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Abstract

Benzylation of anisole with benzyl alcohol was carried out with H3PO4–WO3–Nb2O5-derived catalysts. The catalytic performance
pended significantly on the calcination temperature. The catalyst calcined at 573–723 K exhibited low activity and poor reusability
formation of heteropoly acid (HPA), which is similar to 12-tungstophosphoric acid, was identified by infrared (IR) and X-ray diff
(XRD) measurements. The catalysts calcined above 823 K were in essence inactive in the reaction due to the formation of crysta3
that originated from HPA. In contrast, optimum activity was realized for the catalyst calcined at 773 K, which could be readily reus
filtration. The acid property of H3PO4–WO3–Nb2O5 was measured by means of NH3 TPD and the IR spectra of adsorbed pyridine.
enhancement of weak acid sites was observed for the catalyst calcined at 773 K, accompanied by the simultaneous reduction in
due to HPA. The Brønsted acid sites were dominant in H3PO4–WO3–Nb2O5 calcined at 773 K. The partially decomposed HPA, wh
maintained the same local symmetry around W atoms as HPA, was observed with W-L3 edge EXAFS as well as W-L1 edge XANES. From
these data, the active and insoluble species obtained by the calcination of H3PO4–WO3–Nb2O5 at 773 K was ascribed to the intermedia
species of HPA formed in the decomposition process.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

When using solid acid catalysts in organic synthesis, b
high activity and reusability of the catalyst is desirable
view of the separation of products and the recycling
catalysts. Heteropoly acids (HPAs) are promising mat
als with strong acidity; therefore, they are used as cata
for various types of organic synthesis, including selec
oxidation and acid-catalyzed organic reactions[1–4]. How-
ever, the high solubility of HPA in polar solvents hamp
its application to liquid phase reactions. The difficulty h
been overcome by the inclusion of HPA in the silica ma
[5,6], formation of acidic cesium salt (Cs2.5H0.5PW12O40)
* Corresponding author. Fax: +81-857-31-5684.
E-mail address: okmr@chem.tottori-u.ac.jp(K. Okumura).

0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.06.033
[7,8], and encapsulation of 12-molybdophosphoric acid
12-tungstophosphoric acid (HPW) in the pores of Y-ty
zeolite [9,10]. Another drawback of HPA is its low the
mal stability when applied to a high-temperature react
such as cracking of alkane. In the case of HPW, deactiva
begins at a lower temperature in many catalytic reactions
spite the stability of the Keggin structure up to 823 K[11].

In this paper, we report that partially decomposed H
derived from ternary mixed oxides (H3PO4–WO3–Nb2O5)
exhibited excellent catalytic performance, with facile re
ability as well as high activity in the benzylation of aniso
using benzyl alcohol. This reaction is a type of Fried
Crafts alkylation in which the alkyl group can be read
introduced on an aromatic ring. The Friedel–Crafts reac

using HPA catalysts has attracted considerable attention in
recent years[3,4,12,13]. The reaction scheme used in the
present study is as follows(1):

http://www.elsevier.com/locate/jcat
mailto:okmr@chem.tottori-u.ac.jp
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(1).

In this reaction, a side reaction occurs to form dibenzylet
The catalytic performance was related to the structural c
acterization, and the acid properties were measured
means of X-ray diffraction (XRD), infrared spectrosco
(IR), X-ray absorption near edge structure (XANES),
tended X-ray absorption fine structure (EXAFS), and N3
temperature-programmed desorption (NH3 TPD) methods to
investigate the reason for the significant changes in cata
performance at different calcination temperatures.

