4–8], the direct oxidation of benzene to phenol by O2 without
ny reducing regents would be of great value in industry.

Heteropolyacid (HPA) catalysts are very attractive since they
ave both strong acidity and redox properties, and the two impor-
ant properties for catalysis can be controlled through choosing
ppropriate constituent elements [9,10]. These merits make them
otentially useful for the selective oxidation of hydrocarbons. A
omogeneous catalytic system containing heteropolyacid and
d(OAc)2 (denoted by HPA + Pd(OAc)2) has been reported to
e effective for the direct oxidation of benzene to phenol by
2 [11,12]. From the point of view of green chemistry, het-

rogeneous catalysts are desirable in the industrial manufacture
ecause of their versatility, ease of separation, no corrosiveness,

ong lifetime and regenerability. In order to improve the homo-
eneous catalytic system HPA + Pd(OAc)2, heteropolyacid was
ncapsulated in MCM-41 and VPI-5 for the direct oxidation
f benzene by O2 in the presence of Pd(OAc)2 [13]. How-

mailto:yy.ryuu@aist.go.jp
dx.doi.org/10.1016/j.molcata.2006.05.015
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ver, these attempts were unsuccessful because heteropolyacid
eached from MCM-41 and the reactants were difficult to enter
nto the relatively small pores of VPI-5 [13].

There are several excellent methods for immobilizing het-
ropolyanions on the solid surfaces without leaching into reac-
ion solvent during reaction for the heterogeneous catalysis, such
s the formation of insoluble solid salts (such as Cs salt) [14], the
ntercalation of heteropolyanions into anion-exchange materials
such as hydrotalcites) [15] and the anchorage of heteropolyan-
ons onto the functional organic groups modified solid surfaces
16–18]. The process of anchoring heteropolyanions onto the
unctional organic groups modified solid surfaces includes two
teps as follows: first, organic amino groups were grafted on the
olid surfaces; then heteropolyanions were immobilized on the
olid surfaces using an acid–base reaction between heteropoly-
cid and the grafted organic amino groups. Organic amino group
odified silica [16,17] and polyimine (PIM) [18] are usually

sed as the supports for anchoring heteropolyanions. Recently,
e have successfully anchored peroxo-heteropoly anions on

he surface of Pd exchanged HMS as a heterogeneous catalyst
19] to improve the homogeneous system containing Pd(OAc)2
nd peroxo-heteropoly compounds for the propylene epoxi-
ation by O2 in methanol [20]. In the meantime, Pd(OAc)2
ould also be immobilized on the silica surface through reacting
ith the functional organic ligands grafted on the silica sur-

ace [21,22]. The active species in these hybrid catalysts hardly
each from supports into solvent during the reaction because
hey are fixed on the solid support surfaces through chemical
onds.

In this study, we immobilized heterpolyacid and Pd(OAc)2
n the surface of hexagonal mesoporous silica (HMS) and poly-
mine using the surface modification method. The obtained solid
amples were used as heterogeneous catalysts for the direct
xidation of benzene to phenol by O2 and compared to the
omogeneous catalytic system containing heteropolyacid and
d(OAc)2.

. Experimental

.1. Catalyst preparation

Molybdovanadophosphoric acids (H3+x[PMo12−xVxO40]
x = 0–3)) were prepared using the procedure of Tsigdinos and
allada [23] and the products were confirmed by FT-IT spec-

ra and elemental analyses. H3[PMo12O40], H4[PMo11VO40],
5[PMo10V2O40] and H6[PMo9V3O40] were denoted by
PA(V0), HPA(V1), HPA(V2) and HPA(V3), respectively.
Aminopropyl group-modified HMS (denoted by HMS–

rNH2) was prepared according to the method reported in
efs. [24,25]. Tetraethoxysilane (TEOS, 18.5 g, 0.09 mol) and 3-
minopropyl-trimethoxysilane (AMPS, 1.79 g, 0.01 mol) were
dded, separately, to a stirred mixture of ethanol (41 g), distilled
ater (53 g) and n-dodecylamine (5.09 g) at room temperature.

fter 10 min the turbid solution became milky, and stirring was

ontinued for 18 h, yielding a thick white suspension. The solid
roduct was filtered and dried at room temperature. The template
-dodecylamine was removed by heating the solid (ca. 2 g) at

t
w
w
c
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eflux in absolute ethanol (100 ml) for 3 h, and this operation
as repeated three times.
HMS–PrNH2 bonded HPA (denoted by HMS–HPA) was

repared using a method similar to that for preparing MCM-
1-PrNH2 bonded HPA [16]. HMS–PrNH2 (1 g) was treated
ith 60 ml of refluxing methanol solution containing 5% HPA

or 3 h. Then the solid product was filtered, washed and dried at
23 K in a vacuum for 12 h.

