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Abstract: A series of Zn-substituted Keggin phosphotungstic acid quaternary ammonium salt catalysts were prepared, and

characterized by Fourier transform infrared ( FTIR), X-ray diffraction ( XRD). Their catalytic activities were evaluated by

the oxidation of benzyl alcohol to benzaldehyde with H, O, under solvent-free conditions. The effects of reaction parameters on

the oxidation of benzyl alcohol were also investigated in detail. All the catalysts show good catalytic activity with fast reaction

rate, eco-friendly and excellent selectivity for the desired products. In the absence of any solvent, the conversion of benzyl

alcohol and the selectivity of benzaldehyde were found to be as high as 95.6% and 96.4% under optimum conditions in just

30 min. And a possible reaction mechanism of the oxidation of benzyl alcohol was deduced.
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Catalytic oxidation of benzyl alcohol to benzalde-
hyde has become an important synthetic reaction with
numerous applications in fine chemistry. Traditionally,
the oxidation of benzyl alcohol was carried out using
stoichiometric amounts of inorganic oxidants (e. g. so-
dium dichromate, sodium hypochlorite, manganese di-
oxide, potassium permanganate, etc. ), these oxidants
suffer from several drawbacks such as relatively expen-
sive and commonly hazardous or toxic accompanying
of high

waste' '), Therefore, the exploiting of more active, effi-

the generation amounts of heavy-metal
cient, green and environmentally catalysts to activate
H,0, and O, for the oxidation of benzyl alcohol to ben-
zaldehyde has been received considerable attention in
both academia and industry. In this regard, studies on
the oxidation of benzyl alcohol using H,0, and O, have
been investigated using different type of catalysts and a
variety of operating conditions. The reaction was stu-
died using several types of metal-based catalysts, such
as Ru, Pd, and Au'®™' | as well as the transition metal

of hydrotalcite-like compounds'*’ | the modified zeolite
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molecular sieve ! | other transition metal compounds'®’

781 However, catalytic reac-

and Schiff base complex
tions have been carried out at higher temperature,
using organic solvent or relatively expensive transition
metals (Ru, Pd, and Au). In addition, a series of Cu
based catalysts have been developed for the oxidation of
benzyl alcohol to benzaldehyde'®’ | but the poisonous
hydrocarbon was used as the solvent and used copper
halide as the catalyst, which also cause environmental
pollution.

Heteropolyacids ( HPAs) are metal-oxo anionic
clusters whose chemical properties can be controlled by
transition metal substitution and the countercation
used'"”’ | which have been found wide applications in
many fields, such as catalysis, medicine, magnetic
properties , materials, surface chemistry and photochro-

1]

mism and electrochromism Among HPAs, transi-

tion metal mono-substituted Keggin heteropoly anion o-
[XW, MO, "™ (X=P, Si), in which a transition
metal cation M™ is coordinated to the binding sites of

lacunary heteropoly anions a-[ XW, 0, ]™, have
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generated great interest as oxidative catalysts'?’. Their
thermal and chemical stability as well as redox and
acidic properties could be controlled at the atomic/mo-
lecular level by changing addenda atoms without affec-

ting the Keggin primary structure .

Furthermore ,
HPAs is commonly combined with different cationic

allowing their solubilisation in different
14-15]

species,,
media, for example films and supports' In this
context, many efforts have been devoted to study the
oxidation of benzyl alcohol to benzaldehyde in the pre-
sence of transition metal mono-substituted Keggin
HPAs catalysts. For example, Nadealian and co-wor-
kers reported that [ bmim] [ PW,,MO, ] (bmim=1-n-
butyl-3-methylimidazolium and M =V>* | Cr’*, Mn*,
Fe’*, Co™, Ni**, Cu’*, Zn’") exhibits high catalytic
activity for the oxidation of benzyl alcohol into benzal-
dehyde using acetonitrile as solvent'®'. Wang et al.
studied the oxidation of benzyl alcohol over a series of
transition metal (M = Zn, Cu, Ni, Co, Fe, Mn, Cr,
V) mono-substituted silicotungstic acid salts using hy-
drogen peroxide as oxidant'"”'. Also, H,PMo,, VO,
functionalized by cationic surfactants cations, and
[ PMo,,M]>(M = Co, Mn, Ni) have been reported to
be efficient catalysts for the oxidation of benzyl alco-