2. Experimental

2.1. Catalyst preparation

Niobium oxalate was prepared by dissolving 1.27 g
niobic acid (supplied by CBMM Co.) in an oxalic ac
(Wako Co., 4.77 g) solution (100 ml) on a hot plate at 353
(NH4)10W12O41 ·5H2O (Wako Co., 1.69 g) was dissolved
deionized water (100 ml). The solution of niobium oxala
and (NH4)10W12O41 was mixed, and then 85% phospho
acid (0.22 g) was added. The admixture solution was ev
rated on the hot plate with continuous stirring. The obtai
solid was calcined at 573–773 K for 3 h in air. The s
face area of H3PO4–WO3–Nb2O5 calcined at 773 K was
found to be 58 m2 g−1 by the BET method. The compositio
of the prepared H3PO4–WO3–Nb2O5 was determined by
ICP analysis after digestion with HF solution. As an exp
iment for comparison, montmorillonite-K10 clay modifie
with sulfuric acid was prepared as described previously[14].
Montmorillonite-K10 clay is known to have characterist
of Brønsted acid and a large specific surface area[15]. The
acid treatment makes the surface of the montmorillon
K10 clay acidic[16]. In the preparation, montmorillonite
K10 clay (supplied from Aldrich, Co., 0.25 g) was stirred
50 ml of 30 wt% sulfuric acid for 2 h at 353 K, followed b
filtering, washing, and calcination at 773 K in air.

2.2. Catalytic reaction

A total of 0.1 g of the catalyst was used for the ben
lation of anisole. The pretreatment was carried out in an2
flow at 673 K for 1 h but at 573 K for the H3PO4–WO3–
Nb2O5 catalyst calcined at 573 K during the preparat
(Fig. 3). The reaction was performed using 10 g of anis
and 0.675 g (6.25 mmol) of benzyl alcohol in an oil ba
at 333–353 K under an N2 atmosphere for 3 h. For recy
cling, the catalyst was separated by filtration, followed
washing with anisole. The catalyst was then used rep
edly for further reaction without pretreatment. The produ
were analyzed by gas chromatography (GC) (GC-2010,

madzu) equipped with a capillary column MDN-12 and FID
detector. In the analysis, tridecane was used as an interna
standard.
talysis 234 (2005) 300–307 301

2.3. XRD measurement

The crystalline structure was analyzed by XRD in am
ent conditions using a Rigaku Mini-flex plus X-ray diffra
tometer with CuKα radiation.

2.4. IR measurement

Fourier transform IR measurement (Fig. 4) was carried
out using the Spectrum One spectrometer (Perkin Elm
Before the measurement, the sample was pressed to
pellets after dilution with KBr by a weight factor of 10. I
spectra were recorded in a transmission mode with a res
tion of 4 cm−1.

The IR measurement of adsorbed pyridine was car
out using an in situ quartz cell (Fig. 11). The samples wer
evacuated at 473 K for 1 h and then exposed to pyrid
vapor (2.7 kPa) followed by evacuation at the same t
perature. After the sample was cooled to room temp
ture, the IR spectra were measured with a resolution
4 cm−1.

2.5. W-L1 and W-L3 edge XAFS measurement

W-L1 (12.1 keV) and W-L3 edge (10.2 keV) XAFS
data were collected at the BL01B1 station of the Ja
Synchrotron Radiation Research Institute. A Si(111) s
gle crystal was used to obtain a monochromatic X-
beam. Measurements were done in the quick mode.
ion chambers filled with N2 and N2(50%)/Ar(50%) were
used for I0 and I , respectively. The energy was ca
brated using W foil. The wafer-form samples were p
treated at 673 K (calcined at 673–873 K) or 573 K (c
cined at 573 K) under an N2 flow. After the sample was
cooled to room temperature, it was sealed in a polyethy
bag in a glove box. The data analysis was perform
using the REX2000 Ver.2.0.4 program (Rigaku). Fou
transformation ofk3χ(k) data was performed in thek
range of 20–150 nm−1 for the analysis of the W L3-edge
spectra.