Polyimine bonded HPA (denoted by PIM–HPA) was pre-
ared using the method reported in Ref. [19]. PIM support was
repared from p-phenylenediamine (5.4 g) and terephthalde-
yde (6.7 g) in a solution of 10 g of anhydrous sodium acetate in
5 ml of glacial acetic acid. The bonding HPA to the base form
f PIM was carried out at room temperature in 0.02 M acetoni-
rile solution for 5 h (the molar ratio of PIM to HPA was 1:0.25).
hen the solid product was filtered, washed and dried at 323 K

n a vacuum for 12 h.
HMS bonded Pd(OAc)2 (denoted by HMS-Pd) was pre-

ared using a method similar to that for preparing SiO2 bonded
d(OAc)2 [19]. First, HMS–PrNH2 (5 g) was allowed to react
ith 2-acetylpyridine (0.6 g) in 100 ml absolute ethanol at 333 K

or 24 h to graft the functional organic ligand on the HMS
urface. Then the obtained modified-HMS (4 g) and Pd(OAc)2
0.1 g) were stirred in 100 ml acetone at room temperature for
4 h. The solid product was filtered, washed and dried at 323 K
n a vacuum for 12 h.

Supported catalyst HPA/HMS was prepared as a reference
sing a wet impregnation method. Calcined HMS powder was
tirred in heteropolyacid aqueous solution at 323 K. After evap-
ration of water at 323 K, the solid product was filtered and dried
t 323 K in a vacuum for 12 h.

.2. Instruments

Elemental analysis was carried out using a Thermo Jarrell
sh IRIS/AP instrument. Fourier transform infrared (FT-IR)

pectra were recorded by a JASCO FT/IR 7000 spectrometer
sing KBr pellets under atmospheric conditions. Power X-ray
iffraction (XRD) patterns were measured using a MAC Science
XP-18 diffractometer with Cu K� radiation operated at 40 kV

nd 50 mA. UV–vis diffuse reflectance (DR-UV–vis) spectra
ere recorded on a JASCO-550 spectrophotometer at room tem-
erature. Scanning electron microscope (SEM) observation was
arried out using a JEOL JSM-5600/LV system. N2 adsorption
sotherms were measured at 77 K using a Belsorp 28SA auto-

atic adsorption instrument. The samples were dried at 573 K
or 8 h before the measurement. The surface area of each sample
as obtained from a Brunanuer–Emmett–Teller (BET) plot.

.3. Catalytic reaction

The oxidation of benzene was carried out in a 50 ml teflon-
oated autoclave, which was immersed into an oil-bath. In a

ypical experiment, a certain amount of catalyst and 0.2 g LiOAc
ere added into a mixed liquid containing 2 ml acetic acid, 4 ml
ater, 2 ml sulfolane and 2 ml benzene. After 2.0 M PaO2 was

harged to the autoclave at 298 K, the oxidation reaction was
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were bonded on the surface of HMS–PrNH2. However, because
the peaks of H5PMo10V2O40 particles cannot be observed in
the XRD pattern of HMS–HPA(V2), H5PMo10V2O40 molecules
Y. Liu et al. / Journal of Molecular C

onducted at 393 K with vigorous stirring. After reaction, the
as phase was analyzed by a TCD gas chromatograph kept
t 373 K using a Porapak Q column (3 m) and a molecular
ieve 5A column (3 m). The liquid phase was analyzed using
Shimadzu LC-10AD HPLC. A methanol/water gradient, start-

ng at 60/40 (v/v) and reaching 100% methanol in 10 min was
sed for elution. The samples were prepared by dissolution in
ethanol/water (60/40, v/v). The products were quantified using

alibration curves. The UV–vis spectra of the products were
ecorded and compared with those of authentic samples. The
dentification of the reaction products was carried out by GC-

S.

. Results and discussion

.1. Characterization of various samples

[PMo12−xVxO40]−3−x (x = 0–3) heteropolyanions used in
his study possess the Keggin structure, which are the most
opular heteropolyanions used in catalysis [9,10]. As shown
n Fig. 1, a Keggin type heteropoly anion consists of a central
O4 tetrahedron (X = P5+, Si4+, Ge4+, etc.) surrounded by 12
ctahedra MO6 (M = W6+, Mo6+, V5+, etc.). The 12 MO6 octa-
edra comprise four groups of three edge-shared octhedra, the

3O13 triplet, which have a common oxygen vertex connected
o the central XO4 tetrahedron. Thus, the oxygen atoms in this
tructure fall into four classes of symmetry-equivalent oxygen
toms: X Oa; M Ob M, connecting two M3O13 units by cor-
er sharing; M Oc M, connecting two M3O13 units by edge
haring; and M Od [26].