hol 18717

tuted Keggin HPAs, most of the works have been con-

In the case of transition metal mono-substi-

ducted on vanadium, cobalt, nickel and manganese
mono-substituted Keggin HPAs. In addition, catalytic
oxidation requires longer reaction time (more than 5
hours) or the use of organic solvents.

Although a number of methods have been deve-
loped , the development of cost-effective and eco-friend-
ly procedures avoiding the use of toxic solvents and oxi-
dants still attracts substantial interest. To date, Studies
on Zinc mono-substituted phosphotungstic acid quater-
nary ammonium salt under mild reaction conditions are
not available. In this work, we designed and synthe-
sized a series of Zn mono-substituted Keggin phospho-
tungstic acid ammonium salt
QH,PW,,Zn05 [ Q = (C,H,),N, C;H,(CH;);N,
CpHys(CH;) 3N, CigHy(CH, )N, CigHyy (CHy )N
catalysts for the oxidation of benzyl alcohol with H,0,.

quaternary

These catalysts show the feature of the fast reaction

rate, high conversion and selectivity under a solvent-
free condition. The conversion of benzyl alcohol and
the selectivity of benzaldehyde were found to be up to
95.6% and 96.4% (just 30 min). Finally, a possi-
ble mechanism of the oxidation of benzyl alcohol was

proposed.

1 Experimental section

1.1 Catalyst preparation

The following procedure for the preparation of Zn-
substituted Keggin phosphotungstic acid tetrabutylam-
monium salt [ ( C H N ) ,H PW, Zn0,, ], 2. 275
mmol of Na,HPO, « 7H,0 was firstly dissolved in 20
mL of water. Then 25 mmol solid of Na,WO, « 2H,0
was added to this solution, after the solid material dis-
solved, 3 mmol of Zn (NO,), dissolved in 30 mL of
water was added, the pH of the solution was adjusted

(20221) " The solution

to 4. 8 using a nitric acid solution
was heated at 85 °C and 11.25 mmol of tetrabutylam-
monium bromide dissolved in 5 ml of water was
added, the mixture was stirred for 3 h at 85 °C. The
resulting pure white precipitate was filtered off and re-
crystallized from acetonitrile, dried at 80 C for 12 h
and designated as C,,H;,NPW,,Zn.

Other Zn-substituted phosphotungstic acid quater-
nary ammonium salt were also synthesized according to
a similar method by taking the corresponding quaterna-
ry ammonium salt ( dodecyl trimethyl quaternary ammo-
nium salt, cetyl trimethyl quaternary ammonium salt,
and octadecyl trimethyl quaternary ammonium salt).
As obtained catalysts were very poorly soluble in any
solvent, no recrystallization was carried out. The ob-
tained catalysts were designated as C,,H,;,N,PW,,Zn,
C;sH,NPW,,Zn, C,(H,NPW,Zn, C, H,NPW, Zn,
and C,, H,cNPW,,Zn, respectively.

