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WO3/ZrO2: a potential catalyst for the acetylation of anisole
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Abstract

WO3/ZrO2 catalysts were prepared by coprecipitation with 5, 10, 15, 19, and 25 wt.% WO3. These catalysts were characterized by XRD,
BET, FTIR photoacoustic spectroscopy (pyridine adsorption), and NH3-TPD, and tested for the acetylation of anisole with acetic anhydride.
The catalytic yields of 2- and 4-methoxyacetophenone are found to be proportional to the ratio of Brønsted to Lewis acid site band intensities
with WO3 loading up to 19 wt.%.
© 2004 Elsevier B.V. All rights reserved.
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. Introduction

Growing environmental concerns has forced the scientific
ommunity to look for alternatives to the corrosive liquid
cids, such as HF, H2SO4 and BF3, used as catalysts. One pos-
ibility is the environmentally friendly solid acid, SO4/ZrO2.
ulfated zirconia (SZ) is a well-known solid acid catalyst,
nd it effectively catalyses a variety of isomerization reac-

ions and the acylation of aromatics reactions[1–3]. Unfortu-
ately, SZ undergoes deactivation due to sulphur loss during

hermal treatment[4,5]. This has lead to the development of
thermally stable tungstated zirconia (WZ). Although WZ

s comparatively less active than SZ at lower temperatures
<100◦C) in alkane isomerization reactions, it is more sta-
le at higher temperatures[6] and in a reducing atmosphere

5]. The modifying of zirconia with WO3 similar to the sul-
ation of zirconia stabilizes the tetragonal ZrO2 phase[7,8].
lthough Fe and Mn promote the activity of SZ, they do not

mprove the activity of WZ in then-pentane isomerization re-

action[9]. Acid sites in WZ are generated by the interactio
WO3 and ZrO2 during the crystallization of tetragonal ZrO2
[10]. The acid strength and catalytic activity of WZ dep
on the method of catalyst preparation. The impregnatio
ammonium metatungstate is carried out on hydrous zirc
rather than the pre-calcined, anhydrous ZrO2 with consequen
calcination at higher temperatures. Aging of the hydrous
conia under refluxing prior to impregnation of the tungs
oxide precursor and calcination resulted in higher activ
[7]. Catalyst preparation with coprecipitation of the oxide
tungsten and zirconium yielded a catalyst with much stro
acid sites[11] (compared to catalysts prepared by impreg
tion). Although WZ has been used as a catalyst in the ace
tion and benzoylation of toluene on WZ[12], details such a
the optimum concentration of WO3 and reaction temperatu
are not given. The present study focuses on the acetylat
anisole on WZ prepared with various concentrations of W3
by coprecipitation followed by aging under reflux and ca
nation. The catalytic activities, acid strengths, and phy
surface properties of the WO3/ZrO2 samples are discuss
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here. A WZ sample prepared by impregnation is also briefly
presented, which was not fully characterized. This sample
was exclusively tested for the acetylation of anisole to com-
pare catalytic results of coprecipitated and impregnated WZ.
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2. Experimental

The WO3/ZrO2 samples of WO3 on ZrO2 were prepared
by homogeneous hydroxide coprecipitation with WO3 con-
centrations of 5, 10, 15, 19, and 25 wt.%. Ammonia (12.5%
aqueous solution) was added dropwise to a mixed aqueous
solution of ZrOCl2·8H2O (Fluka, ≥99%) and ammonium
metatungstate (Fluka) under stirring until pH 9. The copre-
cipitate was washed with NH4OH solution (pH 9) and aged
under refluxing at 100◦C for 24 h. It was then filtered, oven
dried at 110◦C overnight, ground, and calcined at 700◦C for
3 h in air.

The impregnated catalyst, imp-WO3/ZrO2 (20 wt.% of
WO3), was prepared by hydroxide precipitation of an aqueous
solution of ZrOCl2·8H2O (Fluka,≥ 99%) by dropwise ad-
dition of NH3 (12.5% aqueous) under stirring till pH 9. The
precipitate was washed, oven dried (110◦C), and then im-
pregnated with ammonium metatungstate. After impregna-
tion, the sample was oven dried again and calcined at 500◦C
for 3 h.

The X-ray powder diffraction patterns of all the samples
were collected on an X-ray diffractometer, RD7 (Rich, Seifert
& Co., Freiberg) using Cu K� radiation (Ni-filter, 2θ = 5–64◦,
0.050 step, 5 s/step). The mean pore volume, pore diameter,
and specific surface area were determined from nitrogen ad-
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of the Lewis acid site band observed at 1445 cm−1 (L) was
deducted from the intensity of the band found at 1491 cm−1

(B + L) to get the intensity of that band, which can be ex-
clusively attributed to Brønsted acid sites; the corrected in-
tensities of the 1491 cm−1 bands are given inTable 1. FTIR
photoacoustic spectra of the pyridine adsorbate complexes
of 10-WO3/ZrO2 and 19-WO3/ZrO2 were also measured at
desorption temperatures of 250 and 450◦C. This involved
(a) heating the sample at 10◦C/min after pyridine adsorp-
tion at 150–250 or 450◦C, (b) holding the temperature for
10 min, and (c) measuring the spectra thereafter at room
temperature.