The infrared spectra of various samples are shown in Fig. 2.
s for H5PMo10V2O40, the peak at 1080 cm−1 is assigned to

he asymmetric stretching of P Oa, the peak at 970 cm−1 is
ssigned to the vibration of M Od (M = Mo, V), the peak at
70 cm−1 is assigned to the vibration of M Ob M (M = Mo,

−1
), and the peak at 790 cm is assigned to the vibration of
Oc M (M = Mo, V). As for HMS–PrNH2, the peak at around

090 cm−1 and its shoulder are assigned to the asymmetric
tretching of Si O Si, and the peak at around 810 cm−1 is given

Fig. 1. Structure of Keggin type heteropoly anion [PMo12−xVxO40]−3−x.
F
H
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y the vibration of “internal” bands in SiO4
4− tetrahedra. On the

ther hand, PIM showed its characteristic CH N vibrations and
he para-substituted aromatic ring vibrations in the IR spectrum.
s for the hybrid samples, HMS–HPA(V2) showed all peaks of
5PMo10V2O40 and HMS–PrNH2, and PIM–HPA(V2) showed

ll peaks of H5PMo10V2O40 and PIM with a little shift in the
R spectra. These results indicate that H5PMo10V2O40 was suc-
essfully immobilized on the solid supports (HMS–PrNH2 and
IM) without collapse during the immobilization process.

The X-ray diffraction patterns of various samples are shown
n Fig. 3. HMS–PrNH2 exhibited a strong (1 0 0) reflection at
bout 2.3◦ corresponding to d ≈ 4 nm. Moreover, hexagonal
rder weak (1 1 0) and (2 0 0) reflections were also observed
n the 2θ ranged from 4.0◦ to 6.0◦. The weak and broad peak
t about 22◦ was observed due to the existence of a small
mount of amorphous SiO2 in HMS–PrNH2. The XRD pattern
f HMS–Pd(OAc)2 was quite similar to that of HMS–PrNH2,
hich indicates that the pore structure of HMS hardly changed

fter introducing Pd(OAc)2 molecules onto the organic lig-
nds on the HMS surface. On the other hand, H5PMo10V2O40
howed its characteristic reflections from 8.0◦ to 70.0◦ in the
RD pattern. As for the XRD pattern of HMS–HPA(V2),

he strong (1 0 0) reflection of HMS–PrNH2 greatly decreased
nd a broad band at around 6◦ appeared after introducing
5PMo10V2O40 onto the amino groups on the HMS sur-

ace. These results indicate that the mesoporous structure of
MS–PrNH greatly reduced after H PMo V O molecules
ig. 2. FT-IR spectra of various samples: (a) H5PMo10V2O40 (HPA(V2)); (b)
MS–PrNH2; (c) HMS–HPA(V2); (d) PIM–HPA(V2); (e) PIM.
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ig. 3. XRD patterns of various samples: (a) HMS–PrNH2; (b) HMS–Pd(OAc)2;
c) HMS–HPA(V2); (d) H5PMo10V2O40 (HPA(V2)).

n HMS–HPA(V2) are uniformly distributed on the surface of
MS–PrNH2.
The N2 adsorption–desorption isotherms of various samples

re shown in Fig. 4. The hysteresis loop of HMS–PrNH2 was
lose to the H1 type according to IUPAC classification [27].

he abrupt step appeared in the region of P/P0 = 0.3–0.4, which

mplied the existence of uniform mesopores in HMS–PrNH2.
he N2 adsorption–desorption isotherms of HMS–Pd(OAc)2

ig. 4. N2 adsorption–desorption isotherms of various samples: (a)
MS–PrNH2; (b) HMS–Pd(OAc)2; (c) HMS–HPA(V2); (d) PIM–HPA(V2);

e) H5PMo10V2O40 (HPA(V2)).

H
i
p
t

T
1
t
t
a

T
P

S

H
H
H
H
H
H
P
P

is A: Chemical 256 (2006) 247–255

ere quite similar to those of HMS–PrNH2 but the N2 absorbed
olume decreased slightly, which indicates that the mesoporous
tructure was almost retained and the BET surface area slightly
ecreased after Pd(OAc)2 molecules were bonded onto the
rganic ligand on the HMS surface. On the other hand, in
he N2 adsorption–desorption isotherms of HMS–HPA(V2),
oth the abrupt step in the region of P/P0 = 0.3–0.4 and the
2 absorbed volume greatly decreased compared to those of
MS–PrNH2. These results indicate that the pore system deteri-
rated in HMS–HPA(V2) after H5PMo10V2O40 molecules were
onded onto the amino groups on the HMS surface. However,
he hysteresis loop of HMS(V2) was also close to the H1 type,
mplying that the meseporous structure still remained to some
xtent. As for PIM–HPA(V2) and H5PMo10V2O40, their hys-
eresis loops in the N2 adsorption–desorption isotherms were
lose to the H2 type, indicating that there is no porous structure
n these samples.