1.2 Characterizations of the samples

The synthesized compounds were characterized by
Fourier transform infrared spectroscopy ( FTIR) and X-
ray diffraction (XRD). The Fourier transform infrared
spectroscopy studies were done on American Nicolet
Nexus 670 Fourier transform infrared spectrometer in

KBr matrix in the range of 4 000 ~600 cm™". The pow-
der XRD pattern was obtained by using a Rigaku D/
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Max - 2400 X-ray diffractometer with Cu Ka radiation
(1.54 A) at 40 kV and 150 mA in the range of 20 =
5° ~ 40° with a step size of 0.02°.
1.3 Catalytic oxidation of benzyl alcohol

A 100 mL two-necked round bottom flask, fitted
with a reflux condenser and magnetic stirrer was used
as a reactor. A typical procedure for the oxidation of
benzyl alcohol was carried out as follows: a measured
amount of Q,H PW, Zn0O,, was added into a two-
necked flask containing benzyl alcohol. When the tem-
perature was raised up to desired temperature, a mea-
sured amount of 30% H,0, was added to the reaction
mixture. After reaction, the mixture was cooled to
room temperature. The product was extracted with ace-
tic ether, and the organic phase was analyzed by
GC78901I with a flame ionization detector, using a SE-
54 capillary column (0.32 mm X 0.5 pm X 30 m)
and N, as carrier gas (injector temp. 150 °C, detector
temp. 280 C, Column temp. 280 C, N, pressure:
0.1 MPa). The conversion and selectivity of the pro-
ducts were calculated based on the component contents

and were analyzed by an internal standard method.

2 Results and discussion

2.1 Catalyst characterization

The FTIR spectra give information regarding the
incorporation of Zn into the lacuna of the phosphotung-
stic acid. The FTIR spectra of C,,H,;N,PW, Zn,
CsH NPW, Zn, C, H(NPW, Zn, C,H,NPW, Zn,
and C, H,NPW,,Zn are shown in Fig. 1. As can be
predicted from Fig. 1, the spectra of these prepared
heteropoly compounds show the characteristic bands at
1 100 ~700 cm™ region, indicating that the synthe-
sized heteropoly compounds have the structure of Keg-
gin anion. The intense and broad bands at 3 460 ¢cm™
is attributed to the hydroxyl groups and water mole-
cules. The characteristic vibrations attributable to the
quaternary ammonium cations at 2 960 cm™' (v, CH,) ,
2871 em™' (v, CH,), and 1 483 em™ (8 CH,), and to
[PW,,Zn]" anion at 1 100 ~1 050 ¢cm™' (v, P-0a),
960 cm™' (v, W=0d), 892 cm™' (v,, W-0b-W), 821
em™ (v,, W=0c=W) , and 740 em™ (v,, W-0-Zn) ap-

. : . . . 956" g1
4000 3500 3000 2500 2000 1500 1000

Wavenumber /cm™

Fig. 1 FTIR spectra of Zn-substituted phosphotungstic
acid quaternary ammonium salt
a- CHNPW,  Zn; b - C,;H(NPW, Zn; ¢ - C,;H;,NPW,, Zn;
d-CyH,NPW, Zn; e - C,H,,NPW, Zn

pear in the FTIR spectra of C,,H(N,PW, Zn,
CsHyNPW, Zn, C,,H(,NPW,Zn, C,H,NPW, Zn,
and C, H,NPW, Zn, respectively. However, The
P-0Oa band at 1 080 cm™ for [ PW,0,, 1> actually
split into two bands at 1 088 e¢m™ and 1 055 ¢cm™ for
[PW,,Zn]” due to the variation of the symmetry of
PO, tetrahedron'™’. The value of the difference of the
split bands ( Av) is around 33 em™ , the Av value ob-
served is in good agreement with that reported previ-
ously'™ . According to Varadwaj et al. descrip-
tion ™', the Av values provide an indirect measure of
the interaction between the metal atom and available
oxygen of the central PO, tetrahedron, the higher will
be the interaction for lower Av value. Therefore, the
FTIR spectra clearly show that Zn atoms have been
successfully incorporated into the Keggin framework.
The P-0a bond cleavage and the appearance of W-0-
Zn bridge bond vibration bands are the principal met-
hods to judge the incorporation of metal atoms into
HPAs primary structure >,

The powder X-ray diffraction (XRD) patterns are
displayed in Fig. 2. According to the existing litera-

ture (22]