2.6. TPD of ammonia

The acid property of catalysts derived from H3PO4–
WO3–Nb2O5 was measured by means of TPD of ammon
The sample was evacuated at 673 K before measurem
As an exception, the sample calcined at 573 K was also
treated at the same temperature. A total of 13.3 kPa of
monia was equilibrated with the pretreated sample at 37
The TPD data were collected with a temperature ramp
rate of 10 K min−1. A mass spectrometer was used to m
sure the desorbed NH3. In the measurement,m/e = 16 was
l
monitored to analyze the desorbed NH3. This mass number
was used instead ofm/e = 17 to prevent the interference
caused by water.



of Ca

cata-

dur-

ven

ese
ecur
c
er

zed

h-
lyst
as
s

-
c-

t%
re-

pti-
tra-

e
tiv-
%
the
ity

s
r

K.

ction

10

t
l-
in-

e in

es.

the
ion
the

uch

pa-
302 K. Okumura et al. / Journal

Table 1
Data of the reaction between benzyl alcohol and anisole over various
lystsa

Catalyst Benzyl
alcohol
conversion
(%)

Benzyl-
anisole
yield
(%)

Dibenzyl
ether
yield
(%)

Material
balance
(%)

Nb2O5 0 0.2 0.1 102
WO3 1.2 0.3 0.1 99
H3PO4(14 wt%)–Nb2O5 0 3.4 1.5 105
H3PO4(11 wt%)–WO3 0 0.5 0.1 105
WO3–Nb2O5 35 26.8 3.5 99
H3PO4–WO3–Nb2O5 100 93.4 0.3 93
H3PO4–WO3–Nb2O5

b 100 94.0 0.3 94

a Reaction temperature, 353 K. The catalysts were calcined at 773 K
ing the preparation.

b Third run.

3. Results

3.1. Catalytic reaction

Data on the catalytic performance of H3PO4–WO3–
Nb2O5 and several other combinations of oxides are gi
in Table 1. Nb2O5, WO3, H3PO4–WO3, and H3PO4–Nb2O5

were substantially inactive in the reaction at 353 K. Th
catalysts were prepared by evacuating the respective pr
sor solutions ((NH4)10W12O41, niobic oxalate, phosphori
acid), followed by calcination at 773 K in air in a mann
similar to the preparation of H3PO4–WO3–Nb2O5. In con-
trast, 35% of the benzyl alcohol conversion was reali
when using WO3–Nb2O5 (40 wt% Nb2O5). H3PO4–WO3–
Nb2O5 exhibited 100% benzyl alcohol conversion, the hig
est conversion value among these oxides. On this cata
ortho- andpara-substituted benzylanisole were obtained
products with 54% selectivity top-benzylanisole, wherea
meta-benzylanisole was not detected.

Subsequently, the H3PO4–WO3–Nb2O5 catalysts with
different amounts of H3PO4 were prepared, with the com
position of Nb2O5 and WO3 fixed at 40 and 60 wt%, respe
tively. This is because the optimum composition of WO3–
Nb2O5 for the reaction was determined to be 10–40 w
Nb2O5 [17]. The prepared catalysts were subjected to the
action at 333 K, and the composition of the catalyst was o
mized. The highest activity was realized when the concen
tion of H3PO4 reached 8.6 wt% (54.8 wt% WO3, 36.6 wt%
Nb2O5), as shown inFig. 1. Fig. 2 shows the dependenc
of benzylation activity on reaction temperature. The ac
ity of H3PO4–WO3–Nb2O5 appeared at 323 K, and 98
conversion was obtained at 343 K. At this temperature,
benzylanisole yield was 94%, indicating the high selectiv
obtained with H3PO4–WO3–Nb2O5. The conversion value
and yields for H3PO4–WO3–Nb2O5 were 4 times greate

than those for montmorillonite-K10 clay treated with sul-
furic acid, which was reported to be active for this kind of
reaction[18]. The activity of H-beta zeolite (Si/Al2 = 20,
talysis 234 (2005) 300–307

-

,

Fig. 1. (") Conversion of benzyl alcohol, (P) yield of benzylanisole, and
(1) dibenzyl ether plotted as a function of the concentration of H3PO4
present in H3PO4–WO3–Nb2O5. The loading of Nb2O5 with respect to
WO3–Nb2O5 was fixed at 40 wt%. The catalysts were calcined at 773
Reaction temperature, 333 K; reaction time, 3 h.