Fig. 5 shows the SEM pictures of H5PMo10V2O40,
MS–PrNH2, HMS–HPA(V2) and HMS–PrNH2 + HPA(V2)

physical mixture of HMS–PrNH2 and HPA(V2)) at the same
agnification. H5PMo10V2O40 consists of agglomerated crys-

allites, while HMS–PrNH2 consists of small amorphous par-
icles. As for the physical mixture HMS–PrNH2 + HPA(V2),
mall amorphous particles of HMS–PrNH2 were observed on the
urface of the large crystallites of H5PMo10V2O40. On the other
and, the hybrid sample HMS–HPA(V2) prepared by immobi-
izing H5PMo10V2O40 on the surface of HMS–PrNH2 through
hemical bonds showed a SEM picture highly similar to that
f the HMS–PrNH2 support. No typical separated crystallites
f unsupported H5PMo10V2O40 phase could be found in the
EM photograph of HMS–HPA(V2) although the loading of
PA(V2) was about 30 wt% in HMS–HPA(V2). These results

ndicate that H5PMo10V2O40 molecules were uniformly dis-
ersed on the HMS surface in HMS–HPA(V2), coinciding with
he results obtained from XRD patterns.

The physical properties of various samples are shown in
able 1. HMS–PrNH2 possesses a large BET surface area of
030 m2 g−1. After Pd(OAc)2 molecules were bonded onto

he organic functional groups grafted on the HMS surface,
he BET surface area slightly decreased because the loading
mount of Pd(OAc)2 in HMS–Pd(OAc)2 was low (2 wt%). On

able 1
hysical properties of various samples

ample BET surfure
area (m2 g−1)

Loading
(wt%)a

P:Mo:V
(molar ratio)a

MS–PrNH2 1030 – –
MS–Pd(OAc)2 996 2b –
MS–HPA(V0) 451 44c 1:12.0:0
MS–HPA(V1) 467 36c 1:10.9:1.1
MS–HPA(V2) 485 30c 1:10.0:2.1
MS–HPA(V3) 516 25c 1:8.9:3.1
IM 48 – –
IM–HPA(V2) 31 28c 1:9.9:2.0

a Obtained by ICP analyses.
b Loading amount of Pd(OAc).
c Loading amount of HPA.
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ig. 5. SEM micrographs of various samples: (A) H5PMo10V2O40 (HPA(V2
ixture).

he other hand, the loading amount of HPA immobilized onto
MS–PrNH2 was over 25 wt% for each HMS–HPA sample,
hich caused the severe decreases in BET surface areas after

mmobilizing heteropolyanions on HMS–PrNH2. The blocking
f mesopores in HMS–PrNH2 by heteropolyanions and/or the
artly collapse of the walls of mesopores in HMS–PrNH2 caused
he decrease in the BET surface area of the hybrid samples
MS–HPA. Even so, all HMS–HPA samples prepared in this

tudy still showed BET surface areas above 450 m2 g−1, which
s much higher than those of silica anchored heteropolyanion
amples. On the other hand, PIM–HPA(V2) showed a low BET

urface area of 31 m2 g−1 due to the low BET surface area of
he non-porous PIM support (48 m2 g−1). We synthesized the
MS–Pd(OAc)2 sample using the reaction of 4 g modified-HMS
ith 0.1 g Pd(OAc)2 (shown in Section 2) according to Ref. [24].

l
a
I
e

able 2
enzene oxidation with O2 over various catalytic system at 393 Ka

atalytic system Catalyst amount (g) Reaction tim

PA(V2) + Pd(OAc)2 0.15 + 0.01b 6
MS–HPA(V2) + Pd(OAc)2 0.5 + 0.01c 6

0.5 + 0.01c 10

IM–HPA(V2) + Pd(OAc)2 0.5 + 0.01c 10
PA(V2) + HMS–Pd(OAc)2 0.15 + 0.5d 10
MS–HPA(V2) + HMS–Pd(OAc)2 0.5 + 0.5e 10

a Autoclave, 50 ml; HOAc, 2 ml; sulfolane, 2 ml; H2O, 4 ml; benzene, 2 ml; LiOAc
b HPA(V2), 0.15 g; Pd(OAc)2, 0.01 g.
c HMS–HPA(V2) or PIM–HPA(V2), 0.5 g; Pd(OAc)2, 0.01 g.
d HPA(V2), 0.15 g; HMS–Pd(OAc)2, 0.5 g.
e HMS–HPA(V2), 0.5 g; HMS–Pd(OAc)2, 0.5 g.
HMS–PrNH2; (C) HMS–HPA(V2); (D) HMS–PrNH2 + (HPA(V2) (physical

hus, the designed Pd(OAc)2 loading in the HMS–Pd(OAc)2
ample was 2.5 wt%. Using ICP elemental analyses, we knew
hat the actual Pd(OAc)2 loading in the HMS–Pd(OAc)2 sam-
le was about 2 wt%. The loading amounts of heteropolyanions
n HMS–HPA samples were affected by the charge balance
etween the grafted PrNH2 groups and heteropolyanions. The
egative charges are 3, 4, 5 and 6 for [PMo12O40], [PMo11VO40],
PMo10V2O40] and [PMo9V3O40], respectively, resulting
n the loading amount of heteropolyanion in HPA–HMS
amples in the order of HMS–HPA(V0) > HMS–HPA(V1) >
MS–HPA(V2) > HMS–HPA(V3). In the meantime, the larger
oading amount of [PMo12O40] caused the lower BET surface
rea of HMS–HPA(V0). The P/Mo/V molar ratio estimated from
CP elemental analyses was very close to that in the formula for
ach HPA-containing sample, indicating that heteropolyanions

e (h) Benzene
conversion (%)