, the neat Keggin phosphotungstic acid exhibits
a set of well sharp diffraction peaks featured for the
secondary crystal structure of Keggin HPAs in the

range of 7° ~12°, 16° ~22°, 25° ~30°, 33° ~38°,
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Fig. 2 The XRD patterns of Zn-substituted phosphotungstic
acid quaternary ammonium salt
a - CgHyNPW,,Zn; b - C,,H,,NPW,,Zn; ¢ - C,;sHy,NPW,,Zn;
d-C,H,NPW, Zn; e - C,,H,NPW, Zn

in contrast, the XRD patterns of Q,H ,PW, Zn0O,,
particles show that the well sharp diffraction peaks
disappeared in diffraction profile compared to that of
the neat Keggin phosphotungstic acid, implying that
the Q,H,PW,,ZnO,, particles have the same no-crystal
CsHyNPW,,Zn and
C,oH (NPW,,Zn show stronger characteristic diffraction
peaks in the range of 7° ~12°, 16° ~22°, 25° ~30°,
33° ~ 38°, assigning to the Keggin HPAs anion cha-

feature. Furthermore ,

racteristic diffraction peaks. However, with the in-
crease of the quaternary ammonium cation carbon-chain
length, the peak intensity of heteropoly compounds
characteristic diffraction obviously decreased in the
range of 5° ~40°. All samples show the only broad
Bragg reflection in the small angle range of 5° ~ 10°,
indicating that there are the existence of very small
gaps between quaternary ammonium cations and
[PW,,Zn]" anions'*’. The small gaps may accelerate
the permeation of the polar alcohol substrates into the
bulk of the Zn-substituted Keggin phosphotungstic acid
quaternary ammonium salt, and the phenomenon is
similar to the viewpoint of “pseudo-liquid behavior” for
the bulk-type catalysis of a HPAs catalyst'”’’. This fact
was also reported by Leng et al. 1.

2.2 Catalytic oxidation of benzyl alcohol

The oxidation of benzyl alcohol was studied under

solvent-free conditions in the presence of Zn-substitu-
ted Keggin phosphotungstic acid quaternary ammonium
salt Q,H ,PW,,Zn0,,.
firstly oxidized to benzaldehyde, and benzaldehyde is

Generally, benzyl alcohol is

further oxidized to benzoic acid ( scheme 1). Howe-
ver, in the present reaction conditions, the oxidation
products of benzyl alcohol were analyzed by the gas
chromatograph, the major oxidation product obtained
was benzaldehyde, and a small amount of benzoic acid
was only detected, indicating the prepared Q,H,
[PW,,Zn0,, ] catalysts have an excellent catalytic ac-

tivity on the oxidation of benzyl alcohol to benzalde-

hyde.

(l)H
CH, H
H,0, H,0,
—_— !
further oxidation

Benzoic acid

Benzyl alcohol Benzaldehyde(Major)

Schemel Oxidation of benzyl alcohol with H,0,

As shown in Table 1, H,PW,0,, catalyst shows
low activity, the conversion of benzyl alcohol and the
selectivity of benzaldehyde were measured to be only
26.9% and 77. 1% (Table 1, entry 2), but in the
presence of NasPW,,Zn0,,, the conversion of benzyl
alcohol and the selectivity of benzaldehyde were in-
creased up to 34.3% and 99.7% (Table 1, entry 3) ,
implying that the Zn species have essential roles in the
oxidation reaction. The observed phenomenon is in
good agreement with previous work reported by Zahra

Nadealian and his co-workers' "’