The acid site concentration and distribution of the cat-
alysts were determined quantitatively by temperature pro-
grammed desorption of ammonia (NH3-TPD). The granu-
lar sample (∼0.5 mm, 200 mg) was pretreated at 500◦C in a
quartz reactor for 1 h in flowing Ar, cooled down to 120◦C,
treated with a stream of Ar and NH3, flushed with Ar un-
til physisorbed NH3 was completely removed, and cooled
down to 80◦C. The NH3-TPD temperature program was
carried out from 80 to 500◦C (10◦C/min) holding 500◦C
for 30 min; the intensity of NH3 band at 930 cm−1 was
monitored with FTIR spectroscopy throughout the measure-
ment. The desorbed NH3 was collected in an excess amount
H2SO4 and its amount was determined by back titration with
N
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orption isothermal experiments at 77 K by the BJH and
ethods, respectively, with help of an automated ASAP 2
icromeritics Instrument.
Semiquantitative determination of both Lewis (L) a

rønsted (B) acid sites of the catalysts were carried o
oom temperature (RT) by FTIR photoacoustic spectros
FTIR system 2000, Perkin Elmer spectrometer) usin
TEC cell. The powdered sample (∼250 mg) was pretreate
t 150◦C for 30 min under flowing Ar. Half of the sample w

aken out of the reactor and measured at RT (as a blank)
000 to 400 cm−1. The remaining sample in the reactor w

reated with 30�l of pyridine twice in an interval of 5 mi
t 150◦C and flushed with flowing Ar for 15 min to remo

he physisorbed pyridine. The spectrum of the pyridine
orbate complexes was measured as described above.
t about 1540 cm−1 (B), 1491 cm−1 (B + L), and 1445 cm−1

L) indicate Brønsted and Lewis acid sites. The spectra
ormalised according to[3] and one-third of the intensi

able 1
hysico-chemical characterization and catalytic activities of various c

atalyst SBET

(m2/g)
VP

(cm3/g)
DP (Å) FTIR photoacoustic

band intensities

B (1540 cm−1) B (

-WO3/ZrO2 103 0.28 110 1.5 5.
0-WO3/ZrO2 87 0.22 102 3.2 6.
5-WO3/ZrO2 90 0.17 74 7.8 12.
9-WO3/ZrO2 97 0.14 60 9.5 15.
5-WO3/ZrO2 78 0.11 56 11.3 11.

.d.: not determined; B: Brønsted acid site: L: Lewis acid site.
s

s

e NH3-TPD acid
site concentration
(mmol/g)

Acetylation at
50◦C (3 h)

−1) L (1445 cm−1) Conversion (%) Yield (%

7.0 n.d. 11 0
6.7 0.208 35 24
7.2 0.178 44 37
4.1 0.208 49 38
7.3 0.160 41 31

aOH.
Acetylation of anisole was carried out with acetic an

ride. The catalyst (∼300 mg) was added to a mixture
nisole (10.8 g, 90 mmol, Fluka,≥99%) and acetic anhydrid
1.02 g, 10 mmol, Fluka,≥99%) in a mole ratio of 10:1,n-
odecane (0.05 g, 0.3 mmol, Fluka, 95%, GC internal s
ard). A reaction temperature of 50◦C was maintained fo
h. Reaction temperatures of 50, 80, 100, 150◦C were stud

ed using the catalyst, 19-WO3/ZrO2. Then, the catalyst wa
eparated. The reaction mixture was analysed gas chro
raphically before and after the reaction using a Varian 3
C (Restec Corp., USA) with a wide bore column DB

length 15 m, inner diameter 0.53 mm), FID: 300◦C, injec-
or: 280◦C, temperature program: 90◦C (1 min) to 180◦C
20◦C/min), 0.3�l sample. The main products are 2- and
ethoxyacetophenone with a ratio of 1:99 and acetic
he conversion of acetic anhydride and yield of metho
cetophenones are given inTable 1.
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3. Results and discussion

3.1. Phase characterization and surface properties

Fig. 1 shows the X-ray powder diffraction patterns of
WO3/ZrO2 with WO3 concentrations of 5, 10, 15, 19, and
25 wt.%. It reveals the formation of a single, tetragonal phase
of ZrO2 (PDF-No.: 42–1164) up to 19 wt.% WO3, whereas
the WO3/ZrO2 sample with 25 wt.% WO3 shows two sepa-
rate phases, tetragonal ZrO2 and monoclinic WO3 (PDF-No.
43-1035). Thus, the maximum solid solubility of WO3 in
ZrO2 is 19 wt %.

