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Abstract

WOQO,/ZrO, catalysts were prepared by coprecipitation with 5, 10, 15, 19, and 25 wt.% W@se catalysts were characterized by XRD,
BET, FTIR photoacoustic spectroscopy (pyridine adsorption), angt NPD, 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 Brgnsted to Lewis acid site band intensities

with WO; loading up to 19 wt.%.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

action[9]. Acid sites in WZ are generated by the interaction of
WOj3 and ZrQ during the crystallization of tetragonal Z$O

Growing environmental concerns has forced the scientific [10]. The acid strength and catalytic activity of WZ depend

community to look for alternatives to the corrosive liquid
acids, such as HF, %0, and BF;, used as catalysts. One pos-
sibility is the environmentally friendly solid acid, SrO,.
Sulfated zirconia (SZ) is a well-known solid acid catalyst,
and it effectively catalyses a variety of isomerization reac-
tions and the acylation of aromatics reactifas3]. Unfortu-

on the method of catalyst preparation. The impregnation of
ammonium metatungstate is carried out on hydrous zirconia
ratherthan the pre-calcined, anhydrous Zwith consequent
calcination at higher temperatures. Aging of the hydrous zir-
conia under refluxing prior to impregnation of the tungsten
oxide precursor and calcination resulted in higher activities

nately, SZ undergoes deactivation due to sulphur loss during[7]. Catalyst preparation with coprecipitation of the oxides of

thermal treatmenj#,5]. This has lead to the development of
a thermally stable tungstated zirconia (WZ). Although WZ

tungsten and zirconium yielded a catalyst with much stronger
acid site411] (compared to catalysts prepared by impregna-

is comparatively less active than SZ at lower temperaturestion). Although WZ has been used as a catalyst in the acetyla-

(<100°C) in alkane isomerization reactions, it is more sta-
ble at higher temperatur¢8] and in a reducing atmosphere
[5]. The modifying of zirconia with W@ similar to the sul-
fation of zirconia stabilizes the tetragonal Zr@hasd7,8].
Although Fe and Mn promote the activity of SZ, they do not
improve the activity of WZ in th@-pentane isomerization re-

* Corresponding author. Tel.: +49 30 2093 7555; fax: +49 30 2093 7277.
E-mail addresserhard.kemnitz@chemie.hu-berlin.de (E. Kemnitz).

tion and benzoylation of toluene on WZ2], details such as
the optimum concentration of W{&nd reaction temperature
are not given. The present study focuses on the acetylation of
anisole on WZ prepared with various concentrations ofaWO
by coprecipitation followed by aging under reflux and calci-
nation. The catalytic activities, acid strengths, and physical
surface properties of the W{ZrO, samples are discussed
here. A WZ sample prepared by impregnation is also briefly
presented, which was not fully characterized. This sample

1 On leave from Regional Research Laboratory, Bhubaneswar 751013, Was exclusively tested for the acetylation of anisole to com-

Orissa, India.

1381-1169/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2003.11.040

pare catalytic results of coprecipitated and impregnated WZ.
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2. Experimental of the Lewis acid site band observed at 1445¢r{L) was
deducted from the intensity of the band found at 1491tm
The WG3/ZrO; samples of W@ on ZrQ, were prepared (B + L) to get the intensity of that band, which can be ex-
by homogeneous hydroxide coprecipitation with ¥/n- clusively attributed to Brensted acid sites; the corrected in-
centrations of 5, 10, 15, 19, and 25wt.%. Ammonia (12.5% tensities of the 1491 cnt bands are given ifiable 1 FTIR
aqueous solution) was added dropwise to a mixed agueousphotoacoustic spectra of the pyridine adsorbate complexes
solution of ZrOC}-8H,0 (Fluka, >99%) and ammonium  of 10-WQ5/ZrO, and 19-WQ/ZrO, were also measured at
metatungstate (Fluka) under stirring until pH 9. The copre- desorption temperatures of 250 and 460 This involved
cipitate was washed with N#DH solution (pH 9) and aged  (a) heating the sample at 1G/min after pyridine adsorp-
under refluxing at 100C for 24 h. It was then filtered, oven  tion at 150250 or 450C, (b) holding the temperature for

dried at 110 C overnight, ground, and calcined at 7@for 10min, and (c) measuring the spectra thereafter at room
3hin air. _ temperature.
The impregnated catalyst, imp-W@rO; (20 wt.% of The acid site concentration and distribution of the cat-

