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Abstract

Benzylation of anisole with benzyl alcohol was carried out witsPi@,—WO3—NbyOs-derived catalysts. The catalytic performance de-
pended significantly on the calcination temperature. The catalyst calcined at 573—-723 K exhibited low activity and poor reusability, and the
formation of heteropoly acid (HPA), which is similar to 12-tungstophosphoric acid, was identified by infrared (IR) and X-ray diffraction
(XRD) measurements. The catalysts calcined above 823 K were in essence inactive in the reaction due to the formation of crystalline WO
that originated from HPA. In contrast, optimum activity was realized for the catalyst calcined at 773 K, which could be readily reused after
filtration. The acid property of BPO;—WO3-Nby,Og was measured by means of NAIPD and the IR spectra of adsorbed pyridine. An
enhancement of weak acid sites was observed for the catalyst calcined at 773 K, accompanied by the simultaneous reduction in the acidi
due to HPA. The Brgnsted acid sites were dominant #P&;—WO3—NbyOs calcined at 773 K. The partially decomposed HPA, which
maintained the same local symmetry around W atoms as HPA, was observed wiletigé EXAFS as well as W1Ledge XANES. From
these data, the active and insoluble species obtained by the calcinatigfP@-HNVO3—Nby,O5 at 773 K was ascribed to the intermediate
species of HPA formed in the decomposition process.
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1. Introduction [7,8], and encapsulation of 12-molybdophosphoric acid or
12-tungstophosphoric acid (HPW) in the pores of Y-type
zeolite [9,10]. Another drawback of HPA is its low ther-

mal stability when applied to a high-temperature reaction,
such as cracking of alkane. In the case of HPW, deactivation

view of the separation of products and the recycling of yo4ing at a lower temperature in many catalytic reactions de-
catalysts. Heteropoly acids (HPAs) are promising materi- spite the stability of the Keggin structure up to 8231K].

als with strong acidity; therefore, they are used as catalysts In this paper, we report that partially decomposed HPA
for various types of organic synthesis, including selective derived from ternary mixed oxides §RO;—WOs—Nb,Os)

oxidation and acid-catalyzed organic reactighs]. How- exhibited excellent catalytic performance, with facile reus-
ever, the high solubility of HPA in polar solvents hampers ;v as well as high activity in the benzylation of anisole
its application to liquid phase reactions. The difficulty has using benzyl alcohol. This reaction is a type of Friedel—
been overcome by the inclusion of HPA in the silica matrix - ,so alkylation in which the alkyl group can be readily

[5,6], formation of acidic cesium salt (€gHo.sPW12040) introduced on an aromatic ring. The Friedel-Crafts reaction
using HPA catalysts has attracted considerable attention in
* Corresponding author. Fax: +81-857-31-5684. recent yearg3,4,12,13] The reaction scheme used in the
E-mail address: okmr@chem.tottori-u.ac.jfK. Okumura). present study is as follow):

When using solid acid catalysts in organic synthesis, both
high activity and reusability of the catalyst is desirable in
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In this reaction, a side reaction occurs to form dibenzylether.

The catalytic performance was related to the structural char-

301

2.3. XRD measurement

The crystalline structure was analyzed by XRD in ambi-
ent conditions using a Rigaku Mini-flex plus X-ray diffrac-

acterization, and the acid properties were measured bytometer with Culg radiation.

means of X-ray diffraction (XRD), infrared spectroscopy
(IR), X-ray absorption near edge structure (XANES), ex-
tended X-ray absorption fine structure (EXAFS), andsNH
temperature-programmed desorption NHPD) methods to

2.4, IR measurement

Fourier transform IR measuremeriig. 4 was carried

investigate the reason for the significant changes in catalyticout using the Spectrum One spectrometer (Perkin Elmer).

performance at different calcination temperatures.