The BET specific surface areas are given inTable 1. The
sample with 5 wt.% WO3 has a maximum surface area of
103 m2/g, whereas the samples loaded with 10, 15, 19 and
25 wt.% have lower surface areas of 87, 90, 97, and 78 m2/g,
respectively. The pore volumes and pore diameters decrease
with higher WO3 concentrations from 5 to 25 wt.%.

3.2. Catalytic activity

The catalytic activities of WO3/ZrO2 samples found for
the acetylation of anisole with acetic anhydride are given
in Fig. 2 andTables 1 and 2. Both the conversion and the
yield of 2- and 4-methoxyacetophenone at 50◦C increase
w y
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higher reaction temperatures. At 80◦C, 74% of acetic an-
hydride was converted with 63% yield of the methoxyace-
tophenones. The highest catalytic activity of 19-WO3/ZrO2
was achieved, when the reaction was carried out at 100◦C:
89% conversion, 92% selectivity, and 82% yield (Table 2). A
higher reaction temperature of 150◦C led to a slight decrease
in conversion (89→ 73%) and a drastic decrease in selec-
tivity (92 → 67%) and yield (82→ 49%), which cannot be
explained at this time.

3.3. Correlation between the catalytic activity and
acidic properties

The acid site concentration and distribution of samples are
given inTable 1andFig. 3, respectively. The 10, 15, 19, and
25 wt.% of WO3/ZrO2 samples have acid site concentrations
of 0.208, 0.178, 0.208, and 0.160 mmol/g, respectively. The
catalysts, 10-WO3/ZrO2 and 19-WO3/ZrO2, have an identi-
cal acid site concentration of 0.208 mmol/g, which is the high-
est observed, but 19-WO3/ZrO2 exhibits a higher catalytic ac-
tivity than 10-WO3/ZrO2. The sample, 15-WO3/ZrO2, has a
slightly higher acid concentration than 25-WO3/ZrO2 (0.178
and 0.160 mmol/g, respectively). This correlates with the cat-
alytic activity: higher acid site concentrations yield higher
catalytic activities. The area of the NH3 profile in the tem-
p ◦ d
h cid
s tion.
S ob-
s as
2 he
d sing
i ot
ith the addition of WO3 up to 19 wt.%; maximum activit
s observed for 19 wt.% WO3 with a catalytic yield of 38%
n the other hand, the impregnated sample, imp-WO3/ZrO2
ith 20 wt.% WO3, was catalytically inactive. The cataly
ctivity of the coprecipitated sample decreases with a h
mount of WO3 (25 wt.%) (catalytic yield: 31%). This cou
e due to surface acid site blockage by the separate3
hase. The catalytic activity of 19-WO3/ZrO2 improves a

Fig. 1. X-ray powder diffra
 s of the WO3/ZrO2 catalysts.

erature regions, < 250, 250–450, and >450C, are define
ere, respectively, as “weak”, “medium”, and “strong” a
ites to understand the distribution of acid site concentra
imilar distributions of weak and medium acid sites are
erved for 10, 15, and 19 wt.% WO3 loaded catalysts, where
5-WO3/ZrO2 has slightly higher concentrations of both. T
istribution of “strong” acid sites decreases with increa

ncorporation of WO3 from 10 to 25 wt.%. This does n
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Fig. 2. Correlation of B/L ratio with catalytic activity.

Table 2
Catalytic activity of 19-WO3/ZrO2 at different reaction temperatures for the
acetylation of anisole

Reaction temperature (◦C) Conversion (%) Yield (%)

50 49 38
80 74 63

100 89 82
150 73 49

directly correlate with the catalytic activity and B/L ratios and
indicates that factors other than the strength of the acid sites
may influence the experimental data, which has been com-
mented on before[13,14]. The sample, 25-WO3/ZrO2, has a
lower concentration of strong acid sites than 19-WO3/ZrO2.
The decrease in catalytic activity for this sample, however, is
probably due to surface Brønsted acid site blockage by the
WO3 phase[15].