WOs), was prepared by hydroxide precipitation of an aqueous alysts were determined quantitatively by temperature pro-
solution of ZrOC}-8H,0 (Fluka,> 99%) by dropwise ad-  grammed desorption of ammonia (¥APD). The granu-
dition of NH3 (125% aqueous) under stirring till pH 9. The lar Samp|e (\,05 mm, 200 mg) was pretrea‘[ed at 5@Din a
precipitate was washed, oven dried (30), and then im-  quartz reactor for 1 h in flowing Ar, cooled down to 12D,
pregnated with ammonium metatungstate. After impregna- treated with a stream of Ar and NHflushed with Ar un-
tion, the sample was oven dried again and calcined at600  tj| physisorbed NH was completely removed, and cooled
for 3h. down to 80°C. The NH-TPD temperature program was
The X-ray powder diffraction patterns of all the samples carried out from 80 to 500C (10°C/min) holding 500C
were collected on an X-ray diffractometer, RD7 (Rich, Seifert for 30 min; the intensity of N band at 930 cm! was
& Co., Freiberg) using Cu Kradiation (Ni-filter, 2 = 5-64, monitored with FTIR spectroscopy throughout the measure-
0.050 step, 5s/step). The mean pore volume, pore diameterment. The desorbed Nfwas collected in an excess amount

and specific surface area were determined from nitrogen ad-H,S0, and its amount was determined by back titration with
sorption isothermal experiments at 77 K by the BJH and BET NaOH.

methods, respectively, with help of an automated ASAP 2000  Acetylation of anisole was carried out with acetic anhy-

Micromeritics Instrument. dride. The catalyst~4300 mg) was added to a mixture of
Semiquantitative determination of both Lewis (L) and anisole (10.8 g, 90 mmol, Fluka99%) and acetic anhydride
Bregnsted (B) acid sites of the catalysts were carried out at (1.02 g, 10 mmol, Fluka>99%) in a mole ratio of 10:1p-
room temperature (RT) by FTIR photoacoustic spectroscopy dodecane (0.05g, 0.3 mmol, Fluka, 95%, GC internal stan-
(FTIR system 2000, Perkin Elmer spectrometer) using an dard). A reaction temperature of 50 was maintained for
MTEC cell. The powdered sample 250 mg) was pretreated 3 h. Reaction temperatures of 50, 80, 100, 1G@vere stud-
at 150°C for 30 min under flowing Ar. Half of the samplewas  jed using the catalyst, 19-WA¥rO,. Then, the catalyst was
taken out of the reactor and measured at RT (as a blank) fromseparated. The reaction mixture was analysed gas chromato-
4000 to 400 cm*. The remaining sample in the reactor was graphically before and after the reaction using a Varian 3400
treated with 3Qul of pyridine twice in an interval of 5min  GC (Restec Corp., USA) with a wide bore column DB 5
at 150°C and flushed with flowing Ar for 15 min to remove  (length 15 m, inner diameter 0.53 mm), FID: 30D, injec-
the physisorbed pyridine. The spectrum of the pyridine ad- tor: 280°C, temperature program: 9C (1 min) to 180°C
sorbate complexes was measured as described above. Bangg0°C/min), 0.3ul sample. The main products are 2- and 4-
at about 1540 cm* (B), 1491 cnt? (B + L), and 1445 cm* methoxyacetophenone with a ratio of 1:99 and acetic acid.