2. Experimental
2.1. Catalyst preparation

Niobium oxalate was prepared by dissolving 1.27 g of
niobic acid (supplied by CBMM Co.) in an oxalic acid
(Wako Co., 4.77 g) solution (100 ml) on a hot plate at 353 K.
(N H4)10W12041- 5H,0 (Wako Co., 1.69 g) was dissolved in
deionized water (100 ml). The solution of niobium oxalate
and (NHj)10W12041 was mixed, and then 85% phosphoric

acid (0.22 g) was added. The admixture solution was evapo-

rated on the hot plate with continuous stirring. The obtained
solid was calcined at 573-773 K for 3 h in air. The sur-
face area of HPOs—WO3—NbyOs calcined at 773 K was
found to be 58 rAg~! by the BET method. The composition
of the prepared EPO;—WO3—Nb,Os was determined by
ICP analysis after digestion with HF solution. As an exper-
iment for comparison, montmorillonite-K10 clay modified
with sulfuric acid was prepared as described previo[isty.
Montmorillonite-K10 clay is known to have characteristics
of Brgnsted acid and a large specific surface §t&h The
acid treatment makes the surface of the montmorillonite-
K10 clay acidic[16]. In the preparation, montmorillonite-
K10 clay (supplied from Aldrich, Co., 0.25 g) was stirred in
50 ml of 30 wt% sulfuric acid for 2 h at 353 K, followed by
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 benzy-
lation of anisole. The pretreatment was carried out in an N
flow at 673 K for 1 h but at 573 K for the #PO—WO3—
NboOs catalyst calcined at 573 K during the preparation
(Fig. 3). The reaction was performed using 10 g of anisole
and 0.675 g (6.25 mmol) of benzyl alcohol in an oil bath
at 333-353 K under an Natmosphere for 3 h. For recy-
cling, the catalyst was separated by filtration, followed by

washing with anisole. The catalyst was then used repeat-

edly for further reaction without pretreatment. The products

were analyzed by gas chromatography (GC) (GC-2010, Shi-

madzu) equipped with a capillary column MDN-12 and FID

Before the measurement, the sample was pressed to form
pellets after dilution with KBr by a weight factor of 10. IR
spectra were recorded in a transmission mode with a resolu-
tion of 4 cnm L,

The IR measurement of adsorbed pyridine was carried
out using an in situ quartz celF{g. 11). The samples were
evacuated at 473 K for 1 h and then exposed to pyridine
vapor (2.7 kPa) followed by evacuation at the same tem-
perature. After the sample was cooled to room tempera-
ture, the IR spectra were measured with a resolution of
4cnml,

2.5. W-L; and W-L3 edge XAFS measurement

W-L1 (12.1 keV) and W-k edge (10.2 keV) XAFS
data were collected at the BLO1B1 station of the Japan
Synchrotron Radiation Research Institute. A Si(111) sin-
gle crystal was used to obtain a monochromatic X-ray
beam. Measurements were done in the quick mode. The
ion chambers filled with Bl and N>(50%)/Ar(50%) were
used for Ip and I, respectively. The energy was cali-
brated using W foil. The wafer-form samples were pre-
treated at 673 K (calcined at 673-873 K) or 573 K (cal-
cined at 573 K) under an Nflow. After the sample was
cooled to room temperature, it was sealed in a polyethylene
bag in a glove box. The data analysis was performed
using the REX2000 Ver.2.0.4 program (Rigaku). Fourier
transformation ofk3x (k) data was performed in thé
range of 20-150 nm' for the analysis of the W 4-edge
spectra.

2.6. TPD of ammonia

The acid property of catalysts derived fromgPOy—
WO3-Nbp,O5 was measured by means of TPD of ammonia.
The sample was evacuated at 673 K before measurement.
As an exception, the sample calcined at 573 K was also pre-
treated at the same temperature. A total of 13.3 kPa of am-
monia was equilibrated with the pretreated sample at 373 K.
The TPD data were collected with a temperature ramping
rate of 10 Kmirm®. A mass spectrometer was used to mea-
sure the desorbed NHIn the measurement; /e = 16 was
monitored to analyze the desorbed NHAhis mass number

detector. In the analysis, tridecane was used as an internalvas used instead ofi/e = 17 to prevent the interference

standard.