. The catalytic activity
of various Zn-substituted Keggin phosphotungstic acid
quaternary ammonium salt catalysts was also checked
in oxidation of benzyl alcohol with H,0,. Although tet-
rabutylammonium bromide itself was inactive in the
oxidation (Table 1, entry 1), the conversion of benzyl
alcohol and the selectivity of benzaldehyde were found
to be as high as 95. 6% and 96. 4%
C¢HcNPW, Zn as catalyst. Among Q,H PW, ZnO,,

calalysts containing various quaternary ammonium ca-

using

tions, C,sH;sNPW,,Zn catalyst shows the highest cata-

lytic performance in oxidation of benzyl alcohol (Table

1, entry 4), and C,,H,\NPW, Zn catalyst shows lo-
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west catalytic performance ( Table 1, entry 5), this
should be attributed to the fact that C,yH (NPW, Zn
catalyst was insoluble and others completely dissolved

during the reaction. The results also indicate that there

are the existence of a synergistic effect between quater-
nary ammonium cations and [ PW,,Zn 1> which is re-

sponsible for the oxidation of benzyl alcohol.

Table 1 Oxidation of benzyl alcohol with H,O,

Entry Catalyst Reaction Conversion of Selectivity of Selectivity of
time/ min benzyl alcohol/% benzaldehyde/ % benzoic acid/%
1 tetrabutylammonium bromide 30 0 0 0
2 H,PW,,0,, 30 26.9 77.1 22.9
3 NagPW |, ZnO,, 30 34.3 99.7 0.3
4 C,HyNPW , Zn 30 95.6 96. 4 3.6
5 C,oH (NPW, Zn 30 67.7 94.2 5.8
6 C,sHy,NPW , Zn 30 93.1 95.8 4.2
7 C,yH,NPW,, Zn 30 91.6 94.4 5.6
8 C, H,,NPW,, Zn 30 92.2 95.3 4.7

Reaction conditions: 0.1 mol benzyl alcohol, 0. 105 mol H,0,, reaction temperature 90°C, reaction time 30 min, amount of

catalyst 0.2 mmol.

2.3 Optimization of reaction conditions
The effect of

reaction temperature on the oxidation of benzyl alcohol

2.3.1 Effect of reaction temperature

is shown in Fig. 3. The reaction was carried out in the
temperature region 70 ~ 110 °C using C (H,NPW,,Zn
as the catalyst with the other parameters fixed. It can
be seen that the maximum conversion of benzyl alcohol
and the maximum selectivity of benzaldehyde were
measured to be 95.6% and 96.4% at 90 °C. On the
other hand, the results show that the conversion of
benzyl alcohol increased with increasing temperature
from 70 to 110 °C. Especially, on increasing the tem-
perature from 70 to 80 “C, a drastic increase in the
conversion of benzyl alcohol was observed, but there
was no appreciable increase for the benzyl alcohol con-
version at elevated reaction temperature (> 90 °C).
However, the selectivity of benzaldehyde decreased
with an increase of reaction temperature, which is at-
tributed to the fact that the desired product benzalde-
hyde is further oxidized to benzoic acid at elevated tem-
perature. Thus, 90 °C was an appropriate reaction
temperature for the oxidation of benzyl alcohol to ben-

zaldehyde in the following experiments.

100 ®
—— 4 I
— S hd
90
IS
E’ 80
3
c 70
D
c]
w
= 60 -
=]
=
S
‘@ 50
b
>
=
8 40 - —m— Conversion of benzyl alcohol
—@— Selectivity of benzaldehyde
30 | -
1 1 1 1 1
60 70 80 90 100 110 120

Reaction temperature/°C

Fig. 3 Effect of reaction temperature on the oxidation reaction

Reaction conditions ; Catalyst, C,;H;;NPW,,Zn;

Reaction time, 30 min; Amount of catalyst, 0.2 mmol;