Selectivity to
phenol (%)

Turnover number

12.6 74.8 63.8
8.1 81.4 41.0

12.2 75.6 61.8

6.7 73.2 33.9
4.8 70.3 24.3
1.2 60.2 6.1

, 0.2 g. O2, 2.0 MPa.
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acting with benzene and Pd(OAc)2 at 393 K. The band at
about 740 nm is a signal for the formation of the reduced
species of heteropolyanions because this band can be assigned
52 Y. Liu et al. / Journal of Molecular C

id not collapse after anchoring on the surface of HMS and PIM
upports.

.2. Oxidation of benzene to phenol by molecular oxygen

The results of the benzene oxidation by O2 at 393 K over
arious catalytic systems are shown in Table 2. We used proper
mounts of Pd(OAc)2 (0.01 g) and HPA (0.15 g) in the homo-
eneous system for the benzene oxidation according to the
esults reported in Refs. [11,12]. We used almost the same
mounts of Pd(OAc)2 and HPA in the solid catalysts as those
sed in the homogeneous system. Because the loading amount
f Pd(OAc)2 was about 2 wt% in HMS–Pd(OAc)2 and the
oading amounts of H5PMo10V2O40 were about 30 wt% in
MS–HPA(V2) and PIM–HPA(V2) (Table 1), all catalytic sys-

ems listed in Table 2 contained almost the same amounts of
d(OAc)2 (0.01 g) and HPA (0.15 g). The selectivity to phenol
ver each catalytic system was over 70% except the dual solid
ystem HMS–HPA(V2) + HMS–Pd(OAc)2 (60.2%) for benzene
xidation by O2 at 393 K for 6 h. The byproducts observed
ere catechol, hydroquinone, 1,4-benzoquinone, biphenyl and
very small amount of CO2. The homogeneous catalytic sys-

em HPA(V2) + Pd(OAc)2 showed a relatively high benzene
onversion of 12.6% after 6 h. Among the catalytic systems
ontaining solid catalysts, HMS–HPA(V2) + Pd(OAc)2 system
howed the highest benzene conversion (8.1%). The conversion
nd the selectivity to phenol over the heterogeneous system
MS–HPA(V2) + Pd(OAc)2 after 10 h were quite similar to

hose over the homogeneous system HPA(V2) + Pd(OAc)2 after
h. PIM–HPA(V2) + Pd(OAc)2 catalytic system showed a lower
onversion (6.7%) than that over HMS–HPA(V2) + Pd(OAc)2
atalytic system (12.2%) after 10 h, which probably is due to
he low surface area of PIM support (Table 1). In the meantime,
PA(V2) + HMS–Pd(OAc)2 also showed a lower conversion

4.8%) than HMS–HPA(V2) + Pd(OAc)2 (12.2%) after 10 h,
mplying that immobilizing HPA is more effective than immo-
ilizing Pd(OAc)2. On the other hand, the dual solid system
onsisting of HMS–HPA(V2) and HMS–Pd(OAc)2 showed a
ery low conversion, which indicates that it is difficult to com-
letely replace the homogeneous catalytic system with solid
atalysts for the liquid-phase oxidation of benzene by O2.

The plots of the phenol yields versus the benzene con-
ersions over the homogeneous catalytic system HPA(V2) +
d(OAc)2 and the heterogeneous catalytic system HMS–
PA(V2) + Pd(OAc)2 for the benzene oxidation by O2 at 393 K

re shown in Fig. 6; various phenol yields and benzene conver-
ions were obtained by changing the reaction time or changing
he catalyst amount. With increasing benzene conversion, the
electivity to phenol decreased mainly due to the further oxida-
ion of phenol. Thus, the phenol yield has a maximum value. As
hown in Fig. 6, the plots of the both systems are almost over-
apped with each other. Both of them showed the highest phenol
ields of about 16%. In other words, by increasing the catalyst

mount or extending the reaction time, the heterogeneous system
MS–HPA(V2) + Pd(OAc)2 gave the same conversion and the

ame selectivity to phenol as those obtained in the homogeneous
ystem HPA(V2) + Pd(OAc)2.

F
H
H
o

y O2 at 393 K. (�): homogeneous system HPA(V2) + Pd(OAc)2; (�): hetero-
eneous system HMS–HPA(V2) + Pd(OAc)2. Autoclave, 50 ml; benzene, 2 ml;
OAc, 2 ml; H2O, 4 ml; sulfolane, 2 ml; LiOAc, 0.2 g; O2, 2.0 MPa.