caused by water.
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Table 1
Data of the reaction between benzyl alcohol and anisole over various cata- 30 _
lysts?
Catalyst Benzyl Benzyl- Dibenzyl Material R
alcohol anisole ether balance =
conversion yield yield (%) ° 20- .
(%) %) (%) ~
Nb,Os 0 02 01 102 2
WO3 12 0.3 0.1 99 Q
H3PO,(14 Wt%)-NBOs 0 34 15 105 g 10- .
HaPOy(11 Wt%)-WG 0 05 01 105 O
WO3-Nb,O5 35 268 35 99
H3PO;~WO3-Nbp,Os 100 934 03 93
H3PO4~WO3-Nb,Os® 100 940 03 94 B S ¥ e—T
a Reaction temperature, 353 K. The catalysts were calcined at 773 K dur- H3PO, Loading / wt%

ing the preparation.

b Third run. Fig. 1. (@) Conversion of benzyl alcohol/) yield of benzylanisole, and
(O) dibenzyl ether plotted as a function of the concentration gP€y
present in HPO;—WO3—-NbyOs. The loading of NbOsg with respect to

3. Results WO3-NbyO5 was fixed at 40 wt%. The catalysts were calcined at 773 K.

Reaction temperature, 333 K; reaction time, 3 h.

3.1. Catalytic reaction 100——
N
Data on the catalytic performance of3PO—WO3— g 80
Nb>Os and several other combinations of oxides are given 2
in Table 1 Nb205, WO3, H3PO,—WGQO;, and H;PO4—Nb205 % 60—
were substantially inactive in the reaction at 353 K. These ©
catalysts were prepared by evacuating the respective precur- fg 40
sor solutions ((NH)10W12041, niobic oxalate, phosphoric <
acid), followed by calcination at 773 K in air in a manner —5 20k
similar to the preparation of $#PO;—WO3—NbOs. In con- 2
trast, 35% of the benzyl alcohol conversion was realized

320> 330 340 350 360

Reaction Temperature / K

when using W@-NbOs (40 wt% NbOs). H3PO—WO3—
Nb2Os exhibited 100% benzyl alcohol conversion, the high-
est conversion Value. among these QXIdeS. On this .CatalySt'Fig. 2. Dependence of the conversion of benzyl alcohol on the reaction
ortho- andpara-substituted benzylanisole were obtained as temperature. ) H3PO~WO3-Nb,Os calcined at 773 K, @) mont-
products with 54% selectivity t@-benzylanisole, whereas  morillonite-K10 clay treated with sulfuric acid, and) H-beta zeolite
meta-benzylanisole was not detected. (Si/Al2 = 20).

Subsequently, the #PO—WO3—NbpOs5 catalysts with

different amounts of EPOy were prepared, with the com-
position of NBOs and WG fixed at 40 and 60 wt%, respec-
tively. This is because the optimum composition of WO

PQ Co.) was even lower than that of montmorillonite-K10
clay, as shown irfrig. 2
Recycling of BPO—WO3—Nb,O5 was attempted at

NbOs for the reaction was determined to be 10-40 wt% 353 K by simply separating the catalyst by filtration fol-
Nb2Os [17]. The prepared catalysts were subjected to the re- lowed by washing with anisole to remove products remain-
action at 333 K, and the composition of the catalyst was opti- ing from the first run. Further pretreatment was not done in
mized. The highest activity was realized when the concentra-the repeated reaction. As showrTiable 1, 100% conversion
tion of H3PO, reached 8.6 wt% (54.8 wt% WH36.6 wt% of benzyl alcohol was maintained after recycling three times.
Nb2Os), as shown inFig. 1 Fig. 2 shows the dependence This implies that the deactivation ofsRO;—WO3—Nb,Os