Benzyl alcohol, 0.1 mol; H,0,, 0.105 mol

2. 3.2 Effect of reaction time Fig. 4 shows the
effect of reaction time on the conversion of benzyl alco-
hol and the selectivity of benzaldehyde. It can be seen
that an increasing trend was observed for the conversion
of benzyl alcohol with prolonging the reaction time.
Initially, the conversion of benzyl alcohol dramatically

increased with prolonging the reaction time. This is
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due to the fact that more time is required for the forma-
tion of the reactive intermediate which is finally conver-
ted into the products'®’. When the reaction was al-
lowed to continue after 30 min, only a slight change in
the conversion was observed. This is because that the
decomposition of H,0, increases with prolonging the
reaction time, the decomposition of H,0, is a competi-
tive reaction for the oxidation of benzyl alcohol. Moreo-
ver, the over oxidation of benzaldehyde to benzoic acid
occur with prolonging the reaction time. It was found
that the selectivity of benzaldehyde always decreased
with an increase in reaction time. Hence, further opti-

mization of the conditions was carried out with 30 min.

100
® 90 |
&
=
S 80 -
[
e
)
g 70
‘@
Bt
kg
>
=
S 60 - .
—a— Conversion of benzyl alcohol
—e— Selectivity of benzaldehyde
50 1 1 1 1 1
0 10 20 30 40 50 60

Reaction time/ min
Fig. 4 Effect of reaction time on the oxidation reaction
Reaction conditions; Catalyst, C,sH;;NPW,,Zn;
Reaction temperature, 90°C; Amount of catalyst,

0.2 mmol;Benzyl alcohol, 0.1 mol; H,0,, 0.105 mol

2.3.3 Effect of amount of the catalyst The amount
of catalyst has a significant effect on the oxidation of
benzyl alcohol. The effects of the catalyst amount were
investigated with C,,H;,NPW, Zn catalyst (Fig.5).
As seen in the results, with an increase in the catalyst
amount from 0. 10 mmol to 0. 30 mmol, the conversion
of benzyl alcohol increased from 75.0% to 96.5% ,
while the selectivity of benzaldehyde remained almost
constant ( >95% ). When the catalyst amount was
0.10 mmol, a conversion of benzyl alcohol 75.0%
was obtained after 30 min. This is attributed to the fact
that the low amount of catalyst is unable to effectively

catalyze the oxidation of benzyl alcohol, and the num-

ber of active sites (i. e. amount of Zn species) increa-

ses with increasing in the amount of catalysts. The
maximum conversion of benzyl alcohol was observed
with 0.2 mmol of catalyst, but there was no remarkable
difference in the progress of reaction when 0.25 mmol
of catalyst was employed. However, the catalyst a-
mount had a negligible influence on the selectivity of
benzaldehyde. Therefore, 0.2 mmol of the catalyst was

selected for the optimum conversion and selectivity.
100

95 -

Conversion or selectivity/ %

75 kL —=&— Conversion of benzyl alcohol
—&— Selectivity of benzaldehyde

70 1 1 1 1 1
0.05 0.10 0.15 0.20 0.25 0.30 0.35

Amount of catalyst/ mmol

Fig. 5 Effect of catalyst amount on the oxidation reaction
Reaction conditions; Catalyst,C ¢ Hy;,NPW , Zn;

Reaction temperature, 90°C; Reaction time, 30 min;

Benzyl alcohol, 0.1 mol; H,0,, 0.105 mol

2. 3.4 Effect of amount of H,0,

H, 0, used in this system is another important factor in-

The amount of

fluencing the oxidation of benzyl alcohol. It is observed

from Fig . 6 that there was a significant change in the
100

®

E 90

=

°

D

2

= 80 |

e

=

=]

2

£

=

570

Q
—&— Conversion of benzyl alcohol
—8— Selectivity of benzaldehyde

60 1 1 1 1 1

0.60 0.75 0.90 1.05 1.20 1.35 1.50
Molar ratio of H,0, to benzyl alcohol / mol:mol

Fig. 6 Effect of amount of H,0, on the oxidation reaction
Reaction conditions; Catalyst, C,,H;,NPW,,Zn;
Reaction temperature, 90 °C ; Benzyl alcohol, 0.1 mol;