Fig. 2. Dependence of the conversion of benzyl alcohol on the rea
temperature. (") H3PO4–WO3–Nb2O5 calcined at 773 K, (!) mont-
morillonite-K10 clay treated with sulfuric acid, and (Q) H-beta zeolite
(Si/Al2 = 20).

PQ Co.) was even lower than that of montmorillonite-K
clay, as shown inFig. 2.

Recycling of H3PO4–WO3–Nb2O5 was attempted a
353 K by simply separating the catalyst by filtration fo
lowed by washing with anisole to remove products rema
ing from the first run. Further pretreatment was not don
the repeated reaction. As shown inTable 1, 100% conversion
of benzyl alcohol was maintained after recycling three tim
This implies that the deactivation of H3PO4–WO3–Nb2O5
(calcined at 773 K) did not occur with repeated use of
catalyst. No further reaction occurred in the filtrated solut
in the presence of residual benzyl alcohol, indicating that
catalytic reaction truly occurred over the solid catalyst. S
reusability of H3PO4–WO3–Nb2O5 was confirmed only for
the sample calcined at 773 K, as described later in this

per. As an experiment for comparison, HPW (HPW loading,
60 wt%) was impregnated on Nb2O5 (Wako Co.), followed
by calcination at 773 K in air (denoted by HPW/Nb2O5).
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Fig. 3. Dependence of the (") conversion of benzyl alcohol, (P) yield of
benzylanisole, and (1) yield of dibenzyl ether on the calcination tempe
ature of H3PO4–WO3–Nb2O5. (a) First run and (b) second run. Reacti
temperature, 333 K; reaction time, 3 h.

Although HPW/Nb2O5 exhibited high (42%) benzyl alcoho
conversion in the first run at 333 K, conversion decrea
to 8.9% in the second run, implying that recycling was
possible for the catalyst prepared by impregnation.

Fig. 3a shows the relationship between the catalytic
tivity of H3PO4–WO3–Nb2O5 and the calcination tempera
ture. The reaction was performed at 333 K. The conver
and yield of products increased with an increase in calc
tion temperature, and optimum activity was realized us
the catalyst calcined at 773 K. Further increases in calc
tion temperature (above 823 K) caused activity to dec
rapidly. In agreement with the decline in activity betwe
773 and 823 K, the color of the catalysts changed from w
to green. The catalysts were separated by filtration, then
jected to the second run of the reaction (Fig. 3b). This figure
shows that the activity of the catalysts calcined at 573–67
was considerably reduced in the second run, but the cat
calcined at 773 K maintained almost the same activity in
second run as in the first run. Consequently, the depend
of calcination temperature on the activity peaked shar
These data demonstrate that catalytic activity and reusab
were significantly sensitive to calcination temperature.

3.2. Structural analysis with IR, XRD, and XAFS

The structural change of H3PO4–WO3–Nb2O5 prepared
with varying calcination temperatures was investigated
means of IR spectroscopy, XRD, and XAFS.Fig. 4 shows
the IR spectra of H3PO4–WO3–Nb2O5 diluted with KBr
1:10 before measurements were obtained. Intense peak
peared at 1080, 985, 889, and 820 cm−1 in the catalyst
calcined at 673 K. The spectra closely agreed with the s
trum of authentic tungstophosphoric acid (H3PW12O40).
These peaks were attributed to the stretching vibration
νas(P–O), νas(W=O), νas(W–Oc–W), andνas(W–Oe–W),
respectively[19,20]. Thus, the formation of HPA specie
similar to HPW was inferred from the IR data. The inte
sity of the peaks ascribed to HPA decreased markedly

the benzylation reaction with the catalyst calcined at 673 K.
This finding suggests that the deactivation of the second run
was caused by the dissolution of HPA in the solution, be-
talysis 234 (2005) 300–307 303

-

t

e

-

Fig. 4. IR spectra of H3PO4–WO3–Nb2O5 calcined at different tempera
tures.