of benzylation activity on reaction temperature. The activ- (calcined at 773 K) did not occur with repeated use of the
ity of H3POs—WOs—NbOs appeared at 323 K, and 98% catalyst. No further reaction occurred in the filtrated solution
conversion was obtained at 343 K. At this temperature, the in the presence of residual benzyl alcohol, indicating that the
benzylanisole yield was 94%, indicating the high selectivity catalytic reaction truly occurred over the solid catalyst. Such
obtained with HPO,—WO3—Nb,Os. The conversion values  reusability of BPO;—WO3—N©,Os was confirmed only for
and yields for HPO,—WO3—Nb,O5 were 4 times greater  the sample calcined at 773 K, as described later in this pa-
than those for montmorillonite-K10 clay treated with sul- per. As an experiment for comparison, HPW (HPW loading,
furic acid, which was reported to be active for this kind of 60 wt%) was impregnated on NOs (Wako Co.), followed
reaction[18]. The activity of H-beta zeolite ($Al> = 20, by calcination at 773 K in air (denoted by HPW/Mbx).
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Although HPW/NBOs exhibited high (42%) benzyl alcohol
conversion in the first run at 333 K, conversion decreased Fig- 4- IR spectra of §PO;~WO5-NbyO5 calcined at different tempera-
to 8.9% in the second run, implying that recycling was not tures.
possible for the catalyst prepared by impregnation.

Fig. 3a shows the relationship between the catalytic ac- I“{NOO
tivity of H3PO3—WO3—Nb,Os and the calcination tempera- Mo WO,
ture. The reaction was performed at 333 K. The conversion __JLA_J\__A__.W__M K
and yield of products increased with an increase in calcina- e 823K
tion temperature, and optimum activity was realized using N
the catalyst calcined at 773 K. Further increases in calcina- — -
tion temperature (above 823 K) caused activity to decline ‘ N L
rapidly. In agreement with the decline in activity between e 673K
773 and 823 K, the color of the catalysts changed from white ‘
to green. The catalysts were separated by filtration, then sub- bttt

7713 K
723 K

573K

jected to the second run of the reactiéiny 3b). This figure j o 1] o L HPW..0
shows that the activity of the catalysts calcined at 573-673 K 0 40 60 80 T
was considerably reduced in the second run, but the catalyst 2 0 /degrees

calcined at 773 K maintained almost the same activity in the

second run as in the first run. Consequently, the dependencéig. 5. Powder XRD patterns of3fO;-WO3-Nb,Os calcined at different
of calcination temperature on the activity peaked sharply. temperatures.

These data demonstrate that catalytic activity and reusability

were significantly sensitive to calcination temperature. cause the active species of the catalyst calcined at 573-673 K
was HPA. The intensity of the absorption bands of HPA
3.2. Sructural analysiswith IR, XRD, and XAFS decreased, accompanied by a raise in the calcination temper-

ature, and only small peaks remained in the sample calcined

The structural change of d#Oy—WO3—Nb,O5 prepared at 773 K. These peaks diminished after calcination above

with varying calcination temperatures was investigated by 823 K, at which point the spectra became similar to the spec-

means of IR spectroscopy, XRD, and XARSg. 4 shows trum of WGs. The change in the IR spectrum suggested that

the IR spectra of BPO;—WO3—NbO5 diluted with KBr HPA was completely decomposed in the temperature range
1:10 before measurements were obtained. Intense peaks apf73—-823 K.

peared at 1080, 985, 889, and 820 ¢nin the catalyst Fig. 5displays the XRD patterns of?O;—WO3—Nb,O5
calcined at 673 K. The spectra closely agreed with the spec-calcined at different temperatures. Intense diffraction peaks
trum of authentic tungstophosphoric acid 3fW;2040). appeared in the catalysts calcined at 573 and 673 K. The

These peaks were attributed to the stretching vibrations of patterns were similar to the pattern of HPW dehydrated at
Vag(P—0), vagdW=0), vadW-0O—W), and v W—Oc—W), 373 K, but with peak positions shifted slightly to the greater
respectively[19,20] Thus, the formation of HPA species angle. The molar ratio of W to Nb present in HPA was ana-
similar to HPW was inferred from the IR data. The inten- lyzed to investigate the reason for the shift in XRD patterns.
sity of the peaks ascribed to HPA decreased markedly afterFor this purpose, EPOs—WO3—Nb,Os calcined at 673 K
the benzylation reaction with the catalyst calcined at 673 K. was washed thoroughly with deionized water to dissolve
This finding suggests that the deactivation of the second runHPA, and the filtered solution was then analyzed using the
was caused by the dissolution of HPA in the solution, be- ICP method. The atomic ratio of W to Nb determined by
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analyzing the filtrate was 10:1, suggesting that one tung- iy 7 .., XANES of HyPO,—WOs-NbyOs calcined at different tem-
sten atom present in HPW was substituted by a niobium peratures, HPW, Wand NaWo, (dehydrated at 423 K).
atom in HPA. It is possible that the partial substitution of