(L) indicate Brgnsted and Lewis acid sites. The spectra were The conversion of acetic anhydride and yield of methoxy-
normalised according t{8] and one-third of the intensity  acetophenones are givenTable 1

Table 1
Physico-chemical characterization and catalytic activities of various catalysts
Catalyst SBET Vp Dp (A) FTIR photoacoustic relative NHs3-TPD acid Acetylation at
(m/g) (cmPlg) band intensities site concentration 50°C (3h)
mmol/
B (1540cntl) B (1491cntl) L (1445cnTl) ( 9 Conversion (%) Yield (%)
5-WGs/ZrO, 103 0.28 110 b 50 7.0 n.d. 11 0
10-WGs/ZrO, 87 0.22 102 2 6.7 6.7 0.208 35 24
15-WG3/ZrO; 90 0.17 74 ] 127 7.2 0.178 44 37
19-WGs/ZrO, 97 0.14 60 % 153 4.1 0.208 49 38
25-WQs/ZrO, 78 0.11 56 1B 114 7.3 0.160 41 31

n.d.: not determined; B: Brgnsted acid site: L: Lewis acid site.
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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
WOs3/ZrO, with WO3 concentrations of 5, 10, 15, 19, and

139

higher reaction temperatures. At 80, 74% of acetic an-
hydride was converted with 63% yield of the methoxyace-
tophenones. The highest catalytic activity of 19-WZO,
was achieved, when the reaction was carried out af ©o0
89% conversion, 92% selectivity, and 82% yieldble 9. A
higher reaction temperature of 130 led to a slight decrease

25wt.%. It reveals the formation of a single, tetragonal phase in conversion (89— 73%) and a drastic decrease in selec-

of ZrO; (PDF-No.: 42-1164) up to 19 wt.% WOwhereas
the WQs/ZrO, sample with 25 wt.% W@ shows two sepa-
rate phases, tetragonal Zr@nd monoclinic WQ (PDF-No.
43-1035). Thus, the maximum solid solubility of Wan
ZrOy is 19 wt %.

The BET specific surface areas are giveffable 1 The
sample with 5wt.% W@ has a maximum surface area of

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

103 /g, whereas the samples loaded with 10, 15, 19 and given inTable 1andFig. 3, respectively. The 10, 15, 19, and

25 wt.% have lower surface areas of 87, 90, 97, and 7§ m

25 wt.% of WG3/ZrO, samples have acid site concentrations

respectively. The pore volumes and pore diameters decreasef 0.208, 0.178, 0.208, and 0.160 mmol/g, respectively. The

with higher WQ concentrations from 5 to 25 wt.%.

3.2. Catalytic activity

The catalytic activities of Wg@ZrO, samples found for
the acetylation of anisole with acetic anhydride are given
in Fig. 2 and Tables 1 and 2Both the conversion and the
yield of 2- and 4-methoxyacetophenone at°80increase
with the addition of WQ up to 19 wt.%; maximum activity
is observed for 19 wt.% W@with a catalytic yield of 38%.
On the other hand, the impregnated sample, imps¥¥€D,
with 20 wt.% WGQ;, was catalytically inactive. The catalytic

catalysts, 10-W@ZrO, and 19-WQ@/ZrO,, have an identi-
cal acid site concentration of 0.208 mmol/g, which is the high-
estobserved, but 19-W4ZrO, exhibits a higher catalytic ac-
tivity than 10-WQ/ZrO,. The sample, 15-WeZrOs, has a
slightly higher acid concentration than 25-\WW@rO, (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 NHbrofile in the tem-
perature regions, < 250, 250-450, and >460are defined
here, respectively, as “weak”, “medium”, and “strong” acid
sites to understand the distribution of acid site concentration.
Similar distributions of weak and medium acid sites are ob-

activity of the coprecipitated sample decreases with a higherserved for 10, 15, and 19 wt.% V¥®aded catalysts, whereas

amount of WQ (25 wt.%) (catalytic yield: 31%). This could

25-WG3/ZrO; has slightly higher concentrations of both. The

be due to surface acid site blockage by the separatg WO distribution of “strong” acid sites decreases with increasing

phase. The catalytic activity of 19-WXrO, improves at

i

incorporation of WQ@ from 10 to 25wt.%. This does not
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Fig. 1. X-ray powder diffractograms of the W@rO; catalysts.
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Fig. 2. Correlation of B/L ratio with catalytic activity.
Table 2 for example 10-W@ZrO, (compard-ig. 4a and d). Further,

Catalytic activity of 19-WQ/ZrO, at different reaction temperatures for the

_ , the band intensity ratio of Brgnsted to Lewis (B/L) acid site
acetylation of anisole

(Fig. 2) increases gradually from 5 to 19 wt.% W@nd goes

Reaction temperature() Conversion (%) Yield (%) through a maximum with 19 wt.% W The ratio then de-