Fig. 5. Powder XRD patterns of H3PO4–WO3–Nb2O5 calcined at different
temperatures.

cause the active species of the catalyst calcined at 573–6
was HPA. The intensity of the absorption bands of H
decreased, accompanied by a raise in the calcination tem
ature, and only small peaks remained in the sample calc
at 773 K. These peaks diminished after calcination ab
823 K, at which point the spectra became similar to the sp
trum of WO3. The change in the IR spectrum suggested
HPA was completely decomposed in the temperature ra
773–823 K.

Fig. 5displays the XRD patterns of H3PO4–WO3–Nb2O5
calcined at different temperatures. Intense diffraction pe
appeared in the catalysts calcined at 573 and 673 K.
patterns were similar to the pattern of HPW dehydrate
373 K, but with peak positions shifted slightly to the grea
angle. The molar ratio of W to Nb present in HPA was a
lyzed to investigate the reason for the shift in XRD patter
For this purpose, H3PO4–WO3–Nb2O5 calcined at 673 K

was washed thoroughly with deionized water to dissolve
HPA, and the filtered solution was then analyzed using the
ICP method. The atomic ratio of W to Nb determined by
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Fig. 6. Powder XRD patterns of the H3PO4–WO3–Nb2O5 with different
loading of H3PO4. Calcination was carried out at 773 K.

analyzing the filtrate was 10:1, suggesting that one tu
sten atom present in HPW was substituted by a niob
atom in HPA. It is possible that the partial substitution
W with Nb caused the slight shift in the peaks obtained fr
XRD patterns. With further temperature increases, the in
sity of the diffractions decreased at 723 K and comple
disappeared at 773 K. New diffraction peaks then eme
in the samples calcined at 823 and 873 K that can be
signed to WO3, as indicated from a comparison with that
authentic WO3. The change in the XRD patterns indicat
that the initially formed HPA began to decompose at 72
and that complete transformation occurred between 773
823 K. Thus the temperature at which the transformation
curred closely agreed with that found in the IR spectra. In
XRD patterns, no diffractions due to the crystalline Nb2O5
appeared in the samples, suggesting the presence of a
phous Nb2O5. It seems likely that the amorphous Nb2O5
functioned as a support to disperse HPA and its derivativ

Fig. 6shows the XRD patterns for H3PO4–WO3–Nb2O5
with a different loading of H3PO4, which was calcined a
773 K. In these samples, the loading of Nb2O5 with re-
spect to WO3–Nb2O5 was fixed at 40 wt%. Broad diffractio
peaks ascribed to WO3 appeared for H3PO4–WO3–Nb2O5
with an H3PO4 loading of <6.3 wt%, suggesting that th
total decomposition of HPA took place on the Nb2O5 sup-
port. In contrast, a number of sharp diffractions assig
to the HPA were observed for H3PO4–WO3–Nb2O5 with
an H3PO4 loading of>9.6 wt%, implying that the Keggin
structure of HPA was retained. In contrast, no distinc
diffractions appeared on the sample with an intermed
loading of H3PO4 (7.4 and 8.6 wt%), which exhibited th
highest activity in the reaction, as shown inFig. 1.

Fig. 7shows the W-L1 XANES spectra of H3PO4–WO3–
Nb2O5 calcined at different temperatures, HPW, WO3, and
Na2WO4. In these spectra, a pre-edge peak appeare

12105 eV. This pre-edge peak is due to the electronic tran-
sition from 2s to 5d. It is known that the intensity of the
pre-edge peak is sensitive to the local symmetry around
talysis 234 (2005) 300–307

r-

t

Fig. 7. W-L1 XANES of H3PO4–WO3–Nb2O5 calcined at different tem
peratures, HPW, WO3 and Na2WO4 (dehydrated at 423 K).

the W atoms; in other words, the intensity of the pre-e
peak is the largest in the tetrahedral coordination and
comes smaller in the octahedral environment[21]. The in-
tensity of the peak of the W-L1 XANES spectra of H3PO4–
WO3–Nb2O5 did not change between 573 and 773 K, i
plying that the local symmetry around W was retained
to 773 K. However, the intensity of the pre-edge peak
creased above 823 K, and the shape became similar to
of WO3, which had distorted octahedral units. But the sp
tra of H3PO4–WO3–Nb2O5 were completely different from
that of Na2WO4, which has a tetrahedral symmetry.