The relative intensity of bands observed in the FTIR pho-
toacoustic spectra of pyridine adsorbate complexes on the
catalysts is presented inTable 1. Both Brønsted and Lewis
acid sites are present in all the samples and identified with the
bands at 1540 cm−1 (B), 1491 cm−1(B + L), and 1445 cm−1

(L). The Brønsted acid site band (1491 cm−1) intensity (ob-
tained after removal of Lewis contribution) increases with
WO3 incorporation up to and at 19 wt.% and then decreases
with 25 wt.% of WO3. On the other hand, the intensity of
Lewis acid site bands (1445 cm−1) is similar for all the sam-
ples, except for 19-WO3/ZrO2. A lower amount of Lewis
acid sites and a higher number of Brønsted acid sites are ob-
served for 19-WO3/ZrO2 in comparison to the other samples,

for example 10-WO3/ZrO2 (compareFig. 4a and d). Further,
the band intensity ratio of Brønsted to Lewis (B/L) acid site
(Fig. 2) increases gradually from 5 to 19 wt.% WO3 and goes
through a maximum with 19 wt.% WO3. The ratio then de-
creases with 25 wt.% WO3. The decrease in B/L ratio above
19 wt.% could be due to the blocking of Brønsted acid sites by
the WO3 phase observed by XRD. Thus, a maximum amount
of Brønsted acid sites is obtained with 19 wt.% WO3.

The trend in B/L ratio and Brønsted acid site band inten-
sity (at 1491 cm−1) both directly correlate with the catalytic
activity in the acetylation of anisole. A similar correlation is
not found for the Lewis acid site band intensity. The catalytic
activity in the acetylation of anisole reaction is dependent on
Brønsted acid sites, which supports the conclusion drawn by
Quaschning et al.[3] for the benzoylation of anisole. There-
fore, the maximum activity observed for 19-WO3/ZrO2 is due
to the maximum number of Brønsted acid sites generated by
the higher interaction of WO3 with ZrO2.

Fig. 4 shows the FTIR photoacoustic spectra of pyridine
adsorbate complexes on 10-WO3/ZrO2 and 19-WO3/ZrO2 at
150◦C (Fig. 4a and d) and desorbed at 250 (Fig. 4b and e),
and 450◦C (Fig. 4c and f). In both cases, the intensity of
Lewis acid site band (1445 cm−1) decreases with an increase
in desorption temperature. The broad Brønsted acid site band
(1540 cm−1 in Fig. 4a and c) decreases in area and becomes
s ◦
t es
b tem-
p en-
s n at
harper with increasing temperature, 150–450C. Although
he intensity of the 1491 cm−1 (Brønsted and Lewis acid sit
and) band remains relatively unchanged at desorption
eratures of 150 and 250◦C, a considerable decrease in int
ity is observed for both samples after pyridine desorptio
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Fig. 3. NH3-TPD profiles of the indicated catalysts.

450◦C. The B/L ratio of these spectra increases with a higher
desorption temperature (from 150 to 450◦C), and the B/L ra-
tio of 19-WO3/ZrO2 is higher than that of 10-WO3/ZrO2 at
all three temperatures, 150, 250, and 450◦C. The catalyst,
10-WO3/ZrO2, with a higher concentration of “strong” acid
sites (>450◦C) in NH3-TPD does have some Lewis acid sites
(band at 1445 cm−1) after desorption of pyridine at 450◦C,

F es of 13 res
o

whereas the band at 1445 cm−1 of the 19-WO3/ZrO2, which
has a lower concentration of “strong” acid sites, disappears
completely after pyridine desorption at 450◦C. The “strong”
acid sites observed in the NH3-TPD of 10-WO3/ZrO2 (Fig. 3)
could be attributed to the Lewis acid sites still present at
450◦C (Fig. 4) with the assumption that both NH3 and pyri-
dine chemisorb at the Lewis acid site with same strength.
ig. 4. FTIR photoacoustic spectra of the pyridine adsorbate complex

f (b) 250◦C and (c) 450◦C and of 19-WO3/ZrO2 (d) after pyridine adsorption a
0-WO/ZrO2: (a) after pyridine adsorption at 150◦C and desorption temperatu

t 150◦C and desorption temperatures of (e) 250◦C and (f) 450◦C.
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The impregnated catalyst, WO3/ZrO2 with 15 wt.% W, re-
ported in[12], achieved only 3% yield in the acetylation of
toluene. The coprecipitated catalyst, 19-WO3/ZrO2 (15 wt.%
W or 19 wt.% WO3) reported in this study achieved 82% yield
in the acetylation of anisole at the same reaction tempera-
ture (100◦C) after 3 h. A drastic improvement in catalytic
activity, 38% versus 0% yield, is observed when comparing
19-WO3/ZrO2 (calcination at 700◦C) with imp-WO3/ZrO2
at 50◦C (calcination at 500◦C). This is a direct result of the
much more effective method of preparation, coprecipitation,
and the higher calcination temperature.

4. Conclusions

a. The WO3/ZrO2 catalysts have both Brønsted and Lewis
acid sites.

b. The strong acid sites detected by NH3-TPD above 450◦C
do not enhance catalytic activity in the acetylation reac-
tion.

c. The maximum Brønsted acidity and catalytic activity is
achieved with the WO3 loading of 19 wt.%.

d. Highest conversion and yields are obtained with a reaction
temperature of 100◦C.

e. Coprecipitation and high calcination temperatures lead to
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