The DR-UV–vis spectra of various samples are shown in
ig. 7. H5PMo10V2O40 showed the characteristic absorption
ands of Keggin type heteropolyanions at about 210 and 260 nm
orresponding to charge transfers of Od–WVI and Ob,c–WVI,
espectively [26]. The hybrid sample HMS–HPA(V2) showed
he bands of H5PMo10V2O40 with little shift in the DR-UV–vis
pectra either before or after the reaction with O2. These results
ndicate that H5PMo10V2O40 molecules were successfully
mmobilized on the HMS-NH2 surface of HMS–HPA(V2) with-
ut collapse even after used for benzene oxidation. On the other
and, if the reactor was not charged with O2, HMS–HPA(V2)
howed a strong absorption band at about 740 nm after inter-
ig. 7. UV–vis diffuse reflectance spectra of various samples: (A)

5PMo10V2O40 (HPA(V2)); (B) HMS–HPA(V2) before reaction; (C)
MS–HPA(V2) after reaction with O2; (D) HMS–HPA(V2) after reaction with-
ut O2.
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Fig. 8. Dependences of benzene conversion and selectivity to phenol on the
Pd(OAc) amount in HMS–HPA(V2) + Pd(OAc) catalytic system for the ben-
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[PMo9V3O40]. Therefore, HMS–HPA(V3) + Pd(OAc)2 cat-
alytic system showed the highest benzene conversion for the
benzene oxidation by O2. However, because the selectivity to
phenol in HMS–HPA(V3) + Pd(OAc)2 was low due to the fur-
Y. Liu et al. / Journal of Molecular C

o intervalence charge-transfer (IVCT) from VIV−Ob–VV to
V–Ob–WIV according to its strength and position [26]. More-
ver, this band disappeared after introducing O2 into the auto-
lave reactor. These results implied that heteropolyanions were
educed by palladium and/or benzene to form reduced species,
hich was re-oxidized by O2. Thus, the system containing het-

ropolyanions and palladium could achieve catalytic oxidation
f benzene using O2 as an oxidant.

In the previous paper [28], we reported the epoxidation
f propylene with O2 in the presence of Pd(OAc)2, peroxo-
eteropoly compound and methanol, where Pd(OAc)2 was
educed with methanol to form Pd0 species, which was active for
egenerating peroxo-heteropoly compound by O2 for the propy-
ene epoxidation. However, in this study, when we used methanol
olvent for HPA + Pd(OAc)2 or HMS–HPA + Pd(OAc)2 sys-
ems, no phenol was formed and no Pd0 species could be detected
y the X-ray diffraction analyses of the used catalysts.

According to Refs. [11,29], the cycle of Pd2+ and Pd4+ plays
n important role in the benzene oxidation to phenol by O2
n the catalytic system consisting of Pd(OAc)2, V-compound,
OAc, LiOAc and H2O. Palladium acetate electrophilically

ttacks benzene molecule to give phenyl-palladium (II) acetate.
hen the strong oxidant HPA oxidizes pheny-palladium (II)
cetate to phenyl-palladium (IV) triacetate in the presence of
OAc and LiOAc. The formed phenyl-palladium (IV) triac-

tate undergoes reductive elimination to produce phenyl acetate,
hich is finally hydrated to form phenol. In a word, palladium

s the active site for the benzene oxidation; heteropoly com-
ound is the co-catalyst for re-oxidizing palladium to achieve
he cycle of Pd2+ and Pd4+. Because the reduced heteropoly
ompound could be oxidized by O2, active Pd species is regen-
rated in situ and is achieved catalytic oxidation of benzene to
henol by O2. The main byproducts are further oxidated prod-
cts (catechol, hydroquinone, 1,4-benzoquinone) and oxidative
oupling products (biphenyl). Because HPA and Pd(OAc)2 dis-
olved in the mixed solvent easily diffuse in the reaction sys-
em, the homogeneous catalytic system showed higher benzene
onversion than those obtained in the heterogeneous catalytic
ystems. The dual solid system showed very low yield of phe-
ol since H5PMo10V2O40 molecules on HMS–HPA(V2) have
ew chance to re-oxidize Pd(OAc)2 on HMS–Pd(OAc)2 in the
ystem. On the other hand, because both the heterogeneous cat-
lytic systems and the homogeneous catalytic system possess
he same active components and catalyze the benzene oxidation
hrough the same reaction mechanism, the most effective het-
rogeneous system (HMS–HPA(V2) + Pd(OAc)2) could obtain
he same maximum achievable yield of phenol as that obtained
ver the homogeneous catalytic system (HPA + Pd(OAc)2) by
xtending the reaction time or increasing the catalyst amount.