50 49 38 creases with 25wt.% W€ The decrease in B/L ratio above
1?)8 78‘;; gg 19 wt.% could be due to the blocking of Brensted acid sites by
150 73 a9 the WQ; phase observed by XRD. Thus, a maximum amount

of Brgnsted acid sites is obtained with 19 wt.% WO

The trend in B/L ratio and Brgnsted acid site band inten-
directly correlate with the catalytic activity and B/L ratiosand ~ Sity (at 1491 crmt) both directly correlate with the catalytic
indicates that factors other than the strength of the acid sitesactivity in the acetylation of anisole. A similar correlation is
may influence the experimental data, which has been com-not found for the Lewis acid site band intensity. The catalytic
mented on beforfl3,14] The sample, 25-W&ZrO,, has a activity in the acetylation of anisole reaction is dependent on
lower concentration of strong acid sites than 19-\{&pO5. Bransted acid sites, which supports the conclusion drawn by
The decrease in catalytic activity for this sample, however, is Quaschning et a[3] for the benzoylation of anisole. There-
probably due to surface Bransted acid site blockage by thefore, the maximum activity observed for 19-WkarO. is due
WO3 phas€15]. to the maximum number of Brgnsted acid sites generated by

The relative intensity of bands observed in the FTIR pho- the higher interaction of W@with ZrO..
toacoustic spectra of pyridine adsorbate complexes on the Fig. 4 shows the FTIR photoacoustic spectra of pyridine
catalysts is presented ifable 1 Both Brgnsted and Lewis adsorbate complexes on 10-W@rO; and 19-WQ/ZrO; at
acid sites are present in all the samples and identified with the150°C (Fig. 4a and d) and desorbed at 258d. 4b and e),
bands at 1540 crt (B), 1491 cnt (B + L), and 1445 cm?! and 450C (Fig. 4c and f). In both cases, the intensity of
(L). The Brgnsted acid site band (1491 chnintensity (ob- Lewis acid site band (1445 cmh) decreases with an increase
tained after removal of Lewis contribution) increases with indesorptiontemperature. The broad Brensted acid site band
WOs3 incorporation up to and at 19 wt.% and then decreases (1540 cn in Fig. 4a and c) decreases in area and becomes
with 25wt.% of WG. On the other hand, the intensity of ~sharper with increasing temperature, 150-450Although
Lewis acid site bands (1445 cth) is similar for all the sam- the intensity of the 1491 crt (Bransted and Lewis acid sites
ples, except for 19-WeZrO,. A lower amount of Lewis band) band remains relatively unchanged at desorption tem-
acid sites and a higher number of Brgnsted acid sites are obferatures of 150 and 25C, a considerable decrease ininten-
served for 19-W@ZrO, in comparison to the other samples, Sity is observed for both samples after pyridine desorption at
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Fig. 3. NH;-TPD profiles of the indicated catalysts.

450°C. The B/L ratio of these spectra increases with a higher whereas the band at 1445 chof the 19-WQ/ZrO,, which
desorption temperature (from 150 to 481), andthe B/Lra-  has a lower concentration of “strong” acid sites, disappears
tio of 19-WQ3/ZrOy is higher than that of 10-W4)ZrO, at completely after pyridine desorption at 48D. The “strong”
all three temperatures, 150, 250, and 460 The catalyst,  acid sites observed in the NHTPD of 10-WQ/ZrO» (Fig. 3)
10-WGs/ZrO2, with a higher concentration of “strong” acid  could be attributed to the Lewis acid sites still present at
sites (>450C) in NH3-TPD does have some Lewis acid sites  450°C (Fig. 4) with the assumption that both Nt&nd pyri-

(band at 1445 cmt) after desorption of pyridine at 45C, dine chemisorb at the Lewis acid site with same strength.
(a) ()
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Fig. 4. FTIR photoacoustic spectra of the pyridine adsorbate complexes of LOAV@R: (a) after pyridine adsorption at 18C and desorption temperatures
of (b) 250°C and (c) 450C and of 19-WQ/ZrO; (d) after pyridine adsorption at 15€ and desorption temperatures of (e) 260and (f) 450°C.
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