W with Nb caused the slight shift in the peaks obtained from he \w atoms; in other words, the intensity of the pre-edge
XRD patterns. With further temperature increases, the inten- neay s the largest in the tetrahedral coordination and be-
sity of the diffractions decreased at 723 K and completely comes smaller in the octahedral environmigt]. The in-
disappeared at 773 K. New diffraction peaks then emergediensity of the peak of the WILXANES spectra of HPOs—
in the samples calcined at 823 and 873 K that can be as-\yyo, Nh,05 did not change between 573 and 773 K, im-
signed to W@, as indicated from a comparison with that of ying that the local symmetry around W was retained up
authentic WQ@. The change in the XRD patterns indicates 4 773 K. However, the intensity of the pre-edge peak de-
that the initially formed HPA began to decompose at 723 K ¢reased above 823 K, and the shape became similar to that
and that complete transformation occurred between 773 andyf \WO5, which had distorted octahedral units. But the spec-
823 K. Thus the temperature at which the transformation oc- trg of H;P0,—WO3-Nb,O5 were completely different from
curred closely agreed with that found in the IR spectra. Inthe that of NgWO,, which has a tetrahedral symmetry.
XRD patterns, no diffractions due to the crystalline g Fig. 8 shows the W- EXAFS k3 (k) and their Fourier
appeared in the samples, suggesting the presence of amofiransforms of HPQ,~WO3-Nb,Os calcined at different
phous NBOs. It seems likely that the amorphous temperatures, HPW and WOIn the k3x (k) spectra, rapid
functioned as a support to disperse HPA and its derivatives. oscillations due to the W—O-W bonds of the Keggin struc-
Fig. 6shows the XRD patterns forgPOs—WO3-NbO5 ture appeared at 70-150 ntin the spectra calcined at
with a different loading of HPO4, which was calcined at  573-723 K, which was clearly seen in the spectrum of
773 K. In these samples, the loading of X3 with re- HPW [22]. The oscillations weakened notably at 773 K
spect to WQ@-Nb,Os was fixed at 40 wt%. Broad diffraction  and finally disappeared at 823 K, where the spectrum was
peaks ascribed to W{appeared for gPOs—WO3—Nb;Os close to that of W@. In the Fourier transforms of the
with an HsPOy loading of <6.3 wt%, suggesting that the  spectra for the BPO;—WO3-Nb,Os calcined at 573 and
total decomposition of HPA took place on the Xy sup- 673 K, split peaks due to W—O andD bonds appeared at
port. In contrast, a number of sharp diffractions assigned 0.1-0.18 nm. In contrast, W—O-W bonds due to the Keggin
to the HPA were observed for J#0;—WO3-NbOs with structure appeared at 0.3—-0.4 nm (phase shift uncorrected).
an HsPQy loading of >9.6 wt%, implying that the Keggin  The intensity of the W—O-W peak decreased at 773 K and
structure of HPA was retained. In contrast, no distinctive disappeared at 823 K, as was seen previously from the
diffractions appeared on the sample with an intermediate Fourier transforms. The change iy (k) as well as in the
loading of POy (7.4 and 8.6 wt%), which exhibited the  Fourier transforms of the W4_edge spectra suggested that
highest activity in the reaction, as showrFig. 1 partial decomposition of the Keggin structure occurred at
Fig. 7shows the W-k. XANES spectra of HPOs—WO3— 773 K and decomposition was completed at 823 K. The ob-
Nb2Os calcined at different temperatures, HPW, é/@nd servation was in agreement with the XRD and IR data given
NapWO;4. In these spectra, a pre-edge peak appeared atearlier.
12105 eV. This pre-edge peak is due to the electronic tran- The IR, XRD, and XAFS data confirmed that at the opti-
sition from 2s to 5d. It is known that the intensity of the mum calcination temperature (773 K) and loading gPidy
pre-edge peak is sensitive to the local symmetry around (8.6 wt%), the active species for the catalytic reaction corre-
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Fig. 8. W-Lg EXAFS (a)k3x (k) and (b) their Fourier transforms ofgRO;—WO3—Nb,Os calcined at different temperatures, HPW and Y®ourier
transform range, 20-150 nm.