The dependences of benzene conversion and selectivity to
henol on the Pd(OAc)2 amount in HMS–HPA(V2) + Pd(OAc)2
atalytic system is shown in Fig. 8. The HMS–HPA(V2) amount
as kept constant at 0.5 g. The catalytic system containing no

d(OAc)2 showed very low activity (0.8%) and did not form
henol at all, indicating that the coexistence of palladium and
eteropoly compounds in the catalytic system is indispensable
or improving the yield of phenol. When the amount of Pd(OAc)2

F
b
f
H
H

2 2

ene oxidation by O2 at 393 K for 10 h. (�): benzene conversion; (�): selectivity
o phenol. Autoclave, 50 ml; O2, 2.0 MPa; HMS–HPA(V2), 0.5 g; LiOAc, 0.2 g;
enzene, 2 ml; HOAc, 2 ml; H2O, 4 ml; sulfolane, 2 ml; O2, 2.0 MPa.

ncreased from 0.005 to 0.03 g, the benzene conversion increased
rom 7.9 to 20.8% but the selectivity to phenol decreased from
1.1 to 56.0%. The oxidative coupling of benzene and the deep
xidation of phenol were promoted by the large amount of pal-
adium.

The effect of x in H3+x[PMo12−xVxO40] (x = 0–3) in the het-
rogeneous system HMS–HPA + Pd(OAc)2 is shown in Fig. 9.
he conversions were 2.7, 10.6, 12.2 and 12.7%, and the selec-

ivity to phenol were 59.8, 68.6, 75.6 and 72.4% for x = 0, 1, 2 and
, respectively. The low activity of HMS–HPA(V0) + Pd(OAc)2
mplied that V sites in HPA are main active sites and Mo
ites in HPA just possess a little catalytic ability for the ben-
ene oxidation by O2. The oxidation ability of Keggin structure
eteropoly anion [PMo12O40] increases by replacing the poly-
tom Mo by V, and decreases by replacing the polyatom Mo
y W [24]. Thus, the oxidation ability of HPA is in the order
f H3[PMo12O40] < H4[PMo11VO40] < H5[PMo10V2O40] < H6
ig. 9. Effect of x in HMS-H3+xPMo12−xVxO40 for the oxidation of benzene
y O2 over the heterogeneous catalytic system HMS–HPA + Pd(OAc)2 at 393 K
or 10 h. (�): benzene conversion; (�): selectivity to phenol. Autoclave, 50 ml;
MSHPA, 0.5 g; Pd(OAc)2, 0.01 g; LiOAc, 0.2 g; benzene, 2 ml; HOAc, 2 ml;

2O, 4 ml; sulfolane, 2 ml; O2, 2.0 MPa.
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Fig. 10. Dependences of benzene conversion and selectivity to phenol on the
sulfolane amount in the mixed solvent for the benzene oxidation by O2 over
heterogeneous catalytic system HMS–HPA(V2) + Pd(OAc)2 at 393 K for 10 h.
(
2
H

t
a

t
H
a
c
c
p
t
r
f
i
a
s
c
2
w

t
t
O
i
w
3
H
e
0
w
a
fi
w
F
r
p
a
a
c

Fig. 11. Stability of heterogeneous catalytic system HMS–HPA(V2) +
Pd(OAc)2 for the benzene oxidation by O2 at 393 K. (a) The first run, (b) the
filtered solid catalyst HMS–HPA(V2) with new Pd(OAc)2 for the second run,
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catalytic system containing supported catalyst HPA(V2)/HMS
and Pd(OAc)2 showed a high benzene conversion (13.7%) for
the first run but the benzene conversion rapidly decreased to
2.8% for the second run, which indicates that HPA leached from
�): benzene conversion; (�): selectivity to phenol. Autoclave, 50 ml; O2,
.0 MPa; HMS–HPA(V2), 0.5 g; Pd(OAc)2, 0.01 g; LiOAc, 0.2 g; benzene, 2 ml;
OAc + H2O + sulfolane = 8 ml; HOAc/H2O = 1/2 (v/v).

her oxidation of phenol, the highest yield of phenol was obtained
t x = 2 in H3+x[PMo12−xVxO40].

The effect of sulfolane in the mixed solvent for the oxida-
ion of benzene by O2 over the heterogeneous catalytic system
MS–HPA(V2) + Pd(OAc)2 is shown in Fig. 10. Sulfolane is
solvent with high dipole moment (4.81 debye) and dielectric

onstant (43.26), thus showing the peculiar property in forming
omplexes with phenolic compounds [30]. Although the com-
lex is not stable, it could prevent the further oxidation of phenol
o some extent. It has been reported that sulfolane is effective for
aising both the benzene conversion and the selectivity to phenol
or the benzene oxidation over TS-1 by H2O2 [31]. As shown
n Fig. 10, the selectivity to phenol increased with increasing
mount of sulfolane and almost levelled off when the amount of
ulfolane was more than 2 ml. On the other hand, the benzene
onversion increased when the amount of sulfolane was less than
ml and vice versa. The highest yield of phenol was obtained
hen the amount of sulfolane was 2 ml.
In order to check whether H5[PMo10V2O40] leaches from

he surface of HMS or not in the heterogeneous catalytic sys-
em HMS–HPA(V2) + Pd(OAc)2 for the benzene oxidation by