Fig. 8shows the W-L3 EXAFS k3χ(k) and their Fourier
transforms of H3PO4–WO3–Nb2O5 calcined at differen
temperatures, HPW and WO3. In thek3χ(k) spectra, rapid
oscillations due to the W–O–W bonds of the Keggin str
ture appeared at 70–150 nm−1 in the spectra calcined a
573–723 K, which was clearly seen in the spectrum
HPW [22]. The oscillations weakened notably at 773
and finally disappeared at 823 K, where the spectrum
close to that of WO3. In the Fourier transforms of th
spectra for the H3PO4–WO3–Nb2O5 calcined at 573 and
673 K, split peaks due to W–O and W=O bonds appeared a
0.1–0.18 nm. In contrast, W–O–W bonds due to the Keg
structure appeared at 0.3–0.4 nm (phase shift uncorrec
The intensity of the W–O–W peak decreased at 773 K
disappeared at 823 K, as was seen previously from
Fourier transforms. The change ink3χ(k) as well as in the
Fourier transforms of the W-L3 edge spectra suggested th
partial decomposition of the Keggin structure occurred
773 K and decomposition was completed at 823 K. The
servation was in agreement with the XRD and IR data gi
earlier.
The IR, XRD, and XAFS data confirmed that at the opti-
mum calcination temperature (773 K) and loading of H3PO4
(8.6 wt%), the active species for the catalytic reaction corre-
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transform range, 20–150 nm−1.

Fig. 9. NH3 TPD of H3PO4–WO3–Nb2O5 calcined at different tempera
tures.

sponded to the intermediate compound formed during
decomposition of HPA to yield crystalline WO3. Although
the HPA generated at 573–673 K itself exhibited low activ
and severe solubility, the catalyst calcined at 773 K had s
rior characteristics, with high activity and facile reusabilit

3.3. Acid properties

The acid properties of H3PO4–WO3–Nb2O5 were exam-
ined by the NH3 TPD method and IR spectra of adsorb
pyridine. Fig. 9 shows the NH3 TPD of H3PO4–WO3–
Nb2O5 calcined at different temperatures. In the spec
of H3PO4–WO3–Nb2O5 calcined at 573–723 K, desorptio
peaks appeared at 475 and 750 K, in addition to the s
peaks at 860 K. It is possible that the peak at 750 K co
be ascribed to the desorption from HPA accompanied
the decomposition of HPA, because the temperature ag

with that of the decomposition of HPW. Desorption from
HPA decreased when the calcination temperature increase
up to 773 K and diminished completely for the sample cal-
O3–Nb2O5 calcined at different temperatures, HPW and WO3. Fourier

cined above 823 K. In contrast, the broad peak at 475 K
be attributed to desorption from the acid sites generate
the Nb2O5 support and the partially decomposed HPA,
described later in this paper. The intensity of the weak
sorption peak increased up to 773 K, followed by a mar
decrease above 823 K. The sharp peak that emerged at 8
was considered to have possibly originated from the fr
ment of CO2, not from NH3. This is because such desorpti
was not observed in the spectra ofm/e = 17, whereas the
desorption of CO2 was detected at the same temperat
(860 K). Therefore, the desorption at 860 K was neglec
in further calculations of the desorbed amount of NH3.