Reaction time, 30 min; Amount of catalyst, 0.2 mmol
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conversion of benzyl alcohol with an increase in the
mole ratio of H,0, : benzyl alcohol from 0.75 : 1 to
1.05 : 1.

dehyde always decreased with an increase of the mole

At the same time, the selectivity of benzal-

ratio of H,0, : benzyl alcohol. The decrease of the se-
lectivity of benzaldehyde should be atiributed to the in-
crease of amount of H,0, which induce further oxida-
tion of benzaldehyde into benzoic acid. Therefore, the
optimum molar ratio of H,0, : benzyl alcohol was 1. 05
in the conducted reaction conditions.

The optimum conditions for the oxidation of benzyl
alcoholusing C,H;,NPW,,Zn as catalyst are: reaction
temperature 90 °C , reaction time 30min, amount of the
catalyst 0. 20 mmol, the molar ratio of H,0, : benzyl
alcohol was 1.05. Under optimum conditions, the con-
version of benzyl alcohol and the selectivity of benzal-
dehyde were measured to be as high as 95. 6% and
96.4% .

2.4 Probable reaction mechanism

17, 30-31
: . when

According to previous literatures
the oxidation reaction is carried out with transition me-
tal substituted HPAs catalyst, the transition metals
commonly act as catalytic active centers, and the tran-
sition metals react with H,0, to produce active species
(M-0,) which is an active intermediate for the oxida-
tion of substrate. Based on these views, a possible

mechanism involving the catalytic intermediate species

was proposed ( Fig. 7 ) . At the beginning of the reac-

S b Ly O

species 1

species 2

H
| H
c=o0

species 4

Fig. 7 Possible mechanism for oxidation of benzyl alcohol

to benzaldehyde with H, O,

tion, the Q,H [ PW, Zn0, ] (species 1) catalyst gets
attached with H, O, species and forms the peroxo metal
species 2 which then attacks benzyl alcohol. The metal
peroxo metal intermediate (species 2) reversibly binds
benzyl alcohol to form a transient species 3. The spe-
cies 3 is unstable, so a molecule of water would be lost
from the transient species 3, and the other intermediate
species 4 is form. Finally, the intermediate species 4
dissociate to form products with a loss of water mole-
cule. Thus, it is believed that the activated peroxo
metal species 2 may be responsible for the oxidation of
benzyl alcohol. A similar mechanism analysis can be

seen in the previously reported paper ™.

3 Conclusion

In summary, we have developed a series of Zn-
substituted Keggin phosphotungstic acid quaternary am-
monium salt Q,H _PW,, Zn0,, catalysts. The com-
pounds were characterized by FTIR and XRD. FTIR
results reveal that Zn atoms have been successfully in-
corporated into the Keggin framework, and indicate
that Q,H,PW,,ZnO,, retained its parent Keggin struc-
ture. XRD results show that the Q,H PW,,Zn0,, parti-
cles have the same no-crystal feature. Moreover, the
XRD pattern of synthesized compounds indicate the
existence of very small gaps between quaternary ammo-
nium cations and [ PW,,Zn]> anions, which may ac-
celerate the permeation of benzyl alcohol into the bulk
of the Zn-substituted Keggin phosphotungstic acid qua-
ternary ammonium salt. In addition, these catalysts
were proven to be an efficient catalyst for the oxidation
of benzyl alcohol to benzaldehyde with H,O, under sol-
vent-free conditions. Therefore, the as-synthesized Zn-
substituted phosphotungstic acid quaternary ammonium
salt catalysts have great potential application for the
catalytic oxidation of benzyl alcohol to benzaldehyde.
Compared with conventional catalytic systems, the
present catalytic system offers significant improvements
with regard to catalytic efficiency, cost efficiency, and
green aspects avoiding toxic oxidants and solvents. Un-
der optimum conditions, the conversion of benzyl alco-

hol and the selectivity of benzaldehyde were measured

to be as high as 95.6% and 96.4% .
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