2 at 393 K, we designed the following experiment. As shown
n Fig. 11, after 0.5 g HMS–HPA(V2) and 0.01 g Pd(OAc)2
ere used as catalysts for the benzene oxidation by O2 at
93 K for 10 h, the reaction was stopped and the solid catalyst
MS–HPA(V2) was recovered by filtration. Then the recov-

red HMS–HPA(V2) was put into another autoclave containing
.01 g Pd(OAc)2, 2 ml benzene and the mixed solvent. After it
as charged with 2.0 MPa O2, the second run was carried out for

nother 10 h at 393 K. In the meantime, the reaction liquid that
ltrated out the solid catalyst HMS–HPA(V2) after the first run
as also allowed to react for another 10 h at 393 K. As shown in
ig. 11, the solid catalyst HMS–HPA(V2) used for the second
un showed no obvious reduction of the catalytic activity com-

ared to the first run. On the other hand, the filtrate did not show
ny further reaction at 393 K for another 10 h. Moreover, the IR
nd XRD of the solid catalyst HMS–HPA(V2) did not show any
hanges after the reaction. These results indicate that the solid

F
a
(
P

c) the reaction of filtered solution after the first run filtered out the solid catalyst
MS–HPA(V2) and (d) the reaction of filtered solution after the first run with

he solid catalyst HMS–HPA(V2).

atalyst HMS–HPA(V2) could be recycled by a simple filtration
ethod and the active components (HPA) did not leach to the
ixed solvent during the oxidation of benzene by O2 at 393 K

or 10 h.
The reusability of various heterogeneous catalytic systems

ontaining solid catalysts for the oxidation of benzene by O2
s shown in Fig. 12. After the reaction at 393 K for 10 h, the
sed solid catalysts were obtained by filtration. By adding the
ecessary reagents, the solid catalysts were reused for the ben-
ene oxidation by O2 at 393 K for another 10 h. The activity
f HMS–HPA(V2) + Pd(OAc)2 did not obviously decrease after
MS–HPA(V2) was used five times, implying HMS–HPA(V2)

s a real heterogeneous catalyst without leaching active compo-
ents to the mixed solvent during reaction [32]. In contrast, the
ig. 12. Reusability of solid catalysts in various heterogeneous cat-
lytic systems for the benzene oxidation by O2 at 393 K for 10 h.
�): HMS–HPA(V2) + Pd(OAc)2; (�): HPA(V2)/HMS + Pd(OAc)2; (�):
IM–HPA(V2) + Pd(OAc)2; (�): HPA(V2) + HMS–Pd(OAc)2.
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he surface of HMS and the oxidation of benzene took place
n the homogeneous phase in the HPA(V2)/HMS + Pd(OAc)2
ystem. As for PIM–HPA(V2) + Pd(OAc)2 system, the activ-
ty decreased for the second and third runs but did not show
urther decrease for the forth and fifth runs. These results indi-
ate that HPA molecules easily leach from PIM support before
IM–HPA(V2) was used for three runs and hardly leach there-
fter. On the whole, the HMS immobilized HPA catalyst showed
elatively high and sustained catalytic activity compared to the
orresponding functional polymer immobilized HPA catalyst,
hich is similar to the catalytic characteristics of SBA-15 immo-
ilized quaternary ammonium catalysts for the heterogeneous
hase transfer reaction [33].

. Conclusions

HPA and Pd(OAc)2 were immobilized onto the func-
ional organic groups grafted on the surfaces of HMS and
IM, and the resultant solid compounds were used as het-
rogeneous catalysts for the oxidation of benzene to phenol
y O2. The system containing HMS immobilized HPA and
d(OAc)2 (HMS–HPA + Pd(OAc)2) is the most effective het-
rogeneous catalytic system in this study. Although the het-
rogeneous catalytic system HMS–HPA + Pd(OAc)2 showed
lower activity compared to the homogeneous catalytic sys-

em HPA + Pd(OAc)2, it achieved the same maximum yield of
henol as that obtained in the homogeneous catalytic system
PA + Pd(OAc)2 by extending reaction time or increasing cat-

lyst amount. Immobilizing HPA on HMS surface was more
ffective than immobilizing Pd(OAc)2 on HMS surface. More-
ver, the HMS immobilized HPA catalyst showed relatively high
nd sustained catalytic activity compared to the polymer PIM
mmobilized HPA catalyst. On the other hand, the dual solid sys-
em containing HMS–HPA(V2) and HMS–Pd(OAc)2 showed a
ery low benzene conversion. As for the solvent effect, the selec-
ivity to phenol could be improved by adding sulfolane to the
eaction system, but the benzene conversion decreased when
he mixed solvent contain high concentration of sulfolane. The
olid catalyst HMS–HPA in the heterogeneous catalytic system
MS–HPA + Pd(OAc)2 could be recovered by a simple filtra-

ion method and the active components (HPA) did not leach to
he solvent during reaction.
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