Fig. 10shows the amount and concentration of acid s
present in H3PO4–WO3–Nb2O5. In the calculation, the NH3
TPD spectra were deconvoluted into desorptions from w
(475 K) and strong (750 K) acid sites. The concentration
the acid sites was determined on the basis of the NH3 TPD
and BET surface area. The surface area of H3PO4–WO3–
Nb2O5 decreased in the order of calcination temperat
that is, 573 K (105 m2 g−1) > 673 K (96 m2 g−1) > 723 K
(77 m2 g−1) > 773 K (58 m2 g−1) > 823 K (36 m2 g−1) >

873 K (25 m2 g−1). The acid concentration of strong ac
sites decreased from 573 to 773 K and diminished at 82
It is possible that the decomposition of HPA was respo
ble for the reduction in the strong acidity, because the sig
due to HPA reduced at the same temperature region in
IR and XRD methods. However, the concentration of w
acid sites increased up to 773 K. This change correspo
with the decrease in the acid concentration of HPA obse
in the same temperature range. The simultaneous chan
acid concentration suggests that the partially decomp
HPA was transformed into the weak acid sites. Raising
temperature above 823 K caused a rapid reduction in
d
concentration of acidity. This change coincided with the total
decomposition of HPA to form crystalline WO3, as indicated
by XRD patterns.
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(a)

(b)

Fig. 10. Dependence of the (a) acid amount and (b) acid concentrati
H3PO4–WO3–Nb2O5 on the calcination temperature determined based
the NH3 TPD. (") Total acid amount, (Q) weak acid, and (P) strong acid
(HPA).

Fig. 11. IR spectra of the adsorbed pyridine over H3PO4–WO3–Nb2O5
calcined at different temperatures.

Fig. 11 shows the IR spectra of adsorbed pyridine o
H3PO4–WO3–Nb2O5 calcined at different temperature

Pyridine adsorbed on the Brønsted and Lewis acid sites ap
peared at 1538 and 1448 cm−1, respectively. The broad band
observed at 1417 cm−1 on the calcined samples at 673 and
talysis 234 (2005) 300–307

723 K may be assigned to the water of crystallization pre
in HPA, taking into consideration that crystalline HPA w
found at the corresponding temperature range in the X
patterns (Fig. 5). As Fig. 11 shows, the intensity of pyri
dine adsorbed on the Brønsted acid sites was significa
greater than that absorbed on the Lewis acid sites whe
sample was calcined at 673–773 K, whereas the intensi
the Brønsted acidity decreased significantly on the sam
calcined above 823 K, due to the formation of WO3.

4. Discussion

Comparison of the catalytic activity using Nb2O5, WO3,
H3PO4–WO3, and H3PO4–Nb2O5 revealed that the comb
nation of H3PO4–WO3–Nb2O5 exhibited high activity in the
benzylation of anisole. The activity of H3PO4–WO3–Nb2O5
was superior to that of montmorillonite-K10 clay treat
with sulfuric acid or H-beta zeolite. In addition, H3PO4–
WO3–Nb2O5 exhibited the excellent characteristic of bei
recyclable simply by filtration followed by washing of th
catalyst. However, the catalytic performance and reusab
of H3PO4–WO3–Nb2O5 was quite sensitive to the calc
nation temperature in the preparation step. In other wo
although the H3PO4–WO3–Nb2O5 calcined at 773 K ex
hibited high activity and reusability during the reaction,
catalysts calcined at 573–723 K showed lower activity
poor reusability, due to the dissolution of HPA. In contra
the H3PO4–WO3–Nb2O5 calcined above 823 K exhibite
limited activity because of the total decomposition of HP
Hence this can be interpreted as indicating that the temp
ture of 773 K was an important factor in generating the ac
and insoluble species.

The disintegration of HPW was reported to have p
gressed through the dehydration of constitutional or st
tural water at 333–623 K, followed by total decomposit
to form WO3 and P2O5 at 823 K [23]. The IR and XRD
measurements revealed that the active species genera
the H3PO4–WO3–Nb2O5 calcined at 773 K corresponde
to the intermediate phase of HPA to finally produce W3
and P2O5 (not detected), because the temperature of 77
was slightly lower than that at which HPA decomposed co
pletely (823 K). In agreement with this finding, the gene
tion of weak acid sites was observed in the sample calc
at 773 K, as indicated by NH3 TPD. The dependence of th
acid concentration and the activity on calcination tempe
ture were very similar (Figs. 3 and 10). Therefore, the nove
acid sites present in the intermediate species that wer
soluble in the solvent could be attributed to the active s
for the reaction. Here the “novel acid sites” represent
relatively weak acidity generated accompanied by a ris
the calcination temperature of H3PO4–WO3–Nb2O5 with a
maximum at 773 K, as shown inFig. 10 (Q) (the desorp-