004 — 87K cined above 823 K. In contrast, the broad peak at 475 K may
be attributed to desorption from the acid sites generated on
T 8K the NIpOs support and the partially decomposed HPA, as

-3

E N described later in this paper. The intensity of the weak de-
g LERS sorption peak increased up to 773 K, followed by a marked
S 0.01-/\/L decrease above 823 K. The sharp peak that emerged at 860 K
2 723K . . o

3 was considered to have possibly originated from the frag-
%ﬁ 673 K ment of CQ, not from NH;. This is because such desorption

was not observed in the spectramfe = 17, whereas the
573K desorption of C@ was detected at the same temperature
0-= . l (860 K). Therefore, the desorption at 860 K was neglected
400 600 800 1000 ; .
Temperature / K in further calculations of the desorbed amount ofg\NH
Fig. 10shows the amount and concentration of acid sites
Fig. 9. NH; TPD of H3PO;~WO3-NbyOs calcined at different tempera-  present in HPO,—WO3—Nh,Os. In the calculation, the N§i
tures. TPD spectra were deconvoluted into desorptions from weak
(475 K) and strong (750 K) acid sites. The concentration of
sponded to the intermediate compound formed during the the acid sites was determined on the basis of thg NPD
decomposition of HPA to yield crystalline WOAIthough and BET surface area. The surface area eP®&—WO3—
the HPA generated at 573—673 K itself exhibited low activity Nb>Os decreased in the order of calcination temperature,
and severe solubility, the catalyst calcined at 773 K had supe-that is, 573 K (105 rAig~1) > 673 K (96 nfg1) > 723 K
rior characteristics, with high activity and facile reusability. (77 m?g=1) > 773 K (58 nfg~1) > 823 K (36 nfg~ 1) >
873 K (25 nfg~1). The acid concentration of strong acid
3.3. Acid properties sites decreased from 573 to 773 K and diminished at 823 K.
It is possible that the decomposition of HPA was responsi-
The acid properties of #PO;—WO3—Nb,Os were exam-  ble for the reduction in the strong acidity, because the signal
ined by the NH TPD method and IR spectra of adsorbed due to HPA reduced at the same temperature region in the
pyridine. Fig. 9 shows the NH TPD of H3PO;—WOs— IR and XRD methods. However, the concentration of weak
Nb,Os calcined at different temperatures. In the spectra acid sites increased up to 773 K. This change corresponded
of H3POy—WO3-Nb,Os5 calcined at 573723 K, desorption  with the decrease in the acid concentration of HPA observed
peaks appeared at 475 and 750 K, in addition to the sharpin the same temperature range. The simultaneous change in
peaks at 860 K. It is possible that the peak at 750 K could acid concentration suggests that the partially decomposed
be ascribed to the desorption from HPA accompanied by HPA was transformed into the weak acid sites. Raising the
the decomposition of HPA, because the temperature agreedemperature above 823 K caused a rapid reduction in the
with that of the decomposition of HPW. Desorption from concentration of acidity. This change coincided with the total
HPA decreased when the calcination temperature increasedlecomposition of HPA to form crystalline WiQas indicated
up to 773 K and diminished completely for the sample cal- by XRD patterns.
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723 K may be assigned to the water of crystallization present
in HPA, taking into consideration that crystalline HPA was
found at the corresponding temperature range in the XRD
patterns Fig. 5. As Fig. 11 shows, the intensity of pyri-
dine adsorbed on the Brgnsted acid sites was significantly
greater than that absorbed on the Lewis acid sites when the
sample was calcined at 673—773 K, whereas the intensity of
the Brgnsted acidity decreased significantly on the samples
calcined above 823 K, due to the formation of WO