-tion of NH3 with the maximum at 473 K). Brønsted acid
sites dominated the intermediate species generated at 773 K
as characterized by the IR spectra of adsorbed pyridine. It
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is possible that the weak Brønsted acidity acted as an a
site for the formation of benzyl cation from benzyl alcoh
in the course of Friedel–Crafts alkylation, resulting in hi
activity. Although it has been recognized that the deco
position of HPA gave rise to the decrease in acid conc
tration, the data from NH3 TPD (Figs. 9 and 10) indicated
the formation of a novel acid site in the course of HPA
composition. It has been reported that the Keggin of H
transforms to yield a unique type of oxide above 673 K[24].
Mestl et al.[25] proposed that the defective Keggin stru
ture is formed in the initial disintegration of H4PVMo11O40
(Keggin structure), and that the defective structure then
integrates to Mo3O13 triads (fragment of HPA) before th
formation of crystalline MoO3. The thermal decompositio
of HPW has been proposed to occur through the forma
of HPW12O39 due to dehydration, followed by the formatio
of WO3, POx , and H2O [26]. In light of the previous reports
it is most likely that the defective Keggin structure or fra
ment of HPA generated at 773 K on the surface of the Nb2O5
support is due to the active and insoluble species, altho
the precise decomposition resulting in WO3, POx , and H2O
remains unclear. In agreement with this hypothesis, the
tially decomposed HPA was observed in the EXAFS W3
edge spectra, as shown inFig. 8. In a manner similar to the
present study, in an investigation of WO3/SiO2 for the se-
lective oxidation of cyclopentene to glutaraldehyde, Xia
al. [27] proposed that the partially decomposed Keggin-t
structure was involved in the reaction. Further investiga
is needed to reveal the structure of the intermediate spe
generated at 773 K.

5. Conclusions

H3PO4–WO3–Nb2O5-derived catalyst prepared with th
evacuation of the mixed solution of phosphoric acid, nio
oxalate, and (NH4)10W12O41 exhibited excellent activity in
the reaction between benzyl alcohol and anisole. The
alytic performance and reusability of H3PO4–WO3–Nb2O5
were sensitive to the calcination temperature to a cons
able extent, and a temperature of 773 K was found to
the optimum condition. In other words, the catalyst calcin
at 773 K exhibited the highest activity and could be reu
merely by filtration after the reaction. In the sample calcin
at 773 K, formation of the intermediate species in the cou
of HPA decomposition was detected through IR and X
measurements. On the basis of the W-L3 EXAFS and W-L1
XANES analysis, the intermediate species was ascribe
the partially decomposed HPA, although it retained the s
local symmetry of W atoms as HPA. The change in the a
properties could be detected through the NH3 TPD spec-
tra. Accompanied by HPA decomposition, the acidity d
to HPA decreased and almost diminished at 773 K. Al
natively, relatively weak acid sites (from the desorption
NH3, with a maximum at 473 K) developed. The Brøns

acidity was dominant for the catalyst calcined at 773 K, as
characterized by the IR spectra of adsorbed pyridine. The
talysis 234 (2005) 300–307 307

relatively weak acidity was considered to indicate the p
ence of the novel acid site in the fragment of HPA, consid
ing that concentration peaked at a pretreatment temper
of 773 K. This temperature closely agreed with that for
optimum condition for catalysis. Therefore, the novel a
sites with Brønsted acid characteristics were ascribed to
active sites for the benzylation of anisole. It is possible t
the Brønsted acidity functioned as the catalyst for the
mation of benzyl cation (C6H5CH2

+), which attacked the
anisole ring in course of the Friedel–Crafts alkylation.
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