4, Discussion

Comparison of the catalytic activity using b5, WQOs,
H3PO;—WO3, and BPOs—NIpOs revealed that the combi-
nation of BPO;—WO3—Nb,Os exhibited high activity in the
benzylation of anisole. The activity ofd#O;—WO3—Nb,Os
was superior to that of montmorillonite-K10 clay treated
with sulfuric acid or H-beta zeolite. In addition,sAOs—
WO3—Nb,O5 exhibited the excellent characteristic of being
recyclable simply by filtration followed by washing of the
catalyst. However, the catalytic performance and reusability
of HaPO—WO3—-NIpOs was quite sensitive to the calci-
nation temperature in the preparation step. In other words,
although the HPO;—WOs—Nb,Os calcined at 773 K ex-
hibited high activity and reusability during the reaction, the
catalysts calcined at 573-723 K showed lower activity and
poor reusability, due to the dissolution of HPA. In contrast,
the HiBPO,—WO3—Nb,O5 calcined above 823 K exhibited
limited activity because of the total decomposition of HPA.
Hence this can be interpreted as indicating that the tempera-

Fig. 10. Dependence of the (a) acid amount and (b) acid concentration of ture of 773 K was an important factor in generating the active

H3PO,—WO3-NbOs on the calcination temperature determined based on
the NH; TPD. (@) Total acid amount,&) weak acid, and4) strong acid
(HPA).
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Fig. 11. IR spectra of the adsorbed pyridine ovePi@;—WO3—-NbyOg
calcined at different temperatures.

Fig. 11 shows the IR spectra of adsorbed pyridine over
H3PO,—WO3—NIpOs calcined at different temperatures.

and insoluble species.

The disintegration of HPW was reported to have pro-
gressed through the dehydration of constitutional or struc-
tural water at 333-623 K, followed by total decomposition
to form WGO; and BOs at 823 K[23]. The IR and XRD
measurements revealed that the active species generated in
the HsPO,—WO3—Nb,Os calcined at 773 K corresponded
to the intermediate phase of HPA to finally produce YO
and RBOs (not detected), because the temperature of 773 K
was slightly lower than that at which HPA decomposed com-
pletely (823 K). In agreement with this finding, the genera-
tion of weak acid sites was observed in the sample calcined
at 773 K, as indicated by NHTPD. The dependence of the
acid concentration and the activity on calcination tempera-
ture were very similariigs. 3 and 1) Therefore, the novel
acid sites present in the intermediate species that were in-
soluble in the solvent could be attributed to the active sites
for the reaction. Here the “novel acid sites” represent the
relatively weak acidity generated accompanied by a rise in
the calcination temperature ofsHO;—WO3—Nb,O5 with a
maximum at 773 K, as shown iRig. 10 (A) (the desorp-

Pyridine adsorbed on the Brgnsted and Lewis acid sites ap-tion of NHz with the maximum at 473 K). Brgnsted acid

peared at 1538 and 1448 cf respectively. The broad band
observed at 1417 cnt on the calcined samples at 673 and

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 Brgnsted acidity acted as an activerelatively weak acidity was considered to indicate the pres-
site for the formation of benzyl cation from benzyl alcohol ence of the novel acid site in the fragment of HPA, consider-
in the course of Friedel-Crafts alkylation, resulting in high ing that concentration peaked at a pretreatment temperature
activity. Although it has been recognized that the decom- of 773 K. This temperature closely agreed with that for the
position of HPA gave rise to the decrease in acid concen- optimum condition for catalysis. Therefore, the novel acid
tration, the data from NETPD (Figs. 9 and 1pindicated sites with Brgnsted acid characteristics were ascribed to the
the formation of a novel acid site in the course of HPA de- active sites for the benzylation of anisole. It is possible that
composition. It has been reported that the Keggin of HPA the Brgnsted acidity functioned as the catalyst for the for-
transforms to yield a unique type of oxide above 67[2K. mation of benzyl cation (§HsCH,™), which attacked the
Mestl et al.[25] proposed that the defective Keggin struc- anisole ring in course of the Friedel-Crafts alkylation.

ture is formed in the initial disintegration ofgRVMo011040

(Keggin structure), and that the defective structure then dis-
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